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This document is Volume II of a five~volume final report prepared
by Martin Marietta Corporation, Denver Division for the National
Aeronautics and Space Administration, Manned Spacecraft Center
(NASA-MSC) under Contract NAS9-12359, Long-Life Assurance Study
for Manned Spacecraft Long-Life Hardware. This study was per-—
formed with J. B. Fox, Manned Spacecraft Center, as Technical Mon~
itor and R. W. Burrows, Martin Marietta, as Program Manager. Ac-
knowledgment is made to the individual contributors identified in
each volume and to R. A. Homan and J. C. DuBuisson, Task Leaders
for the electrical/electronic and mechanical areas, respectively.

The five volumes submitted in compliance with Data Requirements
List T-732, Line Item 4, are as follows:

Volume I ~ Summary of Long-Life Assurance Guidelines;

Volume II ~ Long~Life Assurance Studies of EEE Parts and
Packaging;

Volume III - Long~Life Assurance Studies of Components;

Volume IV =~ Special Long-Life Assurance Studies;

Volume V ~ Long~Life Assurance Test and Study Recommendations.
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I. INTRODUCTION




INTRODUCTION

STUDY OBJECTIVES

The objectives of this Long-Life Assurance Study were to develop
and document the engineering approach necessary to assure that
hardware selected for manned spacecraft is based on the experi-
ence gained from the manned and unmanned space programs conducted
to date, and will meet the following long-life goal: A five-year
operational lifetime goal without maintenance is considered the
minimum long-life goal with a 10-year desired operational life-
time.

SCOPE

A detailed engineering study was conducted of the design; appli-
cation; failure mechanisms; manufacturing processes and controls;
screen and burn-in techniques; functional, qualification and life
testing; and other factors affecting the hardware items under
study., The hardware items investigated are listed in Table 1.

In addition, special studies of a more general nature, not oriented
towards specific parts or hardware items, were also accomplished.
The special studies performed are listed in Table 2.

APPROACH

The approach included a comprehensive review of the available tech-
nical data and an industry survey to establish a baseline for cur-
rent hardware capability from which improvements for increased

life and reliability goals can be assessed. Emphasis was placed on
the review of failure history of the hardware as used in NASA and
DOD manned and unmanned space and missile programs to ascertain the
lifetime and corrective measures necessary to insure long-life
operation. For EEE parts a user survey was performed to determine
unique or state of the art procurement practices for high relia-
bility parts including test or design specification practices.

Many of the issues discussed are controversial and, while the re-
commended guidelines are believed to represent the concensus
opinion, it should be recognized that some guidelines may require
tailoving to specific program constraints and objectives.




Table 1 Iist of Hardware Items Studies

EEE Parts and Packaging (Volume II)

1) Monolithic Integrated Circuits;

2) Hybrid Integrated Circuits;

3) Transistors;

4) Diodes;

5) Tantalum Capacitors;

6) Relays;

7) Switches and Circuit Breakers; and

8) Electronic Packaging.

Components (Volume IIT)

9) Electric Motors and Bearings;

10) Accelerometers;

11) Gyroscopeé and Bearings;

12) Compressors and Pumps;

13) Magnetic Tape Recorders;

14) Plumbing Components and Tubing;

15) Check Valves;
16) Pressure Regulators and Solenoid Valves;
17) Thermal Control Valves;
18) ' Pressure Vessels and Positive Expulsion Devices;
19) Ni-Cd Batteries; and

20) Transducers,
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Table 2 [List of Special Studies (Volume IV)

1) Temperature Cycling as Employed in the Production Accept-
ance Testing of Electronic Assemblies (Black Boxes)

2) Accelerated Testing Techniques
3) Electronic Part Screening Techniques
4) Industry Survey of Electronic Part Derating Practice

5) Vibration Life Extension of Printed Circuit Board Assem~—
blies

6) Tolerance Funneling and Test Requirements
ORGANIZATION

This final report is divided into five volumes for convenience;
viz:

1) Summary of Long-Life Assurance Guidelines;

2) Long-Life Assurance Studies of EEE Parts and Packaging;
3) Long-Life Assurance Studies of Components;

4) Special Long-Life Assurance Studies, and;

5) Long-Life Assurance Test and Study Recommendations.

In this volume, Volume II, the specific studies identified in
Table 1 are presented in eight separate chapters. The guidelines
derived in each study are summarized at the beginning of each
chapter. The remainder of each chapter is a review of the data
accummulated during the study concerning Life Limiting Problems
and Solutions, Test Methodology and Requirements, and Process
Control Requirements. A recommended parts list is included for
each study which is addressed to a specific part type.

The guidelines and data were derived from surveys of industry,
government agencies, and the literature. The guidelines pre-
sented are believed to represent the consensus of opinions as of
. this publication date. Pertinent minority opinions are presented
in the texts of the individual studies.




I1. MONOLITHIC INTEGRATED CIRCUITS

by E. J. Sinclair




Ir.

MONOLITHIC INTEGRATED CIRCUITS .

INTRODUCTION

Integrated circuits comprise the most significant failure risk
among the electronic parts. An analysis performed by the Planning
Research Corporation involving 304 spacecraft from 41 programsl*
yielded the following failure rates for in-orbit spacecraft:

Failure Rate/10° hr

Part Type (Upper 907% Confidence)
Integrated Circuits 26.0
Transistors 3.1
Diodes 2.8
Capacitors 1.5
Resistors 2.0

An industry survey conducted by Martin Marietta A.erospace2 devel-
oped a corroborating value of 30 failures/10% hr. Although these
failure rates (26 or 30 failures per billion hours) seem small,

the chance that a 5000-logic element computer, without redundancy
will survive for 1 yr without a failure is only 27% and essentially
0% for a 10-yr period. The relatively high failure rate of inte-
grated circuits, coupled with the large number of these devices
used in complex digital equipment justifies considerable effort
toward more reliable devices as well as extensive redundancy.

s e o o s e e o e e e e oo et s v i S e e o

*Superscripts identify references listed in section H of this
chapter.
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This chapter includes the failure mechanisms, test methodology,

and process control requirements as related to monolithic inte-
grated circuits only. Those topics as related to hybrid integrated
circuits are contained in Chapter III. The information herein is
further limited to small-scale integrated (SSI) circuits and medium—
scale integrated (MSI) circuits, generally defined as up to 10
equivalent gating functions, and from 10 to 100 equivalent gating
functions, respectively. Large-scale integrated (LSI) circuits
with complexity of greater than 100 equivalent gating functions
have also been avoided here because they are a specific topic being
investigated by the National Aeronautics and Space Administration
George C. Marshall Space Flight Center (NASA-MSFC).

In discussions related to failure mechanisms, process control, and
test methodology of integrated circuits, the descriptive terminol-
ogy Monolithic and SSI or MSI are totally insufficient. Figure

1 illustrates a few of the many variations in processing that have
tremendous influence on the discussions. Furthermore, this report
is concerned with the full temperature range, hermetically sealed

type of part and is specifically not intended to include plastic
parts or commercial quality limited range devices.

I1-2
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B.

The life expectancy of properly constructed and applied integrated
circuits is greatly in excess of 10 years. Fallures are caused
first by defects introduced during manufacture and second by errors
in test, handling, and application. Wearout is only a minor prob-
lem that is alleviated by devating. The guidelines that follow will
enable use of integrated circuits with minimum probability of de-
fects and a practically indefinite service life.

Design Guidelines

1) Use phosphosilicate glass over the thermal oxide with a
maximum thickness of 0.24 micron to getter surface sodium
contamination.

2) Use silicon nitride or other glassification over the chip
to protect the 51i0,/Si interface from external sources of
channel-including contamination, immobilize residual con-
tamination, and protect the chip surface from handling
damage and particulate shorts. Since glass will not ad-
here satisfactorily to gold, the moly-gold system will
require an additional layer of molybdenum atop the gold.

3) Use eutectic alloy bonding of chip to header which will
withstand 300°C storage temperature without degration be-
cause epoxy or other polymer bonds do not provide the bond
strength, the thermal conductivity, or the temperature
capability of eutectic bonds. (Does not apply to beam
lead or flip chip devices.)

4y Use monometallic system for chip metalization, inter-
connect wires, and bonding pads of external leads to elim-
inate formation of intermetallic compounds that result in
poor bonds. There are no established advantages in the
use of either aluminum or gold with respect to the .effects
of vadiation of space or nuclear power sources such as RIGs.

5) When using aluminum metalization, the thickness must be
at least 10,000 A to avoid oxide step defects, window
microcracks, and dangerously thin metalizations.

6) Maximum design=-use aluminum current density must be 5 x
2 . - . . .
10" amp/cm® to minimize electromigration effects.

7)  Use high-—temperature glass in package lead seals because

low=temperature glass has high lead oxide content that
can be reduced and short external leads.

I1-4



oo
e

Use hermetically aled packages only with a maximum leak

o et ; G N -
rate of 1 x 107Y% Atm ce/sec to eliminate contamination of
the integrated civcult from exterynal use ambients. Plastic,

epoxy, and silicone encapsulation methods are not presently
developed to the point where moisture traveling up the lead
has been satisfactorily controlled.

Prohibit use of cadmium-plated packages and control use

of organic material because nonsubliming materials are
preferred in space applications. Acceptable package mate-
rials are Kovar, gold-plated Kovar, or nickel.

The TO-type can and the flat pack are preferred packages

Use metalization deposition processes and annealing pro-
cedures that result in large uniform grain structures with
a minimum grain size of 8 microns to minimize electromi-
gration effects. Wafer should be heated to 300°C or

Use a planetary deposition system for metalization to
eliminate shadowing at oxide steps.

9)
10)
for long life usage.
Process Control Guidelines
i)
greater during deposition.
2)
3)

The following processes must be reviewed and assurance
obtained that they are adequate, stabilized, and under
proper control by the manufacturers to minimize contamina-
tion and metalization imperfections, and to provide high
yield, stability, and precise characteristics.

(a) Thorough wafer cleaning at each process step.

(by Precise mask layout, dimensional control, alignment,
and exposure.

(¢) Uniform resistivity of basic wafer.

(d) Purity of photoresist, proper application, spin, and
bake.

(e) Thorough resist development and post-development in-
gpection.

L
i
S

Conttrolled depth, rate, angle, and undevcut of oxide
etch processes and thorough post—-etch inspection.

-
it
i
WA
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rworough resist vemoval,

g) T

(1) Precise diffusion or deposition and drive-in, re-
oxidation purity.

(1) Precise oxide growth, removal, and epitaxial growth.

3. Test Guidelines

L

2)

3)

4)

Use a 100% non-destructive bond pull test on all devices
to detect marginal bonds. Also perform 100% screen,
burn-in and precap tests.

Submit a wafer sample from each metallization run to a de~-
tailed scamning electron microscope inspection to assure
uniform and continuous metallization over window cuts and
oxide steps, to avoid undercutting and waterfall effects
from oxide etch, to detect oversintering, and to verify
mask alignment. Inspection at the wafer level is the
most economical point in the process sequence for per-
formance. Screening tests are not 100% effective in
detecting these faults and further costly processing is
avoided.

Submit a wafer sample from each metallization run to a
profilometer test to verify metallization thickness and
avoid electromigration problems.

Perform the qualification tests of Group C in MIL-M-
38510 in sequence on the same group of parts as opposed
to performing the tests in parallel. This will impose
the additive effects of environments that are more
realistic to real life use. Also, the screening effec-
tiveness can be evaluated.

4, Application Guidelines

11i-5

1y

2)

Cireuit voltage transients should be limited and static
charge precautions should be followed in handling be-
cause built-in protective circuits are not generally
provided and circuit damage must be avoided,

s : o e e s
Case temperature should be limited to 85 C to minimize
temperature dependent failure mechanisms.

Currvent-1limiting should be provided when interfacing
with the similar circuits so that power dissipation
limits will not be exceeded.



4)

5)

Special

Reduce fanout to 807 of the rated maximum to increase re-
liability by derating.

Derate linear circuits as follows so that end of life
drift characteristics will be considered in product design.

(a) Initial offset voltage, % mv
(b) 1Initial bias current, X2

(¢) Offset current, X2

(d) Open-loop gain, *20%

(e) Slew rate, *20%

(f) Common mode rejection, *20%
(g) Power supply rejection, *20%.

Considerations

i)

2)

3)

4)

Use established processes and material/process combina-~
tions whose failure mechanisms are well known. New or
unique processes, such as amorphous semiconductors are
characterized by a lack of understanding of the basic
principles by which they operate. Failure mechanisms,
life capability, and reliability are unknown.

Use parts with established reliability history as first
choice, considering the possibility that parts with the
longest history may be superseded by improved techniques
of design or processing. Parts without sufficient data
must be thoroughly evaluated before approval.

Use parts that are available from several sources in
active production. During a long-term program, the prob-
ability of a single supplier discontinuing production

is increased.

Identify a production lot of all parts resulting from

a single metalization deposition run because the metaliza-
deposition process is responsible for some failures.

I1-7
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SUMMARY

Failure Mechanisms

It is apparent that most faults in integrated circuits are due

to operator oversight or error, and that only a minor portion

are inherent in the materials and processes. Fortunately, most
operator caused faults are detectable by a good screen. Approxi-
mately 50 failure mechanisms are detailed in this report, although
most of the faults are detected through a quality screening and
are never delivered by a supplier. The failure mechanisms that

a high reliability program must be concerned with are basically
those that are time-dependent or that are intermittent in opera-
tion. The major faults in this category are:

1) Surface ionic contamination - Resulting in gradually increas-
ing leakage currents, to a level where transistors will not
turn off,

2) Surface particulate contamination - Due, in a majority of
cases, to solder balls introduced into the package during
final sealing, and resulting in intermittent short circuit
operation.

3) Microcracks at oxide steps - Generally caused by thin metal-
lization on the vertical walls of the cuts through the oxide
layers. This condition is further aided by undercutting in
the oxide layer resulting in metallization "waterfall" effect,
and by oversintering the metal to silicon contact, which
allows the aluminum to diffuse into the bare silicon.

4) Electromigration in aluminum metallization = This is a physi-
cal phenomena in which the metal is physically transported
toward the more positive points of the conductor. The rate of
migration is highly dependent on temperature and current
density in the conductor. Scratches in the metal that re-
duce the cross=-section, thus increasing the current density,
are the major site of migration failures.

5) Wire bond separation - Wire bond separation is due to several
causes:

(a) Intermetallic formation of aluminum metallization and
gold wire, resulting in volds and disappearing metal-~
lization;



(b) Underbonding resulting in insufficient adherence of the
wire to the interconnecting pad;

(c) Overbonding resulting in extreme reduction in wire cross
section at the heel of the bond, and separation under
mechanical stress;

(d) Contamination in the bond area causing incomplete ad-
herence;

(e) Corrosive substances on the wire or in the bonding areas
that further corrode the bonds or wire.

Design

Selection criteria become extremely important in long-life assur-—
ance; parts must be thoroughly investigated before approval to
ensure that they do not contain basic design weaknesses. A typi-
cal example of this situation is the "709" operational amplifier,
which failed in a "latch up" condition during Mariner 8 launch.

In addition, the construction techniques must be known to properly
define failure mechanisms, the history must be reviewed to ensure
satisfactory operation under use enviromment, production must be
checked to ensure the part is in active production and will re-
main so, for the length of the program. Another factor of design,
just as important as proper selection of parts, is the proper
application in system design. The application guidelines define
the electrical/mechanical and thermal derating that must be ap-
plied as safety factors, along with transient protection and in-
terface requirements.

Test Methodology

Present methods of qualification and screening tests have been
reviewed and found unsatisfactory for long-life assurance. This
section contains the present tests and sequence and the tests and
sequence as revised and recommended for high reliability. The
basic change in qualification consists of serial tests for addi-
tive effects as opposed to parallel testing to MIL-M-38510.
Screening tests were revised to incorporate wafer tests and in-
spections to detect specific failure mechanisms such as insuffi-
cient metalization, and surface contamination.

11-9




Process Control Requirements

The basic processes involved in manufacturing integrated circuits
are identified, and the impact of poor control is detailed. All
processes in production of the parts are considered critical.
Selected processes are defined as necessary in the long-life con-
figuration of circuits.

Parts List
A basic selection of specific integrated circuits having a high~
reliability history are identified by commercial part numbers and

selected parameter limits. These parts should be used as the
basic start for a complete long-life parts list.

11-10




LIFE-LIMITING PROBLEMS AND SOLUTIONS

Failure Mechanism Analysis

To provide the proper screening, controls and qualification test-
ing required of integrated circuits for long-life assurance, the
failure modes of the circuits must be identified, then an under-
standing of the physical or chemical cause of the failures must
be understood, and finally, test and screening conditions must be
defined that will accelerate the degradation of each mechanism,
wherever possible. The screening tests must be devised sc a
minimum number of tests will aid in detection of a maximum number
of inferior parts.

A number of failure mechanisms can be avoided merely by prohibit-
ing specific materials, such as polymer encapsulation to eliminate
moisture susceptibility, certain corrosive effects and thermal
expansion mismatches; combinations of gold and aluminum inter-
connects; i.e., gold metallization and aluminum wire bonds, or
aluminum metallization and gold wire bonds to avoid gold-aluminum
intermetallic compounds commonly referred to as various color
"plagues"; glass frit used as die bond material to avoid die to
header separation under mechanical stress that fractures the glass
frit; and external lead to lead leakage by eliminating lead oxide
(Pb0O) sealing glasses,

An additional number of failure mechanisms can be minimized by
requiring a thorough and detailed visual inspection, such as
scratches on metallization, misalignment of masks in diffusion
and etching, diffusion or etching flaws due to contamination or
dust particles, misplaced wire bonds, over or under bonding, de~
formation of wire, cracks in dice due to excess stress, excess
slack in lead wires, and particulate contamination.

A third group of failure mechanisms can be readily detected by
electrical testing. These flaws include diffusion or metalliza-
tion flaws causing opens, shorts, reduced voltage breakdown, and
excess current leakages.,

A fourth grouping of failure mechanisms, much wore subtle, re-

quires far more complex testing to detect. These failure mechan-
isms include incomplete adherence at bonding interfaces; improper
cleaning, which allows corrosive substances to remain on the die;

IT~11




conductors which allow excess current densities, causing migra-
tion of the metalization; surface contaminations, which can cause
excess surface leakages; and improper etching of oxide in contact
windows, which can cause high resistance contacts.

With consideration to the various types of failure mechanisms in
monolithic integrated circuits, this section is divided into the
following classes or causes of failure:

1) Surface -~ Failures related to contamination on the surface
of the die.

2) Metallurgical - Failures in the metalization system including
surface conductors, bonds, and interconnecting wires.

3) Oxide - Failures due to defects in the silicon dioxide or
other passivation materials.

4) Mechanical -~ Failures due to the integrated circuit package.

5) Masking and diffusion - Failures caused by improper masking
and diffusions.

6) Bulk - Failures due to faults in the basic starting material--
the silicon wafer.

In the discussions that follow, refer to Fig. 2 for an illustra-
tive view of the time-dependent failure modes. This is a com-
posite of the metalization and bonding systems used and would not
occur in practice on one single die. These failure mechanisms
are listed in Table 1.

a. Surface Contamination3 - Surface contamination includes any
material dinadvertantly left on the surface of the semiconductor
die or any material introduced in processing that can degrade
the surface. These contaminates include corrosive etchants,
photo resist, wire lubyricant, package sealing materials, lead
particles, and loose chips from the die.

1) Corrosive Contaninants - Residue remaining on the die sur~
face, entrapped in undercut areas, in etch pits and in porous
areas of metalization can recombine with moisture in the en-
closed atmosphere or from moisture retained by improper drying
processing. The activated etchants, further aided by high-tem-
perature exposure and time, can result in further etching on the
circuit and cause serious degradation.

T1~12
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2) Photo Restset - The incomplete removal of photo resist follow-
ing each masking and etching process will react as undesirable
masks, preventing diffusions in those areas. In addition, if the
photo resist is allowed to remain for too long a period, there

is a possibility that a stain will be produced that could affect
the diffusion process.

3) Wire Lubricants' - Materials used in lubricating the wire
drawing die can contain chlorine.® In the process of forming the
wire, traces of the lubricant will adhere to the wire. When this
wire is later used as interconnections in integrated circuits,
the highly corrosive substance is then able to cause catastrophic
corrosion of the wire or to aluminum metalization by migrating to
that area.

4) Package Sealing Material - In the process of sealing flat-
packs with solder preforms, a very common occurrence®s7 is the
splattering or wicking of this sealing material into the internal
cavity of the package. When the 1id is seated and scrubbed on the
case while the preform is in a liquid state, particles of the
‘molten eutectic can be forced onto the surface of the die and
surrounding areas. If the conductive particles do not immediately
form a short, they may, at a later time, reorient to cause inter-
mittents or shorts.

5) Lead Particles - In the process of terminating lead wires by
breaking the wire and removing excess length, it is not uncommon
for the severed particles to fall within the package cavity. Un-
less these extraneous wire particles are detected during precap
visual inspection, particles, large enough to cause shorts between
conductors, will remain in the package.

6) Die Chips ~ Loosely attached chips around the edge of the die
can be separated under environmental exposure. Although not
highly conductive, these particles can, under vibration or shock,
cause damage to leads and portions of the chip surface.

b. Metallurgical Defects - Metallurgical defects are those de-
fects occurring in the metalized interconnection pattern on the
surface of the die, the interconnecting wires from die pads to
external leads, the bonds at each end of the wire, and the metal
eutectic used in bonding the die to the base of the package.
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1) Metalization - Metalization defects account for a major por-
tion of the failures in bipolar integrated circuits. Generally,
the metalization failures are open circuit. The following faults
are included in this category: electromigration, Kirkendall ef-
fect (silicon dissolving into aluminum), hillocks and whisker
growth, scratches and resultant meliting of metal, non-adhesion of
metal to oxide, surface reconstruction.

Electromigration — Electromigration is the physical transport of
the conductor material by jon migration towards the more positive
end of the conductor. The rate of movement of the ions is expo-
nential and is proportional to both the cross-sectional area of

the conductor, and to the square of the current (current density

squared) . The equation used to define the rate is
1 _ a2 S

MiE T exp T i

where

MTF = median time to failure, hr,

A = a constant that contains a factor involving the cross-sectional
area of the film,

J = current density, amp/cm?,
¢ = an activation energy, Ev,
k = Boltzman's constant,
T = film temperature, °K.

Circuit failures occur where the cross section of the metaliza-
tion is the smallest (greatest current density), usually at
scratches or at oxide steps. The failure mode is always an open
circuit. Note that the activation energy of the material is pro-
portional to the structural grain size.®

Kirkendall Effect?® - The Kirkendall effect defines the shift in
interface between two bonded dissimilar metals or alloys, usually
towards the material with the lower melting point. The shift is
due to a greater number of atoms from one material flowing to

the other than there are flowing in the reverse direction. The
unbalanced flow rate causes the reduced side to become porous or
to contain actual voids. When this effect occurs between the
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silicon and aluminum, the silicon diffuses faster to the aluminum
than is returned, and can leave voids under the metalization.®
This can cause separation of metal from die and eventual open cir-
cuit under mechanical stress.

Opens at Oxide Steps - A significant failure mechanism in inte-
grated circuits is nearly invisible cracks in the metalization at
oxide steps. Although ionic migration may contribute to this
failure mechanism, it is more commonly believed to be a thermal
mismatch problem in which the thinnest metal, occurring at the
step, breaks.

A similar failure often occurs around contact windows, except in
this instance, oversintering of the aluminum to silicon is the
major contributor, with excess aluminum diffusing into the bare
silicon.

Overetch/Underetch — Conductor-to-conductor shorts/opens in the

metalization can occur due to insufficient etching or overetch-

ing, but these mechanisms are very minor because most parts will
be detected in visual inspection and electrical test.

Hillocks and Whisker Growth® - Hillocks, voids, whiskers and

other nondescript extruded appearing formations are growth result-
ing from migration. Because the rate of migration is proportional
to the temperature and current density, locations in the metaldiza-
tion that are at a lower temperature or, due to increased cross
section, have a reduced current density will have a lower rate

of migration. This accumulation of ions from a region with a

more rapid rate tend to settle-out into the noted formations. In

a similar manner, voids are formed between a reduced rate and a
fast rate region, where ions move out faster than they are replaced.
The voids can cause opens, while the growth can cause current leak-
age or shorts to nearby conductors . 10

Scratches =~ Failures due to scratches in the metalization can
range from opens with the scratch completely severing the conduc-
tion path, reduced cross section (subject to migration or melt-
ing open), to short circuit where the metal is smeared to adjacent
conductors. Scratches impose a major reliability risk in using
commercial grade parts because no precap visual inspection/rejec-
tion criteria are required. A thorough visual inspection before
capping will detect these faults.
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Nonadhesion to Oxide - Lifted pads or other areas where the met-
alization does not adhere properly to the silicon dioxide surface
is basically due to contamination on the surface before metaliza-
tion. The reliability risk of such a fault is that the thin film
metalization is then subject to mechanical testing that was de-
signed for the stronger interconnecting wire and bonds. This is
an insignificant failure mechanism and should be detected in
visual inspection, mechanical testing, and final electrical tests.
Surface Reconstruction'l! - Through temperature and time, the sur-
face texture of aluminum can change from a smooth surface to a
random "'combed" look and even include hillocks and whiskers.

This change in texture not only fractures glassivated surfaces

but may also indicate an increasing sheet resistance. Silicon
dioxide (Si0,) overcoating appears to prevent the problem although
the reasons are not clearly understood. Thermal cycling seems to
aggravate the condition, whereas the addition of 2% Cu appears

to retard it. The general causes of this phenomenon appear to be
diffusional creep of the material.

Flaking Aluminum!?»13 — Aluminum conduction films have been found
to break up into smaller areas that tend to flake off from the
film. This effect generally occurs within 10 mils of a silicon
contact area. Silicon migration into the film tends to precipi-
tate at grain boundaries of the aluminum. This produces more
distinct and wider boundaries that appear to have less cohesion
to the silicon dioxide and result in the separation.

Increased Conductor Resistancel — A high temperature bake in-
creases the thickness of the surface oxide on aluminum conductors.
This increasing resistance could possibly cause out of tolerance

of parameters due to a higher voltage drop in the conductor, or
cause a thermal rise in the metal that would speed up electromigra-
tion.

Other failure mechanisms, all very minor, include hydrate of the
aluminum film, lateral migration under the oxide and improper
routing of the conductors.

2) Interconnecting Wires - Fallure mechanisms of the intercon-
necting wires include reduction in the wire size by ''mecking down"
due to excess tension of the bonding machine or high g forces ap-
plied to the part. This reduction in cross section in the wire

is then subject to failure by overheating or mechanical separa-
tion. Lead wires of insufficient length or improper dress can’
fail under thermal cycling. Excess lead length can allow lead to
lead or lead to case shorts under mechanical stress.
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3)  Wire Bonds - Overbonding (excess pressure/temperature) often
results in cracked die, particularly when there are voids under
the die. Additional problems include formation of oversized gold-
ball bonds allowing the bonds to overlap the bonding pad and pos-
sibly short to edge of die or excessive necking or cracking of
aluminum ultrasonically bonded wires providing a point that will
break under thermal stressing.

Underbonding (insufficient pressure/temperature) results in weak
bonds that will separate under mechanical and thermal stresses.

The formation of numerous intermetallic compounds (plagues: pur-—
ple, black, tan, white, yellow, etc) can occur when gold wire is
bonded to aluminum metalization. This phenomenon is the subject
of many detailed studies with conflicting conclusions. The com-
pounds appear to provide weak or brittle bonds or increased con-
tact resistance. The Kirkendall effect further weakens the bond
due to the formation of voids in the aluminum. Bonding to con-
taminated surfaces can provide weak bonds, similar to underbond-
ing, except that visual inspection will not easily detect the
fault.

Thermocompression bonding of aluminum wires has an unsatisfactory
history of cracks at the heel of the bond, which later failed
under power cycling. This type of bonding should not be permitted
in long=life parts.

4) Die Bonding Failures - Typical die attach materials are (1)
epoxy, (2) glass frit, and (3) metal eutectic. Typical faults
include poor adhesion due to improper temperature or scrubbing
action; incomplete coverage of bonding material over the total
interface area; dice canted from the plane of the header; and
particles of attachment material splashed on die surface or other
areas on the header and pedestals of bonding material that can
break free.

Specific faults associated with the individual bonding material
are:

1) Epoxy = This material may outgass organic material that can
contaminate sensitive surfaces such as MOS. The long-term
physical properties of this material are unknown, therefore,
the holding strength, brittleness, thermal conductive prop-
erties, and vate of contamination cannot be defined for long-
life paris and the matevial should not be used.
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2) Glass frit die bonding (low-temperature glass) - Glass should
not be used in packages that can be flexed such as flatpacks
or dual-in line packages with a Kovar base. When pressure is
applied, the base will flex causing fracture of the glass and
possible die separation.

3) Metal eutectic - A unique failure mechanism is associated with
eutectic die bonding. To properly attach to the eutectic, the
dice must first be coated on the reverse side with a gold film,
at the wafer stage. Unless the gold backing is properly ap-
plied, a separation will occur between the backing and the
silicon.

e. Oxide Defects - Oxide defects are those faults occurring in
the silicon dioxide or other surface passivation layer. These
defects account for a major portion of the failures in MOS cir-
cuits due to the high impedances, but a much lesser portion in
bipolar circuits. The defects in this classification account for
inversion, channeling, pin-hole shorts, and leakages and diffu~
sion errors. In general, the defects lead to increased current
leakages or shorts from the metalization to diffusion areas or
substrate, or to excess leakages across diffused junctions.,

1) Inversion'® - When PN junctions are biased in the reverse
direction, inversion layers grow in strength over the surface ad-
jacent to the junction due to motion of ions on the surface of
the oxide. The field exerted through the oxide tends to produce
inversion layers on both the n-region and p-region that lead to
increases in reverse current. For thermally grown oxides, the
positive charges within or on the oxide induce a negative charge
on the silicon, making it n-type.
2) Oxide Cracks or Crazing'®s1% - Due to the mismatch in thermal
expansion rate of silicon and silicon dioxide, mechanical stresses
can be set up at the interface, when the wafers are cooled from
>1000°C to room temperatuge. Thin oxides are particularly sus-—
ceptible to cracking. Diffusion through oxide is then possible.

3) Pinholes'® - Pinholes in the oxide may vary in depth, and,

at worst case, expose the silicon surface to the metalized inter-
connections on the oxide, In instances where the pinhole or
metalization does not extend completely to the surface of the
gilicon, a time-dependent migration or low-voltage breakdown
mechanism may be introduced, These pinholes can be caused by
faulty oxide growth, a damaged mask, poor photoresist or an under-
cut by the etching process,
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4) FEtch Pits'®sl/ — The presence of triangulari® or truncated

triangular17 pits have been noted in the surface of dry oxide
grown on the 111 crystal orientation of silicon The specific
cause of the pits has not been defined. The dimension of the pits
vary from 500 to 1000 % on a side and about 200 A deep. The etchant
entering these pits does not exchange rapidly with the bulk solu-
tion nor with the neutralizing and rinse liquids; thus, the pores
or pits ‘become traps retaining sodLum contamlnatlon and corrosive
agents ;

d. Mechanical Defects — Mechanical defects are those basic faults
of package construction or the processing errors in the assembly
of the constituent parts.

The defects include the following:

1) © Package - The TO-~type can and the flat pack are the only pack-
ages that can be recommended for high reliability, long-life
‘use. The dual=in-line (DIP) package was developed specifi-

" cally for computer and other high volume applications. The
package is designed for automated insertion into printed wir-
ing boards or sockets and wave or flow soldering (through the
board attachment). Due to the heavy lead material, excess
stress can be exerted on the glass seal area in the through-
the~glass type construction. Also, due to the longer rectan-
gular ‘dimensions, excessive torque can be exerted on this seal
during insertion of the parts and any Tlexing of the circuit
boards. Extensive damage has occurred to the ‘sealing glass,
requiring retrofit of space systems. (NASA MSC PPIN No.
NB~1L~335-72, MMC Skylab Alert No. F3-72-12, MSFC Alert No.
MSFC-A-72-12.) The externally brazed on lead type of con-
struction has, in the past, experienced fracture of the braze
and separation of external leads.

Other disadvantages of the DIP include:

{(a) The weight of a DIP is approximately six times as great
as an equivalent l4-lead flatpack.

(b) Due to the stand-off of the leads, the center of gravity

of a printed wiring board is shifted significantly when
a quantity is attached to one board.
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2)

3)

4)

5)

6)

(¢) The leads are aligned outward at an angle from the ver-
tical (positive loaded) for automatic insertion and self-
retention, therefore, when inserted by hand, each lead
must be sprung in toward the center line and forced into
the hole (feedthrough), thus, each lead is subjected to
individual stress and possible contamination or damage.

(d) With the package in the fully inserted stand-off posi-
tion, all thermal conduction must be through the leads.
Since the body is not in contact with the surface, it
cannot contribute to the thermal conduction.

Therefore, dual-in-line packages cannot be recommended for
use in long-life high reliability applications.

Glass fracture - Unique to the glass to metal and glass to
ceramic sealed package is the possibility of fracture of the
sealing glass between leads under thermal or mechanical stress
causing loss of hermeticity.

Solder balls - The packages with metal lids are normally sealed
using solder preforms. A major failure mechanism of this pack-
age is the introduction of solder balls from the preform into
the interior of the package resulting in short circuit or in-
termittent operation.

Short circuit to cap — An additional failure mechanism of the
Kovar or other metal lidded package is the possibility of
shorting leads to the conductive 1lid when subjected to mechan-
ical stress, This is a very minor failure mode and is detect-
able in electrical test.

Crushing - The thin metal 1id and/or metal base packages are
very likely to be damaged if subjected to the normal high
pressures encountered in seal leak testing. There is also a
high probability of damage if these packages are handled by
the case with tweezers, because very great pressure can be
excited on the flexible 1lid or base.

Glass reduction - The glass used in final seal of a package
must be of a low temperature melting point to avoid subject-
ing the die and bonds to high temperature. One of the basic
constituent materials required to provide a low melting point
in the glass is lead oxide (PbO). This material is very sus-
ceptible to reduction to metallic lead (Pb) by exposure to
reducing agents. The resulting lead (Pb) on external surfaces
will provide a low resistance short between leads.
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8)

9)

10)

11)

€.

1)

Separation of brazed leads ~ Packages consisting of thick
film conductors through the walls with external leads brazed
to external pads has a major failure mechanism consisting of
fracture and separation of the lead brazing. Any external
pressure on the leads is transferred directly to the brazed
junction. Once a fracture is started, very little force will
break the lead free of the package.

Lead frame shorts = A failure mechanism that has occurred on
a very minor number of parts is the shorting of the external
lead frame inside the glass or ceramic walls. This mechanism
is detectable by electrical test and radiographic inspection.

Cap offset -~ Although packages are designed with sufficient
sealing area, the assembly of the 1lid on the package can be
offset in a manner that will considerably reduce the designed
contact area. This rveduction in seal area results in a part
much more susceptible to seal failure under thermal or mechan-
ical stress.

Lead plating - The typical Kovar leads on packages are nor-
mally gold plated. 1If the basic Kovar lead material is con-
taminated or contains excessive iron oxide on the surface,
the gold plating may bridge the fault. When such a part is
then soldered to a circuit board an unsatisfactory joint oc-
curs, making the external connection very susceptible to
mechanical failure.

Corrosion at glass/ceramic interface - The general processing

method in manufacturing integrated circuits is to plate the
lead after sealing it into the case material. This process
leaves a very small junction of glass to lead or when the
glass miniscus is broken, a much larger area of the basic
lead material is exposed to all environments and subject to
corrosion and failure.

Masking, Etching and Diffusion -

Improper Ohmic Contact - The formation of a high resistance

contact between the metalization and the silicon diffused areas
at windows in the gilicon dioxide is usually the result of in-
complete removal of the oxide in the contact areas before depos-
iting the aluminum on the wafer. This condition may temporarily
heal under application of voltage, but can be reestablished by
high~temperature stabilization bake or storage. Thus, this fail-
ure mode is considered time dependent.
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2) Misregistration of Metalization - Reduced metalization cover-
age at windows is due to the misalignment of metalization masks
before etching. The optimum condition in alignment is to com-
pletely cover the window contact areas and provide conduction paths
in 360° from the silicon surface to the metal atop the silicon
dioxide. A very slight misalignment of the metalization masks can
result in only two sides of a window and oxide step having conduc-
tion paths. This provides a much greater chance of open circuit
due to migration or oversintering (annealing).

3) Misregistered or Improper Diffusions -~ Diffusions that are

due to misalignment of masks reduce the base and emitter or base
and collector junction spacings, Other faults include discontinu-
ous isolation diffusions and odd shapes on edges of diffusions
possibly due to dust particles on masks. These faults can change
transistor and resistor characteristics to a degree that circuit
operation is affected.

4) Undercutting of Oxide or Metalization - Overetching can cause
undercutting of oxides allowing a waterfall effect in metaliza-~
tion that is highly subject to heating and migration effects and
thermal microcracks. Undercutting of metalization produces re-
duction in cross section. Both the undercutting of metal and
oxides provides traps for etchants and other contaminates that
can result in time degrading or coprrosive effects.

f. Bulk Defects - Bulk defects are those occurring in the basic
silicon starting material. These defects account for only a
minor portion of the failures in integrated circuits. The de-
fects in this classification are dislocations, impurity diffu-
glons and precipitations, etch pits!8, and resistivity gradients
resulting from mechanical and thermal shock!?, These defects

can lead to diffusion spikes, which, in turn, cause hot spots,
valtage breakdown, and other deviations from the desired electri-
cal 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.

IT-31




Deviations in epitaxial growth, vesulting in impurity diffusion,
are another source of bulk failures. Impurity diffusion is more
likely along edge dislocations, particularly along the arrays of
edge dislocations that form small-angle grain boundaries. The
precipitation of dmpurities at the resulting crystal-lattice-
orientation fault planes is believed to lower the reverse break-
down voltage in epitaxial devices.

Resistivity 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 gen-
erally 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 stress concentrations can crack
the die.

"It has been determined that the major number of dislocations oc-

cure at depths of 2000 to 6000 A below the oxide interface.20
This subsurface dislocation count was greatly reduced by annealm
ing the wafers for 17 hr at 900°C.

Design

a. Integrated Civcult Selection Criteria - The criteria for selec—
tion of integrated circuits for a long-life program must be
thoroughly and clearly defined, and enforced, to avoid rejection

of the parts in a later phase of the program. If a part is ini-
tially approved, even tentatively, it is then too late, economi-

‘cally, to reject it; immediately upon tentative approval, the re-

questor who finds the part characteristics advantageous will
design—in the part in a system. The penalty in cost of redesign
and rescheduling may then become prohibitive.

Therefore, in the selection of integrated circuits for long-life
assurance, particular attention must be paid to manufacturing
processes and materials that contribute to long-term stability or
nstability. Those processes with known wearout mechanisms or
time-dependent failure mechanisms that affect the life of the
program must be identified and carefully avoided, or minimized.
In addition, parts should be selected that minimize the potential
failure mechanisms detailed in the previous sectionsg of this chap-
ter. The following details ave summarized in Table 2, which
appears after Subsection 2.a.11).
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1) Chip Fabrication - Both silicon nitride and phosphosilicate
glass (PSG) overcoatings have been found to greatly enhance the
rellability and improve the surface stability of both MOS and
bipolar devices.21s22;23 These glassivation materials act as
gettering agents for sodium ions, thus making the contamination
far less mobile. When deposited over the total surface, includ-
ing the metalization, the material not only provides an excellent
protection against metalization scratches but also retards metal
migration in the aluminum conductors.?1,22

Because this one process can minimize four time-dependent failure
mechanisms (flaking, inversion, scratches, and migration), it be-
comes a very important selection criterion for long~life parts.

2) Chip-to-Header Bond ~ Experience has proven glass frit die
bond as totally unsatisfactorily in Kovar-glass packages.® Due
to the brittleness of the frit, the material separates when the
parts are subjected to mechanical shock and when the packages
are flexed. The intent of the referenced NASA-ALERT is to pro-
hibit the use of glass frit die bonding in any package that can
be flexed.

The long-term effects of epoxy and other polymer die-attach mate-
rials is unknown and, therefore, should be avoided, especially be-
cause the final characteristics depend on the proportions of ad-
hesive and hardener and the time and temperature of curing. Fur-
thermore, because many of the polymer die-attach materials are
filled with silver to increase thermal conduction, and the migra-
tion characteristics of silver are well established, this type of
material should not be used. Therefore, eutectic alloy die attach
should be the only material approved for dice attachment.

Beam lead attachment has great reliability potential but requires
further development. The "bump" or flip-chip process has proven
unsatisfactory in past usage by one major commercial manufacturer,
and is not generally acceptable at this time.

3) Internal Interconnection Wires - Monometallic internal inter-—
connect systems are a necessity for long-life assurance. There~
fore, gold wires are mandatory with gold metalized dice and alumi-
num interconnecting wires with aluminum metalized dice. From an
overall reliability standpoint, the all-gold system must be the
recommended process for long-life assurance: the gold ball bond-
ing process has many years of production history; the gold metali-
zation system, although presently only used on one major produc-
tion line, is nearly unaffected, in comparison to aluminum, by
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the effects of electromigration, microcracks, and other reliabil~
ity problems encountered on the aluminum systems. In addition,
the gold system appears to provide greater advantages in the de-
velopment of beam—~lead processing.

The aluminum system alsoc has specific advantages:

Availability = The all-aluminum system is presently available
on nearly all parts from all suppliers;

Economical -~ Since the aluminum system is in general produc-—
tion, it is far less costly than imposing the all-gold system
requirements on suppliers.

However, the ultrasonic bonding process is very complex and strin-
gent controls must be imposed if this bonding procedure is to be
used for devices intended for aerospace applications where very
high reliability is required.?% The operator, the machine, and
the materials involved all interact to affect the strength and
reliability of ultrasonic wire bonds.

4) Metalization - Electromigration has been found to be propor-—
tional to the current density in an aluminum conductor, 8,25

The density will be much greater at the thinnest point along a con-
ductor because the current remains constant while the metalization
becomes less. Therefore, parts having metalization scratches, re-
duction by etching, or thin metal at oxide steps will be far more
susceptible to failure at those sites. Methods of minimizing the
problem of thin metal are (1) require metal thickness that is ap-
proximately the same as the maximum oxide depth, to provide suf-
ficient cross section at the steepest oxide steps, (2) control

the design of the part so that current density will be less than
5%x10" amp/cm? or as further defined by a specific program, (3)
control grain size of the metalization to >8 microns, and (4)
glassivate the surface over the metal.

5) FEstablished Processes - Regardless of the potential reliabil-
ity gain possible by approval of newer processes, the risk cannot
be assumed on long-life assurance programs. Until a process is
thoroughly evaluated and the failure mechanisms identified, an
efficient screening program cannoct be defined. Therefore, unproven
processes must be given important consideration in the selection
criteria.
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Processes that fall into the unproven or insufficiently evaluated
category include beam~lead devices, buw hip processing,
and amorphous semiconductors. - Also field prog e and repro-
grammable memories are apparent improvements that require addi-~-
tional evaluation before acceptance, just as are some of the newer
die metalization materials, interconnection wires, and bonding
capabilities.

ip oy £lis

6) Package Sealing Glasses - Low-temperature sealing glass is
another example of a material with a known failure mechanism that
can be avoided in many instances. These solder glasses contain

a high lead oxide (Pb0O) content that can be reduced to metallic
lead by exposure to reducing agents.2® Wherever possible, selec-
tion criteria should specify high~temperature glass or ceramic

in the external lead sealing area.

Other undesirable materials include polymers?’ (epoxy, silicone,
plastics, etec) in seal areas due to poor hermetic capability and
moisture resistance in addition to corrosive capability and poor
thermal expansion characteristics. For long-term reliability,
seal leak rate also plays an important part in selection of parts.
A seal leak rate of 1 x 107® ATM cc/s will allow the internal
atmosphere of a part to be replaced with external atmosphere 100
times while an equivalent package with a leak rate of 1 x 10-8
undergoes one internal atmosphere replacement. The moisture and
contamination possibilities are obvious.

7) Usage History - A prime consideration in the selection of parts
must be usage history. The more extensively a part is used, the
more knowledge is gained of applicable failure mechanisms and the
more efficient development of screening techniques. Past usage
also aids in the identification of time-dependent failure mechan-
isms that may not be detected in screening.

The possibility of obsolescence in part selection criteria becomes
very important in long~term programs. Replacement parts must be
available in the event of testing errors, or the resultant re-
design could have tremendous schedule and packaging impact. This
is one example when usage history must be declared of secondary
importance.

8) Multiple Procurement Sources — Multiple sources for parts
must also be considered in the selection criteria for parts. The
rapid growth in the field of integrated circuit manufacturers,
the merging of many of the firms, and the present trend of even
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major manufacturers to withdraw from the scene indicates the neces-
sity for selecting parts manufactured by more than one supplier.
Multiple sourced parts are usually more competitively priced, and
the competition tends to spur improvements in the product. In
addition, a program stands a much better chance of not losing all
sources by the failure of one company. Furthermore, multiple
sourced parts are usually available with a wider selection of
packages and manufacturing process than single source items.

9) Eaxternal Materials - Selection criteria must include prohibit-
ing the use of subliming or outgassing materials. In long-term
use, the systems may be exposed to space environments a multiple
of times, thus the contamination effects on surrounding surfaces
become additive, providing a time-dependent failure mechanism to
those surfaces. In addition, many materials are known to deteri~
orate with age and environment, so they must be carefully selected.

10) Active Production - The production history of parts is very
important in selecting parts for long-=term use. Numerous times,
suppliers have advertised parts and supplied samples before plac~
ing the parts in full production. When the expected market did not
materialize, the supplier found it was not economically feasible

to place the part in production and ceased further effort. Again
design and schedules can be jeopardized.

11)  Additional Process Controls - 1t has been noted that when

the substrate is heated to at least 300°C during the deposition

of the metallization, the grain size increases to a more desirable
level. Tt was also noted that a much better metalization thick-
ness at the oxide step is achieved if the PSG is kept less than
0.24 micron thick.

Table 2 summarizes the above details.

I1-36



*x9T7ddns 978utrs o031 onbTun °q jou 3snm sS8eYord

*098/00 WIY ,_0T X T POSOXS 10U 3ISnW 938X ¥BS] TeOS ‘UOT3IRpRidep

o0TASp 01 onp Poizjztuxsd oq jou pynoys uorjeinsdedous (939 ‘SUODIIIS
‘dxods ‘otp3se1d) gowdiod 3o asn *LAJUO S9OTASP pOTESS LJIEOTISWIADY DS\ Suilderoed

*speeT Trulelxs 3urlaocys °(qq)

PEST DITTEISW 03 poIompsd °2q UBD YOS TUYM Jus3zuod (0qd) HAIXO0 AVTI Y81y S'y
A17ensn ssel8 ST °PaJe SUITE9S~pES] UT SSBT8 sanjeasdurd] MOT PICAY sseTs Suryess o8wydeg

"POUSTIQrIS® LTWiATy TFIuUn pal1qryoad =q pinoys
sxojonpuodTweg snoydiowy se yons Sursssooad snbrun I0 meN - peijTuwaad
8q PINOYS TMOUY TI°oM 9JB SWSTUBYDSW 2INJTeI 9soym soassodoad asoyz LJup S98S9901J PSUSTIAe3SH

‘uorjzradTW

=0JI30979 DZTWIUTW 03] WIOFTun pue 93Je] 9¢ ISNUW UNUTUMIE JO 9INIONIIS UTIRID

*ap3owrluso sxenbs xad sduy 0T X ¢ £3TSUSp JusIano paudISSOp UNMWUTXEW
‘syoerop de3s SPIXO 9IRUTWITR O] ¥ NoonoH JO SSOUMOTIY] UOTILZTITEISW WNUWTIUTH UOTIBZETEIONH

‘97qeUCIISOND i SWR1SAS unuTUNTe-pI03 JO 93F] Suog - spunodwod
DTTTBIDULIS]UT JO UOoTlrWIOy jusasiad o3 ‘speo] TJeuisixe jo ped Sulpuoq pue
33TM BUTIOSUUODISIUT ‘uoTIezTITelsw dTUyo I0J ‘we3lsds Surpuoq OT[]ELISWOUOK 2ITM UOTIOOUUODISIUT JeuISIUT

‘po3z1qiyoad Bufrpuoq Jowkiod I9yjo i0 Axody - uoTIEpRIASSD
Inoy3 M sanjersdwey 53va03sS 0,00¢ puelsylITM Isnum Loty - sd1yo
pesT-weoq 10 dryo~-dilg urYyl I9Uyjzo uoO poainbox Zurpuoq Loile °T3I09INE puoq xopesy=03=dTy)d

-83ewep Suranioes
=NUPHE WOXF 90vIInS 309301d o3 ‘pur {UOTIPUTHEIUOD TENPISOI 9ZI]TQOUNT

01 fuorjeuTweluod SUIONPUI~ISUURYD JO SIINOS B WOIJ 90BRIISIUT ﬂm|NOHm Elv g
309303d 03 SPTIXO UODTIIS JIOA0 I9LB] UOTIBATSSEIS J9Y30 IO SPTIJTU UODITIS uoraeoTages dIyun
STIVIWEY S¥0IOVA NOISHA

DIL2L L) UOLGOD] DG 2INOAL) Pogvabaiul 7 27qo]

I1-37



»sxo77ddns Lg ‘uorzonpoxd A7xee ur 1o uorionpoid o3 1oT1ad peIlSouURD
ze aeyn siaed | ur-BurudTsep,, pToA® 03 ‘wmorionpoxd DATIOR UT 3] ISNUW SIABJ

*gTRTIS®IBW OTUBSI0 JO BSn
TEITTOn  CTRIIDIBE SUTHWITYRS-UOT I9ylo I0 ToOIN ‘Ieaoy poleld-pIof ‘ImAocy
oq pinoys so=8eyoed Tejsw TI¥  s9Seyoed peirld WMTWPED IO ¥SN JTQTYOIJ

*uor3onpoad senurjuoostp Joiiddns Jolew
supa zua v ‘sweaBoxd wisi-SuoT I0J Ssoanos oTdIITNW DABY 1SNl S3IBJ

*£30387U 2ANTTEI J07 S3I9T® moTasy  Teacadde 03
zor2d pPHIBNTRAD 2 ST BIED JUSTOIIINS INOUITM S3IBg °POIASPISUOD q ISNUW
DOUDDSBTOSA0 30 SDOTOUD ISATI SB PIIOSTIS 2q Isnu £103sTY 8eSN YITM SIABG

Aatanaey udrseq

SHIVWAE

S¥0LOVA NDISHUA

(1ouU00) 7 @

\tls
S
ey

11-38



b. Results of Survey - Aerospace users of electronic parts were
surveyed in regard to their procurement and specification prac-

tices in obtaining high reliability integrated circuits.

3 lists the results of this survey.

Table 3 Survey of Electronic Part Users

Table

Monolithic ICs

User

Unique Test or
Specification Requirement

Rationale/Justification .

MSFC
(Mr. Leon Hamiter)

Wafer lot traceability

Lot size limit

SEM wafer sample
Metal thickness test

Sample extended thermal
shock
Sample wire bond pull

Sample chip removal

Sample SEM inspection

To retrieve all of a bad
lot and provide iden-
ticality.

To minimize traceability
problems.

Detect poor metalization.
Detect inadequate thick-
ness.

Thermal expansion compat-
ability of materials.

To detect improper bonds
and bonders.

To detect improper chip
attachment.

To evaluate effects of
screening.

GSFC Wafer lot traceability To retrieve all of a bad
(Mr. Don Anna) lot
(CMOS: MIL-M-38510 SEM wafer lot sample To detect poor metalization.
Burn~-in: HIRB "N" and To maximize the effects of
"p" channel plus forward electrical stress by sub-
bias jecting each channel to
worst case bias, then over-
all functional burn-in.
JPL Seal wafer inspection To detect poor metalization.

(Mr. Erv Klippenstein)

Materials inspection

To detect poor materials.

Hughes
(Mr. Cliff Ryerson)

Some long burn-in

Extended temperature cycle
at card level approx. 100
cycles

Spacecraft use only (not
many failures beyond 200/
300 hours)

Detects bad parts and
processes in assembly.

Sandia
(Mr. D. G. Skogmo)

100% lead bond pull

To detect operator error or
out—of-calibration equip-
ment.
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c. Alternative Approaches - Although this title is not really
applicable to SS1 and MS1l integrated circuits, a few alternative

approaches are noted in Table 4.

This table identifies some of

the tradeoff studies that are required for considering approaches
as alternates to integrated circuits in circuit design.

Table 4 Alternative Approach Tradeoffs

Alternative

Approach Tradeoff

Design

LSI Requires custom design in many functions; occupies less volume;
less weight; greater potential reliability due to many fewer in-
terconnections, bonding wires, die bonds, packages and seals;
higher cost due to custom masks; more complex electrical screen-
ing tests and fixtures required; much longer schedules and turn
around time on custom LSI.

Hybrid Less reliable than monolithic; greater accuracy; more custom
capabilities; more costly than standard SSI/MSI; greater volume
and weight than monolithic.

Discrete Maximized external interconnects; least uniform in reliability;

Parts greatest volume and weight; greatest accuracy, most capability in

customizing circuitry.

Manufacturing Controls

Processes and

Impact of specifying desired process and materials in procurement

Materials contracts.

Screening

Burn~in Cost and reliability tradeoffs between conventional techniques,
parameter drift screening, accelerated methods, etc.

Environmental | Cost and reliability tradeoffs between normally established en-
vironmental tests and levels, and program unique tests and
levels.

Application

Lead Cost and reliability tradeoffs between procurement of parts with

Preforming preformed leads, user doing the preforming, and damage in attach-

Bipolar and
Various MOS
Contigurations

ment of nonpreformed leads.

Reliability tradeoffs between bi-polar circuits and the numerous
variations available in MOS.
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d. Hardware Life - Integrated circuit failures are primarily caused
by defects during manufacturing and secondarily by errors during

test and improper handling.

Wearout is only a minor failure prob-

lem that becomes nearly insignificant when used in applications

with proper deratings.

The time-dependent failure mechanisms sum-

marized in Table 5 are not supplier-dependent but are unique to
specific processes, several of which can be avoided.

Table 5 Part/Component Time Dependent Mechanisms

Part/Component:

Integrated Circuit

Process or Mechanism

Life Estimate

Martin Marietta Consensus

Electromigration

Gold~Aluminum,
Eutectic at Wire
Bond Sites

Surface Degradation
due to Contamination

Diffusion of Metali-
zation under Oxide

Increasing Contact
Resistance

Dependent on time,
temperature, grain
size and current
density. See Fig.
3.

Variable, dependent
on temperature;
quantity of metals;
atmosphere.

Variable, dependent
on amount and type
of contamination.

Undetermined, tem-
perature dependent.

Undetermined, tem-
perature dependent.

Control: Current density and
grain size in manufacturing
the part, temperature in ap-
plication to define life of
> 10 yr.

Avoid mechanism by specify-
ing monometallic interconnect
system at all points.

Can be minimized by control
of processes and requiring
glassivation.

Limit temperature exposure to
comparatively low (<100°C)
levels or specify Mo-Au.

Limit temperature exposure to
comparatively low levels or
specify Mo-Au.
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e. Application Guidelines - The selection, qualification, and
screening of parts and inclusion on a controlled parts list merely
assures that the parts do not contain basic design faults and that
those parts containing operator errors have been removed from the
lot of parts delivered by the supplier. The improper application
of the parts can negate all the effort expended in manufacturing
and testing.

There are a number of design practices and requirements that are
considered essential for the reliable application of parts that
will, in fact, enhance the basic reliability of the parts. These
practices and requirements, detailed below, are necessary to en-
sure long life assurance. The impact of system design criteria
on reliability is listed in Table 6.

1) General,

a) Integrated circuits generally do not have built-in static
charge protection. Thus, they require precautionary han-
dling procedures and careful attention to safety limit
circuit voltage transients.

b) The case temperature should be limited to 85°C to mini-
mize temperature-~dependent failure mechanisms.

c¢) When interfacing with other similar circuits, current
limiting should be provided to ensure that power dissipa-
tion capabilities are not exceeded.

2) Digital systems,

a) All logic systems shall be broken into functional blocks
80 a logical verification can be made by using analytical
techniques (truth tables, Karnaugh maps, state tables,
timing diagrams, etc).

b) All systems requiring time correlation for logic opera-
tion (i.e., flip-flop gating, sequential data handling,
etc) should be implemented as a synchronous (clocked) sys—
tem. The clock may be time or data correlatable but must
be unambiguous. The inhibit time duty cycle of the clock
should contain all of the clock triggered switching tran=-
sients that may cause ambiguous states during decommuta=
ting/decoding. To minimize noise susceptibility in the
master mode of a conventional J-K flip-flop, the enable
duty cycle of the clock should be minimized.
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Table 6 System Design

Usage Factors

System Design Criteria

Tmpact on Reliability and Design

1.

Voltage, current and tem-
perature ranges nmust be
derated

Leakage currents double
each 8 to 12°C tempera-
ture rise

Parts are electrostatic
sensitive

Most parts are available
in hermetically sealed
flat packs only

Supply voltages must have
typically 107 tolerance

Low power parts are lim-
ited to low MHz opera-
tions range; typical max-
imum of higher power
parts limited at 50 to
100 MHz range

Circuits packaged in very
small volume; low power
dissipation; less weight

Parts readily available
only in Standard Building
Blocks

All elements and bonds
are of more uniform
reliability in a circuit

Increases expected life, minimizes inoperable
failures caused by drift.

System temperature range must be controlled to
prevent unacceptable leakages and accelerated
life.

Manufacturing and design must incorporate pro-
tective measures.

Planar packaging by soldering must be employed,

connecting pads must be on 0.050 centers. Pro-

vides center of gravity very near that of the PC
card.

Regulation of power system to less than 107 re-
quired by design.

For low power designation system design must de-
sign with low speeds. Very high speed systems
must be designed discrete.

Design can allow for greater capability or re-
dundancy in less volume and weight than dis-
cretes. Heat sinking not critical.

System must be designed compatible with available
circuits vather than optimized function.

Maverick parts more easily detected. Screening
tests accomplished at level equivalent to PC
board of discretes.
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c)

d)

£)

g)

h)

Logic systems with memory elements used in counters or
shift registers should be analyzed to determine the effects
on the total system when an unused state is entered. Pro-
visions should be made to ensure that such a logic function
cannot lock up in an unused state or generate an erroneous
function when an unused state is entered. The selection

of the counter type should be scrutinized to minimize the
total logic required to provide proper decoding and mini-
mum unwanted states.

Any signal received into a synchronous system should have
a single point of synchronization. This prevents logic
ambiguities rhat exist when an incoming signal is synchro-
nized at more than one point by clock signals which are
skewed.

Monostable multivibrators (one shots) should not be used
for delay or time correlation of logic. These functions
should be implemented by using clocked counters or delay
lines. All "one shots" that are used for other purposes
should have 6 dB margin for any predicted noise on signal
inputs, power inputs, or output feedback.

When signals are transmitted over controlled impedance
lines (i.e., coax, twinax, twisted pair, etc), line char-—
acteristics such as RC distortion, attenuation, and propa-
gation delays should be determined and their effects used
in the worst—case analysis of the system.

Logic circuitry should be insensitive to spurious signals,
particularly to those generated outside the black box or
equipment rack. To facilitate this requirement, system
interface circuits that do not receive information from
controlled impedance transmission lines should provide
means for rejecting transients less than 1.0 ms in dura-
tion, and having a magnitude equal to the maximum power
supply voltage of the two interfacing systems. Random
transients should be assumed to have a 1% duty cycle.

Selection of a specific type of integrated circuit logic
family to be used in a system should be based on the fol-
lowing criteria:

(1) Power consumption; (3) Noise immunity;

(2) Weight and volume requirements; (4) Speed.
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3

k)

L)

I1~46

All interfaces of discrete to IC circuitry, and ICs of a
different family should have a margin of 10% or 0.5 v,
whichever is greater, in the high state and 6 db in the
low state. The following exceptions are allowable: 5%

or 0.3 v whichever is greater, in the high state and 3 db
in the low state should be required when such circuits are
tied into a common ground in a module or on a PC board or
all interfaced with a controlled and matched impedance
transmission line. The latter cases must also have no ex-
ternal noise source affecting the sensing mode.

All black box/black box, or rack/rack logic interfaces
should have a margin of 10% or 0.5 v, whichever is greater,
in the high state and 6 db in the low state, when refer-
enced to ground.

All circuits must operate with the specified minimum propa-
gation delay -20% and a maximum of the specified limit
+20%. TFactors that should be used in determining timing
margins are the specified logic element delay including
capacitive loading effects, through delay of counter
gating, the effect of clock skew, and the effect of line
delay.

No transient input must be allowed to reach a ''master
slave" flip-flop that can cause the "master" portion of
the flip-flop to be set and remain in an erroneous state
such that it may be subsequently transferred to the
""slave". All data lines must be stable within the enable
portion of clock under worst-case conditiomns.

Circuits that have a memory requirement during loss of
power at power transfer or during the maximum transient
specified should maintain the memory capability for the
duration of the transient or power dropout, plus 257 mar-
gin. Analysis must show that no catastrophic outputs
will be generated during power up or power down condi-
tions.

Logic that drives flip-flops must be arranged so that a
logically indeterminant condition cannot occur.



m) Self-induced switching transients must be determined and
suppressed by adding capacitance to each printed wiring
board or module. The total amount of capacitance required
is to be calculated to keep B+ and ground line voltage
changes at a safe level, cutting into the specified noise
margin by no more than 6 db (50%).

Capacitors that are effective at the relatively high fre-
quency present in the switching current spikes should be
used. For integrated circuit boards, ceramic capacitors
should be used for this purpose to optimize both high capac~
itance per size and good RF characteristics. Capacitor
leads should be held to a minimum length and the required
capacitance should be distributed over the PC board or
module.

The number of capacitors required must be based on the
printed wiring board lead inductance existing between the
capacitor and the switching elements. This inductance
must be determined and minimized to realize the benefit
provided by the added capacitors. Multilayer printed
wiring boards, with B+ and ground planes as internal
layers and closely spaced, should be considered for mini-
mum inductance, particularly when any logic element with
an active pullup is used.

n) The logic power supply should be designed such that the
worst-case output voltage delta from nominal is <607 of
what is allowed by the logic family used.

3) Input Considerations,

a) Unused inputs in logic and/or switching circuits require
special consideration as follows:

(1) DIL integrated circuits - Leave unused inputs open.
(2) T?L integrated circuits - Tie up all unused inputs,

including preset and clear, to a voltage equal to
VOH’ but less than VIN' Possible ways of handling

unused inputs are:
(a) Connect to a voltage supply of 2.4 to 3.5 v.

(b) Connect (except preset or clear) to a driven
input.

(¢c) Connect to the logical 1 output of an unused

gate. I1-47




b)

(d) Connect to VCC through a 1 K resistor. One to

25 unused inputs may be connected to each 1 K
resistor.

The worst-case setup and release times for flip-flop in-
puts must be determined.

Overshoot and ringing may be present at the end of trans-
mission lines that carry fast rise time data information.
This overshoot and ringing should be controlled to prevent
logic ambiguities and to ensure that both positive and
negative input voltage limitations are not exceeded at

the receiving circuits. This should be controlled by one
or more of the following methods:

(1) Terminate at least one and preferably both sending
and receiving ends of the transmission line in its
characteristic impedance.

(2) Limit the rise time of the data at the sending or
receiving end of the transmission line in systems

with slow data rate requirements.

(3) Use a diode clamp to suppress negative transients.

4) Output considerations,

a)

b)

c)
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Fanout must not exceed 80% of the rated maximum for the
circuit and must be reduced from that level where greater
noise immunity or corrections for higher than specified
circuit differential temperatures are needed.

Arrange logic so that interface signals between black
boxes use the high— or low-level state that offers the
greatest noise jmmunity as the safe or unarmed condition
of a function.

"Wired-Or'" connections impose loading on the output in
addition to the normal fanout load. This loading should
be included in the loading analysis. "Wired-Or'" conditions
are not permitted with circuits having a push-pull output
stage.



Linear systems,

a)

b)

c)

d)

e)

Provide power supply decoupling with 0.1 uf ceramic capac~-
itors from the B+ and B- terminals to ground. The effec-

tive lead length from the capacitor to the B+ and B- ter-

minals and ground should be kept to a minimum.

The recommended frequency compensation network must be
provided. In addition, circuit capacitance loading ef-
fects on the phase and gain margin must be determined.

Unless more stringent derating is required by the specific
usage, the following deratings should be used to allow for
end of life drift.

Initial offset voltage *1/2 mv
Initial bias current x 2
Offset current x 2
Open-loop gain *20%
Slew rate +207%
Common mode rejection +20%
Power supply rejection +207

It is necessary to limit the high-frequency gain of feed~-
back amplifiers, to prevent oscillations from occurring
in the packaged circuitry, due to parasitic feedback loops.

The output voltage swing should be limited to 75% of the
manufacturer's specified range.
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TEST METHODOLOGY AND REQUIREMENTS

Qualification Testing

There are numerous ways in which the traditional qualification
testing per Established Reliability MIL-SPECS can be improved.
Figure 4 presents the tests and sequence required per MIL-M-
38510, the "improved TX'" integrated circuit specification. The
test flow shown is equivalent to most Established Reliability
MIL-SPECS.

The first and most obvious improvement consists of changing Group
C subgroups from parallel testing to a form of serial/parallel
testing to determine the additive degradation of the tests shown.
A more desirable sequence would be as follows.

! ! |

!

I 111 Add * VILII
VII - Life Construction
' Analysis
4
1I H
v

< v 3 Compare

Data Results

IV v Vi

I P!

7Y

In the suggested sequence, the stresses imposed on parts by ther-
mal testing are then further aggravated by mechanical testing,
in an attempt to degrade inferior parts to an obviously detect~-
able level. The sample is then subjected to long-term life and
storage testing to aid in the detection of subtle changes not
readily noted on a single electrical test. In parallel with the
noted sequence, a sample that has been subjected to screening
only (Group VII) should be placed on life test. This sample
achieves a two-fold purpose: (1) End results are indicative of
normal part changes that can be used to compare with the en-
vironmentally tested parts and (2) the sample provides an evalu-
ation of the screening techniques and the quality of part that
will result therefrom. Finally, a small sample of parts that
have been subjected to the full environmental testing and to
screening only should be opened to (1) study the actual config-
uration and as a reference for comparison of production parts to
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100% SCREENING

STABILIZATION BAKE
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¥
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I THERMAL SHOCK
TEMP CYCLING
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|
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CYCLING

!

MECHANICAL SHOCK

GROUP B

'

CENTRIFUGE

I - PHYSICAL
DIMENSIONS

{

IT MECH. SHOCK
VARIABLE VIB.
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SEAL LEAK

]

IT « MARKING

VISUAL AND MECHANICAL
BOND STRENGTH

ITI SALT ATMOS

INTERIM EL.,
MEASUREMENTS

4

IV HIGH TEMP
STORAGE
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BURN-IN
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INTERIM EL.
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END PT.EL.

v

REVERSE BIAS
BURN-IN

1V  LEAD FATIGUE
SEAL LEAK

¥

FINAL EL.

®
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L
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VISUAL

$

nfe
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VI STEADY-STATE

REVERSE BIAS
END PT, EL.

samples each lot.

Select gualification samples initial lot and each 3 months.

Fig. 4 Traditional Qualification (MIL-M-38510)
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detect supplier changes and (2) to detect internal physical
changes that may have occurved during the environmental testing
that is not present on the screened only part sample.

2. Accelerated Testing
A review of the failure mechanisms indicates that there are sev-
eral groups when defined by the basic mechanism and tests and en-
vironments that will hasten the mechanism to failure or to a de-
tectable condition. The groups are as shown in Table 7. When
the environmental factors of the table are increased beyond normal
use conditions, but kept below stress levels that introduce new
failure mechanisms, the corresponding mechanisms of Table 7 .de-
grade at a much more rapid rate. The maximum temperature that
the parts can be subjected to, without introducing additional
failure mechanisms, depends on the specific processes used in
the manufacture of the part. Typical temperatures range from
200 to 350°C.
Table 7 Failure Mechanisms vs Environmental Tests
Environment Mechanism Reason
1l. Time and tempera- Contact resistance at With power applied, a path
ture without power | metal-silicon interface tends to remain open
applied
2. Time, temperature, Inversion, channeling, Proper bias collects ionic
and power migration, corrosion contamination; cuxrrent
density affects migration
3. Mechanical stress Seal breakage, bad bonds, Mechanical stress tends to
improper internal lead move or separate materials
length
4. Thermal excursions Die cracks, thermal Thermal expansion/contrac-—
followed by mechan- | mismatch tion propagate the cracks;
ical stress mechanical stress sepa-
rates
5. Overvoltage Pinholes, improper Voltage stress causes
' diffusions breakdown
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In a like manner, thermal shock and mechanical stress could be
performed at accelerated levels, although very little effort has
been devoted to any other than electrical temperature stressing.

Screening

Screening consists of the lot stressing, measurements and accept-—
ance/rejection criteria normally imposed on a supplier. Screening
tests are designed to detect and reject incipient part failures
before delivery. The tests usually consist of a combination of
environmental, mechanical, and electrical stress that will ac-
celerate specific failure mechanisms in the inferior part, with-
out degrading a good part or initiating a new failure mechanism.

A typical high reliability parts screening program as shown in
Fig. 5 is that defined in MIL-M-38510 (MIL-STD-883 method 5004)
for class A parts.

Recent usage history has shown that performance of these tests,
or the equivalent, does not provide parts satisfactory for long
life assurance.’ The major portion of escapes contain failures
due to (1) particulate contamination, (2) metalization faults,
and (3) surface contamination (inversion).

Because a satisfactory screen must detect the type of faults
noted, it is recommended that the classical screening tests of
Fig. 5 be revised as shown in Fig. 6. The revision is based
on the fact that faults (1) and (2) in the preceding paragraph
occur in the manufacturing sequence of wafer metal deposition
or later. 1If a lot is defined as all parts from wafers in a
common metalization run, and that commonality is maintained
through all following processes, a sample test will be indica-
tive of the quality of the lot metalization. Therefore, a lot
sample test with a scanning electron microscope (SEM) for thin
metalization or "waterfall" effects and a Profilometer test or
other equivalent method for metal thickness measurement will
minimize the faults for the entire lot.

In a like manner, analysis of test points on a wafer is indica-
tive of surface contamination residue on the whole wafer because
all parts on the wafer have been subjected to identical process-—
ing and cleaning up to that stage of manufacturing. The radio-
active tracer wash is the technique recommended to detect the
amount of contaminate.
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Internal Visual Ingpection

Stabalizarion Bake
24 hours, 150°C

v

Thermal Shock
15 cycles, 0 to 100°C

v

Temperature Cycling
10 cyecles, -65 to 150°C

v

Mechanical Shock
Y1 axis only, 20,000 g

v

Constant Acceleration
Y1 and Y2 axes, 30,000 g

v

Hermetic Seal Leak Rate
Gross and Fine

v

Interim Electrical Testing

v

Operating Burn-in
240 hours, 125°C ambient

v

Interim Electrical Testing

v

Reverse Bias Burn-in
72 hours, 150°C ambient

v

Final Electrical Measurements

v

Radiographic Inspection

v

[ External Visual Inspection

Pig &5 Classical Screening Sequence
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SAMPLE TESTS
WAFER CONTROL*

Controlled
Metallization

Lot
SEM

Inspection

* Metal: deposition > 10,000 ﬁ$
Temp 2> 300°C
design Current Density < 5 X 10
amps/cm?

s e ase

4

Glassivation under & over metal
Gold Monometallic System
100% in process wire bond pull

Lot all from one metalization run.

¥

Internal
Visual

E—

Profilometer
(0r Equiv,)

i

y

Radiographic
Die Bond Insp.

Verify Qualification
processes & Circuit
Configuration

Radioactive
Tracer
Contamination
Detection

(or Equiv.,)

Y

Stabilization

Bake

v

Thermal
Shock

€.V, Plot

¥

!

Wafer Lot
Acceptance

Mechanical
Shock

l

y

Interim
Electrical

¥

High Temperature
Reverse Bias

v

Interim
Electrical

v

Burn=in

Iy

v

Final Electrical

e,

¥

Hermetic
Seal

¥

External Visual

Fig. 6 Recommended Screening Tests
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Presently there are no efficient and proven tests to detect par-
ticulate contamination, because the particle size is normally
smaller than the resolution of X-ray equipment. Another detec-
tion method under investigation is a monitored vibration/shock
screen used on the Minuteman program.7 Note that the general
solution to particulate contamination has been effort expended in
detection techniques rather than preventive methods. In the
recommended screening herein, the effects are minimized by glassi-
vation over the metalization.

Because the recommended tests include X-ray inspection of die
bond area and 100% wire bond pull, the standard mechanical shock
and acceleration are no longer required. The wire bond pull

test is not destructive. A survey conducted concerning the de-
structiveness of the pull test had two general responses. Those
who employed the test (Autonetics, Fairchild and Sandia) found
the pull test non-destructive. Those who did not use pull tests
did not because they feared damage, but had not performed tests.

The following paragraphs summarize the MIL-M-38510 tests shown in
Fig. 5.

a. Internal Visual Inspection - This test consists of visual
inspection at 30 X and 100 X to check the internal materials,
design, construction, and workmanship of parts before capping or
sealing. If properly performed, this inspection will reject such
flaws as surface metalization scratches, poor bonds, misaligned
contacts, over etching, under etching, gross oxide faults, gross
diffusion faults, corrosion, sagging or missing interconnect
wires, particles, insufficient die mounting or improper orienta-
tion, and die cracks that may propagate into active areas.

b. Stabilization Bake - This test consists of storage at high
temperature to (1) aid in stabilizing characteristics of the de-
vice, (2) accelerate the increase of any contact resistance, (3)
determine the effects of storage at elevated temperatures, and
(4) accelerate any corrosive actions occurring within the sealed
package. If performed before sealing, this stress aids in re-
moving contamination such as excess moisture.

¢. Thermal Shock - This test consists of rapid alternating ex-
posure to very high- and low~temperature stesses, as a test for
compatible thermal coefficilent of expansion at all interfaces.
The test limits are selected to degrade and detect serious mis-—
matches in seal areas between leads, glass, and ceramic or metal;
delamination of multilayer material; breakage in conductor paths;
propagate cracks in dice; and aid in the degradation of improper
bonds. A difference in coefficient of expansion of > 4 x 10~7
in./in.%C will cause breakage at glass to metal interfaces.



d. Temperature (ycling - This test consists of alternate exposure
to very high- and low-temperature stresses but at a much slower
rate than thermal shock (>10 min at temperature extremes vs 5 min;
5 min stabilization at 25°C vs 10 seconds transfer time to opposite
temperature extreme) .

Note: Due to the very small mass and size of an integrated
circuit, this test is not cost effective, and cannot
be recommended. It appears to apply less stress than
thermal shock.

e. Mechanical Shock - This test consists of very short pulsed
acceleration (shock) such as may occur in rough handling or trans-
portation. The tesis are intended to check mechanical soundness
of the part, such as the die header bond, wire bonds and possi-
bility of internal wire deformation resulting in short circuit.
Typical stress levels are 1500 g 0.5 ms for drop tests and 25,000
g, 0.2 ms for pneupactor tests.,

f. Constant Acceleration - This test imposes a much longer high-g
force to the mechanical structure than shock, but in a centrifugal
direction rather than a straight line force. Similarly this test
is intended to check mechanical soundness of the part. Typical
tests are performed at 30,000 g for 1 min, although step stress
testlng3 has shown that properly bonded dice and wirebonds will
not separate at 150,000 g or less.

g. Seal Leak - Hermetic seal tests consist of a fine leak (107>
to 10-8 Atm cc/s) measurement after subjecting the part to pres-
surized helium or radiocactive Krypton 85 tracer gas. The second
test, for gross leaks (1072 to 1075 Atm cc/s) consists of sub-
merging the part in a pressurized Fluorocarbon to allow the liquid
to enter the package if it can, then submersion in a much higher
temperature Fluorocarbon to observe for bubbles from the lower
temperature liquid.

h. Interim Flectrical Measurements -~ Critical parameters that
must be specified in the detail specification are then tested.
The tests are designed to remove defective parts at that time
and to provide a baseline in the event that maximum drift limits
are imposed.

7. Burn-in - This test consists of operating the part at the
maximum rated temperature of 125°C for 240 hr. Specific bias-
ing conditions must be specified in rthe detail specification.




The test conditions and time are selected to impose maximum stresses
on junctions to accelerate the diffusion, metalization, and bond-
ing faults that may have escaped the precap visual inspection.

J. Interim Electrical Measurements - The same critical electrical
parameters tested before burn-in are rechecked to determine if
there are defective parts in the lot.

k. Reverse Bias - This test is only imposed when specified in

the detail specification and consists of reverse biasing the part
for 72 hr in an ambient of 150°C. The test is designed to detect
surface contamination on MOS or linear circuits that are sensitive
to surface leakages.

. Final Electrical Measurements - This test consists of testing
the full electrical parameters at high, low, and room temperatures
as defined in the detail specification to ensure that parts are
within allowable limits.

m. Radiographic - X-ray inspection is performed at this time to
detect anomalies overlooked in precap visual, faults that occurred
in testing and processing, such as sealing weld splatter, ex-
traneous lead material, insufficient die bonding (voids under the
die) or deformation of leads during mechanical testing. The in-
spection must be performed with specific accept/reject criteria,
to be meaningful.

n. External Visual - A final visual inspection is performed to
detect damage caused by handling and testing, gross seal failures,
and improper marking.

Burn-In

Burn-in on high reliability parts has not been standardized.
Variations range from NIMBUS I and II with up to 168 hr burn-in?8
to INTELSAT III with 1000 hr preconditioning and five-point data
comparison for stability.29 A typical example is the 10 TIROS
and 5 ESSA satellites by RCA~AED. Burn-in was at 807 rated

power for 300 hr in an ambient of 100°C.30 Mi1-M-38510 (MIL-STD-
883), the first attempt to standardize burn-in conditions, recom~
mends operation at rated power for 240 hr in an ambient of 125°C,
plus an additional 72 hr of back-biased burn-in at 150°C, for
parts that are surface sensitive. Philco3l concludes that 168

hr was insufficient in tests performed under the referenced NASA
contract and recommends that addition evaluations be performed

at 340 hr burn-in (at rated power and 125°C).
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It appears that considerably more evaluation and evidence of non-
damage is required before elevated temperatures can be recommended
as a 100% screen. Furthermore, the maximum temperatures may depend
on the configuration and processes of each individual circuit type.

An evaluation aide in burn-in and screening that is gaining wide
acceptance throughout industry, particularly for LSI, but just as
applicable to SSI and MSI, is the use of customized test elements
at critical locations on each wafer. This method has great po-
tential for evaluation of the control in manufacturing processing
such as diffusion levels, metalization thickness and grain size,
oxide characteristics, mask alignments, surface cleanliness, and
contact resistances. Far greater burn-in stress can be applied
to the individual elements in the test chips than on the internal
elements in a circuit. This provides a true accelerated evalua-
tion of the processing.




PROCESS CONTROL REQUIREMENTS

All processes and materials in the manufacture of integrated cir-
cuits can be considered critical. Improper control of any of the
items defined in Table 8 could have detrimental effects on the
life of the part. This table does not include such critical proc-
esses and materials as purity of initial silicon pellets used in
ingot melt, purity of dopant material added to the melt, seed
crystal alignment and pull rate from the melt, ingot trimming,

and wafer slicing, lapping, polishing, etching and oxidation,
because the initial starting material at a supplier may be the
purchased wafers.

Additional Process Controls Required - Although selected processes
will be required, i.e., Molygold-gold metalization systems, and
phosphosilicate and silicon nitride glassivation, .no additional
controls are required beyond those normally enforced by the sup-
plier. Also, process limitations will be required, such as heated
substrate during metal deposition, metalization thickness. These
items are considered more in process selection and limitations as
compared to the actual controls the supplier uses in providing a
satisfactory product.
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RECOMMENDED PARTS LIST

The following list of integrated circuits has been thoroughly in-
vestigated by the responsible parts specialists at Martin Mari-
etta Aerospace and is recommended for high reliability applica-
tions. The generic parts must be procured to a specification
control drawing that invokes the required controls noted in this
report.

The specified parts have sufficient test data in existence to
ensure that there are no basic faults in the part design. Further-
more, most parts on the list will be subjected to formal qualifi-
cation testing for the Viking Lander space program by Martin
Marietta in the near future. The remainder of the parts will be
qualified by existing data or by actual test for spacecraft use

by Martin Marietta on other programs.

With the basic part design well established, the imposition of re-
quirements such as monometallic interconnect systems, glassiva-
tion, etc, will ensure the final product will satisfy long-life
assurance requirements.

Unacceptable Parts -~ Presently, the only part types that can be
considered unacceptable are those that are plastic encapsulated.
Due to recent design/application problems, the 709 operational
amplifier is not a recommended type.
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LIT.

HYBRID INTEGRATED CIRCULTS

INTRODUCTION

This chapter describes failure mechanisms, test methodology, manu-
facturing processes and related control requirements that affect

the long-life reliability of thick and thin film hybrid integrated
circuits. The full temperature range, hermetically sealed type of
part is addressed. The ''plastic" encapsulated type part is specifi-
cally omitted due to the lack of sufficient reliability data and

the "proprietary" classification of many materials used by sup-
pliers. Furthermore, RF and other unique areas of use are avoided
since the parts, materials and processes in the manufacture of those

~hybrids may not be common to the typical linear or digital parts.

Figure 1 illustrates the materials and general areas covered.

The information herein summarizes the pertinent results of a re-
view of available literature, discussions with manufacturers and
users of hybrid integrated circuits and knowledge gained within
Martin Marietta Aerospace as a manufacturer, test and failure
analysis laboratory, circuit design user, and from materials and
parts specialists.,

A listing of failure mechanisms, basic causes, detection methods
and methods to minimize the mechanisms, is presented. An attempt
has been made to categorize the mechanism to thick or thin film,
or common to both. Since processes are so interchangeable within
the hybrid circuit concept, a portion of those listed for ome type
of circuitry may be just as applicable to the other.

Selection criteria are defined in detail for both thick and thin
film networks. The criteria listed are those that can specifically
jeopardize the long-life assurance requirements.

Test methodology, including screening, burn-in, accelerated testing

and qualification, is discussed. The recommended test techniques
are identified, along with justification.
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Only the general category of critical processes are identified
such as masking or cleaning, as opposed to detailed process steps
such as TCE wash, Freon or alcohol rinse, or dry. A complete
list of processes and steps would become too complex when all
variations are considered. The impact on reliability of inade-
quate control of each general process has also been incorporated.

Finally, those portions of other reports in this study that are
directly applicable to hybrid circuits are merely referenced
herein, rather than a rewrite and inclusion.

GUIDELINES FOR LONG-LIFE ASSURANCE

The life expectancy of properly designed and fabricated hybrid
integrated circuits is greatly in excess of 10 years. Failures
are caused primarily by defects introduced during fabrication as

a result of insufficient process controls. An additional cause

of failure is due to use of incompatible materials. Wear-out is
only a minor problem which is alleviated by proper derating within
the circuit design and in the application. The guidelines iden-
tified herein will enable use of hybrids with minimum likelihood
of failure and maximum service life.

Design Guidelines

1) Use Bismuth-Ruthenium Oxide, Thallium, or Iridium as thick
film resistor materials for greatest stability. Palladium
and silver should be prohibited because of instability in
reducing atmosphere (palladium) and migration (silver).

2) Palladium-gold or platinum-gold is preferred for thick film
conductors. Silver should be prohibited to avoid migration
at conductor-resistor interfaces.

3) Substrate thickness should be no less than 20 mils to avoid
breakage problems.

4) Gold-silicon eutectic bonding of semiconductor chips is man-
datory for highest reliability. Gold filled solder paste
should only be used when eutectic temperatures cannot be used.
Glass frit may fracture with thermal and mechanical stress.
Epoxies, silicones, and other plastic or resinous materials
have long term degradational effects.
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5)

6)

7)

8)

9

Flip-chip, LID's, and beam lead devices should not be used
due to limited availability of devices. The LID's cannot be
thoroughly inspected and few hybrid fabricators can process
flip chips reliably. Although the beam lead is extremely
promising, the attachment processes are insufficiently es-
tablished and practiced throughout industry at this time.

Use the metal 1id and base type package. The ceramic package
can result in photoelectric currents within active circuits.

Prohibit electroplating of thick film materials to avoid cor-
rosion problems.

Submit each circuit to a worst case analysis. To assure long-
life operation, the analysis should be based on end of life
tolerances.

Use gold or gold on nichrome for thin film conductors because
of documented life and stability capability.

10) Nichrome resistors should be coated with silicon dioxide to

act as a moisture barrier.

Process Control Guidelines

The following processes must be reviewed and assurance obtained
that they are adequate, stabilized, and under proper control by
the manufacturers to minimize defects and to provide high yield,
stability, and precise characteristics.

1

2)

3)

4)

5)

6)

Substrate layouts avoiding thermal concentrations.

Precise mask preparation to provide resistors within accept-
able trimming limits.

Thin film deposition control for proper film adhesion, within-
tolerance resistors, and good drift and TCR characteristics.

Resistor trimming operation to maintain required tolerances.
Substrate and chip bonding processes for mechnical strength,
good thermal conductivity, and minimal parametric change

with age.

Wire bonding for mechanical strength and geometries avoiding
shorts.
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8)

Thick film drying and baking processes to avoid ocutgassing
and provide film stability.

Sealing process to provide hevmeticity and prevent corrosion
and drift from environments.

Test Guidelines

)

2)

3)

4)

Individual chip families utilized such as resistors, capaci-
tors, or semiconductors should be qualified to ensure basic
capabilities of the devices used.

The supplier and the hybrid processes used should also be
qualified for assurance of basic capability. The use of a
standard "qualification model' hybrid for this use would min-
imize the requirements for qualification of individual circuit
designs.

The conventional screen tests of MIL-STD-883, Method 5004 are
adequate for hybrid integrated circuits.,

Screening of individual chip devices including burn-in, thermal
shock, and high temperature storage should be performed to the
maximum extent possible. This will assure chip devices with

a minimum probability of defects and increase yield. Semicon-
ductor chips are not suitable for burn-in at the present time
except for LID and beam leaded devices.

Application Guidelines

The application guidelines for monolithic integrated circuits
(Chapter II) also apply to hybrid integrated circuits.

Special Considerations

1)

2)

Select suppliers with a successful history of fabricating sim-
ilar parts. Hybrids requiring techniques and materials unique
to his normal practice may be reliability risks because of the
lack of experience.

The supplier's use of the required processes should be contin=-
uous to avoid reliability risks from start-up operations.
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LIFE LIMITING PROBLEMS AND SOLUTIONS

Failure Mechanism Analysis

The failure mechanisms of hybrid integrated circuits include all
the mechanisms associated with transistor, diode, and monolithic
integrated circuit dice, die bonding, and wire bonding. The
failure mechanism sections of those chapters are therefore re-
lated to this section, but are not repeated herein. Failure
mechanisms are grouped in the following order:

1) Substrate;

2) Screening (or deposition), trimming and materials involved;
3) Chip elements, attachment, and interconnections; and

4) Packaging and miscellaneous items.

Thick film mechanisms which are applicable to thin film are not
repeated in the thin film listing.

The mechanisms unique to hybrid circuits are those associated
with the substrate; thick or thin film conductors, resistors, and
capacitors; chip capacitors and resistors; and hermetically seal-
ing the large package. Since tin-lead solder is used in die
attach in many instances and is unique to hybrids, the failure
mechanisms of that application are included.

It should be stressed that many of the failure mechanisms listed
are due to manufacturing defects and will be detected by the manu-
facturer in normal processing and screening.

a. Thick Film Failure Mechanisms - Table 1 summarizes the pre-
dominant failure mechanisms discussed below, a description and
cause of these mechanisms, methods of detecting the defects, and
methods to minimize or eliminate the cause of these defects.

1) Substrate —~ Substrate defects are those faults occurring in
the basic ceramic material on which the thick film is applied.
This includes the attachment of the ceramic material within the
package, impurities within the material and any stresses or
cracks of that material which can affect the long-life operation
of the circuit function.
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Separation of Substrate from Base of Packagel - This failure,
normally catastrophic, usually occurs during acceleration or
mechanical shock screening test. The separation is caused by
insufficient or incomplete substrate bonding or a degradation of
the bond due to high temperature exposure during final sealing.

Cracked Substrate — Cracks can occur in the substrate due to high
thermal stresses imposed during laser trimming of thick film re~
sistors?. Ceramic chips can separate when exposed to mechanical
stresses and cause further damage to the circuit. Precap visual
inspection will detect this failure mechanism.

Substrate Breakage - Excessive breakage occurred when using 96%
alumina substrates with a 10 mil thickness. This failure mechanism
was eliminated by increasing minimum thickness to 20 mils.

Cracking of Substrate Due to Thermal Shock3 - The thermal shock
occurring in solder dipping the substrate can cause fracture of
the ceramic material. This failure can be detected by visual in-
spection and electrical test. The mechanism can be minimized by
preheating the substrate prior to solder dipping.

2) Sereening, Trimming and Materials

OUersprayingl+ - Overspraying is the deflection of abrasive trimming
material which can result in abrading adjacent resistors and cause
out-of-specification resistor values. Final electrical probing
will detect these overtrimmed or damaged elements. Proper laser
trimming will avoid this failure mechanism.

Electrostatic Susceptibility" - Electrostatic discharge through
regsistors will cause a change in the resistance. A damaging elec~
trostatic charge can be built up on the abrasive nozzle when using
a dry nitrogen pressure gas to drive the abrasive material. Final
electrical probing will detect the out-of-tolerance resistors. The
problem can be avoided by changing the gas to air containing 600

to 700 ppm of moisture, or by changing to laser trimming.

Corrosion®:®s7 - Thick film conductors and resistors can be de-
graded by the incomplete removal of corrosive agents. The residual
corrosive material may be traced to cleaning agents, chemically
active plating solutions, solder fluxes, perspiration during
handling, or environmental contamination such as sulphur in the
air, or oils, or lubricants on equipment.

1Superscripts refer to reference numbers in Section F.
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Solder Leaching3,8 - Leaching is the phenomena whereby a noble metal
conductor dissolves into the solder coating. This can make a weak
or brittle bond or, in extreme conditions, make attachment of leads
or elements impossible. This mechanism can be minimized by bonding
at the lowest temperature and shortest time above the alloy melting
temperature, at which a satisfactory bond can be accomplished. )
Other ways of minimizing the problem are: 1) saturate the bonding
alloy with the same noble metal used in the conductor, and 2) use
flux specifically designed to reduce leaching.

Leaching or Diffusion at Resistor-Conductor Interface® - Leaching
or diffusion can occur at the resistor-conductor interface which
will result in a change in the resistance value. This problem can
be minimized by selection of compatible materials used for re-
sistors and conductors.

Open Resistor Due to Cracking of the Film!'® - The use of an ink or
paste containing an insufficient quantity of slow-drying solvent,
wetting agent, or flow control additive can result in open resis-
tors due to cracks formed during curing. The open resistors can
be detected by electrical probing and by SEM inspection. The prob-
lem can be minimized by a thorough test and analysis of materials
prior to use.

Non-Operation of Circuit Due to Worst-Case Tolerance Buildupll -
This failure mechanism can be avoided by requiring a worst case
analysis of the circuit prior to specifying the procurement limits
of elements and the trimming of resistors. Electrical test of the
completed circuit will detect the mechanism.

Silver Migration® - Short circuit can occur between silver rich
conductors with insufficient spacing. This effect can be mini-
mized by requiring a minimum spacing between conductors of 20
mils. The problem can be avoided by use of gold alloy conductors.
Electrical measurement and SEM inspection will detect the problem.

Palladium-Silver Resistor Change Due to Hydrogen Atmosphere’ -

The specific phenomena occurring is not satisfactorily explained,
but it has been well established that a resistor will undergo a
very drastic change after an exposure of only 24 hours in hydro-
gen. Application of a glass coating on the resistor will minimize
the effect, but a more logical solution is to avoid the exposure
to hydrogen.
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Hot Spots at Sharp Cormers on Resistors® - Sharp corners or very
narrow paths will create hot spots which can affect the stability
of the resistor. The hot spots can be detected by infrared
scanning of the circuit prior to capping. The problem can be

minimized by avoiding sharp corners in resistor patterns.

Conductor/Resistor Blistering3s12 - The mismatch in thermal co-
efficient of expansion of the resistor, conductor and ceramic
substrate can cause a crazing or cracking of the resistor layer.

3) Chip Elements, Attachment and Interconnection

Excessive Heating of Semiconductor Chipsl! - Non-operation can
occur due to transistor failure caused by excessive heating. Hot
spots due to centrally located power resistors can cause excessive
heating of adjacent transistor chips. The failure mechanism can
be prevented by locating all power resistors external to packages
containing temperature sensitive parts. Electrical testing of

the circuit or a thorough thermal analysis of the package will
detect the failure.

Resistive Bonds! - Inoperative circuits can be caused by a high
resistance in bonds due to contamination, oxidation or incomplete
bonding. This failure mechanism is detectable by electrical test.
The problem can be minimized by proper process controls covering
contamination and bonding.

Lifting of Pads Due to Insufficient Adherence to Substrated>11 -
This problem can be caused by any of the following: 1) Leaching
of gilver-gold-solder combinations; 2) incomplete bonding between
contaminated surfaces, and 3) incomplete bonding due to improper
firing temperature. A bonding-pad pull test will detect the prob-
lem prior to sealing or X-ray inspection after package sealing.
The use of platinum-gold for conductors will eliminate the failure
mechanism.

Shorted Interconnecting Wires to Die or Chip! - This failure
mechanism typically occurs on semiconductor dice where the edges
of the chip are at a different potential than the wire. The
shorting of the wire is due to: 1) downbonding from a higher
surface to a lower one, and 2) improper lead length, too short in
length provides inadequate clearance, too long allows the wire
under mechanical stress to deform and touch the edge of the chip.
The failure mechanism is detectable in precap visual and elec-
trical test. Proper wire length and dress will minimize the prob-
lem.
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Shorted Conductors at Insulated Crossover! - Holes in the glass
insulation layer or insufficient thickness allowing punch-through
can result in a short circuit between conductors. Electrical test
or a visual inspection prior to applying the top crossover con-
ductor will detect the failure. A double glass insulation layer
and thorough visual inspection will minimize the problem.

Loose Chip Elements Due to Glass Frit Fracture! - Glass frit used
in chip attachment is subject to fracture and separation under
mechanical or thermal stress. At times this failure may be de-
tected by electrical test and possibly by X-ray. Eutectic or
solder chip attachment eliminates this mechanism.

Chip Solder Bond Failurell - Insufficient solder and soldering
temperature can result in solder bond separation under mechanical
stress. Electrical testing will normally detect the failure.
Proper process control will minimize the problem.

Capacitive Coupling'l - Capacitive coupling due to long parallel
conductors can cause circuit malfunction. Electrical testing will
detect the problem. Routing clock lines away from sensitive cir-
cuitry and avoiding long parallel paths will minimize the problem.
Cracked Semiconductor Dicell - This mechanism can occur from in-
stalling dice previously cracked or cracking dice during assembly
and wire bonding. Electrical test following thermal and mechanical
stress testing will usually detect the failures. A 100% visual
inspection on receiving the dice and inspection prior to sealing
the package will minimize the failures.

Solder Joint Failuves Due to Insufficient Heat and Solderll -
This is corrected by pretinning leads, temperature control on
soldering iron and certifying solderers. Visual inspection de-
tects the improper joints.

Poor Solderability Due to Oxidation of the Conductors® - This
failure mechanism can be minimized by keeping parts in a dry
nitrogen box until ready for soldering.

Poor Solderability Due to Glass on Surface® - Glass oozing from

the pores or crevices between metal grains during firing can
also decrease the solderability of conductors.

IT1-16



4) Packaging and Miscellaneous
Separation of'Cover1 - Incomplete sealing of 1id to package due
to contaminated areas or improper time and temperature of seal
operation. Normally detected during handling and seal leak test~—
ing, the mechanisms can be minimized by proper wash and seal
process controls.

Loss of External Lead' - Fracture and separation of externally
brazed on leads due to incomplete brazing. This fault can be
detected in a non-destructive lead fatigue test. Stringent
process control in brazing is required to minimize the problem.
The problem can be avoided by requiring packages with continuous
"through-the-glass" type lead frames.

Failure in Lead Fatigue! - External lead separation due to scratches,
nicks, or work-hardening of the material. This failure mechanism
is detectable by visual inspection for damage of lead frames prior
to plating. Work hardening of material is not screenable. The
problems are minimized by 100% visual inspection and by rigid
specifications on materials.

External Lead Damage! - Although not a normal process, removal

of excess glass flow on external leads has caused serious degrada-
tion of the mechanical strength of the lead due to scratches and
nicks. Visual inspection prior to plating the leads will detect
the damage. Process control will prevent the excess glass flow.

Particulate Contamination! - Particulate contamination which may
result in intermittent operation or short circuit is more pre-
dominant in hybrid circuitry than in monolithic due to the in-
creased number of chip and wire bonds and the additional thick

film circuitry and materials. Detection is by precap visual in-
spection. Minimization is by process control through final sealing.

Loss of Hermetic Seall® - Incomplete hermetic seal due to con-
taminates that outgas within the sealing area, resulting in blow-
holes through the molten sealing material. Detection is by her-
metic seal testing and X-ray. The mechanism can be minimized by
thorough cleaning process control prior to sealing.

Photoelectrical Effects - Ceramic packages can transmit sufficient
light to cause improper operation of sensitive semiconductor chips.
‘The light striking the surface can generate false signals, par-
ticularly in high-gain amplifiers, although MSFC has experienced
logic circuit switching also from thig effect. Detection is by
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while monitoring the ocutput of the circuit. The problem can be
minimized by shielding all packages from light during test and
actual use. A more degirable solution is to eliminate the mech-
anism by using an all metal package for circuits containing semi-
conductor chips.

tooa Light source being swilitched off and on,

b. Thin Film Failure Mechanisms - Table 2 summarizes the pre-
dominant failure mechanisms discussed below, a description and
cause of these mechanisms, methods of detecting the defects, and
methods to winimize the cause of these defects.

1) Substrate

Cracking'™ - Cracking of substrate due to localized stresses from
thermal shock or reflow soldering. These stresses occur due to
random varviations in substrate density and cause reflections in

RF circuitry. Detection method is by substrate capacitance meas-
urements, plating both sides and probing for capacitance variations.
Minimized by using isostatically-formed alumina.

Craters or pits in Surfacel™ - Due to pulling out of larger grains
during lapping, buffing or polishing. The mechanism is. caused by
not controlling grain size to less than 6 microinches. The
mechanism can be minimized by using material with extra-small
grain size (0.6 microinch average) obtained by inhibiting the
grain growth. Detection is by visual imnspection (or SEM).

Surface Alkali Concentrations!™ - Both unglazed and glazed material
can be a source of alkali contamination. The acceptable limit
should be controlled by the supplier to less than 0.2%.

Uneven Surfacel® -~ An uneven surface can cause high local stresses
in nichrome resistors, resulting in resistance change. The un-
eveness accelerates oxidation of the film.

2) Deposition, Trimming and Materials
Resistance Dvrift or TCR Change'® - A change in resistor value and/

or rate of resistance change vs temperature will shift from the
initial value due to the following:

Segragation of Constiltuents - Separation of nickel and chromium of
nichrome during deposition is due to different vaporization tem—
peratures of the me 1als in the resistor mix. The mechanism is
detectable by elecivical rest.
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Chemical Reaction with Absorbed Gases, Encapsulants, Contaminant
Liquids, or Solids - The newly formed compounds may have dras-
tically different characteristics. A typical example is the re-

action on resistors by amine from resin hardners.

Thermal Coefficient of Expansion Mismatch Stress Induction Between
a Film and Substrate - In this instance, the problem can be mini-
mized by heating the substrate prior to deposition.

Chemical or Physical Change of Film with Temperature - This occurs
in materials in which stabilization and crystallization are at the
same temperature.

Cracking and Bulking of Oxidel® - This is due to residual stresses
and can be minimized by preheating the substrate prior to deposi-
tion.

Porosityle - Porosity can result from contaminated oily residues
on wafers. This will result in circular defects when tantalum is
sputtered on the surface and anodized.

Oxidationt®s17 - Increasing resistance due to the formation of
tantalum oxygen or tantalum-nitride compounds. This failure mech-
anism usually results in a parameter drift and typically occurs

at elevated temperatures greater than 150°C. The parameter change
can be detected by electrical test.

Semiconductor Dielectricl® - Ti0, film dielectric can exhibit
semiconductor properties. This has been indicated by electrical
anomalies of TiOX films.

Thermal Hunaway16’17 - This failure mechanism in tantalum resistors
results in an open and is due to a combination of two other mech-
anisms: (1) oxidation and (2) constriction. When current passes
through an area constricted enough to cause a hot spot, local
oxidation occurs. The increase in resistance due to oxidation
results in further constriction. This cycle continues until the
resistor either cracks or vaporizes, causing an open circuit. The
thermal conductivity of the basic substrate material has a sig-
nificant effect on this mechanism, i.e., poor thermal conductivity
can cause or accelerate the problem. The failure can be detected
by electrical test or thermal potting of the circuit prior to
capping.
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An equivalent mechanism occurs in tantalum capacitors. In the
formation of the dielectric tantalum pentoxide (Ta,0g), the presence
of minute contamination particles prevent complete anodization of
the tantalum film. These faults in the dielectric allow small but
very localized currents to start. The dielectric in the path of
the current is heated which in turn lowers the resistance, allowing
an increase in current. The cycle continues until failure occurs.
The failure will result in an open circuit if series resistance
does not sufficiently limit the current. When current limiting
occurs due to large series resistors the failure mode will be short
circuit.

Humidity'® - Tantalum Pentoxide (Ta,0s5) dielectric film has been
observed to undergo a much greater change with humidity conditions
when built with gold rather than with gold-nichrome film counter
electrodes. This effect was due to the lifting of gold and absorp-
tion of a monolayer of moisture. Use of an organic impregnant, a
polyethylene polybutylene mixture, reduced the capacitance sensi-
tivity to moisture to a very low value.

Reaction of Silicon Monoxide to Oxygen and Moisturel® - This mech-
anism results in fracture due to hardness and low thermal expan-
sion coefficient.

Particulate Contamination!® - Embedment of SiO or dust particles
in the dielectric film yields a rough surface or pinholes.

Carbidel® - Tantalum capacitors that failed under accelerated
test conditions were found to contain Tantalum Carbide in the
Ta,05 dielectric film. The carbon source was assumed to be from
the diffusion pump o0il or secondary sputtering from stainless
steel shielding in the apparatus.

Dielectric Degradation by Ionie Conductionl? - Ionic conduction
in the tantalum pentoxide dielectric can result in increased
current leakage or a decreasing leakage. Stressing in the tem-—
perature range of 125 to 250°C with zero bias will result in very
large increases in leakage current with eventual leveling off at
a high value. A bias voltage will inhibit the leakage increase.
When the bias voltage is high enough, the leakage current will
decrease. This effect has occurred with 15 volt bias at 125°C
and 25 volts at 175°C. The mechanism can be detected by elec-
trical test.
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Ton Migrationl®s17 - Ionic migration can occur between adjacent
resistor stripes where a difference in dc voltage potential ex~
ists, resulting in an increased resistance of the more positively
biased portions and a corresponding decrease in the negatively
biased resistor. This mechanism can occur across a U-shaped
resistor or between parallel resistors. High voltage potential
and elevated temperature will accelerate the mechanism. Elec-
trical test or probing will detect the change.

Tonic Contaminatel® - Ionic contamination in the form of chlorine
has been introduced into packages with organic resin fluxes. The
problem was minimized by venting the package during sealing to
allow gases to escape, then plugging the vent hole.

Cations Diffusionl® - Increasing resistance has been detected with
increasing temperature cycles. It has been theorized that the
mechanism is due to contamination of the film by diffusion of
alkali ions from the substrate into the resistor film.

Silver Migration'® - A major and frequent failure mode of capaci-
tors with silver electrodes is a short circuit due to the silver

migrating across the dielectric interface and through pin holes.

The use of silver as electrodes should be prohibited in high re-

liability programs.

Electrolytic Corrosionl® - Degradation of nichrome (NiCr) resistor
and interconnecting lead wire has occurred due to electrolyte

ions transported across a moist insulator surface by (1) an in-
duced external potential, and (2) the potential developed in-
ternally in the form of electrochemical potentials of dissimilar
metals in electrical contact.

Explosion of Gases'® - Short circuit due to puncture of the Si0
dielectric film resulted when an explosion of gases in chromium
chips occurred during vaporization of the chromium.

3) Chip Elements, Attachment and Interconnections

Wire Bond Separationl® - Open circuit due to improper setting of
wire bonder. Fault minimized by periodic calibration of equip-
ment. Failure mechanism detected by precap visual, thermal and
mechanical stresses followed by electrical test. This problem
can be minimized by a periodic lead bond pull.
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Bond Wire Error?® - Due to the increased number of wire bonds in
hybrids and the possible layout of interconnecting pads, bond
wire errors are more likely to occur. This problem can be mini-
mized by careful layout of interconnect circuitry, optimum pad
shapes and interconnect diagrams screened on substrate.

Probe Damage®® - In the process of electrical probing semiconductor
dice prior to separation of a wafer, some test equipment is de-
signed to "wipe'" the surface to establish good electrical contact.
This wiping action will sometimes peel bits of the metal, which

may interfere with the wire bond or may break loose in later test-
ing.

Excess Bonding?® - Changes in chip parameters have occurred due
to excess die bonding times and temperatures. The problem was
minimized by optimum selection of bonding materials and attach-
ment time and temperature schedules.

4) Packaging and Miscellaneous Items - Refer to thick-film hybrid
section for applicable failure mechanisms.

Design

a. Selection Criteria for Thick Film Hybrids - Most hybrid thick
film circuits are custom designed for each specific application.
Therefore, the major selection criteria of hybrids must be con-
centrated on the processes and materials used and the manufac-
turer's past history of successes or failures rather than on usage
history of a specific circuit configuration as applicable to
monolithic circuits.

The processes with known time-dependent failure mechanisms that
can affect the life of the program must be identified and avoided
or minimized. 1In addition, process selection and control must be
imposed to minimize the failure mechanisms detailed in Section C.1
of this report. The selection criteria for individual chip ele-
ments is that portion of each individual part report that is ap-
plicable to the basic uncased element, including attachment and
inter-connection criteria. The attachment and inter-connecting
materials may have to be modified to be compatible with the thick
film conductors and pads.

Table 3 lists the various design factors to be considered for se-

lecting long life thick film hybrids as discussed in the following
paragraphs.
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1) Process and ﬁgierials Selection — Processes and materials. that
are known to be reliability risks must be prohibited from use
where long—-life assurance is required. Processes and materials
that require control are identified in the following paragraphs.

Palladium - Resistor material containing palladium must not be
permitted in high-reliability parts. It is a well established
fact that resistors containing Palladium are subject to change by
reduction or oxidation?! when exposed to a hydrogen atmosphere,
or other reducing or oxidizing environments. Since satisfactory
resistor materials are available that are not so drastically
affected, the specific materials must be identified and required
in the production of parts. Acceptable resistor materials include
Bismuth, Ruthenium, Thallium and Irridium pastes. The paste con-
sists of combinations of the noted materials usually as oxides,
in a mechanical mix of particles typically less than one micron
in size, plus10 a flux or frit to adhere the material to the sub-
strate and a vehicle to provide screenability. Both the mate-
rials involved and the proportion of each tend to be critical.
Acceptable?! pastes include "Birox'" a Bismuth-Ruthenium-Oxide
‘(DuPont), Thallium based series (Electro-Science Lab), "Firon"
(Electro Materials Corp. of America), and "BB'" series Ruthenium
pastes (Alloys Unlimited-Plessy, Inc.).

Silver - Material containing silver must not be permitted in ap-
plications requiring long life. Past usage history of resistors
containing silver indicate a failure mechanism of migration22’23,
both at the conductor-resistor interface, and between the resistor
and adjacent conductors. 1In addition, silver must not be used in
conductors for those reasons previously noted and also due to the
fact that silver will go into solution with tin-lead solders,
causing a change in characteristics.?2

Substrate Material - There appears to be no reliability risk with
the 94 to 96% or 96 to 98% alumina or Beryllia except for excess

breakage on thickness of less than 20 mils. Flatness of the sub-
strate will affect manufacturing yield but does not impose a re-

liability risk.

Element and Substrate Attachment -~ Glass frit die bonding should
be avoided wherever possible since it may fracture when subject

to thermal and mechanical stress. Epoxy, plastic and other
resinous type bonding materials must be prohibited internal to a
package, since the long term characteristics are unknown and tests
indicate present material combinations are degradational.21+
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Attachment of substrate to base of package and elements to sub-
atrate should be accomplished by means of a eutectic or solder
paste. 1If eutectic bonding temperatures are degradational to the
chips or elements, a gold filled solder paste may be used.
Butectic bonding is preferred for semiconductor attachment.
Gold~tin and gold-germanium eutectics should not be used. Tin-
lead solder is satisfactory only for capacitor and resistor chip
attachment. Techniques of localized heating of the area of at-
tachment are preferred because other elements are exposed to
reduce heating.

Beam Lead -~ Of the numerous chip attachment methods in existence,
beam lead appears to offer the greatest potential reliability.
Until a full selection of elements are available with beam leads
and the attachment processes are more firmly established and
practiced by industry, the process cannot be recommended for
long~life hybrids.

Leadless Inverted Devices (LIDS) - The use of LIDS can provide
additional reliability risks such as: (1) wire and die bonds
cannot be properly inspected since the element is normally covered
with a drop of resinous material; (2) when attached in the normal
inverted manner, the number of extra bonds required is equal to
the number of pads or terminations on the element; (3) unique
bonding schedules and fixtures are required; and (4) the inverted
configuration prevents a thorough precap inspection of elements.
Therefore, LIDS can only be recommended when it is deemed absolutely
necessary to burn-in elements prior to installation and it cannot
be satisfactorily performed in another manner.

Bump or Flip-Chip - In the past, the bump or flip chip has proven
to be unsatisfactory for general use. Although this attachment
method is presently in use by IBM, it must be prohibited on long-
life parts.

Ceramic Carriers - The practice of mounting a semiconductor die
on a ceramic chip then bonding this "'carrier' chip to the thick
film substrate should only be permitted in those instances where
(1) the semiconductor must be isolated from the substrate, and
(2) an isolated pad cannot be incorporated within the thick film
circuitry..
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Ceramic Package - Ceramic packages containing current-sensitive
circuitry such as high-gain amplifiers have failed to function

due to photo-electric effects.?® The failures were due tn suffi-
cient light passing through the ceramic 1id to cause photaelectric
currents to be generated within a semiconductor circuit. These
leakage currents were then amplified by the circuit. Therefore,

a metal 1id and base type package is recommended for high-reli-
ability operation.

Electroplating ~ Electroplating of thick film materials should
be prohibited because of the associated corrosion problems noted
in paragraph C.l.a.2).

2) Manufacturer's History - In selecting monolithic circuits, a
primary selection criteria is the usage history of that specific
part. Since a hybrid circuit is normally a custom designed cir-
cuit, the usage history is only applicable to the elements or chips
incorporated into the overall circuit. The manufacturer's capa-
bility in producing a reliable thick film network is a critical
item. This capability is only reflected by the successes and
failures of hybrid circuits of similar complexity and processes by
the same supplier. Therefore, it becomes mandatory to not only
investigate the manufacturers of the discrete elements but also
thoroughly review the history of the supplier of the completed
circuit. This review must include investigation and definition

of the equivalent processes defined in paragraph C.2.a.l) herein,
to ensure prohibited materials and processes are not being used.
Determination of failure mechanisms usual to the supplier's
processes should be made for optimum screening definition. The
history of success or failure of similar parts on prior programs
should be examined. 1In addition, the production must be versatile
in that, as newer processes are sufficiently established to prove
high reliability, those processes can be introduced into the pro-
duction facility, e.g., beam lead.

3)  Multiple Procurement Sources - Multiple procurement sources,
for large quantities of hybrids, is important not only for dis-
crete chips used within the package but also for the overall cir-
cuit. A minimum of two suppliers should be considered who have
similar processes for uniform reliability. Additional details on
the importance of multiple sources is noted in the monolithic
integrated circuit report (Chapter II).
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4) Active Production - The processes supplied on long life parts
must be used in active production. In many instances a "learning
curve'' occurs in the start up of production using processes not
in normal production. To avoid the reliability impact of this
learning period, it is recommended that only "active' processes
be approved.

5) External Materials - For space usage, materials that outgas
or sublime must be prohibited. In addition external materials
containing time dependent failure mechanisms must be avoided,
such as those materials that degrade with age.

6) Design Check - Thick film circuits are an approach to compact
packaging using film and chips elements as opposed to discrete
parts. Because they are constructed of elements possessing
parametric and other variations, it is important that, similar
to complex discrete circuits, they be designed such that the in-
tended function will be successfully performed regardless of
these variations. Therefore, for long life applications, it is
mandatory that the individual elements of hybrid circuits be de-
rated similarly to discrete parts, and that the entire circuit
be verified by a worst case analysis which includes end-of-life
parameter tolerances.

b. BSelection Criteria for Thin Film Hybrids - The selection cri-
teria for thin film circuits are identical in most areas to those
of thick film circuits as defined in Section C.2.a herein. Dif-
ferences do occur in those processes unique to thin films. The
specific criteria unique to thin film are specified in the follow-
ing paragraphs and are listed in Table 4.

1) Substrate - The substrate must a) be chemically stable so that
it does not interact with the deposited films, b) have a thermal
coefficient of expansion that is nearly the same as any materials
to be deposited or attached, c) have a high enough thermal con-
ductivity to be effective in heat dissipation, d) exhibit good
electrical insulating properties, and e) have a smooth surface.
Glazed Alumina or Beryllia satisfy these requirements and are
recommended.

2) Cireuilt Design and Layout - Similar to thick film circuits,

it is necessary that Worst Case Circuit Analysis be performed on
each circuit prior to designing the layout and the mask prepara-
tion. The analysis will prevent malfunction due to the worst case
tolerance buildup in the finished circuitry. The circuit layout
is also extremely important to prevent interaction between ele-
ments, and to assure an evenly distributed temperature from power
dissipation of elements.
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3} Conductor Material - Although therve are numerous thin film
materials available, gold (or gold on nichrome) ig the only one
that appears to have considerable life and stability documenta-
Lion available.25,26 Therefore, gold is the recommended thin
film counductor material. Other materials may be satisfactory,
but should not be approved until reliability data has been re-

viewed.

Aluminum?’ ~ Due to the intermetallic growth of aluminum-nickel,

and the susceptibility to electrochemical corrosion, both result-
ing in open circuits, this combination cannot be recommended for
long=life assurance. 1In the event that nickel-chromium resistors
in contact with aluminum conductors must be used; i.e., nichrome
resistors on semiconductor surfaces containing aluminum metal~-
lization, additional process controls are required. Very care-
ful control and clean-up of all wet chemical processes to prevent
corrosive residue is an absolute necessity. In addition, the
aluminum conductor and nichrome resistor must be covered with
Si0, to act as a moisture barrier. Note: Silicon monoxide (SiO)
is not as satisfactory as Si0, as a moisture barrier.

4) Resistor Material - Just as with conductors, there are several
thin-film resistor materials. The most commonly used, and most-—
documented material, is Nichrome (807% N; 20% Cr).28 This material
is recommended for long-life assurance.25,26 Considerable docu-~
mentation may exist on the other materials, but was not found in
this study.

5) Overcoat - Silicon monoxide appears to be almost universally

used throughout industry and, therefore, is the recommended mate-
rial. Silicon monoxide does not strongly adhere to gold, but is

a necessary coating on nichrome resistors for protection and sta-
bility. Exception: see paragraph C.2.b.3).

6) Chip Resistors - The maximum resistivity of nichrome 80-20

is approximately 500 ohms per square, the maximum practical re-
sistance is approximately 100K ohms. For resistance values
greater than 100K ohms, or less when the surface area is critical,
the use of chip resistors is recommended.

7)  Thin-film Capacitors - Due to the large surface area required
for film capacitors, and the inherent problems in dielectric films,
the use of thin-~film capacitors is not recommended. A large
variety of capacitor chips are available and require far less

space than film elements.
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8) Package = Both MSFC and Martin Marietta have noted serious
effects when cevamic packages, containing transistors, diodes,
or integrated circuits, are exposed to light. The translucent
ceramic allows sufficient light to reach the semicouductor die
to cause photo=-generated currents. It is recommended that every
hybrid circuit, which includes semiconductor dies, be packaged
in an all metal package.

e. Results of Survey - A survey of electronic part users re-
vealed that most aerospace agencies and companies utilize MIL~
STD-883 for typical high reliability hybrid microcircuit test
requirements., A notable exception?’® was reported wherein 100%
non-destructive bond pull test and monitored vibration was per-
formed. Wire bond quality on hybrids is not as uniform as on momo-
lithic integrated circuits, and the non-destructive bond pull
test provides a 100% screen as well as a check on the wide and
rapid variations in bond strength that may occur. The intent of
monitored vibration is to more effectively detect conductive
particulate contamination within sealed packages.

d. Altermate Approaches = Alternate approaches for hybrid cir-
cuits are identical te those defined for monolithic integrated
circuits and are detailed in Chapter II. Areas deserving further
study are (1) investigate methods of screening and burn-in of
discrete uncased parts, as applicable for hybrid use and (2) com-
pile, in a single report, the effort and results to date, of the
beam lead technology. A great number of studies and reports are
in existence but no single report ties them all together and pro-
vides a detailed conclusion. It is also recommended that addi-
tional effort be expended in the design of a standard "qualifica-
tion model" hybrid cireuit. The standard could be designed so as
to require low and high resistance film resistors with trimming
to X% of some predetermined value, use of specific values of re-
sistor and capacitor chips, and use of identified semiconductor
dice. The cirecuit stability at designed test points, at various
temperatures and lifetimes, could be then used as a quality indi-
cator among potential manufacturers. It is further believed that
this concept could provide maximum reliability information on a
supplier's controls while testing a very minimum sized sample of
circuits.
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e. Hardware Life - Since a hybrid integrated circuit may contain
monolithic integrated circuit chips, transistor and resistor dice,
and resistor and capacitor chips, the life of the hybrid is that
of the element having the shortest life. The actual package,
substrate, and thick film elements have no verified wearout mech-
anisms. Properly constructed and applied hybrids have a life
expectancy far in excess of ten years.

f. Application Guidelines - Application guidelines for hybrid
integrated circuits are identical to those of monolithic inte-
grated circuits (Chapter I1).

I11-34



TEST METHODOLOGY AND REQUIREMENTS

Qualification = Due to the fact that hybrid circuits are generally

custom designed and in relatively small quantities, it is more
realistic to qualify the processes and the supplier rather than
each circuit configuration. Therefore, for both thick and thin
film hybrid circuits the following qualification program is recom-
mended.

a. Reststor and Capacitor Chips - Each specific chip family such
as ceramic capacitors or film resistors must be qualified and
listed in an approved parts list.

b. Semiconductor Dice — All semiconductors must be selected from
a qualified parts list and from a qualified source, such as, JANTX
and QPL-19500. The basic intent of this selection is to provide
dice of proven design and long-life capability.

c. Thick or Thin Film Network - The qualification of the processes
and supplier should consist of: 1) complete documentation of the
processes and materials used in the circuits to be supplied, and

2) performance of qualification tests similar to those specified
for monolithic integrated circuits on a "typical' circuit config-
uration of medium complexity.

The circuits subjected to the testing must be manufactured with
the documented processes and must include thick or thin film
resistors and semiconductor chips. It would also be desirable

to perform the testing on circuits containing resistor and capac-—
itor chips so as to include the attachment method in the qualifi-
cation test. Use of a standard 'qualification model" circuit (see
para. C.2.d.) could serve as a standard of comparison between sup-
pliers as well as a vehicle for qualification of supplier and
processes.

It should also be noted that due to the larger size and mass of
the hybrid circuit, qualification environmental stress levels may
have to be reduced to values lower than limits imposed on mono-
lithic circuits.

d. Accelerated Testing — As indicated in listings of failure
mechanisms, the majority of failures are due to: a) internal
contamination causing corrosion or migration; b) extreme mis-
match in thermal expansion of joined materials; and c) reduction
or oxidation due to the internal atmosphere. Since all three
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failure categorie: #
that subjecting the parts to elevated temperature can, in fact,
provide an accelerated test method for detection of inherent

failures.

temperature, it appears

The temperature fovr optimum accelervation will be dependent on the
specific processes used in manufacturing the circuits. Extreme
caution must be cobserved in determining the test temperature, to
ensure that new failure mechanisms are not introduced. Typical
examples of new mechanisms that can be caused by the testing are:
a) destructive stresses due to thermal expansion beyond that
which the circuit is specified; and b) loss of dice, chip or sub-
strate adhesion from exceeding eutectic temperatures of the bond-~
ing matervial.

Prior to instigating accelerated testing it is absolutely mandatory
that step-stress testing be performed on circuits with identical
processes to determine the acceptable levels of stress that may

be imposed and to identify those failure mechanisms introduced

by exceeding the acceptable levels.

Screening

Screening consists of the electrical, mechanical and thermal stresses
imposed on each circuit prior to delivery by the manufacturer.

These tests are designed to accelerate specific failure mechanisms

in an inferior part without causing degradation in a good part, or
triggering new failure mechanisms.

A typical high veliability screening program for hybrids is iden-
tical to that imposed on monolithic integrated circuits, except
that the maximum stress levels in mechanical testing are usually
lower. The reduction in stress levels is due to the greater mass
of the larger package for the hybrid. The conventional sequence
of tests specified in MIL-STD-883, Method 5004, as shown in Fig-
ure 2, is more applicable to hybrid circuits than the sequence as
modified and defined for monolithic integrated circuits (Chapter
II). This difference in screening is due to the fact that wafer
level inspections of monclithics is not applicable to hybrids.

In the sequence defined in Figure 2, it is recommended that rtem~
perature cycling be deleted because thermal shock is more effec~
tive.
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Internal Visual Inspection

i1l

Stabilization Bake

24 hours, 150°C

¥

Thermal Shock
15 cycles, 0 to 100°C

y

Temperature Cycling

10 cycles, -65 to 150°C

v

Mechanical Shock
Y1 axis only
(level depends on package size)

Constant Acceleration

Y1l and Y2 axes
(level depends on package size)

Hermetic Seal Leak Rate

Gross and Fine

v

Interim Electrical Testing

v

Operating Burn-in

240 hours, 125°C ambient

v

Interim Electrical Testing

v

Reverse Bias Burn—-In

72 hours, 150°C ambient

v

Final Electrical Measurements

v

Radiographic Inspection

v

External Visual Inspection

Figure 2 Traditional Screening (MIL-STD-883)
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In addition to the screening required in assembly, each ¢
ment and semiconductor die must be screened individually. It is
recommended that the chip and die screening include thermal shock
and high temperature storage with pre- and post-electrical meas-

urements. The measurements should include a maximum drift limit.

Until such time that beam leaded parts are readily available and
processes standardized, operating burn-in at the chip level is
not economically feasible.

Burn—~In

Operational burn-in of the completed hybrid circuit is required
to ensure that no portion of the circuit will drift beyond that
allowed by worst-case analysis. As recommended by MIL-STD-883,
the burn-in time should be 240 hours minimum, in an ambient of
125°C. Recent investigations have determined that internal pack-
age atmosphere may contain sufficient moisture, that can condense
at low temperatures, to cause corrosion. As a result of the in-
vestigation, an additional low temperature burn-in was also rec-
ommended, particularly when aluminum and nichrome fils are in
contact.

Operational burn—-in of all chip and die elements is highly desir~
able, but not absolutely necessary. The reliability of additional
processes required to provide operational capability must be con-
sidered. As an example, using LID's (Leadless Inverted Devices):
a) the semiconductor chip is bonded to the carrier; b) all wires
are attached from chip to carrier; c) a drop of epoxy or silicone
is placed on the die for protection in handling, and d) following
burn-in and tests, the LID must be attached to multiple pads in
the circuit. MSFC Astrionics Lab has experienced excessive fail-
ures due to bad wire bonds. It was determined that the coating
of the chip was opaque and did not allow proper visual inspection
of bonds, which, in turn, were substandard.

Resistor and capacitor chips may be inserted in spring-loaded
holders for burn-in, and removed for attachment to the circuit.
This operation should not degrade reliability unless; a) pressure
is great enough to fracture the chip; b) contamination is intro-
duced; or c¢) the contact pads are damaged.

Therefore, it is imperative that a user consider, not only the

reliability gained by burn-in, but also the risks of degrading
reliability by the manner in which burn=-in is achieved.
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PROCESS CONTROL REQUIREMENTS

All processes and materials used in the manufacture of thick and
thin film hybrid integrated circuits can be considered critical.
Improper control of any of the items defined in Tables 5 and 6
could have detrimental effects on the life of the part.
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IV.

TRANSISTORS

INTRODUCTION

This chapter deals with the failure mechanisms, qualification,
screening and process control requirements, and application guide-
lines for transistors intended for long-life usage. The first
section is a summary of the conclusions and recommendations made
in the rest of the report. Section C deals with the failure mech-
anisms for transistors; criteria for part and supplier selection;
alternate approaches in the design, test and use of transistors;
and application and derating guidelines. Section D deals with
evaluation, qualification and screening testing of transistors
aimed at eliminating defective devices. Section E deals with
processes and materials used in transistor fabrication and needed
controls. The last section lists acceptable transistor types

and unacceptable constructions and designs. The types of devices
discussed are bipolar, junction field effect and MOS transistors
packaged as discrete elements.

Figure 1 shows a typical transistor construction and illustrates
the definitions used in this report and is intended to aid those
unfamiliar with terminology.

GUIDELINES FOR LONG-LIFE ASSURANCE

Storage and service life of a properly assembled, tested and ap-
plied transistor is virtually unlimited. Predominant in-service
failures are due to surface contamination causing parametric
degradation and ultimate shorting, particulate contamination re-
sulting in shorts, and interconnect wire failure causing opens.
Use of the selection, screening, application and handling guide-
lines included herein will enable transistors with a minimum
probability of defects and practically indefinite service life.
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Design Guidelines

1

2)

3)

4)

5)

6).

7)

8)

ED)

Use silicon planar die comstructions. Mesa, grown junction,
alloy, or germanium types have serious life limiting prob-
lems. Mesa constructions, however, are necessary in large
power, high voltage devices.

Use die with thermally grown oxides since silicones and
varnishes introduce undesirable surface contaminants.

Phosphosilicate glass passivation over thermal oxides and
metallization is recommended to getter surface contaminants

and protect metallization.

Aluminum metallizations should be at least 10,000 A thick to

“avoid thinning over oxide steps and be of sufficient cross-—

sectional area to limit current density to 5 x 10% amps per
square centimeter to reduce effect of electromigration (pri-
marily for devices with expanded contacts).

Do not use polymer or glass frit die attachments since they
do not afford the thermal conductivity or mechanical strength
of eutectic die attachment. (Soft solders for some power de-
vices is unavoidable, but not preferred.)

For large die, temperature compensation phases, such as molyb-
denum tabs or ceramic wafers, should be employed to prevent
die cracking under thermal stress.

Where the die is dielectrically isolated from the case, both
die and isolator must be eutectically mounted to afford mini-
mum thermal impedance and maximum strength.

Monometallic interconnect systems are preferred to eliminate
intermetallic related bond failures. Gold-gold is the most
preferred, but least available. Al-Al is acceptable only
when the wire is ultrasonically bonded and 7 to 10 wire diam—
eters slack is left between post and die. Gold-aluminum is
acceptable only from suppliers who have demonstrated consis=-
tent success with this type of interconnection.

Hermetically sealed packages (10"8 ATM/cc/sec) must be used

for encapsulation of the die since epoxies, plastics, and
other encapsulants do not afford adequate moisture protection,
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10)

11)

Dyy inert back-fill gas within the package must be present
to prevent interaction of the gas ambient with the die mate-
rials.

Inert non-reactive materials must be used for package and
lead materials and platings to preclude package degradation
due to corrosion or contamination and must provide sufficient
mechanical strength to withstand handling, shipping and in-
stallation environments.

Process Control Guidelines

)

Test

Process controls used by manufacturers are usually implied

by the severity of screening and qualification tests required.
Controls implemented will usually be sufficient to afford
reasonably high screening yields; (i.e., 20-507 of initial
lot will survive screening tests).

Diligence of the part manufacturer in controlling cleanliness,
assembly, inspection and handling of the parts can best be
monitored by the user through 100% pre-cap visual, source
inspection, lot acceptance testing, and fingerprinting (con-
struction analysis).

Guidelines

1)

2)

3)

4)

A 100% non-destructive interconnect wire pull is recommended
to eliminate defective wire bonds. Sound bonds will not be
degraded.

A rigorous pre-cap visual inspection of the die and header
assembly is essential to eliminate common assembly defects.
Perform die inspection (preferably at the wafer or die level)
to eliminate defective die.

Screening tests on 100% of the parts, which include burn-in,
HTRB, thermal cycling, mechanical shock, hermeticity, and
parametric tests are essential to eliminate defective parts,

Qualification tests are performed once on a group of candi-
date parts. These tests are arranged in a manner aimed at
specific failure mechanisms. The qualification also includes
characterization and fingerprinting of the device to establish
a baseline for validity of the qualification for future pro-
curements. The fingerprint is performed on each successive
lot to determine conditions which could invalidate qualifica-
tion. Part type remains qualified as long as screening re-
sults, acceptance test results, and part performance are
acceptable.
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4.

Application Guidelines

1)

2)

3)

4)

5)

6)

The part must be properly specified electrically and mechani-
cally. The part must be capable of meeting the needs of the
circuit without exceeding its abilities. Otherwise serious
overstress of sound parts could result.

Maximum voltage and current rvatings should be derated to 75%
of rating to provide safe operating margins in the application.

Junction temperature should be maintained below 110°C for all
silicon devices to reduce effects of thermal stresses and re-
lated metallurgical changes within the part.

Time/temperature dependence of part parameters should be de-
termined and appropriate circuit derating applied to accommo-
date end of life drift of performance parameters; (e.g., gain,
switching speed, etc).

Mechanical installation of the part must provide adequate
thermal transfer and preclude severe mechanical stresses.

Low leakage devices should be protected from high voltage,
low energy transients, such as electrostatic discharges to
preclude junction degradation.

Special Considerations

D

2)

3)

Part types selected should be fabricated using material/process
combinations that are understood and whose failure mechanisms
are known. Screening can only be effective when it is aimed

at known failure mechanisms.

Part types with established reliability afford high confidence
with minimum qualification and evaluation effort; however,
obsolescence and design utility are key factors in part se-
lection. Types with limited history must be thoroughly eval-
uated for potential reliability problems.

Parts should be selected which are available from several

sources to avoid procurement problems if one supplier discon-
tinues production or has difficulty with production.
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o~
St

Sources selected should have a stable labor, facilities, and
management situation. The part selected should be in reasonably
continuous production and be fixed in design and character-
istics. Larger volume manufacturers, although somewhat more
independent, afford more lot to lot homogeneity than their
smaller competitors.

5) Lot traceability back to pre-cap visual inspection is desirable
to identify potential lot problems if in-service failures are
encountered.

LIFE LIMITING PROBLEMS AND SOLUTIONS

Failure Mechanism Analysis

There are five failures modes for transistors: shorts, opens,
intermittent operation, parametric degradation, and external
mechanical degradation. Tables 1 through 4 describe the failure
mechanisms for the above failure modes, the methods of detecting
the failure causing defect before the parts are accepted by the
user, and the method for reducing the probability of obtaining

a part with such defects or causing defects in good parts. It
should be pointed out, however, that a very small percentage of
parts will =] "“de detection and in-service failures will be en-
countered even with the most rigorous screening and process con-
trol methods. _

a.  Parameter Degradation - The most common and most costly to
detect failure mode in transistors is degradation of part elec-
trical characteristics. This failure mode, while usually not
catastrophic to using hardware, can seriously degrade hardware
performance if sufficient design margin is not allowed and is
usually indicative of a part whose life is severely shortened.
The mechanisms contributing to parameter degradation are shown
in Table 1.

Contamination Mechanisms — Contamination and corrosion are the
most prevalent causes of parameter degradation and can be cate-
gorized by the process in which they are introduced: diffusion,
oxide growth, washes, and gas ambient sealed in the can. Con-
taminated doping materials and ambient atmospheres during the
diffusion processes result in wafers with a low yield of accept-
able transistor die, usually as a result of improper resistivities
or channel forming ions at the Si-5i0, interface. Bad dice are
normally removed by the manufacturer through electrical test.
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During diffusion and oxide growth, alkali (Na+, Cat+, etc) ions
often are present in the diffusion ambient. These normally come
from the walls of the tube, oven refractories and the diffusion
gas systems. These ions can also come from handling of the wafers
and storage in uncontrolled environments. Alkali ions in and on
Si0, layers produce inversions and channels across junctions
(Reference 1, 2, and 3). (Note: All part manufacturers polled
indicated no significant problem in this area and that screening
normally removes most defective parts.)

Contaminated washing solutions and improper washing sequences
contribute greatly to part failure due to the ions they introduce
on the die and header surface and between layers on the die.
Degreasers such as Trichlorethylene (TCE) and etches such as
hydrofluoric acid (HF) introduce negative ions (Cl- and F-) which
can contribute significantly to part leakage (Reference 4) and
sometimes etch Al contacts (References 5 and 6). Contaminates
in, and constituents of, washing and etching solutions, such as
deionized water, isopropyl alcohol, NaOH, HCL, and HNOj3 can also
introduce ionic contamination or corrosive elements which can
cause devices to fail.

The last of the contaminating media is the gas ambient surrounding
the die. Hermetically sealed transistor packages are strongly
recommended due to the degrading effects of organic solvents,
catalysts, and hydrocarbons used in plastic encapsulation. 1In
addition, water vapor, free oxygen, and hydrogen can be degrading
also. The effects of Hy0 are most significant in parts which

have alkali ions in or on the die (References 2 and 3). H,0 tends
to activate corrosive ions such as Cl and also forms conductive
films with ionic contaminants causing leakage paths (References

5 and 7). While it appears to slow down the growth of intermetallic
compounds in wire bonds (Reference 8), oxygen tends to contribute
to growth of resistive contacts on incomplete contact windows and
increases sheet resistivity of AL films due to oxidation (Reference

9.

Contamination Detection Methods - Elevated temperature bake-out

for several hours in an inert atmosphere prior to capping is neces-
sary to drive off surface contaminants. High temperature storage
of sealed parts is effective in stimulating the effects of gas
ambient and surface contaminants. The most effective method of
detecting surface contamination is through HTRB. The temperature
sufficient to activate the contaminating ion is usually 150-175°C.
Reverse bias of both junctions to achieve 10%V/cm field strengths
is desired (Reference 3) to move the ions to localized areas so
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they can be detected on post HTRB leakage measurements. Higher
temperatures permit shorter test times, but should be carefully
considered to avoid starting other time dependent mechanisms,
such as "plague." Burn-in at rated junction temperature will
aggravate the effects of bulk contaminants, as well as corrosive
contaminants. Large increases in leakage or degradation of gain
will identify devices which are contaminated.

Contamination Minimization - Use of phosphosilicate glasses or
silicon nitride passivations has been shown to be effective in
gettering alkalis, thereby reducing their effects (References
3, 10, 11, and 12).

The best way to avoid surface ions due to washing and etching,

is a frequent change of wash and etch solutions and a proper )
etch/wash sequence to remove "hard to clean' ions. Deionized water
in an ultrasonic wash is an excellent collector of ionic contamina-
tion and is recommended as the last step in any washing procedure.
Also, the least number of steps required to manufacture the part
afford a lower probability of introducing contaminants. Pure,

dry N,, He, or other inert gas backfill and a hermetic seal, are
necessary to provide a stable part. Spectrographic analysis of

gas backfill on a sample basis of the lot of parts is advised to
discover potential lot problems.

Bulk and Oxide Defect Mechanisms - The next class of defects
causing parameter degradation is somewhat related to contamina-
tion existing in the part. Contamination to some degree is in-
evitable so the more perfect the bulk and oxides, the lesser the
effect of contaminants. Die faults and dislocations act as local-
ization zones for mobilized contaminants during operation, re-
sulting in breakdown, leakage, and gain failures (References 13,
14, and 15). The dislocation density in the starting material
does not affect yield as much as the density of those introduced
during processing (Reference 13). The ions can be the dopant
material or contaminating ions, and the dislocation must be near
or in a junction, and must collect ions to cause failure (Refer-
ence 13).

Another phenomenon, especially in large area die, is inclusions
of polycrystalline Si during the epitaxial growth, due to par-
ticulate contamination on the prepared silicon substrate surface,
which propagate through the collector base junction resulting in
low breakdown voltages and high leakage currents (Reference 15).
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Defective oxides (pin holes, cracks, misaligned oxide cuts, thin
spots) will contribute to several mechanisms. In bipolar transis-
tors, mobile ions can migrate through discontinuous oxide to the
5i-510, interface depleting the base thus degrading gain (Reference
16). 1In FETS and bipolars the discontinuities provide leakage
paths from metal connections to active areas.

Other bulk defects which affect transistor operation (especially
interdigitated power types) are misalignment of base and emitter
diffusions, or gradients in diffusion rate of the base and emitter
diffusions leading to irregular base widths and variations in
emitter resistivity. These phenomenon lead to localized secondary
breakdown due to hot spot formation (Reference 17) and punch-through
under reverse bias. Die cracks which propagate into diffused areas
reduce breakdown voltage and increase leakage current and will
ultimately produce shorted junctions.

Bulk and Oxide Defect Detection Methods - The majority of defec~—
tive die fabricated are usually removed by the manufacturer prior
to part assembly through wafer level electrical tests. Visual die
inspection will also eliminate die with gross defects.

Thermal shock or power cycling will aggravate die cracks. HTRB

and power burn-in at rated junction temperature with delta reject
criteria on gain, and leagkage measurements, will detect the majority
of parts with time dependent failures due to oxide and bulk defects.

Bulk and Oxide Defect Minimization - Discovery of most bulk de-
fects during die fabrication is expensive and tedious usually
involving high magnification microscopy. Bulk defects seem to

be tolerable to the industry provided yields are high enough.
However, since transistor die with some bulk defects are unavoid-
able at the present state of semiconductor processing technology,
they pose a life limiting failure mecahnism for a small population
of parts.

Cleanliness and high temperature growth usually yield a very
good grade of oxide (Reference 3). Sample SEM inspection of
wafers to detect oxide defects is frequently performed on inte-
grated circuits, but few transistor manufacturers have such a
capability.
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Die Attach Mechanisms - One of the most critical parameters to a

power device and many small signal transistors is not electrical

but thermal. Thermal impedance, junction to case 6, , affects
' N]

almost all other parameters, since most parameters are dependent
upon junction temperature. If too high, catastrophic part failure
results. The primary interfaces affecting jS are the silicon to

eutectic, eutectic to header (or insulator), and header (or in-
sulator) to stud. The most common defect affecting 6jc is void-

ing of the eutectic under the die leading to hot spots on the
die and localized avalanche.

Voids can be caused by oxidized or contaminated Si on the back
of the die precluding the formation of a good eutectic phase,
intermediate phases formed in the eutectic die from diffusion or
migration, inadequate gold-Si preforms or platings, and poor die
attach procedure resulting in formation of undesirable inter-
metallics (Reference 18).

Die Attach Defect Detection Methods - X-ray of the header, prior
to capping, with X-ray axis through the die surface could be used
to detect voids. Pre-cap visual inspections will detect voids
around the edges of die, but not under the die. Power aging at
maximum junction temperature and high temperature reverse voltage
tests will detect some of these failures. A non-destructive
secondary breakdown test (increasing voltage to an acceptable
threshold at elevated temperature) would eliminate many parts
with hot spot locations on the die contributing to premature
secondary breakdown. Several suppliers employ measurement of

VBE (SAT) under high (twice rated) current pulse conditions to

identify parts with marginal thermal conductivity.

Die Attach Defect Minimization - Clean, unoxidized surfaces and
proper time-temperature controls for the attaching materials

used are the only effective means for achieving proper die attach-
ment. Gold-silicon eutectic materials afford the most reliable
die attachments. Some manufacturers use low melting point (soft)
solders. These are often unacceptable due to interaction with
other part materials and instabilities with temperature and aging.
Parts with soft solder die attachments should be carefully eval-
uvated prior to use in long—-life applications. Epoxies are not
acceptable.
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Imterconnect Mechanisms -~ The last category of parameter degrada-
tion due to built-in defects is interconnect flaws. Interconnect
wire degradation will be discussed later in the section dealing
with opens, but their initial effect is an increase in contact
resistance which increases low current voltage drop in the forward
direction. Another phenomenon which increases contact resistance
is the growth of SiO, in the contact window usually as a result

of incomplete etching of the 5i0, in the window.

Interconnect Defect Detection Methods - High temperature storage
will aggravate both phenomenon. Low current forward voltage drop
measurements, especially emitter to base, will usually detect
parts with resistive contacts.

Excess Voltage, Current, and Power Mechanisms -~ The last category
of parameter degradation deals with what happens to structurally
and electrically sound parts due to excess power, voltage and
current conditions. While most overpower and current conditions
result in shorts or opens, moderate excess power or current con-
ditions can lead to increases in leakages and decrease in gain as
well as breakdown due to formation of small channels or punch-
through sites in the junctions which are resistive in nature. A
special case of overvoltage application is electrostatic discharge
through junctions with leakages on the order of one nA. It has
been observed at Martin Marietta Denver Division that junction
field effect transistors and the emitter base junctions of certain
bipolar devices can be degraded with electrostatic discharges on
the order of 200V. (This problem has long been recognized with
MOS devices.) The energy of such pulses is very low due to the
limited capacitance involved, but is sufficient to cause very
localized ruptures of junctions at the Si-S8i0, interface. The
short exhibits microplasma under reverse bias conditions and, in
general, increases leakage by orders of magnitude. Devices with
higher initial leakage (10 nA or more) appear to be able to bleed
off the charge build-up at a high enough rate to prevent rupture
of the junction. The low leakage devices have fewer leakage paths
and field densities increase rapidly with time as the voltage wave
propagates along the junction. Failure analysis indicates that the
failure results from localized rediffusion of Si at the Si-8i0;
interface. The source of the diffusant is postulated to be alumi-
num from the metallization migrating along the Si surface to the
rupture in the same manner as ''white spears' form due to over-
current and power (Reference 19). More work is necessary to de-
fine the actual failure mechanism.
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Excess Voltage, Curvent and Power Defect Minimization - Much work
has been done in preventing damage to low leakage devices during
handling, test and installation due to electrostatic damage. Leads
are shorted together until part installation to prevent potential
gradients from appearing across junctions; work stations where
unshorted parts are handled have electrostatic precipitators,
grounded work areas and, in some cases, personnel are grounded
through a protective resistor. Hardware with susceptible parts
are stored in foil lined bags and, in some cases, with external
pins shorted. The encapsulation of cordwood modules has been a
source of electrostatic charge levels sufficient to damage sus=
ceptible parts. Care is taken to keep all external leads and
pins of cordwood modules at ground potential during the potting
operation. The number of failures encountered is reduced con-
siderably using the aforementioned techniques. With the advances
in the industry in cleaner and better processing more devices
will have to come under these controls to preclude degradation
from electrostatic discharge.

Other types of degradation, due to overvoltage or current, can
be avoided through careful stress and thermal analysis of the
part application and care in part and system level test and con=-
ditioning.

b. Shorts - Electrical shorts and their related failure mech-
anisms are shown in Table 2. Most shorts are a result of poor
workmanship by the part manufacturer and are easily detected by

a rigorous pre-cap visual inspection. Parts which have permanent
electrical shorts are rejected the first time they are electrically
tested. Intermittent shorts usually occur during part test or
installation and are very difficult to detect once the part is
capped. These failures can be catastrophic to using hardware if
proper circuit redundancy is not provided.
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Contamination Mechanisms - The greatest contributor to shorts is
conductive contamination internal or external to the part.
Aluminum flakes piled up on probe points during wafer level test
which drop on the die across metallization paths and large frag-
ments of silicon produced during scribe and break are two common
forms of particle contamination introduced at the wafer level.
Excess eutectic piled up over the sides of the die, fragments of
eutectic either attached or locse, and fragments and slivers of
steel wool from tweezer clean are common forms of contamination
introduced during die attachment. Excess pigtails, extra wires
and balls from the wire cutting operation are types of conduc-
tive contaminates introduced during wire bonding. Improper header
fabrication and plating result in flakes and slivers of kovar or
gold causing internal or external shorts. Improper storage and
cleaning of die header assemblies and cans result in airborne
contaminants which get sealed into the part. Weld slag balls can
be introduced during the capping operation. -

Contamination Detection Methods — Bound particles can often be
loosened with a high impact shock test. Most free particles can
be detected with an electrically monitored vibration test, but
this is usually expensive. Several part users employ a technique
referred to as PIND testing. Acoustic noise generated by particle
impingement on the sides of the device can be monitored during
random vibration coupled with a mechanical shock pulse. ZX-ray

can detect large particles (2 mils) of gold and iron and extra
wires.

Contamination Minimization — Conductive particles smaller than the
smallest interconnect separation and non-conductive particles are
not considered important. Acceleration of uncapped headers and
ultrasonic cleaning of uncapped assemblies are methods of removing
contaminants prior to capping. Glassification over metallization
is the best defense against conductive particles. Beam lead die,
since they are normally mounted metal side down and are passivated
with silicon nitride, or other materials, provide parts which are
less susceptible to shorts due to particles.

Assembly Defect Mechanisms - Assembly defects, such as improper
die orientation forcing interconnect wires to cross or connection
of the wrong contact to the external pins; excess wire loops;
down bonding where inadequate clearance is provided between the
edge of the die and the wire; misalignment of wire on bond pad;
and bent or too high posts allowing them to touch the side of the
can, all can cause shorts.
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Assembly Defect Detection Methods — A pre~cap visual inspection
eliminating parts with such defects is desired. X-ray will show
crossed wires and luproper post to cap clearance. Constant accel-
evation in all three axes will cause excess wire loops to touch
other areas in the can.

Assembly Defect Minimization - Use of beam lead chips significantly
reduces the number of operator sensitive assembly procedures and
thereby the number of defects.

Die Defect Mechanisms - Die defects causing shorts can be cate-
gorized in three areas; bulk, oxide, and metallization. The bulk
and oxide defects which cause parameter degradation, discussed
previously, often produce shorts. Masking misalignment and im-
proper diffusion depths can result in shorted junctions. Lifting
and undercutting of photoresist or mask defects and misalignment
can result in bridged junctions or metallization. Dislocations,
inclusions, and other discontinuities located in the junctions
can cause shorts. Cracks in the die as a result of scribing or
improper die attach and wire bonding provide channelling paths
along exposed silicon surfaces. Cracked die can also result from
gross mismatches in temperature coefficient from header to die in
power devices (Reference 20). Cracks, holes, and thin spots in
oxide under metal paths frequently result in shorts to the active
areas under the metal for expanded contact devices (wire bond at
the die is made on the oxide rather than at the oxide window).
Contaminants on the die surface or buried in the oxide often pro-
duce inversion layers and channels sufficient to short junctions.
Smears of metallization due to improper handling, die attach, and
wire bonding procedures short active areas.

Die Defect Detection Methods - A good pre-cap visual inspection
will eliminate most gross die defects. High temperature storage
and HTRB will aggravate oxide and bulk defects and mobilize con-
taminants to form shorting channels and inversion layers. Glassi-
fication of die has been successful in reducing smearing of metal.
Thick eutectics or temperature coefficient matching phases such

as molybdenum tabs are desired in power devices to eliminate
thermally induced cracks (Reference 20). Channel stoppers are
desired around outside of die to keep channels from propagating

to edge of the die in single diffused epitaxial devices and guard
rings or field plates around the base collector junction are often
used to prevent channels in other geometries. Extension of base
metallization over the base/collector junction line is a commonly
used type of field plate.
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Excess Voltage, Current and Power Mechanisms - The last of the
shorting mechanisms is electrical overstress. The most common
is excess current/voltage causing Al from one metallization path
to traverse across the surface of the silicon, underneath the
oxide, to a metal path of different potential, forming "white
spears' (Reference 19). Bulk breakdown due to localized thermal
avalanche, punch-through, and secondary breakdown are usually
caused by excess temperature with bias applied. High frequency
oscillations often occur during burn-in or circuit operation
where degenerative feedback is not provided. Melted metallization,
discolored or melted die, and vaporized bond wires are all signs
of misapplication of bias and signal or improper heat sinking.

¢. Opens - The failure mechanisms producing opens are displayed
in Table 3. These mechanisms are frequently time dependent and
often require long periods to produce failures. These mechanisms
pose a considerable question to the long-life performance ability
of transistors. Open transistors are generally less catastrophic
to hardware failure than shorted ones because they do not load
power supplies, but can still result in hardware failure due to
loss of drive to succeeding stages. Redundancy is necessary where
single point transistor opens can cause catastrophic hardware
failure.

Interconmect Wire Failure Mechanisms - The most common cause of
opens is interconnect wire failure. There are two types of metal~-
lization—interconnect wire systems used; gold wire to aluminum
metallization and aluminum wire to aluminum metallizations. Each
has its problem when not done properly and each historically has
been a popular topic of disagreement.

Plague and Kirkendall Effect (Gold-Aluminum) - The most common
interconnect system in transistors is the gold wire to aluminum
metallization interconnect. Insufficient time, temperature, or
pressure during the formation of the bond results in weak or in-
complete bonds.

The more significant mechanism is commonly called ''plague.'
Seemingly strong bonds grow weak with temperature and time due
to intermetallic compound formation and the Kirkendall effect.
Bond weakening is most severe in expanded contacts, but failures
have been observed in both expanded and direct contacts.
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Gold aluminum interconnects exnibit formation of five inter-
metallic compounds: AuAl, AupAl, AuAl,, AusAl,, and AuyAl (Refer-
ences 21, 22, and 23). The growth of intermetallics is accelerated
with temperature. All phases have been reported, bui the most
widely discussed seem to be the purple (AuAl,) and the tan (AusAl,,
Au,Al) phases. Purple plague has relatively good electrical and
mechanical properties (Referenmce 223. In comparison to the tan
phases its growth rate is slow, but the presence of Si in the Al
film tends to increase its growth vate (Reference 21). The tan
phases have relatively poor electrical and mechanical character-
istics (Reference 22). AugAl, forms more easily and has fastest
growth rate with Auy,Al the next fastest (Reference 21). The other
two phases, AuAl (white) and AuyAl (tan) have been observed, but
grow slowly and appear to be intermediate phases for the other
three.

The Kirkendall effect is the interdiffusion of two dissimilar
metals at different rates producing voids at the interface. This
phenomenon takes three forms; anular voids around the outer
periphery of the ball, lateral voids along the entire surface of
the ball, and depletion of the aluminum film. The first and last
mechanisms are only a problem in expanded contacts; the second in
all contacts. Depletion of the aluminum film can be attributed

to the much greater bulk of gold in the ball requiring more Al
atoms than the film can supply. Kirkendall voids seem to be most
prevalent in parts having AusAl and Au,Al phases of intermetallics.
Since these gold rich intermetallics form at a faster rate than
the others, require more gold than aluminum, and gold has a faster
diffusion rate into Al than Al into gold, it is suggested that the
voids are a product of formation of gold rich intermetallics. In
addition, some parts have exhibited very stable bonds with time
and reasonable temperature, suggesting some inhibitive effect on
the formation of undesirable intermetallics., Since the formation
of intermetallics is a function of the initial bonding parameters
(time, pressure, temperature), perhaps proper combinations produce
phases such as AuAl or AuAl, which retard the growth of the un-
desirable phases. Also, data is available which shows that oxygen
vetards the growth of intermetallics by reducing the amount of
available aluminum through oxidation (Reference 8).
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Microcracking and Annealing Foatilures (Aluminum-Aluwminum) - The

next most widely used bonding system in transistors is aluminum
wire (with 1% silicon) and aluminum metallization. The two failure
mechanisms in this system are wire breakage due to Si inclusion

in the wire and microcracking at the heel of the bond due to neck-
ing of the bond by the bonding tool (References 24 and 25). Both
failure mechanisms are time dependent and are a function of the
thermal cycling (usually low rate) which causes mechanical move-
ment and annealing of the wire (Reference 26).

Silicon inclusions in the wire usually results from poor manufac—
turing by the wire manufacturers. Annealing accelerates loss of
strength due to recrystallization of the Si in localized centers
along the wire (Reference 27).

Microcracking results from improper tool design and too much pres-
sure. For ultrasonic applications, energy plays an important

role in forming a sound bond while in thermal compression bonds
temperature is the other variable. The effect of poor control

of these parameters is a reduction of the wire diameter at the

die bond as the wire exits the die.

Faillure at the Post and Along the Wire - Both AuAl and AlAl inter-
connect systems are prone to failure if the post bond does not
provide sufficient wire to post surface contact. In addition,
nicks and kinks in the wire, reducing its designed diameter,

could result in failure due to excessive current densities.

Interconnect Wire Failures-Detection Methods — In both AuAl and
AlAl interconnect systems a 100% non-destructive wire pull is the
best method for detecting improperly formed bonds, nicked, or
degraded wires. Several manufacturers and users have indicated
good success with such a test without degradation to sound parts.
A 0.7 gram pull threshold is a sufficient pressure to break de-
fective bonds without degradation to good bonds.

In gold-aluminum systems, several users have utilized high tem-
perature (300°C, or better) aging of parts to detect weakening
bonds due to intermetallic formation. Most, however, prefer to
limit temperature exposure of gold-aluminum interconnections to
150°C to avoid inducing intermetallic growths. A low current
forward voltage drop measurement is suggested pre~ and post-
burn-in, and temperature storage with tight delta shift criteria
on voltage as a means of detecting weakening bonds due to inter-
metallic growths.
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To aluminum-aluminum systems, large numbers of one minute on per
one nminute off power cycles has been used to fracture defective
wedge bonds. This testing is impractical for screening programs,
but could be used on a sample basis to discover a defective lot
of parits. A 1007 visual inspection of the bonds for severe wire
necking and a sample SEM inspection of the bond heel for micro-
cracking is advised in Al=Al bonding systems.

In both types, a 1007 pre=cap visual of the die and post bonds

and the wire to stringent visual criteria will remove most common
interconnect defects,

I'ntervceonnect Wive Failure Minimigation - The most promising de-
velopment in eliminating these failures is the use of beam lead
devices., This system affords a gold-gold interface thus eliminating
intermetallic growth and eliminates the use of '"flying" leads.
However, more study into the unique frailties of beam lead devices
is necessary. Also, the variety, availability, and production
sitability of such devices is not presently sufficient to command
widaspread usage.

Another alternative is the use of 1 mil gold wire thermocompression
bonds to gold metallization on the die. The strength and stability
of gold wire is achieved without the plague problems; however, few
manufacturers have parts available with gold/gold interconnections.
Where available, this system should be used.

s

T ty of suppliers use AuAl or AlAl interconnect schemes.
Double post bonds are recommended for either system to provide
good adhesion to the post. Gold ball thermocompression bonds and
ultrasonic aluminum chisel bonds are the only acceptable means of
bonding the wire to the die. Wire quality and material content,
and merallization thickness and texture, must be controlled by

the manufacturer for veliable bonding. Bond location and adequate
pad size also are ilmportant controlling factors in reliable inter-

conneacis.,

he majord

Some studies (Reference 27) have indicated that 1% Mg aluminum
wire has significant advantages over 17 Si aluminum wire, but most
users and manufacturers contacted recommended the latter.

L Fxcessive voids in the eutectic bond or
undue a : ess can cause die to lift off the header. 1In
parts with X sically isolated collectors or gates, ceramic
inaulators which do vot have adequate mechanical support to the
headar can break die during wechanical stress and result in opens.




Lifted Die Detection Methods - Parts which have marginal die
attachments can be detected usually through X-ray of the die
header assembly, looking for voids. Power pulse VCE (SAT) meas-
urements will also detect such defects.

Lifted Die Minimization ~ Die and insulators should be firmly
attached to header rather than suspended from the leads. Ceramic
temperature coefficients should be matched closely to Si to pre—
clude cracking due to thermal expansion.

Metallization Failure Mechanisms - Metallization opens are typi-
cally only a problem in expanded contacts since current is car-
ried from the die to the wire bond by paths of metallization.
Scratches due to improper die handling and missing metallization
due to photolithography defects are commonly the source of open
metallization paths. Migration of aluminum away from thinned
areas to create voids is discussed in Chapter II. This is a
problem in rf and power devices where metallization cross-—sec-—
tional area and current requirements cause excessive current
densities in the Al film. Improper alloying (sintering) of the
Al film to the silicon and SiO, surfaces results in peeling and
lifting of the metallization. This also can be a problem even
in direct contact devices. Another mechanism is failure of the
metallization to make contact with silicon due to an incomplete
etch of the Si0, at the window, or growth of Si0Op at the inter-
face of the Si and Al. Molygold metallization system failufes

are sometimes caused by excessive undercutting of the moly dur-
ing etching or inadequate alloying of the moly,

Metallization Failure Detection Methods - A pre-cap visual inspec—
tion will detect open or degraded metallization fingers in un-
capped parts. Electrical testing will reveal those sealed parts
having open metallization paths. Metal voiding due to migration
can be discovered by a forward burn-in at rated current. Several
integrated circuit users require sample SEM inspection of each
wafer to determine adequate metal coverage over oxide cuts.

Metallization Failure Solutions ~ Use of phosphosilicate glasses

retards metal migration (except gold metallization systems) and
also protects the metal surfaces from scratches during die
handling. High temperature storage will stimulate the growth of
oxide at the contact window. The use of gold metallization sig-
nificantly reduces metal migration effects because of the
relative immobility of gold; however, while the gold is immobile,
the moly underneath is not,

Derating maximum current limits to keep metallization current
densities below 5 x 10" A/cm? will reduce electromigration effects
considerably.
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Excessive Voltage, Current, Power - Usually overpower conditions
will melt interconnect wives or vaporize metallization films due
te excessive current density. Shorts in the die also cause open
interconnects under normal power conditions.

d. Mechanical Degradation - The last group of failure mechanisms
is shown in Table 4 and deals with failures that prevent proper
installation of the part. While these failures are normally dis-
covered during and just after part installation they cause signifi-
cant delay and occasionally go undetected until considerable in-
vestment is made in the using hardware. They are most easily de-
tected prior to installation by an external visual inspection.

Degraded Leads and Packages - Corrosion of leads and cans results
from a number of poor practices. Handling of parts without gloves
or finger cottles and storage of parts in corrosive or oxidizing
environments degrades leads preventing sound solder joints when
the part is installed. Oxidized surfaces on the can where heat
flow is required increases thermal impedance. Poor plating also
contributes to solderability problems and reduces thermal conduc-
tivity. Improper material content and improper dimensions results
in poor welds where contact resistance welding is used. Again,
contamination can result in weakened joints. Scratched, bent,
broken, and twisted leads make the part more difficult to install
properly.

Studs - Galled or stripped threads, irregular or hollow surfaces
on base of stud, and improper attachment of ceramic insulator
(for dielectrically isolated devices) result in failures of stud
mounted devices. The latter two usually cause a marked increase
in thermal impedance of the device resulting in overheating and
die failure. Damaged threads usually result in broken studs when
proper torque is applied, or in insufficient torque due to added
mechanical resistance.

Seals - Cracks and bubbles around the external leads result in
loss of hermeticity. The effects of contaminated ambient have
been discussed previously.

Part Marking - Soluble inks, smeared or smudged marking, or ab-
sence of marking afford loss of traceability of screened, quali-
fied parts. t is essential that a part be uniquely marked to
indicate that it was screened to preclude installation of an un-
qualified, unscreened part. Use of insoluble inks is mandatory.
All part marking is to be stamped on the can. No tags on leads
or cans which may outgas in the using hardware or otherwise de-
grade part are to be used. An external visual of all parts will
eliminate parts with such external defects.
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Design

a. Selection Criteria — Use of a transistor for long-life appli-
cations is dependent upon three factors: 1) Suitability of the
part's electrical and mechanical characteristics for the intended
applications, 2) Part design and construction meets environmental
and life requirements, and 3) fabrication, screening and qualifi-
cation of the production parts can be accomplished within the pro-
gram reliability cost and schedule constraints.

It is desirable that the application of a part be tailored to the
established part characteristics vather than the part to the ap-
plication. 1In addition, to minimize effort, parts with the optimum
operating characteristics out of a product family are desired as
preferred parts (provided the yield of parts for such optimized
characteristics is reasonable). The preferred parts should be

used in the majority of designs.

Table 5 shows the part design factors desired for long-life oper-
ation. These design factors are well within the capability of

the industry as most of the processes involved are currently in
use by semiconductor industry. The preferred designs or processes
indicated are specifically directed toward solutions to problems
commonly encountered in transistors specifically oriented to life
limiting problems. Beam lead constructions are currerntly in pro-
duction and used on a limited scale and show real promise in
solving many part reliability problems.

Finally, parts used in hardware intended for long-life must be
screened on a 100% basis to remove improperly assembled parts,
those with limited life, and to stabilize their electrical charac-
teristics through power aging. The construction of the part and
the related testing of those parts must be accomplished within the
time limits of the program using the parts. The manufacturer
selected to supply production parts should have a stable facility
and labor situation, the design of the part fixed and a reasonably
continuous production of that part. It is desired that the manu-
facturers used have a sufficient volume capacity to meet quantity
requirements in as few lots as possible. In addition, the products
of the larger volume suppliers tend to be more homogeneous. The
specifications used to acquire screened and qualified parts must
be negotiable by both the buyer and the part manufacturer.
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b. Results of Survey -~ A total of twelve separate using agencies,

MASA and private industry, were contacted regarding the use and
istors. Ten semiconductor manufacturer contacts

were made in the power small signal and FET product categories

reggrding failure mechanisms and practical test methodology.

-
D
€

All part users indicated significant failure histories utilizing
TX type screening and all indicated that effort beyond TX activi-
ties was requived for their existing programs Lo obtain good
parts. Table 6 shows the move unique approaches or tests used

by the agencies and companies surveyed.

All manufacturers showed concern for part failures only when the
numbers would significantly affect yields. All considered die
fabrication and processing proprietary, but indicated the largest
yvield losses were rejected die during elecirical check of the
wafer., Most indicated that their process controls in the die
fabrication area were sufficient to obtain good yields. Several
indicated interest in beam lead manufacture and a few indicated
actual production. Most indicated a need for market demand before
committment to such a new product development. One or two sup=
pliers indicated the availability of a "control line' concept
where part users could impose in-process controls on assembly

and inspection of their parts during the time of fabrication,
This differs from a "captive line' approach where the user's
parts are the only parts fabricated on that line for an extended
period of time. A "control line' situation appears to be con-
siderably cheaper than a '"'captive line" approach, but allows the
user the same privileges. Such a situation would readily allow
the 100% source inspection of parts built for a particular user
and control of critical assembly and inspection processes which
are the major sources of transistor failures.

c. Alternate Approaches - Table 7 shows the alternate approaches
in the use, design, fabrication and test of transistors. Where
possible, integrated circuits should be used where their dynamic
characteristics and power dissipation limitations are not a prob-
lem. The use of I.C.'s greatly reduces the number of circuit
connections required and affords lower weight, power consumption,
and temperature contribution to the total system.




Table 5 Selection Criteria

Design Factor Remarks
D I E - ‘ . 3 -
Starting Material Silicon should be used. Germanium has severe leakage limitations with temperature
Construction Planar process should be used. Mesa alloy and grown junction process present
limitations to performance or life not encountered in planar devices. n
Metallization Thickness minimum of 10,000 A to reduce electromigration effects in interdigitated
) geometries (current demsities should be 5 X 105A/cm2 max). Large uniform
Aluminum most grain structures are desired to reduce electromigration effects in interdigi-
G 1§O§m§n/T ‘ tated geometries. Wire bond surfaces should be 1.0 x the final bond area
wn o H
© 2 M znos en " to provide adequate bond. Widths should be adequate to keep current
o For
preterze densities below 5 x 10%A/cm2. Separations should be adequate to prevent
corona discharge in high voltage devices.
Passivation Thermally grown oxides most preferred and the higher the temperature during
growing, the better the owxide. Glassified die (over metallization) preferred
! Glass immobilizes or shields out particle contamination and
glprotects metallization from scratching and smearing. Surface passivation also
reduces effectq of channel forming contaminants. Paints and varnishes undesirable.
LLL:ADL« FaS
Posts Height should be sufficiént to prevent down ~ bending but not high
enough to short to cap. '
Insulators In power devices, the dielectric insulator should be properly supported
mechanically and provide adequate thermal interface to provide low @_C
J
Weld Splatter ' T0-18, TO-5 type headers should beplateau type to keep weld slag and splatter
Shields { off the die. Power devices should have headers which keep weld slag and
splatter from reaching die.
Eutectic bond only. Epoxy or glass frit bonds are unacceptable for long

term part service.

Mono-metallic interconnect systems preferred. Au-Au most desirable but few (&
vendors have this ability (also, further work required in area of process
i technology). Al-Al next but bonding tool, energy, pressure and duration must
' be controlled closely to prevent p-cracking at die bond heel. Au-Al systems
! are predominant and are acceptable when temperature, pressure and duration
are proper to preclude formation of undesirable intermetallics. Somemanufacturers
can perform a 100% non-destructive bond pull test.
Most manufacturers do periodic destruct bond pull on sample
basis for each station/operator. Wire diameters should provide sufficient
current capability margin to prevent opens.One mil dia. wire minimum.

Encapsulation ! Hermetic seals only, with stiff controls over backfill to eliminate Hzog H

o
ra
etcﬁ, Plastic unacceptable. Beam lead and Silicon Nitride a possibility,

, but more work required to prove hermeticity and stability with time and
| temperature. Leak rates of 5 x 107° Atm/cc/sec max on hermetic seals,

PACR!CW

Materials Package and lead materials should be nickel or gold plated Kovar to minimize
lead ox case corrosion due to handling or other external environments.

Configuration Should provide adequate mechanical integrity for handling during installation
and during part tests. These are the most severe environments the part will
encounter. Flight and hardware qual environments are benign compared to
treatment during shipping and installation.

Studs [ Stud torque strength should be adequate to provide proper interface with
mounting surface. Finishes ana flatness should be adequate to prevent voids
increasing thermal impedance case to heat sink. T. C. mismatches between

die and header should be anticipated and compensated for by thicker eutectics
or T.C. matching phase such as ceramic insulators.

DESIGN MATURIYY ! Part is actively produced by more than one manufacturer and has had accept-
able past usage history. Part obsolescence must not be imminent to avoid
procurement problems. Production of parts must be stable and reasonably
continuous to avoid startup/shutdown problems with production. Larger volume
. manufacturers while somewhat less cooperative, provide more stability than
small houses, .

J

Mesa comstruction required for high voltage devices.

@§> Based upon the fact that Al has a low activation energy and Ag has a relative
high activation energy. Vendors prefer to use single Al metallization because
of the relatively simple processes. Gold 1s more expensive and the processes
tedicus. Although not so readily available, gold should be more reliable.
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APPROACH

ADVANTAGE

DISADVANTAGE

Use Integrated
Circuits

Use Gold Metal-
lization /Gold
interconnect wire
bond system,

T—

Strength of gold thermal compression

Reduced number of interconnect joints
for same circuit function. All circuit
elements in one die, Lower power dis-
sipation, operating temperature, and
component weight.

bonds and gold wire obtained without
intermetaliic compound formation. Gold
metallization less prone to electro-
migration,

Phosphosilicate
glass protection
of metallization
in interdigitated
geometrics,’

Protects metallization from scratches,
Shields out and immobilizes particulate
contamination, Getters alkali ions.
Seals imperfect oxides.

Beam Lead

\

Failure analysis of
circuit more difficult,

More expensive, Few
suppliers have capa-
bility, Intermediate
stages required at
contact window to pre-
clude gold migration into
silicon. Molybdnum,
platinum commonly used.

Additional process steps

required., May have an
adverse affect on yield |
if process is not con=- !
trolled. f

old

[l

Die is essentliaily hermetic,
beams can be bonded to gold pads
eliminating interconnect wires., Die
supported by gold beams eliminating
eutectic die mounts and related
voiding problems,

Processes and controls
more involved. Failure
mechanisms not yet com=
pletely understood. Only
a few suppliers actively
produce beam lead devicesj
Power handling capabilityi
of same size die reduced ;
because of reduction in |
thermal coupling to case, ;

Multichip devices
packaged in I,.C.
flat packs

Parameter
Drift Screening
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Better volumetric efficiency. Avail=
able from several manufacturers,

Provides visibility into part
stability with time. Unstable parts
can be eliminated, Parts with short
predicted life can be eliminated.

Testing more difficult,
Power dissipation of
each die slightly
reduced,

Very expensive.




The use of gold molybdenum metallization with 1 mil gold wire
thermal compression bonds is suggested for all transistors cur-
rently using 1 mil interconnect wires. The advantages are
elimination of potential intermetallic formation and Kirkendall
voiding where gold wires are connected to Al metallization,
annealing and wire fatigue where aluminum wires are used, and

in expanded contacts reduction in electromigration effects due

to the increased density requirement to move gold atoms. Most
power transistors currently use 3-5 mil Al interconnects to
10,000 A to 50,000 A metallization films. These are historically
very stable systems and should not be changed.

The use of phosphosilicate glasses over metallization is recom~
mended for interdigited geometries which have expanded contacts.
The advantages are protection of the metallization from scratches,
smears and particulate contamination; gettering of alkali ions

in and on oxides; sealing of discontinuities in thermal oxides;
and reduction of the effects of electromigration in the aluminum
films. This technique would not significantly improve parts with
direct contacts since the Al metallization is usually totally
involved in the bond.

One of the promising developments in the semiconductor area is

the beam lead package. Gold beams are connected to the contact
windows and the die cover is silicon nitride (SiN3) passivation.
The die is attached to the external pins face down to bonding

pads (Reference 28). Testing performed on this construction in-—
dicates that SiNj encapsulation is virtually hermetic and offers
several advantages in part assembly over standard techniques.

The gold beams effectively eliminate metallization on most small
signal transistors and the SiN; acts as a getter to alkali con-
taminants usually present in standard diffusion techniques.

More testing needs to be done to understand the potential failure
mechanisms and risks involved in using this technology. The power
dissipation and frequency limitations of these devices as compared
to standard techniques also needs to be investigated. The in-
dustry also needs to stabilize processing and production to pro-
vide a consistent product and provide a wider variety of products.

In the area of packaging, better volumetric efficiency can be
achieved by packaging multiple die in standard I.C. packages.
Power dissipation for each die is reduced, but in many applica-
tions where the use of the same device is repeated in a circuit
and power levels are reasonable, this packaging approach is much
more efficient than individual die in one package. Several part
manufacturers offer multiple die in one package as a standard
product.
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In the area of screening, a method of screening which is effec-
tive in detecting electrically unstable parts is parameter drift
screening. This technique involves monitoring key electrical
parameters for each part and plotting their variation with time.
A figure of merit for each parameter is determined based on a
prediction of when that parameter will fail to meet specified
limits. Parts with high figure of merit are selected for use in
flight hardware. Parts with unpredictable characteristics are
rejected.

d. Hardware Iife - There are no verified wear out mechanisms for
transistors. However, there are some known failure mechanisms
which are governed by time/temperature dependent chemical and
physical processes which could be classified wear out mechanisms
even under normal part operating conditions.

Three examples are: Accumulation of ionic contamination in bulk
dislocations affecting leakage and gain, intermetallic compound
formation in bimetallic bonding systems leading to weak or open
interconnects, and metallization migration in expanded contact
devices leading to open metal paths on the die. These three have
been discussed in the previous section dealing with failure
mechanisms.

The first seems to be unavoidable at the present state of semi-
conductor processing. The other two can be eliminated with the
use of a gold-interconnect system. The transistor industry, in
general, uses aluminum metallization to make contact between the
interconnect wire and the silicon and few are manufacturing die
with gold metallization.

e. Application Guidelines - Five things should be considered in
the proper application of a transistor: 1) parameter requirements
(i.e. the parameters that are specified or agreed to by the manu-
facturer are realistic and are adequate to meet the needs of the
application); 2) maximum voltage and current ratings are not ex-
ceeded; 3) Junction temperature is kept below an acceptable maxi-
mum; 4) time/temperature dependent parameters are properly derated
to account for their drift; and 5) the part is installed in a
manner which will preclude damage due to undue mechanical stress.

Suitability of the part's parameters for the application is very
important to obtain reliable hardware performance. All pertinent
part characteristics must meet the needs of the circuit design.
However, it is undesirable to tailor part characteristics beyond
their normal limits to optimize circuit performance. To do so
usually requives process changes by the part manufacturer which
quite frequently produces poor yields and a less reliable part.
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Secondly an assessment of the accuracy of the manufacturer's
specification of part parameters should be made, by test, to
prevent delays in delivery of parts and design changes (e.g. a
common tendency by some part manufacturers is to be optimistic
about switching speed capabilities for sales purposes).

Derating of part characteristics takes two forms: 1) safety fac-
tors to prevent part damage or premature failure, and 2) drift
margin to compensate for natural parameter fluctuations with

time and temperature. Part parameters which come under the first
derating classification are the minimum or maximum current,
voltage, power, and junction temperature conditions under which
the part can be reliably operated. The second category deals
with those parameters which influence circuit operation such as
gain, leakage, current, switching characteristics, forward
voltage drop, noise figure, etc.

Derating electrical and thermal limits is an advised practice to
protect devices from damage and shortened life. Reverse break-
down voltages <BVCBO’ BVEBO’ BVCES’ etc) should be derated when

uncertainty exists in the exact maximum voltage levels possible
at the part terminals under all operating conditions or when the
actual breakdown voltage of each part installed in the hardware
is known only to be above a certain specified minimum value. The
values selected in the past seem to be arbitrary but appear to be
reasonable and effective. Foreward breakdown (BVCEO’ BVCES’ etc)

should be limited by a safe operating area (SOA) curve (Acceptable
Collector Current plotted versus Acceptable Collector-Emitter
voltage at fixed junction temperature).

This curve should be plotted for any bipolar transistor used and
the collector current and voltage applied must be below the safe
limits to preclude secondary breakdown and thermal runaway. The

manufacturer’'s rated BVCEO displayed on the SOA curve should be

derated if uncertainty exists in maximum applied voltage (steady
state and peak) or if exact values of breakdown for each part are
not known. For power transistors the seécondary breakdown voltage
threshold is fixed and the transistor can be protected by derating
collector current at the secondary breakdown point.
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Derating current, when not already influenced by the power limi-
tations of the part, usually is done to reduce current densities

in metallization films and interconnect wires and current crowding
in the junction. Again, the values used in the past appear to be
arbitrary but can be derived from acceptable current densities in
junctions and interconnects. Such knowledge is not normally avail-
able from part manufacturers and must be obtained by actual test

or analysis of part design and construction.

Power and junction temperature derating are interdependent. The
junction temperature of a transistor is given by the formula T, =

Tx + P@X where T, is junction temperature, P is power dissipation,

A) and

TX is either case temperature <TC) or ambient temperature (T
GX is the thermal impedance either junction to case (e,c or junc-

tion to ambient (ejA). Thermal impedance is a constant for each

transistor type and is dependent upon part construction. The de-
sired method of controlling power dissipated is to limit the max-
imum junction temperature to an acceptable value, then compute
allowable power by the above formula. The acceptable limit on
junction temperature is fundamentally based on the activation
energy for the failure mechanisms of the part and their related
reaction rates. Accelerated life testing has yielded such in-
formation (Reference 29).

Variations of leakage and gain with temperature are governed by

a few simple rules. Bipolar gain changes about 0.7% per °C change,
increasing or decreasing with temperature over most collector cur-
rent ranges. There is a point where gain has a negative temperature
coefficient (TC) and it is different for each part. This point of
change of TC of gain, commonly called crossover point, should be
determined for each type during part evaluation. If upper bounds
are not specified for gain or gain bandwidth allow adequate margin
to prevent overdriving. Derating used in the past for aging seems
to be arbitrary but should be provided based on data obtained in
qualification. Field effect transadmittance (st) varies about

0.4%/°C with temperature, decreasing with increasing temperature
and increasing with decreasing temperature. Aging effects should
be derated based on qualification data.
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Leakage currents typically double for every 10°C rise in tempera-
ture but this again varies from part to part depending upon sur-
face and bulk variations. Doubling the specified values for aging
is an acceptable way of compensating for leakage increases with
life.

Derating switching time is usually a practice to account for the
optimism of the part manufacturers and provide adequate timing
margins. Other part characteristics should be derated where life
testing indicates a time dependence.

The last part application consideration is mounting and mechanical
protection. 1In general, most part test levels far exceed the
application requirements, but natural vibration modes, and stress
amplification factors must be considered to preclude damaged parts.
This is especially important in large mass power devices. Stud
torque should be kept below the maximum value specified by the
manufacturer, but at a level sufficient to provide good thermal
contact. Solder temperatures during hookup should be carried

away from the die when possible. Adequate thermal transfer is
essential for all devices which are operating near rated junction
temperature. Thermal analysis for all parts is as important as
electrical analysis for reliable part operation.

Table 8 shows the current and past derating policies used by

several part users. Data was obtained via survey and review of
program documentation.
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TEST METHODOLOGY AND REQUIREMENTS

Qualification

Qualification of transistors is usually done to determine the
ability of a part type to meet the intended stresses of the ap-
plication and the life requirements of the hardware to verify

the manufacturer's ability to build a scund part and to verify
that screening tests can detect weak parts without degrading

sound parts. There are several types of qualification; one time
part and supplier qualification, lot qualification where a sample
of each order of parts is qualified, periodic qualification where
at regular intervals samples of each type produced within a speci-
fied period of time are put together in a lot and tested, qualifi-
cation by analysis of part design and construction, and a review
of past part performance and the processes used to fabricate it.

‘Most qualification of parts and suppliers for hi-rel programs is

a combination of these and usually involves direct test and use
of data obtained by other using programs.

One time qualification is usually performed as a source selection
and evaluation technique, where analysis of past performance and
part design and construction is done to narrow the field of sup-
pliers. Lot qualification is normally performed where quantities
and frequency of buy are limited. Periodic qualification is com-
mon where quantities are large and procurement is made frequently.

Qualification tests historically have been limited to testing the
life and durability of a part to specified limits, to an acceptable
confidence level and tests are usually performed in parallel to
save time. A better approach would be to understand the actual
limitations of the part and, since many failure mechanisms are de-
pendent upon a sequence of events, testing should be performed in
a serial/parallel manner to discover such mechanisms. In addi-
tion, only those electrical limits specified by the manufacturer
are tested, when a better knowledge of the parametric variations
with temperature, current, voltage, and frequency is desired or
even necessary for proper part application. Figure 2 shows a pro-
posed qualification program to be performed prior to procurement

of production parts as the means of selecting qualified part types
and manufacturers, obtaining valuable application information about
the parts to be used, and determining the effectiveness of the
screening tests.
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Class 1
507 of
Lot

Screening Tests

Lot of Unscreened Parts F

L

Class IT
50% of
Lot

St

Per Paragraph D.Z.

w%;
Serialize External
Visual X-Ray

!

Electrical Characterization
with Temperature, Current
Voltage, Frequency

!

Electrical Parameter
Screen Only

Group III

GROUP II
30 Parts
min each
class

Construction Analysis
Solderability/
Weldability,
Dimensions

A 4

Thermal Shock, Hermetic
Seal, Fine and Gross

v

Key Electrical
Parameters

Group IILIA

30 Parts

(optional)

High Temperature Storage
or Power Cycling

HIRB

¥

v

Key Electrical

Key Electrical

Parameters Parameters
Constant Acceleration
Burn - In

Mechanical Shock

2

¥

Key Electrical
Parameters

Key Electrical
Parameters

Life Test D.C.
Forward Bias

¥

A 4
A

Life Test D.C.
Forward Bias

X

¥

Step Stress Tests to
Discover Part Assembly
and Package Limitations

Electrical Electrical
Characterization Characterization
- Failure
5 p  and g
Data
Analysis

5 v l

Necessary Screening
Changes

Necegsary Part Changes
or Process Controls

Application Information
to Designer

Figure 2 Transistor Qualification
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The first feature of this program is the simultaneous testing of
screened and unscreened parts. This is done to determine the ef-
fectiveness of the screening tests without degrading good parts
and the inherent quality and soundness of the part. The second
feature of this program is the combination of serial and parallel
testing to discover time dependent failure mechanisms and the ef-
fects of the serial screen tests. The purposes and advantages of
each leg of testing are discussed in succeeding paragraphs. A
third feature of this program is characterization of the parts
electrically to identify time, temperature, bias and frequency
sensitivities of part characteristics for use during hardware de-
sign.

The parts procured for the qualification should be bought to the
requirements of a screening specification as described in the
paragraph D.2. Quantities should be sufficient to allow for re-
placements of rejects in the first phases of the program, particu-
larly the unscreened parts. (Note: Here the term unscreened im-
plies no conditioning. These parts should come from the same line
as the screened parts and should meet the same electrical per-
formance specifications as screened parts.) An evaluation must be
made of the sources of parts prior to commitment to the qualifica-
tion program. If past history and experience indicates a poor
part or source, they should not be considered. A reasonable con-
fidence must exist that the manufacturer's part will meet the re-
quirements of the testing.

Parts are serialized with unique numbers to identify screened and
unscreened parts and to provide traceability throughout the test
sequence. Parts are externally inspected to remove parts which
have damaged seals or leads. The parts are subjected to x-ray to
remove parts with gross internal assembly defects. Substitutes
should replace rejected parts to keep the sample size the same.

Next, a complete electrical characterization should be done to
establish an electrical baseline for the part. Characteristics
should be recorded over temperature, voltage, current and fre-
quency ranges at the normally specified limits and at unspecified
limits over a wider dynamic range. This data coupled with sgimilar
data recorded at the end of the test program is then used to
identify basic time, temperature, and bias dependence of electri-
cal characteristics for use during hardware design. In additiom,
a better knowledge of the part sensitivities can be obtained and
areas where the part ceases to perform can be identified.. This
knowledge is valuable in selecting the best part for the design.
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The extent of characterization of the part is greatly dependent on
the scope of the design analysis and the breadth of application of

a particular type in the total system. More detailed circuit analy-
ses require more information about characteristics. More informa-
tion is also required for a general purpose widely used part than
one applied in only one specific application. The possible applica~
tions of the part should be assessed and coupled with the influence
of the circuit analysis requirements to determine the extent of
parametric characterization for the part during qualification.

Up to, and including characterization tests, parts not meeting the
normally specified limits are removed and replaced. From this
point, any part not meeting the specified limits are removed from
the test and analyzed for cause of failure. Any failed or damaged
parts in Group II, IIIA, IIIB or IIIC testing are not replaced.

Group I construction analysis involves the elements listed in Table
9. Only a few parts are necegsary for this test (five or less).

The purpeose of such analysis is threefold: 1) To aid in assessing
the validity of the qualification tests, 2) discover any gross de-
sign or processing defects in the part, and 3) establish a finger-
print for comparison to future part procurement. It is necesgsary
to complete at least the internal part critique phase of this test-
ing before commencing the other test groups. If there are any
gross part design defects which could eliminate a supplier, he
should be removed from the qualification program before other test-
ing begins, to reduce the risk of spending time and money on an
unqualifiable part. The results of the Group I testing should be
compared to similar testing done on samples of the production parts
for all future procurement to identify process changes and any
situations which could invalidate the original qualification (e.g.,
a change in die geometry).

Group II testing involves a dc forward bias life test, operating at
a junction temperature of at least 200°C for a minimum of 1000
hours. A sample of 30 parts or more from each class should be
subjected to Group II testing. It is desired to achieve the de-
sired junction temperature through dissipation of power in the die
rather than.elevation of the ambient temperature, since several
part failure mechanisms are accelerated by current and voltage
along with temperature. Periodic measurements are recommended
(every 250 hours of operation) to detect parts which are degraded
by a test of key electrical parameters. Parts not meeting the speci-
fied values, or which have significant increases in leakage or
saturation voltage, or decreases in breakdown or gain, should be
removed for failure analysis. All test data should be recorded so
that it can be used with initial and final characterization data

to establish basic parameter life trends.
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Table 9 Gualification ~ Group I Tests

External Package Description

. Materials
. Dimensions

. Part Markings

Internal Part Critique

. Gas Analysis of Backfill

. Die Dimensions and Design

. Type of Die and Wire Attachments

. Type of Metallization

. SEM Inspection of Metallization and Wire Bonds

. Any Anomalies or Other Salient Features

Bond Wire Pull to Destruction

Cross—-Section of Die, Measuring and Observing

. Diffusion Depths

. Oxide Thicknesses

. Metallization Thicknesses

. Die Thickness

. Die Attachment Area (Voids, etc.)
. Wire Bond Area (Voids)

. Header and Wire Plating

Measure Thermal Impedance Junction to Case

Solderability/Weldability Tests
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The purpose of the Group II test is to assess the influence of the
Group IIIA and IIIB pre-life tests which are used for screening pro-
duction parts, and to evaluate the normal variations of part param-—
eters with life. The IIIA and IIIB test levels may be higher than
the screening levels to accelerate particular failure/mechanisms,
but are intended to degrade defective parts without significantly
affecting good parts.

Group IITA and IIIB testing is intended to expose time dependent
failure mechanisms. The thermal shock test (10 cycles from -55°C
to+l50°C, 1l0-minute soak at each temperature, 30 seconds maximum
transfer time) will aggravate poor seals, die attachments, post
and die wire bonds and die cracks. Air to air is recommended over
liquid to ldiquid.

The hermetic seal tests are both fine and gross leak with a reject
level of 5 x 10 8 Atm/cc/sec. The test of key electrical param-
eters can be a go/no-go test to detect degradation.

Group IIIA testing is intended to expose die attachment and inter-
connect wire defects. High temperature storage, 200°C minimum for
100 hours, should be performed on parts with gold interconnect
wires or aluminum wires greater than 1 mil to accelerate inter—
metallic formation and Kirkendall void formation. Shorter expo-
sure can be used at higher temperature, but care must be taken
not to induce failures in normally good bonds. A measurement of
low current, forward voltage drop of each junction should be made
after the temperature soak and compared to the initial readings.
This test should be fellowed by a high impact shock, 30,000g's
mirimum, on top of can, 5 blows, 0.lm sec minimum duration for

all TO-18, TO-5, TO-72, etc., cans (pneufactor) or 1500g's mini-
mum in a direction to lift wire bonds and die, 5 blows, 0.5msec
minimum duration for stud mounted devices. The measurement of
forward voltage drop should be repeated. Finally, a constant ac—
celeration of 30,000g's minimum in a direction to left weak bonds
and die attachment should be performed followed again by a low
current forward voltage drop measurement. Any part exhibiting
greater than a 10% increase in forward drop should be removed for
failure analysis.

The test sequence is the same for parts with 1 mil aluminum inter-
connect wires, except that the high temperature storage step is
replaced with a power cycling test. The part is cycled at least
L00%Z of rated power dissipation for a minimum of 20,000 cycles
where one cycle 1s: power on for one minute, then off for one
minute. This test is intended to precipitate wire failures due

to nicking and mlcrocracking at the wire bond heel.
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Group 1IIB testing is aimed at discovering bulk, surface, and con-
tamination related failure mechanisms. The first step is High
Temperature Reverse Bias (HTRB) performed to stimulate formations
of channels and inversion layers due to surface contaminates.
Temperature should be at least 175°C bias on collector-base for
bipolars, or gate=-source and gate-drain for FET's, with a minimum
of 80% of rated breakdown voltage. The minimum time should be 96
hours, followed by a measurement of leakage currents. If leakage
current values are greater than specified values, or if the ini-
tial value has doubled, the part should be subjected to failure
analysis. (Note: If the initial value of leakage current was
orders of magnitude below the specified value and is still within
specified limits after HTRB, rejection should be based on the mag-
nitude of the increase and not the term "doubled.") Since con-
taminants tend to disperse from their localization zones after bias
is removed, leakage measurements should be made as soon as possible
after bias removal. In addition, bias should remain on parts until
they are cooled to room temperature, since higher temperatures pro-
duce faster dispersion of contaminants. ‘ - :

The next step is a forward biased burn-in. Ac burn-in simulates
actual part use and accelerates many failure mechanisms encountered
during normal part operation (Reference 30). Most part suppliers
contacted, while they agreed with the concept, indicated a lack of
facilities to perform ac burn-in. They also indicated that dc
burn-in is perhaps a more severe test since it tends to polarize
surface contaminants while ac would not.

In either case, parts should be burned in for a minimum of 300
hours at rated junction temperature. This test should be followed
by an electrical measurement of gain, leakage currents, and satura-
tion and breakdown voltages. Parts with parameters beyond speci-
fied limits should be removed for failure analysis. In addition,
20% decrease in gain or breakdown voltage, 107 increase in forward
voltage drop, or 100% increase in leakage current should also be
cause for removal.

The parts surviving Groups IITA and IIIB testing are then subjected
to the same life test sequence as Group II samples. Again, key
electrical parameters are measured at regular intervals and the
parte are electrically characterized at the completion of dc life
testing. Data taken is compared to initial characterization re-
sults to determine the effects of the various screens on part
parameters and their related dependence on bias and temperature.
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The last group of tests (IILIC) are intended to test the mechani-
cal dntegrity of the part agsembly and the package. While most
part capabilities far exceed the limits of test equipment capa-
bilities, some inherently weak designs or processes in parts
will be revealed during such testing. This group is recommended
only where some doubt exists as to the integrity of the part as-
sembly. All of the parts recommended in Section F have demon-
strated their capabilities in each of these areas under many
types of evaluation tests and by past usage so that Group IIIC
testing is not necessary. A veview of existing data is an ac-
ceptable substitute for actual Group IIIC tests for any part.
The Group IIIC tests are recommended where uncertainty exists

in the ability of the part to meet certain stress levels im-
posed by the application. These techniques are a means of dis-
covering part destruct limits and discovering weak configura-
tions or designa. The types of tests and their intent are shown
in Table 10. Testing is usually stopped when 507 failures are
obtained. Most of these tests (especially shock and vibration)
require expensive fixtures and equipment and should only be
performed where doubt exists about the part's envirommental
capabilities.

At the completion of the testing, the failure analygis and con-
structicn analvsis results and the electrical test data ig com-
piled and analyzed. S8Several possiblities exist.

If a majority of parts in the screened (Class I) and the un-
screened (Class 11) samples fail during qualification, the in-
tegrity of the part, screening, and qualification.testing should
be questioned. Severity of the qualification can be assessed if
the destruct levels of the Group III Testing and the results of
Group I reveal that the parts are sound. If only one manufac-
turer's part Lype exhibite high failure rates, then the integrity
of that part is questionable.

If the screened parts have a low rate of failure while the un-
screened parts have a high failure rate during qualification
testing., it can be assumed that the screening is effective. If
the bulk of unscreened past failures are of the same mechanism,
particular processing controls to improve yield and stabilize
part production could be suggested to the part manufacturer.

I1f the Class I parts have a greater incidence of failure than the
Class IT parts, it can be assumed that the screening is to severe
or induces some time dependent failure mechanism. Changes to the
screening can then be effected or derating boundaries can be
changed to improve expected life.
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Table 10

P— JR—

qualification - Group IIIC Tests

Test

Limits and Conditions

Intent

Thermal Shock

Expanding limits from lower to higher

temperature with fixed number of
cycles at each set of temperature
extremes. Soak time at each tem-
perature 10 minutes minimum and 10

. second maximum transfer time.

Usually followed by Hermetic Seal

test and functional

step in temperatutre. Typical step
i extremes:
' Step 1 =25 to +100°C
Step 2 =50 to +100°C
Step 3 -50 to +125°C
Step 4 =50 to +150°C
etc.

check after each

Checks seals, die attachment,
insulator integrity (for di-
electrically isolated devices),
and soundness of die

(cracks, etc.)

Thermal ; Same as Thermal Shock except soak { Same as Thermal Shock but not
Cycling time at each temperature and i as effective. Note this is i
allowed transfer times are longer. usually a cheaper test. !
; More cycles usually required.
Temperature | Increasing time and temperature Accelerates chemical reactions
Storage ! soaks. Usually followed by test with dissimilar metals and their:
! of key parameters related failure mechanisms.
| ST S— ¢ e SOV S — ;
Constant t Increa51ng g levels. Number of Tests integrity of interconnects]
Acceleration | cycles at each level and hold time and die attachment. Also use-
i at max g level constant. Usually ful in checking mechanical in-
% done in 3 mutually perpendicular tegrity of die support and
{ : axes and followed by a functional isolation devices (ceramic tabs,
] g check. discs, etc.)
i
Mechanical % Same as Constant Acceleration with Same as Constant Acceleration
Shock i the additional variation of pulse with the addition of a check
{ width to simulate various energy of the strength of the external
i spectra. package .More effective than con-:
! . e e S L Etant acceleration. S
Vibration % Variable magnitude and frequency i Same .as Mechanical Shock with
} spectra with fixed duration and i the addition of particle de-
{ number of repetitions. Can be i tection and intermittent open
{ monitored for intermittent opera- { interconmnects when monitored. !
: { tion. Sinusoidal excursions : .
! typical. Random more expensive. ;
i External Pull or twist leads to Test durability of leads.
I Lead destruction.
: Tensile &
Twist
Strength :
Stud Sheer Torque stud until it breaks. Verifies manufacturer's limit.
Strength
Solder Increase heat to external leads Check capability to
Heat in gradual steps from 200°¢ up withstand installation
Keep duration of exposure at each temperatures.
temperature constant. Follow
each step with functional check.
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If the failure rates of both screened and unscreened parts is low,
it can be assumed the screen and the parts are adequate (subject
to process variations), or the tests are benign. Again the in-
tegrity of the qualification can be somewhat influenced by the
results of Group I and Group IIIC testing.

In all cases, valuable information regarding needed process con-
trols or screening changes can be derived from analysis of each
part failure in the qualification test sequence. Characteriza-
tion data from pre- and post-life testing and parameter measure-
ments during the rest of the testing should be analyzed to deter-
mine temperature coefficients of gain, leakage, current, satura-
tion voltage, and important A.C. parameters such as switching
speed and noise figure. The data will allow determination of
other items such as crossover points of the temperature coeffi-
cient of gain, the current, frequency or voltage dependence of
junction capacitance, noise figure, gain, saturation voltage,
leakage current, impedances, and admittances, as well as pinch-
off voltage and saturation resistance for FETS and any other
parameter which is necessary for circuit design analysis. 1In
addition, derating factors for aging characteristics of gain,
saturation voltage, and leakage current can be validated.

Finally, the results of construction analysis and any significant
results of the qualification testing should be summarized in a
report and kept for reference use during procurement, screening,
lot acceptance, and failure analysis of production parts. If
significant changes to the part are made after qualification, the
need for requalification can then be determined.

Screening

Screening tests are performed to eliminate parts not meeting elec-
trical performance requirements and those with built-in defects
which limit their useful life. Screening tests can be categorized
as 1007 tests (all parts supplied are subjected to the test), sam—
ple tests (a sample of the lot of parts procured is tested with
jeopardy on the entire lot if too many failures are encountered

in the sample test), and lot acceptance testing performed by the
part user to verify compliance with screening specification re=
quirements.

Figure 3 shows a proposed screening test sequence aimed at dis-

covering time dependent failure mechanisms as well as eliminating
parts with workmanship and assembly defects.
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Most part manufacturers eliminate inoperative or electrically in-
correct die by use of a 100% wafer electrical test. Bad die are
identified with an ink dot and these die are removed after the
wafer is scribed and broken. In addition, incomplete or frac-
tured die are also removed. At this point, it is desirable to
perform a 100% die visual inspection at high magnification (de-
pendent upon die size) to remove die with oxide and metalliza-
tion defects. The visual criteria defined in Marshall Spacecraft
Center specification 85M03924 "Internal Visual Inspection of
Transistors, Standard For' should be met by all transistor sup-
pliers. Most part manufacturers have internal inspection docu-
ments with visual aids to guide the inspector in accept/reject
criteria. A review of a part manufacturer's internal documenta-
tion for visual inspection should be made for comparison to the
MSFC standard and changes to the supplier's documentation made
accordingly. ‘

After wire attachements are made to the die and post, each inter-
connect wire should be tested with a non-destructive wire bond
pull to a minimum threshold of 0.7 grams. The wire bond pull
test is not destructive. A survey conducted concerning the de-
structiveness of the pull test had two general responses. Those
who employed the test found the pull test non-destructive. Those
who did not use pull tests did not because they feared damage,
but had not performed tests. A sample wire bond pull to destruc-
tion should also be done to discover bond failure threshold and
out of control bonding equipment.

Once the part is assembled, prior to capping, the header assembly
is inspected at 20 to 40 power to discover common workmanship and
assembly defects (extra wires, excess loops, voids in die attach-
ment, particles, etc.) Again the criteria of 85M03924 should be
met as a minimum. The problem with any visual inspection is the
eye fatigue encountered by the inspector. In addition, most manu-
facturers emphasize speed, so the inspection may be incomplete.

A rigorous QC type re-~inspection of the parts on a sample basis
or better yet 1007 is an effective method of verifying proper
visual inspection of parts especially when such re-inspection

is performed by the procuring agency.

The first part conditioning step is a temperature soak for 48
hours at 200°C ambient temperature. Frequently header assemblies
are 'baked out" prior to capping to drive off moisture. Whether
capped or uncapped, the environment must be inert to preclude
oxidation or other degradation to the part. This conditioning is
done to stabilize characteristics, aggravate poor wire bond and
die attach failures and growth of resistive contacts between
aluminum and silicon.



The first electrical test removes parts not meeting the specified
electrical requirements. All specified electrical parameters are
tested for all parts.

Thermal and mechanical shock tests followed by functional test and
hermeticity tests are intended to destroy improperly assembled
parts, break weak seals, and aggravate die cracks. Thermal shock
should be per MIL-STD-750, Method 1056.1, or thermal cycling per
Method 1051.1, with a maximum transfer time of one minute, with
the conditions shown in Figure 3. Mechanical shock should be per
the conditions indicated in Figure 3. The electrical test is a
go/no-go check of gain and each junction breakdown voltage and
leakage current to detect opens and shorts. Hermetic seal tests
are per MIL-STD-750, Method 1071 conditions C and H, or D and H,
with a fine leak rate of 5 x 10 ° atm cc/sec.

The next test is a high temperature reverse bias for 96 hours mini-
mum at 175°C minimum with 807 rated breakdown voltage applied to
collector-base for bipolar or gate-source and gate-drain for FET's.
This test is intended to discover channel and inversion layer
failure mechanisms. Bias is to remain on the junctions upon the
completion of the test until ambient temperature is reached.
Leakage current measurements are made within eight hours of removal
of bias. If a leakage current increases by a factor of two from
its initial value or exceeds the specified limits, whichever is
greater, the part is rejected. Such increases are indicative of
parts that have channels or surface inversion failure mechanisms.

The next conditioning step is a 300-hour burn-in at rated junc-
tion temperature. For bipolar devices, dc forward bias is the
most commonly used method. AC burn-in is recommended where it is
available and for some r.f. devices necessary. In most cases,
however, part manufacturers are not equiped to perform ac burn-in.
Rated junction temperature should be achieved as much as possible
by power dissipated in the die rather than elevation of the am-
bient temperature.

Surface devices, such as MOS FET's and junction FET's, are burned
in under reverse bias conditions of both junctions for 300 hours
at 175°C ambient.

The last electrical measurement removes any parts which have
drifted beyond the specified limits. In additdion, a 15% change in
gain, 1007% increase in leakage currents, or a 107 increase in
saturation voltages should be cause for part rejection.
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The external visual dnspection removes parts with corroded or
oxidized part leads or packages; scratched, twisted, or broken
leads; deformed packages; cracked glass seals; or unintelligi-
ble part marking. All acceptable parts are packaged in a man-
ner to preclude shipping damage and shipped to the purchaser
along with a report of screening results.

Any rejected part 1s removed from test and segregated from ac-
ceptable varts. All parts rejected in tests subsequent to the
first electrical test sre shipped to the procuring agency with
identification of the nature of part failure.

Lot acceptance is intended to verify part supplier compliance
with the requirements of procurement specifications, and to
remove parts damaged in shipment. External visual inspection

is the same as performed prior to shipment. X~ray iz done in
three axes to detect common assembly defects, such as extra

wire, particles, posts touching can, etc. The functional go-no/
go test iz intended to discover shorts and opens. Any parts not
meeting the requirements of the procurement documents identified
to the part manufacturer are removed from the group of acceptable
parts.

The sample solderability/weldability tests are performed to de-
tect any material, plating or corrosion problems in external
leads. 1If any part fails this test the whole lot should be
suspect for such a problem and inspected. The construction analy-
gis is the same as identified in Group I of the qualification
program. It is intended to discover potential lot problems due

to manufacturer errors or screening tests and changes to part de-—
sign or construction which could invalidate qualification. Ac-
ceptance of the parts for use in flight hardware is contingent upon
successfully passing all of the screening tests and a satisfaction
by the cognizant parts specialist that the lot of parts is ac-
ceptable, Tf any condition is unacceptable the part or parts
should not be used in flight hardware. The part manufacturer
should be informed of the lot acceptance tests that will be per-
formed and that acceptance of the parts is based on satisfactory
resulte from the acceptance testing, including fingerprinting.
This will provide impetus to the manufacturer to build a sound

part.



Some of the testing and lot jeopardy conditions described may cause some
manufacturers to ''mo bid" the procurement specification. Compromises
may be made in the testing done but only if confidence gained by ex-
perienced and qualification testing exists in the particular manufac-
turer. Caution must be exercised in placing too much confidence in

part suppliers as many are very schedule and cost conscious and place
these considerations before part reliability. It is desirable that

more than one supplier be available for part procurement to prevent
program delays in event delivery cannot be obtained from one of the
sources.

E. PROCESS CONTROL REQUIREMENTS

Critical processes and materials used to fabricate semiconductors
are shown in Table 11. The processes used can be categorized as
washing and etching, photolithographic, and metallurgical. The
basic materials divide into starting semiconductor, dopants, metal-
lization, die attachment, intercomnect wire, cap and header, and gas
backfill. The most important factors in washing and etching are
cleanliness, concentration, sequence, and length of exposure. Thick-
ness, uniformity, length of curing and exposure of photoresists, and
mask cleanliness and alignment are significant factors in proper
photolithography. The metallurigical processes are time, tempera-
ture, and material sensitive. Each successive step is performed

at a lower temperature to prevent product degradation processed
through previous steps, so the materials used for each succeeding
step must interact in the desired manner without serious interac-
tion beyond the step in which they are used.

Selection of starting material and diffusion schemes for the die is
usually governed by the generic part selected. Silicon is preferred.
The part manufacturer determines the dopants used based on the de-
sired resistivities and penetration depths. Oxide growths must be
done at reasonably high temperatures to achieve homogenous passiva-
tion of the silicon. Metallization must provide good electrical
contact to silicon and bond well to the oxide (in the case of ex-
panded contacts). Eutectic phases (homogenous mixtures of two disg-
similar metals) are necessary for die attachment and proper fusion

of bond wires to metallization and post plating i1s essential for
sound interconnection. Cap and header materials must be relatively
impervious to corrosion or degradation in the application. Gas back-
£ill in the can should be inert and free of moisture and oxidizing

or reducing agents.
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Die Fabrication Processes

Die fabrication is the most sensitive process to part manufacturers,
and cleanliness controls in this area greatly influence the long-
life performance of a part. The degree of control exercised by the
manufacturer in this area is extensive to prevent poor die and wafer
yields. Most semiconductor manufacturers consider their wafer
processes proprietary and will not submit to part user participation
in some cases. The user may specify minimum metallization thickness
and require phosposilicate glass protection for the die surface in
the procurement specification. Ohterwise the extent of control of
die processes by the part user is implied by screening and selection
of the best manufacturer rather than by direct documentation.

Manufacturers with the most stable parts historically and by qualifi-
cation test usually have adequate wafer processing controls. The
screening tests described in the previous section will reject almost
all of the products with poor die fabrication process control.

Assembly Processes

These processes involve a significant human element, since many as-
sembly techniques involve operator judgements. Some manufacturers
have incorporated automated assembly tools which eliminate some of
these factors, but most rely on assembler skill. Control in this
area is achieved through several routes.

The most common form of assembly process control is a Quality Con-
trol surveillance of manufacturing production, where Quality and
Manufacturing are separate organizations. The Quality function
monitors equipment set-up (wire bonder temperature and pressure
settings, die attach stage temperature settings, etc.). Quality
also monitors wire bond work via periodic sample bond pull tests

of each operator's work. Weak bonds indicate need for tool check
or operator retraining. Visual inspections for workmanship defects
is another method frequently used to effect assembly process con-
trol.

The part user can effect control of assembly processes by such
Quality surveillance using his own Source Inspection on the as-
sembly line. Some manufacturers have available a "control line"
where the assembly line produces parts under the cognizance and
monitoring of personnel employed directly by the user. This ap-
proach is somewhat more costly than the normal manufacturer/user
situation, but allows the user a greater degree of participation
in part assembly and inspection.
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Precap visual inspection of the die and header assemblies is per—
haps the most effective screening method for eliminating assembly
defects, especially if the inspection of all parts is monitored by
a user employee prior to capping. Any parts not meeting visual
standards defined in the procurement specification are removed
from the lot. Again, selection of manufacturers with a stable
part, historically and by test, will afford parts manufactured in
a controlled manner. Screening will eliminate most improperly
assembled parts.

Materials

Control over the materials used is achieved by selection of the
desired generic part and through specification in the procurement
documents. Parts with undesirable die, metallization, intercon-
nect, die attachment, and package materials can be eliminated
during evaluation and qualification.

The criteria set forth in Section C should be applied when se-
lecting parts types for use. Changes to materials can be dis-
covered during lot acceptance testing of the production parts.
Undesirable changes would result in a rejected lot. Knowledge
of such lot acceptance requirements will stimulate the part
manufacturer to inform the user of such changes at the time of
procurement.

External lead and case materials are normally defined in the pro-
curement specification and by the type selected. The die, metal-
lization, and interconnect wire materials and the gas backfill
can also be specified in the procurement document.

Handling, Storage, Test, and Shipment

Once a good part is produced, control of test, storage, handling,
and shipment is needed to preserve the part integrity. All high
temperature exposure should be in an inert enviromment. All
parts should be handled with gloves or finger cottles to keep
acids and greases off leads and packages. Parts should be stored
and tested in non-corrosive environments. When shipped, parts
should be packaged in containers which will survive handling en-
vironments in transit. Test sockets should not scratch or bend
leads. Parts sensitive to electrostatic discharge damage should
be protected by shorting all external leads together until instal-
lation.
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Shipping instructions are usually defined in the procurement speci-
fication. Control over the test and storage environments and han-
dling of the part is usually achieved by approval of the manufac-
turers test plan and procedures. Well defined controls in these
documents is necessary to avoid degradation to good parts. Hand-
ling and installation control requirements by all users of parts
should be well defined and stringently enforced to preclude dam-
age to good parts.

PARTS LIST

Acceptable Parts

Table 12 is a list of transistors which have considerable success—
ful usage history. Much conventional circuit design can be done
using these devices. These parts are preferred because of the
amount of qualification and evaluation data available and because
their design and construction meets most of the desired criteria
discussed in Section C. In some applications, parts with better
performance characteristics are available, but do not have as much
accummulated data and history, consequently involve more qualifi-
cation efforts.

Unacceptable Parts

Non-hermetically sealed devices are unacceptable because of the
contamination involved in plastic encapsulation. Mesa, grown
junction, and alloy constructions have serious drawbacks over
planar types and are not recommended. Germanium has temperature
limitations not encountered in silicon and consequently should
not be used. Certain new technologies such as ion-implantation,
and other semiconductors (GaAs, CdS, etc.), do not have proven
stabilities, either in manufacture or application. MOS transis-
tors pose some unique handling problems and their use should be
restricted to special applications where very high input impedance
preclude use of junction devices. Beam lead appears to offer
several solutions to common semiconductor problems, but a better
understanding of its unique failure mechanisms and problems must
be obtained before it is widely used. Mesa constructions are
generally necessary for high voltage devices (300V BVCB or more).

The technique for passivation must be carefully evaluated to under-
stand its influence on part life.
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Table 12 Acceptable Parts

TYPE NPN PNP
Bipolar
Small Signal
Amplifier IN2484 2N2605 (2N3799 [T>)
General Purpose IN22224A, IN29074,
Switching 2N2369A 2N3546, 2N3251A
Clipper IN2432A 2N2946A
‘R.F, 2N918 (2N3700) ING957 2=

Medium Power
General Purpose
Switching

R.F. Driver

High Power
Amplifier
R.F,

Switching

Multiple
Dual Diff. Amp

2N2219A, 2N3019
2N3501
2N3866

2N2880, 2N2814
IN3375
2N5659
2N5330

2N2060, 2N2920

2N2905A, 2N4405
2N3467

2N4399

2N3350, 2N3811

Dual

N-CHAN P-CHAN
Field Effect
Amplifier 2N3685 2N2608
Switch 2N4391
-2N5196

E:3> 2N3799 has much better operating characteristics than 2N2605 but not as

much history,

[::> Limited number of suppliers.
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V. DIODES

by C. W. Riss




DIODES

INTRODUCTION

This chapter is addressed to diodes in general rather than directed
towards specific kinds with respect to function. The die fabri-
cation techniques are fundamentally the same, with variations in
geometries used to achieve the varying functions. This chapter
addresses three fundamental kinds of package construction. These
are:

1) Voidless monolithic.
2) Double slug whiskerless.

3) Whisker (whisker includes all connections with the die that are
not made directly to a slug/heat sink or an external lead).

There are many variations with respect to packages. These include
microwave pill types, T0-5 types, DO-7 types, DO-4 types, and other
types that have no common designation. Regardless of the varia-
tions, the die attachment and electrical interconnections utilized
can be discussed as a variation of the three fundamental package
constructions.

The information is further addressed to kinds of parts that have
historically demonstrated a capability of operating in the military
and space type environments. An example of these can be found by
referring to the list of acceptable parts contained in Section F.




GUIDELINES FOR LONG~LIFE ASSURANCE

Storage life of diodes is estimated to be greater than ten years
for present day parts. The service life of a diode that is well
constructed and properly applied is also estimated to be greater
than ten years. Life limitatious are due to failures caused by
defects rather than life limiting wearout mechanisms.

Part screening techniques normally restrict part failures to the
part manufacturer's facility. Better wafer scribing techniques,
in-line checks for bulk silicon defects, oscilloscope display tests,
parameter drift detection, and accoustical noise tests will mini-
mize the probability of receiving defective parts.

The part user must also contribute to part long-life by proper ap-
plication of the part. Packaging is as much a part of proper ap-

plication as is the circuit application.

Design Guidelines

1) Use phosphosilicate glass for glassivation of die surfaces.
The phosphosilicate is desired because of its characteristic to
act as a gettering agent for sodium.

2) Use silicon nitride (Si3Ny) as it protects junctions from de-
gradation from the mobile ions such as sodium. Si3Ny alone is in-
sufficient as process control is difficult and demonstration of
control is as much a requirement as the presence of the SigNy.

3) Utilize laser, chemical or ultrasonic scribing techniques to
prevent cracks that occur during diamond scribing.

4) Use scanning oscillator techniques (SOT) to aid in detecting
bulk failures, such as dislocations, that occur during the pro-

cessing stages.

Process Control Guidelines

1) Demonstration - The part manufacturer should demonstrate pro-
cess control effectiveness. This should be in the form of records
that show increasing or stable yields for the processes in question
or in the form of test data (from periodic testing) that shows de-
creasing or stable reject rates. Data of this nature will demon-
strate that the processes are being controlled effectively. Other
results may indicate inadequate process control.



2)  Check Points - The part manufacturer should have in-line check
points that verify that the process is in control. An example of
this is a lead bond pull test of a sample of units taken from the
line in a periodic manner. Consisted or increasing bond pull values
would be indicative of lead bond process control. Varying or de-
creasing values would be indicative of inadequate process control

or personnel variations.

Test Guidelines

Testing must be based on the results of the evaluation of the part.
Tests may vary from part to part depending on construction and
function.

1) The qualification testing in section D herein should be per-
formed on each procurement lot. These tests will verify part fab-
rication process control that could vary from lot to lot. The
stress levels will be governed by the system requirements.

2) The screen tests in section D herein should be performed on
all parts to be used in the fabrication of production hardware.
These tests will detect gross mechanical defects and defects that
result in electrical parameter variations and early life failures.

3) TUse oscilloscope display tests since they are more effective
than automatic test equipment in detecting parts with anomalies.
The oscilloscope display will aid in detecting unstable parts by
exhibiting the breakdown characteristics.

4) Electrical parameter measurements must be made before, during
and after burn-in or life testing to determine which parts are sta-
ble. Parameters may drift initially and then stabilize at a new
level. Measurements of this kind would preclude rejection of stable
parts.

5) Tests designed to detect particles such as weld splatter or
solder balls must be implemented. Monitored vibration or a Particle
Impact Noise Detection (PIND) test would be effective.

6) High temperature bias must be performed on planar type diodes.
The exposure to voltage or current and temperature will detect in-

version or accumulation defects.

7) Burn-in for all parts is recommended,




Application Guidelines

1) Current and voltage derating must be required. This derating
will maintain lower junction temperatures and protect against spu-
rious surges. Current and voltage must be derated 50%.

2) Stud torque and seating plane flatness must be controlled to
prevent excessive stresses in the die/header interface and to pro-

mote better heat transfer.

3) Limit operating junction temperature to 110°C to achieve longer
life.

4) Provide stress relief of leads and interconnecting wires to
prevent damage to the hermetic seal of the part.

Special Considerations

1) Current ratings in terms of lead temperature versus lead length
must be established. This kind of information is useful to a de-
signer for calculating heat sinking requirements and will standard-
ize current ratings.

2) A manufacturer selection must be performed. Selection criteria
consists of a history survey, process maturity verification, and
part evaluation. This will aid in selecting the best part.



LIFE LIMITING PROBLEMS AND SOLUTIONS

Failure Mechanism Analysis

Diode failure modes consist of shorts, opens, and parameter degra-
dation. Mechanisms for these modes, which are precipitated by
electrical overstress or mishandling, are not discussed. The fail-
ure mechanisms discussed in the following paragraphs are summarized
in Tables 1 through 5. They are classified as follows:

1) Bulk Defects - Failures due to faults in the silicon wafer;

2) Surface Defects - Failures due to faults in the oxide or pas-
sivation;

3) Wire/Bond Defects - Failures due to faults in lead interconnects
(internal or external);

4) Contamination Defects - Failures due to contamination on the
die or in the package;

5) Mechanical Defects - Failures due to faults in the package or
die attachment.

a. Bulk Defects - Bulk faults result from defects in the silicon
wafer (Table 1). Failures of this nature are limited and are usu-
ally detected during electrical testing at the part manufacturer's
facility. Dislocations, if present during processing, provide nu-
cleation centers that are conducive to the formation of metal pre-
cipitates (Ref 1). This occurrence causes soft breakdown charac-
teristics or high leakage currents. Failures due to dislocations
are considered to be minor with respect to surface-related failures.
Dislocations in wafers can be detected by the use of the scanning
oscillator technique (Ref 2). 'This is a nondestructive technique
and can be utilized as an in-line check after each processing step.
Dislocations may be present during electrical testing, but located
such that electrical testing does not detect them. This is partic-
ularly true when the test is performed by short pulse techniques

or with digital readouts. Because of stresses during use, dislo-
cations may propagate to the junction area and degrade breakdown

or leakage current.
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Cracked die are usually detected during a visual or an electrical
test. However, it is possible that cracks considered to be accepta-
ble during the visual examination could propagate, due to temper-
ature cycling, and penetrate the junction. The time involved could
be such that failure occurs during service. The use of laser,
chemical, or ultrasonic scribing techniques could eliminate or min-
imize the possibility of this mechanism occurring.

b. Surface Defects - Surface faults, as discussed herein, are ap-
plicable to both mesa and planar parts (see Table 2). These fail-
ures result from defects in the oxide layer and surface passivation
or cleanliness of the die surface at the junction. Defects on
planar construction result in inversionm, accumulation, or shorts.
Failures on mesa construction result in high leakage currents or
premature voltage breakdown.

Inversion is a phenomenon accentuated by a high temperature reverse
bias (HTRB). It occurs when a P-type region forms on the cathode
surface, resulting in an extension of the anode region and causing
high leakage current (Ref 3).

Shorts are caused by pinholes in the oxide. Pinholes that go
through the oxide are relatively easy to detect during electrical
test. Pinholes that do not go completely through the oxide are a
potential problem that can result in breakdown voltage and leakage
current degradation.

Accumulation is a phenomenon brought about by a high temperature
forward bias (HTFB). It occurs when donor states in the oxide
become positively charged, resulting in an nt layer that results
in high leakage currents (Ref 3). ‘

e. Wire/Bond Defects —~ Diodes come in a variety of packages.
Some of them are similar to the transistor T0-5 types. For these
types the wire/bond failures will be of a similar nature (see
Table 3).

Gold-aluminum systems experience failures caused by intermetallic
formations or voids under the bond. Aluminum - aluminum sSystems

experience failures in the wire adjacent to the bond area due to

excessive pressure during bonding causing cracking in the wire.

The gold-to-gold thermal compression type of interconnect is the
preferred technique. This is because of the compatibility between
the wire metal and bonding pad metal. 1In addition, the gold wire
has better long-life characteristics with respect to temperature
cycling caused by current switching.
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Established, verified, and controlled bond schedules are a require-
ment for reliable bonds. The part manufacturer should have evi=
dence of bond schedule parameter combinations that were used in
developing his bond schedule for each kind of part. He should

have test data to show the stress levels that the various bond
schedules are capable of withstanding. He should have in-line
control to assure that bond quality is being maintained.

Most of the S or C bend type of interconnect defects are easily de-
tected by a visual inspection of the completed package prior to
painting. These are the misplaced, excessive bend or touching die
type of defects. A more difficult type of defect to detect is
insufficient pressure against the die contact or mechanical con-
tact only.

Power stud diodes use a variety of interconnect techniques. Some
use an ultrasonic bond, some use an alloy type and some use solder.
The solder type of interconnect would be the least desirable be-
cause of a thermal fatigue problem. The alloy or eutectic type
has proven to be an acceptable method. The ultrasonic bond is a
reliable technique if properly established and controlled. Some
parts may have either an alloy and an ultrasonic bond or an ultra-
sonic bond and an electronic weld.

The prime concerns should be that the process has been established,
verified, is controlled, and uses materials that are compatible.

Some double slug type diodes depend on the glass case to provide
the compression to maintain electrical contact between the die and
the leads. This can result in parameter variation during temper-
ature cycling. After a stabilization period, the parameters are
within specification limits. The change occurs during the temper-
ature change because of a difference in thermal coefficient of
expansion between the glass and the heat sink materials.

Some double slug diodes use a construction technique that forms a
monolithic structure of the heat sinks and the die. This is
achieved by plating the die and the heat sinks with compatible ma-
terials and elevating them to a high temperature (1000°C) to form
the bond. The bond interface is across the total die surface.

Methods of external lead attachment to the diode heat sinks vary.
One method is to form the lead attachment directly to the heat

sink using only the heat sink plating and the lead material to form
a eutectic bond. This results in a bond that is as strong as the
tensile strength of the wire. The bond is formed at about 700°C



and is relatively void free. Another method is to utilize a third
metal as the eutectic. This method has a tendency to have voids
similar to those encountered in eutectic die mounting. Severe
voiding could result in a weak lead connection that could fail in
shock or vibration during service.

d. Contamination Defects - Contamination discussed in this para-
graph refers to any material in the package, loose or attached,
that is not part of the design. Examples are weld splatter, sili-
con chips, solder balls, and pieces of internal lead wire. These
are summarized in Table 4.

Sealing of metal packages by welding causes a weld splatter. These
particles of weld splatter may or may not be located so as to be
detected during electrical testing. Those that are not may relo-
cate during shock or vibration in usage and cause a shorting con-
dition at that time.

Silicon chips can result from diamond wafer scribing. Scribing may
cause cracks in the silicon that will propagate in a manner that
will cause a chip of silicon to separate from the die. The pro-
pagation rate 1s dependent on time, temperature and environment ex-
posure. The chip could cause a short or mechanical damage during
shock and vibration in usage.

Some diodes are assembled using solder to attach the die to the
header. During the soldering process, solder balls may be formed.
This introduces a potential failure mechanism of the same type as
weld splatter. The balls may break loose during environmental
stress and cause shorts.

Diodes assembled with internal lead wires are exposed to potential
failure mechanisms similar to transistors and integrated circuits.
Wire particles and pieces may remain in the package to cause shorts
or mechanical damage. These kinds of diodes lend themselves to
internal visual inspections that will remove many of the defects.

e. Mechanical Defects - Mechanical defects discussed in this para-
graph are related to the package defects that prevent the part from
performing its intended function. Examples are loss of hermetic
seal, die separation, and poor solderability. These are summarized
in Table 5.

V=11



*TUOTIONIAISUOD
DIG3TToUOm fUDTIIBA

~TeseI8 ‘TensiA TBUIDIUT

*uo0Tg
~DNI3SUOT DIYITIOUCH TWOT]
-gATSSEIE ‘TBNSTIA TBUISIUT

*BuTi
Joane1ds prem ‘UOTIBATISSETD

*UGCIIBIQTA
poIojTuUow ‘IBOTIIOSTD
‘TensSTA TPUIS]UT

°31§93 TEBOTIIO9TO
TENSTA TEUIDIUI

*Uo0I3
-BIGTA pOICITUOW ‘3S$93
DSTOU JEOT3SNODE ‘4ABI-Y

*8urlaoys
Sulsneo IJO USYOIQ
1TI23 SITH PBDI] DBpUOY

*guriaoys @sneo sdIyo °I(

*873I0US S9SNBO
sueo 1BlSoW JO BurEeSs
o8eyoed wox3y Ie33e1ds PIOM

TOTIBUTWEI VO

HSAVD HLYNIWITA
Y0 HZIWINIW OL CQOHLIW

QOHIEW NOILDHIIA . - . . . . .

ASOYD/NOILATIDSEA .

WSTNYHOHEW HINTIVA

f

s308feq uorgvUIIDIUO) ~ s18f)DUY USIUDYOB)] 2oL

el

Vi

7
Ly



V-13

*suorjexado 3urIepios

pue SuIxniI TBWIOU YITM
o1graedwod sT 3BY3l BUTIROD
saT30930xd ® Jo uorjeoriddy

*suotjeasdo Surzetd
pue 3urTueel0 JO TOIFUO)

*3utpuoq
013093n9 3UTINp WNNOEBA

*sonbtuyoey 3But
-Junow ‘senbruyoey Surlpury

*UOTIONIISUOD
8n1s 9Tqnop STyl ITTouUCW
@8} *10a3uo) ssso0ag

*TensTA
2001 cuotrieiedo Surzeld
pue ZUTUEBDTO JO TOIJUOYH

*suotieaado
Te9s pue Jeds-a21d uwo
s70z3u0D I9339q {IBNSTA Y00]

*uorjoedsur TeNsTA
%007 ¢senbruyoel 2ur
-3unouw {ssnbiuysoel SUITpuURH

*TensTA

‘uorloadsur TensTA
°sTseq sa1dwes
B U0 Speo] pelrvOD

- J9pT0os JOo dIP TTO 10H

*3s9] @ouapad
-wr Jewidyl ‘Lex-X

*3893 TB9S OT3oWISH

*3uT1o4o sanjeaadwel
Sutanp Fp I03TUOR

*TensSTA °SISeq
9]dwes uo spee] Pe1BOD
aepios o dip IO 130H

“TENSTA

*queijlousd 94p {TensTA

‘Buripuey
03 ®np Telswm psjeld sya jo
UOTIBUTWEIUOD 10 UWOIIBPTIXQ

*8utjerd Sutanp
10 o3 xotad JeTIS93BW °5€BQ
a0 Surjeld Jo UOIIBUTWERIUO)

*puoq °I3093N3
9U3 UT SPTIOA DATSSIOXY

*1eos
031 ssel3 9y3 Jo 2anjoeijg

£3171719
-BI8PTOS I00dg

‘PR3IITT °1d

“1eo8
DT3oWILY JO SSO7T

UOT3oNIJSU0) (9dLAT ¢-01) ISNSTUM

*ssoo0xd

A1quesse JOo JoI3uod Jo NOoB]
*SuT104£0 9anjexadwsy Jutanp
£3TATIONPUOD IO UOTIBRIIBA

*8uraetd
3uranp [e319W 9SBQ IO
8ut3e1d JO UOIJBUTWEIUOD

*UOTIBUTWEIUOD

‘fowTl 3xoys ‘3eey MOT
eole JUTIBOS JUDIOIIINS
~UT 03 °oNp 2INJoBII BSOS

*3aseod mwﬂHw JO 2anaoedd

JjusjjrTwasiul

*£31T119
-BISPIOS I00g

eSS
DTIOUISY IO SSOT

TOT1oNI3Uo)

gnTs e1qnoq

'V

dSOVD JLVNIWITH
40 HZIWINIW OL JOHLHEW

JOHLAIW NOLIDHULIQ

HSAVD /NOILATEDSHA

WSINVHDHWN HINTIVL

sa08faq JpOUDYORH — S2SADUY wSIUYDIB) 2INIPd & S14PL




*TensIA

%007 Spee] JUSWST® OT3UTlS
30 ssn fuoTjeasdo Zuijeld
pug FuTueSlO JO 0I3U0DH

*3utzeiq

mnnoes ‘uorjeasdo Surzeiag Jo
T033U00 I3338q {puoq Ieo1d
~INTTEISW Jusweal® ST3UIS

*senbruyosy 3ur
-junow ¢senbruyoel SUIIpueH

*IBNSTA
2001 ‘uotleasdo BurjeTd
pug BUTUBDIO JO TOI3UODH

*suorjeasdo
Tees pue 1ees-21d uwo sToil
-T0D I9333q {TBNSTA 00T

*senbiuyoel 3urjunow
isenbTuyoel IUTTPUBH

"TBNSTA
*s1seq o©17dwes uo SpPeI]
27dwes uo Speo] PSIBOD
asp1os jyo drp 1TO 3I0H

*3s93 1Ind (IBOSTA

180TI3097®
‘queajousd 8Lp (1eNSIA

*sTseq o1dwes
® U0 SPEe] PI31e0D
aspros o drp TTO 30H

*318931 BSOS {BNSTA

°359] TBOS (TBOSTA

*3uryeid Suranp
10 03 aotad Tejsw °SEQ IO
Suijge1d JO UOTIIBRUTWERIUOD

*92viq I00d

*25®8D SSEI3 92Ul JO 2anjowvij

£31119
~BIDPIOS 1004

uotyeivdag
pee] IBUISIXY

T1ESS
DTJPULIBY JO SS07

UOT3onA] suo)

*3urjerd

Sutanp B3dw 95Bg 10
Sutyeid JO UOIJBUTWBIUOY

*UCTIBUIWBIUOD
‘swrl 3I0USs ‘aeey MO
‘goie BUTTESS JUSTIOTIIINS
-UT 03 ®NPp 2IN]0BAT [BSS

*9s®ED SSBIT IO DINIOBRIJ

STUITIOUCK SSO1PIOL 'Q

A317119
~BISPTOS 1004

"1898
OHU@EMQm WO 5807

UOTIONIAJUOY JADHSTUM °D

HSOVD HIVNIWITH
WO EZIWINIW OL JOHLEW

QOHIIW NOILDALAQ

HSOVO/NOILATEDSHEA

WSINVHDHEW HdNTIvd

sqao0foq qvoUDYDBY ~ S18AIDUY WSIUDYDB) 2aN]I0I G 21qP

V-14



Loss of hermetic seal is caused by cracked glass, bubbles or voids
in the glass or poor adhesion of the glass to the metal. These
defects are detected by hermetic seal tests or a visual inspection.
Cracks are caused by improper handling or mounting in usage.

Die separation occurs when excessive voids are present in the die
bond material or the die bond material deteriorates with time or
temperature. Failures of this nature are related to constructions
that do not contain the die by some means; e.g., double slug with
a glass sleeve as a structural member; C or S whisker with spring
pressure. They also occur in T0-5 or DO-4 type case where the die
bond relies on a eutectic or similar type bond.

Poor solderability results from contaminated plating, poor adhesion
of plating, or plating that fundamentally has poor solderability
characteristics. Contaminated plating is caused by handling with
bare hands and leaving finger oils or acids on the leads, inade-
quate cleaning of corrosive solvents, or oxidation of the lead
plating. There are protective coatings available that are com-
patible with standard fluxing and soldering techniques. These
coatings protect the leads from oxidation or contamination due to
handling.

Poor adhesion of plating is caused by contamination of the base
metal prior to plating, improper cleaning of the base metal, plat-
ing that 1is not compatible with the base metal, or plating direct-
1y over the base metal without an intermediate metal to aid in ad-
hesion.  Adhesion problems affect long life because they are a
time dependent mechanism. The best means of prevention is a re-
view of the processes to be used to determine if sound metallurgi-
cal practices are followed. '

Platings that have poor solderability characteristics tend to
cause more problems than failures. Some plating materials have
characteristics that do not lend themselves to ease of soldering.
Nickel is an example. Connections can be made to nickel if pro-
per preparation is performed. This preparation is more complex
than when preparing a tin plated lead for soldering. Poor solder
joints of this type are usually detected in lower assembly levels
and do not cause system failures because of poor solder joints.
However, effects of rework on the system reliability could be
significant.
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a. Selection Criteria - Developing the selection criteria for

parts for long-life applications is a cyritical phase in the total

effort. The purpose of a pre-use evaluation is to determine what
part types would be best to use and for each part type which one
is best and which manufacturer would be best. The criteria should

be established and implemented as carly as possible so that all
phases can be completed in a time frame that is compatible with
the needs of design engineering, procurement, and manufacturing.
The criteria should include a history survey, process maturity
verification, part evaluation, manufacturer evaluation, and pres-
ence of desived construction features.

1) History Survey - The history survey is necessary to determine
the success that candidate parts have had in previous space ap-
plications. Failures that have occurred should be checked to ver-
ify the failure mechanisms. (This information will serve as a
guide for qualification or screen test activity.) Information ob-
tained on the history survey can be used to modify preliminary
preferred parts lists. Data from various lots should be evaluated
to determine stability from lot to lot.

2) Process Maturity Verification - Process maturity verification

is necessary in order to keep part evaluations and design parameters
from fluctuating. The user should review processes to determine
when changes were made and what the change was. Too many changes

or vascillations may be indicative of unestablished or out of con-
trol processes. FRach change will have to be judged on its own
merits. Test data should be available to verify that the changes

do what was intended and do not causge rveactions that are detrimen-
tal to the life of the part.

3) Part Bvaluation - Part evaluation is necessary to determine
which part has features most conducive to long-life. The evalua-
tion should include electrical tests, including step stress testing;
short-term life (1000 to 2000 hours) stability; long-term life
(10,000 or more hours) stability. This may be satisfied by existing
data or analysis of prestressed parts to be cowmpared to construc-—
tion analysis of envirommentally and electrically stressed parts.
Evaluations of this nature are time consuming, costly, and are
isunally performed in a manner that y ields inadequate results. A
check of other users may reveal evaluations in the processes of
being performed or already <umpibbal Such results could be used

if their integvity can be vevified.




The construction analysis should be performed on more than one or
two parts and should concentrate on the soundness of the design,
apparent process control, and the presence of desired features.

4) Manufacturer Evaluation - An evaluation of the manufacturer
should also be performed to determine his philosophy toward high
reliability parts, process controls, his reaction to failure anal-
ysis corrective action recommendations, his ability to deliver when
promised, his quality control policies and records, his manufactur-
ing areas and test facilities, his predictions on how long produc-
tion of the parts will continue, and the back log of orders for

the parts being considered.

5) Presence of Desired Features - The desired features for long-
life of diodes can be covered only in a general sense because of
the variety of constructions used. What is ideal for one is not
necessarily ideal for another. The items to be considered include
construction features, stability of parameters, and specific fea-
tures. The construction features are summarized in Table 6.

Construction - Consideration must be given the soundness of con-
struction with respect to the kind of diode being considered and
the application conditions that will be encountered.

When a choice can be made between a monolithic double slug and

other kinds of construction, the monolithic construction is the
desirable technique; between a whisker switching diode and a double
slug switching diode, the double slug diode is the desired tech-
nique; between a solder die bond and a eutectic die bond, the eu-
tectic die bond is the desirable technique; between lead attach-
ment methods to double slug diodes, first choice is single element
eutectic, second choice is dual element eutectic, third choice would
be soldered.

Epoxy die bonds have been considered to be undesirable. Generally
speaking, this may be true. Some manufacturers have used a form
of an epoxy to achieve a die bond. Parts of this nature have been
used on high reliability programs with no die bond failures or
parameter degradation attributed to epoxy. If epoxy die bonding
is the only fault noted, its other features may outweigh the fea-
tures of a part with a eutectically bonded die.

It is not sufficient to select a bonding technique without giving
consideration to process control or success history. A good tech-
nique by itself does not assure long-life. Evaluation is neces-
sary to select the best part.
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e A
 Diodes

3

DESIGN FACTORS

REMARKS

CONSTRUCTION

a. Monolithic double slug
b. Die bond

¢. Lead attachment

DIE CONSTRUCTION
a. Passivation

b. Planar

¢c. Scribing

This construction is limited to recti-
fiers and some general purpose diodes.

The preferved method is a gold
eutectic,

The best method is a single element
eutectic. Second choice is a dual
element eutectic. Soldering is the
third choice. ’

Phosphosilicate glass should be used.

Planar type construction should be
used rather than mesa.

Laser, chemical or ultrasonic
scribing should be used.
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Use of the double slug type package eliminates some of the failure
mechanisms common to whisker type packages. In some instances, it
may introduce failure mechanisms that are non-existant in whisker

type diodes. The monolithic double slug is an improvement in con-
struction over the double slug.

The monolithic double slug is not 'the" solution. Certain diode
characteristics are achieved by techniques that do not lend them-
selves to the monolithic or non-momolithic double slug construction.
For example, characteristics that are necessary for high frequency
microwave applications are achieved by etching the silicon to form
a mesa. The etching reduces the strength of the silicon in the
junction area, resulting in an inability to support a bond to the
slug.

Parameter Stability - Parameter stability is a function of passiva-
tion materials and techniques. Opinions vary as to the ideal
passivation. Most agree that a glassivation offers the most signi-
ficant protection. The glass should be a phosphosilicate type

that will act as a gettering agent for impurity ions.

Silicon Nitride (Si3N,) has characteristics that are desirable for
a passivating material. Some manufacturers are using it now.
Others have tried it in the past and found that it did not offer
significant advantages over a phosphosilicate glass at that time.
Theoretically, SisNy would enhance the life of semiconductors be-
cause of its resistance to diffusion by many elements, high die-
lectric constant, chemical inertness, and mechanical durability
(Ref 4). Process control is critical in the application of Si3Ny.
Although its use may be desirable, the manufacturer's ability to
control the application should be verified. A part, with Si3Ny,
from a manufacturer that has recently implemented it may not be
as reliable as a part from a manufacturer that does not use it.
Part evaluation will help to select the best part. Parameter
stability is the prime consideration.

Specific Features — There are some specific features that should
influence the selection ¢f all other items considered are equal.
These are:

a) Die or Geometry Size - The larger the junction, the greater
the current carrying capability. Conversely, this means that for
the same current, the junction will be cooler.

b) Die Shape - A round die will have better high voltage charac-
teristics than a die that has square corners.




e) Die Seribing - Die scribing with a diamond will cause more
cracks than a laser, chemical etch or ultrasonic technique.

d) Depletion Region Thickness - A wider depletion region will have
lower voltage gradients (volts/mil) than a narrow depletion region.

b. Results of Survey - A telephone survey of diode users was con-
ducted to determine what special or unique controls or tests were
imposed and what they were intended to control or detect. The re-
sults are summarized in Table 7.

Seven users were contacted. Most users were performing standard
Mil-S~19500 type testing. Three were performing tests that were
not standard Mil-S$-19500 tests. The special tests were monitored
mechanical shock, power cycling, parameter stability, bond pull
after mechanical shock and vibration, monitored thermal cycle,
surge current, and monitored breakdown voltage.

The monitored mechanical shock is performed to detect particles
that may cause shorting. Another method, not mentioned by the
users contacted for detection of particles, is the Particle Impact
Noise Detection (PIND) test. The PIND test is performed by vi-
brating the parts and listening for noise caused by loose parti-
cles. The PIND test could be used only on metal can, cavity type
parts.

Power cycling is performed as a qualification test to detect poor
interfaces in lead bonds and die bonds. The cycling is performed
‘by forcing current through the diode to cause the junction to heat
up to its rated value. The current is then turned off until the
junction cools to about +25°C. Current is reapplied and removed
in the same makner for the necessary number of cycles.

Parameter stability testing is performed on parts that are sub-
jected to a life test. Parameters monitored or checked are para-
meters that are key parameters for the part; e.g., reverse recovery
time (trr)’ capacitance, minority carrier lifetime, etc. The key

parameters are not to be confused with the standard quality indi-

cating parameters, such as leakage current (IR) and forward voltage

(VF>5 that are normally measured before and after life testing.

v-20



suorjoun{ oyqeasun 30839p O

suotTsanoxs sanjexasdway
8uTanp $31USIITWASIUT 30938p OF

spuoq xood 30338(Q

spuoq uo uoI3
~2IQTA PUB MO0YS JO $3I09IFe 30819(Q

1593 2371
Inoy~-0QQ01 SuTanp IITAP 3I0939Q

jo°Y2 puoq pesT/puoq IIQ

(Ae1dstp 2d0odS0OTTTOS0)
s3s83 93e3ToA

UMOPYNBII]q POIOITUOR
spuoq B2

-18anye3sw I0oU NUIS 3eaY
3TQNOp I0F JUSIIND 28ang

®T04D TRWADY] PIIOITUOR
uoIleIqTA PUB xwonm
IeoTueyosw ia3jye [Iind puog

9FTT Sutanp A3T1TgE3S
QwT] AI9A000X 9SIVADY

uoIled
~IF317enb 103 GuiioLo xemog

swa18AS ML

IsAus(g
B339 UI3ael

1893 °210%3Ieg }0o0YS pPaIOITUOR suoydaTa] 11°4 2pOIQ
NOZLYOLATISAL /A TYNOTILYY SINTHTIIADTY NOILVIIATIOHEIS gASH (ZM0DHLVD)
WO IsHEL HNDINN TIATL, L9vd

8a88(] 1a0d owoagoaly fo Asaing 4 91qpg

V=21



after the parts have been subjected to mechanical shock and vibra-
tion. The purpose of the test is to determine the effect of me-
chanical shock and vibration. The purpose of the test is to de-
termine the effect of mechanical shock and vibration on leads and
lead bonds.

Bond pull test is performed as a part of qualification testing

The monitored thermal cycle is performed to detect weak lead bonds
and die interface bonds. The electrical tests performed before
and after thermal cycling may indicate that the part is acceptable.
However, an intermittent could occur during the temperature excur—
sion that could result in erroneous system operation. The moni-
tored thermal cycle test would detect any intermittent, or open,
condit . .on.

The surge current test is performed to detect poor lead bond or
die bond interfaces. When used to detect poor lead bonds, the
amplitude should be small, about 50 or 100 ma, so that a welding
operation is not performed that will tend to cure the weak bond
interface. When the surge is used to detect poor die bond inter-
faces, the amplitude should be large enough, close to the part
rating, to cause heating due to the high resistance of the poor
contact. The'VF is checked prior to the surges and after the

surges to determine the transient thermal impedance. The test
limits for the transient thermal impedance are determined from a
gaussian distribution. The high contact resistance parts fall out-
side of the distribution. A part manufacturer is presently per-
forming a transient thermal impedance test. The total test time
per part is about 60 milliseconds.

The monitored breakdown voltage test is performed to detect in-
stabilities in the junction. Parts that exhibit discontinuities

or dynamic instabilities are removed from the lot. An oscilloscope
is used to monitor the breakdown. Instabilities in the trace are
indicative of junction impurities and defects.

e. Alternate Approaches -~ Alternate approaches possible are the
use of other part types or development of new processes or tests.

The use of other part types is a possibility for some applications.
Integrated circuits could be used for low power applications. The
advantages would be fewer interconnects, higher reliability and
greater component density. The disadvantages would be a greater
degree of difficulty in failure analysis and limited usage because
of power limitations.
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Another approach would be to use hybrid circuits with beam lead
diodes. Hybrid circuits offer a higher power dissipation capabil-
ity. The use of beam lead parts would eliminate the problems of
die bonding, and interconnect wire bonding. Beam lead parts have
poorer transfer characteristics because of lower heat conduction
of the beam leads.

Disadvantages with hybrid circuits are limited manufacturers and
more process controls. These are not considered to be major dis-
advantages, but they should be a part of the decision to use, or
not to use, hybrid circuits.

It is recommended that further study be conducted to determine if
the "Ideal Diode" approach is an effective and practical means of
selecting long life diodes. (Ref 5).

d. Hardware Life - The majority of diode failures occur as a re-
sult of defects during manufacturing and improper handling and
application. A properly assembled and applied diode will not wear
out.

Two environments that have the greatest impact on life are high
temperature and temperature cycling. It is estimated that a junc-
tion temperature of +150°C would increase the life by an order of
magnitude over a junction temperature of +200°C. The real effects
of temperature cycling on life are unknown, but experience indi-
cates that it is an effective technique to accelerate die and lead
bond failures

e. Application Guidelines - Proper application of a part is as im-
portant as proper assembly and test. The purpose of all effort
prior to application is to obtain the best part possible. Misap-
plication will tend to nullify that effort.

For proper application, considerations should be given to stud
torque, mounting surface flatness, voltage and current ratings,
junction temperature, derating of parameters that are known to
drift with time or temperature, stress relief in leads or inter-
connecting wires, and mechanical stresses such as shock and vi-
bration.

1) Stud Torque - Assure that the stud torque in the application
does not exceed the rated value. It is advisable to keep it at a
value below the rated value since the rating is based on what the
threads will withstand. To exaggerate a point, any amount of tor-
que will tend to cause stresses in the header material. These
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stresses will be passed on to the semiconductor die where heating
and cooling will amplify them. The difference in tensile stress
on a 1/4-20 stud torqued to 15 inch pounds and one torqued to 12
inch pounds is approximately 2000 pounds per square inch. This
additional stress could contribute to a shortened life for the
part.

2) Mounting Surface Flatness - For good heat transfer to a heat
sink, the flatness of the mounting surface should be equal to or
better than that of the seating plane of the part. Uncontrolled
mounting surfaces may also cause additional stresses to be trans-
mitted to the semiconductor die.

Stud torque and mounting surface flatness are closely related fac-
tors. A flatter surface will have a lower thermal impedance for

a given torque value. Conversely, a flatter surface will have the
same thermal impedance for a lower torque value.

3) Voltage Ratings - The user must understand the voltage ratings
and apply the part such that the voltages in the application do
not exceed 50% of the Peak Inverse Voltage (PIV) rating of the
part. PIV is the maximum allowable voltage, transients and all,
that the part should be exposed to.

4) Current Ratings - Current ratings on manufacturer's data sheets
are sometimes vague. There is no standard for specifying current
ratings. Some ratings are based on a heat sink mounting. Others
specify a current value, give a derating based on power and do not
give forward voltage versus forward current data that is sufficient
to apply proper derating. Current derating would seem to be the
preferred method as the current is something the designer can
realize.

The rms current rating determines power dissipation and is indepen-
dent of temperature. In other words, regardless of case temper-
ature, the rms current rating must not be exceeded. The rms current
is not normally specified on manufacturer's data sheets. Currents
usually specified are average rectified current (Io)based on 60

Hertz, sine wave, operation., DC forward current .IF)’ and surge
current. Surge current ratings are usually given for both repe-

titive and non-repetitive conditions.

- Maximum current through the diode should not exceed 50% of the
rated value being considered. The derated value will reduce junc-
tion temperatures for the same ambient temperatures and will allow



for unforeseen surge currents.

5) Junction Temperature - Junction temperature is normally the
limiting factor on how much current a diode can conduct. The life
of a diode is related directly to the junction temperature. Herr
and Fox (Ref 3) showed a reliability improvement of about 16 to 1
for junction temperatures of +100°C as compared to temperatures of
+200°C. It is advisable to keep the junction temperature below
110°C for silicon.

In order to achieve the lower junction temperature Tj the de-
rating curve must be adjusted to the desired Tj limit. The slope

of the curve is the thermal impedance of the part and is fixed by
the part design. Therefore, the slope of the derated curve has to
be parallel to the slope of the manufacturer's derating curve.
Often, the slope of the curve is changed to achieve the desired
derating. When this is done, any derating that may occur is less
than the percentage desired.

6) Parameter Derating - Derating applied to electrical characteris-
tics is usually arbitrary with respect to life. There is little
information available to show what degradation occurs with life.
What is available may not be applicable to the parts being consid-
ered. Qualification data can be used to aid in the derating, but

it is usually limited to 1000 hours.

Leakage currents will vary with temperature. However, they do not
always follow the text book rule of doubling every 10°C. Evalua-
tion test results should be used to establish leakage current vari-
ation with temnerature for design use. Leakage current variation
with life can vary from lot to lot in production. Practice has
been to double the specification limit for an end of life design
limit.

Forward voltage has proven to be stable with respect to life.
Therefore, no derating is recommended.

There have been discussions about a drift occurring in reverse re-
covery time (trr . There has been nothing documented to substan-
tiate the trr stability. It is recommended that a drift of ten to

20 percent be allowed for unless the stability can be verified.




7) Stress Relief - 1t is important to allow for stress relief in
leads or interconnecting wires to account for variations in lead
length due to temperature changes or flexing of printed circuit
boards. Stresses of this nature will damage glass-to-metal seals
or cause fracturing of glass cases.

Stress relief in interconnecting wiring is necessary to prevent
bending stresses on stud rectifier terminals which can result in
damage of glass—to-metal seals. These terminals should not be
used as terminal blocks, as shock or vibration coupled with the
extra loading of multiple wires can result in damage of glass to
metal seals. The appearance of the top terminals on stud recti-
fiers is deceiving. The terminal is hollow. Bending of this
kind of terminal is more degrading to glass seals than is bending
of solid terminals of the same size. It is advisable to utilize
a terminal block for multiple wire connections rather than the
terminal of a diode.

8) Shock and Vibration - For most applications, the parts can
meet the shock and vibration levels. However, the levels to be
encountered in the application are not always known, and for large
power diodes, the rating may be exceeded. Levels may be such

that failure does not occur at the time of exposure, but the part
is weakened enough to cause a shortened life.



TEST METHODOLOGY AND REQUIREMENTS

Qualification Testing

The purpose of the qualification test is to determine if the part
is capable of operating in the environment that it is to be ex-
posed to in the application.

The tests should also be relevant to the kind of construction
being tested; e.g., acceleration testing of a monolithic double
slug diode is not a worthwhile test. A shock test would be more
meaningful. Furthermore, data showing that the part is capable
of passing the desired levels should be used. If process control
is the concern, it should be verified by lot qualification.

The test sequence is important from the standpoint of detecting
the effect of an environmental exposure; e.g., hermetic seal
should be performed after a temperature cycling exposure rather
than the reverse order to determine the effects of exposure to
environments. Conventional qualification tests perform tests in
parallel and as such do not determine the deleterious effect of
one environment on the part's capability to withstand a different
environmental exposure. For example, one group of parts is ex-
posed to thermal shock while another group is exposed to mechanical
shock. The part's ability to withstand both has not been deter-
mined. It is quite probable that the part will be exposed to both
environments in the application. A more effective sequence is
proposed in Figure 1.

Some of the tests shown in Figure 1 may not be applicable to all
parts. The procedure should be modified to exclude those kinds
of tests.

A possible modification could be made to the conventional thermal
cycling test. This would be to put the parts in a cold chamber
(-65°C) and force the rated current through the junction, to cause
heating, until the part has stabilized. Then turn the current

off until the part stabilizes at the ambient temperature. Repeat
the cycle 1000 or more times. This kind of test would be more
realistic of what the part would experience in the application with
respect to thermal cycling. A test of this type would also re-
quire less handling because the parts would not have to be trans-—
ferred between hot and cold chambers. Other temperature options
could be used.
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The purpose of bypassing 257 of the qualification sample around a
portion of the screen tests is to verify the effectiveness of the
acceptance tests.

The qualification sample size is critical only from the standpoint
of having enough parts to assure a meaningful distribution. Gen-
erally, any amount over 100 through a test or a series of tests
would not yield any more information than the first 100. 1If the
part evaluation has revealed potential problem areas, a larger
sample size, larger than 10 or 15, could be subjected to those
tests to give a higher confidence that the production parts will
survive.

Electrical testing of all parameters should be performed before
and after qualification to assure stability. End point tests of
two or three quality indicating parameters is acceptable for in
line tests. The testing of all parameters before and after is
advised.

A construction analysis should be performed to verify that the
qualification parts are similar to the evaluation parts. This
will also aid in failure analysis activities.

The moisture resistance or hermetic seal test will have to be
selected for optimum effectiveness in detecting non~hermetically
sealed parts. The monolithic double slug parts have no cavity
internally, so trying to force a tracer gas into the part for
leak detection is not an effective test. A detergent pressure
bomb test with an electrical drift test afterwards has proven

to be an effective test. The pressure bomb test may be effec-
tive for cavity type parts when the cavity volume is small.

The serial arrangement of the thermal shock and mechanical shock
is to stress bond interfaces thermally, then to test their in-
tegrity by a mechanical stress. The hermetic seal test after-
ward verifies the capability of the package to maintain a
hermetic seal.

The terminal strength test is more effective if VF is monitored

during the test when testing non-monolithic double slug diodes.

The electrical stress is normally a current surge exposure. It
could be a single surge or a combination of surges but should not
exceed the rating of the part. If thermal or mechanical shock
has degraded die or lead bonds, the surge current can cause heat~
ing that can crack the die or cause melting of contact materials.
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High temperature life will reveal weaknesses in die and lead bonds.
Contact resistance at the metal silicon interface will increase
if a defective bond exists.

Operating life at rated current and voltage will verify part ratings.
When performed in series with thermal, mechanical, and electrical
stress, it will verify the part's ability to perform its intended
function in the application. Comparison of test results from the
series life test to the parallel life test will aid in determining
the effects of the stresses on the life of the part.

Power cycling is performed to determine the ability of the part to
operate in an on-off mode. This causes heating and cooling that
stress the die and lead bonds. The cycle length can be determined
empirically and is not critical. The prime concern is to have as
large a temperature excursion as possible while heating the junc-
tion to its rated temperature. The number of cycles should be
adequate to allow a prediction as to the total capability. Peri-
odic testing of the quality indicator parameters is required for

a meaningful prediction.

The step stress tests are performed to determine the margin between
the part's ratings and its capability. This is important when de-
rating for design.

The Unique Tests are performed to detect potential problem areas
that are unique to a type of construction. For example, non-
monolithic double slug parts should be subjected to a monitored
thermal shock test to verify that intermittents will not occur
during temperature excursions, and welded packages should be sub-
jected to particle impact noise detection (PIND).

a. Accelerated Testing - Accelerated testing is beneficial in
that it allows the tester to obtain results in a short period of
time. Caution should be exercised so as to not induce failures
because of the test conditions.

1) High Temperature Storage - This method is used to check con-
tact and bond interface quality. Temperatures used should be
established empirically to verify that failure modes due to the
high temperature are known, considered, and are not allowed to
influence the test results.



2) High Temperature Bias - This method is used to check surface
problems such as inversion and accumulation. Bias levels should
be 80% for voltage, 100% for current, and a temperature of +150°C.

3) Stress Testing - Step stress testing is a means to determine
part capability and to accelerate failure mechanisms. The capa-
bility must be determined first or the step stress could intro-

duce new failure mechanisms. The determination of capability is
necessary for each part and each manufacturer.

Screen Tests (100%)

The purpose of the screen tests is to remove parts that do not
meet the electrical and fundamental mechanical integrity require-
ments, and parts that have built-in defects and infant failures.
Screen tests are performed on all parts and are usually a part

of acceptance testing. Screen test all parts.

Screen tests could contribute to the effort of obtaining parts
with long-life by screening out parts with a short life. The
tests have to be designed with that in mind rather than what
method is most convenient or economical. Many tests are performed
on automated test equipment using pulsed forcing conditions and
yielding digital outputs. Test techniques of this sort will not
show soft or unstable breakdown characteristics.

Schenk (Reference 6) observed a phenomenon described as walkout.
This occurred in some parts that had been exposed to a forward
bias stress. Briefly, it is gradual stabilization in leakage
current with a gradual increase in voltage. The leakage current
will be low and stable up to a value of reverse voltage. In-
creasing the reverse voltage by a volt or two causes a temporary
instability in leakage current. When the current stabilizes for
a given voltage, it remains stable for voltages equal to or less
than that voltage. Automated test equipment does not detect this
kind of fault. It is detectable by viewing the characteristics
on an oscilloscope.

It is possible that the breakdown voltage meets the specification
value, as shown by automatic test equipment readout, but the part
is unstable. If the part is used in a rectifying application,

it may never fail because it becomes unstable only after a con-
tinuous voltage bias. The applied voltage on the rectifier is
such that it will keep the fault from developing to the failure
stage.
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Walsh (Reference 5) suggests an '"Ideal Part' approach to screen-
ing. Fundamentally, it involves establishment of ideal charac~-
teristics from theoretical and empirical data, selecting levels
of voltage, temperature, and current that are most likely to
indicate the presence of extraneous series, parallel or changing
charge conduction mechanisms, performing evaluation tests to
determine the level and rates of change of the conductivity con-
stants of the various charge generation and transport mechanisms,
and comparing parts to these values. Parts that compare to the
ideal curve have proven to remain stable for 2500 hours. Parts
that do not conform to the ideal curve show degradation and fail-
ure during the 2500 hour life test. The test results show enough
consistency to warrant further study.

A suggested screen test sequence is shown in Figure 2. Test de-
tails should be modified to the part being screened. For example,
no acceleration on double slug diodes, high temperature bias for
silicon controlled rectifiers may be dropped, and the burn-in
modified to be an AC blocking veoltage exposure. A discussion of
each screen test follows.

a. Internal Visual Inspection - The purpose of this test is to
detect contamination, misplaced bonds or whiskers, scratches in
metallization, sagging or missing internal leads, cracked die,
etc. This inspection may be performed before or after the pack-
age sealing operation depending on the package construction. A
wafer or die inspection prior to assembly would eliminate some
of the defects found at the assembly level.

Internal visual inspection of some monolithic double slug parts
is impossible in that the package is opaque. Defects that the
internal visual inspection were meant to detect are eliminated
by this method of construction.

b. Stabilization Bake - This step is inserted to do what the
name implies, stabilize the part, primarily the junction. The
shortness of the exposure does not allow much else to happen.
It is possible that it may tend to accelerate defects in the
die and lead bonds.



Internal Visual

Stabilization Bake
(96 Hours)

[1]

Thermal Shock
Acceleration
Hermetic Seal

o

High Temperature
Reverse Bias

T

Burn-in

]

+25°C Electrical
Measurements

, Electrical End Point
[2] Tests with Drift Limits

Electrical Test, All
Parameters. Low, Ambient
and High Temperature.

]

]

X-ray
External Visual

Figure 2 Screen Test Sequence



¢. Thermal Shock — Military specifications; e.g. MIL-STD-750,
attach the term "Thermal Shock" to two tests. One is a hot
liquid/cold liquid exposure. The other is a cold chamber/hot
chamber with a gas ambient (usually air) exposure.

The liquid test is considered to be more severe because of the
rapid change in temperature that causes larger temperature dif-
ferentials, and is the recommended test for detecting mechanical
defects. The liquid used is normally water, which tends to limit
the temperature excursion to 100°C compared to about 250°C for
air.

Some parts are capable of exposure to liquid nitrogen (-195°C)
with immediate transfer to boiling water (4+100°C) and back to
the liquid nitrogen without damage. This exposure is severe be-
cause of the temperature differentials encountered.

The purpose of the thermal shock is to detect poor glass—to-metal
seals, poor die bonds, or cracked dice.

d. Constant Acceleration - The purpose of this test is to detect
weak contacts or bonds. It is effective for whisker type parts
only. Acceleration testing of double slug parts, monoclithic or
otherwise, cannot be considered a wasted effort, but there are
better tests to perform for the money and time.

e. Hermetic Seal - This test should be performed after thermal
shock so as to detect defective seals caused by the thermal shock.
The actual technique of detecting the defects is dependent on the
package construction. Tracer gas is effective for cavity type
parts. A detergent bomb test is preferred for non-cavity or small
cavity parts. (A DO-35 package is considered a small cavity.)

f. High Temperature Bias - The purpose of this test is to detect
surface contamination defects. On planar construction, a reverse
bias can cause an inversion and a forward bias can cause an ac-
cumulation (Reference 3). Both of the phenomena are detected

by soft breakdown and an increase in leakage current. An oscillo-
scope display would be an effective way of detecting parts that
have inversion or accumulation defects. The display would reveal
the soft breakdown and instability in the breakdown region. In-
stability of the breakdown voltage or increases in leakage current
would be indicative of potential problems that could cause a
shortened life.



The high temperature bias test is most effective on the planar
construction. Its worth on the mesa type construction has been
questioned. The data on previous lots that have been subjected
to the bias should be reviewed to determine the effectiveness of
the test. If it detects defective parts, it should be retained.
The burn-in may have detected the same defective parts. If so, a
redundant test is being performed.

Manufacturers of silicon controlled rectifiers are of differing
opinions on the effectiveness of the high temperature bias. Some
use it, others claim that an ac blocking voltage exposure is more
effective. It would seem that further study in this area is needed,

g. Burn-In - The purpose of the burn~in is to simulate actual
operation conditions to eliminate infant failures. There are
arguments for ac burn-in and there are arguments for dec burn-in.

If the application is known, the burn-in should be structured
toward simulation. Otherwise, rectifiers should have an ac burn-
in and parts used as diodes (de or blocking applications) should
have a dc¢ burn~in. If the application is not known, it is recom-
mended that a dc burn-in be performed. A 100% burn-in is recommended

Whichever technique is used, the junction temperature should be
close to the rated value. This could be achieved by a high ambi-
ent temperature and a low current or a low ambient temperature and
a high current. The high current is the preferred approach because
it will be more likely to detect weaknesses in the junction, lead
bonds, or die bonds than a low current.

h. Radiographic Inspection - This inspection will supplement the
internal visual inspection or, if an internal visual inspection
could not be performed, it will take the place of it.

Defects that it can detect are weld splatter, extraneous lead mat-
erial, voids under the die, whisker or lead deformation, misalign-
ment of heat sinks, and whiskers.

X-ray inspection on some parts may be ineffective because of the
case material. Some glass case parts use glass that contains lead.
X-rays on these parts yield only a good silhouette, X-ray of stud
rectifiers are more effective if they are taken on an angle to the
stud.

1. External Visual Inspection - This inspection will remove parts

that have defective leads (e.g., corroded, bent or scratched), de-
formed cases, and poor markings.
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Parvameter Dritt Detection

Parameter drift detection is accomplished by applying a drift
limit to a critical parameter, measuring that parameter, exposing
the part to a particular envirvonment (e.g., burn-in), remeasuring
the parameter, and comparing the two values. Any difference be-
tween the two values will indicate that a change has occurred, but
it does not indicate when the change took place. It is possible
that a parameter may drift at a point in time early during the ex-
posure and then remain stable during the remainder of the exposure
time. The drift may have exceeded the allowed limit and as such
is rejected as an unstable part.

Zierdt (Reference 7) discusses a possible fault with drift limits.
The argument is that the parts may have an inherent offset tendency
in the measured characteristics. The effect itself may be larger
than a characteristic drift. If the offset magnitude is not con-
sidered in establishing the drift limits, good parts may be rejected.
It is also noted that parts may drift initially and then stabilize.
Unless intermediate measurements are made, the stabilization will

go undetected, the drift will be noticed and the part rejected.

Care should be taken to make certain that an attempt is made to
verify part stability.

The drift limit may be established by the mission and part require-~
ments. Missions that are long-term should use parts that exhibit
the most stability. The limit should be based on life test results.
There must be a correlation between drift limits and stability dur-
ing life tests.

The quality indicator parameters used depend on the kind of part.
Diodes and rectifiers traditionally use reverse current and forward
voltage drop. Zeners use reverse current and breakdown voltage.
Reverse current is considered to be the best quality indicator
parameter.

Some manufacturers use a scope display of the breakdown voltage to
determine stability. The scope display is a time consuming test
that has to be performed manually. As such, it is not performed
by many mapufacturers, but is a good test to select stable parts.

It is recommended that additional studies be performed to determine
if the "Ideal Diode" screening technique could be developed and used
to select long-life parts. The results of the study by Walsh (Ref-
erence 5) indicate that his approach is sound.



Failure Mode Detection

Internal visual inspection will aid in detection of some of the
mechanisms shown in Table 1. However, some diodes do not lend
themselves to an internal visual inspection. O0f these, some may
be inspected for certain mechanisms during the manufacturer's fab-
rication processes.

Others, such as some monolithic double slug types, do not lend
themselves to an internal visual inspection. These parts were
designed to eliminate the kinds of problems that an internal vis-
ual inspection detected. Electrical test and x~ray are tests
that will detect remaining failure mechanisms.

Internal visual inspection may or may not be an effective failure
mechanism detector. The user of the part must make that judgment
and act accordingly.




PROCESS CONTROL REQUIREMENTS

Most defects caused by lack of control will be detected during
normal screening procedures. The defects that are not detected
will be those that are time dependent such as corrosion due to
chemicals that have not been cleaned off the die, lead bonds that
are good enough to endure screen testing, but weak enough to cause
early life failure, and cracks in the die that propagate due to
temperature cycling caused by on and off operation. Because these
defects cannot be detected during testing and can affect the part
life, they are considered to be the critical processes.

Scanning Oscillator Techniques (SOT) should be used as a means of

in-line process control for detecting dislocations in the silicon
(Ref 2).

This SOT is based on diagnostic X-ray charts. These charts are
obtained through correlation of SOT topograph and final device

yield maps. The topographs are recorded through the use of the
scanning oscillator technique of x-ray diffraction microscopy.

The technique is nondestructive. Use of the SOT as an in-line

control will alsoc help to determine where, in the process flow,
problems are occurring.

It is recommended that the use of the SOT as a means of rejecting
dice be investigated. Dice with dislocation defects could be re-
moved at the time the wafer is broken up into dice.

A review of the manufacturer's records and data should be per-
formed to determine if he has process control. The data could be
that compiled at in-line check points. If the data shows increas-—
ing or stable yields, the processes in question are being con-
trolled effectively.

Lot to lot test data for parts is another means of detecting pro-
cess control effectiveness. Decreasing or stable reject rates
would be indicative of effective process control.

The manufacturer should have in-line check points to verify pro-
cess control. Electrical wafer probing and lead bond pull tests
are examples of check points. Results of these checks would aid
in early detection of process problems.
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Acceptable Parts

The parts shown in Table 8 are parts that have been used on space
programs at Martin Marietta Corporation and other manufacturers

of space hardware. The parts have sufficient history to demon-—
strate the soundness of their design. They have been in produc-
tion long enough to have achieved a high degree of process matu-
rity, while also maintaining a popularity that will tend to assure
long~term production.

The section on Selection Criteria in this chapter must be considered
when using this, or any other list. The presence of a JEDEC or com-
mercial number from this list on a part does not necessarily put it
in the category of a high reliability part. The manufacturer and
part evaluation results should be the major determining factor.

V=39




Table 8 Recommended Parts List Diodes
Parameters
BVZ
FD +5 PCT IZT ZZ T.C. IZH Tj MAX Commercial
Application Description {Watts) {Volits)i (MAY {Ohms) i (PCT/°C) (HMAY (°Cy Part Number
Regulator Diode Semiconductor Device, A 3.3 20 26 -.052/-.087 120 ~65 to +175 IN3506
General Purpose Diode, Zener, 400 MY 3.6 20 23 -.045/-.078 110 IN3507
3.9 20 22 -.040/~.067 100 IN3508
4.3 20 19 -.030/-.060 90 IN3509
4.7 20 17 ~.010/~.050 85 IN3510
5.1 20 15 +.015/-.030 75 IN3511
5.6 20 8.5 | +.009/+.035 70 IN3512
6.2 20 4.0 +.010/+.047 65 IN3513
6.8 20 4.3 | +.024/+.055 60 IN3514
7.5 10 5.0 [ +.028/+.059 50 IN3515
8.2 10 6.0 | +.030/+.065 45 IN3516
9.1 10 7.5 | +.030/+.068 40 IN3517
10 10 8.5 | +.054/+.075 38 IN3518
11 10 12 +.058/+.080 35 IN3519
12 10 13 +.060/+, 087 32 IN3520
Semiconductor Device, 1.0 3.3 76 10 ~.075 276 {~65 to +175 IN3821A
Diode, Zener, 1 W 3.9 64 9 ~-,060 238 IN3823A
[ 53 8 £.025 1%4 IN3825A
5.6 45 5 +.040 162 IN3827A
6.8 37 3.5 | +.057 140 IN3016B
8.2 31 4,5 +.065 115 IN3018B
10.0 25 7.0 ] +.071 95 IN3020B
12 21 9.0 | +.076 80 IN3022B
15 17 14 +.082 63 IN3024B
18 14 20 +.085 52 IN3026B
22 11.5 23 +.087 43 IN3028B
27 9.5 35 +.,090 34 IN3030B
Semiconductor Device, 5.0 6.8 175 1 .05 700 |-65 to +175 | IN4954
Diode, Zener, 5 W 8.2 150 1.5 .06 580 IN4956
10.0 125 2.0 .07 475 IN4Y58
12.0 100 2.5 .07 395 IN4960
15.0 75 3.5 .08 315 IN4962
18.0 65 4.0 .085 264 INA964
22.0 50 5.0 .085 216 IN4966
27.0 50 6.0 .09 176 IN4968
33.0 40 10.0 .095 144 IN4970
39.0 30 14.0 .095 122 IN4972
47.0 25 25.0 L0953 100 INL9T4
56.0 20 35.0 .095 84 IN4G9T76
68.0 20 50.0 .100 70 IN4978
Regulator Diode Semiconductor Device, 10 6.8 370 1.2 | +.057 1500 ~65 to +175 IN2970B
General Purpose Diode, Zener, 10 W 8.2 305 1.5 +.065 1180 IN2972B
10.0 250 3.0 | +.071 980 IN2974B
12.0 210 3.0 | +.076 820 IN29768
15.0 170 3.0 +.082 640 IN2979B
18.0 140 4.0 +.085 525 IN2982B
22.0 115 5.0 +.087 435 IN2985B
27.0 95 7.0 | +.090 340 IN2988B
33.0 75 9.0 | +.092 300 IN2990B
39.0 65 11.0 +.094 240 IN2992B
47.0 55 14.0 +.095 200 IN2995B
56.0 45 16.0 +.096 170 IN29998
68.0 37 18.0 +.097 137 IN3001B
82.0 30 25.0 | +.098 115 IN3003B
100.0 25 40.0 +.110 91 IN3005B
120.0 20 75.0 +.110 77 IN3008B
150.0 17 175.0 +.110 62 IN3011B
180.0 14 260.0 | +.110 52 IN3014B
Semiconductor Device, 4 15 8.5 16 +.082 26 [-65 to +175 | IN965B
Diode, Zener, 400 MW 18 7.0 21 +.085 21 IN967B
22 5.6 29 +.087 17 IN969B
27 4.6 41 +.090 14 IN971B
33 3.8 58 +.092 12 IN973B
39 3.2 80 +.094 9.1 INS75B
47 2.7 105 +.095 7.9 ING77B
56 2,2 | 150 +.096 6.9 IN979B
68 1.8 | 230 +.097 5.5 IN9BIB
82 1.5 330 +.098 4.6 IN983B
100 1.3 500 +.110 3.7 IN985B




Table 8 (cont)

Parameters
P ’
D B\Z L Z T MAX C rcial
(Wates) |25 PCT | 27 z T.C. 2 3 ommercia
Application Description MAX (Volts) | (MA) (OHMS) (PCT/°C) (ria) (°Cy Part Number
Temperature Compensated Semiconductor Device, 250 MW 6.2 7.5 15 .001 -65 to +175 INB827
Reference Diode Diode T.C. Reference =55 to +100
. Diode
Semiconductor Device, 500 MW 9.0 7.5 20 .001
Diode T.C. Reference -55 to +150 -65 to +175 | IN938B
Diode
Semiconductor Device 500 MW [11.7 7.5 30 .001 ~65 to +175 IN944B
Diode T.C. Reference =55 to +150
Diode
13 r VAT I “r c T_MAX|T MAX
b |sv +25°C NA_ |'F F =T at o FEX|Ty Conmercial
Application Description () | (Volts) | +130°C UA {(Volts) (MA) X MA (PF) | (MA) {(°C) Part Number
Switching
High Speed Semiconductor Device,| 500 | 100 25 1.0 10 4 Ns 4.0 | 400 -65 to +175 | IN4148
High Conductance | Diode 50 10 Ma
Silicon, Computer VR =75
Low Leakage, Semiconductor Device, | 500 150 1.0 .52-.68 1 3 Us 8.0 200 -65 to +150 | IN3595
Controlled Diode 3.0 . 6-.75 5 (10 MA
VF (1-200 MA) Silicon, Computer VR = 125 V| .74-.88 | 50
.83-1.0 1200
High Conductance | Semiconductor Device,| 250 | 200 100 |1.0 100 |50 Ns 5.0 220 [~65 to +175 | IN4938
High Speed Diode 100 30 MA
High Breakdown Silicon, Computer VR =175V
Controlled VF Semiconductor Device,| 500 75 100 . 54-.62 1.0|_4 Ns 2.5 | 400 |~-65 to +200 | IN4150
Diode 100 .66—.74 10 10 to 200 MA
(1-200 MA) AN _ 1
High Speed Silicon, Computer VR = 50 V]| .82-.92 00
.87-1.0 [200
Controlled VF Semiconductor Device, | 500 75 50 +49~.55 1] 4 N§ 2.0 | 400 |-65 to +200 | IN4153
(.1-20 MA) Diode 50 «59-,67 1,010 MA
H:.L h Speed Silicon, Computer VR = 50 V| .70-.81 | 10
gh Spee .74-.88 | 20
A V. I, MAX AT
R RM(WKG) R . .
1
Volts | Volts Lo AT Ty {4osec va | VP™X AT Iy | Tpg Ty Hax Commercia
Application Description Peak | Peak Amp | °C | +150°C MA | Volts | Amp |NS °C Part Number
Rectifier
Fast Recovery | Semiconductor Device, | 400 400 12 1100425 1.5V | 38 A 200 MAX | -65 to +150 | IN3893
Diode, Silicon Fast 3 (PX) (PK)
Recovery, Stud
Fast Recovery | Semiconductor Device, | 600 600 1.0{ 55{1.2 .6-1.3] 1.0 1150 MAX {~65 to +175 | IN4ADG4E
Diode, Silicon Fast 0.2
Recovery, Axial Lead
Fast Recovery | Semiconductor Device, | 400 400 3.0} 55]1.0 .6-1.3] 3.0 |150 MAX | -65 to +175 | IN5418
Diode, Silicon Fast 20 UA AT
Recovery, Axial Lead +100°C
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VI. TANTALUM CAPACITORS

A. INTRODUCTION

This chapter discusses the following types of tantalum capacitors:
1. Solid Electrolyte, Sintered Slug
2. Wet Electrolyte, Foil
a. Plain Foil
b. Etched Foil

3. Wet Electrolyte, Sintered Slug

Tantalum electrolytic capacitors provide large values of capaci-
tance per unit volume, but they are less reliable than other
types. For example, Reference 1 reports that six tantalum capaci-
tor failures occurred in the Mariner Venus 67 spacecraft program.
The total capacitor usage was 4622 parts of which 1301 were
tantalums. No failures occurred in the other capacitor types.

The construction of each of the tantalum capacitor types is re-
viewed and an analysis of the associated failure mechanisms is
made. From these considerations, and an industry survey, guide-
lines are derived for design criteria, process control, test,

and application requirements which will enhance their reliability.

B. GUIDELINES FOR LONG-LIFE ASSURANCE

The life expectancy of properly constructed, tested, and applied
tantalum foil and solid electrolyte capacitors is in excess of
100,000 hours. The quality of these parts is due largely to good
control of critical materials and complex processes. However,
many failures have occurred from errors such as lead welding,
slug soldering, insulation sleeve defects, etc. The wet slug
tantalum capacitor is not recommended for long-life applications
at this time. The preferred choice for long-life applications is
the solid electrolyte capacitor. Wet slug capacitors should be
permitted only if their use has been specifically justified. When
used, the electronic packaging design should permit their re-
placement without damage to other parts.

VI-1



The
capa
serv
have
tor

Desi

guidelines presented herein will enable use of tantalum
citors with minimum probability of defects and maximum

ice life. Guidelines for wet electrolyte slug capacitors :
been included even though the solid electrolyte slug capaci-
is the preferred choice for long-life applications.

gn Guidelines

1Y)

2)

3)

4)

5)

6)

7)

8)
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Use only hermetically sealed capacitors to provide maximum
stability and reliability, and prevent outgassing during
low pressure operations.

For foil and wet slug capacitors, the leads should be welded
to anodized tantalum risers external to the hermetic seal

so as to provide a completely insulated structure within

the seal.

The tantalum riser wires should not extend more than 1l/4
inch beyond the seal to minimize the possibility of bending
and therefore damaging the riser and its oxide, particularly
at the seal area.

The cathode lead of wet slug capacitors in silver cans should
be of a material which is weldable to silver without causing
crystallization or punch~through. For this purpose, silver
or oxygen free copper is superior to other materials such as
nickel.

Gelled electrolyte is preferred over liquid sulfuric acid
electrolyte in wet slug capacitors because of lesser
mobility.

The proper high temperature solder must be used in fabrica-
tion to prevent reflow during assembly operations.

The attachment of slugs into solid electrolyte capacitor
cases must utilize silver bearing solder to prevent silver
paint dissolving into the solder.

Plain foil capacitors are preferred over the etched foil,
since the etched foil is somewhat more prone to manufac-
turing process errors.



Process Control Guidelines

In general it is not necessary nor desirable for the user to con-
trol the processes of the tantalum capacitor manufacturer. Varia-
tions in processes, equally successful and equally proprietary,
exist. Each manufacturer, however, must have his particular proc-
esses under strict control. The lack of control will usually be
reflected in wide product variations and poor yield., As a guide-
line, however, the user should not wait for these effects to mani-
fest themselves, but should obtain maximum supplier cooperation
and monitor him as closely and continuously as possible.

Test Guidelines

1) Tantalum capacitors should be qualified to the requirements of
MIL-C-39003 or MIL-C-~39006 level P, as a minimum. Additional
program-peculiar requirements should be added as required.

2) Radiographic inspection on 100%Z of the devices should be made
in accordance with more comprehensive inspection criteria such
as in MSFC-STD-355 to detect anomalies more effectively.

3) Burn-in should be increased to a minimum of 240 hours at rated
voltage at 85°C with tight delta limit criteria. Stability is
an indication of reliability and present durations are not
sufficiently long to detect all parts with instabilities. Read
and record measurements of capacitance, dissipation factor, and
leakage should be made before and after burn-in on 100% of the
devices.

4y Seal test should be performed on 100% of the devices to verify
every seal. In addition, if acid electrolyte is used, a litmus
paper or thymol blue test should be added to the usual leak
test.

5) Accelerated tests are applicable to solid tantalum capacitors.
Caution is required in applying these techniques to foil or
wet slug capacitors as electrolyte breakdown may occur at
relatively low voltages creating a new failure mechanism.

Application Guidelines

1) For highest reliability, polar capacitors should be applied so
that voltage reversal never occurs, including the conditions
of combined ac and dc voltage.
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3)

4)

5)

6)

7)

8)

2)

10)

11

When capacitors are used in series, balancing resistors should
be used to assure proper division of voltage.

When capacitors are used. in banks, they should be assembled in
easily removable modules to facilitate replacement and test.

Solid electrolyte capacitors should be applied with a limit-
ing series resistor of 3 ohms per volt minimum so that scin-
tillation effects do not precipitate catastrophic breakdown.

When solid electrolyte capacitors are used in banks, the series
limiting resistor should be installed with each capacitor to
prevent discharge of the entire bank into a scintillation
fault.

The ripple current in all capacitors should be limited to
values which do not bring the temperature above the derated
rating. When capacitors are used in banks it is cautioned
that the capacitor with lowest ESR will carry the largest
ripple current.

The largest possible case size should be used for a given
capacitor voltage rating as this provides thicker oxide di-
electric, lower ESR, lower dissipation factor, better heat
dissipation, and greater capacitance stability.

To minimize silver particle generation, the ripple current
for wet slug capacitors should be derated as follows:

T, Case Size -~ 35 ma RMS
T, Case Size - 120 ma RMS
T4 Case Size — 300 ma RMS

For long life high reliability usage, the peak voltage includ-
ing surges and transients should be limited to 507 of the
manufacturer's derated ratings for all tantalum capacitors.

For foil and solid electrolyte capacitors, the allowable ripple
current should be derated to 70% of the manufacturer's derated
rating for high reliability.

The temperature of solid electrolyte capacitors should be lim-
ited to 30°C including internal temperature rise. TFor long
1 , the foil and wet slug types should be held to 70°C.

&
ife
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Sgecigi Considerations

1)

2)

3)

4)

5)

6)

When purchasing tantalum capacitors, the lowest failure level
available should be used.

Flight hardware should use the freshest product available to
avoid degradation that may have occurred during shelf life
and to take advantage of improved processes and techniques.

Whenever wet slug capacitors are used, they should be oper-
ated a minimum of 240 hours in the actual use condition. Dis-
section should then be made and the device observed for silver
deposits on the anode and cathode. Evidence indicates that
ripple current can plate and deplate silver.

Select parts with high volume continuous production and ac-
ceptable past history with no likelihood of product line
obsolescence to obtain products with maturity.

For highest assurance, reject all parts with absolute or
delta parameter outlier values. Analyze parameter delta
shift data and use only the most stable parts in flight hard-
ware. Perform litmus or thymol blue test on parts containing
acid just prior to installation in assembly.

Avoid non-standard sizes, ratings, and lead materials to avoid

risks associated with manufacturer's lack of experience with
such parts.
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LIFE LIMITING PROBLEMS AND SOLUTIONS

Failure Mechanism Analysis

a. Construction Features - The heart of the sintered tantalum
capacitor is a porous tantalum anode fabricated by forming small
particles of high purity tantalum into a compact mass and then
sintering at high temperature under a vacuum. Camphor, stearic
acid, or similar organic compounds are added to the powder prior
to pressing into pellets of the desired shape in a die (Reference
2). The problem is to fabricate a porous tantalum body of high
purity, uniform porosity, optimal density, high volume efficiency,
and high mechanical strength. The binders are driven off during
a part of the sintering operation known as the pre-sintering step.
Both sintering and pre-sintering are batch processes with cycle
times of about 4 to 10 hours. Sintering temperatures are approx-
imately 2000°C. The sintering process yields a porous pellet
which has a large surface area relative to its volume. The volu-
metric efficiency is dependent on the size of tantalum powder

used in forming the pellet, typical pores having diameters on

the order of 10 microns, with lengths as much as 1/8 inch. Typ-
ical surface area achieved is from 110 to 200 cm? per gram. (Ref-
erence 3).

The porous tantalum pellet is then anodized to form the dielectric
Ta,05 film which is the active part of the anode capacitance. The
electrochemical oxidation of the pellet is performed in an anodiz-
ing solution such as phosphoric acid. A current is passed between
the tantalum anode and a suitable cathode material in the acid
solution. The current is kept constant as shown in Figure 1, while
the voltage is increased. This is necessary because the amorphous
Ta,05 is growing on the pellet. At a predetermined voltage (called
the forming voltage) the voltage is held constant while the current
decreases due to the oxide thickness approaching a limiting value
proportional to the forming voltage used. The forming voltage is
typically between four and eight times the voltage rating of the
finished capacitor.

To complete the capacitor, a contact must be made to the oxide.

The two contact methods used are wet electrolyte and solid electro-
lyte, which is the derivation of the terms for these capacitors.
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Figure 1 Anodization Curves

The terms wet-slug and solid-slug distinguish the type of electro-
lyte used in sintered tantalum capacitors. The porous anode struc-
ture imposes a limitation in that the cathode surface cannot be
brought in close proximity with the anode surface such as in con-
ventional wound foil capacitors. The cathode area is restricted
severely because it cannot conveniently exceed the outer surface

of the anode. Also, the electrolyte must have low resistivity
because the resistance of electrolyte in the pores is in series
with the capacitor, adversely affecting the power factor. The most
suitable electrolyte in common use for wet slug capacitors is 30-40%
sulfuric acid solution. It may be in a liquid or gelléd form.

This electrolyte has an acceptable temperaure coefficient of re-
sistance to -55°C and can be operated at 125°C in a pure silver
container. The container is the cathode and the sulfuric acid
solution is the conductor between the tantalum oxide surface and
the silver cathode. The capacitance of a wet slug electrolytic
capacitor is not determined entirely by the area and thickness of
the Ta,0y dielectric and its dielectric constant. This is due
primarily to the capacitance of the cathode which acts in series
with the anode capacitance. This capacitance is polarization
capacitance due to a Helmholtz double layer at the cathode surface.
This double layer consists of space charge created by a layer of
ions absorbed on the silver surface and an oppositely charged

layer in the electrolyte interface separated by a distance of a

few angstroms. This small charge layer separation results in
capacitance on the order of 10 microfarads per cm? of surface for
silver in sulfuric acid (Reference 3). This capacitance is a func-
tion of the metal and the electrolyte. As it is desirable to have
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infinite cathode capacitance, the interior of the silver case is
usually treated {such as platinizing) to increase this capacitance.
A great deal of effort has been made in determing combinations
which have the highest capacitance per unit cathode area. Any
chemical or electrochemical reactions between the electrolyte and
cathode usually lead to the formation of dielectric films that
greatly reduce the polarization capacitance and give rise to aging
effects in the capacitor. The polarization capacitance decreases
with frequency and accounts for the poor frequency characteristics
of wet tantalum capacitors. The poor low temperature character-
istic is due to decrease in the polarization capacitance and the
large increase in electrolyte resistivity.

Figure 2 shows one type of construction of a hermetically sealed
wet slug tantalum capacitor. The elastomer support pads are
used to isolate the anode from the case and provide support as
an anti-vibration spacer. The solder should be high temperature
solder so that reflow does not occur due to assembly operations
in circuit fabrication. In other designs, an eyelet is provided
in the header and the lead weld is buried in the eyelet as opposed
to being external to the case. Some designs provide a crimp in
the can over the top elastomer pad to minimize capillary action
and confine the electrolyte to the slug area. Theoretically
there should be no chemical degradation of the device. However,
the possibility of impurities being in the electrolyte or other
materials always exists, as well as defects caused by handling,
welding, sealing, etc. The electrolyte does not dissolve the
tantalum oxide.

The resistance of the tantalum oxide-electrolyte interface is

very low in the reverse direction. The permissible reverse
voltage is theoretically determined by the potential required to
cause an evolution of hydrogen at the silver cathode. With sul-
furic acid electrolyte and a silver cathode, the reverse voltage
is thus theoretically limited to about 1.2 volts. However, any
reverse current in this type of capacitor will cause silver ions
in the electrolyte to plate out on the anode slug. This plating
is preferential at high conductivity sites (defects) on the oxide.
As silver does not anodize, the high conductivity sites remain

so and may cause a short between the tantalum and the electrolyte.
With forward voltage applied at all times, high conductivity sites
have a tendency to heal themselves. The mechanism of self~healing
is electrolysis in much the same manner in which the capacitors
were originally formed. Any fractures or weak spots in the oxide
(if not catastrophic) would heal themselves by reforming with ap-
plied voltage. This also occurs in the phenomenon known as ''scin-
tillation' or "flicker." The oxide breaks down suddenly under
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voltage stress, a high current flows momentarily, the breakdown
gsite isg self-healed. However, even when there is no breakdown,
electrolysis is continuously in operation and weak spots in the
oxide are in a dynamic state of repair. As a result, the leakage
current at constant voltage .gradually decreases in time. This
action operates only under voltage application. When wet slug

capacifors are dormant, the oxygen accumulated is diffused away
and leakage currents will increase.

Positive Lead
n)

Glass Insulator

Header Feedinhru A\

(fay = .
—— High Temperature
. N  Solder or Braze
Seal

Anodize
Sintered Slug™

Elastomer

Electroiyte || Shock Pad
(HoSOg) ™ |

/)

N
. N
OO

\_

Silver Case

Figure 2 Wet Slug Tantalum Capacitor
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Figure 3 shows the typical construction features of a hermetically
sealed solid slug capacitor. The basic sintering and anodizing
processes are similar to the wet slug capacitor except that the
safety margin between forming voltage and working voltage is
usually greater in the solid slug capacitor. Because of the gen-
erally thicker oxide film and the difficulty in assuring full im-
pregnation of the porous slug with the solid electrolyte, the volu~-
metric efficiency of solid electrolyte capacitors is not as high as
the wet slug. However, the solid electrolyte capacitor does not
have the problem of sealing a liquid electrolyte and also exhibits
improved performance characteristics, particularly at low temper—
atures. Semiconducting oxides, such as PbO,, MnO;, and NiO have
been used, withmanganese dioxide in common use today. This electro-

lyte has a low resistivity and can be produced readily from decom-

position of manganese salts. The MnO, is produced 7Zn situ in the
pores of the anode because it cannot be manufactured in a liquid form.

NEGATIV
LEAD

TANTALUM

CARBON GLASS-TO-METAL

SEAL
MANGANESE
DIOXIDE (MnQ3)
EYELEY
TANTALUM
PENTOXIDE(T3205)< |
SOLDER POSITIVE
! g i 2 LEAD
TANTALUM . ‘ : ( L w.%%
WIRE / G

Figure 3 Solid Slug Tantalum Capacitor
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Heating the oxide above 450°C decomposes it to highly insulating
lower oxides. The pores of the .anode are impregnated with a con-
centrate of maganese nitrate, which is then pyrolyzed. The solu-—
bility of the nitrate is limited so the solution is about 50%
water. The reaction is carried out at approximately 400°C to
prevent formation of lower oxides. However, the water is con-
verted to steam and is forced out of the pores at high pressure.
A gaseous product, N,0,, is also evolved in the process and must
also escape from the pores. The result of gassing is such that
the MnO, electrolyte is deposited as a very fine foam, but a
single impregnation only partly fills the pores. The process
needs to be repeated approximately nine times for satisfactory
results. Even at the end of nine pyrolyses, the pores are not
solidly filled with MnO, because each successive deposit restricts
the impregnation of the pores with additional solution. The tan-
talum oxide is under severe stress during pyrolysis (Reference 4).
After completion of this process, with many of the pores and pas-
sageways blocked by the manganese dioxide, the device must be
returned to an electrolytic bath and "reformed". The reforma-
tion voltage is less than the formation voltage, but still ap~-
preciably higher than the operating voltage. In order to make

a good ohmic contact to the electrolyte, it has been found nec-
essary to apply a layer of graphite (aquadag) to the MnO,. This
is done by dipping the anode coated with MnO, in a colloidal
graphite suspension, which is then dried. The graphite coated
anode is then dipped in a silver paste with an organic binder.
The silver paste (sometimes called paint) is cured to produce
good contact with the graphite.

The use of the semiconducting electrolyte produces some signifi-
cant changes. First, the metallic cathode becomes a purely

ohmic contact. The wet solution-to-metal interface is eliminated
which means that the Helmholtz double layer and cathode polariza-—
tion capacitance is eliminated. The resistance of the electrolyte
is no longer strongly dependent on temperature since it is not
governed by the viscosity of the liquid. The frequency dependence
of the capacitance is much less due to elimination of the polariza-
tion capacitance. The capacitor retains its rectifying properties
and it is assumed that the rectifying junction is located at the
Ta,05~Mn0O, interface. The reverse voltage characteristics are

very much improved since there is no electrolytic release of hy-
drogen. The reverse current is less, due to the electrolyte resist-
ance which is higher than the liquid electrolyte resistance.
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The self-healing process and scintillation are also observed in
the solid capacitors. One explanation is that the manganese
dioxide is broken down into lower oxides by local heating at
defect sites. At about 500°C oxygen will be released which may
be available to form new tantalum oxide at the defect site.
Another explanation is that the increased resistivity of the
lower oxide plugs the leakage site with a high resistive plug
(References 5, 6, and 7). Indeed, evidence of fused tantalum at
failure sites has been observed, indicating that the local tem-
perature during low impedance faults can be as high as 3000°C.
However, the evidence presented in References 5 and 6 has led
these writers to believe that formation of new tantalum oxide is
not the correct explanation for self-healing, but that high
resistivity (10° ohm-cm) lower oxides of manganese isolate the
fault with insulation. The ability of tantalum to anodically
grow oxide when in contact with MnO, rather than a wet electro-
lyte has shown that there is some oxide growth. The rate, how-
ever, is several orders of magnitude below that for liquid
electrolytes., Thus, the self-healing mechanism in solids depends
on defect sites reaching a temperature of about 500°C, but the
current flow should be limited to prevent excessive heat which
would make the fault propagate or go catastrophic. Thus, the
general rule for limiting the current to approximately 300 milli-
amps when applying solid tantalum capacitors.

After completion of the aquadag and silver paint application, the
slug is soldered into a brass can to make a solid assembly. The
can, as with wet slug capacitors, is at cathode potential. High
temperature solder should be used throughout. For ac applications,
golid capacitors are available which essentially consist of two
slugs connected back-to-back, the external leads being the anode
lead of each slug.

Figure 4 shows the construction features of the tantalum foil
cepacitor, this unit having a hermetically sealed case. As with
all tantalum electrolytic capacitors, the dielectric is tantalum
oxide and the capacitive action is achieved by a tantalum-tantalum
pentoxide~electrolyte interface. The foil type capacitor has a
volumetric efficiency which is lower than the solid and wet sin-
tered slug types. High capacitance per unit volume is obtained
by anodizing thin sheets of tantalum foil. The foil may be plain
or etched prior to anodizing. The etched foil provides more ef-
fective surface area and a higher capacitance per unit volume,
Two foils are prepared, one for the anode and the other for the
cathode. The cathode foil is anodized to a very thin layer of
oxide while the anode foil is anodized to achieve the desired
voltage rating. The anode and cathode foils are assembled into

a sandwich, with a cross-section as shown in Figure 5.
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The two foils are separated by an electrolyte impregnated paper
spacer. The oxide on the anode foll determines the capacitance
and voltage rating of the device. The two oxides are facing each
other. The oxide on the cathode foil prevents high leakage cur-
rents with up to 3.5 volts reverse voltage. The electrolyte im—
pregnated paper provides a conduction path between anode and
cathode. The foil sandwich is rolled into a cylindrical shape
and assembled in the case. In this assembly, identical hermetic
seals are used at both ends. Tantalum feed-through leads are
welded to the cathode and anode sides of the foil and extend out-
side the case via tantalum to glass seals. The seals are welded
to the titanium case around the edges of these feed-throughs.
Nickel extension leads are welded to the tantalum feed-throughs
outside the case. 1In this construction, both the anode and cathode
are isolated electrically from the case.

b. Wet Tantalum Capacitor Failure Modes - Short circuits, high dc
leakage, and electrolyte leakage have been the major problems as-
sociated with wet slue tantalum cavacitors (Reference 8). The
major problem has been electrolyte leakage as is evidenced by the
fact that more than half of the Alerts on wet canacitors are ad-
dressed to this problem. However, improved manufacturing controls
and development of hermetically sealed designs have alleviated this
problem to a large extent. Table 1 summarizes the predominant
failure mechanisms for wet tantalum capacitors, a description and
cause of these mechanisms, methods of detecting the defects, and
methods to minimize or eliminate the cause of these defects.

Electrolyte Leakage - In addition to an increase in dissipation
factor and a decrease in capacitance, the corrosive sulfuric acid
electrolyte can be damaging to neighboring components if leaked
out. The standard elastomer seal design, regardless of the num-
ber of crimps placed on the can, is prone to breathing. Although
the seal materials have sufficient resistance to the electrolyte,
mass spectrometric experiments and weight loss tests have shown
that water vapor and gases such as hydrogen, oxygen, and nitrogen
diffuse through the seals during electrical bias and storage. How~-
ever, most part failures due to seal leakage have been caused by
faulty crimping or the tantalum riser wire has defects such as
abrasions, scratches, or is out of round and provides a path for
the electrolyte. Glass seals were cracked during conformal coat-
ing cure cycling of hermetically sealed capacitors (Alert F3-72-02).
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This was traced to overetching of the seals in a process of remov~
ing silica from the tantalum leads. The etching weakened the
seal and allowed mechanical and thermal stresses to fracture the
glass. There may be a considerable time lag between the occur-
rence of a seal failure and the appearance of electrolyte. If
fracturing occurs from temperature, the seal may remain tight,

as glass has a higher coefficient of expansion and the cracks

are under compression. The cracks may open up completely or
return to a lower temperature at a later time. TIf the hermetic
seal is properly made, electrolyte leakage should be eliminated.
Although the hermetically sealed capacitor will alleviate the seal
leakage, cathode leakage of electrolyte at the lead weld has also
occurred. Where nickel lead wires are required, reliable welds
are easily made to the anode tantalum riser. The cathode lead
weld to the silver case is another matter., Preformed leads are
required and the weld schedule is critical in regard to heat,
time, and pressure. The nickel lead has a tendency to penetrate
the silver case, and a very thin layer of silver may be separat-
ing the lead from.the electrolyte. The nickel is readily sus-
ceptible to attack from the sulfuric acid, which may reach the
lead along grain boundaries. Copper leads are very compatible
with silver and can be attached by automatic welders utilizing
wire spool feeds very reliably. Thicker silver can bottoms and
careful control of the welding process 1s required for nickel
leaded wet tantalum capacitors.

Electrical Leakage - Oxide defects appear to be a major contribu-
tor to high electrical leakage. It is generally assumed that de~-
fects originate at sites where a minute impurity is present either
on the surface or just under the surface. Apparently the sinter-
ing process serves to reduce the surface impurities. Efforts are
made to use very pure tantalum as starting material. When two
finished anode slugs are rubbed together prior to anodization,
defects are profusely produced in the end product. These defects
are more pronocunced in the regions of abrasions where there are
no sharp peaks. Thus, abrasions appear to expose impurities
which, after anodization, produce defect sites. High field spots
(peaks, irregularities, etc.) promote the transformation of
amorphous Ta,0g to crystalline Ta,0g. It has been proposed that
impurities can act as nucleation sites for generation of crystal-
line Ta,0g. The crystalline form is more conductive than the
amorphous form and behaves like a defect except that the crystal-
line form may spread to adjacent areas. Sources of contamination
which may contribute to defect sites are inherent in the manufac~
turing processes. First, it is desivable that the starting mate-
rial be of high purity. The binders which are used to form the
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pellets also serve to lubricate the die, and their removal in pre-
sintering must be performed carefully to minimize possible con-
tamination with carbon. Besides binder related impurities, the
transfer and pickup of impurities from the die material itself
occurs due to wear and are not readily removed in the sintering
step. These may lead to lasting contamination of the outer sur-
face of the sintered anode. During sintering, the pellets are
usually stacked in crucibles, which causes a degree of sintering
between pellets and between pellets and the cruicible wall (Ref-
erence 2). This bond has to be broken forcibly after sintering
with the comsequence of some physical damage to most anodes. In
some cases the anode leads are pressed into the pellet before
sintering and other manufacturers weld the tantalum lead to the
pellet after sintering. No problem has been noted for either
method of lead attachment to the pellet (Reference 6).. After
sintering, all operations require that the pellets be suspended
from their leads for anodization and that each anode be connected
to a power source. The leads are commonly spot welded to fix-
tures which enable batch processing either manually or at vary-
ing degress of mechanization. The fixturing step is a manual
operation which requires handling of each pellet again with the
possibility of physical damage. After anodization, the pellets
must be removed from the fixtures and again handled individually.
Careful insertion in the can is required to avoid abrasion again.
In some cases (Reference 8), warped anodes have been noted in the
finished product. The tantalum riser lead must also be trimmed
and the external anode lead welded to the riser. The complex
and critical procedures, with the many handling steps, all con-
tribute to sources of contamination and defects in an erratic

and unpredictable manner. Batch to batch variations, as well as
rather wide variations of electrical parameters in a given batch,
can readily occur. In Reference 7, visual evidence of the harm
which can result from improper handling of the anodized pellet
has been demonstrated. Anodized pellets were purposely damaged
by striking one against the other and then immersing the samples
into a copper salt solution and applying a cathodic potential.
Copper metal plated out preferentially on the damaged area since
it was the site of high leakage currents. Photographs were taken,
the copper removed by dissolving in nitric acid, and the pellets
processed into finished capacitors of the solid type. Sufficient
current was allowed to pass to cause discoloration of the tanta-
lum oxide. Analysis of the units purposely damaged revealed the
failure site to correspond exactly to the area on which the cop-
per had plated.
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In Reference &, the integrity of the tantalum oxide dielectric
was investigated in a similar manner with electrochemical methods.
One of the more successful methods was the anodic deposition
method using benzedrine hydrochloride electrolyte. The pellet

is operated in this solution for a few minutes and then examined
for black reaction products of the benzedrine on the slug surface.
Again, deliberately scratched or damaged pellets showed the re-
action product at the damage sites, definitely indicating that
these were sites of high leakage current. Self-healing experi-
ments have shown that the presence of silver or copper ions in

the electrolyte play no significant role in determining the rate
at which an oxide defect heals. However, where these metals were
intentionally plated onto the anodes, the time required to heal
defects was increased. Not all the silver on the anode had to be
deplated before healing could proceed. Apparently, just the
silver in the defect area of the oxide needed to be deplated.
Erratic healing surges were noted during the deplating even
though available current was limited. On a well-formed defect-
free pellet, the silver adheres poorly to the oxide. However,
good adherence is observed on a defect area. Very small amounts
of reverse bilas can cause silver to plate onto the tantalum oxide.
In one example, silver was visible after exposure to 0.3 milli=-
volts for 150 hours.

In Reference 9, vipple life tests showed that silver deposits
occur on both the anode and the silver case cathode even without
reverse bias voltage. The deposits are unlike the large whiskers
which result from negative anode bias. It appeared that the mere
presence of silver on the anode does not automatically lead to
higher leakage currents., However, it is unclear what the long~
term effects of large ripple currents and anode silver deposits
are. As it is clear that reverse bias silver deposits are
definitely a reliability hazard, it appears that ripple current
should alsoc be limited to prevent anode silver deposits until

the long~term effects are understood.

Shorts - Silver ions in the electrolyte will migrate through the
electrolyte and plate out on the oxide preferentially at oxide
defects. After the defect is ccated, plating will still tend
toward the high conductivity site and dendrites will form extend-
ing out into the electrolyte. These dendritic bridges promote
shorting of the capacitor in two ways. In the first case, when a
breakdown is initiated at defects which are coated with silver,
the silver may bridge the oxide and short the tantalum to the
electrolyte. Since silver does not anodize, the short is a
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permanent one. Second, the effect is a type of bootstrap opera-
tion in that the dendrite reduces the series resistance of the
electrolyte and increases the leakage current. The reduced
electrolyte resistance lowers the applied voltage at which break-
down in the oxide occurs. In the extreme case, as reported in
Alert MSFC-70-13B, the silver dendrite may reach the silver can
producing direct contact between the slug and cathode. Several
construction variations have been developed to eliminate this
effect. 1In Reference 10, a platinized gold cathode device is
discussed. It is stated that such devices, using cases drawn
from gold-clad silver, will tolerate up to one volt reverse bias
for extended periods of time. Catalytic recombination of most of
the hydrogen and oxygen released under this reverse bias condi-
tion is stated to occur in this design. The electrical charac-
teristics are similar to capacitors with platinized silver cath-
odes. In Reference 11, the silver cathode has been eliminated
altogether by using titanium case metal. The titanium and the
material used for cathode capacitance do not plate out, there-
fore, the shorting mechanism caused by silver dendritic growth is
eliminated. The capacitor is stated to be capable of reverse
voltage applied continuously at 1.0 to 1.5 volts.

Another type of short is associated with leaking electrolyte. If
the seal is leaking, the conductive electrolyte can bridge the
glass between the anode lead and case causing a short. In some
designs, leaking electrolyte between the elastomer and the glass
seal can cause the same effect without evidencing external leak~—
age. Sealing the tantalum riser directly to the glass eliminates
this possibility.

e. Solid Tantalum Capacitor Failure Modes - High electrical leak-
age currents, open and short circuits, and increase in dissipation
factor have been the major problems associated with solid tantalum
capacitors. Increases in dissipation factor are generally due to
increases in equivalent series resistance (ESR), but occasionally
an increase in capacitance may occur also. Table 2 summarizes

the various failure mechanisms for solid tantalum capacitors, a
description and cause of these mechanisms, method of detecting

the defects, and methods to minimize or eliminate the cause of
these defects.
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1) Leakage Current - Increases in leakage current are usually
associated with defect sites in the dielectric. In Reference 5,
it is shown that with low circuit resistance, capacitors failed
catastrophically at breakdown. The voltage was deliberately in-
creased to breakdown levels. However, with the current limited
with a 100-ohm resistor (current less than two amperes) the
capacitors apparently healed themselves by the production of lower
forms of manganese oxide. When the voltage was again increased

to breakdown, the level was found to have significantly increased,
indicating that the dielectyic strength was improved. However,
significant increases in leakage current at rated voltage occurred
after each breakdown. The increased leakage is attributed to the
plug of MnO formed at the breakdown site. Although it has a higher
resistivity than the MnO, from which it was derived, it has a much
lower resistivity than the tantalum oxide. Also, under the test
conditions used, apparently sufficient energy was provided to
cause propagation of flaws in the dielectric under subsequent
breakdowns. Scintillation or flicker as observed in normal serv-
ice of solid capacitors is the operation of this same phenomenon.
The amount of healing or damage occurring during scintillation is
a function of applied voltage, temperature, limiting circuit re-
sistance, and capacitor size. Figure 6 illustrates the possible
changes in leakage current occurring from scintillation.

A catas trophic
¢ Failure

5 T mmomameoss eesseas Case 1, Leakage Increase
)
g \§ Case 2, Leakage Unchanged
S N
o Case 3, Leakage Decrease
Time

Figure 6 Scintillation Effects on Leakage Current
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The capacitor may exhibit an increase, a decrease, no change, or
go catastrophic. In Reference 7, it is stated that with the
series limiting resistance value of three ohms per volt, catas-
trophic failures are virtually eliminated, but the leakage cur~
rent can increase on successive scintillations. The ideal situ-
ation would be to supply just sufficient energy to the defect
site to accomplish healing without generating more damage. In
Reference 12, it is shown that temperatures at the defect site
must be in excess of 600°C to achieve proper healing. The
manganese dioxide showed a negative temperature coefficient of
resistivity below this temperature and a positive coefficient
above this temperature. The resistivity changes are permanent
once the temperatures are reached and reactions allowed to occur.
The investigation was performed to determine a method of supply-
ing minimum energy to fault sites and reduce leakage currents to
acceptable values in thin film tantalum capacitors. An approach
of slowly increasing the applied voltage while rapidly and con-
tinuously cycling 26 current limiting resistors was used. This
approach provides a vast number of power levels for clearing
faults, and presumably c learing will occur at optimum levels with-
out damaging the dielectric further. Multiple clearings commonly
occur, indicating either multiple defect sites or more than one
clearing of a single site occurring. It is interesting to note
that clearing currents in this particular product were as low as
20 microamperes and ranged to 300 milliamperes. As these levels
presumably were capable of generating temperatures greater than
600°C, it is very probable that fault propagation temperature
levels could easily be reached in normal service where only a
single power level determined by the circuit configuration is
available. Also, the capacitor itself is a source of energy which
could contribute to healing or possibly damage. In Reference 13,
it is noted that the energy in a 35-volt, 6.8 microfarad capacitor
may be in excess of observed scintillation energies.

An adequate uniform thickness of MnO; is also apparently necessary
to prevent increase in leakage current. In Reference 6, it is
pointed out that when the MnO, layer is very thin or when, equiv-
alently, the silver paint penetrates the MnO,, effective healing

is unlikely at these locations. This condition has been found to
be associated with many failures of capacitors due to high leak-
age, In view of this discussion, it may be expected that capaci-
tors with few defects in the tantalum oxide, with adequate MnO,,
and with proper aquadag, silver paint, and solder connection to

the case, would heal themselves in time. The scintillations should
cease and, with proper current limiting, the leakage current should
decrease. However, solid capacitors in both operating and dormant

VIi-24




conditions are apparently undergoing some gradual internal change
which i1s not fully understood. Thus, after periods of dormancy,
parts taken off the ghelf exhibit higher leakage currents as re-
ported in IDEP Report No. 347.20.00.00-56-02. Here it is reported
that 40 capacitors exhibited high dc leakage after five years of
shelf life. Even under operating conditions, capacitors may re-
main stable for thousands of hours and suddenly exhibit scintil-
lation which may precipitate a catastrophic failure or increase

in leakage current.

The effect of moisture on leakage current is usually negligible.
In Reference 4, it is reported that units have been operated in
wet air for several months with no change. 1In Reference 3, un-
cased units were exposed to 50% relative humidity air at room
temperature and were also immersed in water. The results were
not uniform, with most capacitors showing no significant change,
but some showing a leakage current increase. It is postulated
that the leakage current increase is caused by residual unpyro-
lized manganese nitrate which is ionized by the water. Thus,
moisture would not significantly affect a unit where pyrolysis is
complete.

2) Shorts = When insufficient circuit series resistance allows
large power surges to occur during scintillation, gross Joule
heating can occur at the breakdown site and fuse the tantalum so
that a metallic-~like agglomerate shorts the dielectric. Local
temperatures may reach 3000°C. At times the continued applica-
tion of power under this shorted condition may further heat the
capacitor to melt the solder which then can flow and create fur-
ther shorts.

Excessive heat applied during circuit assembly operations has also
caused solder reflow which can cause solder balls or shorted de=-
vices from the reflow. Excessive solder, improper distribution

in the can, excess fillet in the eyelet, and improper position-
ing of the slug can aggravate the situation. High temperature
solder should be used within the capacitor, and carefully con-
trolled assembly operations performed to avoid excessive heat.
Internal solder conditions of the slug and tubelet are easily
inspected by X~ray. Alert MSFC-71-3B details acceptance and
rejection criteria for such X-ray inspections.
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3) Opens - The conditions which create shorts can also lead to
opens. For example, the lead wire within the can may fuse open
under short circult conditions. The main defects leading to
opens are poor welds from the tantalum riser to the external
lead and poor slug anchorage to the can (Reference 6). Poor
adhesion of the slug to the solder can be caused by the silver
dissolving into the solder. Silver solder should be used to
prevent silver migration. Low solder level may result in an in-
termittently open unit. If the canning operation is performed
at too low a temperature, adequate wetting to the silver paint
may not be achieved which may result in an open circuit under
mechanical stress. The degree of wetting may be observed by
examining the solder meniscus in X-ray pictures.

4) High Dissipation Factor - High dissipation factor can be
caused by increases in ESR or capacitance, or increases in both.
Capacitance and ESR both increase in the presence of moisture
(Reference 7). The capacitance in a humid atmosphere increased
until it approached the value obtained in an acqueous electrolyte
wet check. It is assumed that the wet check indicates the total
capacitance available, and the difference between the wet and

dry capacitance indicates the area not covered by MnO,. In Ref-
erence 3, it is indicated that a cathode capacitance exists in the
solid capacitor and that the capacitance increase is largely due

to an increase in cathode capacitance. The change in ESR, and
therefore dissipation factor, is caused by a change in resistance
of the manganese dioxide. The resistivity increases dramatically
in the presence of moisture. The effects of moisture on the solid
tantalum capacitor are reversible, as units return to their original
values after being dried out. Apparently moisture has no permanent
damaging effects to solid tantalum capacitors. However, for high-
est stability of characteristics, a hermetic seal is necessary.

Heat exposure will also increase dissipation factors by increase

in ESR. In Reference 14, chip components subjected to temperatures
in excess of 200°C experienced deterioration of the graphite or
silver layers. In hermetically sealed solid tantalum capacitors
such temperatures would also deteriorate the solder integrity.

A reverse bias on a heated tantalum capacitor (Reference 7) will

decrease the effective dielectric thickness thereby increasing
the capacitance and therefore the dissipation factor.
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Poor solder contact between the capacitor and the inside of the
can, due to non-wetting of either the silver paint or the can,
will increase dissipation factor because of the high resistance
contact. Also, when there is flux between the silver paint and
the solder, the increased resistance will cause a high dissipa-
tion factor, particularly at low temperature, even if a high
solder level exists.

d. Tantalum Foil Capacitor Failure Modes - Decrease of capaci-
tance, decreased insulation resistance, and increase of dissipa-
tion factor are the major problems associated with tantalum foil
capacitors. High leakage current occurring at the spots where
anode and cathode leads are welded to the foils has been a manu-
facturing problem in the past. This is easily detected in 100
percent screening. Table 3 summarizes the various failure mechan-
isms for tantalum foil capacitors, a description and cause of
these mechanisms, method of detecting the defects, and methods

to minimize or eliminate the cause of these defects.

1) Low Capacitance - An example of low capacitance is reported
in ALERT No. J5-68-01. After burn-in, more than half of the
capacitors exhibited approximately 2% of the initial capacitance.
This was caused by faulty welds at the anode lead to the foil.
Electrolyte leakage may also cause a decrease in capacitance,
but this is virtually eliminated in hermetically sealed units.
Another potential source of capacitance decrease is caused by
separation of the foils. This may occur if reactive impurities
were in the electrolyte or paper, and gas bubbles form between
the foils.

2) Low Insulation Resistance - Insulation resistance problems and
their causes are closely related to part design. In ALERT No.
GSFC-71-6, an insulating mylar sleeving between an internal and
external case contained a metallic contaminant. Also, the in-
ternal epoxy potting compound was poorly cured. A one-hour bake
at 125°C raised the insulation resistance to 1000 megohms. This
condition is easily detected by a terminal-to-case insulation
resistance measurement.

8) High Dissipation Factor - Separation of foil or leakage of
electrolyte will cause an increase in dissipation factor in addi-
tion to a decrease in capacitance. This is caused by an increase
in ESR. The problem of gas bubbles forming between the foils
from reactive contaminants is not a severe problem and has not re-
ceived much treatment in the literature.
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Design

Selection Criteria - Table 4 lists various design factors to be
considered for selecting long-life tantalum capacitors. It is
recommended that the wet slug tantalum capacitor be avoided wher-
ever possible. Although they can be obtained with reliability
levels equivalent to solid slug capacitors, it must be considered
that these levels are achieved gradually from numerous tests of
relatively short duration. The long-term effects of operation
are generally not revealed in these tests. The wet slug types
are extremely sensitive to reverse voltage with an unknown long-
term effect of ripple current even when the voltage never re-
verses. The corrosive electrolyte generally makes catastrophic
failure more hazardous to other equipment. Also, defects in
hermetic seals may not become apparent until after long periods
of operation, thermal cycling, or power cycling. The hermet-
ically sealed capacitor should be used regardless of type se-
lected.

For a given voltage rating, it is generally believed that the
higher capacitance values are more prone to failure. In Ref-
erence 15 it is pointed out that the average number of flaws in
dielectrics should increase as the square root of the dielectric
area or, equivalently, the square root of the capacitance. In
selecting capacitor sizes then, it would be preferable, from a
reliability standpoint, to use the smallest possible value of
capacitance. However, some applications may be more reliable
with one large capacitor as opposed to the use of two smaller
capacitors in parallel.

The nature of tantalum capacitors is such that the quality and
reliability is highly dependent on the maturity, dependability,
and uniformity of the processes and materials utilized. It is
extremely important that the manufacturer have a stable, mature,
and well-controlled facility with a history of successful exper-
ience in ability to perform the critical processes involved. It
is preferable that standard sizes and ratings, which are in con-
tinuous high volume production, be selected. Start-up problems
associated with intermittent production may adversely affect
quality. Any requirement which may cause a perturbation to nor-
mal producton practices should be carefully considered for the
possible impact on product quality.
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b. Results of Survey - Aerospace users of electronic parts were
surveyed in regard to their procurement practices in obtaining
high reliability tantalum capacitors. In general, the require-
ments of MIL-C=-39003 and MIL-C-39006 were used as is, or were
used with some additional or more stringent requirements. Table 5
lists the various users who have reported tantalum capacitor tests
or other specification requirements which are unique to the re-
quirements of the Established Reliability specifications. The
rationale provided for each requirement is also listed. It is
noted that the most common unique requirement was an increase

of burn—in duration.

The users were also queried as to their preference of tantalum
capacitor type for long-life space missions. The consensus, in
order of preference, was: 1) solid electrolyte; 2) tantalum

foil; and 3) wet slug. No specific application requirements

were considered; merely preference based on probable relative

life expectancy as biased by their experience. The solid electro-
lyte and tantalum foil capacitors ranked close together. A few
users even preferred the foil to the solid. However, without
exception, the wet slug capacitor ranked last, considerably below
the solid and the foil types.

e. Alternate Approaches - The historical problems with wet slug
tantalum capacitors have been associated with corrosive electro-
lyte leakage and silver electrochemical action. The desire to

use this capacitor, with the attendant advantage of highest
volumetric efficiency, is tempered by these problems. The her-
metic seal has been a development to solve the electrolyte leakage
problem. Other developments to solve the silver electrochemical
problem have been the platinized gold cathode approach (Reference
10) and the titanium cased capacitor with lithium chloride electro=-
lyte (Reference 11). However, the use of lithium chloride ad-
versely affects the low temperature capability. Another approach
currently under development is the tantalum cased capacitor with
sulfuric acid electrolyte. This is being developed by Transitor
for NASA-MSFC. All of these capacitors can withstand some re-
verse voltage without the danger of silver plating out on the
cathode. In the tantalum cased capacitor, the cathode capaci-
tance is formed to provide approximately a 2-1/2 volt reverse
rating. At the present time, the dissipation factor of this
capacitor is high as compared to silver cased types. The tantalum
cased capacitor development may solve most of the problems asso-~
clated with wet slug types and should be followed closely.
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The solid electrolyte capacitor has a higher volumetric efficiency
than the tantalum foil type, but has the disadvantage of lesser
surge voltage capability. Minimum circuit impedance is usually
imposed to assure that power surges during scintillation lead to
healing rather than propagation of damage in the dielectric. The
effectiveness of solid electrolyte capacitors would be greatly
enhanced if the requirement for circuit impedance could be elim-
inated and surge capability increased.

The technique successfully used on thin film solid electrolyte
capacitors to optimize healing (Reference 12), should theoretically
be applicable to discrete solids. This technique consists of
slowly increasing the applied voltage while rapidly and contin-
uously cycling 26 current limiting resistors with values from
zero ohms to one megohm. This provides a vast number of power
levels for clearing faults, the available power increasing in
small increments. The weakest spots in the dielectric should
break down at the lowest voltages and clear themselves first.

As the voltage and power levels are extremely low at the start

of the voltage ramp, the energy supplied is intended to be suf-
ficient to convert manganese dioxide to manganese ovxide, but

not sufficient to propagate the defect. The defect is healed

by the insulating effect of manganese oxide. Theoretically, it
should be possible, with optimized healing, to obtain a capacitor
with surge voltage capability close to the anodization reforming
voltage. Voltages above this level may result in a completely
insulated capacitor or a shorted capacitor.

It is recommended that research be conducted to develop an opti-
mized healing approach for solid electrolyte discrete capacitors
utilizing controlled step application of power and voltage. The
purpose is to utilize fully the potential capability of existing
capacitor types by both eliminating devices not capable of suf-
ficient healing, and providing optimum healing of superior devices
with fewer defects in order to advance the long-life assurance

of solid tantalum capacitors. It is recommended that this re-
search include:

1) Determination of approach to obtain optimized healing.

2) Determination of optimized healing effects on characteristics
of capacitance and dissipation factor.
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3) Determination of improvement in surge current and voltage
capability, together with feasibility of decreasing circuit
resistance requirements.

4) Comparison of optimized and non-optimized capacitor reli-
ability by means of Weibull accelerated life tests.

The capacitor which is optimally healed should be more reliable
and longer lived in any given application, as the capability to
withstand unexpected stresses should be improved. In an unpub-
lished report by H. W. Holland, of Kemet, surge testing of solid
electrolyte capacitors was investigated for the purpose of screen-
ing to obtain capacitors capable of reliable operation with a
series impedance of zero ohms per volt. Even without optimized
healing, it was concluded that operation with series impedances
below 0.1 ohm/volt can be used successfully when devices were
screened with surge currvent testing. Of 40,000 capacitors sub-
jected to 15 current surges, a decreasing failure rate was ob-
served on repeated surges. Ninety-one percent of all rejects
(leakage current out of specification) occurred during the first
three surges. The decreasing failure rate is in accordance with
accelerated Weibull life test data such as that obtained in Ref-
erence 16,

Normal burn-in testing does not adequately screen solid electro-
lyte capacitors in regard to capability for operation under
transient conditions. Use of an optimized healing technique has
potential for application as a screen or a conditoning test to
improve the capability of solid capacitors, to increase the long-
life reliability, and to improve their usefulness by reduction of
the series limiting impedance requirement.

d. Hardvware Iife - The expected life of tantalum capacitors is
closely related to the application and environment. Operation of
well=-screened capacitors under moderate conditions of temperature,
mechanical environment, with derated voltage, derated ripple
current, and with no transient or reverse voltages would have the
greatest expected longevity. Wet slug tantalum capacitors with
elastomer seals would have little trouble meeting a design life
of three to four vears (Reference 8), while the hermetically
sealed device is expected to be considerably longer. Weight loss
of wet slug devices may be one indication of longevity, although
many other factors must be considered. 1In Reference 11 it is
reported that weight loss from electrolyte decomposition and
water loss through elastomer seals was more than 12 times greater

Vi-37



than through "hermetic" devices., During a 7000~hour test at
rated voltage at 85°C, the elastomer devices showed more than

6% weight loss while the hermetic devices showed less than 1/27%
weight loss. Some unknowns, which exist in the truly hermetic
devices, are the rates and dispositions of electrochemical gas-—
eous products, pressure build-up, and effects of cycling and
periods of dormancy on these effects. It is generally believed
(Paragraph C.2.b) that tantalum wet slug capacitors in their
present state are not sulted for long-life space missions. In
Reference 17, it is stated that wet slug tantalum capacitors are
judged to be unsuitable for a 100,000-hour mission due to the
corrosiveness of the electrolytic medium and the resulting long~-
term aging effects that are possible.

Solid slug and tantalum foil capacitors are capable of meeting
100,000~hour mission life requirements. The useful life of these
capacitors is enhanced by derating, benign environments, and cir-
cuit tolerance to parameter change. Test data beyond 10,000 hours
of life is scarce. For example, in IDEP report No. 152.75.40.
40~E9-02, 520 solid capacitors were tested at rated voltage at
85°C for 10,000 hours. Four failures due to leakage were observed.

In accordance with other experiences of decreasing failure rate,
two failures occurred during the first 2000 hours of test and

the other two during the remaining 8000 hours of test. In IDEP
Report No. 152.75.40.40-B6-01, 40 pieces of solid slug capacitors
were operated for 18 months at 25°C at 80% voltage in vacuum. No
failures occurred. The nature of the solid electrolyte tantalum
capacitor leads many to view the device as a semiconductor. In
Reference 17, the relative failure rate factor of solid capacitors
is the same as for low power bipolar transistors. The relative
failure rate factor for tantalum foil capacitors is somewhat
better than high power density diodes.

e. Application Guidelines — The tantalum electrolytic capacitors
are used where large values of capacitance in a small volume are
required. They are suitable for use primarily in by-passing,
coupling, filtering, and applications requiring energy storage.
In general, they are not suited for precision timing or oscilla-
tor circuits because of parameter changes during life and at tem-
perature extremes. All types should be applied so that the peak
voltages experienced by the capacitor do not exceed the derated
voltage. Sufficient dc polarizing voltage should be applied to
polar types to prevent any reverse voltage on the capacitor by

ac components at any time. When used in banks or in parallel
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operation, consideration must be given to the manner in which
rippl@ current is shared throughout the applied life. The high-
est ripple current, in the capacitor with the lowest ESR, should
not exceed the derated ripple current rating. The total temper-
ature, including the temperature rise from self-heating, should
not exceed the derated temperature rating. Tantalum capacitor
banks should be potted into an easily removable module to facil-
itate replacement and periodic test.

1) Wet Slug Tantalum Capacitors - The advantage of the wet slug is
that it has the highest volumetric efficiency. The leakage is N
low and may continue to improve under steady state operation.

The disadvantages are a comparatively poor temperature character-
istic and high dissipation factor. The corrosive electrolyte,
the extreme susceptibility to reverse voltages, and the use of
silver on the cathode, are other undesirable features. There

is evidence that ripple current on these capacitors can cause
silver to plate on the anode slug, in addition to the normal
capacitor heating (Reference 9 and Alert No. MSFC-70-13). Al-
though the impact of plating on the anode due to ripple is not
fully known, the possibility of increased leakage at oxide de-
fect sites and the freeing of these particles under mechanical
enviromnents exists. Plating also occurs on the cathode, which
can be another source of particulate generation under shock or
vibration. Quantitative data on minimum ripple currents re-—
quired to cause plating over extended periods of time does not
presently exist. Levels of wvibration or shock required to free
the plated particles from the anode or cathode are also unknown.
Thus, in addition to the possibility of seal leakage and the
gsusceptiblity to reverse voltage, the particulate contamination
possibility makes the wet slug capacitor a reliability risk in
long=term missions, particularly if high shock and/or vibration
levels are involved. The limiting value of ripple is probably
determined by the plating effect rather than the self-heating
effect. The following derated ripple current levels are there-
fore vecommended for the CLR65 type capacitors:

T, Case Size - 35 ma RMS
T, Case Size - 120 ma RMS

T3 Case Size - 300 ma RMS
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These values are for 120 hz. Ripple current at other frequencies
should be controlled such that the heating effect at higher fre-
quencies does not exceed that at 120 hz, allowing for the decrease
in ESR with increasing frequency and temperature. Operation of
these capacitors back-to-back is not recommended. Operation in
series connection should utilize balancing resistors in parallel
to assure proper division of voltage. After periods of dormancy
or storage, the leakage current may be expected to rise because
the self-healing effect during operation is absent and oxygen
barriers at weak dielectric spots diffuse away. The capacitors
will return to normal if operated near rated voltage for approx-
imately 48 hours., It is preferable that the voltage be applied
in a ramp fashion rather than in a step fashion under these con-
ditions.

2) Solid Electrolyte Capacitors -~ The solid tantalum capacitor

is superior to the wet slug and the tantalum foil capacitors in
high frequency characteristics, particularly at low temperatures.
Although this capacitor is capable of reverse voltages of approx-
imately one volt, it is recommended that voltage reversal be
avoided for maximum veliability, particularly where capacitance
stability is required. Reverse voltage tends to increase the
capacitance and adversely affect the high frequency character-
istica, The scintillation effect may cause undesirable circuit
noise in some applications. This effect is minimized at reduced
temperatures and voltages. This effect also makes the capacitor
sensitive to voltage and current surges and is therefore not pre-
ferred for pulse applications. Transient voltages must be limited
to the derated voltage rating. A series resistance of 3 ohms per
volt minimum is recommended to prevent scintillation derived dam-
age. If these capacitors are used in banks, the series resistance
should be used with each capacitor. Otherwise, the self-healing
breakdown may become a catastrophic failure because of the low
impedance discharge of the paralleled capacitors into the break-
down site.

When used in series, balancing resistors should be used to ensure
proper voltage division. The polar solids may be used in non-
polar applications connected back-to-back if derated peak voltages
and temperatures are not exceeded and the series limiting resis-
tance recommendations are implemented. Both polar and non-polar
capacitors, when used in ac applications, should be insulated from
ground. The ripple or ac current should be controelled such that
the heating effect does not cause the derated temperature rating
to be exceeded, allowing for the decrease in ESR with increasing
frequency.
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3)  Tantalum Foll Capacitors - The tantalum foil capacitor has
the advantages of availability of non-polar types, the use of
tantalum for both anode and cathode giving the least electro-
chemical action, higher voltage ratings, and ability to take
unexpected overloads, The polar types have the capability to
withstand voltage reversals up to 3 volts, but for highest re-
liability it is recommended that reverse voltage be avoided
wherever possible. The principal disadvantages are that they
have greater tolerances than the solids, higher dissipation
factor than the solids, and poorer temperature characteristics
than the wet slugs. The foil type is prone to failure in the
open mode as opposed to the shorted mode and is therefore more
suiltable than the solid capacitor in some applications, such

as in filter banks. The plain foil is preferred over the etched
foil because of greater stability and the lesser possibility of
having anomalies. However, greater capacitance in smaller size
is available with the etched foil type. The surge voltage should
never exceed the derated voltage rating. Ripple or ac current
should be controlled such that the heating effect does not cause
the derated temperature rating to be exceeded, allowing for the
decrease in ESR with increasing frequency. When used in series,
balancing resistors should be used to assure proper division of
voltage.

4) Derating - For long-life high reliability usage, the peak volt-
age of any tantalum capacitor should not be allowed to exceed 507
of the manufacturer's derated ratings. The ripple current for wet
slug capacitors should not exceed the values tabulated above.

For solid slug and tantalum foil capacitors, the allowable ripple
current should be limited to 707% of the manufacturer's derated
ratings. The temperature of tantalum foil and wet slug capacitors
should not be allowed to exceed 70°C including the effects of in-
ternal heating. The temperature of solid electrolyte capacitors
should not exceed 50°C. These derating values are recommended

as the result of a derating survey reported in Volume IV,
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TEST METHODOLOGY AND REQUIREMENTS

Qualification

The qualification and retention of qualification requirements of
MIL-C-39003 and MIL-C-39006 are excellent and entirely adequate
for most high reliability applications. Parts should be procured
to the highest reliability level available, never below level P.
Additional qualification requirements should be imposed only when
unusual program-peculiar needs, such as higher environmental lev-
els, arise. Although the presently available tantalum foil and
solid electrolyte capacitors are deemed suitable for 100,000 hour
applications (properly applied and derated), it may be desirable
at times to select, from available qualified products, those with
the greatest expected longevity. 1In this event, it is recommended
that an evaluation approach, as opposed to qualification, be im-
plemented in accordance with Subsection D.2.

Life Test

It is impractical to perform a real time test under normal operat-
ing conditions to verify 100,000 hour life capability. However,

it may be extremely desirable, even necessary, to obtain confi-
dence in, or an estimate of, long life capability when a new tan-—
talum product is being considered for such usage. This condition
would apply both to the new sources of counventional products and to
new product developments. When necessary under these conditions,
it is recommended that an accelerated test approach be utilized
using the Inverse Power Rule identified in "A Study of Accelerated
Testing Techniques'" included in Volume IV. These tests should be
performed at constant temperature (either rated or use conditions)
but at accelerated voltages. A two step approach is recommended
consisting of: 1) determination of maximum usable voltage stresses
and; 2) performance of the accelerated life test. The first step
utilizes a small number of samples (approximately 5 to 10) and
consists of increasing the voltage in small increments for short
durations (10%7 of rated voltage, one hour each increment), start-
ing at 110% of rated voltage, and progressing until failure occurs.
The failure criteria could be the occurrence of a catastrophic
failure or a permanent change in a desired parameter such as leak-
age. The desired parameter measurements should be made after each
increment under a set of standard conditions. The trends in the
parameters following each increment should be observed carefully

to detect changes indicative of damage occurring within the capac-—
itor. When catastrophic failures or sudden parametric shifts oc=
cur, dissection analysis of the capacitors involved should be made
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for determination of failure mechanism. In this manner, the maxi-
mum voltage level which does not initiate new failure mechanisms
can be estimated in approximately one week or less. From this
data, voltage levels to be used in the second step can be selected,
preferably less than the maximum estimated in Step 1. Data on
accelerated tests of capacitors indicates that the value of the
exponent n'" in the Inverse Power Rule will be between 10 and 20.
For solid electrolyte capacitors tested in Reference 16, the value
was estimated to be 9.6. The simplest manner to perform Step 2

ig to assume an exponent ''n'" of 10, which is probably conservative,
and perform a constant high voltage test for a given length of
time. For example, if 160% of rated voltage is well within the
maximum usable level determined in Step 1, then a 1000 hour test

at this voltage is equivalent to a minimum 100,000 hours at rated
voltage. 1If the value of "n'" is greater than 10, then it is equiv-
alent to a correspondingly greater number of 'real time' hours.
(With "n'" = 20, a 1000 hour 160%Z voltage test is approximately
equal to ten million hours at rated voltage.) Rather than attempt-—
ing extremely high acceleration factors, it is recommended that
more moderate voltages be used requiring about 1000 hours of test
time to acquire the needed information. Since a minimum value of
"n'"" is assumed, this is a purely qualitative approach. No informa-
tion is obtained on failure rate estimates. However, it is an
economic approach in both time and money to obtain some assurance
that the product evaluated is capable of performance for the re-—
quired time. The minimum quantity of parts tested should be thirty
pieces. The number can be increased for greater confidence. 1If
failures occur during the 1000 hour test, Weibull analysis of the
data can be made. The slope will indicate if the part has an in=-
creasing or decreasing failure rate. With assumptions to the value
of '"'n", failure rate or hazard estimates can be made for usage or
derated conditions.

If more precise results are required, a minimum of two groups of
parts should be used, each subjected to a different accelerated
voltage. For practical test times and moderate accelerating fac-—
tors, the voltages chosen should be such that the lower voltage
group has approximately 50% (or more) failures within 2000 hours.
The higher voltage group should be tested at a level which provides
approximately 50% failures between 100 and 1000 hours. With two
groups of parts and two Weibull analyses, the regression curve
shown in Volume IV for the Inverse Power Rule can be made, hazard
rates for any reasonable derated voltage condition estimated, and
the exponent 'n'" for the part determined.
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For a given part, Step 1 need not be performed each time it is
desired to perform Step 2. Once the valid upper limit of voltage
is established, accelerated tests on that part can be performed
economically to determine qualitatively the capability for the
required life time. 1If desired, the capability of a particular
production lot can be verified. Step 1 need only be performed
when the valid upper limit is unknown, and repeated only if a
significant change in design, processes, or materials is made.

The qualitative approach, using one group of parts for Step 2,

can also be valuable in comparing the relative reliability or
longevity of two or more available products. Weibull analyses of
tests performed on samples of each product would show the relative
reliability in comparison with one another.

Screening

The screening requirements of MIL~(C-39003 and MIL-C-39006 (Level

P or greater), are considered adequate for most high reliability
applications. However, for highest quality, it is recommended
that a 100% radiographic inspection of all parts purchased to these
specifications be made in accordance with comprehensive inspection
criteria such as exists in MSFC STD 355. 1In addition, it is rec-—
ommended that analysis of all lot parametric data be reviewed
against a suitable outlier criterion. Parts having parameters
significantly different from the others within the same lot are
suspects, even if they are within specification limits. They must
be considered abnormal if they exhibit abnormal characteristics.
There is no sound outlier criterion established on the basis of
test data relating degree of abnormality to reliability. A sub- -
jective approach of reviewing data and rejecting parts by judgment
is not recommended. Statistical data analysis by computer is more
accurate and faster. One criterion used is to reject all parts
having values beyond three sigma limits of the lot mean value,
based on assumption of normal distribution. An outlier criterion
based on the probability that the tested part does not belong to
the group is preferred. Such a criterion was used by JPL and is
described in their Reliability Engineering Document No. 15-1,
"Program Specifications for Component Parts Screening Data Reduc-
tion Systems'.

Burn—=In

The survey results listed in Table 5 indicate that many users of
tantalum capacitors have increased their burn-in (or voltage con-
ditioning) requirements beyond those existing in MIL-C-39003 and
MIL-C-39006. It is recommended that for long life programs, the




burn=-in requirement for all tantalum capacitors be 240 hours min-
imum, at rated 85°C voltage, at 85°C. Consideration should be
given to increasing the voltage, and thereby reducing the time,

but this should be based on data obtained from tests such as those
described in Para D.2. 1If such data is obtained, Weibull analyses
may then be possible from accelerated burn-in tests on each lot.

In Reference 15, a relationship is brought out between reliability
of tantalum capacitors and the delta changes in capacitance and
leakage during life tests. Many of the users surveyed have also
imposed tight delta limits. It is recommended that tightened

delta limits during burn-in be imposed on all capacitors applied

in long-life missions. As there is no quantitative data relating
burn-in delta limits to failure rate, the absolute values required
cannot be presently defined. The delta limits should be chosen in
coordination with suppliers to establish values which are reasonable
and assure procurement of the most stable parts. Further, of the
parts received, it is recommended that those with the highest sta-
bility be used in flight hardware, while those with lowest stabi-
1lity be used in development, breadboard, and qualification hardware.
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PROCESS CONTROL REQUIREMENTS

Starting Material

The tantalum powder used in processing of sintered slug devices
should be of the highest purity. Contaminants will lead to oxide
defects. Much attention has been paid to this problem in the
past, and the suppliers of tantalum powder have been providing
adequate purity for some time. Spherical shaped grains were
thought at one time to be superior to irregularly shaped grains,
but investigations have shown this not to be significant. Care
must be taken during subsequent processing of both foil and sin-
tered type devices to prevent contaminants on the surface and just
under the surface where anodization is to take place. In foil
capacitors, contaminants in electrolyte or paper separator could
cause gassing resulting in foil separation.

Green Pellet Formation

The type and consistency of binder used in mixture with the tan-
talum powder can contribute to contamination-caused oxide defects,
Contaminants in the binder itself are one source, and can be par-
ticularly troublesome if they are nonvolatile. The binder and
tantalum mixture should provide proper lubrication of the forming
die so that contamination by die wear products is minimized. Var-
ious binders and formation processes are used with equal success,
The anode lead may be inserted at this time or welded to the slug
in a later step after sintering. Both procedures are equally ac-
ceptable. ’

Sintering

The first step in the sintering process (pre-sintering) drives off
the -binder. The temperature, temperature rates, vacuum, and dura-
tion should be such that the binder is removed in such a fashion
that the slug is not physically disturbed and is homogenous in
density and porosity. The second step consists of the actual sin-
tering, and again the temperatures, rates, and durations should

be such that a homogeneously porous but a mechanically sound struc-—
ture results. The sintering should also provide complete removal
of remaining binder as well as any other contaminants that may be
on the surface of the slug.
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4.

Anodization

Most of the defects originating during the anodization process

are mechanical damage in handling the slugs and welding to fix-
tures. There is considerable latitude in rates, solutions, tem-
peratures, etc. When the final forming voltage is reached, the
slug should be retained at that voltage sufficiently long to allow
thorough and complete oxidation throughout the porous body.

Pyrolysis

The preparation of MnO, on the slug should be performed a suffi-
cient number of times to assure complete impregnation. This will
provide maximum capacitance and assure availability of dioxide for
healing. There should be adequate MnO, on the surface of the slug
also to assure availability of dioxide to heal surface defects.
Handling during reforming must be performed carefully to prevent
damage and thin spots in the manganese dioxide. After carbon
coating and application of the silver paint, any fluxes or binders
should be thoroughly cured out.

Handling

In addition to the requirement for careful handling to prevent
contamination defects as noted above, careful handling is required
to prevent physical damage. Even small abrasions prior to anodiza-
tion could cause oxide defects. Sharp projections could cause

high field stresses resulting in crystalline oxide which could
spread. After anodization, the oxide itself is susceptible to
physical damage. Therefore, the processes such as forming foil
into rolls, inserting rolls and slugs into cans, etc, must be
carefully performed to avoid dielectric damage.

Assembly

The operation of attaching the solid slug to the can requires pro-
per temperatures and solder quantities to provide reliable adhe-
sion. Excess solder and heat can lead to solder balls and con-

-ditions leading to short circuits. Insufficient solder or heat

will create poor wetting, poor mechanical strength, and/or high
resistance contact. The other assembly operations such as sealing
and lead attachment can lead to early failures if not properly
performed.
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General

Many of the processes critical to performance of tantalum capac-
itors are proprietary. It is necessary that they be under good
control by the manufacturer to assure repetitive and continued
production of reliable products. Most of the processes result
in easily detectable characteristics changes when out of control
and generally affect yield. A summary of critical process/mate-

rials and the effects of inadequate control is presented in Table
6.
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PARTS LIST

Acceptable

The tantalum foil and solid electrolyte capacitors made to speci-
fications MIL-C-39006 and MIL-C-39003 are acceptable for long life
applications. Screening should be modified per the guidelines in
Para B.4. All capacitors must be hermetically sealed. The ac-
ceptable tantalum foil capacitors are listed in Table 7, and the
solid electrolyte capactors in Table 8. These parts are identical
to the Preferred Parts for Space Shuttle listed in MSFC specifica-
tion 85M03936.

Unacceptable

Wet slug tantalum capacitors are not acceptable for long life ap-
plications at this time. Nonhermetic tantalum capacitors and all
tantalum capacitors not meeting the minimum P level requirements

of MIL-C-39003 and MIL-C-39006 are not acceptable. Wet slugs may
become acceptable on development of the tantalum cased capacitor.
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Table 7 Acceptable Tantalum Foil Capacitors

Type Electrical
Part No. Characteristics Specification QFL Remarks
w Vde¢ |[Capacitance
@ (4 F)
85°C |Min, | Max,
Polarized, 15 {60 580 MIL-C=39006/1B | QPL=39006 |Note - Both
Etched Foil, 25 40 350 hermetic and
CLR 25 30 132 300 non=hermetic
50 |18 150 seals are availe
75 12 100 able to the
100 8 70 applicable de-
150 L 26 —_— tail specifica=
Non-Polarized | 15 |40 350 | NIL-C~39006/2B ti‘;ni;m%ﬁ%
Etched Foil, 25 |20 200 seal types are
CLR 27 30 18 170 yp
50 |10 80 approved,
75 6 50 Order to faill=
100 4L 35 ure rate "pw
150 2 18 — or better,
Polarized, 15 18 160 MIL=C=39006/3B Tantalum Cae
Plain Foil, 25 12 100 pacitors are
CLR 35 30 10 85 are limited as
35  |o= 68 a function of
50 6 55 temperature,
75 4 LO voltage and
100 3 30 ripple current,
150 2 20 )
200 1.5 15
250 l.2 12
300 1.0 10
375 0.82 8.2
450 0656 5.6 —_—
Non-~Polarized | 15 [10 100 MIL«(C=39006/4B
Plain Foil, 25 60 60
CLR 37 30 505 45
50 3.0 30
75 260. 20
100 1.5 15
150 1.0 10
200 0.75 7e5
250 0.60 6,0
300 Q.47 L.7
375 0,39 3.9 .
|

VI-51




Table 8 Acceptable Solid Electrolyte Tantalum Capacitors
Type Electrical
Part No. Characteristics Specification QPL Renmarks
w Vdc¢|Capacitance
e (M F)
859C Min, |Max,
CSR 13 6 5.6 330 MIL=C=39003/1B | QPL=39003 | Order to failure
10 (3.9 220 rate level Wpw
15 2.7 150 or better.
20 |1l.2 100 These parts must
35 |56 47.0 be X-rayed per
50 10,0047 22,0 MSFC=STD=355,
0.1 15,0 These parts must
0.0047 27 have an effece
75 (0.1 15,0 tive series
100 00471 267 _— — limiting re-

sistance of 3
ohms per volt.
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VII. ELECTROMECHANICAL RELAYS
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ELECTROMECHANICAL RELAYS
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INTRODUCTION

Electromechanical relays (EMR) have not reached the level of reli-
ability of solid-state devices. If that level of reliability is
required, solid-state relays must be used. Circuit design, power
systems, thermal systems, weight, etc., must be adjusted for SSR
use.

Electromechanical relays can be made more reliable. This chapter
will present the best methods in use today and suggest methods
which can be used in the future. The emphasis is on long calendar
life, although most methods apply to long cycle life as well.

A typical electromechanical relay is shown in Figure 1. The legend
or parts list for Figure 1 is presented in Table 1.

GUIDELINES FOR LONG~LIFE ASSURANCE

The following guidelines are intended to produce the most reliable
relay possible. Single thread reliability for any given time is
low. Relay redundancy must be used for high-rel applications.

The chief obstacle to single relay reliability is contamination.
Even if cleaning processes could eliminate all outgassing and all
particulates, the problem of internal generation of particles, due
to mechanical and electrical wear, is still there. The other major
obstacle is the vacuum environment of space with which electro-
mechanical devices are inherently incompatible. The fact that this
is a secondary problem points to present -success in technique to
maintain earth environment in space.

Design Guidelines

Design criteria are both application independent and application
dependent. The criteria are presented under these two groupings.
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Figure 1 Typical Armature Relay (1/2 Crystal Can):
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Table 1

Parts List for Figure I

Typical Armature Relay Design

=

R T e o e el =
O w0 N O U P W N RO

ITEM NAME
Bobbin
Magnet Wire
Core
Insulating Wrap
Pole Piece
Pusher
Frame
Movable Contacts
Insulation Pad
Plug
Case

Insulating Film

“Insulating Thread

Reinforcing Lead
Back Stop

Return Spring
Armature

Pivot

Stationary Contacts

Header
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a. Design Guidelines Application Independent

1) Hermetic Seal - Relays should be hermetically sealed for min-
imum leakage. Electron beam welding should be used. This type
seal has the least leakage and introduces practically zero con-
tamination.

2) Arcing - Minimize arcing in design by increasing contact gap
and opening/closing speed. This design requirement takes prece-
dence over miniaturization.

3) Contact Action - Contacts should be designed for a partial
wiping action. Partial wiping (0.003") will clean the contacts
of small particles, polymers and oxides.

4) Motor Force - The motor should be designed with a 20% force
margin at minimum operating conditions. Force margin above 20%
does not increase reliability.

5) Getter - Do not use a getter. If cleaning processes and mate-
rial selection require a getter, the relay is not a high-rel relay.
In addition, getters are a source of particulate contamination.
6) Pin Seal - Use compression glass for pin seal. To minimize
susceptibility to cracking, undercut the front and back side of
header. This will puddle the glass and prevent miniscule creep.

7) Built-In Devices - Do not use built-in devices for ac recti-
fication (coil) or induced voltage suppression. These additional
components decrease reliability through particle contamination
and outgassing.

8) Armature - Use balanced clapper armature design. Although
other designs appear to have higher reliability possibilities (sus-=
pended, rotary, diaphragm), each exhibits a weakness which results
in less reliability (shock/vibration, particulate susceptibility,
hydrocarbon outgassing).

b. Design Guidelines Application Dependent

1) Contact Material

a) For dry circuit to intermediate loads, use gold plating on con-
tacts. The softness and inertness of gold reduces suscepti-
bility to film contamination, which is the primary problem in
this load range.
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b) For intermediate to high loads, use palladium for contact ma-

g terial, The hardness, high melting point and relatively in-
ert properties reduce the susceptibility to materlal transfer,
erosion and carbon generation which is the primary problem at
higher loads.

(Note: Load application (resistive, motor, lamp) and the
number of cycles which will be required must be analyzed care-
fully before the choice is made for highest reliability. The
cut-off point is approximately two amperes.)

2) Arcing - Arc suppression circuit design will affect gap, clos-
ing/opening speed, contact material and physical size of relay.
This must be considered in parallel with relay design parameters.

3) Dual-Chamber Relays - The dual-chamber relay is recommended
because it isolates relay contacts from polymers. As polymers
primarily affect light circults, and therefore small relays, their
use is limited to this application range, i.e. less than 5 amperes.
The cost of dual chamber relays versus parallel relays may be pro-
hibitive.

4) Bifurcated Contacts - Bifurcated contacts are recommended at
low and intermediate current ranges since the contact pressure
tradeoff is more reliable. Also, certain circuit applications are
sensitive to contact bounce. The dual contact can be adjusted for
separate resonances, and virtually eliminate energy fluctuation.

5) Spark Arrester - The spark arrester is useful in high load,
many cycle applications. However, it is a particle and gaseous
contaminant generator; and the reliability tradeoff must be made
for contamination failure versus contact to case shorting failure.
It is recommended for a large number of cycles and not recommended
for a low number of cycles. Approximately 100,000 cycles is the
cut~off point (life).

6) Backfill Gas - The tradeoff involved with backfill gas is:
inert gas versus a gas with some oxygen for lubrication. Unfor-
tunately, oxygen enhances polymer formation in addition to being
an oxidizer. Small-ultra-clean~single-cavity-relays should use
oxygen. Small dual-chamber relays should use oxygen in the con-
tact chamber. These relays are more susceptible to sticking from
self-~adhesion due to the small motor forces and the noble metals
used on contacts. There is some evidence that oxygen in largerxr
relays is effective in reducing wear and particle contamination,
but it is not conclusive,

\
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Process Control Guidelines

a. Cotl - Coil wire lubricant is a major cause of hydrocarbon
contamination. Wind the coil, using dry wire. This can be done
by immersing the spool in a bath of trychlorethylene and wiping
the strand during winding. B

b. Winding - Coil wire should be pretensioned during winding
operations at just below the elastic limit. Scramble wound is
preferred, as space factor is just under layer wound, and it is
easy.

c. Component Cleaning - All subassembly components (armature,
frame, can, contacts, header, pins, bobbin, springs and pins)
should be cleaned prior to assembly. The recommended cleaning
process is ultrasonic trychlorethylene, GN, drying, ultrasonic
alcohol, GNp drying, ultrasonic distilled water followed by GN,
drying.

d. Handling - All handling/moving of components and subassemblies
should be done with the components sealed in a plastic bag.

e. Degassing - All relays should be subjected to a high temper-
ature, high vacuum degassing process. The vacuum should be less
than 5 mm Hg, and the temperature at 200°C for 4 hours minimum.

At least one GN, purge cycle is recommended. The hydrocarbon out-
gassing which condenses on the chamber walls should be cleaned
after each batch processing.

f. Sealing - The evacuation hole should be sealed with a plug,
electron beam welded into place BEFORE REMOVING FROM BACKFILL
CHAMBER.

g. Plating - Plating is a major source of metallic contaminants.
Avoid plating, if possible. The plating material, electrolyte,
temperature, time, etc., should be very precisely controlled. 1In
addition, samples should be analyzed from EVERY plating lot to
assure uniformity, adhesion and porosity of plating.

h. Raw Materials - All incoming raw materials shall be subjected

to quantitative and qualitative analysis to assure conformity.
Do not hesitate to reject incoming materials.
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Test Guidelines

a. Qualification Testing - Qualification testing should subject
the relay to 257 environmental overstress condition, while moni-
toring relay parameters for out-of-limit conditions and uniformity.
Qualification testing limits are established by user application,

b. Screening Tests - Standards for screening tests of all relays
have been established. Since many documents describe these in

detail, they are listed below without additional description.

1) Pre-Adjust Run-In - 5000 cycles with no contact load prior to
contact, contact spring, armature gap, armature spring adjustment.

2) Pre-Can Visual - 100% inspection for particulates prior to
canning at 10X magnification.

3) Parameter Tests -

Contact resistance

- Coil current
-~ Dc coil resistance
- Pickup and dropout voltage (ambient, 23°C)
-~ Operate and release times
- Dielectric strength (voltage)
- Insulation resistance
~ Leak test, gross and fine
- Miss test (run-in test)
- Mechanical tests (shock, vibration, acceleration)
- Visual inspection
c. Additional Recommended Tests

1) Shock, Vibration and Acceleration - 100% shock, vibration and
acceleration at specified levels.
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2) Lot Sampling

~ 5% of each lot be subjected to qualification level (destruc-
tive) testing

-~ 5% of each lot be subjected to long shelf life testing

3) Particle Detection Test(s) - Two basic tests exist to detect
particulates. Both require the relay to be mechanically agitated.
In one, the relay is cycled, and the particulate is captured by
the armature or contacts which produces a parametric anomaly. In
the other, the energy released by the particulate striking the
relay or can is sensed. A variation of either method is to apply
a high potential to the case and monitor for a case to relay short.

Application Guidelines

a. Determine Type of Load
Resistive
Inductive
Capacitive
Motor
Lamp
b. Determine Type of Power, Coil and Load
Dc
Ac, frequency and number of phases
c. Analyze Load Level
Low level (dry circuit)
Intermediate level
High load level

Worst case load level

<3
fom!
-
f
o]



d. Define Switching Requirement
Open
Close
Transfer, Form C or D
Transfer, center off
Double contact arrangements of above
e. Assure circuit in design allows minimum stress on contacts,
Consider detailed operation of relay for this. See examples

in f below.

f. Application Circuit Examples

Lamp Loads
— __“.
| +28 | DS1
o I DS2
+28 ‘
||
DS2 =
Conventional High Inrush Recommended Low Inrush Circuit

Resistive DC

+28
28__10—‘]/‘0%—0“ M I

V_LO-M |

Y| AAAGT,
Recommended Single Pole »f[ij“’" '

¥
i
L

Recommended Multiple Pole
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Resistive AC, Single-Phase

RS T

= ‘-v l/ONAvAV'\“: "

Recommended On-~0ff Switching 115Vac

Use Bifurcated Contacts to Reduce Bounce

Bifurcated Contact

g. Hybrid Circuits

Example: Reduce opening and closing contact transients, and
subsequent arcing.

R1'§ B Closes Before A

A Opens Before B

B

— N
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LIFE LIMITING PROBLEMS AND SOLUTIONS

Failure Mechanism Analysis

The failure modes are fail open, fail closed, intermittent opera-
tion and premature. The mechanisms causing these failure modes
are presented in Table 2,

a. DNon-Metallic Particulate Contamination - There are two sources
of non-metallic particulate contamination; those introduced in the

manufacturing process, and those produced by the relay itself.

Class 100 clean room conditions will minimize particles introduced
from assembly processing. Periodic cleaning during assembly will
further reduce these particulates. A final pre-can visual inspec-
tion, conducted at 10X magnification, should reduce the quantity
to essentially zero.

Internal sources are the bobbin, header seal, spark arrester (arc
shield), coil wrap, lead wire insulation, bobbin wire insulation
and armature head. The majority of these particles are loose prior
to canning. They may be eliminated by cleaning and pre-can inspec-
tion. Material selection to reduce susceptibility to particle
generation must be accomplished in the initial design.

After canning, screening tests should be used to eliminate relays
which still retain loose, non-metallic particulates. It is recom-
mended that these screening tests be the last performed in the
entire sequence of acceptance tests.

b. Metallic Particulate Contamination - The primary sources of
metallic particulates are the relay itself and in the final can-
ning process. Canning process sources are soldering, welding and
sealing. These particulates are solder balls or splash, welding
intrusions, or slag.

The relay can produce particles from almost any internal feature;
armature, pivot, backstop, frame, springs, contacts, linkage, can
and header. Plating from any of these components are also large
contributors to metallic particulate contaminations. Design and
process control must be the major corrective actions to eliminate
this defect.
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Screening tests should be performed after all other acceptance
testing is done. Do not assume screening tests detect agll the
particulates since more will be generated if the design and/or
process controls do not first produce a component that is not

prone to generation.

e. Gaseous Contamination - Contamination of the internal atmos-
phere of the relay may be produced by a variety of sources: (1)

the non-metallic materials used in the relay construction may con-
tinue to outgas, (2) hydrocarbons may not be completely cleaned
(coil wire oil, body oil, rosin) and will outgas after canning,

(3) the backfill gas chamber may not be clean, and may contaminate
the backfill gas, (4) the backfill gas itself may contain obnox-
ious constituents, and (5) either the final sealing process may
introduce gaseous contaminants, or the sealing may be done out-
side the chamber with some atmosphere exchange taking place.

The failures caused by gaseous contamination are: (1) polymer de~
posit on contacts causing high resistance or open condition, (2)
contact oxidation causing high resistance or open, (3) contact

or motor parts self-adhering (ceold welding) due to lack of appro-
priate lubricating gas, (4) wear particulates generated by motor
parts as a result of lack of lubricating gas, (5) wvariable con-
tact resistance, (6) variable operate parameters, (7) failure

to operate, and (8) failure to open.

d. Relaxation of Spring Force - Mechanical fatigue and high tem-
perature cause this problem. Proper design is the only prevention,
assuming material control screens unacceptable material., Loss of
contact pressure may result in contact failure due:to high resis-
tance. The operating failure mechanisms are excessive contact
bounce, contact chatter and transfer., Pickup and dropout time and
power changes are symptoms of this problem.

e. Arcing - Some arcing is desirable for cleaning contacts. Severe
arcing will cause complete contact failure, or even welding of con-
tacts in the open (double throw) and closed conditions. Proper de-
sign is the only cure, but it must be accompanied with complete
circuit analysis. Derating of the relay may cure the problem, but
the cost in weight and power may be excessive.

Where arcing cannot be eliminated or minimized, the application

of a solid-state relay (SSR) or hybrid device should be seriously
considered,
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Design

a. Selection Criteria - Those design factors which contribute to
long-life are enumerated in the design guidelines. Prior to choos-
ing an EMR for a switching circuit, SSR versus EMR should be ana-
lyzed. An excellent tradeoff criteria discussion is presented by
R. Stuart Gibbs in the 19th Annual Relay Conference Proceedings

of the NARM. A brief list of these parametric comparisons follows:

1) Life, Calendar and Cycle - Definitely favors the SSR in a
properly designed circuit}

2) Reliability - Favors the SSR, but SSR must be built to high-
rel guidelines; and the circuit properly designed;

3) Isolation - EMR contacts have highest isolation, and is the
largest "plus'" for EMR's;

4) EMI and RFI - SSR has the edge, although circuit design and
relay design (bifilar coils) can be made comparable;

5) Speed of Operation - SSR;

6) Operate Power - SSR;

7) Shock and Vibration - SSR;

8) Environment - Hermetically sealed EMR's are equal to SSR's,
but EMR's have a slight edge in temperature range below -55%C
and above +125°C;

9) Contact Voltage Drop - EMR, very large '"plus" for EMR's;

10) Transient Effect - EMR; coil on a relay is practically imper-
vious to transients;

11) TTL, RTL, DTL Compatibility - SSR's lend themselves to direct
interface with digital circuits;

12) Thermal Power Dissipation - EMR is much better. Largest weak-
ness of SSR's are their inability to dissipate heat;

13) Economics - Today, the EMR is more cost effective in a given
application;

14) Size - SSR in microcircuits, the EMR in power circuits. The
crossover is about 5 amps today (1972);
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15) Human Engineering - EMR: SSR use must be accompanied by con-
siderable circuit knowledge. The EMR is flexible, and more
forgiving to mistakes. This adds a large measure of reliabil-
ity to EMR's.

Specific relay particulars are shown in Table 3, Selection Criteria.

b. Survey Results - The user survey indicated (Table 4) that all

relay users are using essentially the same design (see guidelines)
and the same screening tests as those described in STR-0001A. The
areas of controversy are:

1) Inert backfill versus some oxygen, and;
2) Particle detection screening tests.
As a result, the survey concentrated on these two areas.

Most users are experimenting with oxygen in the backfill gas today
(Sandia, North American, Radiation Incorporated, Martin Marietta,
McDonnell Douglas, and Grumman). Good results have been obtained
(decreased contact and motor self-ahesion), but the long range
effects have not been determined. Oxygen is known to contribute
to polymer formation (and, of course, is an oxidizer); but if the
relays are extremely clean, this effect may take a long calendar

time to detect.

Self~adhesion itself will only occur in an extremely clean environ-
ment, The question is whether this environmment is clean enough to
"withstand" a percentage of oxygen. To date, the data is favorable.
Oxygen does not seem to be required for larger relays.

For particle detection tests, the two basic types are parameter
degradation detection due to particulates, and the direct detection
of particulates themselves.

Figure 2 is a schematic of the test setup used to detect parameter

degradation. Figure 3 is a schematic of the test setup used to
detect particles directly.
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3. Selection Criteria

LTEM

ADVANTAGES

DISADVANTAGES

Contacts, Gold

Contacts,
Palladium

Coil, Bifilar

Hermetic Seal

Getter

Built-In
Devices
(Diodes)

Dual-Chamber

Bifurcated
Contacts

Spark Arrester
(Arc Shield)

Oxygen in
Backfill

Excellent for intermediate
circuit levels.

Excellent for power circuits,
resistant to arcing and
mechanical wear.

Excellent for inductive
suppression.

Contains atmosphere, seals
out contamination,

Absorbs hydrocarbon gasses
and moisture.

Eliminates external wiring
and components, therefore,
weight.

Seal the contacts from all
non-metallics, which are
gas generators.

Higher contact reliability,
bounce reduction.

Prevents material build-up
between case (header) and
pins.

Acts as lubricant for
contacts and motor.

Power circuits, above 2 amps,
will erode the gold immed-
iately.

Cannot eliminate films, It is
not good for low level cir-
cuit application.

Weight, additional wire (and
0il), slows the dropout time
of relay.

Seals in any contamination
initially present, and pre-
vents any generated contami-
nation from escaping

Can be a gas generator, and
is a particle generator.
Generally cannot withstand
booster level shock and
vibration requirements,

Source of particulate and
gaseous contamination.

Larger relay, larger motor,
more complicated build and
processing.

Susceptable to film, lower
contact pressure, generally
large relay; weight and power
consumption,

Source of gaseous contamina-
tion and particulate
contamination.

Contact oxidation and polymer
forming enhancement.
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Figure 2 Test Setup to Detect Parameter Degradation

Specimen

\\\\\\\\‘Sensor

Vibration Table

Audio/Visual
Detector

Figure 3 Test Setup to Detect Particles Directly
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The following references are recommended for more detailed infor-
mation:

R. W. Pfeil: '"Detection of Loose Particles Within Electric Com~
ponent Cavities." Proceedings 1971 Annual Symposium on Reliability,
Lockheed Missiles and Space Company,

Lou Nardo: Pre-Installation Test Procedure for LM Relays. Grumman
Aircraft Engineering Corporation, #LTP390-103.

Lou Nardo: Pre-Installation Test Procedure for LM Relays. Grumman
Aircraft Engineering Corporation, #LTP815-31001.

B. T. French and J. E., Mann, North American Rockwell; and G. E.
Erickson, Naval Electronics Laboratory Center: Prediction of IC
and LSI Performance by Specialized Vibration/Detection Test for
Presence of Conductive Particles.

Specification for Monitored Vibration/Shock Testing of Integrated
Circuits. TR 72-244-043-STFA-30, North American Rockwell.

D. R. Howard: Attachment 3, Relay Procurement and Control Require-
ments. Aerospace Corporation.

e. Alternate Approaches - Presently, the alternate approach to
relays is solid-state devices. The primary problem with EMR's is
susceptibility to contamination. An area which holds promise for
EMR's is the mercury wetted contact design. This would be prac-
tically impervious to both particulate contamination and gaseous
(chemical) contamination. Mercury wetted contacts have been de-
veloped which can sustain some environmental stresses, but an order
of magnitude lower than the stresses required for space usage.
Research into the area of mercury wetted contacts is needed, as

the advantages of EMR's will always be required.

d. Hardware Life - The hardware life specified for today's relays
is three to five years usage in space with a shelf life of one to
three years. General consensus is that relays not overstressed or
overcycled should last indefinitely.

e. Application Guidelines - A primary application guideline is to
assure that the relay dielectric strength is sufficient to with-
stand circuit dynamic voltages. During transient conditions with
arcing, the static dielectric strength is considerably reduced.
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The circuit application should be thoroughly analyzed for worst
case dynamic transients. These voltages, with safety factors,
should be applied during dynamic testing of the dielectric
strength.

The environmental conditions of the application should be used to
determine the operate characteristics. The required operate spe-
cifications should include the minimum and maximum temperature.

A common misapplication is to use a single-phase multipole relay
in a multiphase application. Assure the contacts are rated for
multiphase, or use double the single-phase peak voltage to qual-
ify the dielectric under dynamic conditions.

For detailed high reliability relay applications, the reader is

directed to Guidelines for Reliable Relay Application and Selec-
tion, compiled in 1969 by L. W. Wendling, Naval Air Systems Com-
mand, and E. U. Thomas, Grumman Aircraft Engineering Corporation.

The use circuit is the starting place for relay application. Once
the required loads and switching application have been defined, the
ratings of Table 5 should be used, as required by MIL-R-6106, as a
minimum. For long life application, derating as identified in Vol-
ume IV Chapter V is recommended.

TEST METHODOLOGY AND REQUIREMENTS

Qualification

Qualification tests are performed either to verify a design (Design
Development) or to qualify an existing design for usage not spe-
cified. Acceptable qualification tests for high reliability parts
are identified and described in:

1) General Specification for Acceptance Testing of Electromagnetic
Relays for Use in High Criticality Manned Space Flight Appli-
cations. MSC, Houston, Texas. ST-R-0001;

2) Screening Requivements for Non-Preferred Electrical and Elec-
' tronie Parts. MSFC, Huntsville, Alabama. 85M03876;

3) Engineers Relay Handbook. NARM; Scottsdale, Arizonaj

4) Relay Engineering. Struthers-Dunn, Inc., Pitman, New Jersey.
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Table 5 Derating Table

RATED CONTACT LOAD (AMPERES PER POLE) CASE GRCUNDED
LIFE 2 ) 1 PHASE 5/2 >, 3PHASE (2 Se

TveE OF Loap | OPERATING 28 VDC 115yAc,'PHA~E 115/200 VAG, 3 PHASE (2) Apﬂgg;ye

: CYCLES MAIN  AUX MAIN AUX MAIN AUX Nmm"

x 163 NO|NC|NO |NC |400H2| 6CHz |400Hz | 6012 |400Hz [60Hz [400H2 [6OHZ |
RESISTIVE - 100 10110 10 5 10 |8
INDUCTIVE 20 81 8 8 2.5 8 |25
INDUCTIVE 100 41 4 4 1 4 {1
MQTOR 100 41 4 4 2 4 12
LAMP 100 27 2 2 1 2 1
TRANSFER,
LOAD (3)
MECHANICAL
LIFE
REDUCED 409 2.5{2.5 2.5 2.5
CURRENT
MIN APPLICABLE PER SPECI!FICATION
cunment 1. T R B e AN M T SR .
NOTES, APPLICATION (Nete provision for two inductive values.)
(1) Owver temperature range.
(2)  115/200 VAC for 60 Hz ratings, absence of value indicates relay is not vated for 3 phase apphcations
(3} Transfer load indicates relay suitable for transfer between Unsynchronized AC power supplies at rating
indicated. :

(4) Dielectric rating may be improved by suitable insuration of terminals and wiring aftet installation
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There are two test methods which could be applied to qualification
testing which are not in general use. One is the force margin
measurement which 1s a measurement of the actual motor force ver-
sus the contact force (see Figure 4)., This tedious measurement can
be simplified to a current versus time measurement (see Figure 5)
after the force margin data in Figure 4 have been determined.
Qualification of a given relay design would then depend on close
tolerance adherence to the N.C. contact opening time and the amount
of current recorded at that time, If a given sample exhibits vari-
ances of these parameters after other qualification tests (shock,
temperature, vibration, life cycle), the relay must be redesigned.
Close adherence to designed force margin is required for high re-
liability.

The second method is based on contact resistance, but utilizes the
variance technique to indicate a less reliable design. Two forms
of variance should be tested for. One is the spread of contact
resistance over a given number of cycles. The spread should be
subjected to random analysis, sigma computed. If this exceeds a
specified sigma value, a redesign is called for (contact pressure,
contact material, contact "wiping", etc.).

The other form of wvariance is an extra lump, or two peaks in the
random distribution curve. This 1s caused by foreign material of
some sort at the contact (polymers, hydrocarbons due to arcing,

or burn through to base metal). The variances are small, thus the
cause of variance is small, and is probably not detectable by other
means.,

Both of these methods lend themselves to effective screening tests,
and are recommended. )

a. Accelerated Testing - There is no recognized method for accel-
erated calendar life testing being used in industry today.'.

Life Test

Relays are subjected to two types of life tests. One, the cyclic

life test, consists of cycling the relay under load until failure.
The failure mode is almost always contact failure. The other test
is a lot sample, subjected to parameter tests at discrete time in-
tervals., This is a "real time" life test, and normally is con~

.ducted in parallel with relay usage.

Sampling techniques for both of these tests are identified in MIL~
STD-105, MIL~-R-6106, and ST-R-000lA.
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1. N. C. Contact Opens
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3. Armature Motion Stops (seats)
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Figure 5 Current vs Iime Measurement
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Screening Tests and Failure Mode Detection

Standard screening tests are identified in ST-R-0001A, Engineers
Relay Handbook and Relay Engineering Handbook.

Several techniques not in popular use today, which have potential,
are the two qualification methods described earlier, and neutron
radiography for detection of non-metallic particles.

Two techniques, sporadically used throughout industry, are methods
for particle detection, One method enhances conditions to detect
the failure mode, the other detects the mechansim which would lead

to a failure.

Particles are detected by operating the relay until a particle
either becomes lodged and causes a motor jam or lodges between
contacts and causes a 'miss" (failure mode). The controversial
area is the method used to agitate the relay to cause the parti-
culates to move. Random vibration, cyclic sine wave vibration
and cyclic sine wave vibration with periodic shock pulses to en-
hance particle motion are all in use at present. (Shock is pres-—
ently used on canned IC's only, not on EMR's, but is under inves-
tigation for EMR's.) This particle detect test is further en-
hanced by placing a potential (200V dc) on the relay can/header
and monitoring for a short which would be caused by a conductive
particle. This method is in use by at least two companies -
Grumman Aircraft and Martin Marietta Corporation.

Martin Marietta Corporation investigated radiation as a means to
discharge electrostatically charged particles. Gamma radiation
of 1500 milliroengtens and beta radiation at 0.005 milliroengtens
were used. Samples were acrylic particles (0.0005" - 0.015")
clinging to a metallic plate with electrostatic charge. No drop-
ping of particles occurred with 3 hours of continuous radiation.
Higher levels of radiation and/or longer time periods may have
some effect, but these approaches are not practical.

Another method is to place a high potential on the contact in the
open position only. (This would be reduced to the contact moni-
tor voltage just prior to closure.) The increased potential should
assist attraction of electrostatically charged particles to the
contacts, if the particles exist. Martin Marietta Aerospace is
presently investigating the feasibility of this approach.

Particles can also be detected by agitating the relay and sense

particle impact energy (failure mechanism). The method in use
today was perfected by Rod Pfeil at Lockheed Missiles and Space
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Company. This method uses a microphone to detect ultrasonic acous-
tical energy released as the particle impacts., This energy is
translated to the audio range and broadcast while being simul-
taneously displayed on a cathode ray oscilloscope. This combin-
ation of information enables an experienced operator to detect a
particle.

The above test, called the "Particle Impact Noise Detection" test
(PIND), has two weaknesses. One, if the relay has loose parts,
the noise generated by the parts tends to mask any particle ’
noise; and two, the test is sensitive to metallic particles only.

The user survey indicates mixéd feelings about the test in the
area of operator subjectivity. A survey preference yields:

MSC - Particle Detect
MSFC - Particle Detect
LMSC | - PIND

Grumman - Particle Detect
Martin - Particle Detect
Sandia - Neither

North American — Particle Detect
Aerospace - PIND

TRW Systems — Neither

PROCESS CONTROL REQUIREMENTS

(See Process Flow Chart, Figure 6, example.)
Existing
The process controls identified in the accompanying flow chart are

used by all high-reliability relay manufacturers. Precise se-
quences, cleaning fluids, vary, but in principal they are the same.
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Needed

The most urgent need today in relay manufacturing is a total Class
100 enviromment. Particulate contamination is the major cause of
failures. Pre-can visual and post-can screening tests have reached
a limit. Very little more can be done practically.

Another factor which appeared frequently during the user survey

is a concern with the manufacturers, and manufacturing personnel.
As Aerospace and Military high-rel relay contracts have fluctuated,
experienced personnel have been lost. In one instance, a ground
equipment circuit had to be redesigned, as a specific relay could
not be obtained. The manufacturer could not produce it as '"the
personnel with the capability to adjust that relay" were no longer
with the company.

The other factor was the reduced quantity of high-rel relays being
used. This is due to more SSR application, and the reduced num-
ber of contracts. In short, a '"meed" in the area of process con-
trol is steady, long run production contracts. Small, infrequent
orders for high-rel relays are inconsistent with high-rel require-
ments,

PARTS LIST

The following is a partial list of acceptable part numbers. A
considerable number of Military/Aerospace relays are made-to-order,
and are not listed in vendor catalogs.

Acceptable:

Number Manufacturer
BRJ26CD1H6AS-1 Deutsch
ER-WKJR-6D~26.5 Allied Control
814C2 Leach

49-3179 Cutler-Hammer
A410~151171-01 Guardian Electric
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GRY-14-410-4001 Giannini Voltex

PTZ~1034-XXX Potter-Brumfield
FCM-410-60 Struthers=Dunn
CR2791G1L21AT1 General Electric
5715-184PX Price Electric

PRO4O5 Phaostron Company
A~711JC Hartman Electric
1904B2-4~A~110(1) Electronic Speciality
585 Piqua Engineering

Not Acceptable:

Most companies carry a commercial product line. None of those
relays are acceptable.
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VIII. SWITCHES AND CIRCUIT BREAKERS

by R. Q. Jackson



VIII.

SWITCHES AND CIRCUIT BREAKERS

INTRODUCTION

This chapter presents the guidelines and rationale for reliable,
long-life switches and circuit breakers. A major concern with
switches is contamination, both particles and contaminant films on
contacts. Circuit breakers are less prone to failure from contam-—
ination, but are more prone to mechanical failure due to the com~
plexity of some actuation mechanisms. The storage life of switches
and circuit breakers exceeds 10 years when the devices are hermeti-
cally sealed and internal non-metallic materials are eliminated, or
if very stable materials are used. The state-of-the-art cycle life
is about 100,000 actuations for switches and 10,000 actuations for
¢ircuit breakers. Switches and circuit breakers with less cycle
life capability are acceptable when the mission requirement is
significantly less than the cycle life capability.

Current developments in solid-state circuit breakers should be con=-
tinuously reviewed and solid-state circuit breakers used when per-~
mitted by availability and application, since they are not subject
to wear out or the failure modes inherent in complex mechanical
devices.

GUIDELINES FOR LONG-LIFE ASSURANCE

Design Guidelines

1) Use hermetically sealed, metal enclosed switches. Accomplish
the seal by electron-beam welding. Soldering or non-metallic
sealers introduce both particulate and gaseous contaminates.

2) Use either a metal bellows or metal diaphragm for the seal
around the activation mechanism. Do not use an elastomer seal.
This metal seal should also be accomplished by electron-beam
welding.

3) Circuit breakers are, typically, not hermetically sealed, but
sealed devices should be used if and when available.
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4)

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

The contacts should be alloys of nickel, silver or palladium

for loads greater than 500 milliamperes. For loads less than
500 milliamperes, the contacts should be gold plated to min-

imize oxide films and maintain low contact resistance.

The minimum thickness for gold plating is 0.000100 inch.
Thinner platings may burn through. Thicker platings are nei-
ther necessary nor cost effective.

The contact gap should be sufficient to extinguish the max-
imum designed power arc. This consideration is most applicable
to very small switches, such as reed switches.

Snap-action switching of contacts should be designed in the
mechanism to minimize arcing time which increases contact
life.

Contacts should have a partial wiping action (.300" to .005")
to disrupt oxide films. Greater wiping lengths will introduce
excessive wear.

External electrical terminals should be sealed with glass with
a matched thermal expansion coefficient for strength, dielec~-
tric and gas seal qualities. Other methods such as alumina,
ceramic sleeves, and brazing are under development but should
not be used until the process is developed and proven.

Solid-state circuit breakers, currently under development, are
preferable to mechanical circuit breakers since they are not
subject to wear-out or the failure modes inherent in complex
mechanical devices.

Solder hook external contacts are required to provide stress
relief to the glass seal. Plug-in units are not recommended
because the glass seal may be stressed.

Getter devices should not be used. They may break or move
and interfere with switch operation. Switches must be clean
enough without a getter or they are not reliable parts.

Avoid plating of internal parts. Plating is a major source
of metal particle contamination.

Minimize the use of non-metallic materials because they are
prone to outgas, are a source of particulate contamination,
have a normally lower mechanical strength, are more temper—
ature sensitive, and do not have the long term stability of
metals.
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Process Control Guidelines

1) All switch assembly should take place in a Class 100 clean
room enviromment to preclude particulate contaminationj an
extremely serious problem.

2) The transfer of switch components between assembly stations
should be accomplished in sealed plastic bags to reduce con-
tamination.

3) Vacuum bake-out of switches should be conducted at 200°C,
1 mm pressure for a minimum of four hours to prevent subse-
quent contaminating films of non-metallic materials. Some
components may require as much as 16 hours, two cycles. One
purge cycle with dry GN, is recommended as a minimum.

4)  The out-gassing hole in the switch enclosure should be sealed
in the backfill chamber, or an adjacent chamber common to
the back-fill chamber to prevent contamination.

5) The back=fill and bake~out chamber should be cleaned after
each operation to remove hydrocarbon (oil) condensate from
chamber walls.

6) During assembly, each mechanism piece should be checked against
the installation print for proper installation. A go/no-go
test should be made for every clearance specified, with no
hindrance of motion.

7)  Plating of piece parts should be avoided. Where unavoidable,
the plating process (temperature, raw metal purity, bath
cleanliness, voltage stability, etc.) should be continually
monitored and controlled. In addition, destructive parts
analyses should be conducted on 5% of the piece parts to verify
plating adherence, absence of cracks, and the achievement of
a fine-grained structure.

8) Cleaning baths should be constantly filtered and recirculated
with approximately a 20% replacement after each cleaning pro-
cess.

D] Incoming material inspection should be on a sample basis as
a minimum and should verify materials, dimensions and toler-
ances as well as workmanship. Materials should be stored in
contamination protected containers or bags.
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Test Guidelines

D

2)

3)

4)

5)

6)

7)

Qualification and acceptance (screening) testing should be
accomplished using MIL-S-8805 for switches and MIL-C-39019
for circuit breakers as a minimum. Additional program pecu-
liar requirements should be added as required.

For acceptance testing of production hardware, the above spec~
ifications are inadequate in certain areas and, therefore, must
be supplemented with the following inspections and tests.

Radiographic inspection on 1007 of the devices should be ac-
complished in accordance with more comprehensive inspection
criteria such as MSFC~STD-355C to detect contamination, bent
parts, and misaligned parts.

For switches, an operational run-in (2000 cycles of operation
at -65°C, 2000 cycles at +125°C, and 500 cycles at +25°C)
should be conducted as a 100% screening test. The voltage
drop across the contacts should be monitored during cycling
and the electrical characteristics measured after the test.
For circuit breakers, the run-in should be performed using
200, 200, and 50 cycles at the applicable temperatures, and
with verification of calibration consistency. The values of
2000, and 200, are upper limit values which should be reviewed
for reduction to avoid wear-out of some shorter-life devices.

Seal tests should be performed on 100% of the devices to ver-
ify the seal integrity.

A sinewave vibration test of 30g's, 5-2000 Hz, should be con~
ducted as part of 1007 screening with contact resistances
monitored during the test to insure the absence of contact
chatter and transfer. During vibration, both switches and
circuit breakers should be monitored for a short to case con-
dition, as well as other parameters.

A particle contamination test should be performed as a 100%
screening test. The (PIND) test per LMSC specification
1420833 is recommended. The Raytheon developed particle de-
tection test has some technical advantages, such as better
detection of smaller non-metallic particles. However, this
test is more time consuming and costly and, therefore, most
part specialists consider the PIND test as more cost-effective.

VIII~4



8)

Accelerated testing is basically accomplished by the run-in
testing described above. However, one variant which should

be considered for selective application is the exposure of

the non-operating device to high temperature followed by
operation under a very light load to establish that outgassing
of inorganic material has not produced a contamination film

on the contacts. This accelerated test approach is aimed at

a final verification of the adequacy of the bake-out processes.

4. Application Guidelines

1)

2)

3)

4)

5)

Current should be derated as follows:

Type of Load Percent. of Manufacturers Rating
Resistive 75%
Inductive 40%
Motor 20%
Filament 107
Capacitor 75%

When estimating life cycle requirements, avoid a false life
assessment. Count the total cycles to be accrued in acceptance
testing and prelaunch checkouts, in addition to the mission
usage cycles.

Switch applications in digital circuits must be carefully re-
viewed to assure that contact bounce or chatter will not be
interpreted as a circuit interruption which will produce logic
errors.

Switches and circuit breakers are subject to contact chatter

in high shock and vibration enviromments, and these environ-
ments may dictate the use of solid-state devices. The mounting
of switches and circuit breakers should be designed to minimize
vibration and shock amplication or to provide the necessary
isolation.

Where a circuit breaker hang-up or failure to trip can jeop-
ardize the mission, redundant circuit breakers should be used.
On the Skylab Program, this is accomplished by having circuit
breakers in the various branches of the power distribution
tree.
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6)

Contacts may be paralleled to reduce the effects of contact
bounce and vibration, and for redundancy. This purpose has
been achieved using bifurcated contacts. NOTE: Do not
parallel switch contacts to increase current breaking and
making capability. One set of contacts will close first and
carry excessive load.

LIFE LIMITING PROBLEMS AND SOLUTIONS

Failure Mechanisms Analysis

The failure mechanisms of switches and circuit breakers are listed
in Table 1. The failure modes are opens, shorts, intermittants,
and failure to operate. The failure mechanisms most frequently
encountered are discussed as follows:

i)

2)

3)

Deformed Contacts

Deformed or misadjusted contacts found in a complete assembly
are a result of poor manufacturing and inspection practices.
The manufacturing production line should be operated so that
periodic inspection stations are employed as a part of each
switch build cycle. Each inspection station should:

Verify piece part design conformance.
Verify assembly fit, placement and interface tolerances.

Verify subassembly and assembly mechanical function to
closure.

Loose or Broken Contacts

Loose or broken contacts are caused by inadequate welding to
the header, frame or support bracket, excessive shock and vi-
bration during handling, or lack of assembly controls. Good
process control, inspection, and controlled handling will
eliminate these failures.

Termination Separation
Termination separation is a result of inadequate wire or ter-

minal routing clearances which can result in actuation mech~
anism interference, sharp bend radii which can result in
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4)

5)

breakage of wire, defective solder joints, overstressed solder
joints, or defective welds, due to contaminated parts, or lack
of weld schedule control.

Routing clearances and bend radii must be established by de-
sign and enforced through control inspection stations. Cold
solder joints will be prevented by employee education (NASA
Solder Certification), and inspection. Stressed solder joints
are prevented by incorporating lead stress relief. Weld ad-
hesions will be obtained by empirically determining the pre-
cise weld schedule, and maintaining continual control of the
weld schedule. Use of power regulation inside the factory to
minimize the effect of line variations, and thorough cleaning
of individual piece parts by ultrasonic baths is desirable.

Contamination

Contamination is the major problem in switches. Films and
oxides can form on contacts' surfaces and create a high re-
gsistance. Loose metal particles can become lodged between
linkage members and render the switch inoperative or adhere

to open contacts and create a short. The control of contam-
ination must be a consideration in every step of the production
process and should include cleaning baths, visual inspection
stations and incoming materials control. Contamination can

be minimized in the switch assembly by performing the assembly
in a Class 100 clean room. Neither the Raytheon developed
particle detection test nor the Lockheed PIND test are 100%
effective as screening tests and; therefore, every practical
means should be employed in initislly fabricating switches
which are clean.

Contact Corrosion

Tt is a failure mechanism due to external sulfides, sulfates,
chlorinates, moisture and salt, and internal impurities from
outgassing of non-metallic materials, solder resin, body oils,
and wire lubricants. The failure mode is high contact resis-
tance and opens. The enclosure must be sealed by electron
beam welding to reduce external corrosive contamination. The
cavity must be cleaned, vacuum baked, and back-filled with GNjp
to minimize internal corrosive contaminates. Contacts must be
made of materials impervious to chemical oxidation and re-
duction for further resistance to corresion. Gold, platinum,
silver, nickel, pelladium, and their alloys are successful
contact material deterrents to corrosion.
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7)
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Incorrect Operating and Release Forces

Incorrect operating and release forces are failure mechanisms
that cause false switch operation or failure of the switch

to operate. This mechanism is caused by mechanical misalign-
ment of actuation mechanism members, contamination, loose or
defective parts, excessive wear on parts improperly installed,
and corrosion. The methods to detect this mechanism is through
functional testing and measurements. The most effective means
to eliminate this mechanism is by improved production controls.

Improper Operating Displacement of the Activating Mechanism

Examples of these failure mechanisms are, a toggle lever that
has improper travel, a push button that does not move under

its designed load, a rotary switch with no detent or stops,

or a rocker that does not actuate its switch. These anomalies
are caused by the use of incorrect parts, omitting a spring
member, failing to captivate the actuation spring, or par-
ticles which become lodged in the mechanism and render it in-
operative. Improper heat treatment of actuation parts will
cause premature failure due to breaking or bending of parts
when stressed during operation. Switches built using the in-
correct parts can cause excessive force and wear on contacts
which will reduce their useful life. These causes are detected
by functional testing and measurements. The actuating force,
lever travel, pre-travel, overtravel, changes in contact re-
sistance, loss of insulation resistance are effective detection
methods. The method to eliminate the causes is improved pro-
duction control, especially of the production build cycle

which is to include periodic inspection stations to assure
correct and proper build schedules.

External Failure Mechanisms

The failure mechanisms associated with the external portions
of a switch follows. These failure mechanisms can be detected
by visual examination, physical measurements and electrical
parameter tests. These mechanisms may be eliminated by em-
ploying improved production controls, inspections, in-line
testing and stringent final acceptance testing.

Poor terminal plating causing loss of electrical continuity.

Incorrect case dimensions causing operatiocnal interference
with the actuation mechanism.
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Binding of the movable contacts causing excessive force to
operate the actuation mechanism and breakage of internal parts.

Terminal spacing that is too close that will make terminating
of leads difficult and can cause damage to the adjacent ter-
minal or create a shorted condition between leads.

Damaged, loose, corroded or dirty terminals are contributing
causes of electrical discontinuity.

Design

a. Selection Criteria for Switches - General guidelines for the
selection of reliable, long-life switches are presented in Table
2. There is an enormous variety to choose from which may be used
in many different ways. It is necessary to be familiar with the
principal types and the considerations guiding switch selection
in order to optimize system design. Many switch types are custom
designed for specific applications. Particular attention must be
directed toward the switch application and its enviromment.

Special switches and RF switches are. not considered in this report.
Examples of these types are: Mechanical-actuated switches, tem-
perature-actuated switches, proximity-actuated switches, and pres-
sure-actuated switches.

The design considerations for the switch enclosure, contacts, and
actuation mechanism are discussed in the following paragraphs.

1 Enclosure ~ Switches may be purchased either open, enclosed
for shielding, enclosed for dust and moisture protection, or
enclosed using a hermetic sealing technique which provides
the maximum switch protection. In applications where long-
life and higher reliability are required, the hermetic sealed
enclosure is recommended.

Hermetic sealing should be accomplished by electron beam
welding to eliminate the introduction of solder balls, solder
flux, or other contaminants. The enclosure materials should

be a durable metal/alloy such as nickel alloy, tin plated.
Metals of cadmium or zinc are not to be used in parts for space
applications because they sublimate under vacuum conditions.
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Table & Design Factors for the Long-Life Assurance
of Switches and Circuit Breakers

Design Factor Remarks

Enclosure Use hermetically sealed switches where the seal has been
accomplished by electron beam welding to eliminate solder
and solder flux contamination; backfill the cavity with a
dry, inert gas. Hermetically sealed circuit breakers are
desirable, but may not be available.

Use corrosion resistant metals. Do not use cadmium or
zinc.

Contacts Switch contacts for loads less than 500 milliamperes should
be gold plated. Contacts for greater loads should be
alloys of nickel, platinum, silver, or palladium. The contact gap
should be sufficient to extinguish the are, Contact opera-
tion should have a wiping action to clean the contact
surfaces.

In circuit breakers,the arc path should not be on the

mating surfaces.

Actuation Teaseable switches should not be used.
Mechanism Spring members should be securely captivated,

Spring members should have a low hysteresis and adequate.
fatigue life.

Use snap action mechanisms to decrease arc time and increase
contact life.

The design should not be sensitive to mounting direction. In
high vibration enviromments, center-of-gravity mountings
are preferred.

Internal connections and wires should be placed to prevent
possible interference with moving parts.

Non-metallic materials and lubricants should be minimized
to the maximum extent practicable.

Lubricants and non-metallic materials should be reviewed to
assure that they will not outgas and contaminate the contacts.

Select circuit breakers with the simplest mechanisms. Avoid
complex mechanisms,

General Avoid plating on intefnal-parts.
Avoid getter devices.

Select designs least susceptible to contamination.
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Some hermetically sealed switches are back-=filled with an in=-
ert gas, usually nitrogen, depending on the switch require-
ments and the manufacturer, to provide a more controlled en-
viromment that aids in providing a longer switch life.

Terminals should be adequately spaced and designed to reduce
strain on the glass header. Coefficients of thermal expansion
between glass and metal should be matched.

There are many applications where a numerical letter or writ-
ten display is needed with a switch operation, such as on a
display panel. These switches may be enclosed with either

an environmental seal or the basic switch unit may be hermet-
ically sealed and the display and actuation mechanism attached
to the switch as the application dictates.

Careful attention should be directed to the vibration and
shock requirements the switch may experience to avoid chatter
and transfer problems. In high vibration environments, highly
cantilevered designs can have a high vibration amplification.

In some cases it is desirable to locate the mounting hardware
at the center of gravity of the switch to lower vibration
amplification.

Contacts - Contact materials are an important concern, espe-
cially for extended life applications. The metals commonly
employed are platinum, palladium, silver, nickel, and gold.
Many manufacturers consider their contact material and con-
trols proprietary; therefore, a specific contact material is
not recommended. The harder alloys that provide long wear
characteristics and reduced oxidation properties are the most
suitable. Gold plated, or gold alloy contacts, are preferred
for low current (dry circuit) switching applications. Self-
cleaning designs are recommended. Self-cleaning is achieved
by a wiping or sliding action of one contact over the other
during the switching operation. An extreme example of this
action would be a knife-blade type switch. Overtravel can
provide the necessary wiping action to aid in contact cleaning.
This type action helps break through films and oxide layers
on the contact surfaces. The f£ilm may be sulfides, sulfates
or chlorinates of the contact material, as well as impurities,
such as water/oil vapors dust, dirt and other contaminants.
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Contact bounce is associated with the switch mechanism de-
sign rather than the contact design. It should be carefully
considered, especially in those circuits where digital logic
pulses are involved. Contact bounce can easily appear as a
switching operation, depending on circuit response time.
Proper switch selection for the intended application is re-
quired.

Actuation Mechanisms — The actuation mechanism (the assembly,

or part which maintains and changes the movable contacts'
position) should be of simple design and provide for mechan-
ical advantage, especially if the switch is hand operated.
The snap-action actuation is preferred. Snap action provides
a fast break and fast make operation. This decreases the
contact arc time and yields longer contact life. Switches
which have "teaseable' actuation should not be used. Teaseable
action is where a set of contacts may be opened and closed
again without completing a switch operation. A switch oper-
ation is, for example, where a toggle lever is moved from
"normally open' to 'normally closed", or from "off" to "on."
This teaseable action is not to be confused with a momentary
action switch.

For long-life, spring members should be designed to work well
below the yield strength. Precise values were not established
in this study, but it appears that less than 50% of yield is
desirable.

All internal parts should be designed and installed so there
is little possibility of becoming detached. Internal parts
should be positioned to eliminate any possible interferences,
either initially, or with aging and wear. Non-metallic ma-
terials such as plastics and lubricants should be eliminated
to the maximum extent practicable since such materials lack
the long-term stability of metals and they are potential
sources of outgassing that could produce a contaminating film
on the contacts. Plating of internal parts is a source of
contamination and should be avoided.

Rotary switches should have a detent or spring locking device
to maintain the selected position. The moving mechanism,

and contacts, should be constructed such that bridging from
one pole to the next on a break-before-make design does not
occur with normal wear. When accessories, such as boots,
mechanical locks or levers, identification, knobs, linkages,
shields, etc., are used, they should be assembled such that
they do not inhibit or alter the switch operation.
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b. Selection Criteria for Circuit Breakers -~ General guidelines
for the selection of reliable, long=life circuit breakers are pre-=
sented in Table 2.

Electromechanical circuit breakers are, for the most part, of three
basic types. The thermal circuit breaker is actuated by a temper-
ature change of a bimetallic element. The thermalmagnetic circuit
breaker type operates the same way up to the point of opening.

At this point, a magnet assists the bimetal element in tripping
the contacts open. The hydraulic-magnetic circuit breaker type
has a solenoid with a dashpot time-delaying element. Changes in
current changes the magnetic field which, with an increase, moves
the trip lever. If the current increase is slow, the iron core

in the solenoid moves against the damping fluid and increases the
magnetic field to cause the trip lever to close which opens the
contacts.

The thermal and thermal-magnetic breakers depend upon heat for
tripping and, therefore, there is very little difference in their
characteristics when used on 60 Hz or direct current. The hy-
draulic-magnetic breaker has a different ampere-turn ratio for ac
than for dc, and therefore they should be used with their respec-
tive types of current. The typical response, short time, is at
approximately 100-200% of rated current. However, time-delay
breakers may not respond until over 1000% of rated current, depend-
ing on the design.

A valuable feature for circuit breakers is a contact arc damping
or arc interruption. One system uses a contact breaking system
such that the arc drawn does not take place on the contact mating
surface. Another system uses an arc breaking device to break the
arc up into a series of small arcs. '

Where a breaker is used in switch applications, arc protection is
of significant value. The snap action decreases arc time and thus
increases contact life. Also, the wiping action or self-cleaning
of the mating surfaces as the contacts mates, is recommended to
keep the contacts clean and break up the films and oxides that form
on the contacts from impurities. Environment resisting circuit
breakers and their parts are necessary for long-life applications.
Breakers should have fungus-resistant materials, explosion-proof
sealed enclosures and be resistant to vibration, shock, moisture,
salt spray, sand, dust, heat and altitude.

The selection criteria previously discussed for switches, is for

the most part, applicable to circuit breakers. However, one sig-
nificant distinction should be made. As compared to switches,
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circult breakers are less susceptible to failure due to contam-
ination, since they usually handle much higher current levels and
are normally closed. On the other hand, they are much more sus-
ceptible to failure of the actuating mechanism, since the mechanisms
are not only much more complex, but wear and fatigue from high
impact loads becomes a factor.

There is a large variety of circuit breaker actuation mechanisms.
They vary from the simple series trip mechanism to remote operated
and special transient overvoltage-overcurrent mechanisms. For
long-~life use, the least complex mechanism that will do the required
job is recommended. Because of the failure risk inherent in the
actuating mechanism, the preferred design is the design which can
still operate satisfactorily with some wear, and despite tolerance
stack-up problems, or nominal variations in the dimensions of the
many parts and linkages. A selected circuit breaker should have
the reliability of the mechanism already well established by test
programs and by successful prior usages on other programs.

¢.  Results of Industry Survey - An industry survey failed to
identify any new or unique test approaches for switches and circuit
breakers. The practices of vibration screening and x-ray inspec-
tion, listed in Table 3, are conventional, not new or unique, ap-
proaches.

d.  Alternate Approaches - Solid=-state circuit breakers do not
have wear out failure modes, and have a much greater potential for
long-~life and high reliability. Hence, the use of a solid-state
device is preferred whenever an appropriate device has been devel-
oped and proven. The interest for using solid-state circuit pro-
tection or power control has created recent activity in aircraft
and spacecraft applications.

There are several development projects presently under way to de-
sign solid-state power control systems and power sensing systems
with remotely variable sensing and control. Westinghouse and
Spacecraft have developed solid-state power controllers for evalua-
tion; however, they are not producing the devices at this time.

The Leach Corporation has developed a remote power controller cap<
able of handling 1 ampere to 35 amperes dc and are in the process
of qualifying it to MIL-P=-81653. Flight Systems, Inc. has a solid~
state circuit breaker rated from 0.5 to 1.5 amperes and which
weighs less than 3 ounces.
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An application for the A-7 aircraft to use a multiplex system, in-
corporating solid-state circuit breakers, has increased data ca-
pability and decreased the amount of cabling previously required.

There are some applications of solid-state circuit breakers that
are noteworthy. They can be programmed to trip or override pre-
determined levels, they can be used as on-and-off switches, they
can be automatically and remotely reset, their programmed function
can be changed approximately every 4 milliseconds if desired, they
can incorporate magnetic sensors, and they can provide status of
load; i.e., an indication if the load exceeds a predetermined value,
or if there is no current flow. The flexibility of solid-state
circuit breakers is a design convenience. The replacement of the
electromechanical circuit breaker with a solid-state circuit breaker
offers one exceptional advantage: ‘the elimination of the failure
modes associated with the mechanical linkage of the actuation
mechanism. One disadvantage is the relatively low upper tempera—
ture limit. A typical value is 70°C.

An alternate approach to mechanical switches is the proximity ac-
tuated solid-state switch. However, factors of cost, weight, power
and size dictates against their use, except in specialized appli-
cations.

e. Hardwoare Life - Solid-state circuit breakers have no life
limitation. Mechanical switches and circuit breakers are subject
to wear-out failure modes.  The state-of=-the-art cycle life is
about 100,000 actuations for switches and 10,000 actuations for
circuit breakers. Devices of lower capability are acceptable when-
ever the cycle life capability significantly exceeds the mission
requirement plus the ground fabrication, test, and checkout re-
quirement.

The storage life of switches and circuit breakers is mainly in-
fluenced by the long-term stability of the non-metallic materials
and when these are eliminated, or only very stable materials are
used, the storage life exceeds 10 years.

f« Application - The first consideration in selecting a switch
or circuit breaker is the type and magnitude of load the switch is
to control. The next consideration is that the part should be
derated from the maximum rated temperature. Hermetically sealed
switches should be used, and hermetically sealed circuit breakers
should be used whenever available. The following current derating
has been successful and is suggested:
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Type of Load Percent of Manufacturer's Rating

Resistive 75%
Inductive 40%
Motor 20%
Filament 10%
Capacitor 75%

A circuit analysis of the loads, transients and other inputs should
be performed and carefully reviewed to verify that the limits are
not exceeded. The packaging must be reviewed to show that prox-~
imity to temperature, magnetic, vibration, and shock sources will
not affect the switch or circuit breaker's operation.

The ctiticalit of the circuit breaker application should be re-
viewed to determine if redundant circuit breakers can be justified.

The shock and vibration requirements should receive close attention
because both switches and circuit breakers are subject to contact
chatter.

The following factors must be considered when selecting a switch:
The voltage and current to be interrupted (ac, dc, high frequency),
inrush current, contact current rating, voltage drop across the
contacts, temperature rise within the switch, the heat dissipation,
physical size, type of load; i.e., resistive inductive, lamp,
capacitive or motor, the contact arrangement, make-before-break,
break-before-make, etc. If redundant circuitry is used, the effect
of make-before-break of the redundant contacts must be reviewed
carefully. TFor example, when using a multipole switch, it is
assumed that all contacts move (open/close) together, or that some
will open and close before others. The closing of a set of con-
tacts, connected in parallel with another set of contacts, could
cause-a shorted condition or make-before-break operation where
break-before~-make is needed.

The switch actuation mechanism must be determined. The application
of the switch will require a toggle lever, push button, rotary,
rocker button or lever, or leaf actuation. The switch will be
mechanically operated by a rotating cam, a sliding wedge or other
actuating mechanisms, or be manually operated with a lever, knob

or push button.

Circuit breakers should be electrically located as close as possible
to the protected circuit to offset the influence of other components.
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The time-current curve of the circuit breaker should be matched
to the circuit to be protected to embody normal circuit transients,
i.e., motor start up, inductive gwyitching, BUS E.M.I.

Life cycle estimates should include the actuations encountered,
not only during the mission, but during ground tests and checkouts.

Switch applications in digital circuits must be carefully reviewed
to assure that contact bounce or chatter will not be interpreted
as a circuit interpretation which will produce logic errors.
Switch contacts should not be paralled to increase current capa-
bility, since one set of contacts will close first and carry an
excessive load.

TEST METHODOLOGY AND REQUIREMENTS

Qualification and Acceptance Test Screening

Tables 4 and 5 outline qualification and screening test programs.
These basic tests may be augmented by program peculiar requirements
as appropriate. '

The qualification sample should be parts which have been first
subjected to the screening tests. The qualification testing is a
one time manufacture and part design capability level verification
to demonstrate the ability of the part type to meet a determined
stress level. Any change in part design or process control which
affects form, fit or function requires requalification of the al-
tered part type. Periodic tests and inspections (quality confor-
mance on sample lots of parts produced) provides an indicator of
how well the qualification and level of integrity is being main-
tained.

The 100% screening tests most important for the achievement of re-
liable devices are the operational run-in test (from 100 to 2000
cycles, depending on mission requirements and device capability) in
which contact resistance is monitored; x~ray inspection for con~
tamination and internal anomalies; and in the case of switches,

the Lockheed~developed PIND test per LMSC Specification 1420833 is
recommended for detection of contamination. Vibration screening

‘to verify the absence of contact chatter is a good test for work-

manship defects. During vibration, both switches and circuit
breakers should be monitored for a short to case condition as well
as other parameters.
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Table 4

100% Screening

Electrical Parameters
Operational Parameters

Dielectric With
standing Voltage

Insulation Resistance

Operational Run-in
(Monitor Voltage
Drop)

Viﬁration

Contamination
Detection

\\
Electrical Parameters

N

Seal Leakage

N

Exiernal Visualvf;
X-Ray

Switeh Test and Inspection Redﬁiremeﬁtg

Quality Conformance
on Each Lot

Group A

Sample per'
MIL-S-8805

Group B

Sample per
MIL-S-8805

Qualification
on Each Part Tyne

Qualification
Inspection per
MIL-S-8805
Table 6
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Table 5 C(ircuit Breaker Test and Inspection Requirements ~—

: . Quality Conformance Qualification
1007 Screening on Each Lot on Each Part Type
- Electrical Parameter
Operational Parameters Group A '
Sample per Qualification
o MIL-C-39019 Inspection per
Dielectric With- MIL-C-39019
standing Voltage ‘
Insulation Resistance Group B
Sample per
MIL-C-39019
.Calibration
Vibration
Contamination
Detection . -~

Electrical Parameters

Seal Leakage

External Visual
X~Ray
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Life Tests

The cycle life of switches and circuit breakers should be verified
by life cycle tests, but taking care that the actuation rate is
not high enough to- cause secondary effects from excessive 1nter—
nally generated heat. - B

The matgin between the life 'test ‘demonstration and the mission re-
quirement varies widely between ‘users, varying from a factor of

two to a factor of 10. For maximum reliability, the conservative
margin d8 recommended, primarily because the test sample size is
statistically'small,” and ‘the variation of demonstrated life from
one switch to another can be appreciable.

Accelerated Testing

Accelerated ‘tests in the form of power burn-in, high speed life

or excessive ‘power pulsing are not normally a part of switch and
circuit breaker testing. There have been tests where switches or
circuit ‘breakers were exposed to'théir maximum rated power, tem-
perature and cycle rate, ‘all 'atthe same time. This maximum stress
testing is used to find weak or failure prone parts and is re-
commended. for use in development programs, and for devices that
have been developed, 'but have not had prior successful program
usage.

Another application of an accelerated test, which should be con-
sidered for selective application to switches, is the exposure

of the non-operating device to high temperature followed by opera-
tion under a light load at ambient temperature to verify that any
outgassing of inorganic materials is insufficient to condensed

as a contamination film on the contacts.

PROCESS CONTROL REQUIREMENTS

Process controls and handling are considered critical. Improper
control of any element of a part assembly, handling, cleaning and
sealing can have detrimental effects on the life and reliability
of the part. Table 6 lists critical processes and the effects of
inadequate controls. For switches, based on recent Aerospace ex-
periences, a very critical problem is particle contamination and
the need for ultra clean conditions cannot be over-emphasized. It
should be emphasized that x-ray inspection does not detect non-
metallic particles, and the PIND test does not detect very small
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Table 6 (ritical Processes _

Critical Processes Effect of Inadequate Control
Fabrication of Out-of-tolerance parts, damaged parts, im-
Detail Parts proper heat-treat, improper materials.
Weld Schedule Loss of seal, loose parts, shorts, open,

parameter deviation, poor wire bonding.

Cleaning Contamination, out-of-tolerance,
operational interference.

Handling Loose parts, seal loss, contamination,
parameter deviation, shorts, opens.

Assembly Qur-of-tolerance, contamination, operational
interference, parameter deviation, seal loss.

Sealing Contamination, corrosion, shortened life due

to varying atmosphere, inadequate protection,
seal loss.
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particles, and therefore the primary control of contamination
must be the exclusion of contamination by clean rooms and clean
benches. Class 100 conditions are desirable.

On those part types required for long-life application, the pro-

duction build sequence and sealing methods need to be reviewed to
verify that maximum control is used to provide minimum contamina-
tion and maximum process and schedule control.

PARTS LIST

Acceptable

Table 7 is a partial list of parts which have demonstrated relia-
bility. These parts have been qualified and used in systems re-
quiring high reliability for long durationms.

Unacceptable

For long-life applications, switches that are not hermetically
sealed are unacceptable. A circuit breaker which is not hermet-
ically sealed should be deemed unacceptable if a hermetically
sealed equivalent is available. Parts with soft or corrodable
contracts such as copper are undesirable. Parts containing plated
internal perts, or non-metallic materials which may outgas are
undesirable. Circuit breakers with complex actuation mechanisms
of unproven reliability are unacceptable. Circuit breakers that
require solder or metal melting to operate are unacceptable. De-
vices produced by a supplier with an uncorrected or uncontrollable
history of contamination failures are unacceptable. A mechanical
circuit breaker is unacceptable when a solid-state equivalent is
available which satisfies the application.
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INTRODUCTION

This study addresses multilayer printed circuit (PC) boards, printed
circuit board-electronic part assemblies, conformal coating, and
encapsulated modules. The basic life terminating factor is temp-
erature cycling. In multilayer P. C. boards, temperature cycling
produces failures of the plated-through-holes. In P. C. board
assemblies, it produces cracked solder joints; and in encapsulated
assemblies, it causes failures of both parts and electrical con-
nections. It is not the objective of this report to encompass

the total subject of electronic packaging, but to highlight the
most important factors and guidelines for preventing these temp-—
erature-induced, life-limiting problems, and to place great em-
phasis on the importance of this subject to long-life assurance.
This subject is also important as an economic consideration, since
the solution to one, single, solder joint problem required an
expenditure estimated at $7,000,000.

It is anticipated that problems will continue to occur in the fu~
ture until the fundamental electronic packaging hazards and solu-
tions are well understood, not just by the assigned packaging
engineer, but by program managers and all the personnel directly
involved in the design and testing of electronic hardware. This
report was written with this education-oriented objective in mind.
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GUIDELINES FOR LONG-LIFE ASSURANCE

Guidelines for Multilayer Printed Circuit Boards

Achievement of long-life multilayer printed circuit boards mainly
depends on achieving plated-through holes which are capable of
withstanding temperature changes without cracking and electrical
failure. Heavy deposits of ductile copper are necessary, and veri-
fication by temperature cycling coupons from production boards is
mandatory.

a. Design Guidelines

1) The thickness of the through-hole should be not less than
0.0015 inch for good resistance to thermal induced cracking.

2) Heavy layer copper (2 ounce) is preferable to 1/2 and 1 ounce
circuits, and the thickness of the layer copper and PTH copper
should be approximately matched for good resistance to thermal
induced cracking.

3) Thinner boards, in which the volumetric proportion of giass
epoxy to copper is minimized, are preferable.

4) The standard land, plated-through connection is superior to
both functional land and landless designs, from the stand-
point of thermal induced cracking.

5) For severe thermal applications, resin-glass systems of low
thermal expansion should be developed and used to minimize
thermal induced cracking.

b. Process Control Guidelines

1) The two processes critical to the life of multilayer printed
circuit boards are the hole drilling process and the electro-
plating process, both of which require very close control to

insure clean holes and ductile copper.

2) Brighteners should not be used in the electroplating bath
since they may cause brittle copper.

3) The electroplating bath should be very closely controlled to
avoid both brittle copper and hard copper.
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4) Rockwell B hardness of 50 or less is recommended to assure
the ductility necessary for long-life.

c. Test Guidelines

1) A test coupon from each production board containing 80 to
100 plated-through holes, connected in series, should be
temperature cycled between -65° and 110°C, and increased
electrical resistance should be cause for rejection of the
production boards.

2) TFor programs with a nominally mild temperature environment
50 temperature cycles are recommended. TFor more severe
applications, 200 temperature cycles are recommended.

3) Acceptance tests should also include temperature shock tests
simulating the wave, or the hand soldering operations, since
thermal induced warping of the boards tends to cause cracks
between the inner copper planes and the plated-through hole.

d. Application Guidelines - Multilayer printed circuit boards
should not be used in a very severe temperature cycling environ-
ment. An example is exposed hardware (not temperature controlled)
on a spacecraft in a 150 nautical mile orbit where a temperature
cycle is experienced every 1% hours. However, from the wider
viewpoint of overall electronic equipment reliability, electronic
equipment should be protected from a severely fluctuating tempera-
ture environment by the use of a passive or active environmental
control system.

Guidelines for Printed Circuit Boards Assemblies

In a printed circuit board assembly, the principal failure mode
(excluding part failures) is cracked solder joints from tempera-
ture fluctuations which cause fatigue failures in solder joints
not provided with adequate stress relief in the packaging design.
(Failures of electronic parts are treated in the other sections
of this volume.) The solution to the problem is to design an
adequate stress relief. Other factors, such as solder applica-
tion technique, amount of solder, type of solder alloy, etc.,
influence solder joint cracking, but are secondary to the factor
of stress relief.
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Design Guidelines

The parts mounting techniques should be controlled by specifi-
cation. The specification "Standard Parts Mounting Design
Requirements" MSFC-STD-136, is recommended.

Plated-through holes provide a much stronger solder joint than
bare holes. Bare holes should not be used.

The pad size, hole diameter, and all other geometric factors
influencing the shear strength of a given solder joint should
be kept to the conservative side of MSFC~STD-136 to insure the
strongest practicable solder joints,

Process Control Guidelines

NHB 5300.4 (formerly NASA 200.4) is oriented towards the pro-
cess of producing high quality solder joints. This specifi~
cation, however, does not provide detailed guidelines on the
stress relief of solder joints and, therefore, it should be
augmented by the use of MSFC~STD-136.

The maximum amount of solder allowed by NHB 5300.4 (formerly
NASA 200.4) should be used, since temperature cycling tests
have shown that the amount of solder significantly influences
solder joint cracking.

The gold embrittlement problem should be avoided by removal
of the gold-on-gold plated leads prior to the final soldering
operation.

Test Guidelines

Verification of the packaging design should be accomplished
on early prototypes, or on test samples representative of the
design, by subjecting the hardware to temperature cycling be~-
tween ~55°C and 100°C, and inspecting for cracked solder
joints.

The nominal value of 200 cycles required by MSFC-STD-136 is
recommended. The actual mission environment should be reviewed
to determine if this value should be adjusted.
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d. Application Guidelines

Printed circuit board assemblies are not suitable for use in very
high vibration and shock environments, For vibration levels of

0 to 5g rms, no particular effort to reduce vibration fatigue
effects are usually necessary. From 5 to 20g rms, vibration re-
sistance can usually be acheived through proper use of clamping,
dampening, and conformal coating. Above 20g rms, the use of
encapsulants to prevent fatigue failures from excessive board
flexure will usually be required, The above estimates are gross;
and each printed circuit board application requires a careful re-
view for compatibility with the dynamic environment, and to estab-
lish mounting and dampening provisions.

e. Special Considerations

The requirement to withstand 200 temperature cycles may seem exces-—
sive, but it should be emphasized that earth-based equipment not
stored in a temperature controlled environment could acquire 1826
cycles, with about a 15°C daily excursion, in a period of five
years, and that some spacecraft equipment may experience a temper-
ature cycle every 1-1/2 hours. The correlation of accelerated
temperature testing with field service conditions has not been
clearly definitized. However, IBM, on one program, determined

from actual failure data that 46 temperature cycles from -20°C

to 85°C was equivalent to two years of field service life.

Guidelines for Conformal Coating

Conformal coating, necessary for environmental protection and
mechanical support on long-life hardware, is a major cause of both
part and interconnection failure when not properly selected and
applied. The problem is that heavy coatings, heavy filleting, or
bridging under flat bottom parts produce or aggravate stress on
parts and solder joints in a fluctuating temperature environment,
and cause cracked solder joints and damaged parts.

a. Design Guidelines

1) A flexible polyurethane coating less than 4 mils in thickness
is recommended.

2) TFragile parts such as glass diodes should be sleeved to pre-
vent damage from thermal expansion stresses.
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3) Coatings of the above thickness do not provide ultra high in-
sulation resistance because 100% coverage cannot be achieved.
When ultra~high insulation resistance (1010 ohms, and above)
is required, a deposited coating such as Parylene C is recom~
mended.

4) When both ultra-high insulation resistance and mechanical sup-
port is required, a deposited coating such as Parylene C fol-
lowed by a sprayed 1- to 2-mil flexible polyurethane coating
is recommended,

b. Process Control Guidelines

1) The application of conformal coating should be closely control-
led by the packaging specification to prevent heavy coatings,
heavy filleting, and bridging under flat-bottom parts. Ap-
plication by spraying and removal of excess filleting by cen-
trifuging (spinning) is recommended.

2) Bridging of conformal coating under flat-bottom parts usually
has catastrophic consequences and must be completely avoided.

e. Test Guidelines

1) Verification of the packaging design, with the conformal coat-
ing applied, should be accomplished by the temperature cycling
program described for printed circuit board assemblies,

2) Assure that the specific polyurethane selected has been tested
under high humidity and temperature conditions to assure chemi-
cal reversion will not occur,.

d. Application Guidelines

1) Conformal coating should be used only when specifically re-
quired for humidity protection and/or mechanical support.

Guidelines for Encapsulated Modules

Encapsulation (potting), employed with cordwood packaging, and
sometimes with printed circuit board construction, is used for
increased mechanical support. All potting materials, as a result

of temperature changes, impose stresses on parts, connections, and
many materials, GStresses in the thousands of pounds per square

inch are produced. Yo prevent failures of parts and connections, the
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potting material must be carefully selected and then tested using
temperature cycling to verify that damage to parts and connections
will not occur. Encapsulated modules generally do not have the
temperature cycle capability of well-~designed printed circuit board

assemblies.

a. Design Guidelines

1) Solid, rigid materials, such as solid polyurethane or epoxy,
should not be used as they impose excessive stress on the
encapsulated parts.

2) Microballoon filled epoxy and low density polyurethane foam
are usually satisfactory materials.

3) Very low density materials, such as polyurethane foam with a
density of 2 lbs/cubic foot, may be required for increased
temperature cycling capability,

4) Low density materials are good heat insulators and the module
design must allow the conduction and dissipation of self-
generated heat.

5) Potting stresses are reduced by a low ratio of potting volume
to hardware volume.

6) In encapsulated modules, welded joints are preferred to solder
joints since they are not subject to the problem of fatigue
cracking.

7) Resilient pre-coats should be employed to achieve lower stress
on parts and connections. A thin pre-coat (0.001 inch) hy-
draulically distributes the stress on a part, while a thick
coat (0.008 inch) will reduce the stress.

b. Process Guidelines

1) The curing temperature should be as low as practicable, since
a zero stress condition is present at the curing temperature,
and stress progressively increases as the module cools.

2) Proper allowance must be made for the fact that the manufac~

turer's recommended curing process will probably not result
in a 100% complete cure and subsequent temperature cycling
will cause further hardening and aggravate the stress problem.
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¢. Test Guidelines

To verify that the encapsulating material and process will not
damage parts, electrical connections, or cause performance shifts
of sensitive parts, it is mandatory that the design be subjected
to temperature cycling as described in the section of this report
on printed circuit board assemblies, A prime difficulty in such
testing is the difficulty of removing the potting to inspect the
electrical connections visually. This difficulty is largely al~
leviated if the recommended, very low density, materials are used
since these can usually be removed by mechanical, if not chemical,
means.

MULTILAYER PRINTED CIRCUIT BOARDS

Introduction

This study addresses the long-life aspects of the copper clad,
epoxyglass, etched circuit board with plated-through holes (PTHs)
for layer interconnections,

The multilayer board (MLB) evolved from the single and double-
sided boards with the development of the process to produce a
plated-through-hole (PTH) to interconnect the copper planes. Be-
cause of problems with the plated-through holes, a number of in-
vestigations, including enhanced-defect-test-programs, have been
accomplished since 1966, primarily by Rome Air Development Center
and IBM. This study summarizes this work and provides consolidated
guidelines for Long-Life Multilayer Boards.

Life Limiting Problems and Solutions

a. Thermal Coefficients of Expansion - The Basic Failure Mechanism

Since copper, glass, and epoxy are very stable materials, the
Multilayer Board (MLE) has a potential life, at a constant tempera~
ture, of much greater than ten years. However, in an environment
of changing temperature, the life of a poorly designed and con-
structed board may be terminated after a very few temperature
changes. The underlying problem is the difference in the thermal
coefficient of expansions between copper, epoxy, and glass.
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This incompatibility produces copper cracking, usually within the
PTH, with certain designs, or with incorrect or out-of=-control
processes. This cracking can produce electrical failures after
several temperature cycles, but if designs and processes are opti-
mized, the MLB can withstand several hundred severe temperature
cycles over a range of -65°C to 110°C,

An investigation by R. N, Wild of IBM (Reference 1), conducted on
the epoxy-glass laminate, aloune, using G-10 material, found that
due to the restraining effect of the glass fabric, the expansion
of the epoxy-glass laminate in the Z direction (perpendicular to
the MLB) is six to ten times greater than in the X and Y directions.
A marked increase in the coefficient of thermal expansion in the

Z axis after about 60°C was also established, as shown in Figure 1,
The discontinuity in the curve is now attributed to the measuring
technique. Later data (Reference 2) showed continuous curves and
confirmed the high expansion in the Z axis., This phenomena ac~
counts for the basic cause of PTH cracking.

b. RADC Industry Survey of MLB Failure Tvends

In 1967, John E. McCormick of RADC reported a survey of 26 organi-
zations, including both users and manufacturers (Reference 3).
This survey was addressed to failures of assembled boards after
the final screens and inspections. McCormick reported that in
40-odd failures, over 20 were electrical opens, mostly in the
plated-through~holes; about eight were shorts, mostly due to
solder bridging; five failures were internal shorts in the board;
and five failures were defective solder joints. Since solder
bridging is detectable by good visual inspection and the solder
joint failures were not germane to the MLB problem, this survey
focused increased attention on the plated through-holes.

e. kwnhanced-Defect~Test Program Results

In 1970, McCormick and Donald W. Calabrese reported (Reference 4)
the results of a three-phase RADC investigation. In the first
phase, the causes of internal opens were determined to be epoxy
smear, hole breakout caused by drilling, weak plated through-holes
and chemical entrapment. The causes of internal shorts were foreign
particle inclusions, partially etched copper, entrapped processing
solutions, voids in the insulation, and layer misregistration. In
the second phase, RADC used the above information to plan and con-
duct an enhanced-defect~test program during which many boards were
fabricated with various ''controlled" defects and then life tested
using different environmental exposures including temperature-
humidity tests and temperature cycling tests. The two most signi-
ficant results of this test program are:
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1) Plated-through-hole (PTH) failures are a much more serious
problem than the other problems, such as entrapped chemicals,
voids, and particles which may cause shorts.

2) Hole drilling, cleaning, and plating processes are extremely
critical and must be closely controlled and monitored.

In the third phase, RADC temperature cycling results were compared
with temperature cycling programs by the Institute of Printed
Circuits (Reference 5) and by RCA (Reference 6). The three tests
compared were:

RADC ~ three-hour cycle, -65°C to 115°C.

IPC - 50-minute cycle, using thermal shock, 25-minute dwells,
and progressively increasing the AT until -65°C to 150°C
is reached.

RCA - 30-minute cycle, using thermal shock, and 15-minute
dwells,

In spite of the difference in these test cycles, McCormick con-
cluded that there was good correlation between the results of the
three programs, and recommended a thermal shock (in air) screening
test for MLBs of 50 cycles using -65°C and 125°C with a 15-minute
dwell at each extreme. This test can be performed in 25 hours,
and provides data much faster than the 150 hours required by the
three-hour cycle. The test was proposed to be conducted on a
special test coupon containing 80 to 100 plated-through-holes in
series, During temperature cycling, electrical resistance would
be monitored. Increased, out-of-spec, resistance would constitute
a failure.

An investigation conducted by IBM, under contract to RADC, supplied
most of the data reported in 1970 by H. C. Hurley in Reference 7.
This enhanced-defect—-test program established the effects of poor
lamination, poor drilling causing epoxy smear in the holes, ductile
versus brittle electro—plated copper, three thicknesses of layer
copper, two thicknesses of the plated through-holes, and landed
versus landless PTH/conductor interconnections, Multilayer boards
were fabricated with the above variables and subjected to three
different temperature cycling tests; a 'hot' cycling test, a 'cold"
cycling test, and a test involving both hot and cold extremes.

The results from this latter test, employing a three-hour cycle
from ~65°C to 110°C, are summarized in Figure 2. The failure
mechanisms are illustrated in Figure 3.
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1. The first indication of damage is bowing of the epoxy glass
between the PTHs and deflection of the surface and internal
bands (A).

2. Greater than 987 of the electrical opens resulted from 360°
barrel fractures, usually located in the center half of the
board near a land connection (B).

3. Interplane fractures represented about 2% of the failures and
occurred only on planes near the surface (C) and within the

interplane, and not at the PTH interface.

4. Loss of adhesion between the glass-epoxy wall and the PTH was
also noted (D).

Figure 3 C(ross-section of Multilayer Printed circuit Board Showing
Failure Mechanisms as Determined by H. C. Hurley (Reference 7)
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From this investigation, Hurley concluded that:

1) Brittle hole plate was the most serious defect, causing 50%
circuit failure by 20 cycles, versus 300 for the control pro-
duct.

2) Smear—drilled circuits, as compared to smear-free circuits,
halved the life. Board opens were about three times as preva-
lent in smear-drilled circuits than smear-free circuits, and
interplane opens about twice as prevalent.

3) MLB reliability is maximized by using thick hole plate and
thick layer copper and the two thicknesses should be matched.

4) Landless designs are considerably inferior to landed designs.

Enhanced Defect Testing by R. N. Wild (Reference 1) established

the superiority of a thick, 1.5 mil, copper plating for the PTH

and the desirability of a low coefficient of expansion in the resin-
glass systems.

Some results of Wild's temperature cycling tests using a four-hour
cycle and -62°C to 115°C are shown in Figure 4. Wild also found
that lowering the upper temperature only 20°C (from 115°C to 95°C)
markedly extended the life., This can be explained in terms of the
significant reduction of thermal expansion in the Z axis in this
temperature.

In 1971, H. C. Hurley reported further findings (Reference 8).

This program, using G-10 MLBs, evaluated the effects of three PTH
diameters, two resin systems, and three PTH connection geometries.
These variable were evaluated in three thermal environments; thermal
cycling, soldering, and hand soldering. A three-hour 125°C and
~65°C thermal cycle was used. The low expansion resin gave superior
results; the reliability increased with increasing hole diameter;
and the normally-used standard land plated hole connection was su-
perior to both the functional land and the landless designs.

In the wave soldering tests, examination, after ten exposures,
showed plated hole degradation typified by a separation of the cop-
per board from the epoxy-glass wall, and a permanent stretching of
the barrel. Boards manufactured from resin system No. 2, while
superior in the thermal cycling tests, showed a higher incidence

of barrel-to-wall separation and more warpage (would not lay flat).
The standard land PTH's were significantly superior to the other
configurations because of their anchoring effect. Through-hole
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diameter did not have a measurable effect, No electrical failures
were detected in the boards after 20 exposures to the wave solder
environment. It should be emphasized that an "accelerated', wave
soldering, test was performed in which the contact time was in-
creased from a normal two seconds to nine seconds.

In the hand soldering tests, barrel stretch and epoxy-glass sep-
aration from the barrel were more severe than in the wave solder
tests. The test consisted of soldering and unsoldering a wire

six times, allowing the joint to cool between each step. As with
the wave soldering tests, resin No. 1 and the standard lands,

again showed the least amount of barrel-to-wall separation, but
through-hole diameter influenced the results with the 0.022 inch
hole showing more degradation than either the 0,16 inch or the 0.31
inch diameter holes. 1In addition, severe bowing of the surface
eyelets and internal lands was noted.

Processes and Associated Failure Mechanisms

This section describes MLB fabriaction processes and the related
failure mechanisms. Process control requirements are summarized
in Table 1.

a. Artwork

AN
From the circuit schematic, a designer lays out the required parts
as templates to locate holes or mounting pads, usually at four
times size (4X), and then begins the pad/hole and trace placement.
He also lays up ground/voltage planes and clearance holes or con-
nection on inner layers, as well as inner circuitry layers as re-
quired. The '"tape-up', as it is called, is the master drawing and,
as such, sets the trace width, conductor spacing, pad size, hole
size, board dimensions, tooling hole positions and all other sizes,
locations and dimensions. From the master, a contact "second
original' is made. Which is used to make the final "working Tool"
by photoreduction to 1:1 scale (1X). Working with care, on a .100"
x .100" grid at 4X, a highly competent designer can nearly match
the accuracy of the modern computer artwork generation systems,
He has the advantage of reducing his errors by 4:1 on photo-
reduction, but he has several disadvantages working against him.
First, the tendency of Mylar drafting film at 30" x 40" to expand
and contract with temperature changes reduces accuracy. Use of
7-mil instead of 4-mil Mylar improves dimensional stability as
does care in handling, transporting and storing the master and
second original. Second, the tape-up tapes and shapes have some
tolerances in their manufacture and third, the photoreduction step
depends on a very accurate camera, accurate measurement from mas-
ter to film, temperature control and highly skilled personnel to
keep additional dimensional errors to a minimum.
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Computer—generated artwork, on the other hand, has none of these
three problems. The process starts with the layout which the de-
signer has produced, or in some systems with the electrical sche-~
matic. In the former instance, the hole or pad positions are
digitized, a wiring list is generated and the computer, through a
plotter, interconnects parts and routes lines (traces) with minimum
specified spacing. The output is a glass 1;1 master, fragile, but
dimensionally stable. From it, the 1X working tool is made on con-
tact printed on film. Computer generated artwork should be used
for boards of four layers or more, to achieve adequate layer-to-~
layer registration accuracy. Artwork tolerances should be kept

to the best attainable level. Using the latest targeting and
registration techniques, and with one of the methods of "stacking"
the final 1X artwork to check position and alignment, the first
step in the production of a reliable multilayer PCB has been ac-
complished.

b. Clad Material Preparation

The shearing-to-size of the clad material very seldom contributes
to an MLB failure.

e. Clecning of Clad Material

Inadequate cleaning may result in non-adherence of the photoresist,
resulting in the etching away of part of a pad or trace, ultimately
showing up as an open circuit.

d. Application of Photoresist (Inner Layers Only)

Bubbles in the liquid resist may cause thin spots and unwanted
etching away from conductors, With dry-film resists, an improperly
controlled "laminating' machine or the wrong machine may cause air
pockets under the resist to give the same result as non-adherence.

e. Exposure of the Photoresist

When the artwork is overlayed and exposed, underexposure of the
photoresist will cause unwanted copper resulting in short circuits.
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. Development of Photoresist

There are two basic kinds of photoresist. One polymerizes and
becomes less soluble where it is exposed to light (through the
clear part of the working artwork). When is is "developed", the
unexposed portion washes away in solvent. The other becomes more
soluble where it is struck by light and that exposed portion washes
away in development. The former is most commonly used. If this
resist is underexposed, or the "strings' of unwanted photoresist
are not washed away, short circuits of unwanted copper will result
after etching.

g. FEtching of Circuitry and Stripping of the Exposed Fhotoresist

Overetching can cause open circuits. Shorts can be caused from
poor rinsing resulting in corrosion from the entrapped etchant or
contamination between conductors. Underetching can also cause
shorts. If the above defects are not detected by visual inspec=-
tion, they will be 'buried' inside the board by the next operation.

h. Lamination

Material prep and storage operations and the layup must be done
under reasonably clean room conditions to prevent metallic parti-
cles from falling onto the layup creating potential shorts.

Once the layup is in the press, the laminating schedule depends

on the parameters of the prepreg, gel time, flow and resin content.
The schedule is usually set empirically by making "dummy'" layups.
Lamination may be done "cold press' or "hot press', but while the
former gives more control, the latter is the more common process.
Too high a pressure can cause '"swimming" or breaking of circuitry.
The principle failure mechanisms caused by poor lamination are
resin starvation (too thin glue line) or pregellation and air
bubbles (too thick a glue line). Either may cause a short circuit
failure mode if solutions are entrapped. Martin Marietta has de-
termined that warping or flatness of the board can be improved

by special lay-up techniques, which are now under investigation
for the Viking program.

1. Hole Drilling
In drilling an inhomogeneous material, layers of copper, requiring
one set of drill feeds and speeds, and layers of epoxy-impregnated

fiberglass, requiring a different set, the process is a compromise
and not optimum for either.
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While for many yearse a drill speed of 20,000 rpm was considered
adequate, the current practice is 80,000 to 100,000 rpm. Too fast
a feed can cause deformation of the copper foil and epoxy glass

. tear-out, while a dull drill not only also causes the above de~
fects, but causes 'mailheading' of the inner layers and drill
wander as well, Too slow a speed will also cause nailheading.
Rough, torn, or smeared hole walls significantly degrade the qual-
ity, uniformity, and bond of the subsequently plated through-<hole,

J. Deburring and Cleaning the Holes

Most manufacturers use a Clair sander or equivalent to debur the
drilled holes. The debris from sanding catches in the rough holes
and, without adequate cleaning, particles will remain to cause
problems in through-hole plating.

k. Removal of Epoxy Smear and Etchback

In drilling, epoxy is softened and smeared across the inmer copper
layers. If not removed, it will cause an open circuit after plat-~
ings. Either sulfuric acid or . a "liquid honing'" process will
remove epoxXy smear.

Etchback is a controversial subject. Originally, it was considered
essential to good PTH-internal layer joints. The etchant was a
mixture of sulfuric and hydrofluoric acids to remove about 1 mil

of both epoxy and glass.

Moreover, if the sulfuric/hydrofluoric acid mixture picks up too
much water, or the hydrofluoric acid concentration gets too high,
deposits of powdery, insoluble fluosilicates can form to cause
voids later during the plating process. The consensus process is
the use of sulfuric acid alone,

L. Sensitization and Deposition of Electroless Copper

This process involves 10 to 15 tanks in series, depending on
whether or not a common rinse tank or separate rinse tanks are
used. Prior to plating, the boards are thoroughly cleaned, pre-
ferably with a mechanized scrubber and rinser, since pumice clean-
ing may leave particles in the holes to become nodules after
plating. Unremoved pumice may also contaminate the plating line
solutions. After a near-boiling anodic clean comes a brief etch
in ammonium persulfate (and a rinse at the end of each step) fol-
lowed by catalyst, sensitizer, accelerator and into the electro~
less copper solution itself. Upon completion of the electroless
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deposition, boards are kept wet and electroplated as soon as
possible. If the boards are left to dry or stand too long in
sulfuric acid, the adhesion of electrolytic copper may be poor,
contributing to the shoulder cracking of the plated through-holes,
Common plating racks that can be used in both electroless and
electrolytic plating are recommended.

m. Deposition of Electrolytic Copper

The boards are immersed in the electrolytic copper bath and, after
a few minutes at a low current density (copper strike), the oper-
ating current density is then adjusted for the area to be plated
and continued for the time specified in the plating schedule,

The most difficult part of electroplating is the chemical control
of the bath itself. It should be analyzed for PH, copper content,
pvrophosphate content and ammonia content at least once a week
depending on the stability of the bath parameters and the volume
of circuit boards being processed. An analysis for orthophosphate
should be performed at least bi-weekly and temperature monitored
every few hours.

The copper pyrophosphate bath is considered here because it is
today the consensus bath; it has good throwing power and it is
easier to control than other baths, especially copper fluoborate.
Throwing power is the ratio of thickness of surface plating to
the thickness of plating in the hole, A lower value in the holes
arises from the lower current density inside the holes and is
partly a function of the board thickness, t, versus the hole dia-
meter, d. The ratio t/d should always be less than five to one
and preferably three to one or less.

If minute metal particles from sanding are not completely removed
by air blow-out, or subsequent rinsing, nodules will result upon
electroplating and may reduce hole size below minimum tolerance
or cause weak spots in the hole walls. Rough drilling will be
accentuated by electroplating and large nodules may be formed.

Organics, including the breakdown products of brighteners, if
used, cause pitting and worse, brittle copper. Periodic tests
with a Hull cell will indicate the level of organic contamina-
tion, which can be removed by treating with finely divided carbon.

Continuous filtration through a one~micron filter to remove fine
particles, is mandatory.
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n. Application of Photoresist to the Outer Surfaces, Exposure
and Development

The previous discussion (d thru g) is applicable.
0. Deposition of Tin-Lead

Tin-lead is co-deposited from a tin and lead fluborate bath.
Currently, it is almost always pattern plated; that is, deposited
in the holes and the areas of copper that will be traces, the tin-
lead later acting as an etch resist. The bath is relatively easy
to control. Too much tin-lead on the traces and pads can cause
shorts after reflow.

p. Stripping Exposed Photoresist and Etching, Using Tin-Lead as
the Etch-Resist - > ERg 2T

The same kinds of problems exist here as in Step 7.
q. Reflow of Tin-Lead

The tin-lead, as deposited, is not solder; it must first be re-
flowed above the melting point of solder to convert it to eutectic
tin-lead solder (63-37). Originally, peanut, or other oils capable
of 400°F, were used for reflow, but currently Carbowaxes, polyoils,
and other non-oil materials are frequently used. Excess tin-lead
on the circuit traces can cause bridging and shorts upon reflow.

It is concluded that the electroplated copper of high ductility
is the most important single factor for long life multilayer
printed circuit boards. Very close control of the electroplating
both is necessary.

Organics, including the breakdown products of brighteners, if used,
cause pitting and worse, brittle copper. Periodic tests with a
Hull Cell will show, semiquantitatively, the level of organic con-
tamination, which may be removed by treating with finely divided
carbon,

Continuous filtration through a one-micron filter to remove fine
particulates is mandatory.
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The pyrophosphate plating bath is reportedly capable of as high

as 9% ductility (Reference 9), measured as elongation at break.
Good process control should provide adequate ductility and prevent
cracking of plated through holes. Fluhman and Saxer (Reference

10) have reported that by using very fine (down to 0.6 micron)
molecular sieve type filtration for all materials in making up the
pyrophosphate bath plus 0,8 micron continuous filtration, they
could achieve 20% elongation plated copper. However, no matter
how ductile the copper plate is (to the maximum of the above pro-
cess limitation), at some finite number of temperature cycles,
depending on the temperature excursion, cracking will start to
occur because of metal fatigue,

The foregoing descriptions of process and workmanship-dependent
defects emphasizes the importance of Process Control to the Long-
Life Assurance of MLBs. Process control comprises a set of process
specifications or documents which detail the process operations
and controls (both in-line and quality control) and a rigorous,
vigilant, continuing quality audit and monitoring to ascertain
that the process documents are being followed to the letter,
Well~-designed, mechanized or automated processes are easier to
control than those which depend on human operators. This applies
whether the MLBs are procured in-house or out. Another important
adjunct to process control is an alert process engineering or-
ganization (may be one man) to trouble-shoot and solve anomalous
problems that do not respond to the normal procedures for keeping
the process in control.

Summary

The life of multilayer printed circuit boards depends on the cap-
ability of the boards to withstand the temperature-induced stresses
resulting from the soldering process and the subsequent temperature
cycling experienced during the service life as a result of both
ambient temperature changes and the temperature changes induced
when the equipment is energized. The failure mode is cracking at,
or in, the plated through holes, and is the result of the dif-
ference of thermal expansion of copper and glass—epoxy. The life
of an MLB electroplated with brittle copper, and thin plate in the
plated through holes, is extremely short since failure will occur
after a few temperature cycles. The life of MLB, through good
design and process control, can be extended to greater than 200
temperature cycles between ~65°C and 110°C.
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The prime long-life is the ductility of the copper plate in the
plated through-hole. To achieve ductile copper and to avoid brit-
tle, or hard copper, extreme process control is required during
the electroplating process to insure high ductilities in the re-
gion of 5 to 10% elongation, It does not appear feasible to insure
ductility by requiring a ductility test on a test sample as de-
posited in the bath, because the thinness of the sample (only
several copper grains thick) yields unreliable results, IBM pre-~
fers a hardness test. Rockwell B hardnesses of 50 have given good
results, while hardnesses as high as 80 to 90 may give trouble.
While electroplating is a critical process to long-life, the hole
drilling and cleaning processes are almost as critical and they
also require very close process control.

The design of the board also markedly influences the life. The
most significant design factors for achieving long-life in a
fluctuating temperature environment are listed:

1) The thickness of the hole plate should not be less than 0.0015
inch.

2) Resin-glass systems of low thermal expansion should be deve-
loped and used when the temperature environment is severe.

3) Thinner boards are preferred, since the effect of the high
expansion of the resin is proportionally minimized.

4) The normally used standard land, plated hole connection is
superior to both functional land and landless designs.

5) Heavy layer copper (2 ounce) is preferable to 1/2 and 1 ounce
circuits.

6) The thickness of the inner plane layers should be approximately
matched to the thickness of the plated through holes.

Ags final verification of both the design and the process control,
a test coupon from each production panel should be subjected to
temperature cycling between -65°C and 110°C. The special test
coupon should contain 80 to 100 plated through holes in series.
The test coupon being used by Martin Marietta Aerospace on the
Viking program is shown, as an example, in Figure 5. During tem-
perature cycling, increased, out-of-spec, electrical resistance
would constitute a failure. The number of temperature cycles
should be determined from an analysis of the particular program
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or mission. For mild conditions, 50 temperature cycles are recom=—
mended, while 200 cycles are recommended for more severe applica-
tions. Since the state-of-the-art in MLBs is approximately 200
-cycles, multilayer printed circuit boards should not be used in
long-life hardware which will experience a great number of tem-
perature cycles. An example is exposed hardware (not temperature
controlled) on a spacecraft in a 150 nautical mile earth orbit,
where a temperature cycle is experienced every 1-1/2 hours,
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PRINTED CIRCUIT BOARD ASSEMBLIES

Introduction

The majority of the technology on the prevention of solder crack-
ing problems on PC boards was developed as a result of solder crack-
ing problems on the Saturn Program. The solution to these pro-
blems was undertaken by a Solder Committee established at MSFC in
February 1967, and chaired by Mr. E. Ray Van Orden.

Exhaustive studies of solder cracking have been performed since
1967, and sufficient knowledge exists to produce long-life hard-
ware, providing the lessons learned by these investigations are
understood and followed. The approach of this section is to con-
cisely summarize these investigations and reference the source
data.

Four MSFC documents and five reports from Westinghouse, IBM, and
Martin Marietta Corporation are briefly abstracted herein.

These nine documents provide the essential background information
and guidance for any program with the goal of long-life assurance.

The mechanism of failure is the result of mismatches in the co-
efficients of thermal expansion. Temperature changes fatigue the
solder joint producing stress lines and bulges, and then small
cracks which become progressively severe until, finally, electrical
failure occurs.

The variation in solder joint life ranges from 1 accelerated tem-
perature cycle to more than 4000 cycles, and mainly depends on the

stress relief inherent in the design.

Life Limiting Problems and Solutions.

a. Abstracts of Source Data -

1) The mechanism of solder joint failure is described in a recent
report by R. N. Wild (Ref 11).

This report describes the primary cause of solder joint failure as
a slow cycle fatigue phenomena and emphasizes that a solder joint
seldom fails because its ultimate strength has been exceeded. Re-
latively low stresses (from inadequate stress relief) cause rapid
creep and relaxation of the stress and, after a number of cyclic
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repetitions (from temperature changes), a crack forms and progres-
ses to the point of electrical failure. The first visual evidence
of cyclic damage is a dulling of the normally bright shiny surface,
appearing as an annular crazing or frosty condition. As the sol-
der is work hardened, grain growth and recrystallization occurs.
The slip will then occur in a slightly different (non-strain hard-
ened) position within the solder joint. This produces several slip
bands until one is weakened due to Pb rich-phase alignment to a
point where fracturing occurs and subsequently progresses to an
electrical failure. Using a cyclic strain testing machine devel=-
oped by IBM, it was discovered that when the strain cycles were
applied slowly, a solder joint would fail after much fewer cycles
than when the cyclic strains were applied at a more rapid rate.
This is attributed to the greater plastic deformation that occur-
red on each cycle when slower cycling was employed.

2) A NASA Technical Memorandum by M. J. Berkebile (Ref 12)
describes the causes and solutions of some of the cracked solder
joint problems which occurred on the Saturn Program. The part
mounting techniques did not allow for the stresses caused by ther-
mal expansion of the boards that occurred in normal operation.
Particular problems discussed include: (1) the solder joint crack-
ing which tends to occur when a feed-through is soldered to both
sides of a bare (not plated-through) hole, (2) the solder joint
cracking that results from the typical transistor mounting using

a plastic spacer, and conformal coating, and (3) problems with re-
lays and modules. Several flight hardware items were reworked to
provide strengthened solder joints. The techniques employed were
the flanged tubelet, copper tubelet, and redundant soft copper
wire. Such rework techniques are avoided when stress relief is
provided by the design. The report contains numerous guidelines
and diagrams, and emphasizes that high confidence in the life ca-
pability of any packaging design can only be obtained by verifica-
tion testing employing temperature cycling and vibration.

3) An investigation by Barnes Beasley of MSFC is reported in Ref-
erence 13. In this investigation, calculations were first made

to derive the solder joint loads resulting from various part mount-—
ing techniques as a result of exposure to temperatures of -20°C

to 85°C. The results, summarized in Table 2, illustrate. the seri-
ousness of the problem that can be expected with the standard
mounting of transistors on nylon spacers, and with larger compon-
ents such as transformers and modules. Table 2 also illustrates
the benefits of low modulous (resilient) pads and spacers. Various
hardware configurations were fabricated and subjected to tempera-
ture cycling between -30°C and 100°C, using a three-hour cycle with
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with one~hour soak times at high and low temperature. The test
results, summarized in Table 3 illustrates the problem that exists

with transistors and large modules.

4) A NASA Technical Memorandum by E. Ray Van Orden (Ref 14) pre-
sents many techniques of strain relief, including a basic design
concept on mounting components with heavy leads to a solid struc-
tural base and then soldering the leads to a thin, flexible, board
which is free to yield under stress. This report presents a very
comprehensive set of guidelines, an example of which are presented
as Figure 6. One of the most significant items is that a basic
policy was on verifying the packaging design by testing was estab-
lished by the Solder Committee. This verification policy has,
subsequently, been implemented by many NASA contractors. This test-
ing should be accomplished as long before formal Qualification
Testing as possible, to enable adequate opportunity for timely cor-
rective action on the basic packaging. This policy, entitled
Basic Design Verification, is as follows:

"It is anticipated that many more packaging configurations,
some of which may be more complex than the fundamental con-
cepts discussed herein, will become evident. In order to es-
tablish confidence in the reliability of new packaging config-
urations, the following tests have been standardized by the
Solder Committee. New packaging configurations should have
been successfully tested prior to implementation.

“1. Temperature cycling - The subassemblies should be temper-
ature cycled in an air circulating oven from room temper-
ature to -55°C to 100°C and back to room temperature at
a rate not to exceed 5°C per minute. Soak time at each
temperature extreme should be 15 minutes, minimum. The
duration of each cycle should average 2 hours. An in-
spection of each joint under 15X magnification should be
performed prior to test and after 10, 25, 100 and 200
cycles.

2. Vibration - After completing the temperature cycling test,
the subassembly should be subjected to vibration equiva-
lent to the requirements, plus a safety factor, dictated
by design that the subassembly will see in usage or ac~
ceptance testing.

"3, Complete assurance is established if there are no cracked
solder terminations found after 200 thermal cycles and vi-
bration testing when examined under a minimum of 15X mag-
nificatdon."
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Table 2 Swmmary of Solder Joints Loads from MSFC Report No. 53824

CONFIGURATION SOLDER JOINT LOAD

P

TRANSISTOR CONFIGURATION

Nylon Spacer 1.9 1b
XCU-A308 Spacer 0.07 1b
Sleeve Spacer 0.02 1b

TRANSFORMER CONFIGURATION

Transformer with Conformal Coating 6.6 1b

Transformer W/0 Conformal Coating 14.2 1b

Transformer with XCU-A308 (Pad) 0.18 1b

Transformer with XCU-A308 (Gasket) 0.14 1b
WELDED MODULE CONFIGURATION

Welded Module with Conformal Coating 9.4 1b

Welded Module with XCU-A308 Pad 0.27 1b
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Table 3 Summary of Temperature Cycling Testing of
Solder Joints from MSFC Report No. 55824

Total Number of Percent
Number of Number Cracked Cracked
Temperature of Solder Solder Solder
Parts and Mountings Tested Cycles Joints Joints Joints
Standard Mounted Transistors 1000 3072 566 18
Transistors Mounted Using 813 300 0 0
Vinyl or Teflon Lead Sleeving
as Standoffs
Transistors Mounted on 200 to 1000 1060 7 0.7
Resilient Pads
Standard Mounted 455 12 7 58
Transformers on Test Boards '
Standard Mounted Transformers 397 1397 122 9
in Two Hardware Packages
Standard Mounted Modules on 455 230 186 82
Test Boards
Standard Mounted Modules in 397 1343 846 63
Two Hardware Packages
Standard Mounted PC Connectors 397 3416 199 6
PC Connectors Mounted on 200 1428 3 0.2
Resilient Pads
Free (Unstressed) Kovar 1000 60 0 0

Transistor Leads
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Table 4 Susceptability of Various Types of 70-5 Trangistor
Solder Joints to Cracking During Thermal Cyeling

Type of Approximate

Solder Joint Cycles to Cracking
Standard joint less than 100
Plated-through holes, lead free on one end 150 -
Standard joint, jumper wire, soldered both ends 300
Standard joint, 0.005 inch maximum hole/lead diameter 300
Eyelet, funnel, split, brass 300
Standard joint, silicone foam rubber spacer 350
Standard joint, lead free on one end ' 500
D loog, standard solder 500
Extra heavy solder, silicone foam rubber spacer 600
Extra heavy solder, 0.115 inch DAP spacer 600
Extra heavy solder, no spacer 700
52 percent nickel/48 percent iron lead, standard joint, 800
free on one end
Extra heavy solder, D loop, silicone foam rubber spacer 800
F:xtra heavy solder, D loop, no spacer 850
Fxtra neavy solder, D loop, 0.078 spacer 900

Unless otherwise noted, all joints are Kovar leads, 60/40 tin-lead
solder, TO=5 transistors mounted on 0.078 inch thick DAP spacers with
0.017 to 0.019 inch diameter gold plated Kovar through 0.026 inch diameter
holes formed over and soldered per NPC-200-4.



5) A Westinghouse Report (Ref 15) describes an extremely compre-
hensive program investigating almost every aspect of solder joints
for printed circuit boards. This work was undertaken under the
technical direction of E. Ray Van Orden, of MSFC. The scope of
this work included industry surveys, failure mechanism analyses,
test of different solder alloys, and comprehensive test programs
to evaluate the many variables involved.

The approach used by Westinghouse was to establish the relative
influence of the many variables by building them into basic con-
figurations intentionally selected as having a very low resistance
to temperature cycling. These configurations were 1 inch square
modules with nine pins, soldered into various types of printed
boards, with different solder alloys, conformal coatings, solder
joint designs, and application techniques.

Again, it was evident from the extreme complexity of the solder
joint cracking problem that actual verification by temperature
cycling testing is mandatory.

6) A report by Martin Marietta Orlando Division (Ref 16) describes
an investigation of solder joint cracks in a Control Signal Pro-
cessor and to develop solder joints capable of withstanding a goal
of 1000 temperature cycles. This study mainly addressed the tran-
sistor mounting problem. The endurance of various transistor
solder joints tested are summarized in Table 4. The profound bene-
fits of stress relief and extra heavy solder is evident by the

fact that 100 temperature cycles (-55 to +125°C) cracked over 50%
of the standard solder joints, but with the incorporation of 'D"
loops and extra heavy solder, only one minor crack had developed

by 900 cycles.

7) A report by Martin Marietta Orlando Division (Ref 17) describes
a program to develop solder joints capable of withstanding a 12,000
thermal cycle goal on the Apollo Telescope Mount Gyro Processor.

In this program, an "accelerated' thermal cycle was used in which
4000 test cycles were approximately equivalent to the 12,000 cycle
goal. The benefits of lead stress relief, resilient spacers, heavy
solder joints, and solder joints strengthened with tubelets, were
clearly established.

8) A report by IBM (Ref 18) describes investigations resulting
from a cracked solder joint in a Flight Control Computer. The

goal was to implement solder joint fixes to enable the computer

and other hardware to withstand 60 temperature cycles between -20°C
and 85°C. The 60-cycle requirement was derived as equivalent to
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2 years normal operations, plus a safety factor. The various hard-
ware items were reworked utilizing the various different corrective
actions depending on the practicality of implementation on each
hardware item. The types of corrective action implemented were:

Offset pads;

Strain relief loops;

Tear-drop pads to permit heavy solder fillets;
Rubber spacers;

Tublets;:

Crimped and soldered microlets;
Plated-through holes;

Percussive welding.

For the design of future production, 200 temperature cycles were
used, and IBM selected offset pads, plated through holes, and re-
silient pads as the primary solutions.

A review of this report shows that transistors, and larger parts
such as transformers, relays, and inductors constituted the majority
of the problems.

9) The foregoing investigations and the salient conclusions of

the Solder Joint Committee are reflected in the specification MSFC-
STD-136, '"Standard Parts Mounting Design Requirements' dated June
11, 1971 (Ref 19). This specification is recommended for Long-Life
Assurance, and it should be particularly noted that the specifi-
cation requires verification, by 200 temperature cycles, for all
configurations which deviate from the specification. From past
experience, it can be stated that on any large space program this
approach will: save many dollars in solder joint failure investi-
gations, and corrective action programs to rework or redesign and
rebuild hardware. Some of the diagrams from this specification

are reproduced herein as Figures 7 through 13, but the entire
specification should be obtained and directly implemented on long
life programs, or used as a basis for establishing the packaging
specification for a specific program.

10) On the Viking Lander Program, Martin Marietta Aerospace im-
posed rigid control on packaging techniques. Some features of
this program are presented. For the mounting of transistor cans,
a spacer was developed using berylia, a low coefficient of expan-
sion material. This spacer, shown in Figure 14, is used as its
own tool for accomplishing the first stress relief bend. The sec-
ond bend is accomplished using an auxiliary tool which slips over
the bottom of the spacer. Another interesting approach was the
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approach used on axial lead parts such as resistors and capacitors.
The concern was that on axial lead parts of small diameter, the
solder fillet might envelop the 90°stress relief bend and, there-
fore, a special criteria was established when the distance of the
axial lead to the board was less than 1.5 times the part lead
diameter. This criteria is shown in Figure 15.

b. Other Factors Affecting Solder Joint Life - The factor of lead
stress relief is the primary factor influencing solder joint life.
Other factors, of secondary to no importance, are briefly described.

1) Effect of Solder Alloy - When cracked solder joints were in-
vestigated on the Saturn program, many solder alloys were researched
and a number of selected alloys were tested in an attempt to solve
the problem by an alloy significantly more resistant to tempera-
ture cycling.

Martin Marietta-Orlandc tested six alloys (Ref 16) and concluded
that 60/40 solder was optimum (Figure 16).

Westinghouse tests (Ref 15) showed that 97.5 percent lead, 1.5 per-
cent tin solder had improved cracking resistance. However, the
higher melting point (588°F) caused delamination of the copper on
the printed circuit board. Also, variability in solder joint ap-
pearance created an inspection problem. A 50 percent indium, 50
percent lead solder exhibited somewhat improved crack resistance,
melted at an acceptable temperature (400°F), but difficulty was
experienced with maintaining a tinned tip on the scldering ironm.

On the Viking Program, Martin Marietta Aerospace, concerned with
the high temperature sterilization requirement, investigated other
solder alloys. Again, no significant improvement was found.

A current investigation on different solder alloys, being conducted
by R. N. Wild of IBM, will be completed in early 1973.

While certain solder alloys do appear superior to conventional 60/
40 solder in some specific applications, it has been generally con-
cluded by industry that the solder joint cracking problem must be
mainly solved by packaging designs which remove external stress
from the solder joints. Past, current, and new developments in
solder alloy technology should be considered for possible applica-
tion to a specific, and particularly difficult, problem, but the
vast majority of potential problems of solder joint cracking are
golvable, and should be solved, by the proven techniques of stress
relief.
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2) Effect of Solder Embrittlement - In soldering gold plated

leads, the gold dissolves in the solder and may form brittle in-
termetallic compounds and a joint more prone to cracking when stres-
sed. This is less likely to occur with thin plated (50 micro
inches) component leads in a large circular solder joint, than with
the thin faying surface layers of solder such as under I.C. flat-
pack leads.

Avoidance of the gold intermetallic problem has been accomplished
by specifying pre-tinned leads, by successive wicking-off of the
solder during hand soldering, or by pretinning the leads by a wave
soldering machine or by immersing the leads into a solder pot and
insuring a washing effect by moving the lead through the bath or
by ultrasonic agitation.

MSFC-STD-136 requires that all terminating surfaces shall be sol-
der-tinned prior to soldering.

Solder baths used for tinning must be periodically replaced to pre-
vent a dangerous accumulation of gold. The specified limit, on

the Viking program, was established at 0.1%. This value appears
conservative, when compared to an investigation by R. N. Wild,

(Ref 20), who concluded that there was no detrimental changes in
the physical properties of solder joints with up to about 1% gold.

Large solder tanks require periodic chemical analyses of the sol-
der to determine when the solder should be discarded, but, with
small solder pots, it is usually more economical to freguently re-
place the solder than to incur the higher expense of frequent
chemical analyses.

3) Effect of Lead Material - Solder joint cracking due to tempera-
ture cycling can occur from the internal stresses within the joint
itself, when all external loads have been removed. Reference 17
quotes the temperature cycle life of clinched leads with 60/40
solder on single sided PC boards as follows:

No. of Temperature Cycles (~100 to 185°F) to
Lead Material First Crack 10% Cracked

Kovar 250 700
Nickel-iron - 800
Dumet 1000 1700
Copper > 4300 > 4300
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These results are the effect of the differences in the coefficient
of thermal expansion between solder and the lead materials, as
shown:

Coefficient of Thermal Expansion

Material ‘ in/in/°C x 107°
Solder 24
Kovar 5
Nickel 13
Copper ' 17

This thermal incapability of kovar transistor leads and solder,
coupled with externally applied loads on the solder joint, has
caused serious solder joint cracking problems. The preferred so-
lution is the elimination of all external loads through stress re-
lief techniques, and the use of plated-through-holes to provide a
stronger solder joint. This approach is adequate for most programs.
However, on one program (Ref 17), where the goal was 12,000 ther-
mal cycles, testing revealed that heavy solder and copper tubelets
over the end of the transistor leads were necessary.

4) Effect of Lead Flexibility - "Strain relief to a solder joint
is best accomplished by mechanically fastening the component and
using a flexible electrical link between the component and the
solder joint. The ideal approach to strain relief is to use com-
ponents having small, stranded or ribbon leads for flexibility.
Unfortunately, the present concept of packaging electronic hardware
is to have component leads strong enough to support the component.
As a result, manufacturers provide large lead sizes and a variety
of lead materials. These are usually overrated, electrically. To
use components that are available today, lead configurations must
be created that minimize stresses to the joint. This is accom-
plished by permitting the leads to flex.'" (Ref 14).

5) Effect of Solder Application Techniques - Westinghouse performed
a series of tests (Ref 15) in which P.C. boards were dip soldered
with 60-percent tin, 40-percent lead solder at temperatures of 425,
500, and 550°F and for times of 5, 10, and 30 seconds. Thermal
cycling tests were then conducted and the results show no signifi-
cant differences. Also, there were no significant differences be-
tween dip soldered, wave soldered, and hand-soldered joints.
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When a crack is produced in a solder joint, metallographic exami-
nations showed that the failure began and propagated in the solder
matrix, and the solder remained bonded to the surfaces, except in

a few cases which were found to be lead preparation problems.
Westinghouse concluded that the failures were occurring in the sol-
der and the properly executed practices in regard to fluxes, sol-
ders, temperature, time, and solderability of lead materials as
called out in NHB/5300.4 (formerly NASA 200-4) gives solder joints
which will not fail at the interface.

The amount of solder in the joint was found to have a most signi-
ficant reduction on cracking rate, as described in the next para-
graph.

6) Effect of Amount of Solder - Figure 17 from Reference 15, il-
lustrates the marked improvement resulting from increasing the
amount of solder on the joint. This test was conducted on nine-
pin modules soldered into a single sided board with a 0.008 inch
clearance which was bridged by PC 22 pelyurethane conformal coating.
With hand soldering, the amount of solder can be reasonable con-
trolled. However, as the amount of solder increases beyond that
amount necessary to give a contour joint, as specified in NHB
5300.4, the possibility of an operator piling solder on a nonwetted
joint becomes a concern. Proper training of operators to assure
that they observe wetting of surfaces before adding additional sol~-
der becomes important. Also, Westinghouse concluded the assurance
of properly prepared surfaces so that wetting or alloying can take
place is a must. A proper guideline is to use the maximum allowable
solder permitted by NHB 5300.4 providing that this approach is not
considered or used as a substitute for stress relief techniques.

7) Effect of Solder Joint Geometry - The resistance to cracking

is influenced by the strength of the solder joint, and specifically
the area of the shear planes through a cross-section of the joint.
To insure good shear strength, geometric factors such as the lead
diameter, hole diameter, and the distance that stud type leads pro-
ject above the printed circuit board are important. A complete
treatise on this subject is presented in Reference 15. The cri-
teria of Figures 10 through 13 address this important factor.

8) Effect of Plated-Through-Holes - In a plated-through-hole, as
compared with a bare hole, the solder flows into the hole and pro-
vides a solder joint with substantially increased shear strength.
The use of plated-through-holes as a solder joint reinforcement
technique is highly recommended. The superiority of the plated-
through-hole is shown by Figure 18 from the Westinghouse data of
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Reference 15. This data also shows that the thicker board was ad-
vantageous. MSFC-STD-136 encourages the use of plated-through-
holes but cautions that this method of joint reinforcement is in-
significant for boards 0.032 inch thick or less.

It should also be stated that since the high expansion of PC boards
in the vertical axis is a primary source of stress, the use of
thicker PC boards with bare holes can aggravate a solder joint pro-
blem. This, however, becomes somewhat academic if the proper tech-
niques of stress relief are employed.

9) Effect of Type of Parts - The major problems of solder joint
cracking have been encountered with transistors and larger parts
such as modules and relays. The most serious transistor problems
have been the result of several factors working in combinations:
The low expansion of Kovar, the use of tall spacers with a high
coefficient of thermal expansion, the use of bare-hole PC boards,
and the use of heavy coats of conformal coating. This combination
is absolutely catastrophic to solder joints and cracking may oc-
cur in a very few temperature cycles.

With large modules, the leads are sometimes not ammenable to

easy stress relief solutions and, in additional, loads are im-
posed on solder joints from lateral expansion and contraction ef-
fects as well as the vertical loads.

10) Effect of Conformal Coating - This subject is discussed in a
following section of this report. Minimum thickness should be

used. In particular, the bridging of conformal coating between
flat bottom. components and the PC board must be avoided unless the
particular strain relief technique removes all stress from the
solder joints in spite of the very adverse effects of such bridging.
Also, bridging can actually break weak ceramic or glass parts such
as ceramic dual-in~line integrated circuits.

11) Spacers and Resilient Pads - Rigid spacers under transistors
contribute to solder joint stress when lead stress relief bends
are not employed. Some problems have been solved with resilient
spacers or pads. When employing this solution, a material must be
selected that retains its resiliency at low temperatures and is
acceptable in the applicable vibration environment. Reference 17
concludes that resilient spacers under transistors should have a
Shore Hardness of below 45 on the A scale, and that larger parts
should have softer spacers.
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Summary

The majority of cracked solder joint problems are caused by external
stress on solder joints resulting from inadequate stress relief in
the design, rather than defects in the original solder joint it-
self. Transistors (Kovar leads) and large modules represent the
greatest threats. The problem cannot be adequately solved by the
selection of the solder alloy, or improvement of soldering techs
nique, but must be solved by employing stress relief features in
the design such as those specified in MSFC-STD~136. The problem
can be alleviated by the use of flexible part leads, as opposed

to heavy rigid leads; by using the maximum permissible amount of
solder; and by using plated-through-holes, since these provide a
significantly stronger solder joint. Verification of the packaging
design should be accomplished on early prototypes or on test sam-—
ples representative of the packaging design, by subjecting the
hardware to temperature cycling between -55°C and 100°C, and in-
specting for cracked solder joints. The nominal value of 200 cyc~
les required by MSFC-STD-136 is recommended, although actual mis-
sion or program requirements should be reviewed to determine if
this value should be adjusted. It should be remembered that equip-
ment (on earth) not stored in a temperature controlled environment
may experience a daily temperature cycle of 15 to 20°C, and could
acquire 1826 cycles in 5 years.

Precise data correlating the severity of actual in-service temper-—
ature cycling with the severity of accelerated temperature cycling
could not be identified in this study, but it seems reasonable that
a 15°C temperature excursion would be about one-tenth or more
probably, less than one-tenth as severe as the 155°C temperature
excursion specified by MSFC-STD-136. On this premise, 1826 daily
temperature cycles over a five year period would equate to about
183 accelerated cycles. This conclusion is in rough agreement

(but on the conservative side) with the IBM work reported in Ref-
erence 18. This report concluded, from actual field failure data,
that 46 accelerated cycles from -20° to 85°C was equivalent to 2
years of field service life. It should also be remembered that the
temperature enviromment in spacecraft, in orbit is often more be-
nign and constant than while the same equipment is on the earth.
However, it is important that the equipment not have cracked solder
joints at the time of insertion into orbit, and therefore the above
guidelines are still applicable even though the orbital environ-
ment is benign.
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CONFORMAL COATINGS

Introduction

The use of conformal coatings on long~life hardware for environ-
mental protection and mechanical support is generally still a valid
design requirement; however, experience on present programs has
identified problems so serious as to cause consideration of its
elimination. These problems concern primarily thermally induced
stresses on parts and interconnections. It has been established
that the major cause of solder joint failures is thermal fatigue
due to stresses induced by the differences in thermal expansion
of the materials in a solder joint configuration; i.e., printed
circuit board, conformal coating; part lead, part body, solder,
etc. Conformal coating, especially if improperly used, can be a
great contributor to solder joint stresses, as well as to part
stresses and breakage.

Life Limiting Problems and Solutions

a. Part Stressing - Numerous studies have dealt with the problems
of conformal coating induced stresses on part bodies causing break-
age of brittle ceramic or glass parts, such as glass diodes. These
studies have established the major cause to be thermally induced
bending stresses on the part body due to heavy application, uneven
application, heavy fillets of conformal coating around the part
body, or bridging under the part body.

An example of the adverse effects of bridging of conformal coating
was encountered on the Skylab program with ceramic dual in-line
integrated circuits. During temperature testing it was observed
that the glass frit bond between the two halves of the package
developed cracks. Further testing showed that devices from all
manufacturers tested were affected in this manner and that bridging
of conformal coating under the devices was a principle contributor
to the cracking. It was necessary to replace many cracked devices
and install the new devices without bridging of the conformal
coating.

Manufacturers have minimized these problems by:
1) The protection of fragile parts such as glass diodes by flexi-

ble plastic tubing or heat shrinkable sleeving such as poly-
ethylene terephalate, covered by MIL-I-23053/7. Also, a soft
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flexible coating is sometimes applied prior to the conformal
coating. This technique has been used when heavy, rigid con-
formal coatings are used. However, heavy rigid coatings should
not be used. ‘

2) The use of flexible conformal coatings and the use of applica-
tion techniques to provide their uniform thicknesses with mini-
mum fillets around part bodies, and with no bridging under flat
bottom components. The flexible polyurethane, such as PR1538
and Solithane 113, applied by spray, spin and cure techniques
are examples of this solution. This technique is recommended
where both environmental protection and mechanical support
are required.

3) The development of very thin, deposited coatings such as
Parylene C, which result in negligible thermal stresses during
thermal cycling. However, this type of coating is expensive
and provides no mechanical support. However, it can be ap-
plied to a board, and then followed by a thin flexible poly-
urethane coating for mechanical support.

b. Solder Joint Cracking - Many investigations (two of which are
summarized) show an increase in solder joint failures when con-
formal coating is entrapped between a part body and solder joints
on printed circuit boards.

1) The Westinghouse study (Reference 15) showed that all coatings
tested caused a decrease in the number of thermal cycles to
100% failure over uncoated boards when the coating was allowed
to bridge or fill the gap between the test module and the PCB
solder joint. The test modules were one inch square with
nine leads soldered directly through the printed circuit
board. Figure 19 plots a comparison of the results from an
uncoated assembly with three assemblies where the module was
bridged with a polyurethane (PC-22), a filled polyurethane,
and RTV 3140. This comparison indicates the catastrophic effect
of the entrapment of conformal coating between part body and
printed circuit board.

2) A report by Teledyne Ryan Aeronautical (Reference 21) presents
a very comprehensive investigation of solder joint stressing
and the role played by conformal coating., This investigation
was initiated by a solder joint failure on the Apollo LM
Landing Radar. Exhaustive investigations, both theoretical
and experimental were conducted. The solder joint failure
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was caused by the bridging of polyurethane conformal coating
between an I.C. carrier and the printed circuit board. Figures
20 through 22 show the effect of the conformal coating on
solder joint loads. Intensive studies made to find a method

of removing the conformal coating concluded that no accept~-
able method existed, Studies of solder joint strengthening
techniques were performed, Final trade~off studies on whether
to rework or build new assemblies for units not completed re-~
sulted in the decision to build new assemblies,

c. Coating Coverage - Conformal coatings as used in aerospace
electronics are generally epoxies or polyurethanes conforming to
MSFC~-PROC-257A or 293A, or MIL-I-46508A applied so as to conform
to the contour of the assembly being coated. There generally
exists a specification requirement for 100% coverage of all sur-
faces; however, without excessive coating thickness, or spot
build-up, actual complete coverage of the underside of leads, or
high points, is seldom accomplished in production. Table 5 is

an assessment of typical conformal coating coverage from a Hughes
Aircraft Company report (Reference 22). This report concludes
that conventionally applied epoxy or polyurethane coatings do

not provide the complete coverage required for ultra high reli-
ability humidity protection without the undesirable coating thick~
ness discussed previously. It can be concluded that when high
resistivity (10!0 ohms and above) under humidity is required for
long~life hardware, the conventional epoxies and polyurethanes
are not adequate. A thin (.00l inch and less) coating with com-
plete coverage of the deposited Parylene C type must be developed
and used. In addition, the expense and lack of mechanical sup-
port of these thin coatings require that more serious consideration
must be given to the actual environmental requirements of the
design before 1007Z coverage is specified. If the design requires
both 100% coating coverage and mechanical support, a composite of
a deposited and conventional polyurethane must be developed and
used. :

Summary

Conformal coating, necessary for environmental protection and
mechanical support on long-life hardware, is a major cause of both
part and interconnection failure when not properly selected and
applied. The following guidelines should be of major consideration
in the design of long-life hardware:
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Table & Degree of Circuitry Coverage Provided by Conformal Coatings, in Percent
of Items Coated

Chances
of High
Tangent Humidity
Printed Points Survival
Circuit Solder (Circuitry in Un-
Board Points and Beneath Component Sealed
Coating Traces Terminals Components) Leads Units
None 0 0 0 0 0
Epoxy or
Poly-
urethane
Varnish,
0.001 inch
Thickness 85 10 20 10 30
MIL-1-46058,
Types ER
and PUR,
0.002 Inch
Thickness 100 50 95 50 75
Composite
Poly-
urethane,
0.005 Inch
Thickness 100 99 99 90 97
Parylene
Type,
0.001 Inch
Thickness 100 100 100 . 100 99.9+
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a. Coating Coverage - Careful consideration of the electrical
and environmental requirements of the system must be given to
determine the actual need for 100% coverage of the assembly. If
the actual operating conditions of the equipment require very
high resistivity, under adverse humidity conditions, then 100%
coverage provided by a deposited coating of the Parylene C type
is recommended. Otherwise, the coating provided by a sprayed and
spun flexible polyurethane should be adequate. Where mechanical
support, as well as ultra humidity protection is required, a 1

to 2-mil sprayed flexible polyurethane over the deposited coating
is recommended.

b. Coating Thickness - The minimum thickness for mechanical sup-
port is recommended. Flexible polyurethane coatings less than 4
mils in thickness with no entrapment of coating under part bodies
and minimum fillets is recommended, except as discussed where
maximum humidity protection is necessary.

e. Coating Application - Application of the coating by spraying
and spinning to prevent fillet build-up as the coating tends to
flow down and around the part is recommended. The coating must

be applied in a manner to prevent bridging under slot components
such as multi-pin modules. Fragile glass and ceramic parts require
sleeving prior to coating.
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ENCAPSULATED MODULES

Introduction

The vibration, shock, or acceleration capability of electronic
hardware can be substantially increased by encapsulating the parts,
usually with an epoxy or a polyurethane potting material. However,
the potting system must be selected with the utmost care to pre-
vent failures from the high internal stresses resulting from tem-
perature changes. This section summarizes nine investigations

and develops guidelines for encapsulated modules.

Life Limiting Problems and Solutions

a. Abstracts of Source Data

1) An investigation reported by Herbert Dorfman (Ref 23) clearly
establishes the profound influence of the potting material on elec-
trical connections in an environment of temperature cycling. In
this investigation, a matrix of Dumet wire and nickel ribbon were
welded to intentionally produce weak welds of 5.4 and 7.7 1b.

These welded assemblies were flow-coated with a flexible epoxy,
cured and then encapsulated with five different potting compounds,
with the properties shown in Table 6. The modules were then sub-
jected to 10 temperature cycles from -30°F to +165°F.

The results, shown in Table 6 show that the filled and unfilled
epoxy potting produced many weld failures. The microballoon
filled epoxy and the 10-1b polyurethane foam markedly lowered the
incidence of weld failures and the 2-1b polyurethane foam pro-
duced no weld failures, even though the welds were weak. It was
also determined that the weld failure rate depended on the spac-
ing between the welds; the higher the spacing.the greater the
failure rate.

2) The microtransducer developed by LMSC to measure external
stresses in encapsulated modules reveals, per Ref 24, the tempera-
ture induced stresses in a number of encapsulants. Samples of
material were thermally cycled from -55°C to +100°C allowing the
sample to stabilize before recording each reading. Figure 23 il-
lustrates the variation and magnitude of the stress transition
associated with these encapsulants.
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Table 6 Weld Failures Due to Temperature Cycling

(a) Material Characteristics

Specific
Resin Gravity Shrinkage Coefficient of Thermal
No. Type of Material gm/cm3 % Expansion
1 Microballoon Filled 0.7 0.3 10.5 x 1078/°F
Epoxy (Pigmented Black)
2 Filled Epoxy (Pigmented [ 1.30 0.78 37 x 1078/°F
Black) (Range R.T. to 150°F
and
69 x 1078/°F
‘(Range 150° to 200°F)
3 Unfilled Epoxy 1.08 0.95 56.3 x 1076/°F
(Range 80° to 120°F)
4 Polyurethane Foam 0.16 0.3 0.14 to 0.20 x 10-6/°F
(10-1b/cu ft density)
5 Polyurethane Foam 0.03 Not avail-| 17 x 1078/°F
(2~1b/cu ft density) able from
vendor
(b) Summary of Failures
Number and Percentage of Weld
Failures in Each Module¥®
Nominal Weld Nominal Weld
, Strength: 5.4 1b Strength: 7.7 1b
Resin
No. Type of Material No. % No. pA
1 Microballoon Filled
Epoxy (Pigmented Black) 3 3.6 0 0
2 Filled Epoxy (Pigmented
Black) 9 10.7 10 11.9
Unfilled Epoxy 23 27.3 14 16.7
4 Polyurethane Foam
(10-1b/cu ft density) 4 4.8 0 0
5 Polyurethane Foam
(2-1b/cu ft density) 0 0 0 0
%Each module contained 84 welds (14 welds/circuit x 6 circuits).
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The stress transition temperature range for Epocast H-2E-011 is
between 90°C and 50°C. TFor Epocast H~-2E-012, a rigid encapsula-
tion, the internal stresses increase 30 times. The structural
characteristics of Epocast H-2E-037 remain quite constant and
high in the temperature range above +10°C. 3M/241 Scotchcast re-
flects a 15 times increase in internal stress. No stress transi-
tion was found in Eccofoam FPH-276, thereby showing 1lts use to
isolate electronic components from the stress characteristics of
rigid and semiflexible encapsulants. The effects of coating a
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component with an isolation material prior to encapsulation in a
semiflexible encapsulant resulted in a slight shift in the transi-
tion range. This data raises the question as to the value of
isolation coatings on components encapsulated in semiflexible
materials.

The large change in internal stresses that occurs within a small
ambient temperature range, indicated by the microtransducer meas-
urements, can result in degradation of electronic circuit perfor-
mance if the change in the parameters of pressure sensitive com-
ponents cannot be tolerated,

3) A paper by C. E. Brown (Ref 25) stated that modules consisting
of hybrid circuit assemblies, power transistors, a printed circuit
card, and a motherboard, were encapsulated with a semiflexible
epoxy to offer structural support yet permit necessary thermal
expansions and contractions of the components.

This module form was subjected to a lb6~cycle thermal test with
each cycle consisting of a 30-minute exposure at +150°C followed
by the same exposure at -65°C. Following this test, problem
areas were noted with solder cracks, encapsulant softening, and
ballooning effects in the encapsulation material.

The encapsulant (3M CRP-241) was too soft at temperatures above
+125°C for use around output pins. Solder cracks resulted from
thermal stresses due to insufficient relief provisions. The
ballooning effects in the semiflexible epoxy resulted from too
thick an application of silicone rubber on the module prior to
its encapsulation.

Corrective measures included looping the interconnection leads

and using a light coating of silicone rubber on all stress re-

lief points without causing the module case to balloon. Subse-
quent testing evidenced lack of further problems incorporating

these measures plus output pins, tinned instead of gold plated,
and soldered on the underneath side of the motherboard. Also,

the shoulder of the pins was encapsulated in a rigid header of

2850 GT epoxy and the remainder of the module was encapsulated

with semiflexible epoxy.

The redesigned modules revealed no discrepancies after being ex-
posed to 48 thermal cycles.
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4) A report by Carter and Burkhardt (Ref 26) describes a problem
currently under investigation by Sandia Corporation. On one pro-
gram, Sandia encapsulates P.C. boards with a glass microballoon
filled epoxy. However, prior to encapsulation, the boards, with
parts, are first precoated with a semiflexible polyurethane to
provide higher insulation resistance and to reduce electrical
performance shifts due to potting pressures on the parts. A
solder joint failure was encountered and it was postulated that
the problem might be solved by coating only the parts and then
soldering the parts to the boards. The test program conducted

to investigate this is described:

Three samples of each of three different configurations of PC
boards were fabricated and subjected to 40 temperature cycles
between -40°F and 160°F. The three configurations are described.

a) Direct encapsulation - The component parts were soldered to
the PC board, cleaned, encapsulated, and cured at 150°F for
24 hours.,

b) Total dip - The component parts were soldered to the PC board
and then the entire system was cleaned, dip coated in the
polyurethane and cured at 160°F for 24 hours, encapsulated
and cured at 150°F for 24 hours.

¢) Custom dip - The component parts were cleaned and individu-
ally dip-coated in the polyurethane and cured at 160°F for
24 hours. The components were then soldered to the PC board,
cleaned, encapsulated and cured at 150°F for 24 hours.

The test results, summarized in Table 7, show that the addition

of the polyurethane precoat seriously aggravated the solder joint
problem, and that precoating the parts, only, reduced the elec-
trical performance problem to a level below that of the directly
encapsulated parts, but the solder cracking problem was much worse
than the directly encapsulated hardware. Sandia is continuing
their testing to determine the effects of lead stress relief,
spongy precoats, and other factors.

This case history illustrates the very insidious nature of embed-
ment problems and emphasizes that the verification of the pack-
aging by temperature cycling is the only certain method of prov-
ing out a packaging design.
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Table 7 Encapsulation/Thermal Cycle Test Results

Solder

Joints Electrical Performance

Cracked Shifts
Direct Encapsulation 0.8% 1 serious abnormality

: 1 minor abnormality
Total Dip 43.9% 1 failure
1l serious abnormality

Custom Dip » 13.8% Slight deviations

5) A report by L. H. Fanelli (Ref 27) describes a problem with
the F~111 power supply. The failure was an intermittent open
circuit traced to the capacitor in a potted cordwood module.
Nineteen of 24 solder joints were found cracked in a module cured
at 266°F and 12 out of 24 cracked in a module cured at 165°F.
Investigation determined the cracks to be caused by stresses in
the solder joint which exceeded the strength of the solder.
Stresses were developed by the differences in thermal expansion
of the epoxy and capacitor leads upon cooling during the potting
cycle and subsequent thermal cycling.

Evaluation indicated two approaches to the problem solution, low-
ering the elastic modulus of the potting compound and/or increas-
ing the strength of the solder joint,

Canadian Marconi (F-11l1l Program), encountering the same problem,
used a softer potting material consisting of a loose aluminum
oxide filler in the module and retaining the previous potting
compound as a containing shell only. The loose powder provided
a low modulus media.

Autonetics investigated strengthening the solder joint by use of
silver solders with superior stress-rupture characteristics. The
best solder found for this purpose consisted of 3.57% silver, 1%
cadmium, balance tin (Alpha Metals No. 38 Alloy). However, this
material was not used because of anticipated manufacturing prob-
lems. Instead, the solder joints were strengthened by the easiest
improvement to implement which was incorporation of large bifurcated
solder posts which increased the lead-to-solder bond area by a
factor of four.
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6) A report by Gore and Lane (Ref 28) describes a problem of
solder joint and part failures in cordwood modules during an ac-
ceptance test of five temperature cycles from -35°C to +85°C. The
module was potted with a silica-filled epoxy resin. The stresses
from the potting caused both electronic part and solder joint
failures.

This problem was solved by: (1) kinking the part leads to permit
extension and compression of the lead with a minimum of force
transmitted to the joint, (2) by coating the unencapsulated as-—
sembly with DC-271 to prevent adherence of the potting compound
to the leads and the parts, and (3) by the use of two-sided
printed circuit boards with plated-through holes to provide
stronger solder joints.

After this corrective action, 485 modules passed the five tempera-
ture cycle acceptance test with one solder joint failure, and with
no evidence of damage to the electronic parts.

7) Burton S. Levin, of the General Electric Company, describes
(Ref 29) the failure of an epoxy encapsulated electronic module
in which a nickel ribbon moved during potting and subsequently
shorted a resistor. As corrective action, an epoxy coating was
applied to the module which prevented movement of the ribbon dur-
ing encapsulation.

8) A report by R. R. Prudhomme (Ref 30) describes the embedment
pressures within modules potted with six different materials. In
the program, carbon composition resistors were mounted in an ar-
ray and potted. The measurements of pressure were based on the
fact that the resistance of a carbon composition resistor varies
with pressure in a repeatable manner. The resistor modules were
embedded using the six materials and curing procedures shown in
Table 8. The modules were then subjected to six 24-hour tempera-
ture cycles from ambient to 135°C. The embedment pressures, all
measured at ambient temperature, are shown in Figure 24. The
pressures using Scotchcast 5090 and RIV 602 were low and were not
plotted. One rather startling finding was that the pressures in-
creased during the first two temperature cycles showing that com-
plete curing of the potting was not achieved by using the manu-
facturers' recommended curing times. This was confirmed by hard-~
ness measurements. The very high pressures measured illustrates
the fundamental problem with potted modules.
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Table 8

Material Mixing and Curing Procedures

Cure Time

Material Mixing Ratio & Temp
EPON 828 100 PBW Epon 828 to 100 PBW MICA to Room Temp

10 PBW CAT. (DTA). 24 hr
Stycast 100 PBW Resin 9 PBW CAT. No. 9 De- Room Temp
1090/9 gassed for 10 min. 24 hr
Stycast 100 PBW Resin to 12 PBW CAT. No. 11 218°F
1090/11 De-gassed for 10 min. 2 hr
‘Stycast 100 PBW Resin to 4 PBW CAT. No. 11, 214°F
2850 De-gassed for 10 min, Heated mate- 2 hr

rial to 165°F to lower viscosity

prior to mixing, de-gassing, and

pouring.
ScotchCast 7 PBW Part "A' to 3 PBW Part 'B" 166°F
5090 De-gassed for 10 min. 3 hr
RTV 602 100 PBW Resin to 0.25 PBW CAT. De- Room Temp

gassed for 10 min. 36 hr

The lower pressures measured on Resistor No. 1 are attributed to
the fact that this resistor was more closely surrounded by other
resistors and this reduced the stress. This effect has been ob-
served by other investigators.

Resistors No. 1 and 3 were not precoated, while Resistor No. 2 was
precoated, and the benefits of the precoat are evident in Table 9.

The maximum pressures measured in the modules between 75°C and
-65°C are plotted as a function of temperature in Figure 25,

where it is shown that the pressures increase with a decrease

in temperature further emphasizing the need of precoating to mini-
mize stresses.

9) A report by Dr. Frank Swanson (Ref 31) describes pressure
measurements within silica-filled rigid epoxy modules and the
effect of RTIV precoats of various thicknesses. Pressures were
measured by using a thermometer bulb, which had been pressure
calibrated using hydraulic pressure. The measurement was tempera-
ture-compensated. In this program, thermometer bulbs were coated
with Dow Corning RTV-731 and then encapsulated in a methylene
dianiline cured, 75% (by weight) silica filled rigid epoxy. The
encapsulating compound was cured at 170°F, resulting in a peak
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exotherm of approximately 200°F, which is the minimum pressure
point. Pressure readings were taken at temperatures of 160, 130,
100, 70, 30, 0, and -30°F. The measured pressures are plotted in
Figure 26. This data shows that the stress relief on the compo-
nent is directly proportional to the coating thickness, and the
conformal coating must be quite thick to significantly reduce the
stress.

Table 9 Effect of Potting Material, Precoating, and Temperature
Cyeling on Embedment Pressure

Resistor | After Thermal Exposures; Pressure (psi)
Material No. Cure 1 2 3 4 5 6
EPON 1 335 926 | 1007 855 915 731 809
828 2 181 18 | == - —_— —_ —

3 310 858 | 1015 801 851 705 762
Stycast 1 101 202 318 | 270 221 210 303
1090-9 2 53 o 168 140 154 133 211

3 95 514 729 732 651 613 708
Stycast 1 161 308 | 477 | 440 | 432 | 395 | 485
1090-11 2 92 234 290 216 206 142 184

3 360 676 | 1497 | 1559 11648 | 1591 | 1688
Stycast 1 876 1349 | 1138 | 1145 11084 | 1065 | 1011
2850 2 208 283 230 264 238 287 242

3 778 1387 | 1230 | 1339 {1258 | 1306 | 1250
Scotchcast Pressure data not included. Refer to
5090 body of report for explanation.
RTV 602 1 Negligible

2) Negligible

3) Negligible

While the above data suggests that 8 or 9 mils is required to
eliminate stress, Dr. Swanson reports that a thin layer is bene-
ficial in that it has the effect of converting localized stress
into a distributed hydraulic stress, and his experience has shown
that for many devices a l-mil conformal coating is sufficient to
prevent the component from changing electrical characteristics.
He reports that conformal coating, prior to encapsulation of a
capacitor, and glass diodes eliminated device failure by convert-
ing localized stresses to distributed hydraulic stresses, not by
eliminating stresses. Low modulus conformal coatings are neces-
sary since high modulus conformal coatings transmit localized
stresses.
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Sumnatry

The thermal induced stresses imposed on parts and electrical con-
nections as a result of the encapsulating material and process can
frequently exceed thousands of pounds per square inch. Solid
polyurethanes and epoxies cannot be safely used. The encapsulat-
ing material must be a low density, high modulus, material with a
low coefficient of thermal expansion. In a sense, it should be a
physically weak material incapable of imparting high stress to com—
ponents, but rigid enough to provide the desired mechanical sup-
port. This dictates the use of materials such as microballoon-
filled epoxy or low density polyurethane foams. However, even
these materials can cause weld failures where the weld strengths
are less than 7 or 8 pounds.

In severe temperature cycle environments it may be necessary to
use polyurethane foam with a density as low as 2 pounds per cubic
foot.

Low density materials are good thermal insulators and the module
must be designed to conduct self-generated heat out of the module.

In encapsulated modules, welding is preferred to soldering since
welded joints are not subject to the problem of fatigue cracking
as are solder joints.

In evaluating and testing a candidate potting material, it must
be remembered that the material will probably not be completely
cured after the manufacturer's recommended cure cycle, and during
subsequent temperature cycling, the material may <ncrease in
strength and hardness, to the detriment of the encapsulated parts.

When a module is cured, a zero stress condition exists at the
curing temperature (plus the exotherm) and when the module cools
to room temperature, internal stresses are generated. Accordingly,
it is usually desirable to cure at the lowest practicable tempera-
ture.

Thin (0.001 inch) coatings of a resilient precoat, such as RIV
731, do not reduce the total stress on an electronic part, but
aid in hydraulically distributing the stress over the part.
Thick coatings (0.008 inch) appear to reduce the stress. Such
coatings should be considered, and they have an added advantage
of precluding electrical shorts if component leads move during
the final encapsulation process.
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Attempting to stress relief parts by kinking the component leads
ig ineffective unless resilient precoat is also applied to pre-
vent a bond between the lead and the potting material.

To verify that the encapsulating material and process will not
damage parts, electrical connections, or cause performance shifts
of sensitive parts, it is mandatory that the design be subjected

to temperature cycling as described in the section of this report
on printed circuit board assemblies. A prime difficulty in such
testing is the difficulty of removing the potting to visually in-
spect the electrical connections. This difficulty is largely
alleviated if the recommended, very low density, materials are used
since these can usually be removed by mechanical, if not chemical,
means.

It is concluded that while there is existing test data showing
that multilayer boards and their solder joint configurations can
be designed and fabricated to withstand more than 200 severe tem-
perature cycles, there is no corresponding proof showing that
encapsulated modules have an equivalent capability. Therefore,
extreme attention should be given to encapsulated modules, and
all proposed designs should be thoroughly verified by temperature
cycling prior to the start of production.
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