























































































































































































































































































































































































































































































































































































































































































































































































































































































































Test
Method
3. Algorithmic
Pattern
Generation

Descrigtion

speed pattern generator.
All instructions when
addressed in local buffer

and sent to up are veri-

(continued)

4, Stored

Response

fied in proper sequence.

An emulation or simu-
lation program is kept

in bulk memory and then
applied to DUT to gen-
erate output data
response.

«Emulation:

1)

2)

3
4)

5)

Diagnostic program

loaded into test

system and translated
into 1's and 0's and
applied to reference
device.

Reference device tested
with comprehensive set

of diagnostic instruction
Outputs of reference

Summary of
Characteristics

4) Lack of parametric or
up dynamic tests.

5) Engineer has full con-
trol over test program

*Low Cost

*Flexible Programming

*Allows Multiple Fault

Diagnosis

*Engineer has full control

over test program

*Harder to implement than

lor 2

*Has sophisticated test

system

Tests: '
+Functional, Parametric,
and Dynamic »
*Extensive Engineering and
Evaluation Modes
*Multiplexed Operation
*Uses 2 Steps: Pattern
Identification and Test
Execution

*Emulation:

1) Easy to implement

2) Uses Reference Device
3) Tests up with its

Operating Instructions

*Simulation:
sl) Harder to Implement

2) Ease of Programming

devices recorded in memory3) Flexibility to Change

Truth table developed in
user/machine language
Test sequence applied

to DUT

*Simulation:

1)

2)

3)
4)

Use RAM or PROM to
simulate sequence of
operation of up by
storing predefined
instruction sequence
Simulated outputs sampled
and correlated to input
patterns

Stored in buffer or

on disc

Transfer pattern to
buffer to DUT
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Program

High Hardw are Cost for
Super Buffer & Added
PROMs & Pattern
Generator

Depends on Known Good
Device

4)

5)

6)
processor Environment
Simulation is Built by
Means of Software

7)

8)
standing of pp
Requires High Level
Language

*Highest Cost

*Hardest to Implement
+Sophisticated Test System
Required

9)

Does Not Duplicate Micro-

Requires Detailed Under-



Test Summary of

Method Description Characteristics
5. Modular Divide up into recogniz- Advantages:
Sensorialization able functional modules «Low Cost
and test each separately *Requires Pattern Generator
«No Gold or Known Good
Device

*Input/Output Responses are
Generated by Pattern
Generator

Disadvantages:

*Requires Knowledge of pp
Structure and Pattern
Generator

*Doesn't Test Interaction
Between Modules and
Instructions

4.67 Microprocessor Test Results

ups exhibit the following types of test problems:

» Pattern sensitivity

Interrupt problems
* Trigger on wrong priorities for multilevel interrupt
* Lose Dééa
+ Failure to execute instruction and/or interrupt
» - Loss of carry and bits during recirculation of data
* Mnemonic sensitivity
+ Instruction and instruction sequence sensitivity
* Loss of data
* High leakage current
+ Slow access timer
Tests on several different microprocessors have revealed the following:
1) Microprocessors must be initialized and synchronized prior to the
onset of testing because not all microprocessors power up to a
known state, or within a specified number of clock cycles (most

microprocessors require varying numbers of micro-cycles for
different instructions, requiring synchronization of the up).
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2) Some pattern sensitivity has been located with on chip RAM.
3) wups are voltage sensitive.

4) Instruction and instruction sequence sensitivity exists in most ups.
Certain groupings of instructions, when repetitively cycled through
the up and each successive loop resulted in more failures recorded
on a shmoo plot. Thus, there is a definite relationship between
software and hardware.

5) Most failures have been attributed to mask defects.

6) up testing requires finding worst case instruction sequences and
combining these with min./max. power supply and timing conditions
to obtain viable test plan.

One thing is for certain, there is no best way or standard way of testing
a up. This is yet to be developed. For you as users, the best means of
testing the up is by simulating the system -- i.e., using the instructions,
supply voltage and timing conditions as they are used in your system.

4.7 Applications Aspects

4.71 IC Reliability

IC Reliability is a composite of design, wafer process, assembly/package,
screening and testing factors.

There are more than half a dozen reasons why ICs fail. Figure 113
illustrates to what extent each major failure mode contributes to IC
mortalities. Since the distribution is normalized, it does not take
into account the small percentage of failures caused by anomalous
defects.

What factors must be considered in assessing component reliability?
The answer to this question depends on the user's needs and may be as
simple as '"calculate the failure rate on the basis of life test data"
or as complex as "access the reliability based on all factors from
design to complex reliability testing and analysis."

In order to assure oneself that the soft and catastrophic electrical
failures, as well as mechanical (package related) defects are removed
from a population of parts prior to installation in pc boards, many
people have turned to reliability improvement programs which are based
on the military/aerospace screening specifications. Reliability improve-
ment programs ensure that the parts used in a system are stable and
contain no inherent defects or sensitivities by combining the proper
electrical and environmental tests for a given application.

Testing or stressing a component does not make it more reliable. On the
contrary reliability must be an inherent quality -- it is a function of
the process being used to fabricate the device. As a result, the more
mature components' technologies tend to produce the more reliable devices.
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Sample testing to a 0.65 percent

Acceptable Quality Level generally means that 95 percent of
lots with 0.65 percent defective devices will be accepted.
Each defective device that slips past incoming inspection
leads to expensive troubleshooting and rework.
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The yields of a mature process are also inclined to be higher, but high
yields do not necessarily mean high reliability.

The extent to which devices are screened and the severity of the screens
depend on the type of component, as well as the end application. As a
rule, passive components tend to have lower failure rates than active
ones, and simple ICs generally fare better than complex ones. Needless
to say, components being used in an aerospace program are subjected to
far tighter screening than those going into a television set. However,
standard military test procedures are commonly employed to screen
commercial, as well as industrial devices.

Reliability and Quality

The words "reliability' and "quality'" are often used interchangeably as
though they were identical facets of a product's merit, but, they are
different. Definitions for quality and reliability are often the subject
of controversy, however the definitions given here will fulfill the needs
of this discussion.

Quality pertains to the population of faulty devices among the good ones
as they arrive at the user's plant. Or, in another view, quality is
related to the number of faulty devices that escape detection at the
supplier's plant. The supplier's procedure of testing outgoing parts

on a sample basis monitors the success of reducing the number of faulty
ICs that escape detection by 100 percent testing.

With LSI devices such as microprocessors there is not a clean cut distinc-
tion between reliability and quality because of the complexity of these
devices. Reliability is a measure of a parts performance after it has
been operating in a given socket for a period of time. It measures how
long the part will last. Quality, however, is considered to be how well
a given lot of units is prepared for a customer from the standpoint of
meeting his parametric and functional requirements. This is especially
true with microprocessors since the supplier cannot adequately test the
devices for all possible usage conditions. As such quality escapes occur
at the outgoing test point which manifest themselves as system failures.
This is a quality and not reliability problem. .

The term AQL is used in quality control to specify the percentage of
parts in a lot that can be defective and still have a 95 percent prob-
ability of lot acceptance. As the AQL figure decreases, the sampling
plan makes it more difficult for bad parts to escape detection, thus
upgrading the average quality level of the shipments.

For practical purposes of discussion, 0.65 percent AQL means that a lot
containing 0.65 percent defective parts will have a 95 percent chance
of being accepted; however, as shown in Figure 114, it also could mean
a lot with 2.09 percent defectives will be accepted 50 percent of the
time and lots with 4.8 percent defectives will be accepted 10 percent
of the time.
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Defective devices that slip through will be costly to find and replace
later on. A customer who buys ICs at a 1 percent AQL could receive lots
with varying percentages of defective parts. For ease in relating an
example, assume that the customer receives a lot that just happens to

be 1 percent defective. If he places 10 on a board, then on the average,
one out of 10 boards will be unacceptable, or if he chooses to put 50

on a board only one out of two will be good. Putting 100 devices on a
board virtually assures that none will be satisfactory. Clearly, large
board populations lead to expensive troubleshooting and rework costs:

the earlier the defectives are culled out the better.

Anyone using the AQL procedure must accept the premise that defectives
may exist in an accepted lot. The only way to separate and eliminate
defectives effectively while still accepting good units, is 100 percent
sorting.

In most instances, the number of rejects accepted at 0.65 percent AQL
is sufficient to justify 100 percent inspection for purchasers of IC

components. In fact, if we study shipments made by suppliers who use
AQL and other sampling procedures, we find that the number of rejects
shipped is far from insignificant.

Consider the company that uses 10,000 devices a month, at 15 cents each
or $1,500 per month. Typically, a company tries to "catch'" defective
components in normal board and system checkout operations. With luck,
only 3 percent of the mounted and soldered devices will fail at an
approximate cost of $10 to locate and §3 to replace each failed device.
That's $3,900 (300 failed) and an additional 2 percent probably will
fail in the field. This is not only expensive but damaging to the
company's reputation. Locating and repairing of approximately 200
field failures, at an average of $50 a call, amounts to another $10,000.
By the time all the rejects are caught, it has cost the company about
$14,000 -- almost ten times the original monthly lot purchase price.
Stated another way, the 15 cent devices have cost about $1.65 each, or
probably $4 to $5 if used in military equipment.

Despite reasonable quality control at the semiconductor suppliers
plant, a bonding problem might go through outgoing tests undetected.
Failures showing up at the board or system test level cause test and
rework expenses to soar, but the real problem is the stoppage of the
production line. The only real answer is 100 percent testing at the
incoming inspection station.

Characteristic Reliability of Unscreened Devices

The type of materials and method of assembly used are most important

to the reliability of a part. Reliability cannot be tested into a part,
however, reliability can be tested into populations. There are tests
which will subject the IC to stresses beyond those in actual use. Such
tests can eliminate most short-life parts.
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Stress tests will accelerate the time to failure of weak parts, allowing
the population of parts shipped to demonstrate a higher reliability in
use., Considerable data exists to show what stress levels a properly
manufactured circuit, utilizing a certain technology, should be capable
of withstanding. The data cover vibration, mechanical shock, thermal
shock, constant acceleration, moisture resistance, etc. In addition,

it has been established that a properly manufactured circuit should be
capable of storage or operation within rated conditions for thousands

of hours without significant degradation.

All semiconductor devices exhibit a bathtub failure curve as shown in
Figure 115. Initially, the device failure rate will be relatively high
as "mavericks" (infant mortalities), not representative of the main
population, fail. These failures are usually associated with one or
more manufacturing defects. The failure rate then declines to a farily
constant value which is representative of the main population where it
remains for a period of hundreds of thousands to millions of hours
depending upon temperature, applied voltage, circuit complexity and
other factors. Farther out on the time scale, the failure rate can

be expected to increase as devices fail of "old age" (as devices wear
out both physically and electrically.) The curve for particular
semiconductor types will be similar in shape with values that are
specific for the device.

Operating time is usually expressed in hours, and failure rate in percent

per thousand hours. Typical semiconductor failure rates as a function of

operating time for various temperatures are shown (Figure 115). At higher
temperatures, the "infant mortality' slope is greater and a stable popula-
tion is achieved in a shorter time.

The temperatures cited (Figure 115) are some of those commonly employed
for semiconductor burn-in. These curves show high temperature burn-in
as an effective means of weeding out infant mortalities.

"Dead on arrivals' are parts not operating to specification when received
from the supplier, whereas infant mortalities are operational upon receipt
but fail over a short period of time.

Associated with each area of the curve are specific failure mechanisms.
Table 8 lists some of the more common mechanisms along with the associated
thermal activation energy (defined later). These failure mechanisms are
now discussed.

4,72 Discussion of LSI Failure Modes

Failure mechanisms for SSI/MSI TTL, and linear ICs have been discussed and
investigated at great length. Table 8 summarizes the failure modes asso-
ciated with these devices. As such a reiteration of these will not be
presented here. Instead we will concern ourselves with the failure modes
peculiar to LSI devices and to MOS and bipolar technologies.
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LSI devices have all the reliability problems associated with discrete
semiconductors, plus others. The smaller geometries associated with LSI
circuits are reported to result in increased susceptibility to a number
of degradation mechanisms. Larger area chips are required, making the
devices more prone to defects inherent in the semiconductor materials
and increasing the probability and number of process defects, such as
pin holes and metallization faults. Larger packages are required (up

to 64 external leads) to assemble the LSI devices, thereby introducing
more bonds and increasing the probability of bond failure. The larger
packages are more difficult to hermetically seal, increasing the suscepti-
bility to leaks.

Unlike the transistor, the LSI device must be tested as a system, making
the testing approach more complex and less thorough than with discrete
components. Interaction between adjacent active elements of the LSI
circuit can give rise to an unwanted parasitic transistor action.
Coupled capacitance effects can, under various combinations of logic
patterns, cause an LSI device to lose stored information -- a phenomenon
called pattern sensitivity.

The complexity of LSI devices makes reliability testing and assessment
more difficult. Burn-in screening for example, one of the most effective
screen tests for integrated circuits, becomes itself a complex problem
when designing the driving circuitry needed to stress each element of

the LSI device. Because of the small geometries and, hence, the large
numbers of elements and functional parameters of LSI circuits, failure
analysis is much more complex than with discrete devices; however,
experience has shown that systems using LSI devices are more reliable
than systems using discrete components. One contributing factor is

the general improvement in semiconductors in recent years.

Most failure modes observed on lower complexity ICs are also observed in-
LSI circuits. It has been shown that for bipolar ICs, equal numbers of
assembly or package related failures and die or chip related failures
exist; however, a different package die failure mode ratio for LSI cir-
cuits has been reported. These findings show that approximately 45% of
MOS LSI failures are due to chip-related failures and only 28% were due
to package and assembly related failures; 20% of the remaining failures
were attributed to handling and 12% were due to a variety of causes. Of
the 45% chip related failures, 20% were attributed to oxide faults com-
pared with 6-7% for other ICs.

Unlike bipolar ICs, the oxide in an MOS circuit performs a dual function:
It protects the semiconductor material and determines the operating
parameters of the MOS circuit. It is this difference that gives a
different character to the physics of failure and failure distribution
of MOS LSI circuits.

MOS/Bipolar Chip Related Failure Modes

There are a number of fundamental differences between MOS and bipolar
silicon devices which impact integrated circuit reliability. The princi-
pal ways in which digital MOS ICs differ from digital bipolar ICs relative
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to reliability is in the higher substrate resistivity, the use of higher
applied voltages, and in the importance of the properties of the gate
oxide of MOS devices.

MOS fabrication technology differs from bipolar technology in having
greater process simplicity. Accordingly, it is easier to attain higher
chip complexity with MOS, and thus higher gate-to-pin ratios can be
attained. Since wire bond failures are a significant factor in limiting
the reliability of small-scale integrated circuits, MOS thus offers the
possibility of significant improvements in equipment reliability by
reducing the number of wire bonds and external interconnections. More-
over, MOS offers the possibility of lower power dissipation per function,
which in turn improves device reliability by producing lower chip temper-
atures during operation. In typical bipolar ICs (TTL), device dissipa-
tion is significant. By contrast, dissipation in MOS devices such as
CMOS and SOS CMOS is quite low.

MOS also has an advantage relative to bipolar devices in that the high
impedance of MOS devices does not result in high current densities in
the metal interconnections, and thus electromigration (current-induced
mass transport) is not a common problem in MOS devices. Also, high
current density problems at metal-silicon contacts are less frequent.
The high impedance of MOS devices also makes multilevel interconnections
feasible in complex arrays without significantly compromising circuit
properties. Diffused crossunders in the single-crystal silicon are
effective, and if another level of interconnections in addition to that
provided by the metallization layer is required. Polycrystalline silicon,
deposited as part of the silicon-gate process, is quite effective as an
interconnection level. By contrast, an additional level of inter-
connections in bipolar arrays means use of metal-over-metal crossovers,
which requires additional technology and introduces possible new failure
mechanisms.

Since localized defects in silicon are a factor in integrated circuit
reliability, one advantage of MOS compared to bipolar circuits is that
no epitaxial layer is required for conventional monolithic MOS devices.
MOS devices are thus fabricated in silicon of better crystallographic
perfection, with no possibility of stacking faults, or of epitaxial
spikes which cause device problems and damage the masks used for photo-
lithography. Finally, since MOS processing is simpler than bipolar
processing, and requires less steps, the possibility of manufacturing
errors which adversely affect reliability is thus lower. However,
bipolar technology is very mature and a relatively debugged process.

MOS ICs use many of the same materials and processes as bipolar ICs and
small-signal transistors. Accordingly, improvements in silicon materials,
oxidation, photolithgraphy, diffusion, metallization, passivation and
plastic encapsulation, and also in device physics, process control, and
electrical characterization have resulted in substantial improvements in
the reliability of both types of integrated circuits.

Many types of MOS devices are being produced at present. These differ

in types of active devices, in gate dielectric and gate metallization
used, and in processes, designs, circuits and packaging.
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Initially introduced commercial MOS ICs were based on high-voltage p-channel
enhancement-mode transistors. Lower voltage types and complementary MOS
devices were subsequently introduced. In this report the reliability of
the most commonly used types of MOS integrated circuits is discussed, and
specific examples of the effects of device construction features and
operating conditions on device reliability are given. Construction

features of importance are:

Active Devices

P-Channel (High VT)
P-Channel (Low VT)
Complementary
N-Channel
Depletion-Mode
Charge-Coupled Devices

Dielectric

sio,

$i0,-PSG

§i0, (C1)
810,-Si3Ny
Si0,-Al,04

Si on Sapphire

Gates

Al
Polycrystalline Si
Floating

Circuit

Input Protection
Static
Dynamic

Other factors of importance in MOS ICs include device and design features
(dielectric thickness and quality, design rules, device complexity, in-
process controls), specifications (maximum and minimum operating voltages,
operating temperature range), electrical testing (tests performed on the
wafer and on packaged devices), screening (amount of burn-in or other
screens applied), and packaging (hermetic-sealed conventional package,
frit-sealed package, plastic encapsulated device). Operating conditions

of importance include chip temperature, applied voltage, voltage transients,
moisture content of the ambient, and exact circuit usage.

MOS Failure Modes

Since many processing steps, materials, and construction features are common
to both MOS and bipolar ICs, many of the possible failure mechanisms which
have been reported apply to both types of devices. For example, passiva-
tion, chip-to-substrate bonding, wire bonding, and package sealing or mold-
ing procedures are similar for MOS and for bipolar ICs.
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MOS failure modes can be classified into the categories of shorts, opens
and degradations. Shorts are most commonly due to dielectric failure of
the gate (thin) oxide. Dendrite formation in gold-metallized devices can
also result in resistive shorts. Electrical opens may be due to microcracks
in the metallization at topographic steps, to photolithography problems,

to corrosion of metallization, to fusion of metal due to overstress, or

to open wire bonds. Degradation-type effects are attributable to the
motion of ions (such as Na+) in the Si0,, or to surface charge spreading
effects and consequent inversion.

4,721 Chip Related Failure Causes .

Chip related failure causes for LSI devices are summarized in Table 9 for
both bipolar and MOS devices and their frequency of occurrence. These
failure causes may yield any failure mode depending on when and where on
the chip they occur -- loss of data, etc.

Table 9

Chip Related Failure Causes and
Related Frequency of Occurrence

Cause . PMOS NMOS Bipolar
Photolithographic defects 6 6 10
Oxide defects 6 10 4
Oxide/junction contaminants 6 10 2
Metallization faults 6 4 8
Diffusion defects 8 10 6
Mechanical defects in the chip 6 6 10
Design defects 8 10 6

10 = high frequency of occurence

Photolithographic defects are caused by poor quality working plates (causing
tears, pin holes and metal defects), poor mask registration and misalignment
and the like. These types of defects can be rectified by use of better
quality plates, redundant masking techniques, and self aligning masking
techniques. Implementing these on SSI and MSI devices increases the cost
but doesn't reduce the number of defects significantly. But it does for
microprocessors and other LSI devices.
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Since MOS is a surface oriented process, the principal MOS failure mechan-
isms are due to motion of charge in or on oxides, and shorts through gate
oxides. These oxide faults include:

1. Excessively thin oxide. The oxide layer is too thin to
withstand normal operating voltages and will cause breakdown
across the oxide, destroying the MOS transistor due to either
localized breakdown at defects or intrinsic breakdown at in-
put circuits. Less severe cases of excessively thin oxide
may contribute to device leakage.

Breakdown at inputs is principally attributable to overstress,
due to static electricity discharges of sufficiently high

energy. While virtually all MOS ICs contain an input pro-
tection circuit, such circuits vary considerably in design,
principle of operation, and effectiveness. Susceptibility of
silicon devices to static electricity effects is not unique

to MOS circuits, and has also been reported to occur with bipolar
integrated circuits.

2. Slow trapping represents charge accumulation at the Si-SIO2
(see Figure 116) interface. In P-Channel devices, the crystal
orientation of the substrate material (silicon) is usually
< 111 > and positive charges accumulate at the interface
during the application of negative bias on the polysilicon
gate. This can cause a threshold voltage (Vyy) shift at the
interface of approximately 1.0V after exposure to 250°C for
a period of 30 minutes. The original threshold voltage for
this material is in the 3 to 4 volt range). The crystal
orientation of N-channel devices, such as the 2107 4K RAM
is < 100 > which is much less prone to this drift. Under the
same conditions, YTH will drift only about 0.01 volt. This
failure mechanism is defined as a wearout failure and with
an activation energy of leV is readily detected by High
Temperature Bias Testing.

3. Polarization causes threshold voltage drift by the presence
of polarizable molecules in the gate oxide region. The most
common cause is the presence of phosphorous in the gate oxide
material.

4. Contamination. The presence of foreign materials in the
oxide layer may cause leakage or localized charge concentra-
tion in the oxide layer.

Several forms of alkali ion migration are possible, including
the commonly reported transverse Na+ ion movement in an electric
field at an elevated temperature, and lateral Na+ ion movement
followed by transverse movement. The net result of alkali ion
migration is to increase the threshold voltage of p-channel
transistors, decrease the threshold of n-channel transistors,

or to decrease the field inversion voltage of n-type regions.
Contamination can be detected by High Temperature Bias Testing.
The silicon gate process, however, allows the device to be
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subjected to high temperature gettering which ''cleans'" the
oxide and prevents further contamination during subsequent
processing.

5. The effect of surface charge phenomena can be observed with
suitable test patterns. Charge can spread across the surface
of a device and create parasitic transistors or leakage paths.
The problem is aggravated by mobile ions on the die surface.
Generally, ultra-clean processing combined with raising the
field threshold (by process techniques) will prevent this
problem. The phenomenon can be detected by high temperature
bias testing although the temperature dependence can vary.

6. Pin holes or cracks cause the same effects as excessively
thin oxide. Oxide rupture has been observed in MOS devices
in thin (gate) oxide areas. 1000A° thick silicon dioxide
(5i0,) has a normal oxide breakdown voltage of approximately
95 volts. However, localized partial pin holes result in
lower breakdown voltage. These weak spots also show signi-
ficant degradations under temperature bias conditions which
eventually result in a short circuit.. There are two types
of pin holes: from '"top-down'" as a result of partial etching,
and '"bottom-up'" which is always at the field oxidegate oxide
interface. Process improvements have been revised to signi-
ficantly improve these problems. 'Top-down' pin holes are
mostly eliminated by double masking (two layers of photoresist)
the contact hold etching. ''Bottom-up'" weak oxides are greatly
reduced by lower substrate defects (mostly dislocations) and
HC1 oxide (self-cleaning) growing process.

The above process improvements mostly eliminated the oxide
rupture occurence on internal circuitry; however, circuits in
direct contact (I/Os) with the module pins are still susceptible
to ruptures due to static charges (protective devices are not
100% effective). Functional problems caused by oxide rupture
are dependent on the ruptured location. Experimental data shows
the highest occurrence is in large (W/L ratio) devices, usually
in input buffer or decoder circuits. This can be explained with
the coincidence of longer thin-to-thick oxide interface and higher
power stress. Most of the '"whole'" or "half-chip'" failures are
results of oxide ruptures.

The above failure mechanisms may be eliminated in a number of ways. The
most effective method is to ensure contamination-free processing of the
wafers. This precludes the accidental introduction of foreign materials,
i.e., materials not belonging to a given process step. Polarization is
prevented by eliminating the use of phosphorous in the gate oxide growth
step. Tight process controls will eliminate excessively thin oxide, pin
holes or cracks. In addition, a high voltage cell stress test performed
during manufacture on all devices will eliminate oxide breakdown failures
in shipped parts.
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Metallization Faults

Metallization faults (defects relating to metal conductor paths on the
semiconductor die) are another cause of semiconductor failure and fall
into four categories:

1.

Contamination. Contamination under metal can be caused by
improper cleaning of die prior to metallization, contaminated
metal, improper vacuum in the deposition chamber, humidity or
other contaminants introduced prior to package seal.

Electromigration. Electromigration is activated by excess
current density in conductors (>2x10° A/cm? for aluminum).
This causes the conductor material to migrate, especially in
the thinner part of the conductor and eventually causes the
conductor to separate.

Al migration normally considered in bipolar circuit reliability
is not critical due to low currents and low junction tempera-
ture unless weak points exist in the power busses. Process
improvements are ''sloped-etching" in Al gate process, ''re-flowed
Vapox" in Si-gate to improve edge coverage. Either 'hot"

‘aluminum deposition (large grain) or 'co-deposited aluminum"

(8i, Cu, etc.) can be used to improve migration characteristics.

Microcracks. Microcracks are caused by sharp edges at the
oxide steps (see Figure 117) which, due to either insufficient
edge coverage or adhesive problems), in turn cause a shadowing
effect at the bottom of the oxide step resulting in a crack

in the metallization as shown. In order to prevent problems
the basic process must be such that all steps are contoured

and appropriate metal deposition techniques are employed. This
random failure mechanism is readily detected by thermal cycling
or operating life.

Aluminum metal corrosion in ICs has been the subject of consider-
able investigation. It has been shown that low-temperature-
deposited glass-like inorganic passivation materials can be

very effective in reducing the possibility of Al corrosion.

Opens in Al have been shown to principally occur at cracks or
pin holes in passivation glass layers and specific techniques

for detecting and for minimizing occurrence of such localized
defects in the integrity of passivated glass layers have been
developed. '

Contact failures can be of several types. Poor cleaning prior to
metallization can cause marginal adhesion to silicon and results
in opens during life test. Overalloying results in the migra-
tion of metal through the semiconductor junction causing short
circuits in the devices, and is more serious in N-channel devices
and is illustrated in Figure 118a. Suitable processing precau-
tions can prevent this failure mechanism. High tempetature
operating life is the most applicable life test although high
temperature bake is also effective.
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Contamination and overalloying are prevented by tight process control and
rigid quality control inspections as well as extensive testing. Electro-
migration is eliminated by keeping the current density well below 5x10°
A/cm? (for passivated circuits) of cross-sectional conductor area and
microcrack formation is prevented by contouring the oxide steps.

Surface Defects and Foreign Materials

Surface defects and foreign materials are caused by improper quality
control during manufacture and are commonly due to improper handling of
materials during assembly. Visual inspections are the best preventative
for these problems.

Faulty Diffusions

Faulty diffusions and crystal imperfections are very rare in most MOS
devices since the failure mechanisms will almost always be detected during
classification tests as a catastrophic or degradation failure. Since MOS
devices are normally much more functionally complex than bipolar circuits,
more extensive testing is performed, thus these failure modes are seldom
experienced by MOS device users.

Memory/Microprocessor Failure Modes

Failure modes of LSI devices (memories, microprocessors and the like) are
divided into two major categories:

Catastrophic failures
Soft failures

The catastrophic failures can be attributed to the following (as discussed
previously):

Oxide rupture
Interruption of Al lines
Wire bond failures

Corrosion due to contamination (such as trapped moisture in CERDIP
due to devitrification of glass material).

Soft failures being hard to detect, can be simply out of specification
conditions at a certain operating condition: In some instances soft
failures can't be reproduced. For example, test system noise can cause
soft failure and being truly random in nature, this noise can't be re-
produced. This is why characterization testing is important. Most soft
failures of memories are single bit failures. They occur for one of the
following reasons: slow access, lo-s of data in cells, or multiple
addressing.

These causes can create system failures due to a combination of the
following conditions:
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*+ ‘Voltages

+ Temperature

+ Static Noise

+ Timing Changes

+ Data or Address Pattern

» Noise Pulses on Power Supply or Clock Lines

The advent of the microprocessor in addition to the above soft failures,
has added those related to software and the interrelationship between

software and hardware:
* Pattern and pattern sequence sensitivity

* Interrupt

« Trigger on wrong priorities for multilevel
interrupt

+ Lose data

* Failure to execute instruction and/or interrupt

* Loss of carry and bits during recirculation of data

* Mnemonic sensitivity

* Instruction and instruction sequence sensitivity
It should be noted that soft errors found early .in system operations can
be the result of insufficient testing for data pattern, temperature, voltage
margins, or a combination of these.

MOS PROMS

MOS PROMS are primarily susceptible to charge loss (memory cell retention)
failures.

Cell charge loss characteristics were studied for the FAMOS PROM!. The
single transistor structure used is the N-channel two layer polysilicon
cell. By measuring the two term1nal threshold voltages before and after
programming, the offset voltage ( TP-VT) on the floating gate can be
determined. Figure 119 shows the two terminal VT bias configuration and

the resulting IV characteristics. These parts were then baked at 200, 250
and 300°C to accelerate the charge loss. The Degradation rate of programmed

1FAMOS PROM Reliability Studies, by G. Gear, 1976 IEEE Reliability
. Physics Symposium
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threshold voltage at the various temperatures is shown in Figure 120. Each
data point represents the normalized average of ten individual transistors.

Cell retention in both the 2048 bit PMOS and the 8192 bit NMOS arrays were
evaluated using high temperature bakes. A bit pattern was selected that
programmed about 90% of the PROM cells but contained some unprogrammed bits
in each row and column so a complete functional test could be performed.
These parts were then baked at high temperatures and the cumulative percent
failures plotted with time. Figure 121 shows the 250°C retention character-
istics of the PROM and NMOS PROM arrays.

Bipolar Failure Modes

Bipolar TTL failure modes can be grouped into the following categories:

Pipes (collector-to emitter shorts in which crystal imperfection allows

emitter diffusion to go through collector), emitter base junction shorts
or leakage, low impedance devices - threshold failure, and overstressed

component .

Bipolar PROMs

Bipolar PROMs present unique failure modes due to the construction of the
fuse, especially so in the nichrome devices.

Since nichrome is a thin film, surface effects play a large part in defin-
ing the fuse structure. Reactions that are not important, or that do not
occur in bulk nichrome, become significant in the thin film structure due
to the higher free energy associated with surface chemical and physical
phenomena, Both ESCA, Electron Spectroscopy for Chemical Analysis, using
x-ray photo-electrons, and Auger Electron Spectroscopy have shown that
subsequent process steps play a significant role in determining nichrome
structure and its contact to the aluminum interconnect metallization.

Other studies have shown that moisture levels in the lifting reagent can
attach thin nichrome films. The metal etch used in removing unwanted
aluminum metallization over the fuse may also attack the nichrome. Usually
an oxidizing agent, such as nitric acid, is added to the metal etch reagent
to passivate the nichrome against attack. However, the very process of
passivation involves oxidation of the surface of the nichrome and, con-
sidering its thin nature, any shift in fuse characteristics as a result

of the altered surface structure must be monitored.

There are certain failure modes that are indiginous to bipolary PROM
circuits. These are ''growback" and opening of non-programmed fuse, and
nonfuse related failures. Also weighing heavily in reliability assess-
ment, is the fact that the PROM is not a finished product until after
programming and verification. If these steps, however, are performed
properly, the device should have failure rates similar to those of mask-
programmed ROMs. Each of the PROM's peculiar failure modes are now
discussed.

"Growback! Phenomenon

The growback phenomena is historically the most widely discussed failure
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mode of PROMs. Basically, growback is a field induced mechanism where
metal dendrite formation occurs in the gap region of the blown fuse.
Growback is a failure mode where too much residual nichrome is left after
blowing the fuse. This might cause dielectric breakdown in which tae
metal actually forms a filament, bridging the blown gap and creating a
high resistance short. ,

Growback may appear for several reasons: First, the blown link may grow
back together, either because of electromigration or a crystal regrowth
phenomenon; and secondly, a fused link might also appear to have reconnected
if in fact the link were not completely blown to begin with, but instead
were only partially opened to form a high impedance short.

To prevent growback, programming the PROM (blowing fuses) must be accom-
plished using fast high voltage pulses with the programming to occur on

the rise time -- this guarantees high programming current. Fuses requiring
long program pulses and blowing on the dwell or flat of the pulse have an
increasing probability of growback.

Several conclusions relating to ''growback' can be made:

+ The phenomena appears as an early mortality failure
mechanism and does not impact long term life (MTBF) of
the device. Field experience of billions of device
hours support this contention.

+ Potential early failures can be removed effectively by
use of a dynamic burn-in at maximum temperature and Ve,
followed by a special functional test.

The results of the growback phenomena have applied to metal link fuses;
however, the polysilicon fuse has been reported to growback (by a Navy
study) because the passivation coat must be left off of the fuse. And
with this coating removed, fuse material can splatter and a small gap
is possible.

The overall problem of fuse growback is well understood and is not con-
sidered to pose a reliability program at present.

Opening of a Nonprogrammed Fuse

Programming during read occurs when fuses are too narrow and therefore may
be opened by the relatively low read current. Polysilicon fuses, for
example, typically require at least 16mA of current to open. During
programming, fuses receive 20-80mA of current (depending on fuse resis-
tance and nonfuse circuit impedances). Up to 12mA may flow through non- .
selected fuses at this time, due to breakdowns and parasitic resistance
paths. Occasionally, 12mA is sufficient to open a fuse, inadvertently
programming a nonselected bit. This event would be detected at program
verification as fusing error and does not represent a reliability hazard.

The impedance of a nonselected fuse may rise due to partial blowing of
the link, but more commonly, the impedance will be reduced because the
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center of the fuse thickens. On intact fuses whose impedance has risen,
the highest observed impedance is 2.5K ohms, well below the 12K ohms
required to sense an open.

Nonfuse Related Failures

Nonfuse related failures are those not directly attributable to the fuse
element. Included are specific failures in decoder and sense amps or gross
failures, such as metal defects, oxide faults, oxide-junction contamination,
diffusion defects, mechanical defects in the chip, design defects in the
classical assembly, and package related failures -- open bond wires, lifted
bonds, lifted chips, and hermeticity rejects.

4.722 Assembly and Package Related Failure Modes

The classical assembly and package related failure modes for‘ICs include:
* Open bond wires
+ Lifted bonds
* Lifted chips
* Hermeticity

Assembly, package faults and mechanical faults in the chip, such as cracks
in the silicon and metallization, can generally be screened out by various
mechanical and environmental stresses. These include:

» Stabilization Bake
* Centrifuge
* Fine and Gross Leak Tests

* Thermal Intermittence Testing (with plastic packages and
gold wires)

With large LSI devices, die attach is extremely important. When attaching
a large chip, say >10,000 mil2, to a metallized ceramic substrate, there
is seldom enough gold to form an adequate volume of gold-silicon eutectic
material to result in the desired void free chip attach. Therefore one
must supply additional eutectic material in the form of a small gold-
silicon preform. This will help in reaching the optimum thermal dissipa-
tion capability that a particular package and chig size allows. The 08JA
(Junction to ambient temperature coefficient) or YJC (Junction to case
temperature coefficient) of the device is critical in reliability calcula-
tions determining the acceleration of failure rates due to the dependence
on Junction temperature.

Potential package related failures are important for LSI devices such as

microprocessors for the following reasons: Large die size could affect
proper bonding of the die to the package; the large number of wire bonding
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pads and number of external package pins required increase the probability
of a bad wire bond occurring; the large package size could present sealing
problems which are brought to light by hermeticity and temperature cycling.
tests. The integrity of the die and wire bonds could be ascertained by
centrifuge tests, but extreme care must be taken so as not to crack the
package by improperly performing this test. The total package must be
rigidly supported over its entire surface area during this test so that
bending movements do not occur during the centrifuge cycle. Severe flexing
can result in damage to the LSI package in the form of hairline cracks.

The reliability of thin nichrome films (in bipolar PROMs) vs. dry hermetic
packaging has received wide attention via the use of nichrome resistor
structures. Hermetic packages, using devitrified (crystalized) high

lead content glasses, were found to have residual moisture levels high
enough to condense out at low temperatures inside the cavity forming a
thin film over the chip. If the device was then biased (functioning)
under this low temperature condition, electrolytic attack might occur;
specifically anodic dissolution would take place when two areas on the
circuit (bonding pad and a fuse in the case of a PROMO were connected by
the water film and a potential difference of at least 2.5 volts existed.
Although the si0, glassivation was thought to prevent moisture from
reaching the nichrome fuse which it covers, there is always the chance
that a small invisible crack or pin hole may permit the condensed water
vapor to contact the nichrome film below. Devitrified glasses, commonly
used in sealing CER DIP packages, are particularly sensitive to this
phenomena of high residual moisture content in the package cavity. The
source of the moisture comes from water strongly bonded in the glass which
was formed when an organic binder was burned off during the manufacture
of the raw assembly piece parts. This binder is used to hold the glass
particles together until subsequent firing in a furnace can fuse the
glass together. Later during IC package sealing, this glass first

melts to form a hermetic seal and then undergoes a phase transformation
called devitrification where the glass assumes a more ordered crystalline
structure., It is during this latter process that most of the latent
moisture is evolved and trapped in the cavity.

One approach to avoid the residual moisture is to use a vitreous seal

which does not crystallize after sealing and therefore does not precipitate
out as large amount of moisture as in the devitrifying seals. These
vitreous glasses are often sealed in air to prevent reduction of lead

oxide to metallic lead and can therefore contain appreciable moisture

if the air is not carefully dried.

CER DIP packages used for commercial temperature ranges, 0° - 70°C, are
not affected by this phenomena since the moisture never condenses out

in a biased mode especially considering that chip temperatures are some
20° - 30°C in excess of the ambient temperature outside the device.
Vitreous seals could be used on military temperature ranges if residual
moisture levels could be proven low enough or as an alternate approach,
the chip can be made moisture proof by using a redundant silicon oxide
barrier to reduce the possibility of a glassivation flaw exposing a
nichrome thin film. The '"freeze-out'" test specified in the MIL-M-38510/201
detail specification on the 512 bit PROM, provides one method to determine
whether or not residual moisture is attacking nichrome. The water drop
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test, in the same document, determines the integrity of the glassivation.
It is important to note, however, that most single layer glassivation
techniques using deposited SiO; are not much more than scratch protec-
tion barriers. Visual inspection for small glassivation flaws is
virtually impossible; so a better solution for military temperature
range PROM's is to avoid residual moisture in the first place. This

is accomplished by using the well known gold-tin, 80:20, Au/Sn, solder
seals. These are of proven reliability in side-brazed dual-in-line
configuration as well as in the ceramic-filled glass flatpacks. The
sealing environment can use every dry nitrogen or forming gas (N,/H,
mixtures) with furnace profiles that result in very dry hermetic packages.

4,73 Types of Reliability Tests

Improved lot reliability is accomplished by compressing time in acceler-
ated testing by using time, power and temperature relationships.

The various screens employed in reliability testing are designed to
prematurely activate these time-related failure mechanisms. As shown in
Table 10, different screens are needed to detect different failure modes
because no single screening test is sufficient to find all of them, or

even most of them. This is why a sequence of screens frequently is used

to detect the mix of failure modes most appropriate for the end application.

Stabilization Bake

Stabilization bake is designed to stabilize electrical drift character-
istics and accelerate chemical degradation such as surface contamination,
bulk defects, etc. This test is performed at the maximum rated storage
temperature (generally 150°C) on non-operating devices for 24 hours or

more. The IC storage temperature is normally much higher than its operating
temperature, and stabilization bake will expose temperature dependent effects
that may not be uncovered in burn-in. Stabilization bake is generally
effective for metal-oxide-silicon (MOS) devices since 24 hours are insuffi-
cient to screen out potential ionic contamination problems. A better test
to eliminate this failure mechanism would be a high temperature, reverse
bias burn-in for logic elements and a high temperature, functional burn-in
for large-scale-integration (LSI) devices.

Temperature Cycling

Temperature cycling mechanically stresses the IC by alternate heating and
cooling (10-cycles from -55°C to +125°C,) exposing poor bonds and package
seal problems. This test is effective for small devices, however, it can
be potentially destructive to LSI units by inducing latent defects such
as microcracks in ceramic packages.

Burn-In
Burn-in is widely accepted as a means of assuring reliability because it
simulates actual operation of the device accelerated through a time, power,

temperature relationship. Burn-in is most effective for detecting die
related failure mechanisms such as, drifts due to inversion or channeling
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Table 10

Failure Mechanism Detectable by Screening Tests

Failure
Mechanism

Screening
Test

Internal visual exam

External visual exam ‘

Stabilization bake o (]

Thermal cycling

Thermal shock

Centrifuge

Shock

Vibration

X-ray

Burn-in

Leakage tests ‘
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and oxide pin holes, as well as bonding and wire defects and electrical
stability which may cause early system failures.

Power burn-in consists of operating under maximum electrical and thermal
conditions, usually for 96, 168 or 240 hours at 70°C or 125°C. The time,
voltage stress levels and temperature relationship along with the choice
of driving or loading circuitry (for LSI devices), to accelerate the
removal of infant mortalities, determine the effectiveness of burn-in
(that percentage of the ultimate total number of failures that are located
by the burn-in).

Three basic types of burn-in are employed to weed out infant mortalities:
» Static or HTRB Burn-in
* Dynamic Burn-in
» High Voltage Cell Stress

The burn-in conditions developed for a particular device must be based on

an understanding of that device's construction, operation, and topography,
One must partition the device type and determine how many junctions/gates
are reverse biased and how many are actually stressed under forward or
reverse bias conditions to determine which type of burn-in is most effective.

Some suppliers (such as Intel and TI) and users are finding that the use of
high voltage cell stress tests are more effective in uncovering oxide defects
in MOS memories/LSI devices than is dynamic burn-in. A typical high voltage
cell stress test involves cycling through all addresses for two seconds both
high and low with 20V VDD being applied (for a 12V rated part for example)

at an ambient temperature of 125°C.

For example, during the initial reliability evaluation of 4K RAMs such as
the 2107B, an Infant Mortality failure rate of approximately 1% was deter-
mined. The primary failure mode was oxide breakdown. The failure rate
versus time and temperature is shown in Figure 122. Since the failure

rate of infant mortality failures was too high, all devices were subjected
to a 48 hour 160°C Dynamic Burn-In. This test involves exercising the
memory at the elevated temperature. While it can be seen from Figure 122
that this burn-in did accelerate the failure rate to some extent, its effect
in accelerating oxide breakdown failures was not as high as desired. This
is because oxide breakdown failures have a thermal activation energy of
0.3eV so that the temperature dependence is relatively small. As a result,
a high voltage cell stress test was implemented along with process improve-
ments which succeeded in screening most of the potentially defective devices.
Figure 123 and Table 11 show the results of the High Voltage Cell Stress
test versus Dynamic Burn-In. Note that when high voltage cell stressed
devices are returned to normal operating voltage, the random failure rate
decreases. This data shows that cell stress eliminates more oxide defects .
than Dynamic Burn-In.

Static or HTRB (dc) burn-in will screen out devices with thermally activated
surface related defects showing up as excessive leakage currents, speed
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Table 11

Comparison of Observed Failure Modes After
Burn-In vs. the High Voltage Cell Stress Test

—— R —

Ratio of Cell

% of Total Stress to

Cell Stress Dynamic Burn-in
Failures Failures Failure Mode

11.8% 451 | Totl Array

35.3% 3:1 Single Bit
11.8% 1.8:1 Row
17.6% 1 Column
23.5% 1:1 Miscellaneous
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degradation or threshold voltage shifts after electrical tests. In fact,
static (HTRB) burn-in is appropriate for locating defects in certain MOS
devices because MOS devices have higher field and lower doping levels,
the failures of which are readily identified by HTRB burn-in. Whereas
dynamic burn-in in which all clock and address lines are continually
sequenced, will show up defects on MOS transistor memory cells resulting
from weak oxides and locates pipes (collector to emitter shorts in which
crystal imperfections allows the emitter diffusion to go through to the
collector) and emitter-base shorts for bipolar memories in which current
must be flowing to isolate the defects. Both burn-in screens will detect
some of the same defects in a device, but each will detect additional
unrelated defects. The best screen would be to perform several burn-in
methods, but this is not always economical.

However it has been shown that the reliability of bipolar LSI devices is
most realistically evaluated using Dynamic Burn-In (MIL-STD-883 Condition D).
A static or HTRB burn-in activates only 5-10% of the entire LSI chip --
normally only those circuits (sense amplifier and decoder) on the periphery
of the circuit near the bonding pads (external pin connection) -- as shown
by voltage contrast plots. '

Accelerated Burn-In

A school of though emanating from Bell Telephone Labs advocates the use of
accelerated (high temperature) burn-in rather than the conventional 168 hour/
125°C burn-in. It is felt that the conventional burn-in only removes a

small part of the failures from typical microcircuit populations. Accord-
ing to Bell Labs, burn-in times on the order of 16 hours at 300°C have
usually been needed to effectively remove freak devices; whereas over

100,000 hours of burn-in at 125°C would be required to achieve the same

results.

Establishing the optimum burn-in time for high temperature (>125°C) requires
correlation data from devices burned-in under various time and temperature
conditions. Data are available on high temperature bias stressing of indi-
vidual MOS test transistors. Very little correlation data are available

on high temperature burn-in of complete MOS LSI circuits.

Accelerated burn-in testing as specified to date is applicable to SSI TTL
and CMOS devices and certain linear ICs, but is not appropriate for MSI/LSI
devices for the following reasons: Only between 5-15% of all circuitry is
being biased, the majority of the chips circuitry isn't stressed, there is
no correlation between accelerated testing and dynamic burn-in, a dedicated
test cell using the same design rules and processes as the entire circuit
with the components broken out for ease of measurement is required.

The major purpose of accelerated testing is to compress the normal life
span of devices. High temperature testing, however, can cause problems.
For example, ICs encapsulated in tin plated packages exposed to a tempera-
ture above 150°C can become unsoldered.
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Accelerated life testing tends to provide heated debates when discussed in
terms of predicting results at normal stress levels. Acceleration factors
cannot be obtained by calculating failure rates at different temperatures
and plotting by some scale against temperature.

At high temperatures, many devices undergo unpredictable changes in their
characteristics. A few representative devices should be exposed to the
intended conditions and electrically characterized to verify that they
will operate there.

Some  judgement should then be applied to determine whether the operating
conditions are reasonable. If the devices appear to be in reasonable
current and voltage ranges for all terminals, are not oscillating in a
different manner than intended and are at reasonable temperatures, the
test may—-formally begin.

Often, the same generic device types (ICs), of various suppliers being
compared or tested, require different forcing functions. Thus, one
cannot use exactly the same conditions of test for all suppliers' devices.

LIFE TESTS

One of the most effective ways of gathering failure rate data on a semi-
conductor device is life testing.

During the initial phases of a new product, the failure mechanisms must
be determined in each portion of the reliability life curve. Since
infant mortality failures occur very early in a device's life, no
acceleration is necessary. However, when information on wearout failure
mechanisms is required, the device must have its life '"accelerated".
This is accomplished by either subjecting the device to a high tempera-
ture, a high voltage or both. If high temperature testing is used and
the thermal activation energy of the failure mechanism is well defined
(so that the failure can be '"accelerated'"), a plot as shown in Figure
124 can be made. This is an arrhenius plot in which time is plotted
against the reciprocal of temperature and the slope of the curve is the
thermal activation energy in electron volts. Using this plot, failure
rate data taken at one temperature may be translated to another temperature
with reasonable accuracy. In this form the plot follows the relation:

E
T=Toexpﬁ (1)

MTBF (Mean Time Between Fail-
ures) at the desired temperature

MTBF at the test temperature

where 7

To

E = The thermal activation energy

(V)

K = Boltzmanns constant
(8.63x 10-5eV/°K)

1

T = Test temperature in °K.
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The acceleration factor may be calculated by:

The acceleration factor may be calculated by:
F=exp E/K(1/T1 - 1/T9) (2)

where Tj is the test temperature (°K) and
T9 is the desired temperature (°K).

Figure 124 shows an Arrhenius plot with several thermal activation energies
for common failure mechanisms (see Table 12).

Thermal activation energy describes the temperature dependence of a failure
mechanism and is the slope of the plot of failure rate or its reciprocal,
life, versus the reciprocal of temperature (see equations 1 and 2). Equa-
tion 1 can be solved for E giving:

E = KT exp-1--
To

Electrical Testing

Electrical testing is normally the final operation in reliability screening.
Electrical testing does not contribute to the reliability of the good material!
It identifies devices which do not conform to electrical specification.

Soft errors found early in system operations can be the result of insufficient
testing for data pattern, temperature, voltage margins, or a combination of
these; thus, the need for electrical testing using comprehensive patterns

at power and temperature supply extremes. As such, electrical incoming
inspection alone can only reduce some of the user's assembly and field ser-
vice costs.

Figure 125 presents a graphical presentation of how a combination of the
previously discussed tests affect component failure rates. The screening
tests of curve 4 (Figure 125) most effectively weed out the incipient fail-
ures.

4.74 Failure Rate Calculations

The model in MIL-HDBK-217 for LSI devices is inadequate for failure analysis
calculations. There exists some confusion as to device complexity and re-
placement complexities. For example, the 6701 4 bit slice replaces 1028
gates but contains 288 on chip gates. If that model was used one would
never obtain operational devices. 1In actual practice failure rates are

326



Table 12

Failure Mechanisms in MOS

' Failure Mode Type Er::‘r::;m(tEi::t) Detection Preventive Measure

Slow Trapping Wearout 1.0eV High Temp Bias Ultra-Clean Processing
Contamination Wearout/Infant 1.4 eV High Temp Bias Ultra-Clean Processing

Surface Charge Wearout 5-1.0eV High Temp Bias Ultra-Clean Processingv

Polarization Wearout 1.0eV High Temp Bias Eliminate Phosphorus in Gate Oxide
Electromigration | Wearout 1.0eV High Temp Operating Life J< 105 A/fem?”

Microcracks Random - - Temp Cycling Contoured Oxide Steps

Contacts Wearout/Infant - — High Temp Operating Life Ultra Clean Processing

Oxide Defects Infant/Random 3eV High Voltage Operating Life | Ultra Clean Processing

and Cell Stress
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TABLE 13
‘ } . 7400 SERIES
: MANUFACTURER - TOTAL TESTED PERCENT FAILED
Signetics ™M 5%
Fairchild 500k ‘ 5%
‘ : %
' Nationsl 550k . 3%
! 10%
; Tl 760k 2%
‘ a%
H
SHUL
. T 1.5M 2%
. 21M 0.9%
4%

Of the devices that passed thisscreening, only 0.05% failed after assembly.

.

REASON FAILED
ac parameter (T /)

ac parameter (T_ )
mechanical (bent leads,
marking)

ac parameter (T )
mechanical (bent leads,
marking)

uC paiameter (T”‘)
med hanit al (solderatulity,
bent leads)

ac parametric

ac parametric
meenanical (plating)

TABLE 14
S bl S Eh ik Shatn bt - Ach b R ———— SO :mm”m“;
.. TYPEPART "% soyoe LY FAILED 5 a] . FAILED . . CFAILED w4 b TOTAL"'E:\"-K"‘;,?:
LT TESTED e DC s B RT FUNCTIONAL * | .. ac PaRaMETRIC. =] <" FalLeD*
k- Rt LS st R T

Source Logic in Testingland - A Tale of Measurement Téchniques

by Martin Marsha11) EDN January 20,
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several orders of magnitude better than those predicted by MIL-HDBK-217
even with proper adjustments for device complexity.

4,75 Reliability Screening Test Results

This section summarizes tests performed by DCA Reliability Laboratory over
the past two years. The data used was chosen at random from DCA's data
base.

4.751 Bipolar TTL ICs

The 54XX/74XX series is a relatively mature product family. Consequently,:
its attrition rate after subsequent screening tests, is very respectable
at 1 to 5% for plastic encapsulated products, but from 1-13% for military
temperature grade product from a population of l-million devices repre-
senting many generic part types and several suppliers as well as differing
date codes. The introduction of MSI and LSI devices in the series is
tending to provide higher attrition rates while the gates and flip flops
have very low attrition rates. The primary electrical failure mode is
degradation of input parameters, such as an increase in input leakage
current due to a soft-knee condition of the input diodes.

Table 13 shows the test results provided by one large user of 7400 series
TTL devices. These results reveal quality variations between similar
products from several major semiconductor suppliers. These ICs are
intended for computer-related applications, or approximately reliability
class C (commercial) of MIL-STD-883. The company uses a combined dc,
real-time functional and ac parametric test system. The results shown
are for illustration only, because quality levels can shift over perlods
of time.

Table 14 shows the results of tests of 5400 series TTL SSI and MSI circuits
performed in accordance with MIL-STD-883 Method 5004 Class B. The total
failed is less than the sum of the parts because some ICs failed more

than one kind of test.

Table 15 summarizes reliability screening test results performed on
digital (5400 series TTL) ICs intended for usage on several aerospace
programs.

Overall all rejects for these digital integrated circuits show that the
order of lowest to highest reject rate is military temperature range
product (MTR) at 6.2% followed by MIL-M-38510 Class B at 7%, Level A
precap/SEM product at 12.1% and finally MIL-STD-883 Class B screened :
product at 18.8%. Again the population size (813) of MIL-M-38510 Class B
products from Table 1 is too small from which to draw any meaningful
inferences.

Hermeticity rejects are very high for MIL-STD-883 Class B product which
supposedly was already subjected to this test at the suppliers' facility.
Pre burn-in electrical test rejects are relatively low and consistent for
all reliability categories, but post burn-in electrical rejects are higher
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TABLE 15

Digital ICs Tested Per Method 5004 MIL-STD-883 Class B

Procured 'Qty. No. ) Pre Post
Reliability Level Tested Rej. Rej. H BI BI X Other

MIL-Temp Range Product 38,349 2,364 6.2 442 397 814 558 153

54XX
MIL-STD-883 Class B 1,729 325 18.8 163 23 50 71 18
MIL-STD-883 Class A 629 76 12.1 5 2 7 60 2

precap with SEM
MIL-M-38510 Class B ,813 57 7.0 0 1l 49 0 1

Pre Bi

Post BI

Other

]

Hermeticity rejects

Pre burn-in electrical test rejects

Post burn-in electrical test rejects (including delta criteria)
X-ray rejects

Other rejects such as cosmetic defects



for screened product (MIL-M-38510 Class B and MIL-STD-883 Class B) than

for unscreened product. MIL-STD-883 Class B screened product had a lower
reject rate than MIL-M-38510 Class B screened product. But remember that
the MIL-M-38510 product electrical limits are established by the appro-
priate MIL-M-38510 'slash sheet'" whereas the MIL-STD-883 Class B electrical
limits are established by the suppliers data sheet limits so this might be
a reason for the disparity.

Level A precap/SEM devices which had the most stringent precap visual .
requirements had the highest x-ray reject rate. This was followed in order
by MIL-STD-883 Class B and MTR product respectively. :

Table 16 summarizes the attrition rate of bipolar MSI/LSI circuits after
exposure to stabilization bake (48 hours @ 150°C), temperature cycling,
hermeticity tests, and 168 hours @ 125°C burn-in and electrical measurements.

4,752 4000Series CMOS ICs Test Results

A test sequence was devised based on MIL-STD-883 Class B for both commercial
(plastic encapsulated) and military (hermetically sealed) temperature range
devices., All electrical tests were performed in accordance with the sup-
pliers' data sheet. ‘

The device types chosen for the evaluation represented a broad spectrum

of widely used types in the 4000 series family to see if there were any
logic functions particularly sensitive to one screen or another by virtue
of device design and construction. The population of military temperature -
range devices was 13,043. The population for the commercial temperature
range devices consisted of a sample with a size of 73,929 devices. With
these sample sizes, it was felt that a viable and meaningful representative
cross section and distribution of suppliers' production flows could be

evaluated.

The results of these tests as summarized in Figure 126 and Table 17 for
commercial devices with a screening sequence of stabilization bake, temper-
ature cycling, burn-in and electrical measurements; and Figure 127 and
Table 18 for military temperature range devices screened in accordance
with MIL-STD-883 Class B Method 5004 demonstrated the effectiveness of
environmental and electrical tests as screens for weeding out incipient
failures. In total, over 13,000 hermetic devices ranging from simple

Quad 2 Input NAND gates to a 256-bit static RAM were 100% tested in
accordance with Method 5004 Class B of MIL-STD-883. The failure rate

for these devices was 12.7% of the devices that failed, 7.8% failed
hermeticity tests, 53.5% failed pre burn-in electrical tests (indicating
that temperature cycling and stabilization bake were effective in culling
some rejects), 28.5% failed post burn-in electrical tests (emphasizing the
value of this screen), and 10.2% failed x-ray tests indicating poor in-line
QA (precap visual) procedures. The pre and post burn-in electrical fail-
ures were not skewed toward the more complex devices. Both simple (SSI)
and complex (MSI and LSI) devices exhibited similar failure rates. For
nonhermetic devices, an overall 6.0% reject rate was exhibited.
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Table 16

Bipolar MSI/LSI Attrition Summary

BIPOLAR MSI/LSI ATTRITION SUMMARY

PRODUCT TYPE nggED REgggTEQ REJE?TED
Shift Registers 36,335 896 2.5
Read-Only Memories 2,949 127 4.0
Random-Access Memories 6,185 698 11.5

(ROMs/RAMs had a density to 1024-bits)

COMMERCIAL (PLASTIC ENCAPSULATED) TEMPERATURE
RANGE DEVICES

Total Tested = 73,929

% Failures per Device Type at
Electrical Test after Burn-In

85
80
75
70
65
60

55
50
45
40
35
30
25
20
15
10

i

% FAILURE PER DEVICE TYPE

4001
4002
4011
4012
4013
4016
4017
4023
4024
4025
4029
4030
4049

GENERIC DEVICE TYPES

Figure 126

332



€€

% FAILURE PER DEVICE TYPE

75¢
70}

65
60
55

45
40
35

30}

25
20
15
10

50

4000
4001

4002

4006

4007

4008
4009

4010
4011

Table 17

Attrition Summary

Commercial Temperature Range Devices with Burn-In

4012

4013

4014

4015

4016

4017

4019

TOTAL NO. NO. %
TESTED FAILURES | FAILURES
73,929 4,493 6.08

FIGURE 127

MILITARY (HERMETIC) TEMPERATURE

RANGE DEVICES

Total Tested = 13,043

Cumulative % Failures per Device Type at Electrical
Test after Burn-In

4021
4023
4024
4025
4027
4028
4029
4030
4031

GENERIC DEVICE

4035

2

4041
4042

PE

4043

4044
4046
4047
4049
4051

4052

4053

4061

4066
4073

4075

4081
14511
14514
14515




Table 18

Attrition Summary
Military Temperature Range Devices

» FAILURES AT
romt 0T wo. or [ %
rEsTED | FATLURES | FAILURES | yppypprcrTy | EML EM2 XRAY | OTHER
13,043 1,661 12.7 135 822 470 205 29
Table 19
CMOS IC's
SCREENING SUMMARY *
Tyvpe of Uewicy Numbesr Tested j Fa'tues l
b s —— ? — o —
Gates 29,843 : 84
Buffers 19,487 : 54
Switches 18,134 j 35
Flip-Flops 18,117 ! 34 .
Counters 9,129 5.1 !
Muitiplexers 2,533 5.9 {
Shift Registers , 8,552 18.8 ]
T Per MILSTD-883,clas B T
@
-G
= a
B8
20,
2
15+ “ §
= e ©» g E z
3wt g £ 3 £ 5
g 2 £ < 8 =
® Z fre
5 1
TYPE OF DEVICE
Based on data from Conti Testing L
Tabhle 20
CMOS ICs Tested Per MIL-STD-883 Method 5004 Class B
Pre Post
Procured No. % BI BI
Reliability Level oty Rej. Rej. H Elect.Elect. X Other
MIL-Temp Range 13,179 1,931 14.7 307 850 531 226 17
MIL-STD-883 Class B 119 26 21.8 0 3 23 0 0
MIL-STD-883 Class A 7,066 755 10.7 15 107 129 288 206
with SEM
MIL-M-38510 Class B 100 10 10.0 0 1 9 0 n
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Table 19 presents further CMOS test data. In Table 19 the failure percent-
ages of seven categories of CMOS devices are examined, including small-,
medium-, and large-scale circuits. As expected, the high-complexity devices,
like shift registers and multiplexers, are the most prone to failure. How-
ever, lower-order devices, such as gates and buffers, also have a high
incidence of failure. Since CMOS has been in wide use for only a relatively
short time, its reliability profile is only beginning to take shape. The
data given here is based on devices shipped by a mix of suppliers during
1975, ’

Table 20 presents a summary of CMOS rejects from testing performed for
several major aerospace programs which follows the expected trend - the
highest reliability level of procured product has the lowest reject rate
when subjected to subsequent screening. MIL-STD-883 Level A screened
product with SEM and MIL-M-38510 Class B product had the lowest overall
reject rates (10.7% and 10%, respectively). However, the MIL-M-38510
Class B product had a very small (100 pieces) population and comes from
one supplier. Thus, this data is interesting but not meaningful for
drawing valid conclusions from., Military temperature range (MIR) product
had an overall reject rate of 14.7% followed by MIL-STD-883 Class B screened
product with the worst reject rate (21.8%) in subsequent screening.

Hermeticity rejects were nonexistent for screened product but as expected
occurred for MIR unscreened product.

Pre burn-in electrical test rejects were consistent and low for MIL-STD-883
Class A screened product with SEM, MIL-M-38510 Class B product and MIL-STD-
883 Class B product. MTR product had twice the reject rate of the screened
product.

However, for post burn-in electrical test rejects MIL-STD-883 Class B
product had the highest reject ratel! with MIL-STD-883 Class A product
having the lowest reject rate (as expected) followed by MTR. This high
reject rate of MIL-STD-883 Class B product is alarming since the product
has already had a 168 hour burn-in and post burn-in electrical measure-
ments at the suppliers facility and it should be stable. Perhaps the
burn-in used by the supplier is different and less effective than that
performed by DCA or the CMOS process used is very unstable and a third
burn-in possibly would produce still more rejects.

The highest reliability product (MIL-STD-883 Class A with SEM) had the
highest x-ray and visual reject rate. '

Table 21 shows further data for MIL-Temperature range devices - a screening
summary of three popular logic families - standard TTL, CMOS, and ECL.

These tests indicate that both CMOS and ECL are far more prone to failure
than standard TTL. The percent failures given here can be "normalized"
to 0.05% per 10,000 devices for TTL, 0.62% per 10,000 devices for CMOS,
and 0.37% per 10,000 devices for ECL. The conclusion may be drawn, there-
fore, that a CMOS device can fail almost twelve times as often as a TTL
unit, while an ECL device is less likely to fail as often. Please note
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Table 21

Screening Summary

SCREENING SUMMARY*

Type of Logic Number Tested % Failure
Standard TTL 282,238 14
c-MoS 107,005 66
ECL L 10,859 04
*Per MIL-STD-883, class B
wd C-MOS
g § 12+
% 5 104 ECL
iz °
£= :' STANDARD
<5 h
gE 2
Ny & 5
TYPE OF LOGIC
Bassd on deta from Conti Testing L i
Table 22 :
Linear IC Test Summary
QUANTITY QUANTITY o
DEVICE CATEGORY TESTED FATLED % FAILED
Op Amps 27,347 2,764 10.10
Comparators 125,551 8,142 6.48
Voltage Regulators - 6,066 704 11.60
Miscellaneous Circuits 970 82 8.50

(Timers, PLLs, Function
Generators, etc.

TOTAL 159,934 11,692 7.31
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however, that the pouplations for TTL and CMOS are reasonably large and
represent a substantial mix of suppliers and part types whereas the ECL
population is comparatively small and made up of only about a dozen
different device types. From this data alone it is unwise to assume
ECL is always less likely to fail than TTL.

4.753 Linear IC Test Results

The generic device types represented by the following data reflect the
most popular devices throughout the industry.

In most instances, the lot size was 300 or greater and contained several
date codes of products. In some instances, less than 300 devices of a
given specialized generic device type were tested. This testing was
normally of a single date code and, thus, not representative of the over-
all quality and reliability of a supplier's production line. Consequently,
the results of these ''small-single-date-code-specialized function'" lot
tests are separated from the more valid data and are contained in a
miscellaneous category for information purposes only. No conclusions

are based on that data. :

Table 22 summarizes the test results of these three categories of linear
ICs, as well as a miscellaneous circuit category that contains timers,
phase locked loops, function generator circuits, and the like. As can
be seen, the overall failure rate for all 159,934 units tested is 7.31%.

The basic failure mode is the deoradation of ?hn input characteristics

adaw wakvew wewa saswr e wELT WU HARWmETAaVIi Vi iV wiipwme waima e

at both pre and post burn-in electrical measurement points.

Figure 128 depicts the results of the operational amplifiers by generic

part type. As can be seen, the mature products exhibit a very respectable
1.5 to 8% failure rate. Both the newer and/or more specialized circuits

have substantially higher failure rates -- as high as 26%. The miscellan-
eous category consisted of small quantities (single date code) of specialized
(not widely used) op amps. The failure rate of some was rather high, but as
mentioned previously, due to the small lot size, valid conclusions and pre-
dictions could not be made.

Figure 129 shows the test results of comparator tests for several generic

part types. Overall, the comparators had a very respectable failure rate.
The uA7l11 heavily skewed the total data with 98,000 parts tested. The 529
had a high failure rate, but did not have as high a population size. The

miscellaneous category contains small quantities of some of the newer high
speed comparators and quad comparators.

The following is a more severe example of linear IC attrition rates. For
the Space Shuttle Program, linear ICs were procured with SEM (Scanning
Electron Microscope examination), Level A Precap, -stabilization bake,
temperature cycle, centrifuge and hermeticity tests per MIL-STD-883

Method 5004. The units were then subjected to a MIL-STD-883 Class A
screening sequence at DCA which included pre and post burn-in measurements
and delta computations at three temperatures. The results were as follows:
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22
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16
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uA709
uA741
uA747
LM101A
LM107
LM108A
LM110
LM118
MC1537
MC1539
MC1545
MC1558
HA2700
CA3010
MISC.

GENERIC PART NUMBER

Figure 128

Operational Amplifiers. Note: Miscellaneous category
consists of small lot size (in some instances single
date code) of popular and specialized op amps.

% FAILURE

o -~ (o] ~ (o)) ~ .
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s % 75 3 85 Z ¥

GENERIC PART NUMBER

Figure 129

Comparators. Note: Miscellaneous category
includes very small lot sizes of specialized
comparators and the failure rate is not reflective
of comparators as a whole.




“FAILURE FAILURES AT

PART TYPE QTY TOTAL RATE F/L' § PRE Bl POST X-RAY
_FAILURES % G/L ELECT  BI ELECT
IM108F 1891 477 25.2 88 7 253 129
LM108AF 616 235 38.2 34 42 91 68
LM111F 1065 388 36.4 35 7 234 112
IM118 286 62 21.7 8 3 19 19

These results show that even with environmental testing and SEM inspection
performed by the supplier, a very high reject rate was incurred. This leads
one to the general conclusion that deviations are being taken to the screen-
ing procedures at the suppliers plant or that complete test sequences are
not being performed.

These results as well as those of Figure 128 and 129 demonstrate the need
for an additional screening sequence upon receipt of the parts from the
supplier and underscore the validity of burn-in.

Table 23 summarizes the reliability screening test results performed on
linear ICs intended for usage on several aerospace programs.

3 Class B
screened linear ICs had the lowest reject rate followed by MIL-M-38510 Class
B product and MIL-STD-883 Level A precap with SEM unscreened product, respec-
tively. The latter two reliability levels having 3 to 4 times the reject -
rates of MTR and MIL-STD-883 Class B screened products. It can be seen
from Table 23 however, that the population size of MIL-M-38510 product is
too small and comes from a single supplier to draw proper inferences from
and is included only as a matter of interest.

Cc1
0

Screened and MIR product have a minimum of 2 times lower reject rate as a
percentage of total rejects, than does Level A precap/SEM unscreened product.

As mentioned before the small population of linear MIL-M-38510 Class B
product and the high pre and post burn-in electrical reject rate cannot

be used to draw valid conclusions regarding the reliability of this product
category. Level A precap/SEM (2.1%) and MIL-STD-883 Class B (4.22%) pro-
duct have the lowest pre burn-in reject rates followed closely by unscreened
(MTR) product with a 5.36% reject rate as a percentage of total rejects.
However, '"Level A" precap/SEM product has 2-3 times the reject rate of MIL-
STD-883 Class B product and MIR product respectively during post burn-in
electrical tests and x-ray examination. This is ironic for several reasons.
First, it is expected that unscreened unburned-in product such as Level A
precap/SEM product should have a higher reject rate than the burned-in
MIL-STD-883 Class B product. However, the same reasoning holds true for
MTR product. But the data doesn't bear that out. MTR product had lower
post burn-in electrical reject rate than MIL-STD-883 Class B screened pro-
duct (4.44% and 6.77%, respectively). '"Level A" precap/SEM product has

the highest x-ray examination reject rate.
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Table 23

Linear ICs Tested Per Method 5004 MIL-STD-883 Class B

. ————
Procured No. % Pre Post

Reliability Level Qty Rej. Rej. H BI BI X Other
MIL-Temp Range 23,310 2,989 12.8 316 1,255 1,036 216 166
MIL-STD-883 Class B 5,129 910 17.7 93 211 337 253 16
MIL-STD-883 Class A 4,058 1,224 30.3 193 85 602 331 0

precap with .

SEM only
MIL-M-38510 Class B 57 29  50.9 0 12 16 1 0

Table 24

Five Year Failure Analysis for ICs
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The reject data of Tables 14, 20 and 23 reflect integrated circuits which
were screened for eight major aerospace programs and were procured with the
following initial reliability levels: MIL-STD-883 Method 5004 Class A pre-
cap visual inspection with SEM (scanning electron microscope) examination
but no environmental screening, MIL-M-38510B screened product; MIL-STD-883B
screened product; and military temperature range (MTR) unscreened product
and then all were tested in accordance with Method 5004 MIL-STD-883 Class B.

The data presented so far shows some alarming reject rates. This leads
one to ask the question, '"are components failing more?'" which is answered
by Table 24. The time plot given in Table 24 shows the lowest and highest
mean (average) failure percentages that occurred most often in each year
for a 5 year interval (1970 through 1975) for TTL, CMOS and linear inte-
grated circuits.

In every case, failures seem to be increasing over what they were in 1970.
For each group, as a matter of fact, the upper means for 1974 are higher
than those for 1970 by 10% or more. The negative conclusion would be

that reliability is getting poorer. However, users are more concerned
today about reliability than they were five years ago, so that more de-
vices are being screened. This could account for the apparently increasing
number of weak devices.

In Table 24 the ICs group is broken down into its component parts. TTL
devices, both standard and low-power types, account for about 85% of the
ICs population through 1972. From 1973 on, the TTL contribution drops
to about 70%, with CMOS and linear devices picking up the difference.
Also, in the last two to three years, some high-noise-immunity, Schottky,
and low-power-Schottky circuits are reflected in the TTL mix. Prior to
1973, CMOS was not being used in sufficient quantities for any meaningful
test data to be available.

For every class of IC, the mean failure percentages seem to be declining,
with TTL exhibiting the best reliability performance. However, the
relatively high incidence of failures for both CMOS and linears is
causing the means of the ICs group (Table 24) to balloon from 1973 on.
The wide range of mean-failure rates in both CMOS and linears can
possibly be attributed to increased use and more intensive screening,

as well as to the introduction of higher-complexity devices.

But at least one other factor may have influenced the sudden increase

in failures in 1973 for all three IC groups. That year shortages were
at their worst and lead times were longest. Semiconductor suppliers may
well have been shipping with below-par reliability standards because the
demand for parts was excessive.

4.754 Memory/LSI Test Results

This section presents reliability test results for both bipolar and MOS
memories and microprocessors.

Table 25 compiles 1000 hour life test data by device technology. The
rejects are listed as a total and then subdivided as die related failures.
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Table 25

Life Test
Data Summary by Technology
S———
NO. NO. DIE RELATED | FAILURE RATE
TECHNOLOGY | TESTED | DEVICE HOURS | REJECTS REJECTS %/1000 HOURS
BIPOLAR 37,534 | 628.42x100 147 129 .02
PMOS 229,439 | 6839.7x100 725 .01
NMOS 26,617 | 3172.3x100 96 173 .01
MNOS 78 | 21.5x100 17 .01
CMOS 1,553 | 722.5x10° 27 10 .01 l

Table 26

Die Related Malfunction Summary for LSI Device Technologies

BIPOLAR MOS CMOS
FAILURE
CLASSIFICATION NUMBER NUMBER NUMBER
DEVICES % DEVICES | % DEVICES A
SURFACE 30 22.22 79 33.33 2 18.18
OXIDE DEFECTS 18 13.33 56 23.63 4 36.36
DIFFUSION DEFECTS 22 16.30 33 13.92
METALLIZATION DEFECTS 23 17.04 25 10.55
BOND DEFECTS 5 3.70 18 7.59 2 18.18
INTERCONNECTION DEFECTS 32 23.70 8 3.37
DIE (MECHANICAL) 2 1.48 3 1.26 2 18.18
'lLDEGRADED INPUT CKTRY 3 2,22 15 6.32 1 9.09
__ _W




Table 26 then subdivides these die related failures into eight classifica-
tion categories. As can be seen all categories of devices (bipolar, MOS
and CMOS) exhibit less than .02% failures per thousand hours indicating a
stable product. Tables 27 and 28 present detailed 1000 hour life test
summaries for a sample of the total population of Table 25 for read only
memories and random access memories, respectively by generic part number.

Table 29 provides greater detail on the p- and n- channel microprocessor
data summarized in Table 25. :

Microprocessors as can be seen, don't have the accumulated equivalent
device operating hours as do other LSI (e.g., memories) technology cate-
gories. However, due to the complexity of large random access memories,
these LSI circuits are used by IC suppliers from which to draw inferences
regarding microprocessors, as we shall see later (Table 33). Tables 25
and 29 point to the need for more extensive testing regarding the micro-
processor and the bit slice.

Tables 30 and 31 present greater detailed microprocessor life test data
for 125°C and 70°C operating conditions, respectively. This data provides
a larger base from which to draw conclusions than the selected data of
Table 29 but is still inadequate. To add further depth to this presenta-
tion: Life test data provided by Intel and Fairchild Semiconductor is
included in Tables 32 and 33, respectively. Table 32 presents extensive
field test data gathered by Intel for 100,000 parts of the 8080 micro-
processor and shows an amazingly low failure rate of 8-units out of 130
million device operating hours. Table 33, which was referred to earlier,
presents life test data for the 2102 static 1K n-channel random access
memory which Fairchild uses to draw inferences from for predicting the
reliability of their F8 microprocessor because of the similar features
of on-chip transistors, processing and die size.

100% environmental and mechanical reject summaries by technology are
presented in Table 34. The screening tests which make up the environ-
mental and mechanical test categories are delineated in Table 35. This
data shows that SiGate MOS exhibit the lowest environmental reject rate
followed by bipolar, MNOS, metal gate MOS and CMOS respectively. However,
the population size of CMOS and MNOS memories is too small from which to
draw conclusions. Mechanical screening attrition, in order of ascending
reject rates are as follows: silicon gate MOS, metal gate MOS, bipolar,

- MNOS and CMOS. Data presented in Table 42 substantiates the high reject
rates of CMOS memories. Table 36 presents the data of Table 35 in a
different manner -- by package type -- and shows that memories encased

in hermetic packages do indeed have a lower reject rate in both environmen-
tal and mechanical screening tests than do non-hermetic types.

Table 37 compares reject rates of metal gate and Silicon gate MOS memories
and microprocessors. As can be seen Silicon gate devices exhibit a lower
reject rate and thus higher level of reliability than do metal gate struc-
tures as first pointed out in Table 34. The rejects of Table 37 are cate-
gorized as die related rejects and performance related rejects, Tables 38
and 39 respectively. Silicon gate structures have lower die related and
electrical rejects than do metal gate structures. :
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READ ONLY MEMORY OPERATING

TABLE 27

LIFE TEST SUMMARY BY GENERIC P/N (125°C)

S
BIPOLAR ROMS/PROMS (P)
EEER———

PART NUMBER QTY HOURS NO.REJECTS REASON FOR REJECT
MM5300 (P) 180 500 1 Wire-to=-die short
MM5300 (P) byo 1000 1 —-—
MM5300 (P) 105 2000 0 —-—
MM5300 (P) 181 5000 1 Excessive leakage
828129 (P) 1013 1000 19 Fuse growback .
748287 (P) 817 1000 2 Fuse growback
8256 (P) 554 1000 0 -
IM5600 (P) 164 1000 1 Initial failure

1 8223 () 43 1000 0 -
HA-0512 (P) 891 1000 4 Mechanical assembly (2)
HA-0512 (P) 50 1500 0 -
IM5603A (P) 26 500 0 -
IM5603A (P) 4o3 1000 0 -
IM5603A (P) 81 2000 0 ==
IM5603A (P) 65 3000 0 -
MM5301 (P) 194 1000 2 Unknown
MM5301 (P) 76 5000 0 --
MM5604 (P) 201 1000 2 Metal short
MM5604 (P) 5 2000 0 -
MM5305 (P) 10 1000 0 -
MM5305 (P) 210 2000 0 -
MM5305 (P) 150 5000 0 -
MM5306 (P) 153 1000 0 -
MM5200 76 1000 0 -
MM5231 196 1000 1 Unknown
93434 102 1000 0 -
3301 154 1000 0 -
3301 67 2000 0 -
93406 81 1000 0 -
8205 99 1000 1 Oxide defect
8228 45 1000 0 -

MOS ROMS/PROMS

3250 47 1000 0 -
3501 358 1000 0 _—
1302 77 1000 0 -
4ool 45 1000 0 -
1702A 620 1000 b Charge loss
2708 440 2000 10 Charge loss 344




TABLE 28

350

RANDOM ACCESS MEMORY OPERATING LIFE
TEST SUMMARY BY GENERIC P/N (125°C)

C = CMOS -

- - BIPOLAR
PART NUMBER QTY HOURS NO. REJECTS REASON FOR REJECT
82506 45 1000 0 -
82506 63 2000 2 Wire-to-die short
82808 51 1000 1 Output latched at "0"
82509 44 1000 0 -
93400 425 1000 0 -
93410 121 1000 0 -
93410 119 2000 1 Oxide pin hole
93410 45 4000 0] -
93415 60 500 0 -
93415 114 1000 2 Oxide (1) ,Dielectric Breakdown (1)
93415 91 2000 0 -
93415 38 3000 0 -
MM5531 120 1000 5 Unknown
MM5560 182 1000 1 Unknown
MOS
1103 1303 1000 4 DC reject(3) Functional (1)
1103 204 ] 2000 2 DC rejects
1103 290 3000 1 Excessive leakage current ¥
1103 408 | 4000 8 DC rejects (6) Functional (2) I
1103 72 5000 0 -
MK4096 205 1000 0 -
MK4096 40 1 2000 1 Lifted wire bond
MK4096 2394 4000 44 Metal short, oxide defect,
lifted bond, open metal
IM6523(c) 423 1000 8 Oxide pin hole(l) Die attach
. defect (2)
IM6523(c) 32 3000 1 Oxide pin hole
IM6523(c) 73 | 5000 0 -
IM6508(c) 118 1000 1 Unknown
IM6508 (c) 26 3000 1 Surface comtamination
IM6508 39 5000 1 Degraded
2107B 2699 168 2 Oxide defect(1l) functional (1)
2107B 2443 1000 3 ‘Oxide defect(l) fab defect (2)
2107B 1039 2000 0 -
2107B 640 5000 0 -
2105 210 1000 0 -
2101/A 350 | 1000 0 --
2111/A 300 1000 1 Catastrophic row/column failure
2112/A 350 1000 1 Catastrophic row/column failure
2102/A 1952 1000 2 Catastrophic
2102/A 105 | 5000 0 --
2102/A 230 | 9000 0 -- _ [
51°l§c§ 490 500 0 Address Input Failure i
5101 (C 268 1000 2 Address Input Failure
345



Table 29

Selected Microprocessor Life Data Summary

‘BAS1C (0) 4 COMPLEXITY TEST STRESS | NUMBER | PART NUMBER
TECIHNOLOGY TYVE (BITS) TYPE LEVEL | TESTED | HOURS FAILED
MOS (S. Guate) | p-Dyn 4 Rev Bias 125C 45 4.50E4 0
Op Dyn 70C 1020 9.75ES 1
125¢ 105 1.05ES 0
8 Op Dyn 70C 1020 9.75E5 1
- . 85C 45 4 .50E4 0
n-Dyn 8 Op Dyn 85C 45 2.25E4 0
125¢C 1286 5.71ES 4
" 137c - |s.62e3| o
Table 30

- == =~ Microprocessor Operating Life Test Summary (125°C)

Wm
NO.

PART NUMBER QTY HOURS REJECTS REASON FOR REJECT
4oo4 150 1,000 0 -
8080 50 500 0 -
8080 632 1,000 2 FUNCTIONAL
8080 i 80 2,000 0 -
‘8080 144 3,000 0 -
6800 358 10,000 9 7 FUNCTIONAL, 2 DC
(9 wafer lots) _
6800 114 25,000 10 9 FUNCTIONAL, 2 DC
6800 101 30,000 2 FUNCTIONAL
' (3 wafer lots)
2901 '
(4 date codes 80 2,000 0 -
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TABLE 31

Microprocessor Operating Life Test Summary (70°C)

PART QTY HOURS NUMBER OF REJECTS REASON FOR REJECT
NUMBER
30 500 "0 -
L4004 1,110 1,000 1 Open Interconnect
30 2,000 0 -
30 500 0 -
8008 960 1,000 1 Open Interconnect
30 2,000 0 -
2650 L5 500 0 -

TABLE 32

8080 Microprocessor Field Test Data

(Courtesy of Intel Corporation)

NUMBER OF DEVICES

OPERATING TIME/DEVICE

NUMBER OF FAILURES

100, 000

1,280 hours

5

TOTAL DEVICE HOURS

FAILURES:

4 failures due to V
1 failure due to 5000V spike on supply line.

" 130,000,000

DD

2 functional failures.

1 package short

347

high current damage.




TABLE 33

¥Yairchild Ft Life Test Program
(Courtsey Pairchild Semiconductor Corporation)

e F8 process, die size and number of transistors is
very similar to 2102. -

e 2102 8500 Transistors
e F8 6000 Transistors

e Use Dynamic Operating Life Tests on 2102 as test
vehicle in lieu of F8. -

® No reliability screening prior to operating Life Test.

2102 LIFE TEST DATA (125°C)

QTY NUMBER NUMBER
TESTED HOURS | REJECTs | REASON FOR FAILURE
40 1040 0 -
CerDIP .
Transistor gate
PACKAGE 51 1235 3 ‘short @ 85 hours
Transistor gate
68 1235 1 short @ 85 hours
Intermittent @
SIDE 76 1045 1
BRAZED 85 hours
PACKAGE 41 1370 0 -
TOTAL DEVICE HOURS: 324,155
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BASIC
TECHNOLOGY

BIPOLAR

TABLE 34

ENVIRONMENTAL/SCREENING
SUMMARY BY TECHNOLOGY

NUMBER
TESTED

NUMBER
FAILED

SiGate MOS

MECH

29,604

349

1,009




TABLE 35
SCREEN TEST CATEGORIZATION

ENVIRONMENTAL TESTS

MECHANICAL TESTS

Accelerated Life
Autoclave
Barometric Pressure
Dew Point

Immersion

Moisture Resistance
Salt Atmosphere
Seal (Hermeticity)
Temperature Cycling
Thermal Shock

Bond Strength
Constant Acceleration
Lead Integrity
Mechanical Shock
Power Cycling
Solderability
Solder Heat

-Visual Inspection
Vibration Fatigue
Vibration Var. Freq.
X-Ray

TABLE 36
ENVIRONMENTAL/SCREENING PACKAGE SUMMARY

PACKAGE NUMBER | NUMBER %
TYPE. TEST | TESTED | FAILED DEF.
NONHERMETIC ENV 2056 147 7.15
MECH 332 y 1.20
HERMETIC ENV 5475 224 4.09
MECH 8913 31 .35
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Table 37

Metal Gate Versus Silicon
Gate MOS Memory Attrition Comparison

m
GATE QTY QTY %
MATERIAL TECHNOLOGY TESTED REJECTED REJECTED
METAL PMOS 3,466 53 1.53
NMOS 382 5" 1.31
TOTAL 3,848 58 ' 1.51
—
SI GATE PMOS MEMORY 10,942 48 , Ly
PMOS pp 2,235 2 .09
NMOS MEMORY 13,165 25 .19
NMOS up 1,331 M .30
TOTAL 27,673 79 .29%
PSRRI, FRSN_———————

Table 38

Die Related Reject Summary for
Silicon Versus Metal Gate Memory Devices

G "~ ]
FATILURE METAL GATE SILICON GATE
CLASSIFICATION
NUMBER NUMBER
DEVICES % DEVICES %
SURFACE DEFECTS 50 41.66 19 4o.41
OXIDE DEFECTS 37 30.85 8 17.02
DIFFUSION DEFECTS 15 12.50 2 4, 25
METALLIZATION DEFECTS - - 3 6.39
BOND DEFECTS 4 3.33 1 2.13
INTERCONNECTION DEFECTS 2 - 1.66 8 17.02
DIE (MECHANICAL) -- - 3 6.39
DEGRADED INPUT CKTRY 12 10.00 3 6.39
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Table 39

Electrical Reject Summary for
Silicon Versus Metal Gate Memory Devices

_ s
METAL GATE SILICON GATE
FAILURE
CLASSIFICATION NUMBER NUMBER
DEVICES % DEVICES %
FUNCTIONAL REJECT 23 39.98 13 34,21
D.C. REJECT 6 10.17 12 31.58
PATTERN SENSITIVE 5 7.48 3 7.89
DATA LOSS [ 24 41.38 10 26.32
Table 40

Electrical Test
(Incoming Inspection) Summary

MEMORIES
w
QTY QTY %
CATEGORY TESTED REJECTED REJECTED
Bipolar S/R 21,503 552 2.6
MOS S/R 8,424 621 7.4
Bipolar ROMs 3,655 397 0.9
Bipolar LSI 1,720 28 1.6
Bipolar RAMs 7,992 555 6.9
MOS RAMs 35,364 785 2.2
SSI TTL 198,264 2,228 1.1
MSI TTL 32,813 941 2.87
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TABLE 41
ELECTRICAL TEST
BI ELECTRICAL TEST SUMMARY

MEMORIES
QTY QTY
EM-2 OTHER

CATEGORY TESTED REJECTED

SSI 3,679 245 . 194 40
MSI 1,728 85 .9 8
Bipolar S/R 486 14 9 0
MOS S/R 29,558 1,452 9 0
Bipolar ROMs 1,727 57 3 0
Bipolar RAMs 1 0 / I 0 |
MOS RAMs 1,997 I 346 I 17.3 I 327 19 0
TABLE 42

RELIABILITY SCREENING
TEST SUMMARY

MEMORIES
QTY QTY
CATEGORY TESTED REJ. | % REJ. H_ EM-1 | EM-2 | X o
SSI TTL 28100 1578 5.6% 249 207 671 | 333 118
MSI TTL 13847 1545 11.2% 361 221 461 | 378 75
Bipolar S/R| 38794 967 2.5% 107 - 224 587 20 29
MOS S/R 9924 1208 12.2% 0 182 928 28 0
Bipolar LSI 86 40 46.5% 13 20 7 NT 0
Bipolar ROM| 3367 171 5.1% 92 57 17 2 3
Bipolar RAM| 5697 692 12.2% 6 320 307 38 21
CMOS RAM 2047 575 28.1% 197 140 129 {106 3
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100% Screening Attrition Summaries for receiving inspection tests (electri-
cal test only), electrical tests -- burn-in (168 hours @125°C) -- electri-

cal test, and 100% reliability screening tests (Method 5004 of MIL-STD-883

Class B) are presented in Tables 40, 41 and 42 respectively for bipolar and
MOS RAMs. For comparative purposes the attrition for SSI and MSI TTL func-
tions are included in each table.

Incoming Inspection test results (Table 40) show that bipolar LSI (ALUs),
MOS RAMs and bipolar shift registers have low reject rates and these are
comparable with SSI and MSI TTL functions. Bipolar ROMs and RAMs and MOS
shift registers have 2-4 times higher reject rates.

The combination of burn-in and electrical tests provides an effective means
for weeding out potentially weak components. The data of Table 41 does not
show an increase in reject rates from that of Table 40; as would usually be
expected except for MOS RAMs -- the failure rate of which increases dramat-
ically. Some possible reasons for this are different constituent generic
device types, and smaller population size than that of Table 40. An inter-
esting feature is gleaned from comparing the SSI/MSI TTL data with the
memory data in Table 41. The SSI and MSI TTL reject rate is higher for
this screening sequence than it is for memories, with the exception of MOS
RAMs. Note the effectivity of pre burn-in electrical measurements in
weeding out supposedly good product prior to burn-in for MOS shift regis-
ters and RAMs.

Parts subjected to MIL-STD-883 Class B 100% screening (Table 42) exhibit
attrition rates from 2.5% for bipolar shift registers to 46.5% for a small
population of ALUs. Bipolar ROMs have reject rates comparable with TTL SSI
devices and bipolar RAMs and MOS shift registers have reject rates similar
to TTL MSI devices. CMOS RAMs have a high reject rate as was shown earlier
in Table 34. The data shows that burn-in is an effective screen as shown
by pre and post burn-in electrical measurement reject rates in combination
with hermeticity and x-ray testing. The measurement points listed (hermet-
icity, pre- and post-burn-in electrical, x-ray and others) are the places
in the screening sequence at which rejects can be identified. The pre-
burn-in electrical measurements pick up stabilization bake, temperature
cycling and centrifuge rejects.

Conclusion -

The results of the test data presented herein demonstrate that 100% compo-
nent screening is definitely required to maximize component reliability
and minimize resultant field repair costs. '

Memories exhibit similar reject rates when subjected to 100% screening
tests as do SSI and MSI TTL circuits. However, various technologies have
higher reject rates than others. Silicon gate MOS structures have lower
reject rates than do metal gate structures; hermetic encased products have
lower reject rates than do non-hermetic parts; bipolar memories generally
have lower reject rates than do MOS memories; and CMOS memories exhibit
the highest reject rates. Life tests conducted at 125°C for 1000 hours
demonstrate the stability of both bipolar and MOS memories and micro-
processors.

354



Reliability test data taken to date, indicates that the inherent reliability
of microprocessors is no worse than that for memories and other LSI devices.
In fact, the limited amount of data taken so far indicates microprocessor
reliability is better than for other LSI devices. However, from an electri-
cal testing viewpoint the industry doesn't as yet have a viable and effective
means of properly testing a microprocessor. As such, much more test data
needs to be generated on microprocessors and communication of both laboratory
and field reliability data is imperative in understanding the inherent re-
liability and failure modes of microprocessors.

Test data depicted herein demonstrates the need for some form of reliability
improvement program. The particular screening tests to be performed are
determined by an evaluation of the intended application and the end product's
desired warranty conditions. '
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