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1.0 INTRODUCTION

1.1 OBJECTIVES

The main objectives of this study have been: (1) to examine the existing
failure rate prediction models in the Microcircuit Section of MIL-HDBK-217E,
to determine if they are applicable to state-of-the-art devices; (2) to revise
or extrapolate the existing models as necessary to reflect current and future
device reliability; (3) to perform a reliability assessment of device types,
being designed into state-of-the-art systems, for which no models presently
exist; and (4) to develop new reliability prediction models for emerging
technology devices. These objectives support the goal of developing accurate,
user-friendly models for possible inclusion in a future revision to
MIL-HDBK-217.

1.2  BACKGROUND

MIL-HDBK-217 has been used as a guide for predicting system reliability for
many years. The consistent approach used by the authors of the handbook
(RADC) has been to examine field and 1ife test component failure data to
identify key elements to which this data best fits. These key elements are
then combined in an additive and multiplicative form to develop a component
failure rate value dependent upon the type and application of the specific
component. Component failure rate values can be combined, according to the
specified system architecture, to obtain a predicted value of the system
failure rate. Using this approach, the authors have been successful in
maintaining a usable model. However, because of increasing microcircuit
complexities and new component types, there is a need for an improved, updated
prediction model for advanced microcircuits.

To develop a set of requirements for a reliability prediction model, it is
necessary to understand the intended use of the model. Reliability prediction
models, such as MIL-HDBK-217E, are used extensively to determine the
reliability trade-offs between various system designs, in order to produce the
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optimum reliable design. The requirement to deliver systems with higher
reliability is being pursued aggressively by DOD. The seriousness with which
the Air Force views system reliability is demonstrated in the goals of R&M
2000, with similar initiatives being pursued by the Army and Navy. In order
to achieve these goals, it is imperative that the major reliability risks in
the system design be accurately identified and eliminated without unnecessary
reliability design complications, such as over-redundancy or the use of
inappropriate cooling system strategies. The reliability prediction model
must be capable of realistically approximating the reliability of each
component comprising the system, including the advanced microcircuits. The
methods of reliability prediction modeling investigated address the
requirements of accuracy of the predicted failure rate, comprehensiveness of
microcircuit types, integration with microcircuit screening, and model
maintainability, all with minimal impact on usability.

1.3 LIST OF ACRONYMS

A list of acronyms with their associated meanings as used in this report is as
follows:

AC - Assignable Cause

Ag - Silver

Al - Aluminum

ALSTTL - Advanced Low-power Schottky Transistor-Transitor Logic
ASIC - Application Specific Integrated Circuit

ASTTL - Advanced Schottky Transistor-Transistor Logic
Au - Gold

B - Boron

BIMOS - Bipolar/Metal Oxide Semiconductor

BIR - Built-in Reliability

CCD - Charge Coupled Device

CERDIP - Ceramic Dual Inline Package

CGA - Configurable Gate Array

CHE - Channel Hot Electron

Cl - Charge Injection
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Cl - Chlorine
CML - Current-Mode Logic
CMOS - Complementary Metal Oxide Semiconductor

CPU - Central Processing Unit

]

CVD - Chemical Vapor Deposition
DIP - Dual In-Tine Package
DOD - Department of Defense

DRAM - Dynamic Random-Access Memory

DTL - Diode-Transistor Logic

£a - Activation Energy

ECL -~ Emitter-Coupled Logic

EEPROM ~ Electrically Eraseable Programmable Read-Only Memory
EM - ElectroMigration

EMI -~ Electromagnetic Interference

EMP - Electromagnetic Pulse

EPROM - Eraseable Programmable Read-Only Memory
ESD - ElectroStatic Discharge

eV - Electron Volit

F - Fluorine

FET - Field-Effect Transistor

FGMOS - Floating Gate Metal-Oxide Semiconductor
FLOTOX - Floating Gate Tunnel-Oxide

FPMH - Failures Per Million Hours

FR - Failure Rate

FTTL - Fast Transistor-Transistor Logic

GaAs - Gallium Arsenide

Ge - Germanium

H - Hydrogen

HAL - Hard Array Logic

HBT - Heterojunction Bipolar Transistor

HEMT - High-Electron Mobility Transistor

HMOS - High-performance Metal-Oxide Semiconductor
HTRB - High Temperature Reverse Bias burn-in

IC - Integrated Circuit

[EEE - Institute of Electrical and Electronics Engineers
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[IL - Integrated Injection Logic

In - Indium

IRPS - International Reliability Physics Symposium

K - Boltzman's constant

K - Potassium

K - Thermal conductivity

KA - Kilo Angstroms

LCC - Leadless Chip Carrier

LEFM - Linear Elastic Fracture Mechanics

LSI - Large-Scale Integration (1,001 to 10,000 logic gates)
LSTTL - Low-power Schottky Transistor-Transistor Logic
LTTL - Low-power Transistor-Transistor Logic

MDR - Microcircuit Device Reliability (RAC publicatons)
MESFET - Metal Semiconductor Field-Effect Transistor
MHP - Multichip Hybrid Package

MIL-HDBK - Military Handbook

MIL-STD - Military Standard

MIMIC - Millimeter-wave Monolithic Integrated Circuit
MLA - Masked-Logic Array

MLO - Multi-level Oxide

MMIC - Monolithic Microwave Integrated Circuit

MNOS - Metal-Nitride-Oxide Semiconductor

MOS - Metal-Oxide Semiconductor

MOSFET - Metal-Oxide Semiconductor Field-Effect Transistor
MSI - Medium-Scale Integration (101 to 1,000 logic gates)
MTBF - Mean Time Between Failures

MTTF - Mean Time To Failure

N - Nitrogen

Na - Sodium

NDP - Numerical Data Processor

NMOS - N-channel Metal-Oxide Semiconductor

0 - Oxygen

P - Phosphorous

P-DIP - Plastic Dual In-line Package

PAL - Programmable Array Logic
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PCB - Printed Circuit Board

PGA - Pin Grid ArrayPLA - Programmable Logic Array

PMOS - P-channel Metal-Oxide Semiconductor

PPM - Parts Per Million

PROM - Programmable Read-Only Memory

PSG - Phosphosilicate Glass

RAAAT - Reliability Analysis/Assessment of Advanced Technologies
RAC - Reliability Analysis Center

RADC - Rome Air Development Center

RAM - Random-Access Memory

RH - Relative Humidity

RMC - Representative Microcircuit Configuration

ROM - Read-Only Memory

SAW - Surface Acoustic Wave

SF - Screening Factor

Si - Silicon

SIA - Semiconductor Industry Association

PHP - Power Hybrid Package

SRAM - Static Random-Access Memory

SSI - Small-Scale Integration (1 to 100 Togic gates)

STTL - Schottky Transistor-Transistor Logic

Tch - Channel Temperature

TODB -~ Time Dependent Dielectric Breakdown

Tj - Junction Temperature

TTL - Transistor-Transistor Logic

ULST - Ultra Large-Scale Integration (greater than 100,000 logic gates)
UVEPROM - Ultra-violet Eraseabie Programmable Read Only Memory
VHSIC - Very High-Speed Integrated Circuit

VLSI - Very Large-Scale Integraticon (10,000 to 100,000 logic gates)
WEC - Westinghouse Electric Corporation

WSI - Wafer-Scale Integration

2.0 REPORT ORGANIZATION

Section 3.0 presents the approach which was taken in the conduct of this study

[@a]
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contract. It lists the microcircuit types which were the subject of study,
and it summarizes the methodology employed, the types of models which were
developed, and their intended usage.

Section 4.0 is the main body of the report. It discusses the model
development for each of the primary categories of devices, as listed below:

Q VLSI/ULSI Devices (including microprocessors and gate array devices)
- Section 4.1

O Memory Devices (including programmable logic devices) - Section 4.2

O Monolithic GaAs Devices (including microwave and digital devices) -
Section 4.3

O Hybrid Microcircuits (including all styles of multi-chip hybrids) -
Section 4.4

0 Packaging Models (including corrosion, cracking, and wire-bond
failure models) generic to all packages - Section 4.5

In addition, the development of failure rate adjustment factors (v factors)
to account for different quality levels, product maturity, device functions
and operating environments, is presented in Section 4.6.

Section 5.0 discusses predictive model validation, where it was possible to
validate the models. Section 6.0 presents our conclusions and recommendations
for follow-on analysis and study, and section 7.0 is the combined bibliography
for the report.

Appendix A is a page-for-page replacement for Section 5.1.2 of MIL-HDBK-217E.

Appendices B and C are, respectively, mathematical derivations and Fortran
programs supporting the development of the VLSI/ULSI models.

Appendix D contains tables of probability of sucess and hazard rate at 10,000
operating hours for the predominant wearout failure mechanisms,
electromigration and time-dependent dielectric breakdown. Appendix E contains
memory devices life test data.
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Appendices F, G and H are detailed summaries of the work performed in the
development of the deterministic package failure models, presented in the
format of technical papers.

Appendix I provides the derivation of AT default values to be used for
various part usage environments.

3.0 APPROACH

The approach which was pursued in assessing the reliability of advanced
technology microcircuits consisted of a five-step process.

1. A review of MIL-HDBK-217 identified the component styles and the device
technologies which needed to be addressed. If the validity of the existing
mode]l was guestionable, or if no model existed, it was added to the list. The
following areas were selected for research and analysis:

Application Specific ICs (ASIC)

Very Large-Scale Integration (VLSID)

UTtra Large-Scale Integration (ULSI)

Very High-Speed Integrated Circuits (VHSIC)

Random-Access Memory (RAM)

Read-Only Memory (ROM)

Programmabie Read-Only Memory (PROM)

Programmable Array Logic, Logic Array, Hard Array Logic (PAL, PLA, HAL)
Configurable Gate Array (CGA)

Current-Mode Logic (CML)

Pin Grid Array (PGA)

Monolithic Microwave IC, Gallium Arsenide (MMIC, GaAs)

Hybrids (MHP, PHP)

Packaging (Materials, Seals, Die Attach, Wire Bonds, Corrosion)

2. A literature search was conducted to determine if the reliability of these
component/technology types had been documented. Emphasis was placed on device
failure mechanisms and data relative to failure physics, because it was
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intended to develop deterministic models to the maximum extent possible. A

partial listing of the references is included in the bibliography and the
appendices.

3. Data was collected from several sources, including the Reliability
Analysis Center (RAC) Microcircuit database, technical journals, technical
periodicals, manufacturers' device data books, and the Westinghouse Failure
Analysis and Field Failure databases. In addition, an industry survey was
made, by mail and by telephone, of 227 suppliers and users of advanced
microelectronic devices. The data was categorized for the primary model
development areas, and each of these databases is discussed in the appropriate
paragraphs of Section 4.0 of this report.

4. The data was analyzed for applicability to the model development effort.

5. Predictive models were developed, based on the data collected. Where
possible, the models were validated by using additional sources of information
and/or by comparison of the results with MIL-HDBK-217E.

3.1 METHODOLOGY

Initially, the attempt was made to develop only deterministic models for all
of the component types identified for study. However, several pitfalls became
evident in this approach. First, the resultant form of the model, a
combination of all fajlure distributions, although inherently accurate and
mathematically correct, is not user-friendly. It is not possible to improve
model accuracy and comprehensiveness without adversely affecting the model
development and use. Second, the resulting model form does not readily lend
itself to inclusion in MIL-HDBK-217, which is an ultimate goal. And third,
deterministic models cannot account for the early and middle life microcircuit
failures - those which typically occur within the useful 1ife of the
components, and which appear to occur randomly. Since these failures are of
significance to the user of the model, they must be included.

Therefore, the reliability prediction model which was developed for advanced
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microcircuits estimates the early, middle, and end-l1ife of these
microcircuits. 1In general, early and middle-life microcircuit failures are
"assignable cause" failures. These failures are premature failures whose
causes can be "assigned" to specific random defects or events. The early and
middle-life failures typically exhibit a substantially greater failure rate
than do end-life failures. The end-1ife failures of microcircuits are “common
cause" failures. These failures are material wearout failures whose causes
are "common" because of the common materials used in the fabrication of the
microcircuits. MIL-HDBK-217E and its predecessors only considered assignable
cause failures in the development of prediction models, since common cause
failures did not typically occur within the Tifetimes of military systems.
However, the geometry scaling required to attain the complexity of the
advanced microcircuits in question may result in common cause failures that
contribute significantly to the overall failure rate of the microcircuits
under standard operating conditions.

Much of the prediction modeling effort was dedicated to distinguishing between
assignable cause failures and common cause failures. Since the failure models
for early, middle and end 1ife are not typically the same, a generic model was
developed to combine these individual failure models. This Superposition
Model is described in detail in section 4.1.1, but it is also described
briefly below.

As previously mentioned, the early and middle-1ife failures, or "assignable
cause" failures, are defect-related, and they can be accurately modeled by a
constant (time-independent) failure rate, as was done in MIL-HDBK-217. If
there are n independent assignable cause failure mechanisms operating on a
component population, then

n
MT = T g, (3.1.1)
i=1
where:
XAT = the total component failure rate due to assignabie causes
xAi = the component failure rate due to the ith assignable

cause
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Further, the reliability of the component, or the probability of its operating
without failure for some time, t, may be expressed as

M7t

R=oce (3.1.2)

However, this model does not account for the end of life (wearout) failure
mechanisms, which are typically distributed log-normally - implying
non-constant failure rates. Equation 3.1.2 may be expanded to include these
failure mechanisms, and thus becomes

_ —XATt m
R=e¢e x I (1 - Fi(T)), (3.1.3)

i=]

where:
Fi(T) is the time-dependent probability of failure for the
ith failure mechanism, and

m is the number of independent wearout mechanisms.

The problems presented by this model are: (1) the non-constant (time
dependent) failure rate of the wearout mechanisms, implying that the time in
the component's life used to evaluate the reliability will alter the result;
and (2) the fact that failure rates of components can no longer be added to
derive a total system failure rate. The first problem is overcome if a common
time is chosen for comparative analysis of the reliability of all components.
Ten thousand operating hours is a common design criteria for avionics systems
(programs such as ALQ-165 and APG-68), and it has been chosen in our modeling
effort. A failure rate for each wearout mechanism can then be calculated, as
described in section 4.1. The second problem is overcome by using
reliability, rather than failure rate, as the figure of merit, or by ignoring
the common causes (by reverting to use of equation 3.1.2). The latter may be
done legitimately if the calculated value of the effective failure rate of the
common cause failure mechanisms is much less than the failure rate due to
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Even then, the common cause models are useful as design

tools, both in the assessment of inherent reliability (failure free operating

period) and in the verification of adequate derating margins.

3.2 MODELS

Models have been developed for the primary categories of advanced technology

devices as shown in Table 3.2-1.

Table 3.2-1 NEW MICROCIRCUIT MODELS
DEVICE ASSIGNABLE CAUSE; COMMON CAUSE
CATEGORY (EARLY-MIDDLE-LIFE) (END-LTFE/WEAROUT) REMARKS
VLSI/ULSI E N E = extrapolated or
modified 217
model based
on new data
Memories 3 N N = new model
GaAs N - Insufficient data
for commone cause
model development
Hybrids N N Common causes
addressed in chip,
package models
Packages E N

Quality, learning, environment and hybrid function failure rate
adjustment factors are modifiers of the assignable cause failure
rates only.

With the exception of the hybrid model, which has been greatly simplified, the
assignable cause models are similar in form to the models in MIL-HDBK-217E. A

comparison is presented in Table 3.2-2.
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LEGEND TO TABLE 3.2-2

device failure rate in F/10° hours

quality factor

temperature acceleration factor (MOS and Bipolar)
GaAs temperature acceleration factor (active devices)
GaAs temperature acceleration factor (passive devices)
circuit complexity factor (MOS and Bipolar)

GaAs circuit complexity factor (active devices)

GaAs circuit complexity factor (passive devices)
application environment factor

device learning factor

package complexity factor

EEPROM cycliing-induced failure rate

circuit function factor (hybrids)

number of each particular component (within hybrids)
component failure rate (for each component within hybrids)
die correction factor

number of chip or substrate resistors

failure rate of the chip or substrate resistor

sum of the hybrid interconnections

failure rate per interconnect

hybrid density factor

failure rate of the hybrid package

GaAs MMIC application factor

13
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4.0 MODEL DEVELOPMENT
4.1 VLSI/ULSI MICROCIRCUITS AND MICROPROCESSORS

The device 1ist which was considered for an updated VLSI/ULSI prediction model
included bipolar and MOS digital devices (including shift registers,
programmable logic arrays (PLA) and programmable array logic (PAL)), bipolar
and MOS linear devices, bipolar and MOS digital microprocessor devices
(including controllers), bipolar and MOS analog microprocessor devices, charge
coupled devices (CCD), and wafer scale integration (WSI). For the end-life
failure model, several class modifications were made (see Table 4.1-1). The
first two classes of devices were renamed bipolar digital and linear devices
(including gate/logic arrays) and MOS digital and linear devices (including
gate/logic arrays), since the wearout mechanisms are similar within these
classes. From discussions with microprocessor suppl1ers.[8] bipolar

VLSI/ULSI microprocessor devices do not have a moderate to high probability of
being used in near future military systems; therefore, the next two classes of
devices were renamed MOS digital microprocessors (including controllers) and
MOS analog microprocessors (including controllers). Because of insufficient
data on the manufacturing technology of MOS analog microprocessor devices and
CCDs, adequate life-prediction models could not be developed. WSI was not
modeled as a separate category since it comprises many different microcircuit
types whose failure rates can be calculated separately and then combined using
the model of section 4.1.1.

During the development of the prediction model for VLSI/ULSI microcircuits,
several assumptions were made that could not be fully substantiated during the
course of the contract. The assumptions are highlighted in section 6.0 with
possible direction in verifying these assumptions.

The literature search for the VLSI/ULSI model development spanned the RAC
database, the Proceedings of the International Reliability Physics Symposia
(IRPS), the Proceedings of the Reliability and Maintainability Symposia, the
Transaction of the Reliability Society of the IEEE, and numerous other technical
journals. The data collected for the end-life model development was sparse.
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Table 4.1-1

VLSI/ULSI Device Category Changes

oLD

Monolithic Bipolar & MOS Digital
Devices
Monolithic Bipolar & MOS Linear

Devices

Monolithic Bipolar & MOS Digital
Mi-roprocessor Devices

Monolithic Bipolar & MOS Analog

Microprocessor Devices

(1]

(2]

(3]

(4]

Model developed

Model not viable

Insufficient data

NEW

Bipolar Digital & Linear Devices [1]
(Including Gate/Logic Arrays)

MOS Digital & Linear Devices [1]
(Including Gate/Logic Arrays)

Bipolar Digital Microprocessors [11]
(Including Controllers)

MOS Digital Microprocessors [1]
(Including Controllers)

Bipolar Analog Microprocessors [2]
(Including Controllers)

MOS Analog Microprocessors [3]
(Including Controllers)

Charge Coupled Devices (CCDs) [31

Wafer Scale Integration (WSI) (41

End of life models for VLSI/ULSI can be used by extrapolation
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Except for sources such as the IRPS (papers identified in the references),
very little information was available to understand why system failures

occur. Trend analysis of system data is not appropriate for developing values
for the parameters in the wearout models developed. Therefore, sources such
as the RAC database, the WEC field database, most industry contacts, and the
bulk of the available literature on failures, all of which heavily depend on
trend analysis, lack the detail necessary to pinpoint the failure mechanism,
parametric stress conditions and the time-to-failure.

4.1.1 Model Overview - The Superposition Model

The approach to the updated VLSI/ULSI reliability prediction model development
initially concentrated on the types and causes of system failures. By
definition, a system failure is that event in which the specification of a
performance parameter of the system is exceeded due to physical processes
operating on the system that proceed naturally during the life of the system.
Table 4.1-2 outlines the results of a recent survey[40] of system failures
with respect to percent contribution of component replacement for a particular
component type. The survey shows that the microcircuit is still the leading
component to which many system failures are attributed.

Table 4.1-2 Summary of Parts Replacement Distributions[4O]

—————————— % Contribution ----------

Hughes

Source: Aircraft Collins GE
Part Type Company Avionics
ICs 27 32 33
Transistors 14 14 15
Hybrid Circuits 12 ** e
Capacitors 12 19 6
Resistors 12 ** 16
Diodes 10 ** ol
Solder Joints 3 ** 5
(and interconnections)
Others (** included) 10 35 22

A survey[36] of the causes of VLSI/VHSIC microcircuit failures specifically,

outlined in Table 4.1-3, shows VLSI/VHSIC microcircuits of similar complexity
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failing for totally different reasons. A VLSI/VHSIC prediction model that
cannot account for this inconsistency in observed failure mode/mechanisms may
result in a grossly inaccurate prediction. To address this inconsistency,
microcircuit failures were classified into two categories: common cause
failures and assignable cause failures. These two categories of failures were
then modeled separately.

Table 4.1-3 Vendor Datal36]

——————————— Survey Responses --—---—--=--

Failure Mode / Mech ] 2 3 4 5 6
Electromigration 13%
Dielectric Breakdown X 50% <. 1% 98% 2%

Soft Errors

Parametric Drift X 1% 38%
Hot Electrons X

Latch-Up X 10% A% X
Electrical Overstress 20% 2% X

Package Related 20% <.1% X 28%
Other X 19%

X = failure mode occurs but no percentage given in survey response.

By modeling the common cause microcircuit failure rate separately from the
total microcircuit failure rate, it is possible to evaluate the system
reliability improvement due to the use of mature microcircuits which have
minimized the assignable causes of failure. It is noted that these assignable
cause failures can be minimized or eliminated by use of built-in-reliability
(BIR) techniques or screening. The "band" of potential reliability
improvement is displayed graphically in Figure 4.1-1. Assuming a bathtub-like
system failure rate curve, it is reasonable for the failure rate of a system
that has not eliminated the assignable causes of component failures to be an
order of magnitude (or more) greater than the common cause system failure
rate. Therefore, the failure rate value that should be used to predict the
system reliability depends on the maturity of the microcircuits and the
effectiveness of the microcircuit and system screens prior to system

delivery. In the early- and middlie-1ife defect model, these effects are
addressed by the learning and quality factors.
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A general reliability prediction model, the Superposition Model, was developed
to cémbine the early-, middle- and end-1ife prediction models. In addition,
this model is used to combine the individual failure mechanism models
developed as part of the end-life prediction model. This model can also be
used to address end-1ife failure rates of WSI devices by making the assumption
that the WSI device is composed of many different device styles competing to
cause failure of the total WSI device.

The Superposition Model is a modified competing-risk model used to combine the

early-, middle- and end-1ife failure distributions, as well as the individual

failure mechanism distributions. According to the competing-risk mode],[37]

the probability of failure at time t for a microcircuit has the form

K
F(t) =1 - 1T (1 - F; (t)), 4.1.1)
i=]

where F;(f) is the probability of failure for the ith failure distribution
of k total failure distributions identified at time t.

t
Fict) = 5 fi(t), (4.1.2)
0

where .(t) is the p

in equation 4.1.1, and making the substitution that the probability of success

failure probability density function. Rearranging terms
at time t, P(t), is the complement of the probability of failure at time t,
P(t) =1 - F(D, (4.1.3)

equation 4.1.1 can be rewritten

K
P(t) = I Pi(t). (4.1.4)
i=

This model is not limited to specific types of failure distributions and does
not require that the failure distributions be of the same type; however, the
mode] does require independence of the failure distributions.

19
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The Superposition Model can be used to estimate the lifetime of a microcircuit
given the early-life, middle-1ife and end-life failure models. Since
early-and middle-1ife fallures are assignable cause failures, the model used
to approximate these failures is the exponential probability density

function. The functional form is given by

f(t) = X expl-) t] (4.1.9
where X\ can be shown to be the hazard (time-independent) rate.

xearly and Xmiddle' the hazard rates for early and middle-life
respectively, the probability of success for the microcircuit is defined as

Given

P(t) = expl-X tl * expl-x tl1 * P (D), (4.1.6)

early middle end

where:

Pend(t) = probability of success of the end-1ife failure
distribution.

Equation 4.1.6 can also be written in the form of a microcircuit hazard rate
at time tO:
At

) = A (t )/t

- In (Pend 0 0 (4.1.7)

0 early * “middle

It must be noted that -ln(Pend(tO))/tO is not a true hazard rate for end-
life at time tO since the end-1ife failure distribution is not necessarily
an exponential distribution; however, this "effective hazard rate" transforms

properly to a worst-case probability of success using the standard equation
P = expl-atl. (4.1.8)

A log-normal distribution is a wear-out distribution in which the hazard rate
increases with time; therefore, the hazard rate at time to will be greater than
the hazard rate at time t] for t] < to. The associated probability of

success at time tO will be less than the probability of success at time t];

therefore, for all time less than to. a worst-case probability is derived.

t

20
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A1l end-life probability of successes, hazard rates, and effective hazard
rates are calculated for to = 10,000 hours, a standard avionics system
lifetime requirement which is typically specified in the contract statements
of work for avionic equipment.

4.1.2 Early- and Middle-Life Prediction Models

Early- and middle-life of VLSI/ULSI microcircuits are limited by random
failures that similarly plague non-VLSI/ULSI microcircuits. Random failures
can be due to pinholes or particles in dielectrics resulting in electrical
shorts, ionic contamination causing shifts in transistor parameters, and many
other types of random defects. MIL-HDBK-217E is based upon exponential
failure distributions which describe random failures. The exponential mode!
is appropriate for these failures because in aggregate (at the system level
where failures are reported) they appear random even though they have physical
causes. This is due to the overlap of many distinct defect distributions,
each having its own MTTF and standard deviation. Furthermore, the temperature
dependence of the failure rate is defensible because the predominant defect
failure mechanisms - dielectric breakdown and metallization failure - are
accelerated by temperature. This has been shown in the literature and through
life testing. MWhile it is true that perfectly made IC's would not experience
these "random" defects, it is also true that periodically flawed components go
undetected in environmental screening and later manifest themselves as field
failures. The literature search did not discover any failure mechanisms for
VLSI/ULSI devices which do not also pertain to SSI, MSI and LSI devices. A
reasonable approximation of early and middle~life for VLSI/ULSI microcircuits
would therefore be an extrapolation of MIL-HDBK-217E to the complexity of
these advanced technology components. From an evaluation of available VHSIC
data, the extrapolation for MOS VLSI devices seems reasonable, but the
activation energy requires modification.
The IITRI/Honeywell SSED VHSIC Report!3®’
time-dependent failure rates (hazard rates) for early- and middie-1ife failure
mechanisms. The mechanisms addressed included oxide failures, metal failures,

endeavored to create

hot carrier effects, ESD effects, and miscellaneous defect failures. In the
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present study efforts, that data was analyzed to determine the actual shape of
the distributions (as opposed to assuming a decreasing exponential based upon
two points). The three primary defect areas contributing to the early-life
failure rate were found to be oxide, metal, and miscellaneous; all others were
at least an order of magnitude smaller in contribution. The oxide data is
plotted in figure 4.1-2, the metal data in figure 4.1-3, and the miscellaneous
data in figure 4.1-4. The intervals were those given in the IITRI/Honeywell
VHSIC report, and were so chosen because in many cases sources reported
failures occurring within a time interval. The failure rates were determined
by dividing the number of failures in each interval by the accelerated part-
hours from operating life tests, burn-in, and various environmental tests
(adjusted to 25°C based on the Arrhenius relationship) for that interval. As
can be seen, the defects are not distributed as decreasing exponentials which
would be straight lines with negative slope on a logarithmic scale. Instead,
since the failures are assumed to be random, an average failure rate was
calculated at 25°C as shown in the figures. The failure rates were then
adjusted for temperature by use of the appropriate activation energy for the
failure mechanism, as extracted from the VHSIC report, and summed to get a
total failure rate. Once this was done, a combined activation energy, (Ea)
was calculated by using the Arrhenius relationship (see Table 4.1-4) and
weighting according to the partial contribution of each mechanism to the total
failure rate. The activation energy is not constant, but increases with
temperature; the range is .31 eV at 30°C to .325 eV at 150°C. However, for
MOS devices, a value of .35 has been selected because this value is
conservative (all errors are positive), and it is equal to the value
calculated in derivation of the early-life MOS microprocessor model (.35 eV).
The failure rate using .35 eV is presented over temperature in the column "FR
using EA =0.35." The value at 25°C is .029 failures per million hours,
implying a C1 complexity value (in the format of the MIL-HDBK-217E model) of
.29 for VLSI/ULSI microcircuits (C] is equal to ten times the failure rate

at 25°C). MIL-HDBK~217E may be considered accurate if (a) the .29 value is
used for VLSI/ULSI complexity levels, and (b) the activation energy for MOS
devices, (HMOS, NMOS, CMOS, etc) is changed to 0.35 eV. Insufficient data was
available for this contract to develop VLSI/ULSI bipolar failure rates.

22
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FIGURE 4.1-2

OXIDE EARLY LIFE FAILURES

VHSIC REPORT DATA

FPMH
16
12k
{
.08 F P
oA
.00 L ' L
7 8 9 10 1 12 13
1n MIDPOINT OF INTERVAL
OXIDE EARLY-LIFE FAILURE DATAD®) ¢~ 0.3 ev
RANGE (HOURS) MIDPOINT In MIDPOINT  LAMBDA (25°C)
0- 2,344 1172 7.0665 1008652
2,345 - 8,204 5,275 8.5707 .008119
8,205 - 16,950 12,578 9.4397 1000606
16,951 - 24,417 20,684 9.9371 .013848
24,418 - 48,834 36,626 10.5085 .053133
48,835 - 49,224
49,640 10.8126 1142502
49,225 - 50,446
50,447 - 138,452 94,450 11.4558 .003812
138,453 - 193,123 165,788 12.0185 1084240
AVERAGE (AMBDA 0269
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FIGURE 4.1-3
METAL EARLY LIFE FAILURES
VHSIC REPORT DATA
FPHH
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. 00030
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. 00010 -
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A
RANGE (HQOURS) MIDPOINT In MIDPOINT LAMBDA (25°C)
0 - 59,872 29,936 10.3068 .000182
59,873 - 209,553 134,713 11.8109 .000146
209,554 - 623,669 416,612 12.9399 .000115
623,670 - 1,247,337 935,504 13.7488 .000323
AVERAGE LAMBDA .000219
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FIGURE 4.1-4
MISCELLANEOUS EARLY LIFE FAILURES
VHSIC REPORT DATA
FPMH
025
020k
015k
g10F
.00s -
_Gm Q————-e/l
8 10 12 14
1n MIDPOINT OF INTERVAL
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40,403 - 66,083 53,243 10.8826 .000202
66.084 - 70,642 68,363 11.1326 .001151
70,643 - 82,514 76.579 11.2461 .000910
82.515 - 112,394 97,455 11.4871 .000286
112,395 - 120,244 116,320 11.6641 .004195
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210,244 - 240,488 '
226,328 12.3297 .001777
240,489 -  242.412
242 413 - 355,239 289.826 12.6076 .000796
355,240 - 393,352 374,296 12.8328 .002183
393,353 - 420,487 406,920 12.9164 .003678
420,488 - 1,510,862 965,675 13.7806 .019915
AVERAGE LAMBDA .001872
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MIL-HDBK-217E does not distinguish between MOS and bipolar devices in the CI
terms for SSI, MSI and LSI devices. The predominant failure mechanism for MOS
devices is TDDB which, as is well documented in the literature, has an
activation energy of 0.3 eV, whereas the most common bipolar mechanisms are
metallization defects and electromigration which have activation energies
ranging from 0.42 to 0.9 eV. This implies that bipolar devices, having higher
activation energies, will have higher failure rates than will MOS devices of
similar maturity and complexity. This would be plausible if the failure rates
of the two technologies were similar at 25°C; however, reliability data
published by British Telecomtlo}] indicates that, for each level of IC
complexity, the intrinsic failure rate of MOS devices is approximately 3.6
times higher than that of bipolar devices in benign environments. Assuming
that this ratio holds for ICs at 25°C, the value of Cl1 for bipolar VLSI
devices should be .08, rather than .29. Using the complexity progression of
MIL-HDBK-217E yields Cl1 values ranging from .0025 (SSI) to .08 (VLSI) for
bipolar devices. The failure rates of bipolar devices will thus be lower than
those of CMOS devices up to a temperature of 109°C (assuming the MIL-HDBK-217E
energy of 0.5 eV for LSTTL).

To develop the microprocessor failure rates, data was compiled from two
sources,[97' 104] and a summary is presented in Table 4.1-5. As was done in
MIL-HDBK-217E, the devices were grouped by bit complexity although some of the
assignments were subjective (based upon device description). Several points

need to be made concerning the data for these devices:

1. The database was very small.

2. Some manufacturers' data show no distinction in failure rate due to
device complexity.

3. Very little, if any, correlation was found between device package
type and die-related failure mechanisms for hermetic versus molded
plastic packages. The reason for this is that microcircuit
manufacturers today employ die passivation in non-hermetic
applications. Corrosion will not be a problem, particularly for the
short duration and controlied environment of a burn-in or life test
from which this data was derived.
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4. The assignment of complexity factors to devices such as CPUs,
controllers, coprocessors, clock-drivers, bus arbiters, and other
microprocessor peripherals is difficult to do.

5. A microprocessor comprised of one or two microcircuit chips will be
more reliable than one comprised of more, but lower-complexity,
microcircuits.

As shown in Table 4.1-5, the data was presented in the form of failure rates
from 1ife tests of commercial devices (D quality level) at 70°C. These
failure rates were then adjusted to B-level by dividing by 3.3, the value of
) for the D quality Tevel (see paragraph 4.6.1 for derivation of this

value). The database provided activation energies for each failure mechanism
experienced by each device type listed. Failure rates were also presented for
each failure mechanism. Average activation energies were obtained by
weighting according to their percentage contribution to the total failure rate
at 70°C. An example calculation is given below:

mechanism A: .3 eV .04 fpmh
mechanism B: .5 eV .20 fpmh
mechanism C: .4 eV .56 fpmh

average EA: (.3 x .04 + (.5 x .20) + (.4 x .56)) / .80 = .42 eV

Using the average activation energies, the failure rates at 25°C were
calculated by employing the Arrhenius relationship:

A25 = A70 * exp [EA / K (1/343 - 1/298)1, where

225 is the failure rate at 25°C

270 is the failure rate at 70°C

EA is the average activation energy

K is Boltzman's constant (8.617E-5 eV/°Kelvin)
343 is 70°C in Kelvin, and 298 is 25°C in Kelvin

The C] values for these devices were derived to be consistent with the

MIL-HDBK-217 convention (a T value of 0.1 at 25°C) by multiplying the
failure rates at 25°C by 10. It should be noted that the failure rates and
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C] values approximately double for each increase in microprocessor bit
complexity. Consequently, the proposed values of C] to be used are

presented in the last column of Table 4.1-5. The values for bipolar devices
are less than half the MOS values at 25°C. This is because the failure rates
of the two technology devices at 70°C were similar, but the bipolar devices
had higher activation energies.

Two factors which had been considered for inclusion in the models were
omitted. The first is a voltage-acceleration factor for MOS devices. MWhile
it is true that the predominant MOS failure mechanism, oxide failure, is
accelerated by higher voltages, most MOS devices now operate at 5 volts. To
attempt to correct for higher voltages in a defect model is inconsistent with
ease of use, and that level of accuracy is not supported by the database.
Furthermore, devices made to operate at higher voltages should have thicker
oxides; the end-life model presented in section 4.1.3.1 shouid be used to
assess the voltage effect.

The second factor is an electrostatic-discharge factor to reflect the device
susceptibility to ESD damage. MWhile the susceptibility can be quantified, the
probability of failure due to that susceptibility cannot because it is
dependent upon how the device is handled. From our experience in the
Westinghouse Reliability Analysis Laboratory, approximately 0.1% of all
failures are attributable to ESD; therefore, if an ESD factor was desired, a
value of 1.001 could be used. It has been omitted from our models in the
interest of simplicity, and also because it is "in the noise" of the accuracy
of the early-middle-life models. Other electrical overstress failure rates,
which are purely secondary events, should not be included in any early-mid-
life prediction model.

4.1.3 End-Life Failure Mechanism Models

Figure 4.1-5 shows graphically how the Superposition Model is developed for
modeling end-1ife failure prediction. MWith three failure mechanisms competing
on a particular microcircuit, it is necessary to know the failure rate of the
microcircuit at a particular time, t1. [If the values of the cumulative
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failure distributions (probability of failure functions) for each mechanism
(appropriately scaled) at time t1 are small (i.e., less than 1% - a reasonable
assumption at the time the microcircuit is delivered as part of a system),
then the value of the total cumulative failure distribution is approximately
the sum of the cumulative failure distributions of each mechanism. Although
many potential failure mechanisms can be identified, their impact on the total
cumulative failure distribution may not be significant. An understanding of
which mechanisms must be modeled for each VLSI/ULSI technology was pursued.

From literature searches and in-house failure analyses, a list of failure
mechanisms affecting VLSI/ULSI microcircuits was developed. The electrical
mechanisms are outlined in Table 4.1-6. Of those failure mechanisms, it was
necessary to identify those which are related to common cause failures. The
list was reduced to three failure mechanisms: time dependent dielectric
breakdown (TDDB), electromigration (EM), and charge injection (CI). The
latter mechanism was further discounted as being a design consideration rather
than an inherent physical property and therefore should not contribute to the
total end-life failure distribution (see section 4.1.3.3). HWith the common
cause failure mechanisms identified, each mechanism was quantified using
available data from Titerature and in-house reliability analysis programs. A
survey of these microcircuits was performed to make the model user-friendly.
The methodology for applying the end-life failure mechanism models to specific
microcircuits can be found in section 4.1.4.

4.1.3.1 TDDB Model
According to the literature on time-dependent dielectric breakdown

(Tooe), L8]
of time. The general form of the failure density function is

failure occurrences are distributed normally with the logarithm

1 Int - (Apq * In (tggy / (AT * Agp)))
f(t) = exp [(=1/2)¢( A 50% T EF77702,

atvy2r g

(4.1.9
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Superposition: An Example

1.0 : Failure Mechanism a
Cum :
% Failure Mechanism b
Fail .10 '
(%) ' Failure Mechanism ¢
o |
tH
Ft) = 1-[(1-Falth-Fblt-Fcth)]
Fa(t1) = 0.0100 N
Fbltl) = 0.0020 7 F(t1) = 0.0128

Fc(t1) = 0.0008
Note: F(t} ~ Fa+Fb+Fc

Figure 4.1-5
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Table 4.1-6 Potential Electrical Failure Mechanisms for Advanced Technologies

Mechanism
Time Dependent
Dielectric

Breakdown

Electromigration

Hot Carriers

Mobile Ions

Surface State

Movement

Latent ESD Damage

Corrosion

Unequal Metal
Diffusion Rates

Failure Mode

Gate shorts, interlayer
shorts in interconnection
system

Interlayer or intralayer
shorts in interconnection

system, and open circuits

Threshold shifts, 9

Threshold shifts

Leakage

Gate shorts, protection

network shorts

Opens in interconnections

Contact resistance
change

33

shifts

Accelerating Conditions

Voltage, increased
temperature

Current, increased
temperature

Source/drain voltage,

decreased temperature

Gate/source voltage,
decreased temperature

Radiation, current

Voltage, current

Humidity, increased
temperature

Current, increased
temperature
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where:
tSOZ = median of the reference distribution
o = standard deviation of the reference distribution
AA = acceleration factor due to area
AT = acceleration factor due to temperature
AEF = acceleration factor due to an electric field.

Area Acceleration Factor

Dielectrics are inherently defective because of their amorphous structure.
Defects will always exist no matter how small an area is being stressed. It is
assumed that dielectric defects are randomly distributed along two dimensions and
are indistinguishable. Bose-Einstein statistics allow the determination of the

(381

defect density, D(t), knowing the area of the structure in guestion, A, and

the probability of failure function, F(t). For this uniform defect density,
D(E) = (1/AXCFCE) / (1 - FCEHYN. (4.1.10)

From this expression, the probability of failure function can be obtained for
structures of different areas, assuming the defect density and the failure
mechanism are the same. That is,

(VADCFACE)Y /(1 = FCE))) = D(Y) = (H/ADCF(EY / () - F

o’ Fo 0 s)¢Fg s{,

(4.1.11)

where AO = area of the reference structure
AS = area of the new structure

Rearranging terms gives

/A F(t)) - DTV (4.1.12)

FACE) = [1 + (AS 0 S

0

This equation describes the relationship between the probability of failure
for the new structure, FS(t), and the probability of failure for the
reference structure, Fo(t), at any time t.

34



Downloaded from http://www.everyspec.com

The area acceleration factor, A,, is defined by

Ai

) / In(t (4.1.13)

Ap = g / By = Inltg opy 0 50%)

median of the distribution of the new structure
median of the distribution of the reference structure.

where tS 50%

ty s0%

Although Mo is known, Mg must be determined to calculate the value of

A for the new structure. One method for determining the value of Mo

is to realize that FS(t=tS 50%) = 0.5, by definition. Substituting this
value into equation 4.1.12 gives

) = AN/ (AL + AL (4.1.14)

Folts sou) = Ag 7 (Ag + Ag

Fo(tS 507) is the probability of failure of the reference structure at the

time in which 50% of the new structures would fail. Since the Fo(t)

function is known, and the associated number of sigmas away from the reference
median, Z, can be approximated by the area under the normal (gaussian) density
function provided by tables in most comprehensive statistics texts or by the

software program in Appendix C, it is possible to determine Mg directly by

Mo = Mg * (2% o). (4.1.15)

The variance, 02, for a uniform defect density is 1, and equation
4.1.15 can be rewritten

b = g *+ L. (4.1.16)

Substituting equation 4.4.16 into equation 4.1.13 gives
AA =1 + (2 / po) (4.1.17)

where Hg = 1n(t0 507).

For convenience, Table 4.1-7 provides Z values for some values of F.(t).

0
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Table 4.1-7 Common Z-Values

Fo(t) Z-Value
0.0013 3.00
0.0228 2.00
0.1587 1.00
0.5000 0.00
0.8413 -1.00
0.9772 -2.00
0.9987 -3.00

Temperature Acceleration Factor

The acceleration factor due to temperature, AT’ is given by the well-known

Arrhenius re]ationship:tlﬁ]
AT = exp tRac o 1yy, (4.1.18)
kK To Tg
where:
Ea = experimentally determined activation energy (0.3 eV)
k = Boltzmann's constant = 8.617 E-5 eV/°K
TS = operating stress temperature, user supplied (°K)
TO = reference temperature (295°K)

Electric Field Acceleration Factor

The acceleration factor due to the applied electric field, AEF’ is given by[]B]
— * -
AEF = exp [B (ES EO)], (4.1.19)
where:
ES = operating electric field stress (user supplied Mv/cm)
EO = reference electric field stress (2.222 Mv/cm)
B = experimentally determined electric field constant (4.5 cm/Mv)
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Reference Distribution

A literature review identified reasonably consistent values for the acceleration
coefficients, Ea and B while accelerated Tife data on Westinghouse test
structures was used to develop the reference distribution statistics, kg and o.

Table 4.1-8 lists the pertinent parameters and references from which the values
of Ea and B were derived. The value of Ea = 0.3 eV was consistent for

dielectric thickness between 100 A and 1100 A. The value of B varied
considerably between authors. Crook[16] identified a B of 16.1 for known

o

defective oxides of 400 A to 1100 A. Abadeerl!7] identified a B of 6.4 for
oxides of 150 A to 450 A. Bagleell2] identified a B of gpproximately 4.5 for

100 A oxides. Hokarill3] identified a B of 4.0 for 600 A to 1000 A. The
value of B is apparently dependent on the type of dielectric defect; however,

since the end-life failure distribution is defined as wear out of the
dielectric, not random defects, the value of B = 4.5 was most consistent for

dielectric thickness between 100 A and 1000 A.

The test structure used in the accelerated life test had total gate area,
field oxide periphery and polycrystalline silicon gate periphery comparable to
a 4k SRAM. The gate area, specifically, was 1.782E5 um2 (5.25 log umz).

The thermally grown oxide thickness was 225 angstroms. The life test was a
ramped voltage-breakdown test where the voltage on the gate was ramped at
5V/second, starting at O volts with the silicon substrate at 0 volts. The
breakdown voltage was the voltage at which >1 uA of current was measured
between the gate and substrate. Subsequent isolation tests of the structures
verified catastrophic breakdown had occurred. A1l testing was performed at
22°C on a Keithley 350 tester.

Because of the linear relationship between breakdown voltage and the normal
distribution of cumulative percent failure, a linear least squares fit to the
data was performed to obtain the median breakdown voltage, Vb 5%’ and the
standard deviation, Ty Table 4.1-9 shows the results of the life tests

of seven wafers of 15 test structures each.
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Table 4.1-8 Observed Dielectric Breakdown Parameter Values
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CONTD

Table 4.1-8 Qbserved Dielectric Breakdown Parameter Values

2672 1s Ajod 006
%°s 00042
2°s 000¢1
96'% 00%Y
Y¥9°8 00%¢
¢ 000l
60°9 v 002 201s
ev's L e osl 6250000° 002
%e°s 6 772 osl 268000°0 002
86°% 12°¢l 72 0sl £€0500°0 004
L0"9 96°¢€l %2 osl 2200°0 004
22°¢ 12°¢% AGC osl 210070 004
22°¢ 98°¢ 4 0st ¢l60°0 00
62'¢ 68°Y ALL osi 2100°0 002
§&2'¢ S¢°9 AL 0sl 2100°0 004
Sl §2¢°¢ l0°L AG°R 0st 1s Ajod 210070 002 124
0Se
6°0 03 961 -
abeyea)
paseaJoul  Jajiew
pue 3 ,uUsaop
Jods inq
yeam dwe J Jajjew  J93jjew 2018
5l pabiejua abejjoA 2L~ 1,US90p  },US30p VOG> Jewsayy
(SdY)  (AW/WI)  (AD) (WI/AW)  (WO/AW) ) (&) (2wa) V)
494 Bis nu 9 e3 Alisuap adA) puod puod dwal dwa) ded ease WL adAy
19343p  193J3p  SS3J1S  UMPYJQ SS3J1S J3)3Lp 29)131p 22131p  233)131p

39



Downloaded from http://www.everyspec.com

CONTD
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Table 4.1-9 TDDB Experiment Results

2
Lot HWafer Vb 50%(V) ob(V) r
6424 - 11 20.73 0.15 0.84
6424 - 12 20.36 0.17 0.96
6424 - 17 20.76 0.1 0.91
6424 - 19 20.74 0.08 0.83
6424 - 24 20.42 0.25 0.90
6431 - 10 20.39 0.26 0.80
6431 - 13 20.21 0.35 0.85
Average 20.52 0.20
Error 0.21 0.09
Worst case estimates of Vb 509, and o, were obtained using
Vb 50 = average(Vb SOZ) -3 error(Vb 507‘,) (4.1.20)
9, = average(ob) + 3 * error (ob) 4.1.20)

The conservative estimates of Vb and % were caifcuiated to be 19.90 voits
and 0.47 volts, respectively.

The relationship between breakdown voltage under ramped voltage stress and time

at a constant voltage stress is given by[]7]

t = (tOX/BR) exp [B(ER - EO)] (4.1.22)

4]
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where:
t = the time required to attain a probability of failure

0 that is the
same as the probability of failure obtained by ramping

under a constant electric field stress, E

when electric field reaches a value, E

tox = dielectric thickness "

R = ramp rate

ER = breakdown electric field when ramping

EO = electric field at desired constant operating voltage
B = experimentally determined constant.

Using this relationship, the values of kg and o were determined to be
8.4 and 0.4 log hours, respectively, for a constant operating voltage of 5
volts.

With the TDDB reference distribution statistics identified, the user must
determine the acceleration factors for total transistor gate area, dielectric
temperature, and electric field stress to obtain the TDDB distribution
statistics for the microcircuit in question. Figures 4.1-6 through 4.1-8 are
plots of equations 4.1.17-4.1.19 and may be used instead of equations

4.1.17-4.1.19 to determine the area acceleration factor, A,, the temperature

acceleration factor, AT' and the electric field acceleratign factor, AEF'
respectively. From the TODB distribution statistics for the microcircuit, the
user can calculate probability of success, hazard rate, and effective hazard
rate at any time t for TDDB. Alternatively, the user can use the tables in
Appendix D to determine the probability of success at 10,000 hours and the
hazard rate at 10,000 hours given total transistor gate dielectric area,

junction temperature and electric field stress.

Note: Tables 4.1-10 and 4.1-11 provide one example of each of the TDDB
probability of success and effective hazard rate distributions, respectively.
The comprehensive associated tables for TDDB effective hazard rate may be
found in Appendix A.
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Figure 4.1-6 Area Acceleration Factor for TDDB
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Figure 4.1-7 Temperature Acceleration Factor for TDDB
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Figure 4.1-8 Electric Field Acceleration Factor for TDDB
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4.1.3.2 Electromigration Model

According to the literature on electromigration (EM),[23]
occurrences are distributed normally with the logarithm of time, similar to
TODB. The general form of the failure density function is

failure

Int - (InCtsgy, / (AT * A

fCt) = exp [(=1/2)¢( )27,
otvlw o] (4.1.23)
where:
tSOZ = median of the reference distribution
o = standard deviation of the reference distribution
AT = acceleration factor due to temperature
AJ = acceleration factor due to current density.

Temperature Acceleration Factor

The acceleration factor due to temperature, A
(161

T is given by the well-known

Arrhenius relationship:

ar = exp tact _ Ty, | (4:1.24)
k To Tg
where:
Ea = experimentally determined activation energy (.5 eV)
k = Boltzmann's constant = 8.617 E-5 eV/K
TS = operating stress temperature (user supplied K)
T0 = reference temperature (488 K)

Current Density Acceleration Factor

The acceleration factor due to current density, AJ, is given by (181

(4.1.25)
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where:
JS a effective operating current densitg (user supplied MA/cm2>
JO = reference current density (1 MA/cm™)
n = experimentally determined exponent (2)

Reference Distribution

A literature review identified consistent values for the acceleration
coefficients, Ea and n, and the reference distribution statistics, Mg
and o. Table 4.1-12 lists the pertinent parameters and references from
which the values of Ea and n were derived. The most thorough work in

(22] and associates. From

understanding electromigration was done by Schafft
this work, consistent values of Ea and n were determined to be 0.5 eV and 2,
respectively. These values were determined for Al-1% Si metallization. This
metallization system is expected to be the worst-case system for interconnect
on VLSI/ULSI microcircuits, since pure Al is never used because of process
considerations such as over-sintering of shallow junctions. Other metal
systems, such as Ti-AL-TiW, do not readily electromigrate because of the
heavier metal ions. (There is, however, concern that resistance changes may

occur to cause performance problems which are difficult to quantify.)

In addition to the values of the acceleration coefficients, Schafft also
developed the reference distribution statistics, tO 507, and ¢. The values

of these statistics were determined to be 32.12 and 0.33 hours with associated
errors of 2.38 and 0.04 hours, respectively, for an operating temperature of
175°C, a current density of ) MA/cmZ, for all interconnect lengths greater
than 800 um. Worst-case estimates of tO 50% and o were obtained using

- - *
to 50% (worst case) = tO 507 3 error (to 50%) (4.1.26)

o (worst case) = o + 3 * error (o). (4.1.27
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Table 4.1-12
Observed Electromigration Parameter Values
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Observed Electromigration Parameter Values (CONTD)
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The conservative estimates of tO 507 and o were calculated to be 24.98
hours and 0.45 hours, respectively.

Since metals do not have an intrinsic defect density, the variance in lifetime
is most probably due to process variations. It is noted that the variance for
EM is much smaller than the variance for TDDB.

With the EM reference distribution statistics identified, the user must
determine the acceleration factors for metal film temperature and current
density to obtain the EM distribution statistics for the microcircuit in
guestion. Figures 4.1-9 and 4.1-10 may be used to determine the temperature

acceleration factor, A., and the current density acceleration, A

respectively. From thg EM distribution statistics for the microgircuit, the
user can calculate the probability of success, hazard rate, and effective
hazard rate at any time t for EM. Alternatively, the user can use tables
4.1-13 and 4.1-14 to determine the probability of success and effective hazard

rate at 10,000 hours given junction temperature and effective current density.
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Figure 4.1-10 Current Density Acceleration Factor for EM
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4.1.3.3 Charge Injection/Hot Carrier Model

A literature review of articles written on charge injection/hot carrier
failure modes resulted in three conclusions. First, charge injection is only
a concern for MOS transistor channel lengths less than 1.5 um. Second, many
authors make the distinction that charge injection is a design consideration
rather than a reliability consideration. Third, the inconsistency in reported
failures due to charge injection, either reported as microcircuit failures or
laboratory test structure failures, reflects the inconsistency of microcircuit
failures due to ionic contamination 15 years ago. At present, charge
injection is not considered a wearout mechanism, but a quality/design factor.

4.1.3.4 Other Mechanism Models

The other mechanisms outlined in Table 4.1-3, including mobile ions, surface
state shift, leakage, and latent ESD are considered assignable cause
mechanisms. These mechanisms contribute to the early and middle life failure

rate, outlined in section 4.1.2.

4.1.4 End-Life Prediction Models

With the contributing end-1ife failure mechanism models identified, these
models must be addressed in terms familiar to the user. Figure 4.1-11 is a
breakdown of the end-1ife failure mechanism models and the parameters which
must be supplied to complete the model. The parameters highlighted by bold
outlined boxes must be supplied by the user. The parameters shown in the
remaining boxes have default values available if the user does not have
sufficient knowledge about the microcircuit to supply actual values. Table
4.1-15 identifies the failure mechanisms that apply to the microcircuits in
question. Only time-dependent dielectric breakdown (TDDB) and
electromigration (EM) are considered end-1ife limiting failure mechanisms;
therefore, the effective hazard rate for end-life predictions has the form

Xend (to) = XTDDB(tO) + XEM(tO) (4.1.28)
where: XTDDB(tO) = effective hazard rate for TDDB at time tO
XEM(tO) = effective hazard rate for EM at time to.
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Figure 4.1-11
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Table 4.1-15 Electrical Failure Mechanisms

Microprocessors Gate Logic Arrays
MOS BIPOLAR MOS BIPOLAR

1> Time Dependent

Dielectric Breakdown C C

2) Electromigration C C C C

3) Charge Injection D D

4) Mobile Ions A A

5) Surface State Shifts A A

6) Latent ESD A A

7) Contact Resistance
Change
8) Other Random Defects

Key: C indicates common cause failure mechanism
D indicates design consideration
A indicates assignable cause mechanism

For those microcircuits whose lifetimes are limited by TODB, the user will use
representative sample Tables 4.1-10 and 4.1-11 (more comprehensive tables are
available in Appendix D). To identify which tables are appropriate, the user
must know the total transistor gate oxide area on the microcircuit. If the user
does not know total gate area, Table 4.1-16 provides default area values
dependent upon the number of transistors in the microcircuit. Alternatively,
the dependence of total gate area on transistor count is shown graphically in
figures 4.1-12 and 4.1-13 for MOS microprocessor devices and MOS digital and
linear devices, respectively. The data in these figures is bounded by an upper
(worst-case) limit defined by

A= log (4 * TR * 1070-744 7 (10gCTRY = 5.500) (1 0 )y, (4.1.29)
for MOS microprocessor devices, and
L}
A= log (6 * TR * 1070-980 * (T10g(TR) - '5.78)) () 0 02y (4.1.30)
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Figure 4.1-12
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Figure 4.1-13
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for MOS digital and linear devices,
where TR = number of transistors on the device in question.

Next the user must determine the electric field stress given the operating
voltage. The electric field stress, ES’ is given by

ES = '](Vop/tox) (Mv/cm), (4.1.31)
where:
vOp = operating voltage (user supplied V)
tox = oxide thickness (user supplied KA)

Again, if the user does not know oxide thickness, by knowing the number of
transistors in the microcircuit, the user can obtain a default value for oxide
thickness from Table 4.1-17. Alternatively, the dependence of oxide thickness
on transistor count is shown graphically in figures 4.1-14 and 4.1-15 for MOS
microprocessor devices and MOS digital and linear devices, respectively. The
data in these figures is bounded by a lower (worst-case) limit defined by

Tox = 10-0.406 * (10g(TR) - 3.68) (kA), (4.1.32)

for microprocessor devices, and

Tox = 10-0-296 * (l1og(TR) - 3.14) | (xa), (4.1.33)

for MOS digital and linear devices,
where TR = number of transistors on the device in question.
After identifying the electric field stress, the user must determine the

appropriate dielectric temperature stress. A calculated junction
temperature, TJ, results in the worst-case approximation of the dielectric
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Figure 4.1-14
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Figure 4.1-15
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temperature. The value of the junction temperature may be supplied by the
manufacturer or may be developed in a standard fashion, where

w -]
TJ = Tcase + eJC P (°C), (4.1.34)
where:
Tcase = operating case temperature (user supplied °C)
eJC = junction to case thermal resistance (user supplied °C/W)
P = worst-case power (user supplied W).

Once the total transistor gate oxide area, oxide thickness, and junction
temperature have been identified, the user can determine the associated
probability of success or hazard rate for the microcircuit due to TDDB.

For those microcircuits whose Tifetimes are limited by electromigration, the
user will use Tables 4.1-13 and 4.1-14. If the user does not know the
maximum current density through the metal on the microcircuit, a default
value of 0.125 MA/cm2 should be used. (See Appendix B for the derivation

of this default value.) The appropriate metal film temperature stress is
determined in a similar fashion as the temperature stress for TDDB. Once the
current density and junction temperature have been identified, the user can
determine the associated probability of success or hazard rate for the
microcircuit due to electromigration.

It is noted here that many microprocessors utilize on-chip static RAM. The
contribution of the failure rate of this SRAM to the total microprocessor
failure rate is insignificant. Since the technology used to fabricate the
SRAM transistors is similar to the technology used to fabricate the processor
transistors, the mechanisms which result in end-1ife failures are similar;
therefore, the SRAM, which comprises only 1% to 5% of the total active
circuitry of the microprocessor, has minimal impact when predicting the total
failure rate of the microprocessor.
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Table 4.1-16 Total Transistor Gate Area (log pmz)
Complexity Digital Microprocessors Digital and Linear
(# of trans.) (including Controllers) Gate / Logic Arrays

100 - 500 5.39 5.24
500 - 1k 5.47 5.37
1k - 5k 5.64 5.67
5k - 10k 5.72 5.80
10k - 50k 5.90 6.10
50k - 100k 5.97 6.23
100k - 500k 6.15 6.52
500k - 1M 6.23 6.65
M - 5M 6.41 6.95
5M - 10M 6.48 7.08

Table 4.1-17 Dielectric Thickness (KA)

Complexity Digital Microprocessors Digital and Linear

(# of trans.) (including Controllers) Gate / Logic Arrays
100 - 500 4.81 2.17
500 - 1k 2.50 1.35
1k - 5k 1.89 1.10
5k - 10k 0.98 0.68
10k - 50k 0.74 0.56
50k - 100k 0.39 0.35
100k - 500k 0.29 0.28
500k - 1M 0.15 0.17
1M - 5M 0.11 0.14
5M - 10M 0.06 0.09
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4.2 MEMORY DEVICES

4.2.1 Database

Literature Survey - This was one of the first activities conducted for the
modeling task, and, although most sources were identified early in this
effort, it continued throughout the program. A total of 63 articles and
papers from trade journals and symposiums were identified as being relevant to
memory reliability modeling. They were reviewed and filed. Most of the
literature was related to non-volatile memories (e.g., EPROMs and EEPROMs),
which is appropriate since these device types were recognized from the start
of the modeling task as ones that required the most study. Others were
specific to device types such as SRAMs and DRAMs, or were directed towards
various technology areas (for example, CMOS and BiMOS). Relatively little
literature on older, less complex technologies and devices such as MOS ROMs,
bipolar ROMs/PROMs/PLAs/PALs was found during the search. Direct and indirect
contributions by this literature to the memory model development will be
noted, as appropriate, throughout this section of the report.

The primary use of the literature was to aid in determining the true failure
modes and mechanisms of the device types investigated and the relative .
contribution of these modes and mechanisms to the overall failure rates of
these devices. The literature was used to a limited degree in the evaluation
of the sensitivity of device failure rates to parameters such as temperature
and complexity.

Industry Contacts - A key source of information for the modeling task was the
semiconductor industry. At the start of the program, questionnaires were sent
to a large number of companies requesting whatever support that could be
provided. For memory devices, 11 companies expressed initial interest in the
project, with 9 of them ultimately providing various degrees of information.
These companies were exclusively semiconductor device manufacturers. The
industry information was used in conjunction with the literature data to
identify the applicable failure modes and mechanisms for memory devices. This
information included life test data and device parameter information, and was
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also helpful during development of the actual models.

The following is a list of the industry contacts that provided data and
answered questions regarding memory devices:

Raytheon National Semiconductor
Intel Advanced Micro Devices
Seeq Signetics

Xicor Atmel

Inmos

Most of the data collected from the various manufacturers was in the form of
already published data books, reliability reports and pamphlets. The life
test data that was gained from the manufacturers was collected and put on a
computer database for reference throughout the project. See Appendix E for
the 1ife test results. It should be noted that a significant amount of
requested information could not be provided by the manufacturers because of
manpower and/or data confidentiality constraints. As with the literature
search, the largest portion of the information gained from the manufacturers
related to non-volatile memories.

4.2.2 Model
4.2.2.1 Approach/Mechanism Identification

In the development of the memory model, the various sources of information
described earlier in this section (literature, manufacturer data, in-house
experience) were used to identify the applicable failure mechanisms involved
with the various device types. These mechanisms were then evaluated
individually to determine whether they are defect-related or intrinsic to the
device. This information provided guidance in the overall approach to the
development of the actual model in addition to the form that the model ought
to take. Table 4.2-1 presents the results of the failure mechanism
investigation task that is documented in this section.
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UVEPROMs, Flash EEPROMs

Flash EEPROMs are treated similarly to EPROMs in this analysis. Flash EEPROMs
use the same CHE (Channel Hot Electron) programming mechanism as do UVEPROMs,
and use the same one transistor/cell approach. The primary difference between
the two is that Flash cells incorporate a thin floating gate-source or - drain
gap to allow for a Fowler-Nordheim tunneling erase mechanism (UVEPROMs use a UV

light photocurrent erase mechanismy. 4°:67]

The life test data reviewed for UVEPROMs showed the primary failure mode to be
storage gate charge loss, with a secondary mode of charge gain. These modes
result in the lowering or raising of the cell threshold voltage, thus narrowing
the cell read margin. The literature search also supported the selection of
[47,48,49,71] .
Either of the two modes can

be caused by ionic contaminants or defects in the gate oxide. A defect in the

these modes as the most prevalent.

oxide or an induced breakdown of the oxide can cause a pathway for stored
charge to leak off, or it can attract unwanted electrons under read bias.
Charge gain or loss are the primary causes of retention failures (a cell
changing state on its own over time) in these devices. The only other failure
modes found in the UVEPROM life test data collected were parametric test
failures, with no hint as to the mechanism(s) involved. The small amount of
Flash EEPROM life test data found also indicated charge loss as the primary

failure mode.[45]

Charge gain can be caused by the trapup of electrons in

the gate oxide as a consequence of movement of electrons through the gate oxide
during programming and erasure. This must be considered for devices (standard
EEPROMs) that experience a high number of erase/reprogram cycles. However,
UVEPROMs and fFlash EEPROMS are expected to experience a much lower number of
cycles during their lifetime; therefore the failure rate contribution by charge

trapup is considered to be negligible.

The phenomenon of intrinsic charge loss in UVEPROMS/Flash EEPROMs has been

(45,471 and may be due to the detrapping of
[47]

identified in literature,
electrons trapped during erase; however, evidence strongly suggests that
the amount of degradation is limited in nature (the total charge lost by a

storage transistor in this manner is not enough to cause a failure in an
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otherwise good cell) and is a negligible contributor to UVE/Flash failure

rates.

The failure modes of spurious programming and erasure have been identified in
1iterature[45‘49] for both UVEPROMs and Flash EEPROMs. Spurious programming
is a defect-induced failure mode resulting in unwanted cells being
programmed. Spurious erasure is also defect-induced and results in unwanted
cells being erased during the program cycle.

As mentioned, charge loss may be caused by a breakdown in the oxide. A high
electric field is present across the gate dielectric during the programming
step for both UVEPROMs and Flash EEPROMs. Time Dependent Dielectric Breakdown
(TDDB) is greatly accelerated by increased voltage and has been identified by
a number of sources as being a contributing failure mechanism for all MOS
devices, particularly as geometries get smaller and smaller. This mechanism
was therefore identified for further analysis during the development of the
model. Electromigration, the other intrinsic¢c failure mechanism, was also
selected for further study. Both of these mechanisms influence the
reliability of the peripheral circuitry, as do the defect-related mechanisms
found in other IC types.

Because of the information found in the various literature sources, the
reliability of Flash EEPROMs and UVEPROMS was considered to be equal during
the initial stages of the model development task, at least when the total
number of reprogram cycles during the Tife of the part is 100 cycles or fewer.

Refer to the SRAM paragraphs in this section for a more general discussion
regarding HCI (Hot Carrier Injection). None of the literature researched
named this as a significant failure mode for Flash and UVEPROMs. This can be
compared to the charge trapup mechanism as (at least for the array storage
transistors) these devices use hot injection as a programming mechanism. For
this modeling effort, HCI was considered to be an insignificant contributor,
provided that a 1imit is placed on the number of reprogram cycles (about 100
cycles).
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Soft errors 1ike HCI have become more of an issue with memories as geometries
have been reduced. See the DRAM paragraphs in this section for a further
discussion on this mechanism. None of the literature reviewed considered this
to be a relevant failure mechanism for nonvolatile memories. An alpha
particle striking the floating gate loses little of its energy there and
creates fewer carriers, and few of these escape over the floating gate's high
energy barrier.[44]

MOS PLAs, PALs, and PROMs using UVEPROM style cells in place of fuses were
considered equivalent to UVEPROMs with respect to reliability during the
development of the model, the primary difference being that these devices are
one - time programmable.

EEPROMS

This class of device consists of all EEPROMs except for "Flash" (discussed
earlier), and MNOS (Metal Nitride Oxide Semiconductor), which will be discussed
later. It can further be broken down into two types: FLOTOX (Floating gate
Tunnel Oxide), and Textured Polysilicon (Tex-Poly). Both types store charge

on a floating gate that is isolated by oxide and use Fowler-Nordheim (F-N)
tunneling for both programming and erasure. FLOTOX devices use a thin tunnel

oxide (generally less than 100 A) to achieve the F-N tunneling. Textured-Poly

devices use a thicker tunnel oxide (greater than 150 A) and achieve tunneling
through enhanced localized E-fields created by a textured ("bumpy") Si-Si02

interface. The cell structures for these two EEPROM types also differ:

FLOTOX generally uses two transistors per cell (one for storage and one for a
support transistor), whereas Tex-poly cells use a single, more complex storage
[44,67,68] Both of these EEPROMs may experience thousands of
reprogram cycles during their lifetime. The literature search indicated a

transistor.

strong relationship between reprogram cycling and device failure rate. Two
primary failure mechanisms are associated with this cycling: oxide breakdown
and charge trapping in the tunnel oxide (trapup). Both of these mechanisms
can result in memory retention failures or stuck bit failures in the memory
array, depending upon the degree of degradation. The literature also
indicated that the two EEPROM types have very different sensitivities to

72



Downloaded from http://www.everyspec.com

[44,68,72] For this

reason, part of the EEPROM modeling approach was to treat these two EEPROM

reprogram cycling and the associated failure mechanisms.

types separately and incorporate a cycling relationship into the model. Other
failure mechanisms such as oxide breakdown can occur with lTittle or no cycling
and can be caused by things such as oxide pinholes or contaminants, just as
with other IC types. This was supported by a small amount of life test data
(it does not include any reprogram cycling) that was collected. The failures
that occurred during this testing (for which the cause could be determined)
were caused by either contaminants or oxide breakdown. Time dependent
dielectric breakdown was incorporated into the modeling approach for EEPROMs,
as was electromigration. These two mechanisms are intrinsic to EEPROMs by the
nature of their construction and may be significant under certain circumstances
(for instance, very small geometry devices). Intrinsic charge loss was not
mentioned by any of the literature researched, nor did it appear in any life
test data. It is therefore being treated as it is for UVEPROMs and is not
considered to be a significant contributor to the failure rate of the device.

MNOS Metal Nitride Oxide Semiconductor EEPROMs

This device type gained early popularity at the start of EEPROM device
development but has in recent years been used much less frequently by industry
as compared to FLOTOX and Textured-Poly. MNOS devices store charge at a
nitride layer as opposed to storage on a floating gate. This permits a simpler
cell structure than that of either FLOTOX or Textured-Poly. The tunnel oxide
used for MNOS is thinner than that of FLOTOX, making the device more
susceptible to any defects or contaminants in that oxide layer, and it also
results in loss of data retention over a period of time. The literature also
indicates that MNOS EEPROM retention characteristics are degraded by repeated
reprogram cycles and are more susceptible to corruption of cell contents by
read operations (read disturb)[74] than to other EEPROMs. Because the tunnel
oxide is very thin, charge trapup in the oxide should not be a contributing
mechanism, and none of the literature researched considered trapup in the oxide
to be a significant problem; however, cycling can introduce electron migration
into the nitride layer after being trapped at the Si-Si0, interface, ’>]
although this effect seems to be significant only at very high levels of
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cycling (in excess of 1x10E6 cycles) and is influenced by device design and
process parameters. The other failure mechanisms such as silicon defects,
time-dependent dielectric breakdown, and electromigration were considered to
be contributing failure mechanisms during the model development program just
as they were for the other device types. No MNOS life test data was found
during the model development program.

Bipolar ROMs, PROMs, PALs

This group includes PALs (Programmable Array Logic), PLAs (Programmable Logic
Array), and HALs/MLAs which are hard-wired versions of the first two.
Together with bipolar ROMs/PROMs, these devices are very similar in that they
consist of an array of fuses (if programmable) supported by conventional
bipolar logic. Very little literature data was found that directly addresses
the reliability of these devices. The initial approach during the memory
model development program was to separately treat two aspects of the
programmable versions of these devices: the fuses that make up the array, and
the peripheral logic. A substantial amount of Tife test data was found from
manufacturer sources. There were zero failures (due to either a defect-
induced or intrinsic failure mechanism) attributed to fuses. Conversations
with representatives from device manufacturers also supported the assertion
that fuses are not significant contributors to device failure rate. For this
reason, a failure rate for fuses was not considered during the development of
the model. This left the supporting peripheral circuitry in addition to the
simple diode structures that reside in the array. No failures due to oxide
defects were found in the life test data, which is appropriate since these are
bipolar devices. The failure mechanisms of electromigration, silicon defects,
and metal defects were judged to be the contributors to the overall device
failure rate. This was supported by the 1ife test data, and these mechanisms
were considered during the development of the model.

MOS ROMs

Members of this class of devices are MOS-based with a hard-wired array and
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are the simpliest of the memory devices modeled. As with PROMs/PLAs, virtually
no literature regarding the reliability of this device type was available;
however, the life test data collected indicated that the failure modes of
silicon, oxide, and metal defects were contributors to the failure rate of the
device. Electromigration and TODB were also chosen for evaluation during the
development of the model as these are intrinsic to the structures found on MOS
ROMs .

Static RAMs

These devices are implemented using bipolar, MOS, and (more recently) BiMOS
(which combines the two technologies on one chip). Memory contents are stored
as memory-cell transistors that are constantly biased "on" or "off". They do
not incorporate exotic charge storage structures as are found in UVEPROMs or
EEPROMs, and in that respect they may be compared to more conventional logic
devices. MOS versions of these devices can fail because of defects in the
oxide (causing threshold shifts or leaky/shorted FETs), silicon or metal
(76,771 This is supported by the 1ife test data
collected, which identified FET leakage, oxide and metal defects among the

defects, or contaminants.

failure causes. Time Dependent Dielectric Breakdown was considered to be a
possible contributor to the MOS SRAM failure rate because it is intrinsic to
the technology. For both bipolar and MOS technologies, electromigration was
selected for further analysis during the model development task, as it was for
all memories.

The phenomenon of Hot Carrier Injection (HCI) has been identified in literature
as a potential MOS SRAM failure cause.[50'76] HCI occurs when available
carriers gain energy as they move through the E-field associated with the FET
channel. A sufficiently high field may cause some of these carriers to be
injected into the gate dielectric, thus influencing the threshoid voltage of
the FET. This mechanism is accelerated by lower temperatures and higher
voltages and becomes an issue as device geometries are scaled down without any
scaling of the supply voltage used to operate the device. None of the
literature contained data hinting at the percent contribution of HCI failures

to the overall failure rate of the device, and the 1ife test data collected
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showed no HCI failures. Although this can be considered an intrinsic
mechanism, it can be minimized or eliminated by special design or processing
techniques.[SO] There is also evidence that HCI has a self-limiting effect,
[60] which makes it difficult to accurately
model any failure rate contribution by the mechanism. This mechanism was not
considered for modeling during the modeling task. Also refer to the
VHSIC/logic section of this report.

at least for NMOS structures,

Although no failure rate data was found either in the literature search or in
the available 1ife test data regarding BiMOS reliability, for the purposes of
the modeling effort, this technology was considered to have some failure rate
contribution by the failure mechanisms identified independently for both MOS
and bipolar SRAMs.

DRAMs

These devices store data as parasitic capacitance in a specialized
one-transistor memory cell. This charge-storage structure has built-in
leakage, and therefore requires frequent "refreshing" or voltage pulse
application, which is done automatically on the device. The simplicity of the
DRAM cell allows it to be much smaller than a SRAM cell, which requires 4 or 6
transistors to implement a cell. The available literature indicated that the
various defect mechanisms identified for other devices are also valid for
DRAMs.[78’79]

a potential contributor; this is also supported by the literature.

Time Dependent Dielectric Breakdown was also considered to be
[78]

Hot Carrier Injection is an issue with DRAMs, as it is for SRAMs. DRAMs are
more susceptible than SRAMs because some internal circuitry can temporarily
raise the voltage on part of the chip to relatively high 1evels.[58] The
literature indicated that hot carrier stress can potentially affect parameters
such as retention time, subthreshold leakage currents, and substrate current,
which may cause device failure depending upon the application and degree of
degradation.[57’58] Life test data that was collected was very limited for
DRAMs but did not identify HCI as a failure cause. As with SRAMs, HCI effects

can be minimized or eliminated by careful design and process techniques. Also
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refer to logic/VHSIC section of this report. During the model development
task, HCI was not modeled as a contributing mechanism because of its
dependence on design, process, and application parameters.

Soft Errors (non-permanent failures) are also an issue with DRAMs. They are
caused by electrical transients or particle radiation that upset charge levels

(80.81.821 1hi5 mechanism is

within the device, typically affecting one bit.
more of a problem for DRAMs than SRAMs because of the simplicity of the memory
cell and the need to constantly refresh the parasitic capacitance in each
cell. It has become progressively more of a problem as DRAM geometries have
been decreased to permit 2 Mbit and larger device capacities, which in turn
results in decreased normal operating charges within the device. The
difficulty of modeling the soft-error failure rate is due to the number and
nature of influencing parameters and the lack of any empirical data. Soft
errors may be caused by solar or cosmic radiation particle strikes, alpha
particles emitted by the package of the device, or electrical transients. The

factors that need to be accounted for when modeling this mechanism include:

- System application (Space, Airborne, Etc.)

- If airborne, system operating altitude, and possibly latitude

- Degree of external radiation shielding related to the system

- Memory cell dimensions

- Cell construction technique (specialized design to minimize
susceptibility)

- Type of packaging used in the memory device

~ Any error correction circuitry internal or external to the device

Because of the large amount of effort required to adequately model soft-error
failures, they were not modeled during this project.

4.2.2.2 Model Development

Development of reliability prediction models for memory devices commenced once
the applicable memory failure mechanisms were identified in the first phases
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of the program. Two objectives were kept in mind during the development
process:

- Make the model representative of what is physically causing failure.
- Make the model user-friendly, i.e., require only easily-found user
input parameters.

A few observations regarding the memory devices to be modeled were made that
helped to define the form of the model. One observation is that the basic
technologies and processes used to fabricate memory devices are very similar
to those of logic devices, especially when one looks at the peripheral
circuitry of the memory as opposed to the array. Based on this, close
coordination with the logic/VHSIC model development task was deemed to be
desirable. Another observation is that the primary functions required to be
performed on a memory circuit are basically the storage of data and the
transfer of this data into and out of the storage. These two functions are
segregated physically on the device in the form of the memory array and the
interface or peripheral circuitry.

A basic approach used in the development of the model was to use the
superposition approach. For the memory model, this requires analysis of the
causes of fatlure individually, determining the contribution of each of these
causes to the overall device failure rate, then adding the contributions
together, which yields the device failure rate. It should be noted here that,
for the purposes of the memory model discussion, the term "device" actually
refers only to the "die", or chip, failure rate. This failure rate is added
to the package failure rate in the final memory model. Refer to the package
model section for the package failure rate determination.

This section will address the modeling of the applicable failure mechanisms
individually and then present the final form of the model.

Electromigration

This failure mechanism was identified as being a potential failure rate
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contributor for all memory devices. As part of the logic/VHSIC modeling task,
a deterministic model representing electromigration was developed (see section
4.1.3.2). This same model is used to represent the electromigration failure
rate for memory devices.

Because of the failure distribution determined as part of the electromigration
modeling task, it is used here as essentially a "go-no go" check. Given a
current density (such as the default value of .125 MA/cmZ), the resultant
probability of success is basically either 1.000 or zero. Therefore, it is
not considered an additive contributing failure rate to the overall model.

The user must only check the operating junction temperature in addition to
either the known current density or the default value in order to determine

the acceptability of using the device in that application.

Time Dependent Dielectric Breakdown

Earlier in the approach/failure mechanism section, this was identified as a
contributing failure mechanism for all MOS devices. To model the effect of
this failure mechanism on memory device reliability, the TDDB modeling effort
as part of the logic/VHSIC model development task was used as a basis (also
see section 4.1.3.1). A basic assumption made here is that the oxides used
for memory devices are the same as the oxides used for logic devices, which is

a reasonable assumption. To determine X (the failure rate due to

TDDB), some physical parameters of the dZSQEe must be known. These are: total
gate oxide area, gate oxide thickness, oxide electric field, and temperature
of the oxide (or TJ).

At the start of the XTDDB modeling effort for memories, the approach was
taken to evaluate the memory array and peripheral circuitry separately. This
was done because for some memory devices the physical parameters required
differ significantly between the array and periphery. So, for some device
types, the total XTDDB equals the XTDDB (array) added to the XTDDB
(periphery). For FLOTOX and Tex-Poly EEPROMs, only the XTOOB for the
periphery was considered, since the array oxide failure rate due to voltage
stress is assumed to be accounted for by the reprogram cycling failure rate
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model (see the Trapup section). The various manufacturer sources were asked to
provide data regarding oxide thickness and area. Based on the data provided by
the manufacturers, tables were developed that show the parameter values to be
used for each memory device. A range is given for each device capacity value.
If the user does not know the value for the device, then the most conservative
value in the range provided is used (thinnest oxide, or largest gate oxide
area). These values are shown in Tables 4.2-2 through 4.2-3.

TDDB Discussion

In most cases for memory devices, the resultant failure rate due to TDDB turns
out to be negligibly small (for the typical 5 V operation). The exception to
this is for the thinner oxide devices that experience relatively high field
stress. In general, the memory TDDB failure rate is insignificant for an
applied voltage of 5 V or less.

The TDDB model presented here was determined to be inadequate for modeling the
oxide failure rate due to programming stress. This affects the UVEPROM, Flash,
MNOS, and FG PROM arrays, and the portion of EEPROM periphery circuitry that is
exposed to a high programming voltage. The programming stress condition is
characterized by a very high field stress for a very short period of time.
Using the TDDB model to calculate the failure rate due to programming results
in very high hazard rate values that are not valid when compared to the actual
experience that the industry has with reprogrammable devices.

The evidence gained during the memory reliability modeling effort suggests that
oxide failures due to programming on UVEPROMs, Flash .EEPROMs, and MNOS EEPROMs
are primarily due to either contaminants in the oxides, or microscopic physical
faults in the oxide itself that precipitate failure upon repeated pulses of
high electric fields. For this model, the cycling failure rate for the devices
just mentioned will be considered to be zero, providing that a limit of 100
cycles is not exceeded. The great majority of UVEPROM, Flash EEPROM, and MNOS
EEPROM applications do not require in excess of 100 cycles during the life of
the system.
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Table 4.2-2 Total Gate Oxide Area - Memories

UVEPROMs, Flash EEPROMs, MNQOS EEPROMs, Floating Gate PROMs - ARRAY ONLY
MOS PALs/PLAs - ARRAY ONLY*

Capacity Total Gate Oxide Area (um?)
(# bits) Lower Limit Upper Limit
2K 8192 16384

4K 16384 32768

8K 32768 65536

16K 65536 131072

32K 131072 262144

64K 147456 327680
128K 294812 655360
256K 589,824 1,310,720
512K 1,179,648 2,621,440
M 2,359,296 5,242,880
ZM 4,718,592 10,485,760

* _ For MOS PAL/PLA devices, determine the number of bits in the
programmable array, then use next highest bit count category listed in
the above table.

UVEPROMs, Flash and MNOS EEPROMs, Float. Gate PROM/PAL/PLA - PERIPHERY ONLY
MOS ROMs/HALs/MLAs - ENTIRE DEVICE

For all devices memory capacities, use range of 260,000 - 1,209,000 um2.
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Table 4.2-2 Total Gate Oxide Area - Memories (Continued)
FLOTOX and Textured-Poly EEPROMs - PERIPHERY EXPOSED TO PROGRAMMING STRESS
For all devices, use 103,000 - 602,500 um.

FLOTOX and Textured-Poly EEPROMs - PERIPHERY EXPOSED TO SUPPLY VOLTAGE STRESS

For all devices, use 260,000 - 1,209,000 um?.

MOS SRAMs - ENTIRE DEVICE
BiMOS SRAMs - ENTIRE DEVICE*

Capacity Total Gate Oxide Area (uml)
(# bits) Lower Limit Upper Limit
1K 99,176 497,056

2K 149,352 798,112

4K 45,864 192,888

8K 82,728 358,776
16K 156,456 690,552
32K 303,912 1,354,104
64K 598,824 2,482,600
128K 1,188,648 2,681,208
256K 1,052,576 4,730,592
512K 3,101,152 9,449,184
™ 4,198,304 18,886,368
2M 8,392,608 37,760,736

* - For BiMOS SRAMs, multiply oxide area by .667

MOS DRAMs - ENTIRE DEVICE

Capacity Total Gate Oxide Area (um?)
(# bits) Lower Limit Upper Limit
1K 98,588 394,352

2K 123,676 494,704

4K 31,932 95,796

8K 50,364 151,092
16K 87,228 261,684
32K 160,956 482,868
64K 308,412 925,236
128K 603, 324 1,809,972
256K 530,288 1,590,864
512K 1,054,576 3,163,728
M 2,103,152 6,309,456
M 4,200,304 12,600,912

82



Downloaded from http://www.everyspec.com

Table 4.2-3 Gate Oxide Thickness - Memories

UVEPROMs, Float. Gate PROMs - ARRAY ONLY
MOS ROMs/PLAs/PALs/MLAs/HALs - ENTIRE DEVICE*

Capacity Gate Oxide Thickness (Angstroms)
(# bits) Lower Limit Upper Limit
2K 600 700

4K 600 700

8K 600 700

16K 600 700

32K 600 700

64K 400 600

128K 400 500

256K 400 500

512K 400 500

™M 250 400

2M 250 400

* - For MOS ROMs/PLAs/PALs/MLAs/HALs determine number of bits in array,
then use above table, rounding up to the next highest bit category.

Flash EEPROMs - ARRAY ONLY

Capacity Gate Oxide Thickness (Angstroms)
(# bits) Lower Limit Upper Limit
32K 250 250

64K 250 250

128K 250 250

256K 105 250

512K 105 250

™ 105 250

2M 105 250

MNOS EEPROMs - ARRAY ONLY

Use Range of 15 - 30 Angstroms.
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Table 4.2-3 Gate Oxide Thickness

- Memories (Continued)

UVEPROMs, MNOS/Flash EEPRQMs, Float. Gate PROMs - PERIPHERY ONLY

Capacity
(# bits)

Gate Oxide Thickness (Angstroms)
Lower Limit

Upper Limit

2K
4K
8K
16K
32K
64K
128K
256K
512K
M
2M

FLOTOX and Tex-Poly EEPROMs -

Capacity
(# bits)

600
600
600
600
600
400
300
300
235
235
235

PERIPHERY ONLY

700
700
700
700
700
600
400
400
400
400
400

Gate Oxide Thickness (Angstroms)
Lower Limit

Upper Limit

8K
16K
32K
64K
128K
256K
512K
™
2M

600
600
600
400
340
340
300
300
300
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Table 4.2-3 Gate Oxide Thickness - Memories (Continued)

MOS SRAMs, DRAMs - ENTIRE DEVICE
BiMOS SRAMs - ENTIRE DEVICE

Capacity Gate Oxide Thickness (Angstroms)
(# bits) Lower Limit Upper Limit
1K 1200 1500

2K 1200 1500

4K 410 1000

8K 410 1000

16K 250 410

32K 250 410

64K 250 410

128K 250 410

256K 200 300

512K 200 300

M 200 300

M 200 300
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Charge Trapping

This was identified as an intrinsic failure mechanism for FLOTOX and
Textured-Poly EEPROM devices. The literature information showed that the
Tex-Poly device type is more susceptible to failures caused by trapup than
FLOTOX devices (by virtue of the fact that the threshold voltage change due to

trapup is related to oxide thickness).[44]

On the other hand, the very thin
tunnel oxide used for FLOTOX devices makes them more sensitive to
defect-related oxide breakdown failures. A number of papers have been written
on the subject of charge trapping. The point at which a failure actually
occurs because of charge trapping is determined by a number of variables such
as the trap density of the oxide (influenced by the intrinsic characteristics
of the oxide), charge injected into the oxide, E-field within the oxide,
threshold voltage of the memory cell, and even the time duration between
reprogram cycles. Based on the nature of these variables, a decision was made
not to try to model this mechanism using strictly deterministic methods.
Instead, this contribution to the overall failure rate of EEPROM devices was
modeled using empirical data from device manufacturer sources as well as

information provided as part of the literature search.

Charge trapup is an issue only when the EEPROM is repeatedly reprogrammed.
Reprogramming also accelerates certain defect-induced failure mechanisms
within the tunnel/gate oxides. Indeed, high voltage stress is one method used
to screen out such defects, although the voltage used in such a s¢reen must be
carefully chosen so as not to damage good oxide. EEPROM manufacturers perform
"endurance" testing (read/erase/write cycling) to evaluate the failure rate of
a device type due to reprogramming. Failures that occur during this testing
are basically due to either oxide failures caused by defects, or failures
caused by excessive charge trapping. A typical failure mode during such
endurance testing is a single-bit failure in the memory array. Vendor
endurance test data was used to derive a reprogram cycling portion of the
overall memory device failure rate model.

The EEPROM read/erase/write failure rate, or xc is the following:

yc’
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N . [A]B] + (ALB /)] w

cy 272" °Q ECC
where:

A] and A2 represent the cycling base failure rate (dependent on
total number of cycles and EEPROM type)

B] and B2 represent the multipliers which modify the base failure
rate for temperature and device complexity

vQ is the quality factor

Tece is the on-chip error correction factor

Endurance test results for two EEPROM device types, each from a different
manufacturer (a 16K FLOTOX device and a 64K Tex-Poly device), were used for the
analysis. The test results were in the form of percent failures for a given
number of cumulative reprogram cycles. For the FLOTOX device, the test results
showed a constant failure rate of .0225% failures per 1000 cycles. This
indicates that all failures are defect-induced, which is supported by literature
data.taa]
FLOTOX failures caused by trapup are not significant until very high cycling

Although some trapup could be occurring, the data indicates that

rates (on the order of 1 X 106 cycles) are achieved. The Textured-Poly
endurance test data was more complex. Two separate test results were used. One
test evaluated cycling reliability at the Tower region of total cycles (up to
10K cycles) by using a cycling method that enhances defect-induced failures.

The second test evaluates cycling reliability at the upper region of total
cycles (more than 100K cycles) using a method that enhances trapup related
failures. The results of the two tests are presented in fiqures 4.2-1 and 4.2-2.

From these test results, a failure rate expression in failures per million hours
was derived using the following relationships:

1 5

MTBF = (# Parts x F.R. % / 1000 Hrs.) = x (1X107)

F.R. %/ 1000 Hrs. = (F.R. % / 1000 cycles) x (# Cycles/Hr.)

F.R. % / 1000 cycles = Cumulative % F.R. at Total # Cycles
(Total # cycles) / 1000
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Figure 4.2-1
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Then:

F.R. % / 1000 Hrs. = (Cumulative % F.R. at Total # Cycles) x (# Cycles/Hr)
(Total # cycles) / 1000

MTBF = ((Cumulative % F.R. at Total # Cycles) x (# Cyc]es/Hr.))'] X (1X1O5

(Total # cycles) / 1000

)

The failure rate is taken to be the reciprocal of the calculated MTBF. It can
be shown that for a 10,000 hour system lifetime, the failure rate equals the
cumulative percent failure rate at the total number of cycles. See Tables
4.2-4 and 4.2-5 for the resulting A] and A2 values. Note that "base" and

"B Normalized" values are given for A]. The test data that yields A]

values per the above formulas are for commercial grade parts, which correspond
to "D" quality. The "O factor developed for all models in this project is
normalized to a B-level quality. Therefore, the A] values must be adjusted

to be consistent with "B" quality. Using the 4 values developed in this
project, this adjustment is a 3.3 divisor. These adjusted values (to be used
when calculating device failure rates) are the "B" normalized numbers. . These
values are provided for a baseline system operating lifetime of 10,000 hours.
For different assumed lifetimes, the user must multiply A] or A2 by

(10,0000 /(system lifetimed. The A2 tabie addresses only the upper region of
cycling for Tex-Poly devices. It is divided by the “Q factor in the final
model because it is related to an intrinsic mechanism that is not influenced
by screening. This ﬂQ divisor negates the influence of the vQ

multiplier on the overall defect failure rate of the device. The next
paragraph details an example of how the "A" factors were derived.

Determine the A] cycling factor for a FLOTOX device experiencing between 100
and 200 reprogram cycles during its lifetime.

1> Two initial assumptions are made here. One is that the worst case
number of cycles (200) is used to derive an A] factor applicable to
the 100-200 cycle category. Also assumed is a 10,000 hour system
lifetime.
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2) Note the relationship that is used to derive "MTBF" due to cycling:

MTBF = ((Cumulative % F.R. at Total # Cycles) x (# Cycles/Hr))‘] x (1 x 105)

(Total # Cycles) / 1000

3) The FLOTOX endurance test data used (figure 4.2-1) gives a constant
failure rate of .0225% per 1000 cycles.

At 200 cycles, .0225 x 200/1000 yields .0045 cumulative percent F.R. and
# cycles/hr. = 200/10000 hrs. = .02 cycles/hr. Then,

MTBF = ((.0045) x €.02)71 x (1 x 10°) = 2.222 x 10 hrs.

This equals .0045 failures/million hrs.

The vendor endurance testing was performed on devices screened to D-level
quality. To be compatible with the wQ factors developed for all

microcircuit models, the A factors needed to be normalized to B-level quality.
To do this, the derived A factors need to be divided by 3.3, which is the
B-level to D-level quality factor ratio.

This yields .0045/3.3 = .0014 for the A] factor.

This same process was used to derive A values for Tex-Poly devices; however,
the Tex-Poly endurance data does not yield a flat cumulative percent failure
rate per 1000 cycles. Rather, the data consisted of a curve from which a
percent failure rate could be found once the number of cycles is known.

The A factor must now be modified to account for the effects of temperature and
complexity. The A-table values are normalized at 60°C TJ for a 16K device

for FLOTOX and 30°C T
sensitivity was derived using a combination of vendor and literature data. The

] for a 64K device for Tex-Poly. The temperature

endurance test data taken from the FLOTOX manufacturer is based on the testing
done at 60° TJ.
done at 30° TJ. Therefore, normalization for the A tables was done at both

The Tex-Poly endurance test data used is based on testing

temperatures depending on whether the part is Tex-Poly or FLOTOX. The
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available information indicated an Ea of between .12 and .15 eV for
FLOTOX (43,44,67]

failures is dependent on the total number of cycles. For high number of

A .15 value was chosen. The Ea for Tex-Poly endurance

cycles, trapup dominates the Tex-Poly failure rate. The available
data[44,68]

detrapping effects of elevated temperature) for more than 300K total cycles.

indicates -.1 eV as being appropriate (negative because of the

For the lower region of endurance (< 300K cycles), .12 eV was selected,
because it represents the lower range of the Ea found for EEPROM defect-
related endurance failures. An Ea lTower than that of FLOTOX was deemed
appropriate because any latent defects in the thicker Tex-Poly oxide should be
less sensitive to increasing temperature.

No empirical data was available showing the relationship of cycling failure
rate to the complexity of the EEPROM device (number of reprogram cycles). All
relevant sources of data indicated that FLOTOX was more sensitive to scaling
effects than Textured-Poly because the thinner oxide for FLOTOX is more
difficult to scale down than Tex-Poly. The same sensitivity to complexity as
the MIL-HDBK-217E MOS PROM model was chosen for FLOTOX as this is consistent
with the fact that the failures are defect-driven and is supported by

(441 A complexity sensitivity of half the FLOTOX

sensitivity was chosen for Tex-Poly EEPROM types. This assumption is also
[44]

Titerature data.

supported by literature data.
(81, B

The temperature/complexity multipliers

2) are shown in tables 4.2-6 through 4.2-8.

Error Correction Factor

A few EEPROM manufacturers have incorporated on-chip error correction
circuitry into some or all of their devices. One objective of the memory
mode] effort was to develop a factor in the model which takes this into
account. Two error correction schemes were found during the literature search
and manufacturer survey activities: a Hamming code approach using 4 correct
bits for 8 data bits, and a redundant cell approach which uses an extra
storage transistor in every cell. The approach taken was to evaluate the
failure rate improvement for a single memory cell and apply this improvement
factor to the memory-array failure rate.
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Table 4.2-4 Ay Cycling Factor

Total Number FLOTOX Textured-Poly
Of Cycles (X0 Base "B" Normalized Base "B" Normalized
up to 100 .0023 .0007 .0320 .0097
100 < X ¢ 200 .0045 .0014 .0460 .0139
200 < X < 500 0113 .0034 .0760 .0230
500 < X ¢ IK .0225 .0068 110 .033
1K ¢ X ¢ 3K .0675 .0204 .200 .061
K ¢« X ¢ 5K L1125 .034] .300 .091
5K ¢ X ¢ 7K .1575 .0478 .450 .136
7K ¢ X ¢ 9K .2025 .0614 .700 .212
9K ¢« X ¢ 10K .2250 .0682 1.000 .303
10K < X ¢ 15K .3375% .1023 1.000 .303
15K ¢ X ¢ 20K .4500 .1364 1.000 .303
20K < X ¢ 30K .6750 .2045 1.000 .303
30K < X < 50K 1.125 .3409 1.000 .303
50K < X < 100K 2.250 .6818 1.000 .303
100K < X < 200K 4.500 1.364 1.000 .303
200K < X < 300K 6.750 2.045 1.000 .303
300K < X < 325K 7.313 2.216 o*

325K < X ¢ 350K 7.875 2.386 o*

350K < X < 400K 9.000 2.727 o*

400K < X < 450K 10.13 3.070 o*

400K < X ¢ 500K 11.25 3.409 o*

If using a system 1ife of other than 10000 hours, multiply Al by 10000 .

Sys. Life

* _ See A2 Table 4.2-5
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Table 4.2-5 AZ Cycling Factor

For FLOTOX, A, =0

2

For Tex - Poly:

Total # of Cycles A2

Up to 300K 0.0
300K < X ¢ 325K 2.50
325K < X < 350K 10.0
350K < X ¢ 400K 20.0
400K < X ¢ 450K 30.0
450K < X ¢ 500K 40.0

If using a system life of other than 10000 hours, multiply Al by

93
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For a redundant cell approach, the conventional M out of N reliability for
Ttme = infinity relation was used:

MTBF = Sum from J=0 to J=K the term |
(N-J)L
where:
N = Number of active assemblies (N=2)
M = Min. number of assemblies required (M=])
L = Assembly Failure Rate (L normalized to 1)
J = Number of assembly failures
K = N-M
This becomes MTBF = 1 + 1 = 3/2 MTBF improvement, or 2/3 Fail.

(2-0) (2-1) Rate reduction

This .6667 factor is multiplied by the cycling failure rate to determine the
equivalent failure rate.

For the Hamming code approach, the failure rate improvement factor ("ECC) is

derived as follows:

Ordinary 8 bit word failure rate = ) =8X Bit failure rate = 8 X xb

12 12 11

R, =R

W + 12R

(1-R)

"New" word reliability + 1R g = R

O N P T LR P L PY UL [ L PP R PPl

Integrating the above expression from zero to infinity yields an effective "new"
word failure rate of:

n(n-1) . A1) = 5.74 Xy
2n-1 23

This yields an improvement factor (wgce) of :

AW 5.74)\b
AW = 8Xb

97



Downloaded from http://www.everyspec.com

where
AW' = New word failure rate
Aw = 01d word failure rate
Ab bit failure rate

This factor is applied to the cycling failure rate. It is a conservative
approach because it affects only the cycling failure rate portion of the
model. If device types other than EEPROMs incorporate on-chip error
correction in the future, this factor can also be applied to the defect
failure rate (although careful judgment must be made regarding the percentage
of defect failures that are correctable).

Defect Failure Rate

Earlier in this section, defects were identified as a very significant
contributor to the overall device failure rate for all memory device types.
This was evident from the literature search in addition to the life test data
collected. The life test data provided much information regarding failure
modes and mechanisms that basically were defect-related. The 1ife test data
was then used to determine the defect failure rate of the devices.

Table 4.2-9 is a summary of the life test data collected as part of this
study. A1l of the life tests were conducted at 125°C. The column titled "Hrs
(M)" indicates the total number of millions of device hours at 125°C for all
devices of the designated type and complexity. The column titled "Hrs (M) @
25°C" indicates the equivalent part hours at 25°C, assuming an activation
energy of 0.8 eV for memories. "FPMH @ 25°C" is the calculated failure rate
in failures per million hours using the Chi-square distribution at 50%
confidence. The column “217E @ 25°C" is the MIL-HDBK-217E base failure rate
(Cym,) at 25°C, and the final column is a ratio of the calculated value

1T
to the MIL-HDBK-217E value.

The 0.8 eV value was derived by analyzing the published activation energy

distributions for different memory failure mechanisms provided by the memory
model literature search; these were categorized as metallization, oxide, and
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Table 4.2-9
Derived Failure Rates - Memories
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Table 4.2-9 (CONTD)
Derived Failure Rates -~ Memories
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miscellaneous defect-related mechanisms. The average Eas were computed to

be .84, .37, and .85, respectively. RAC-MDR-21 was consulted to determine the
weighting factors to be associated with each of these mechanisms for bipolar
and MOS memories. Table 4.2-10 provides the results. Interestingly, the
results for the two technologies were nearly the same, hence the value of 0.8
eV for all memory devices. This relatively high activation energy is driven
by the preponderance of oxide step coverage metallization defects in the
MDR-21 database. If oxide defects had been predominant, the activation energy
would have been much Tower.

From the 1ife test analysis, a defect failure rate model (similar to
MIL-HDBK-217E) was derived that uses two factors: a temperature acceleration
factor (vT) and a base failure rate/complexity modifier (C]). The

T relationship is taken from MIL-HDBK-217E and is as follows:
o= 0.1(e where: x = -A ( ] - 1)
(TJ + 273) 298

In most instances, insufficient test data was available to make a detailed
evaluation of the impact of device complexity on failure rate. The complexity
factors of MIL-HDBK-217E were therefore used as guidance in the C1 factor
development. The following paragraphs describe the defect failure rate model
for each memory device category. Refer to-Appendix E for the life test data,
and Table 4.2-9 for the derived failure rates.

MOS PROMs (Including UVEPROMs, EEPROMs, Floating gate MOS PALS/PLAS)

The data collected did show some correlation between device complexity
(capacity in bits) and failure rate. The average failure rate of the 64K,
128K, and 256K UVEPROM test data was used as a baseline failure rate. This
value is .00112 FPMH (Failures Per Million Hours) at 25°C for D-level

quality. This equals .00033%3 FPMH after normalizing to B-level quality. The
.8 eV activation energy is used to determine the failure rates at temperatures
other than 25°C. This activation energy yields an A value of 9270. The
FLOTOX and Tex-Poly derived failure rate data is consistent with the UVEPROM
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calculations, and the 16K EEPROM resultant failure rate (together with the
UVEPROM calculated values) supports the 217E complexity relationship. A
complexity relationship equal to that of MIL-HDBK-217E is used, which results
in the following C] values (these are multiplied by L to determine the
overall defect failure rate):

¢
Up to 16K bits .00085
16K ¢ X < 64K .00169
64K < X < 256K .00339
256K < X < IM .00678

(Note: the 25°C normalized failure rates have been multiplied by 10 to get
G
expression.)

values - this is to compensate for the 0.1 multiplier in the T

Bipolar PALs/PLAS

The 0.8 eV activation energy (9270 "A" value) is used for Tr Very little
correlation between programmable array bit count and defect failure rate was
found for these device types; however, the devices for which Tife test data
was available all contained 200 gates or less. The average failure rate for
these devices was determined to be .003456 FPMH at 25°C for D-level quality.
This is .001047 after normalizing to B-level quality. A complexity
relationship similar to MIL-HDBK-217E is assumed for higher gate count
devices, which yields the following complexity factors:

2
Up to 200 gates .01047
200 < X < 1000 gates .02094
1000 < X < 2000 gates .04188
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Bipolar PROMs

Most of the life test data avaitable was for low complexity (less than 16K bit)
devices. The derived failure rates for < 16K devices are roughly equal; the 32K
part failure rate was about triple this. The average failure rate for the ¢ 16K
group was .003104 at 25°C for D-level quality or .000941 when normalizing to B
quality. The 32k bit device test data was deemed insufficient to warrant departure
from the 217E complexity relationship. Using the 217€ relationship yields the
following C] values:

1
Up to 16K bits .0094
16K ¢ X < 64K .0188
64K < X < 256K .0376
256K < X < 1M .0753
MOS ROMs

A weak correlation of complexity to failure rate was found. The 128K and 256K
device failure rate data was used to develop an average failure rate of .0008605
FPMH for that device category at 25°C and D-level relijability. This yields .000261
FPMH when normalizing for B-level quality. Using the 217E complexity relationship
results in the following:

¢
Up to 16K bits .00065
16K < X < 64K .0013
64K < X < 256K .0026
256K < X ¢ 1M .0052

Bipolar SRAMs

Test data for low complexity SRAMs of this type were available (under
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16K bits). The average failure rate was calculated to be .001734 FPMH at
25°C for D-level quality, or .000525 for B-level quality. The C] values are:

G
Up to 16K bits .0052
16K < X ¢ 64K .0105
64K ¢ X ¢ 256K .0210
256K < X < M .0420
MOS SRAMs

Life test data for 16K MOS SRAMs was used and is .002575 FPMH for that
complexity at 25°C and D-level quality. Normalizing for B-level quality gives
.000780 FPMH. The same C] values as are used for bipolar SRAMs are then
applied.

¢
Up to 16K bits .0078
16K ¢ X ¢ 64K .0156
64K ¢ X < 256K .0312
256K < X < M .0624
DRAMs

Data for 64K DRAMs was available. The average failure rate is .000842 FPMH
for this device at 25°C and D-level quality. This equals .000255 for B-level
quality. The 217E complexity relationship yields:

¢
Up to 16K bits .0013
16K < X ¢ 64K .0025
64K < X ¢ 256K .0051
256K < X ¢ 1M .0100
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Table 4.2-10
FAILURE

REPORTED FAILURE MECHANISM ACTIVATION MECHANISM

ENERGIES FROM SIX VENDORS QUANTITY

VEN-]| VEN- | VEN-| VEN-| VEN-] VEN-]MECHANISM FAILURE
FAILURE DOR | DOR | DOR | DOR | DOR | DOR g4 EVENTS
MECHANISM ] 2 3 4 5 6 AVERAGE BIP | MOS
Metallization(D)| .9 7 75 1 1.0 | .7 1.0 .84 34 202
Oxide(2) .52 .3 35 | .45 | .3 .3 .37 3 37
Miscellaneous(3’{ .9 1.06 | .95 | .62 | .62 | 1.0 .85 3 18
Event Total 40 257

Average Activation Energy *(Ep avg.) (5) 0.806 | 0.773

Notes: (1) Metallization includes metallization/mask defects, open tracks,
electromigration.

(2) Oxide includes all dielectric defects.

(3) Miscellaneous includes bulk defects, package-related defects,
latch-up defects and various lesser-occurring events.

(4) The mechanism Eap average is the arithmetic mean of the six
reported values for each mechanism. Since the six vendors did not
report numbers of failure events, these values could not be
weighted by vendor.

(5) Ep = (Mechanism Ea Average) x (Mechapism # Failure Events)
Event Total

MOS Memory: (202 x .84) + (37 x .37) + (18 x .85)
257 = 0.773 eV

Bipolar Memory: (34 x .84) + (3 x .37) + (3 x .85
40 = .806 eV
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4.2.2.3 Memory Model Form

Based on the information and data just presented, the memory device model form
that has been developed for this project is as follows:

)\P = )\EM + )\TDDB + [(C])(wT) + chc + (CZ)(n’E)] (TTQ)(TTL)
where:
xp is the device predicted failure rate in failures
per million hours.
XEM is the "go - no go" failure rate due to electromigration.
Also refer to section 4.1.3.2.
XTDDB is the failure rate due to Time dependent dielectric breakdown.
Also refer to section 4.1.3.1.
C] is the base failure rate for defect-related failures.
T is the temperature multiplier for the defect-related failure rate.
xcyc is the EEPROM* read/write cycling induced failure
rate and is:
)‘cyc = [A]B] + AZBZ/WQ] TECC
where:
A] and A2 are the base cycling failure rates.
B] and 82 are the temperature/complexity multipliers.
TECC is the on-chip error correction factor:
= .7174 for Hamming Code with 8 data bits and 4 correct bits.
= .6667 for a two-needs-one redundant cell approach.
= 1.0 for any device not using on-chip error correction.
* - chc = 0 for all devices other than Flotox or Textured Poly EEPROMs.
C2 is the package base failure rate.
" is the environmental factor. Refer to sect. 4.6.4.
" is the quality factor. Refer to sect. 4.6.1.
uf is the learning factor. Refer to sect. 4.6.2.
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4.3 MONOLITHIC GaAs DEVICES

4.3.1 QGaAs Database - Summary of Sources and Data

The GaAs model database relied on information from an industry survey,
telephone contacts with additional companies, and published literature. The
published literature includes papers, articles, books, company data books, and
company application notes. The GaAs industry survey by mail was largely
unsuccessful since only one useful set of data was obtained from the thirteen
companies that responded (see Table 4.3-1). General Electric supplied
accelerated life test data on a power MMIC amplifier through the survey
format. Litton and Harris formally withdrew from the survey after receiving
specific instructions for the type of data that would be required. Seven
additional companies (see Table 4.3-1) were contacted independently of the
industry survey and NEC Corp. suppliied useful accelerated life test data from
an application note. Other data in the form of accelerated 1ife test reports
on discrete GaAs field effect transistors and diodes was obtained from Alpha,
Sanders, Avantek, Fujitsu, Harris, NEC Corp., and Texas Instruments although
the data was not useful for this study. There appears to be a tendency among
the GaAs integrated circuit manufacturers to carefully guard specific process
details and reliability test results especially in this area where emerging
technology is being built. This tendency is understandable since much of the
technology is considered proprietary and many of the company contacts from the
industry survey expressed this view. The most useful data was obtained from
published papers and data books which discussed the results of accelerated
life tests on GaAs integrated circuits and other circuit elements.

Approximately ninety six papers, articles, and books were reviewed during the
literature search for failure mechanism information and this source also
provided most of the data for the development of models. The results of
accelerated life test studies from the six most useful papers or articles and
three company data books are summarized in Tables 4.3-2, 4.3-3 and 4.3-4. The
integrated circuit element summary data (see Table 4.3-4) was developed from a
paper by Roesch and Stunkard[gzl.

4.3-2 and 4.3-3.

The other papers are referenced in Tables
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Table 4.3-1

GaAs Data Collection and Industry Contacts

BUILDS |BUILDS gé;:- DOES NOT
COMPANIES RESPONDING MMIC (DIGITAL | FROM BUILD SENT |DATA
TO SURVEY GaAs GaAs SURVEY | GaAs DATA |USEFUL

Litton Electron Devices

Microwave Solid State X
Harris Microwave Semiconductor X X X
Mostek X
Pacific Monolithics X
Tachonics Corp. X
TriQuint Semiconductor X X
Watkins Johnson Co. X
Vitesse Semiconductor X
Gain Electronics X
Anadigics X X
M/A-COM AAD X
Microwave Semiconductor Corp. X
Alpha X X X
G.E. X X X
Avantek X
Sanders Microelectronic Center X X
ADDITIONAL TELEPHONE CONTACTS
NEC Corp. X X X X
David Sarnoff Research Center X
Raytheon Special Microwave

Devices Operation X
Adams Russell Electronics X X
Eaton-AIL-Division X
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Table 4.3~2
As MM D mmar
| | | TEST| | ACTIVATION| FAILURE RATE|
[ | | TEMP| SAMPLE| ENERGY | REFERENCED | REFERENCE
MANUFACTURER TEST TYPE | DEVICE TYyPE | (°Cy| SIZE 1  (ew) | 10 150°C | NO.
I I ( I l l I
TriQuint | Accelerated | TW9111U | 225 | 131 | 1.6 | 4.26 x 10~7 | 83 & 84
Semiconductor Life Test | Amplifier | |- | | |
| | | | I l l
Harris Microwave | Accelerated | HMM~11810 | 200 | 31 | 1.6 | 4.36 x 10-7 | 83 & 85
Semicondyctor | Life Test | Amplifier | | | | |
| | l l I I l
General | Accelerated | MMIC Power | 200 1 17 | 1.5 | 1.29 x 10-8 | 89
Electric Co. [ Life Test | Amplifier [ [ [ [ [
l l l | l | |
NEC Corporation | Accelerated | Amplifiers | 220 | 30 | 1.17 ] 7.85 x 10=7 | 90
| Life Test [ & Interface | [ | | |
L | ICs L | | |
| I | | | | |
M/A-COM Inc. | Accelerated | MA4GM201 | 250 | 20 | 1.35 | 2.06 x 1077 | 9
| Life Test | MA4GM211 | | | [ |
| | SPST Switches | | | | |
l l { l | I l
WEIGHTED AVERAGES| | | | [ 1.5 | 4.51 x 1077 |
| | L | | [ l
Table 4.3-3
As Digital O mmar
| | | TEST| | ACTIVATION| FAILURE RATE]
| | | TEMP| SAMPLE| ENERGY | REFERENCED | REFERENCE
MANUFACTURER | TEST TYPE | DEVICE TYPE | (°C)| SIZE |  (ev) | TO 150°C NQ.
| l l | l | |
NEC | Accelerated | ECL Compatible | 220 | 30 | 1.4 | 3.33 x 10-8 | 86
Corporation | Life Test | OR-NOR Gates, | | | | |
| ) T&D Flip-Flops | | | | |
| | | | |
| | | l | | l
TriQuint | Accelerated | MSI Circuits | 225 | 130 | 1.6 | 3.51 x 10~7 | 83
Semiconductor Life Test | | | | | |
| l l l l l |
Giga Bit | Accelerated | SSI, MSI, | 150 | 658 | 1.4 | 4.58 x 107® | 88
Logic Ing. | Life Test [ LSI Circyits | [ [ [ |
[ l l | | | |
WEIGHTED AVERAGE | | | | | 1.4 | 2.53 x 1078 |
I | { | [ [ (
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Table 4.3-4

GaAs Integrated Circuit Element Data Summary

INTEGRATED TEST ACTIVATION | FAILURE RATE
CIRCUIT TEMP | SAMPLE ENERGY REFERENCED
ELEMENT TEST TYPE °C) SIZE (ev) TO 150°C

Implanted Accelerated | 203 ~90 - 1.57 x 10-7

Resistors & Life Test
Ohmic Contacts
Thin Film Accelerated | 125 70 1.0 3.05 x 10-7
Resistors Life Test 150
175
200
First Level Accelerated | 250 80 1.8 0.059 x 10-7
Metallization Life Test 275
300
Air Bridge Accelerated | 170 ~70 0.43 0.68 x 10-7

Metallization

Life Test
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4.3.2 GaAs Failure Rate Models

No GaAs integrated circuit models currently exist in MIL-HDBK-217E. The only
reference to GaAs in MIL-HDBK-217E is in the discrete semiconductor FET
section where an application factor and a quality factor are applied to GaAs
FETs. The 217E model is basically a silicon model. Significant material and

[88,93,94] exist between silicon and GaAs (see Table

processing differences
4.3-5) and these differences result in different failure mechanisms for the

two materials and require different failure rate models.

The literature search revealed that the primary failure mechanism affecting
GaAs integrated circuits centers around metallization and GaAs

(83.93.951 1 particular Au-GaAs interdiffusion involves a

interdiffusion
slow degradation in the GaAs contact regions and in the Schottky gate regions
of the MESFET components. The MESFET channel regions become reduced and hot
spots can develop. Ohmic contact resistance will increase in the drain and
source contacts on the MESFETs and in the other contacts in the integrated
circuit. Failures will initially involve parametric changes in performance
but will eventually involve catastrophic damage. Other failure mechanisms
including electromigration, corrosion, backgating, and capacitor dielectric
defects have been reported to occur rarely in comparison to the Au-GaAs |

interdiffusion failure mechanism[83].

The circuits selected for failure rate modeling were the GaAs MMIC (Monolithic
Microwave Integrated Circuit) and the GaAs digital circuits. Significant
processing differences exist between the two circuit types and the differences
resulted in two different models. GaAs MMICs use depletion mode MESFETs with
fewer transistors dissipating more power than on digital circuits which use
lTarger numbers of smaller size depletion or enhancement mode MESFETs that

(83]

dissipate less power MMICs use many capacitors (metal insulator metal,

interdigited, stub, Schottky barrier), inductors (lumped or distributed),
resistors (implanted or thin film), and Au based air bridge

[93]

interconnects Digital GaAs circuits make limited use of implanted

resistors and Schottky diodes. No air bridge interconnects are used on
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digital GaAs circuits. Higher frequency GaAs MMIC devices require more

control of interconnect and substrate dimensions to maintain good quality
transmission line interconnections. MMIC devices use more extensive backside
processing steps because of the low inductance ground connections that are
required[93]. This step can also serve to increase the thermal conductivity
through the MMIC substrate and this is not applicable on digital GaAs circuits.

Accelerated life test studies in industry indicate that the MESFETs (active
devices) used in MMIC and digital GaAs devices fail at higher rates than the
other components on the integrated circuits. This requires that the failure
rate models must be dominated by the MESFET failure mechanism (Au-GaAs
interdiffusion). Since the failure mechanism of the MESFET is based on a
diffusion process, temperature was determined to be the driving factor in the

active device failure rate model (xA in figures 4.3-1 and 4.3-2) which was
[96]

then based on the modified Arrhenius equation as follows:
E ] 1
AL -y
K T T2
A2 = \] e (4.3.1)
where:
Ea = Activation energy (ev)
T1 & T2 = Temperatures (Kelvin)
x] & xz = failure rates at 71 & T2

K = Boltzmann's constant

The complete GaAs MMIC and digital failure rate models are presented in
figures 4.3-1 and 4.3-2 with all of the symbols and equations defined except
for CZ"E’ ™ and 4o which are found in other sections of this

report. The active device base failure rate (XA) for both MMICs and

digital GaAs devices were developed from equation 4.3.1 by calculating
weighted averages (based on sample size) of the MMIC and digital GaAs
accelerated life test failure rates and activation energies that were listed
in Tables 4.3-2 and 4.3-3. The reference temperature is 150°C (423°K) and the
only remaining unknown is the channel temperature TCH (see figures 4.3-1 and
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4.3-2). The application factor for MMICs (wA) was developed by comparing
the ratio of the 150°C failure rates (see Table 4.3-2) for a known low noise
MMIC (vA
by General Electric (wA = 3.0 for power devices). The General Electric
MMIC was also used to establish the maximum power range (3000 mw) for the

= 1) made by Harris Semiconductor and a power amplifier MMIC made

application factor. The MMIC active device complexity factor ("CA) was

[50] (see

derived from a set of MMIC failure rate data from NEC Corporation
Table 4.3-6). A ratio of failure rate data was found by dividing the data
with greater than one hundred transistors at three given quality levels by
data with less than one hundred transistors. This ratio was then averaged and
used as the MMIC active device complexity factor (“CA)' The digital GaAs
active device complexity factor (“CA) was dfg;ged from failure rate data

(see Table 4.3-7). Small

scale and medium scale integration failure rates were averaged together as a

in a paper by Venkataraman, Kotz, and Welch

group and compared to large scale integration failure rates to develop the
digital complexity factor (wCA = 2.0). The passive device failure rates

Oy in figures 4.3-1 and 4.3-2) for MMICs and digital GaAs devices were
derived from a paper by Roesch and Stunkard[QZ] (see Table 4.3-8) where
accelerated life tests were performed on GaAs integrated circuit elements.
Composite digital passive failure rates were developed by summing the failure
rates for the implanted resistors, ohmic contacts, and first Tevel
metallization used in digital GaAs circuits. The failure rates of thin film
resistors and air bridge metallization (used in MMICs) was added to the
digital composite failure rate to establish a passive MMIC failure rate since
all of the passive circuit elements are used on MMIC devices. The failure
rate data for integrated circuit elements in Table 4.3-8 (75% current level)
were derated from the maximum current levels (100%) given in the referenced
paper to represent a more typical operating level for the circuit elements. A
composite activation energy (.43 eV) was used for both MMIC and digital GaAs
passive failure rate models. The complexity factor (“CP) appearing in the
MMIC failure rate model was derived from an engineering estimate based on the
much wider use of passive components in MMIC devices when compared to digital
GaAs devices. The digital passive device GaAs model does not have a
complexity factor because of the more limited use of passive devices on
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digital circuits and because this information is more difficult to determine
on digital circuits. When information for the mode! factors is unknown, the
default values revert to the maximum numbers listed for each factor. The
temperature term (T) required for the passive failure rate models (see figures
4.3-1 and 4.3-2) is meant to apply to the maximum passive device temperature
on each circuit. If this temperature is unknown, the default value becomes
the active device channel temperature (TCH) which must be known. Also, the
weighted averages of the failure rates listed in Tables 4.3-2 and 4.3-3 which
determine A for both models and the failure rates developed from Table

4.3-4 for Ap were based on B-level quality devices to correspond to a

quality factor "Q of "one". Table 4.3-9 contains calculated values for

active and passive base failure rates from 25°C to 175°C for both MMIC and
digital GaAs devices. The failure rates are carried to four places
(Failures/10°
failure rates at the lower temperatures. The maximum channel temperature

hours) which results in zero values for the active device

listed in Table 4.3-9 is 175°C which was the highest maximum operating
temperature reported by any of the manufacturers.

The original proposed form for MMIC devices is shown in equation 4.3.2.

n
Ap(MMIC) = § OxpimaimcLi) + OWRWCR + ALTCL + ACTCC)™Q
i=1 (4.3.2

The base failure rate (xmi) was designed to account for different size

active device operating at different channel temperatures on the same chip.
This would require a careful thermal survey of the device and this information
was not available for this study. Individual integrated circuit element
failure rate terms for resistors (XR), inductors (xL), and capacitors

(xc
made this concept difficult to implement and the resulting composite or lumped

) were also proposed but the minimal amount of data on circuit elements

passive failure rates were developed in this study.

The final model equations and symbols were modified in order to make them
compatible with MIL-HDBK-217E.
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A temperature factor (nT) was defined by including only the exponential
terms from XA and Ap-

The modified equations are shown in equations 4.3-3 and 4.3-4 below.

M= LG mrp + Cyp myp) My + Gy Ml M
(4.3.3)
Ap = LCyp mpa + Cyp T+ Gy el M
(4.3.4)
where:
XM = MMIC GaAs Part Failure Rate
XD = Digital GaAs Part Failure Rate
C1A = GaAs Active Device Complexity Factor (For
transistors and diodes)
C]P = GaAs Passive Device Complexity Factor (For
resistors, capacitors, inductors)
TR GaAs Active Device Temperature Factor
Trp = GaAs Passive Device Temperature Factor
LI MMIC Application Factor
CZ“E = Package Failure Rate
o= Experience or Learning Factor
wQ = Quality Factor
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FIGURE 4.3-1
GaAs MMIC FATLURE RATE MODEL

failures

AM = [ mep + Ap mep) mp + Comgl . mg 106 hours

Ny = MMIC PART FAILURE RATE
Ny = MMIC ACTIVE DEVICE BASE FAILURE RATE
ey = MMIC ACTIVE DEVICE COMPLEXITY FACTOR
\p = MMIC PASSIVE DEVICE BASE FAILURE RATE
Tep = MMIC PASSIVE DEVICE COMPLEXITY FACTOR
w, = MMIC APPLICATION FACTOR
C,m = PACKAGE FAILURE RATE
= EXPERIENCE OR LEARNING FACTOR
mo = QUALITY FACTOR
( 1 . _l_) failures
~17380 TcH + 273 423 106 hours ; Ep = 1.5 ev

A\ = 0.4506 e
mpA = 1.0 FOR LOW NOISE AND LOW POWER LESS' THAN OR EQUAL TO 100 mw

3.0 FOR DRIVER AND HIGH POWER GREATER THAN 100 mw TO 3000 mw
mcA = 1.0 FOR LESS THAN 100 ACTIVE DEVICES

1.6 FOR 100 TO 1000 ACTIVE DEVICES
mcp = 1.0 FOR LESS THAN OR EQUAL TO 10 PASSIVE DEVICES

1.2 FOR 11 TO 100 PASSIVE DEVICES

1.3 FOR 101 TO 1000 PASSIVE DEVICES

( 1 _ _l_) failures
-4980 T + 273 423 106 hours ; Ep = 0.43 ev

p = 0.2263 e
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FIGURE 4.3-2
GaAs DIGITAL FAILURE RATE MODEL

failures
Ap = [(xa mca + Ap) + Comgl m mg 106 hours

Xp = DIGITAL GaAs PART FAILURE RATE
A, = DIGITAL GaAs ACTIVE DEVICE BASE FAILURE RATE
mes = DIGITAL GaAs ACTIVE DEVICE COMPLEXITY FACTOR
\p = DIGITAL GaAs PASSIVE DEVICE BASE FAILURE RATE
C,me = PACKAGE FAILURE RATE
= EXPERIENCE OR LEARNING FACTOR
my = QUALITY FACTOR
( 1 ) _l_> failures
-16220 Tcy + 273 423 106 hours ; Ep = 1.4 ev
A\ = 2.5303 e
Tey = 1.0 FOR LESS THAN 1000 ACTIVE DEVICES (1)
2.0 FOR 1000 TO 10,000 ACTIVE DEVICES (2)
( 1 ) _l_) failures
-4980 T + 273 423 100 hours ; Ep = 0.43 ev
Ap = 0.0687 e

(1) THIS FACTOR INCLUDES SMALL SCALE AND MEDIUM SCALE INTEGRATION PARTS.

(2) THIS FACTOR INCLUDES LARGE SCALE INTEGRATION PARTS.

~1
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Table 4.3-5
GaAs Material and Process Comparison With Si

MATERIAL
PROPERTIES
(300 KO GaAs Si COMMENTS

Electron 8500 1500 GaAs has higher mobility
Mobility (5.7 times) which translates
(cm2/v.s) to at least twice the

speed of Si

Carrier Drift 2.2 x 107 | 6.5 x 106 | GaAs has a faster switching
Velocity (cm/s) speed.

Electric Field at 7 x 103 3 x 104 GaAs has potential for lower
Peak Electron power dissipation.

Velocity (v/cm)

Intrinsic 2.3 x 103 1 x 108 A semi-insulating substrate
Resistivity for GaAs means no problems
(ohm-cm) with oxide or junction

isolation.

Energy 1.42 1.12 GaAs has special optical
Bandgap (ev) properties and a better

radiation tolerance.

Intrinsic Temp 300 130 At more than twice the
(°C at 1013 ¢m-3 intrinsic temperature of
background Si, GaAs has potential to
concentration) operate at higher temperatures.

Linear Coefficient| 6.86 x 10-6| 2.6 x 10-6 Thermal mismatches between
of Thermal materials will be a more
Expansion difficult problem on GaAs.
(°c-

Thermal 0.46 1.5 The higher thermal resistance
Conductivity (more than 3 times greater)
(W/cm°C) of GaAs means that heat sinks

are usually required and other
thermal management issues are
a_serious concern.

Melting Point 1238 1415 -

(°C)
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Table 4.3-5 (cont)

GaAs Material and Process Comparison With Si

PROCESSING STEPS GaAs Si COMMENTS
Transistor Schottky Bipolar & GaAs MESFETs are free from the
Structures Barrier MOS surface effects, ionic contam-
ination, charge trapping, and
time dependent dielectric
breakdown problems seen in Si.
Metallization Au, Ti, Pt Al and GaAs is less susceptible to the
Based Polysilicon | electromigration and corrosion
Based mechanisms on Si products.
Native Oxide None Si0y Construction of MOS devices and
Stable use of traditional processing
techniques is not possible on
GaAs.
Backside Required Minimal Thinner wafers and backside
Processing processing creates more
handling problems (breakage
and damage) on GaAs.
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n < 100

Table 4.3-6

100 < n < 1000

(300

100 < n < 1000
RATIO ~ n < 100

JAN-S
Equivalent

50

100

2.0

JANTXV
Equivalent

200

300

1.5

JANTX
Equivalent

300

400

1.33

AVERAGE
RATIO FOR
MMIC
COMPLEXITY

1.61
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Tahle 4.3-7
Venkataraman's Digital GaAs Failure Rates at 100°C‘87’
FAILURE RATES AVERAGE FAILURE RATE
PART TYPES (Failures/109 Hours) | (Failures/109 Hours)
SSI NOR Gate 77
Exclusive OR Gate 82
Buffer 91
Comparator 90
Flip-Flop 50
75
MSI COUNTERS 80
MULTIPLEXER/
DEMULTIPLEXER 55
LSI 1 K STATIC RAM 153 153
RATIO OF LSI/MSI & SSI 2.04
FATLURE RATES FOR DIGITAL
GaAs COMPLEXITY
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Table 4.3-8

GaAs Passive IC Element Failure Rates(92)

| FAILURE RATE AT

| |
PASSIVE INTEGRATED | 150°C DERATED TO | COMPONENT |  COMPONENT
CIRCUIT ELEMENT | 75% CURRENT LEVEL | USE ON MMIC | USE ON DIGITAL
| | |
Implanted Resistors | I |
and Ohmic Contacts |  6.62 x 1078 | X | X
I | I
| I |
Thin Film Resistors | | I
| 129 x 1077 X |
I | |
| I |
First Level I I I
Metallization | 2.48 x 1077 | X | X
I | I
| | |
Air Bridge | | I
Metallization | 2.86 x 1078 | X |
l | |
| I |
Composite Passive | | |
Failure Rates | - | 2.26 x 107 | 6.87 x 1078
I I I
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Table 4.3-

9

GaAs MMIC & Digital Base Failure Rate Table
(Failures/Million Hours)

| GaAs MMIC | GaAs DIGITAL IC
| |

JLe Y VA A VO R VO S W

O | 1 | |
25 | 0.0000* | 0.0016 | 0.0000* | 0.0005
35 | 0.0000* | 0.0028 | 0.0000* | 0.0008
45 | 0.0000* | 0.0046 | 0.0000* | 0.0014
55 | 0.0000* | 0.0075 | 0.0000* | 0.0023
65 | 0.0000* | 0.0117 | 0.0002 | 0.0036
75 | 0.0000* | 0.0179 | 0.0007 | 0.0054
85 | 0.0003 | 0.0267 | 0.0024 | 0.0081
95 | 0.0010 | 0.0389 | 0.0082 | 0.0118
105 | 0.003¢ | 0.0557 | 0.0263 | 0.0169
115 | 0.0111 | 0.0782 | 0.0796 | 0.0237
125 | 0.0341 | 0.1080 | 0.2275 | 0.0328
135 | 0.0995 | 0.1468 | 0.6178 | 0.0445
145 | 0.2757 | 0.1966 | 1.5993 | 0.0596
155 | 0.7283 | 0.2597 | 3.9605 | 0.0788
165 | 1.8406 | 0.3387 | 9.4095 | 0.1028
175 | 4.4633 | 0.4367 | 21.5088 | 0.1325

* Value carried to four places only

GaAs MMIC

A

AP

0.4506 e

0.2263 e

GaAs Digital IC

XA

AP

2.5303 e

0.0687 e

(
-17380

(
-4980

(
-16220

~4980

|

1

1

1

1
TcH + 273 423
1

Tey + 273 423
1

T+ 273 423

T + 273 423
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4.4 HYBRIDS
4.4.1 Database

The data collected came from two sources: field data on the APG-68 radar
system, and data from life testing conducted both in-house and in the
industry. Table 4.4-1 lists the hybrid part types used on the APG-68 radar
and the cumulative removal rate based on 263,990 hours of system operation

over the period studied.

Table 4.4-2 lists the data collected from the life tests.
was collected as the result of the survey conducted.

Part of this data
Both 1000 hour life
(extended burn-in) and extended temperature cycling tests are included.

Table 4.4-1 APG-68 Hybrid Cumulative Removal Rate
(Nov 1984 - June 1988)
CUMULATIVE
QTY FIELD
PART USED QTY REMOVAL RATE
NUMBER NAME CLASS /SYS REMOVED (/MILLION HRS)

583R379A01 Digibus Digital 3 49 61.87
585R927A02 Dumped Intg. Digital 2 14 26.52
585R928A02 RAM Digital 2 9 17.05
586R291A0]1 uP/RAM Digital 1 1 3.79
586R517A01 Mux Digital ] 8 30.30
12604356 10 Bit D/A Linear 2 5 9.47
583R352HO0I A/D Linear 1 15 56.82
583R505H01 D/A Linear 1 17 443.18
583R979HO1 D/A Linear 2 4 7.58
585R056H01 S/D Conv Linear 1 20 75.76
585R150A03 SW Driver Linear 1 32 121.21
585R209A01 BORAM 1/0 Linear 20 61 11.55
585R587A01 Timing Linear 1 9% 359.85
585R588HO1 A/D Linear ] 116 439.39
585R972HO1 D/A Linear 2 12 22.73
585R974H02 S/D Linear 2 7 13.26
586R290A01 RAM 1/0 Linear 1 60 227.27
586R292A01 Monitor Linear ] 10 37.88
635A870H01 A/D Linear 1 0
583R407HO1 Buffer Linear 2 31 58.71
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Table 4.4-1 APG-68 Hybrid Cumulative Removal Rate (contd.)
(Nov 1984 - June 1988)
CUMULATIVE
QTY FIELD
PART USED QTY REMOVAL RATE
NUMBER NAME CLASS /SYS REMOVED (/MILLION HRS)

583R412H01 Amp Linear 2 9 17.05
583R495HKH02 Volt. Ref. Linear 1 0

584R032H03 Driver Linear ] 0

584R353H03 Amp Linear ] 2 7.58
S84R353H04 Amp Linear i 12 45.45
584R548H03 Sample/Hold Linear 2 41 77.65
585R149A02 Control Linear ] 19 71.97
583R504H04 Reg-5V,3.5A PHP 2 19 35.98
S83R504H23 Reg-5V,2V, 19A PHP ] 13 459,24
583R504H24 Reg-15V,9.5A PHP ] 14 53.03
583R511H12 Reg--5.3V,29A PHP 1 32 121.21
S83R511THI3 Reg-~15V,4.4A PHP 1 5 18.934
583R512HO1 Reg-+15V,-15V,2A PHP 3 26 32.83
583RS512H10 Reg-28V,3A PHP ] 15 56.82
583R520H03 Reg-15V,0.5A PHP 5 23 17.42
S84R550A04 INV, PreReg PHP 2 138 261.36
584R551A04 INV, Bridge PHP 2 124 234 .85
585R151A03  Reg-20V, 1.5A PHP 1 9 34.09
586R508A01 Reg- PHP 1 8 30.30
586R509A02 Reg-2.75V PHP 1 6 22.73
586R509A03 Reg-5.45V 21A PHP ] 13 49,24
12604360-6 Switch pwave ] 7 26.52
583R405H0O1 Switch uwave 2 19 35.98
583R405H02 Switch puwave 1 2 7.58
584R422H01 Switch uwave 1 4 15.15
585R736H04 Amp uwave 2 11 20.83
585R736H05 Amp uwave ] 8 30.30
585R736H09 Amp uwave 1 4 15.15
12604361-1 Switch Video ] 0

12604427 Amp Video 2 16 30.30
583R154HT6 Amp Video 5 16 12.12
583R154H30 Amp Video ] 2 7.58
583R154H31 Amp Video 3 5 6. 31
583R154H53 Amp Video 2 7 13.26
583R154H56 Amp Video 4 9 8.52
583R154H61 Amp Video 5 6 4 .55
583R161H21 Amp Video 1 11 41.67
584R213HOIT Switch Video 2 2 3.79
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4.4.2 Model Development

The present version of the hybrid model as it appears in MIL-HDBK-217E is
unnecessarily complex. It invokes failure rate dependency on the number of
interconnects within the hybrid, the failure rates of the chips and film
resistors, the substrate density, the seal perimeter and several multipliers.
Some of the equations - such as the one indicating a temperature-dependence of
the seal failure rate - have no physical basis. Therefore, the current effort
has focused on simplifying the model while retaining reasonable accuracy. The
new model presents the early life failure rate as being equal to the sum of the
chip failure rates multiplied by = factors. The contributions due to wearout
mechanisms are computed separately. The preliminary form of the model is
therefore:

X:[)\C+)\S]n’i R (4.4.1)

See Sections 4.1 - 4.3 for VLSI chip failure rate calculations and 4.5 for packag-
ing models. For all other semiconductor devices, the models in MIL-HDBK-217E are
to be used. The chip capacitor model in MIL-HDBK-217E is to be used also.

No contributions to the hybrid failure rate from resistors, either chip or
substrate, are considered. These failure rates are considered insignificant
based on failure analysis experience and the life test data available. Published
data on field reliability for hybrids (a paper published in the 1984 ISHM
Proceedings, "Demonstrated Field Failure Rate for Custom Hybrids" by Murphy and
Sainer, page 95) showed the failure rates for chip and substrate resistors to be
0.0008 and 0.000053 failures per million hours at 99% C.L.

The e factor has been eliminated from the model. The additional process
steps and handling that the die are exposed to during the construction of a
hybrid compensate for any reduction in failure rate due to the absence of the
discrete package.

The package failure rate, as explained in section 4.5, is comprised of a base
failure rate and failure rates which represent several wearout mechanisms. The
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base package failure rate for hybrids, XS' is represented as being equal to a
percentage of the total failure rate. The basis for this is that several studies
have shown that packaged related failures represent approximately 40% of the
total hybrid failures. MDR 14, "Hybrid Circuit Data, Winter 79/80" lists 40.6%
of the field failures and 45.2% of the equipment test failures as being caused by
package related defects. The previously referenced paper, "Demonstrated Field
Failure Rate for Custom Hybrids" Tists 39% of the verified hybrid failures to be
package related. Furthermore, 40% is consistent with the percentage of hybrid
failures attributable to package failures at Westinghouse. If the percentage of
package failures is represented as K, then

K
(xc+ T-Kxgc 1T m ... mp (4.4.2)

>
1]

K
[x O +TK 1w ... mp

Since the system environment will accelerate the failure of devices with point
defects, an environmental factor is necessary to modify the base package
failure rate.

To determine the relationship between the portion of failures due to package
defects and the application environment, the data in MDR-14 was grouped by the
application environment. The results are shown in Table 4.4-3 below.

Table 4.4-3: MDR-14 Data Summary

TOTAL
APPLICATION PACKAGE ANALYZED K TE
ENVIRONMENT DEFECTS DEFECTS 1-K (FROM SECTION 4.6.4)
AU 18 32 1.2 5.5
Al 5 10 1.0 4.4
GF 24 63 0.6 2.5

A relationship of K = 0.2 TE Was established by plotting the data. The
general form of the model now becomes

X = [XC (1 + .2 wE)] LETR (4.4.3)

It is our experience that, excluding secondary failures and erroneous removals,

129



Downloaded from http://www.everyspec.com

the majority of hybrid failures experienced during 1ife testing and field usage
are caused by process related defects such as die attach and wire bonding.
Therefore, the sum of the chip and package failure rates are multiplied by
factors which are related to the difficulty of the process (wF), the

experience with the process (wL), and the degree of screening employed to

remove process related defects (w.).

Q
The final form of the model is
Ap = ) A Ne (T v 2 mp)] "L TE (4.4.4)

where:

xc is the chip failure rate

NC is the number of each chip

vQ is the quality factor

T is the circuit function factor

™ is the learning factor
The quality factor will be determined as detailed in section 4.6.1, the learning

factor will be determined as detailed in section 4.6.2, and the function factor
will be determined as detailed in section 4.6.3.

Additionally, the end of life package models of section 4.5 should be used to
assess the mean time to failure (or cycles to failure) for the hybrid package,

including the wirebonds, substrate and die attach, and hermeticity.

4.4.3 Chip Junction Temperature Calculation

Since the hybrid model is so heavily dependent upon the failure rates of the
chips, it is imperative that the operating junction temperatures be calculated
accurately. The best way to do this is through actual measurement (thermal
survey) or finite element analysis, but this may not be practical for the
reliability analyst. The following is a reasonable alternative for estimating
the operating junction temperatures of the chips in a hybrid device.
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A hybrid is normally made up of one or more substrate assemblies mounted within a
sealed package. Each substrate assembly consists of active and passive chips
with thick or thin film metallization mounted on the substrate, which in turn may
have multiple layers of metallization and dielectric on the surface. Figure
4.4-1 is a cross-sectional view of a hybrid with a single multi-layered
substrate. The layers within the hybrid are made up of various materials with
different thermal characteristics. Table 4.4-4 provides a list of commonly used
hybrid materials with typical thicknesses and corresponding thermal
conductivities (K). The thermal resistance of each layer is determined by the
expression.

= (1/K)(L/A), where: (4.4.5)
is the thermal resistance of a layer in °C/Watt (°C/W).

S
]
K is the material thermal conductivity from Table 4.4-4 (or user provided).
L is the material thickness in inches from Table 4.4-4 (or user provided).
A

is the top surface area of the chip (user provided).

An estimated thermal resistance value for junction to case (GJC> can be
developed for each chip in the hybrid by summing the resistances of all: the
material layers of the hybrid structure from the chip down to the case:

n
3 (/K3 Ly .
B3c =_i=] , (4.4.6)
A

where n is the number of material layers. Then,

Ty = Tc + 0.9 (830)(Pp), where (4.4.7)
T, is the junction temperature of the chip (°C)

TC is the case temperature of the hybrid (°C)

eJC is defined as above (°C/W), and

PD is the power dissipated by the chip (W)

The factor of 0.9 in equation 4.4.7 represents the cosine of 26°. This angle
accounts for the fact that the heat is not all conducted vertically from the
chip to the case, but rather “spreads"” radially as well as downward.
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Figure 4.4-1

MULTI—LAYER HYBRID PACKAGE
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Table 4.4-4 Hybrid Materials

| | TYPICAL | FEATURE FROM | K
MATERIAL | TYPICAL USAGE | THICKNESS (") | FIGURE 4.4-1 | (W/°C-in)
i l l |
Silicon | chip device | 0.01 | A | 2.20
GaAs | chip device | 0.007 | A | 0.76
Au Eutectic | chip attach | 0.0001 | B | 6.91
Solder | chip/substrate attach | 0.003 | B/E | 1.27
Epoxy (diel> | chip/substrate attach | 0.0035 l B/E |  0.006
Epoxy | chip attach | 0.0035 | B | 0.15
(conductive) | | [ |
Thick film | glass insulating | 0.003 | o | 0.66
dielectric | layer | | |
Alumina | Substrate, MHP | 0.025 | D | 0.64
BeO | Substrate, PHP | 0.025 l D | 6.58
Kovar | Case, MHP | 0.02 | F | 0.425
Aluminum | Case, MHP l 0.02 | F | 4.58
Copper | Case, PHP | 0.02 | F |  9.96
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4.5 FAILURE MECHANISMS OF MICROELECTRONIC PACKAGES

4.5.1 Introduction

The non-electrical failure mechanisms of a microelectronic device can be
classified into package related failures, die failures and failures due to
interconnects. Based on data from MDR-21, die failures constitute about
25-30% of the total failures, the package accounts for 40-50% of the failures,
and interconnects involve 20-30% of the non-electrical failures in
microelectronic packages.

In this section of this report we are concerned with package, interconnect and
thermo-mechanical die, die attach and substrate attach failures. The package
related failure sites include the package seal, package 1id, package body, the
lead frame, external leads and the package encapsulant. The die failure sites
include the die, the die attach and the substrate attach. The interconnect
failure sites include the wire, the wire bond and the conductor paths in the
die and the substrate.

For simplicity we define all these failures as package failures. Package
failures can be divided into two categories. The first includes failures that
result from poorly controlled or poorly designed manufacturing processes. The
second category consists of the failures caused during the normal operation of
the device. This approach is justified when failures in the first category
are removed during quality control inspection and screening processes. The
package modeling effort has concentrated on the latter category, and the
derived models are deterministic in nature.

In general, early and middle life failures are premature failures where causes
can be "assigned" to specific defects or events. The early life failures
typically exhibit a greater failure rate than do middle 1ife failures. End of
life failures are considered "common cause" failures. These failures are
attributable to wire bond failure mechanisms, corrosion related failure
mechanisms, and die attach related failure mechanisms.
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MIL-HDBK-217E and its predecessors only consider assignable cause failures in
the development of prediction models, since common cause failures do not
typically occur within the life-times of military systems. The C2 e

term as presented in Table 5.1.2.7-6 of MIL-HDBK-217E will continue to be used
for the early and middle life failure predictions for the different package
types. In addition, the pin grid array (PGA) package has been added to this
table under the column "Hermetic Dual-In Line Package (DIP) with Solder Weld
Seal."

For the most part, the DIP pin counts are in the 14 to 18 leads range (80
percent of devices produced annually) with the balance going up to 64 leads.
However, when more than 40 external pins are needed, the conventional DIP
becomes impractical because of increased internal density, pin spacing,
increased weight and thermal limitations. At this point, the PGA becomes more
practical, typically having pin counts of 14 or more, with 128, 224 and 525
being common variants, reference [98].

The justification for including the PGA packages with the DIP and LCC packages
may be reviewed in references [99 and 100]. Briefly, it has been observed
that the PGA packages are on a par with the industry standard DIP as to reject
rate and failure modes during equivalent environmental screening. Many
thousands of these packages have been tested by several different vendors.

The recorded data indicate that the same controls and assembly techniques used
for DIP's have been successfully transferred to PGA's with similar reliable
results. Furthermore, no new failure modes characteristic to these packages
have emerged. The thermal performance (junction to case thermal resistance)
of a PGA package is equal to or less than that for a DIP, when selected
package material, chip attach material, and heatsink attach epoxy and heatsink
configurations are empioyed. The use of "fin" heatsinks configurations and
aluminum-filled heatsink-attach epoxy with a lower bulk thermal resistance
have produced thermal resistances less than 6°C/watt in PGA applications.

Therefore, based on these facts it would appear that the logical choice is to

include the PGA packages under the DIP column in the C, table.
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In the following paragraphs we discuss the end of life, or wearout, failure
mechanisms and failure life models for the package, the interconnects and the
die due to mechanical, thermo-mechanical and other environmental stresses.

Mathematical models developed used material properties which were in some
cases estimated due to lack of experimental data. The accuracy of the models
can be improved by using properties obtained from more extensive experiments
on the material properties.

The failure prediction models recommended in this report can be described in
generic terms as power law relationships between the mean cycles to failure
and the local state of stress/strain in the specimen. This approach can be
implemented either for crack initiation, as in Basquin's or Coffin-Manson
equations, or for fatigue crack propagation, as in Paris's power law. The
latter method is preferred when the material is likely to experience brittle
crack propagation. In either situation the stress amplitude in the specimen
has to be monitored and expressed in terms of the fatique life of the
material. Estimating the stress amplitude in the specimen can be a
non-trivial task and needs a numerical scheme such as the finite element
method. However, since the aim of the failure models cited below is to
identify simple closed-form expressions for quick, on-line stress/strain
analysis and for fatigque failure predictions, only approximate models are
presented, with appropriate simplifications. For more accurate stress
analysis, the user will need to employ the finite element or other appropriate
numerical methods.

[t is reiterated at this point that the accuracy of all the models depends on
the simplifying assumptions about the material properties and associated
constitutive equations. Due to the lack of appropriate data on electronic
materials, simplified linear elastic behavior has been assumed in many cases,
and the temperature dependence of all the material properties is ignored. It
is clearly understood that material property data is essential for accurate
1ife predictions and it is recommended that an extensive experimental program
be undertaken to determine all the required data.
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4.5.1.1 Wire-Wire Bond Related Failure Mechanisms

Fatigque is the dominant phenomenon causing the failure of the wire bond during
normal life of microelectronic devices. Temperature and electrical power
cyciing can induce failure of the bond due to flexure and shear fatigue.

Repeated flexure of the wire due to temperature cycling can cause cracking of
the wire at the heel due to bending fatigue. The differential thermal
expansion of the bond pad and the substrate can result in a detachment of the
bond pad from the substrate or the cracking of the substrate as a result of
stresses generated. The differential thermal expansion between the bond pad
and the wire can cause shear fatigue of the bond pad resulting in detachment
of the wire from the substrate or cratering of the substrate. In plastic
encapsulated packages, differential thermal expansion between the encapsulant
and the wire can cause axial fatique of the wire, resulting in tensile fatigue
failure of the wire.

4.5.1.2 Corrosion Related Failure Mechanisms

Moisture and other contaminants can ingress into a package through flaws in
the construction material or permeation through the wall of the package.
Moisture can also be inherently trapped in the cavity of the package before
being sealed. An extreme drop in temperature will cause the sealed cavity to
attain its dew point and the moisture can condense on the surface of the chip
and the wire bond. The condensed vapor together with other ionic contaminants
will form an electrolyte for the transfer of ions essential for the wet
corrosion process to occur.

The use of a passivation layer on integrated circuits has greatly reduced the
corrosion problem although an imperfect passivation layer would promote
pitting and eventually lead to corrosion of the metallization. In addition,
due to the necessity of wire bonding, bond pads remain unpassivated and
consequently are exposed to the package environment. Bond wires and bonds
between dissimilar metal bond wires and bond pads or lead frames are
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especially susceptible to corrosive attack. In practice, the die and die
attach are not significantly affected by corrosion.

4.5.1.3 Die Related Failure Mechanisms

Another failure site in the microelectronic packages is the die assembly
consisting of the die, die attach and the substrate attach. The major concern
here is the mechanical failure, fracture and fatigue of the die die attach and
substrate attach. Thermal stresses are induced in the die, the substrate and
the case as a result of temperature fluctuations. Typically, microcracks
present on the top surface or edges of the die or the edges of the die attach
or the substrate attach can propagate under the influence of thermal stresses
produced due to temperature cycling. This can cause the failure of the die due
to horizontal or vertical cracking. A vertical crack is the result of large
tensile stresses in the central portion of the top surface of the die. A
horizontal crack of the die is the result of high shear stresses at the edges
of the die. A failure of the die attach or the substrate attach is often the
result of the presence of voids or microcracks near the edges, which propagate
towards the center resulting in failure of the attach.

The die attach and substrate attach models delineated herein assume that the
attach failure occurs in the bulk of the attach material. Each attach material
forms an adhesive bond to the adjacent layer, i.e., an adhesive bond is formed
between the die and the die attach and between the substrate and the die
attach. Similarly, adhesive bonds are formed between the substrate attach and
the adjacent substrate and package base surfaces. Failure of these adhesive
bonds is not addressed in this report because it is felt that such failures are
fabrication process related and will be detected during screen testing.

4.5.2 Fatigue Failure Models of Wire and Wire Bonds

4.5.2.1 Description of the Models

Failure of the wire bond occurs predominantly as a result of fatigue caused by
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repeated flexure of the wire, shear stresses generated between the bond pad
and the wire and shear stresses generated between the bond pad and the
substrate, all resulting from temperature or power cycling.

Flexure of the wire will produce stresses at the heel of the bond in the case
of wedge bonds and stitch bonds. Reversals in the bending stresses cause the
eventual fatigue (breakage) of the wire at the heel. Due to the absence of
any reduced section on the ball bond, failure due to flexure is uncommon for
the ball bonds.

Shear stresses between the bond pad and the substrate result from the
differences in the coefficients of thermal expansion between the substrate and
the bond pad. This in turn results in the eventual detachment of the bond pad
from the substrate, an increase in the thermal resistance between the die and
the substrate, or the cratering of the substrate.

Shear stresses between the wire and the bond pad result from the differential
thermal expansion between the wire and the substrate.

In encapsulated packages, if the encapsulant is in contact with the wire, the
differential thermal expansion between the encapsulant and the wire can cause
axial fatigue of the wire. This failure mechanism will not occur in
encapsulated packages with a lTow modulus buffer coating between the wire and
the encapsulant.

The number of cycles to failure of the wires and wire bonds in a
microelectronic package depends on the environmental conditions, the geometry
of the wire bond and the materials of the substrate, wire and bond pad. The
fatique failure prediction models take into account the environmental
conditions and the geometry of the bond, which is consistent with the fact that
the number of failures vary with the environmental conditions to which the wire
bond is subjected. The stresses generated are a function of the geometry of
the wire bond, the temperature fluctuation and the material properties.
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The development of the models for wire and wire bond failure mechanisms are
more fully discussed in Appendix F.

4.5.2.2 MWire and Wire Bond Failure Models

As discussed in 4.5.2.1, models have been developed for one bond wire and two
bond pad failure mechanisms, as follows:

(1) Bond Wire Flexure Fatigue

The model for the number of cycles to flexure fatigue failure is defined by
equation F5.8 as follows:

n
Nf(f]ex) = A] (ef) | (F5.8)

where:
Nf(flex) is the number of cycles to failure for the wire in flexure.

Al is a material property dependent coefficient for the wire
material obtained from Table 4.5-4.
: is a material property dependent exponent for the wire material
obtained from Table 4.5-4.
e¢ is the wire strain magnitude and is defined by equation
F5.7a as follows:

r | Cos=1(0.966 (1- (ay - ag) AT))

= -1 (F5.7a)
35.1 15

r is the radius of the wire, mm.

a 15 the coefficient of thermal expansion of the wire obtained from
Table 4.5-1.

a_ is the coefficient of thermal expansion of the substrate obtained
from Table 4.5-2.
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AT is the temperature difference obtained from Table 4.5-17.

(2) Shear Fatigue at Bond Pad/Substrate Interface

The model for the number of cycles to shear fatigue failure is defined by
equation FS.10 as follows:
n

A

Nf(shear)s = Z(Cfs)

2 (F5.10)
where:
is the number of cycles to failure in shear at the bond

Nf(shear)s
pad/substrate interface.

A2 is a material property dependent coefficient for the bond pad
material obtained from Table 4.5-5.

n, is a material property dependent exponent for the bond pad
material obtained from Table 4.5-5.

E¢ is the bond pad shear strain magnitude and is defined by

equation F5.9 as follows:

e = K AT (F5.9)
where:
K is a constant for a particular pad/substrate combination obtained
from Table 4.5-6.
AT is the temperature difference encountered, obtained from Table
4.5-17.

(3) Shear Fatigque at Bond Pad/Wire Interface

The modei for the number of cycles to shear fatigue failure at the bond
pad/wire interface is identical to the model for shear fatigue failure at the
bond pad/substrate interface and is defined by equation F5.10 as follows:
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n
Nf(shear)w = Az(efs) 2 (F5.10)
where:
Nf(shear)w is the number of cycles to failure for the wire in shear
at the bond pad/wire interface.
A2 is a material property dependent coefficient for the wire material
obtained from Table 4.5-5.
n, is a material property dependent exponent for the wire material
obtained from Table 4.5-5.
£¢ is the wire shear strain magnitude and is defined by equation
F5.14 as follows:
Epg = (1/2 |aw - asl AT (F5.14)
where:

a 15 the coefficient of thermal expansion of the wire obtained
from Table 4.5-1.

a_ s the coefficient of thermal expansion of the substrate
obtained from Table 4.5-2. ‘

AT is the temperature difference encountered by the component
obtained from Table 4.5-17.

4.5.2.3 Applicatign Examples for Wire/Wire Bond Failure Models

(1) Bond Wire Flexure Fatigue

(A) Assume & microcircuit with a Represetative Microcircuit Configuration
(RMC) as defined in paragraph 4.5.6 and used in a MIL-HDBK-217
ground-fixed (GF) application environment. Then the mean number of
cycles to failure due to bond wire flexure fatigue is found from equations
FS.7a and F5.8, which are combined following:
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(F5.7a
&
F5.8)

<A, {r [ Cos™' (0.966(1-("w T *9)aTy) -1 1} M

N
f(flex) 351 15

The variables in this equation are defined in paragraph 4.5.2.2(1) and data
are obtained from the following sources:

VARIABLE VALUE UNITS SOURCE
A, 3.9323 x 1070 N/A Table 4.5-4
n, -5.134 ) N/A Table 4.5-4
r 1.6 x 107 mm RMC-Para 4.5.6
a, 23.2 x 1070 m/m/°c  Table 4.5-1
a, 4.67 x 107 m/m/°c Table 4.5-2
AT 55 °c Table 4.5-17

Substituting in equations F5.7a and F5.8:

6 5.134

3.9323x1072{1.6 x 107%[Cos™ ' (0.966(1-¢23.2x1070-4.67x10"
35.1 T

N )55))_11}

f(flex) =

5.6 x 10/ [ Cos™ ' (0.9650155011)-1 172134

15

- 2.357 x 10" cycles

(B) Assume the same conditions as paragraph 4.5.2.3(1)(A) except bond wire
diameter is 0.127mm (5 mils). Then r = 0.127/2 = 6.35 «x 10'2mm and all
other variables remain the same. Substituting in equations F5.7a and
F5.8:

-10

6 -6

{6.35 x 107%0C0s™ (0.966(1-(23.2x10 }-5-134

35.1 15
1.987 x 104 cycles

N 3.9323x10 -4.67x10 ")55)) 11

f(flex)
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(C) Assume the same conditions as 4.5.2.3(1)(B) except bond wire material is

= 3.5844 x 10

-11

and n

and all other variables remain the same.

gold. Then A]

and F5.8:
N - 3.5844x107))
f(flex) -~ ~°

-4.9828 from Table 4.5-4,

Substituting in equations F5.7a

35.1

3.636 x 1012 cycles

(2) Bond Pad/Die Interface Shear Fatigue

1

5

{6.35x10~%Cos ™' (0.966(1-¢23.2x1075-4 .67x10°6)55)) ;1) -4 9828

(A) Assume a microcircuit with a Representative Microcircuit Configuration

(RMC) as defined in paragraph 4.5.6 and used in a MIL-HDBK-217
ground-fixed (GF) application environment.

Then the mean number of

cycles to failure due to bond pad/die interface shear fatiqgue is found
from equations F5.9 and F5.10, which are combined following:

N

f(shear)s

A, kam ™2

(F5.9 &
FS.10)

The variables in this equation are defined in paragraph 4.5.2.2(2) and data
are obtained from the following sources:

Substi

N

VARIABLE VALUE
A, 4.3386 x 107
n -5.134
2 -5
K 1.46 x 10
AT 55
tuting in equations F5.9 and F5.10:
- 4.3386 x 107" <1.46 x 10”
f(shear)s ’ 5 '
= 3.377 x 107 cycles

144

UNITS SOURCE

N/A Table 4.5-5

N/A Table 4.5-5

N/A Table 4.5-6

°c Table 4.5-17
5)(55>)-5.134
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(B) Assume the same conditions as paragraph 4.5.2.3(2)(A) except bond pad
material is gold. then from Table 4.5-5, A, = 4.2948 x 1072 and n
= -4.9828, and from Table 4.5-6, K = 0.90 x 10'5. All other variables

remain the same. Substituting in equations F5.9 and F5.10:

2 5 -4.9828

- 4.2948 x 10712 (0.90 x 10~
1.268 x 105 cycles

Nf(shear)s (350

]

(3) Bond Pad/Wire Interface Shear Fatigue

(A) Assume a microcircuit with a Representative Microcircuit Configuration
(RMC) as defined in paragraph 4.5.6 except wire material is gold. The
device is used in a MIL-HDBK-217 ground-fixed (GF) application
environment. Then the mean number of cycles to failure is found from
equations F5.10 and F5.14, which are combined following:

(F5.10

N A, | %w - % | aT|™ &
2

f(shear)w F5.14)

The variables in this equation are defined in paragraph 4.5.2.2(3) and data
are obtained from the following sources:

VARTABLE VALUE UNITS SOURCE
A, 4.2948 x 10712 N/A Table 4.5-5
n, 49828 N/A Table 4.5-5
@, 14.2 x 10° m/m/°c Table 4.5-1
a, 4.67 x 1070 m/m/°c  Table 4.5-2
AT 55 °C Table 4.5-17

Substituting in equations F5.10 and F5.14:

6 -4.9828

- 4.2948 x 10'2 [ |14.2 x 1075-4.67 x 1078|(55) 1

2

Nf(shear)w

3.014 x 106 cycles
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(B) Assume the same conditions as paragraph 4.5.2.3 except pad material is
gold and wire material is aluminum. Then the following data is obtained:

VARIABLE VALUE UNITS SOURCE
A, 4.3386 x 107 N/A Table 4.5-5
n, -5.134 6 N/A Tabte 4.5-5
@, 23.2 x 107 m/m/°C Table 4.5-1
o 4.67 x 1078 m/m/°C  Table 4.5-2

Substituting in equations F5.10 and F5.14:

11 6 -6 -5.134

4.3386 x 107 [ [23.2 x 10" "-4.67 x 10

2

Nf(shear)w = (55 1

3.488 x 106 cycles
4.5.2.4 Evaluation

The results from the application examples given in paragraph 4.5.2.3 are
summarized following:

FATLURE MECHANISM MICROCIRCUIT CONFIGURATION* N¢_(cycles)

Bond Wire RMC 2.4 x 1017
Flexure RMC except: 5 mil bond wire 2.0 x 1014

Fatigue RMC exceont: 5 mil bond wire 3.6 x 1012
: gold bond wire

- ——— A —- - —— — — - o —— . ———— —— - ——— " " - - — " —— — - — —— —

Bond Pad/Die

RMC 3.4 x 103
Interface = = @ —emmmemmm e
RMC except: gold bond pad 1.3 x 105
Shear Fatigue
Bond Pad/Wire
RMC except: gold bond wire 3.0 x 1086
Interface = = = s
RMC except: gold bond pad 3.5 x 106

Shear Fatigue

*RMC is defined in paragraph 4.5.6
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These failure predictions are consistent with the fact that flexure failures
are less often seen as compared to the failures do to shear fatigue.
Nevertheless, this does not rule out the possibility of failure due to
flexure. Given a different set of environmental conditions, flexure could be
the dominant mechanism, since the stress due to flexure depends not only on
the temperature conditions and the materials in consideration but also on the
geometry of the bond wire e.g. wire diameter, radius of curvature at the bond,
the angle of the bond wire with the substrate, etc. Therefore, a change in
wire diameter for the same environmental conditions may cause an increase in
the flexure stresses without significantly changing the shear fatigue
stresses. The relative importance of each of these failure mechanisms is
subject to the various factors on which each of the mechanisms depend.

From the summary table it is seen that the bond pad material has negligible
effect on the bond pad/die interface shear fatigue mechanism. This supports
existing knowledge gained from failure analysis that the failure usually
occurs in the bulk die material immediately below the pad due to bulk defects
in the die acting as failure initiation sites.

The bond pad/wire interface shear fatigue mechanism can occur only when the
pad and the wire are of dissimilar materials. The summary table shows that
the choice of material for either member has little effect on life when the
same two materials are paired.

4.5.3 Failure Models for the Die, Die Attach and Substrate Attach, Fracture
and Fatique

4.5.3.1 Description of the Models

The die attach unit of microelectronic component packages consists of the die
or chip and the substrate and the case, which are usually made of different
materials and therefore have different thermal expansion coefficients. During
environmental thermal and power cycling, as the temperature fluctuates,
longitudinal and shear stresses are introduced in the package.
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Microcracks are typically introduced in the die during manufacturing operations
and are present at the edges of the die. If a microcrack is large enough, i.e.
if it is equal to or greater than a critical crack size, the die may fail in
the first power cycle. If the microcrack is less than the critical crack size,
then during temperature cyc]ing, it may propagate and eventually the die would
fail when this crack reaches the critical size.

Different thermal expansion coefficients of the die, substrate and case and the
presence of edge voids in the attach materials introduce high stresses and are
responsible for the failure of the die attach and the substrate attach. The
voids in the attach materials may act as microcracks, which may propagate
during temperature cycling and eventually cause delamination of the die or the
substrate.

A fracture mechanics approach is taken to calculate the critical crack size in
the die. If the initial crack size is smaller than the critical crack size
then Paris's power law of fatigue crack propagation is used to calculate the
number of cycles for the crack to grow to critical size. The die attach and
substrate attach materials fail by ductile mechanisms and hence the linear
elastic fracture mechanics (LEFM) approach is not appropriate in this "
situation. The Manson-Coffin relationship is used therefore, to calculate the
number of cycles to failure in die attach and substrate attach.

The development of the models for die, die attach and substrate attach fracture
and fatigue are more fully discussed in appendix G.

4.5.3.2. Die, Die Attach and Substrate Attach Failure Models
As discussed in 4.5.3.1, models have been developed for die brittle cracking,
die fatigue cracking, die attach fatigue and substrate attach fatigue and

fatigue failure mechanisms, as follows:

(1) Die Brittle Cracking
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Brittle failure of a die with a vertical edge crack can occur upon first

application of thermomechanical stress when the criterion defined in equation
G.4 is satisfied:

where

where

where

. > a (G.4)

a; is the initial crack length, meters

a. is the critical crack length, meters, required to cause rapid
propagation of the crack through the die, and is defined by equation
G.5 as follows:

K%
ac = 1€
¢ o 2 (G.5)
app
KIC is the fracture toughness of the die material obtained from
Table 4.5-7.
°app is the maximum applied tensile stress in the die and is defined
by equation G.6 as follows:
-7 -
Sapp = 2 x 107" | xg - oy | AT v ES Ea L/x (G.6)

a_is the coefficient of thermal expansion of the substrate to which
the die is mounted, obtained from Table 4.5-9.

ay is the coefficient of thermal expansion of the die obtained from
Table 4.5-7.

AT is the temperature difference encountered, obtained from Table 4.5-17.

E_ is the tensile (Young's) modulus of the substrate obtained from
Table 4.5-9.

E. is the tensile (Young's) modulus of the die attach obtained from
Table 4.5-8.

x 1is the die attach thickness, meters obtained from Table 4.5-18.

L is the diagonal length of the die, meters, and may he approximated by
equation G.7 as follows:
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3,.1.0x 107% G.7)

L=1.5x 10
where P is the number of active pin terminals in the microcircuit.

(2) Die Fatigue Cracking

The model for the number of cycles to die fatigue cracking failure is defined
by equation G.10e as follows:

Ne = 2 - 1 ) 1 :

n n/2 ((n-2)/2) ((n-2)/2) (G.10e)
(n-2) A Oapp T A] af

for n ¢ 2

where
Nf is the number of cycles to die fatigue cracking failure.
n is a material property dependent exponent for the die material
obtained from Table 4.5-7.
A is a material property dependent coefficient for the die material
obtained from Table 4.5-7.
a, is the initial crack length, meters

i
ac is the final crack length at failure, meters

MIL-STD-883, Method 2010 visual criteria for die cracks prohibits any surface
cracks in an active circuit area of the die and prohibits any edge cracks with
a total length greater than tabulated below, or edge cracks with a total
length greater than tabulated below, or edge cracks of lesser length that
extend more than 1 mil past the scribe grid line along the die edge:

Quality Level Maximum Crack Length
B B mils
S 3 mils

It can be expected than any population of microcircuit dice will contain a
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proportion of cracks up to the limit of acceptability. It can be further
axnected that these cracks will propagate during operational use of the
completed microcircuits due to thermomechanically induced stress. The increase
in crack length required for an allowable crack to enter active areas of the die
and cause failure will vary depending upon the inital directional orientation of
the crack and its proximity to the die active area pattern geometry. It is
believed that it is conservative to assume that crack propagation to a total
length of 15 mils is the maximum that can be permitted before penetration of an
active ar2a is imminent. From the visual acceptance criteria and this
assumption, appropriate values for a; and ap are proposed as follows:

Quality Level 3 df
B 1.3 x 107%m (5 mils) 3.8 x 107%m (15 mils)
S 7.6 x 10—5m (3 mils) 3.8 x 10—4m (15 mils)

(3) Die Attach Fatigue

The model for the number of cycles to die attach fatigue failure is defined by
equations G.11 and G.12 which are combined as follows:

Lojag - ag | AT He

Ne = 0.5 (G.T1) & (G.12)

- X ¥f -

where:
Nf is the number of cycles to die attach fatigue failure.

a_ 1s the coefficient of thermal expansion of the substrate obtained
from Table 4.5-9.

ay is the coefficient of thermal expansion of the die obtained
from Table 4.5-7.

AT is the temperature difference encountered, obtained from Table 4.5-17.

x 1s the height of die attach, meters, obtained from Table 4.5-18.

e is the fatigue ductility coefficient (defined as the shear strain
required to cause failure in one load reversal) obtained from Table
4.5-8.
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¢ is the Manson-Coffin fatigue exponent (slope of low cycle fatigue
curve of log shear strain vs. log cycles to failure) obtained from
Table 4.5-8.

L is the diagonal length of the die, meters, and may be approximated
by equation G.7 as follows:

3,00x00%p G.7)

L=1.5x10
where P is the number of active pin terminals in the microcircuit.

(4) Substrate Attach Fatigue

The model for the number of cycles substrate attach fatigue failure is similar
to the die attach fatigue failure model and is defined by equation (G.13) as
follows:

Ne = 0.5 Ly | - o] AT | e (G.13)
_ Xsa ¥Yf _
where:
LS is the diagonal length of substrate, meters.

a_  is the coefficient of thermal expansion of the case obtained
from Table 4.5-10.
a_ is the coefficient of thermal expansion of the substrate obtained
from Table 4.5-9.
AT is the temperature difference encountered obtained from Table 4.5-17.
x__ is the thickness of the substrate attach, meters obtained from
Table 4.5-18.
Ye is the fatique ductility coefficient of substrate attach
(defined as the shear strain required to cause failure in one load
reversal) obtained from Table 4.5-8
¢ is the Manson-Coffin fatique exponent (slope of low cycle
fatique curve of 1og shear strain vs. log cycles to failure) obtained
from Table 4.5-8
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4.5.3.3 Application Examples for the Die, Die Attach and Substrate Attach

)

(A)

Fajilure Models.

Die Brittle Cracking

Assume a micrccircuit with a Representative Microcircuit Configuration (RMC)
as defined in paragraph 4.5.6 and use in a MIL-HDBK-217 ground-fixed (GF)
application environment. Brittle failure of a die will occur upon first
application of thermomechanical stress if criterion equation G.4 is
satisfied. Evaluation of this criterion requires solution of equations G.5
and G.6, which are combined following:

2

K
aC = IC

6.5
M2 x 1077 |a. - a, | 4T VELE. L/0)° 66
%s d s-a :

The variables in this equation are defined in paragraph 4.5.3.2(1) and data

are obtained from the following sources:

VARIABLE VALUE UNITS SOURCE
Kic 0.82 . M Pa vm Table 4.5-7
o 7.3 x 107 m/m/°c Table 4.5-9
ay 4.67 x 13‘6 m/m/°c Table 4.5-7
ES 255 x 10 Pa Table 4.5-9
3 2.8 x 10° m RMC
X 5.1 x 1072 m RMC
AT 55 °c Table 4.5-17
L 3.22 x 1073 m RMC

Substituting in equations G.5 and G.6:

(0.82)%

6

9 9 3 -5,2

7| )5.1x10 )

m(2x107117.3x10°5-4.67x1078 [ (55)/(255x10

0.6724 = 5.673 x 10=-3m (223 mils)
(37.7295)

)(2.8x107)(3.22x10°
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From the specified MIL-STD-883 quality level for the RMC it is found from
paragraph 4.5.3.1(2) in the discussion following equation G.10e that a; =
1.3 x 10_4m (5 mils). Applying the criterion equation G.4:

a; 2 2, (G.4)

Substituting in equation G.4:

1.3 x 1074 < 5.673 x 1073

Hence, die brittle cracking will not occur.

(B) Assume the same conditions as 4.5.3.3(1)(A) ewxcept the die attach
material is Au-Si eutectic and the die diagonal length is 0.01m (400
mils) and all other variables remain the same. Then from Table 4.5-18, «x
=2.5«x 10—6m (0.1 mil) and from Table 4.5-8, Ea = 59.2 «x 109 Pa.

Substituting in equations G.5 and G.6:

a = (0.82)°

9 9 2 6,2

[2x107717.3x107%4 671078 (55)v(255x10 )(1x107°)/(2.5x10~

0.6724 = 4.235 x 10-6m (0.17 mils)
(50538)

)(59.2x10 ))

Substituting in criterion equation G.4:

1.3 x10°% > 4.2 x 1070

Hence, die brittle cracking will occur upon first application of
thermomechanical stress (provided a maximum acceptable size crack from

MIL-STD-883 visual criteria is present).

(2) Die-Fatigue Cracking

(A) Assume a microcircuit with a Representative Microcircuit Configuration
(RMC) as defined in paragraph 4.5.6 and use in a MIL-HDBK-217
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ground-fixed (GF) application environment. Then the mean number of
cycles to failure due to die fatigue cracking is found from equation

G.10e:
Nf = 2 C ] - | 1, n 42 (G.10e)
n _n/2 ((n-2)/2) ((n-2)/2)
(n-2)A %app il 3, e
where oapp is found from equation G.6:
oapp = 2 X 1077 ag - ag|ATVEGE, U/x (G.6)

The variables in these equations are defined in paragraphs 4.5.3.2(1) and
4.5.3.2(2) and data are obtained from the following sources:

VARIABLE VALUE UNITS SOURCE

n 4 N/A Table 4.5-7

A 1 x 10712 N/A Table 4.5-7

2, 1.3 x 107% m RMC

2 3.8 x 1074 m Para 4.5.3.2(2)

Kic 0.82 . M Pa vm Table 4.5-7

a 7.3 x 107 m/m/°C  Table 4.5-9

ay 4.67 x 107° m/m/°C  Table 4.5-7

£ 255 x 107 Pa Table 4.5-9

3 2.8 x 107 Pa Table 4.5-8
5.1 x 107° m RMC

L 3.22 x 1073 m RMC

AT 55 °C Table 4.5-17

Substituting in equation G.6:

2x10-7{7.3x10-6-4.67x10-6] (55)v(255x109) (2.8x109) (3.22x10-3) /(5. 1x10~5)

%app
6.142 MPa

il
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Applying this result to equation G.10e:

Nf = 2 ( 1 - 1 ] (G.10e)

O x 10796 180%% 1.3 x 1004 3.8 x 1074

3.603 x 1011 cycles

(B) Assume the same conditions as paragraph 4.5.3.3(2)(A) except the die
attach material is Au-Si eutectic and the die diagonal length is 1 x
10'2m (400 mils) and all other variables remain the same. Then from
Table 4.5-18, x = 2.5 x 107°n (0.1 mi1) and from Table 4.5-8, E_ =

59.2 «x lO9 MPa. Substituting in equation G.6:

2x10-7]7.3x10-6-4.67x10-6 | (55)7(255x109)(59.2x109) (1x10-2)/(2.5x10-9)

Capp
212.5 MPa

Applying this result to equation G.10e:

Ne = 2 [ | - ] ]
2 x 100%212.9%% 1.3 x 1070 3.8 x 1077

2.515 x 109 cycles

(C) Assume the same conditions as paragraph 4.5.3.3(2)(B) except the
MIL-STD-883 quality level is Class S. This implies that a; = 7.6 x
lo'sm (3 mils) and all other variables remain the same. Applying the
previous result for equation G.6 and substituting in equation G.10e:

2 [ ] . ] ]
A x 10775 212.9% % 7.6 x 107> 3.8 x 107°

5.230 x 109 cycles
(3) Die Attach Fatique

(A) Asgyme a microcircuit with a Representative Microcircuit Configuration
(RMC) as defined in paragraph 4.5.6 and used in a MIL-HDBK-217
ground-fixed (GF) application environment. Then the mean number of
cycles to failure due to die attach fatique is found from equations G.11
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and G.12, which are combined following:

N

£ =

[ LI% - 3g[ a7 1'/¢

1
2 XYf

(G. 1
&

G.12)

The variables in this equation are defined in paragraph 4.5.3.2(3) and data

are obtained from the following sources:

VARIABLE VALUE UNITS SOURCE
L 3.22 x 1073 m RMC
ag 7.3 x 10‘66 m/m/c Table 4.5-9
ay 4.67 x 10° m/m/°c Table 4.5-7
AT 55 °c Table 4.5-17
X 5.1 x 10_5 m RMC
Y 1 N/A Table 4.5-8
c ~0.49 N/A Table 4.5-8
Substituting in equations G.11 and G.12:

10 (3.22 x 10°9(7.3 x 107% - 4.67 x 107® |(55) 11/70-49

2 (5.1 x 10=3)(1.1)

8.820 x 103 cycles

(B)

(4)

Assume the same conditions as paragraph 4.5.3.3(3)(A) except the die

attach material is Au-Si eutectic, and all other variables remain the

same.

-
i

Then from Table 4.5-18, x = 2.5 x 10~
4n equations G.11 and G.12:

10 (3.22 x 107317.3 x 10™% — 4.67 x 107% [(55) 1

6

m (0.1 mil).

2
19 cycles

(2.5 x 10-6)¢

Substrate Attach Fatigue

1.1

Substituting

1/-0.49
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(A) Assume a hybrid microcircuit used in a MIL-HDBK-217 ground-fixed (GF)
application environment with the following configuration:

Package Material Copper

Substrate Material
Substrate Attach
Substrate Size

Alumina Ceramic

Au-Si eutectic

1.91 x 10'2m square (.75 in square)

Then the mean number of cycles to failure due to substrate attach fatigue is
found from equation G.13:

Ne=110kLs | @ - as | AT 4l/c (G.13)
sa 7 f

2 X

The variables in this equation are defined in paragraph 4.5.3.2(4) and data
are obtained from the following sources:

VARIABLE VALUE UNITS SOURCE

L 2.7 x 10‘26 m configuration: (vZ (1.91 x 107%))
a. 16.9 x 1?; m/m/°¢ Table 4.5-10

a 7.3 x 10 m/m/°c¢ Table 4.5-9

AT 55 °c Table 4.5-17

Xsa 2.5 x 107° m Table 4.5-18

Y 1.1 N/A Table 4.5-8

¢ -0.49 N/A Table 4.5-8

Substituting in equation G.13:

Ne = 10 2.7 x107%)]16.9 x 107° - 7.3 x 107®|¢s5) 1 117049

2 (2.5 x 10-6)(1.1)
< 1.7 x 1072

cycles 1i.e. will not survive the first thermal cycle.

(B) Assume the same conditions as paragraph 4.5.3.3(4)(A) except the die
attach material is 70-30 In-Pb solder, and all other variables remain the



©

)

(B)

Downloaded from http://www.everyspec.com

same. Then from Table 4.5-18, Xeq = 1.5 x 10-4m (6 mils).
Substituting in equation G.13:

Ne = 1027 x107(16.9 x 107° - 7.3 x 10°°/¢s5) 11/70-49
2 (1.5 x 10-HA. 1D
= 74 cycles

Assume the same conditions as paragraph 4.5.3.3(4)(A) except the package
material is Kovar, and all other variables remain the same. Then from
Table 4.5-10, a_ = 5.2 x 107°
G.13:

m/m/°c. Substituting in equation

10 Q7107852 x 107° - 7.3 x 107055y 1104
2 (2.5 x 10-6)(1. 1

.9 X 10‘] cycles i.e. will not survive the first thermal cycle.

[}
w)

Assume the same conditions as paragraph 4.5.3.3(4)(A) except the package
material is Kovar and the die attach material is 70-30 In-Pb solder, and
all other variables remain the same. Then from Table 4.5-10, a. =

5.2 x 107° m/m/°c and from Table 4.5-18, x__ = 1.5 x 10™'m (6

mils). Substituting in equation G.13:

10271079052 x 1078 - 7.3 x 107855 11/-0-49
2 (1.5 x 10=-6)¢1. 1)

1646 cycles

Assume the same conditions as paragraph 4.5.3.3(4)(D) except the
substrate size is 1.27 x 10-2m square (0.5 in square). Then Ls
= J2(1.27 x 10-2) = 1.8 x 10-2m. Substituting in equation G.13:

Np= 10 (.8 x10795.2 x 1078 - 7.3 x 107855y 11/-0-49
2 (1.5 x 10-Ha.n

3765 cycles

f'_-.




Downloaded from http://www.everyspec.com

4.5.3.4 Evaluation

The results from the application examples given in paragraph 4.5.3.3 are
summarized following:

FAILURE MECHANISM MICROCIRCUIT CONFIGURATION* N¢ (cycles)
Die Brittle RMC Note 1
Cracking RMC except: Au-Si eutectic

: die attach Note 2

L=1x 10-2 (400 mils)

Die Fatigue = ———mmmmmmmmm
RMC except: Au-Si eutectic
Cracking die attach 2.5 x 103
: Lo=1 x 10-2m(400mils)
RMC except: Au-Si eutectic
die attach 5.2 x 103
L =1 x 10-2m(400 mils)
MIL-STD-883, Class S

Die Attach RMC 8.8 x 103
Fatique RMC except: Au-Si eutectic 19
die attach
| Case: Cu; Substrate: Al1,03 will not
Substrate Attach: Au-Si eutectic survive first
Substrate size: 1.91 x 10~2m cycle
square (.75 in square)

Substrate =000 —emeemmmm o
Same except 70-30 In-Pb 74

Attach solder attach

Fatigue Same except Kovar case will not surive

first cycle

Same except Kovar case, 70-30 In-Pb 1646
solder attach

Same except Kovar case, 70-30 In-Pb
solder attach, substrate 1.3 x 10~Zm
square substrate (0.5 in square) 3765

*RMC is defined in paragraph 4.5.6

Note 1. Die brittle cracking will not occur.
2. Die brittle cracking during first thermal cycle will occur.
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From the summary table it is clear that the microcircuit designer's choice of
materials, fabrication processes and geometry strongly influence the presence
and severity of the failure mechanisms considered in this section.

Die brittle cracking is not normally seen in typical microcircuits. However,
it could become a frequently occurring problem if the trend to larger die
sizes is accompanied by the use of thin lTayer eutectic attach materials.
Thick layer attach materials are preferable for larger die sizes.

Die fatigue cracking is rarely experienced in most current production
microcircuits. However, mean cycle life can be reduced by 6 or more orders of
magnitude if the trend to larger die sizes is accompanied by the use of thin
layer eutectic atach materials. It is noted that upgrading the quality level
from MIL-STD-883, Class B to Class S has negligible effect on life cycle
improvement.

Die attach fatigue is frequently seen in power microcircuits and hybrids, and
will become of greater prevalence if thin layer eutectic attach materials are
employed. This failure mechanism frequency can be reduced by using thick
layer low modulus of elasticity attach materials.

Substrate attach fatigue is found only in hybrid or multi-chip microcircuits
where microcircuit components are mounted on substrates. The summary table
deomonstrates the extreme importance of evaluation of package materials and
substrate attach materials to optimize mean cycles to failure. Additionally,
this mechanism can be further reduced by the strategy of using several smaller
substrates in lieu of a single large substrate.

4.5.4 Failure Models of Metallization and Wire Bond Corrosion

4.5.4.1 Description of Models

The time to failure of a microelectronic package due to corrosion is dependent
upon the package type, corroding material, and environmental conditions. The
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package type is defined in terms of package geometry, encapsulating materials
and 1id and lead seals. These attributes together with the environmental
conditions (relative humidity and temperature) determine the rate of moisture
ingrecs, hermeticity and the moisture induction time for the package. The
properties of the corroding material, contaminant and condensed moisture will
control the rate of the corrosion process. For example, corrosion is less
likely to occur in a cool, dry environment while a hot and humid environment
will shorten the induction time and promote the galvanic transfer of ions for
the corrosion process.

As the temperature increases, the rate of moisture ingress increases which
leads to a shorter induction time. However, if the microelectronic device is
electrically activated such that the temperature surrounding a potential
corroding material is high enough to prevent moisture condensation, then
corrosion will not occur. Thus the non-operating environment of the package
is more severe than the operating environment for the corrosion failure
mechanism.

The induction time between hermetic and non-hermetic packages can differ by
four orders of magnitude. However, with new encapsulating package materié]s,
such differences are being minimized and permeation is playing a smalier role
on moisture ingression as compared to moisture flow.

Corrosion of metallization and bonding materials occurs predominantly on
aluminum subjected to a chlorine or other halogen ionic contaminant. However,
as the component dimensions are miniaturized and the current densities are
increased, even gold will corrode provided there is an electrolyte for
galvanic transfer. Furthermore a high quality and contaminant-free
passivation layer can extend the time to failure by as much as 4 orders of
magnitude compared to an unprotected counterpart.

The de&?ﬁopment of the model for corrosion induced failure is more fully
discussed in Appendix H.

4.5.4.2 Metallization and Wire Bond Corrosion Failure Models
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As discussed in 4.5.4.1, models have been developed for conductor
metallization and bond pad corrosion failure. The total time to corrosion
failure is the sum of two terms as defined by equation (H2.1):

teTy e, (H2.1)

where
Tt is the time to corrosion failure.
T is the induction time necessary for the internal package volume
to reach the threshold moisture content to support the corrosion

process.
) is the time required for the corrosion process to terminate in
failure.

In Appendix H it is shown that T, >> t]. Therefore, the total time to
corrosion failure can be effectively approximated by equation (H2.1a), as
follows:

T=T, (HZ.]a)

It is useful to evaluate t] to compare the effect of varying package leak
rates for hermetically sealed packages, or to compare the effectiveness of
alternate encapsulation materials for a non-hermetic package. Figure 4.5-2
delineates T for hermetic packages as a function of the package volume

and the allowable leak rate of the package from MIL-STD-883. The induction
time for a non-hermetic package is defined by equation (H2.2) as follows:

2
T (non-hermetic) = }2& (H2.2)

2D

where:
.L is the effective thickness of the package barrier between the
) microcircuit and the external ambient, cm, which may be approximated
by one-half of the overall package thickness.
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D is the permeability of the encapsulant material, cm34cm/cm2—sec—bar
(i.e. cubic centimeter volume of permeant at standard temperature and
pressure per square centimeter of barrier area per second bar

differential pressure across the barrier per centimeter of barrier
thickness).

The two principal sites for corrosion failure are discussed below.

(1) Conductor Metallization Corrosion Failure

The model for the time required for conductor metallization failure is defined
by equation (H3.8).

11 kikok3z  wlhndp
kg MV

Tom =8 x 10 (sec) (H3.8)

where:

Tom is the time to failure for conductor metallization, seconds.

k1 is the physical properties index of the conductor material
obtained from Table 4.5-12.

k2 is the coating integrity factor obtained from Table 4.5-13.
is the equipment operating time factor obtained from Table 4.5-14.

k4 is the temperature-humidity environment acceleration factor
obtained from figure 4.5-1.

w is the width of the conductor metallization, cm.
is the height of the conductor metallization, cm.

n is the chemical valence of the conductor material obtained from
Table 4.5-12. ,
is the density of the conductor material obtained from Table 4.5-12.

M is the atomic weight of the conductor material obtained from Table
4.5-12

) is the applied or galvanic electrical bias, volts, chosen as
described in Table 4.5-16.

p is the resistivity of the electrolyte, ohm-cm, Table 4.5-15.
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(2) Bond Pad Corrosion Failure

The model for the time required for bond pad metallization failure is defined
by equation (H3.10) as follows:

Ty = 8 x 1011 KiKak3  Vende

kq MV

(H3.10)

where:

is the time to failure for conductor metallization, seconds.

k, is the physical properties index of the bond pad material
obtained from Table 4.5-12.

k2 is the coating integrity factor obtained from Table 4.5-13, which
for an uncoated bond pad is equal to unity.

k3 is the equipment operating time factor obtained from Table 4.5-14.

k4 is the temperature-humidity environment acceleration factor

obtained from Figure 4.5-1.
v is the bond pad volume, cm3, obtained from Table 4.5-1}.
n is the chemical valence of the anodic member of the bond pad/bond
wire combination, obtained from Table 4.5-16 and 4.5-12.
d is the density of the anodic member of the bond pad/bond wire
combination, obtained from Tables 4.5-16 and 4.5-12.
M is the atomic weight of the anodic member of the bcnd pad/bond wire
combination, obtained from Tables 4.5-16 and 4.5-12.
vV is the applied or galvanic electrical bias, volts, chosen as
described in Table 4.5-16.
p is the resistivity of the electrolyte, ohm-cm, obtained from
Table 4.5-15.

4.5.4.3 Application Examples for Conductor and Bond Pad Metallizaticn
Corrosion Failure Models

(1) Conductor Metallization Corrosion

(A) Assume a microcircuit with a Representative Microcircuit Configuration



Downloaded from http://www.everyspec.com

(RMC) as defined in 4.5.6 and used in a MIL-HDBK-217 ground-fixed (GF)
application environment in which the equipment is operated an average of
three hours per day. Then the mean time to failure due to conductor
metallization corrosion is found from equation H3.8:

=8 x 10 K KoKy g,

T =
2m k4 MV (H3.8)

The variables in this equation are defined in paragraph 4.5.4.2(1) and data
are obtained from the following sources:

VARIABLE VALUE UNITS SOURCE

k1 0.1 N/A Table 4.5-12
k2 10 N/A Table 4.5-13
k3 1.14 N/A Table 4.5-14
k4 0.34 N/A Figure 4.5-1
W 1.5 x 107 cm RMC

h 7.5x 107> cm RMC

n 3 N/A Table 4.5-12
d 2.7 gm/cc Table 4.5-12
P 7.3 x 106 ohm-cm Table 4.5-15
M 27 amu Table 4.5-12
\ 5 volts RMC

Substituting equation H3.8:

(B)

4275 x 107)(3)2.71)¢7.3 x 10°

.30 Z(5)
- 1.983 x 10° seconds = 551 hours

11,(0. D A0 (1.14) (1.5 x 10~

=@ x10'h )

Tom

Assume the same conditions as paragraph 4.5.4.3(1)(A) except the
conductor metallization is gold. Then from Table 4.5-12, Ky = 1.0, M =
197, d = 19.32, n = 3 and all other variables remain the same.
Substituting in equation H3.8:
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&y 101,000 (18 (1.5 x 1075275 x 1072)(3)(19.32)(7.3 « 10%)
X (0.3 SENIE)
7

seconds = 5400 hours

Tom =

1.944 x 10

(C) Assume the same conditions as in paragraph 4.5.4.3(1)(A) except the conductor

5 5

metallization line width is 5 x 10 °m (0.5 microns). The w = 5x10 “m and

all other variables remain the same. Substituting in equation H3.8:

gy 1011(@DA0 . 14) (5 X 107352(7.5 % 10725(32.7)(7.3 x 10%)
Tom = (0.38) 2 (5)
= 2.203 «x 105 seconds = 61 hours

(D) Assume the same conditions as in paragraph 4.5.4.3(1)(A) except the
microcircuit will be used in an environment with a significantly
higher chlorine content than normal. Then from Table 4.5-15, p =
2.3 x 106 ohm-cm and all other variables remain the same.

Substituting in equation H3.8:

2075 x 1072(3)(2.7)¢2.3 x 10%

(0.34) QN
6.246 X 105 seconds = 174 hours

-4
(8 X 1011)(0.1)(10)(1.]4) (5 x 10 )

(E) Assume the same conditions as in paragraph 4.5.4.3(1)(A) except the
signal power supply voltage is 1.5 volts and all other variables
remain the same. Substituting in equation H3.8:

(8 ¢ 1011, DA0.18) (1.5 x 10742(7.5 x 1072)¢3)(2.7¢7.3 x 10%)
0.34) GH1.5)

seconds = 1836 hours

Tom

6.609 x 10°

(F) Assume the same conditions as paragraph 4.5.4.3(1)(A) except the
microcircuit metallization has been covered by a protective coating that
has been demonstrated to provide a strong chemcical bond to the
metallization that is inherently free from cohesive or bulk defects and
is not detrimentally affected by a GF environment e.g. silicon gel or
equivalent. Then from Table 4.5-13, K2 = 100 and all other variables
remain the same. Substituting in equation H3.8:
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(8 ¢ 10'15(Q-12100)(1.14) (1.5 x 10°52(7.5 x 1072)(3)(2.7)¢7.3 x 105
0.30) S

1.983 x 107 seconds = 5507 hours

]

Tom

(G) Assume the same conditions as paragraph 4.5.4.3(1)(A) except the
equipment is operated an average of 16 hours per day. Then from Table
4.5-14, K3 = 3 and all other variables remain the same. Substituting
in equation H3.8:

@y 10110 D0 (15 X 107H2(7.5 x 10720 2.71)(7.3 x 109
Tom = (0.34) N5
= 5.217 x 106 seconds = 1449 hours

(2) Bond Pad Corrosion

(A) Assume the same conditions as paragraph 4.5.4.3(1)(A). Then the mean
time to failure due to bond pad corrosion is found from equation H3.10:

-8 x ]011 k]k2k3 CV ndp

. = © (H3.10)
2w Ka WV

The variables in this equation are defined in paragraph 4.5.4.2(2) and thé data
values and data sources for this equation are the same as tabulated in paragraph
4.5.4.3(1)(A), except VC is obtained from Table 4.5-11. For the assumed

conditions VC is defined as the least value of equations H.8a and H.8b:

2

0.3 s tb (H.83a)
VC 0.236 D3 (H.8D)

The variables in these equations are defined in Table 4.5-11. From the RMC
definition in paragraph 4.5.6 the following values are obtained:

VARIABLE VALUE UNITS SOURCE
D 3.2 x 1073 cm RMC
S 1 x 1072 em RMC
t, 7.5%x 107 cm RMC
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Substituting in equations H.8a and H.8b and choosing the least value:

Ve = 2.25 x 1079 cm?

Substituting in equation H3.10:

(B

9(1)(2.717(7.3 x 10%

.30 3D (5)
2.643 x 107 seconds = 7.343 x 10° hours

(8 x 1011)(0.1)(10)(1.14) (2.25 x 10

Tow

Assume the same conditions as paragraph 4.5.4.3(1)(A) except the bond
wire material is gold. Since the bond wire and bond pad are dissimilar
metals, from Table 4.5-16, it is determined that the bond pad material
(aluminum) is anodic to gold and that

v9a1VaN1C =1+ (Veathode ~ Yanode’ = 1+ (1:5 - (-1.66))
= 4.16 volts
Since Vgalvanic <V =5 volts, the latter value is used in equation

H3.10. From Table 4.5-11 it is determined that the corrosively attacked
member is the bond pad and that equation H.8a defines the corrosion
volume:

c = 0.3 s tb (H.8a)

The variables for this equation are defined in Table 4.5-11 and the
variable values are determined from the RMC defihition in paragraph’
4.5.6. The values tabulated in paragraph 4.5.4.3(2)(A) apply.
Substituting these values in equation H.8a:

2,2

VC = (0.3)(1 x 100)°(7.5 x 10~

5 3

) = 2.25 x 1077 ¢m
Siﬁce the corrosively attacked member is the bond pad all the applicable

variable values tabulated in paragraph 4.5.4.3(1)(A) apply to this
condition. Substituting these values in equation H3.10:
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9y(3)(2.77(7.3 x 105

(0.38) 2 (5)
2.643 x 107 seconds = 7.343 x 10° hours

11,€0.DHAM.14) (2.25 x 10~

8 x 1011 )

Tow

Assume the same conditions as paragraph 4.5.4.3(1)(A) except the bond pad
is gold and the bond wires are attached with wedge bonds. Since the bond
wire and bond pad are dissimilar metals, from Table 4.5-16, it is
determined that the bond pad material is cathodic to the bond wire
material (aluminum) and that

1 +V -V =1+ 1.5- (-1.66)

Vgalvanic = cathode anode
= 4,16 volts
Since Vga]vanic <V =5volts, the latter value is used in equation

H3.10. From Table 4.5-11 it is determined that the corrosively attacked
member is the bond wire and for wedge bonds equation H.8b defines the
corrosion volume:

3

V. =0.236 D (H.8b)

C
The variable for this equation is defined in Table 4.5-11. From the RMC
definition in paragraph 4.5.6 the value D = 3.2 «x 10'3
Substituting in equation H.8b:

cm is obtained.

3,3

0.236)(3.2 x 1073 = 7.733 x 1072 cm’

VC =

Since the corrosively attacked member is the bond wire, all the

‘applicable variable values tabulated in paragraph 4.5.4.3(1)(A) apply to

this condition. Substituting these values in equation H3.10:

@y 1011,(Q1(0)(1.14) (7.733 X 100D () 2.7¢7.3 x 105
Tow T 0.30) 2N 5
N2 9.085 x 107 seconds = 2.524 x 10° hours
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4.5.4.4 Evaluation

Tnhe results from che application examples given in paragraph 4.5.4.3 are
summarized following:

N
FAILIJRE MECHANISM MICROCIRCUIT CONFIGURATION* f (hours)
RMC: operating 3 hrs/day 551
RMC except: Au conductors
- operating 3 hrs/day 5400
Conductor RMC except: 0.5 micron line
width
- operating 3 hrs/day 61
Metallization RMC
- operating in corrosive
environment 174
Corrosion - operating 3 hrs/day
RMC except: 1.5v power supply
- operating 3 hrs/day 1836
RMC
- exceptional conductor
protective coating 5507
- operating 3 hrs/day
RMC
- operating 16 hrs/day 1449
RMC
- operating 3 hrs/day 7.3 x 109
Bond Pad RMC except: Au bond pad
. - operating 3 hrs/day 7.3 x 105
Corrosion RMC except: Au bond pad

:  wedge bonds 2.5 x 106
-~ operating 3 hrs/day

* RMC is defined in paragraph 4.5.6
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Comparison of the mean time to failure for the two corrosion sites described
in the summary table clearly demonstrates that conductor metallization
corrosion is predicted to be much more prevalent than bond pad corrosion.

The conductor metallization corrosion mechanism can cause three or more orders
of magnitude variation in mean time to failure, dependent on design,
materials, fabrication processes and operating conditions. Significant
improvement in microcircuit resistance to this failure mechanism can be
achieved by two steps, either separately or in combination viz3.

e develop improved conductor protective coatings (passivation)(order
magnitude increase)

o use of more corrosion resistant conductor metals (order of magnitude
increase)

The trend to higher density microcircuits has contradictory effects on
conductor metallization corrowion. On one hand narrower conductor widths can
reduce mean time to failure by an order of magnitude. On the other hand the
lower signal voltage levels can increase mean time to failure by a factor'up
to three. This suggests that the overall effect of higher density
microcircuits will be an increasing susceptability to the corrosion
mechanism. Thus it is emphasized that it will become increasingly important
to implement the reliability improvement steps highlighted above.

Finally, it is observed that increasing equipment operating time per day will
incrgase the mean time to failure from corrosion mechanisms. Continuously
operating equipment will not experience corrosion failure. Not only do the
models predict this result, but it is in agreement with experience. Corrosion
is an electrochemical process and liquid phase moisture is a necessary
condition for the process to occur. Under the thermal conditions of equipment
operat{bn only vapor phase moisture is present within microcircuit enclosures.

4.5.5 Differential Temperature for Use in Failure Models
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Transient differential temperature at the failure site is the principal source
of stress that drives the failure mechanisms discussed in paragraphs 4.5.2 and
4.5.3. The models developed for these mechanisms utilize the differential
temperature raised to a power. Hence, the model predictions are sensitive to
the differential temperature value employed. Development of realistic delta
temperature values for use in the models is discussed in Appendix I.

4.5.6 Representative Microcircuit Configuration (RMC)

The objective for the failure mechanism models developed in this report was to
obtain "easy to use" models with variables that are reasonable and accessible
for use by reliability analysts and that accurately predict the time or number
of cycles to failure. This dual objective is self-contradictory in that
accuracy requires inclusion of all variables with significant effect on the
failure mechanisms and simplicity requires minimization of variables. Our
solution to this dilemma is two-fold:

(1) Develop models in accordance with the applicable laws of physics,
chemistry and engineering that fully and accurately relate all
significant variables to their effect on component life.

(2) Simplify the models for use by reliability analysts using the concept of
a Representative Microcircuit Configuration (RMC), as further described.

When mature technology microcircuits are produced to established performance
and package standards by numerous manufacturers, competitive pressures ensure
that-a high degree of similarity will exist between parts of equivalent
performance housed in interchangeable packages. Hence, many of the failure
mechanism variables will be approximately equal for all MIL-M-38510
microcircuits. Production efficiency requirements will ensure repetitive
usage of materials and certain geometric features throughout a complete
technology product Tine. The RMC concept exploits this similarity.

Westinghouse experience in application, reliability characterization and
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failure analysis of microcircuits and design and manufacturing of multichip

hybrids, combined with discussions with the microcircuit suppliers

£102,1031

has resulted in the following definition of an RMC:

PACKAGE

DIE

DIE ATTACH

CONDUCTORS

BOND PADS

BOND WIRE

APPLIED VOLTAGE

QUALITY LEVEL

AMBIENT

Hermetically sealed
A1203 Alumina ceramic base and 1id

Silicon
Diagonal length = 3.23 x 10 "m (127 mils)
Thickness = 3.7 x 10”%m (14.5 mils)

3

Mounted to package base
Ag-glass epoxy

After cure thickness = 5.1 x 10'5

m (2 mils)

Aluminum
Passivation coated

Width = 1.5 x 10™%cm (1.5 microns)(0.06 mils))

Thickness = 7.5 x 10=3¢m (7500 A)(0.03 mils):
Aluminum
Not passivation coated

Size = 1 «x 10'2cm x 1 x 10'2cm (4 mils x 4 mils)

Thickness = 7.5 x 10-9cm (7500 A)(0.03 mils)

Aluminum

Diameter = 3.2x10'2

mm ¢ 1.25 mils) = 3.2x10 3cm
5 Volts

MIL-STD-883, Level B

Allowable vertical edge crack length = 1.3 «x

107%m (5 mils)

Temperature = 70°C
Humidity = 90% RH
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7 Model Simplification

7.1 Faillure Mechanism Models

The following non-electrical (package related) failure mechanism models have
been developed in Section 4.5 of this report.

(1
(2)

(3

(4)
(5)
(6)
(7)
(8)

(9

4.5.

Bond Wire Flexure Fatigue (Equations F5.7a and F5.8, Paragraph 4.5.2.2(1)).
Shear Fatigue at Bond Pad/Substrate Interface (Equations F5.9 and F5.10,
Paragraph 4.5.2.2(2)).

Shear Fatigue at Bond Pad/Bond Wire Interface (Equations F5.10 and F5.14,
Paragraph 4.5.2.2(3)).

Die Brittle Cracking (Equations G.4, G.5 and G.6, Paragraph 4.5.3.2(1)).
Die Fatigue Cracking (Equations G.5, G.6 and G.10e, Paragraph 4.5.3.2(2)).
Die Attach Fatigue (Equations G.11 and G.12, Paragraph 4.5.3.2(3)).
Substrate Attach Fatigue (Equation G.13, Paragraph 4.5.3.2(4)).

Conductor Metallization Corrosion (Equations H2.la and H3.8, Paragraph
4.5.4.2(1)).

Bond Pad Corrosion (Equations H2.1la and H3.10, Paragraph 4.5.4.2(2)).

7.2 Failure Mechanisms Present in an RMC

Using the parenthetical numbers assigned to the failure mechanisms in paragraph

4.5.

(1
(2)
(4)
(5
(6)
(8)
(9

The

7.1, only the following mechanisms are potentially present in an RMC:

Bond Wire Flexure Fatigue

‘Shear Fatiqgue at Bond Pad/Substrate Interface
Die Brittle Cracking

Die Fatigue Cracking

Die Attach Fatigue

Conductor Metallization Corrosion

Bond Pad Corrosion

mechanisms which are not included in an RMC, and the reasons for their
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omission, are discussed below.
(3) Shear Fatigue at Bond Pad/Bond Wire Interface

This mechanism is not present because the bond pad and bond wire are made from
the same material, thus eliminating the cause of the mechanism (differential
thermal expansion). Single-metal bonds have greater industry usage than do
bi-metallic bonds, so the former is used in the RMC.

(7) Substrate Attach Fatigue

This mechanism is not present because the predominant practice in microcircuit
construction is to directly attach the die to the package base. This
mechanism can be of significance in hybrids, however.

4.5.7.3 Simplified Failure Mechanism Models for an RMC

The applicable fully delineated failure mechanism models defined in paragraphs
4.5,2, 4.5.3 and 4.5.4 have been simplified by the Representative Microcircuit
Configuration (RMC) concept described in paragraph 4.5.6 and are presented
below. The simplification applies only to the seven applicable models
discussed in paragraph 4.5.7.2.

4.5.7.3.1 Bond Wire Flexure Fatigue
The fully delineated model for this mechanism is defined by equations F5.7a
and F5.8 given in paragraph 4.5.2.2(1). Following is a 1ist of the variables

in this model for which numerical values are obtained from the sources noted,
using the RMC concept:
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VARIABLE VALUE UNITS SOURCE
A, 3.9232 x 10710 WA Table 4.5-4
, -5.134 N/A Table 4.5-4

r 1.6 x 1072 mm RMC
' 23.2 x 1078 m/m/°c  Table 4.5-1
4.67 x 107° m/m/°c  Table 4.5-2

Incorporating these values provided the following simplified model:

1 -5.134

NeCFlay) = 5.6 % 107 | Cos™' (9.66 -~ 1.79 x 107 aT) _
TS5

where
AT is the temperature difference encountered in the application,
obtained from Table 4.5-17, or user supplied.

4.5.7.3.2 Shear Fatigue at Bond Pad/Substrate Interface

(4.5.1)

The fully delineated model for this mechanism is defined by equations F5.9 and

F5.10 given in paragraph 4.5.2.2(2). Following is a list of the variables in

this model for which numerical values are obtained from the sources noted,

using the RMC concept:

VARIABLE VALUE UNITS SOURCE
A, 4.3386 x 107! N/A Table 4.5-5
n, 5.134 N/A Table 4.5-5
K 1.46 x 1072 N/A Table 4.5-6

Incorporating these values provides the following simplified model:

14 -5.134
Nf(shear)s = 2.9078 x 10 " AT
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where

AT is the temperature difference encountered in the application,
obtained from Table 4.5-17, or user supplied.

4.5.7.3.3 Die Brittle Cracking

The fully delineated model for this mechanism is defined by equations G.4, G.5
and G.6 given in paragraph 4.5.3.2(1). Following is a list of the variables
in this model for which numerical values are obtained from the sources noted,

using the RMC concept:

VARIABLE VALUE UNITS SOURCE
Ky, 0.82 MPa vm  Table 4.5-7
ag 7.3 x 107° m/m/°c  Table 4.5-9
ay 4.67 x 107° m/m/°c  Table 4.5-7
£ 255 x 10° Pa Table 4.5-9
E, 2.8 x 10° Pa Table 4.5-8
X 5.1 x 107° m RMC
L 3.22 x 1073 RMC
a 1.3 x 1074 m RMC

Incorporating these values provides the following simplified criterion for the

presence of this failure mechanism:

5~ < ay= 1.3 x 10-4

where
AT is the temperature difference encountered in the application,
obtained from Table 4.5-17, or user supplied.
The maximum value of AT obtainable from Table 4.5-17 is AT = 55°C.
Substituting this value in equation 4.5.3 yields the following:

178

(4.5.3)



Downloaded from http://www.everyspec.com

17.2
(55)

ac = 5 = 5.67 x 10=9m > aj = 1.3 x 10-%m

Since a. is two orders of magnitude greater than ay, this failure
mechanism will not occur in any MIL-HDBK-217 application environment defined
in Table 4.5~ 17 for the Representative Microcircuit Configuration presented

in paragraph 4.5.6.
4.5.7.3.4 Die Fatigue Cracking

The fully delineated model for this mechanism is defined by equations G.5, G.6
and G.10e given in paragraph 4.5.3.2(2). Following is a list of the variables
in this model for which numerical values are obtained from the sources noted,
using the RMC concept:

VARIABLE VALUE UNITS SOURCE

n 4 N/A Table 4.5-7
A 1 x 10712 N/A Table 4.5-7
2, 1.3 x 107% m RMC

a 3.8 x 1074 m Para. 4.5.3.2(2)
K, 0.82 MPavm Table 4.5-7
a, 7.3 x 1070 m/m/°c  Table 4.5-9
ay 4.67 x 1070 m/m/°c  Table 4.5-7
£ 255 x 10° Pa Table 4.5-9
E, 2.8 x 10° Pa Table 4.5-8
X 5.1 x 107° m "RMC

L 3.22 x 1073 m RMC

Incorporating these values provides the following simplified model:

Ne = 3.3 x 108 / ar® (4.5.4)
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where

AT is the temperature difference encountered in the application,
obtained from Table 4.5-17, or user supplied.

4.5.7.3.5 Die Attach Fatique

The fully delineated model for this mechanism is defined by equations G.11 and
G.12 given in paragraph 4.5.3.2(3). Following is a list of the variables in
this model for which numerical values are obtained from the sources noted,
using the RMC concept:

VARIABLE VALUE UNITS SOURCE
ag 7.3 x 1078 m/m/°c  Table 4.5-9
ay 4.67 x 1078 m/m/°c  Table 4.5-7
X 5.1 x 1072 m RMC
y'f 1.1 N/A Table 4.5-8
-0.49 N/A Table 4.5-8
L 3.22 x 1073 m RMC

Incorporating these values provides the following simplified model:

7 2.041

Nf = 3.217 x 10" AT (4.5.5)

where
AT is the temperature difference encountered in the application,
obtained from Table 4.5-17, or user supplied.

4.5.7.3.6 Conductor Metallization Corrosion
The fully delineated model for this mechanism is defined by equations H2.la
and H3.8given in paragraph 4.5.4.2(1). Following is a list of the variables

in this model for which numerical values are obtained from the sources noted,
using the RMC concept:
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VARTABLE VALUE UNITS SOURCE

k] 0.1 N/A Table 4.5-12
k2 10 N/A Table 4.5-13
k4 0.34 N/A Figure 4.5-1
W 1.5 x 107 cm RMC

h 7.5 x 107> em RMC

n 3 N/A Table 4.5-12
d 2.7 gm/cc Table 4.5-12
M 27 amu Table 4.5-12
Vv 5 Volts RMC

P 7.3 x 106 ohm-cm Table 4.5-15

Incorporating these values provides the following simplified model:

[}

6
Tom 1.7 x 10 K3 seconds (4.5.6)

483 K hours (4.5.6a)

or ‘tzm 3

where
K3 is the equipment operating time factor obtained from Table 4.5-14.

4.5.7.3.7 Bond Pad Corrosion
The fully delineated model for this mechanism is defined by equations H2.la
and H3.10 given in paragraph 4.5.4.2(2). Ffollowing is a list of the variables

in this model for which numerical values are obtained from the sources noted,
using the RMC concept:
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VARIABLE VALUE UNITS SOURCE

k] 0.1 N/A Table 4.5-12
k2 10 N/A Table 4.5-13
k4 0.34 s N/g Figure 4.5-1
Vc 2.2 x 10 cm Table 4.5-11
n 3 N/A Table 4.5-12
d 2.7 gm/cc Table 4.5-12
M 27 amu Table 4.5-12
v 5 Volts RMC

0 7.3 x 10° ohm-cm  Table 4.5-15

Incorporating these values provides the following simplified model:

9

2.3 x 107 K seconds (4.5.7)

Tow 3

5

6.3 x 107 K hours (4.5.7a)

where .
K3 is the equipment operating time factor obtained from Table 4.5-14.

4.5.7.4 Other Simplified Failure Mechanism Models

Two failure mechanisms are identified in paragraph 4.5.7.2 that are not
present in an RMC, and hence would be expected to form a minor part of the
total package-related failures experienced in military electronic equipment.
These mechanisms can be simplified for evaluation purposes by assuming
probable material combinations and construction practices that would cause the
mechanisms to be activated. The two remaining mechanisms are discussed below.

4.5.7.4.1 Shear Fatigue at Bond Pad/Bond Wire Interface

~

The fully delineated model for this mechanism is defined by equations F5.10
and F5.14 given in paragraph 4.5.2.2(3). This mechanism can be activated in a
microcircuit only when the bond pad and bond wire are made from dissimilar
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materials. If these two elements are made from dissimilar materials, the most
probable combination would be gold wire bonded to aluminum pads. Assuming the
bond pad is on a silicon die and that this combination is chosen, following is
a list of the variables in this model for which numerical values are obtained
from the sources noted:

VARIABLE VALUE UNITS SOURCE
A, 4.2948 x 10712 N/A Table 4.5-5
n, -4.9828 N/A Table 4.5-5
a, 14.2 x 10_6 m/m/°¢ Table 4.5-1
o 4.67 x 10_6 m/m/°c Table 4.5-2

Incorporating these values provides the following simplified model:

15 -4.983

N 1.4 x 10 ~ AT (4.5.8)

f(shear)w -

where

AT js the temperature difference encountered in the application,
obtained from Table 4.5-17, or user supplied.

4.5.7.4.2 Substrate Attach Fatique

The fully delineated model for this mechanism is defined by equations G.13
given in paragraph 4.5.3.2(4). This mechanism can be activated only when a
substrate is inserted between a microcircuit die and the package base.
Normally, this type of construction is employed in hybrid/multichip
microcircuits. The substrate will usually be a base for conductor
metallization to provide interconnections between passive and active leadless
(chip) components. Hybrid circuits dissipating several watts of power are
typicalTy housed in hermetically sealed copper alloy packages with aluminum
nitride substrates, employing 70 - 30 In - Pb solder for efficient heat
transfer. Assuming this type of construction, following is a list of the
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variables in this model for which numerical values are obtained from the
sources noted:

VARIABLE VALUE UNITS SOURCE
ag 4.5 x 107° m/m/°c  Table 4.5-9
a 16.9 x 107° m/m/°c  Table 4.5-10
X<a 1.5 x 10'4 m Assumed
Ye 1. N/A Table 4.5-8
c -0.49 N/A Table 4.5-8

Incorporating these values provides the following simplified model:

Ne = 98.4 (L. AT) -2.041 (4.5.9)

where
LS is the diagonal length of the substrate, meters.
AT is the temperature difference encountered in the application,

obtained from Table 4.5-17, or user supplied.

4.5.8 Relationship Between Cycles and Time

The reliability analyst requires knowledge of the time to failure for the
various failure mechanisms that may be present in an electronic component
being analyzed. However, seven of the nine models developed in this report
for package related failure mechanisms are a function of temperature change
magnttude and can only predict the number of stress/strain cycles to fatigue
or cracking failure. The duration of the temperature change cycles has
negligible effect on these mechanisms, as discussed in Appendix I.

Temperature change cycles are caused by the following conditions:

AN

(1) Air transportation in non-temperature controlled cargo compartments while
the equipment is not operating.
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(2) Climatic diurnal temperature variations when the equipment is not
operating.

(3) Temperature increase above ambient due to internal heat dissipation
during equipment operationk

The first condition is infrequently encountered and the second is of
negligible temperature magnitude, as discussed in Appendix I and delineated in
Table I-5. Hence, the third condition is the principal source of temperature
variation.

In the context of this report an equipment operating cycle is defined to be
the time elapsed between equipment turn-on and turn-off. Some types of
equipment have varying power levels during an operating cycle while other
types have a constant power level. The operating power level directly affects
the temperature change magnitude at each component.

Equipment operating cycles vary from nearly continuous for certain types of
equipment to short intermittent periods for other types. Hence, accurate
determination of mean time to failure for these mechanisms depends upon
accurate determination of operating cycle duration for the type of equipment
being analyzed.

Little published data exists on the relationship between operating cycle
duration and equipment type. Accumulation and analysis of such data are
beyond the scope of this report. Time and temperature analysis of specified
equipment mission profiles are the best source of data for operating
temperature cycle magnitude and duration.

Appendix I, Table I-1, records the results of measured temperature variation
during a flight mission for an unidentified airborne electronic equipment.
This data suggests that the major temperature variations recorded had an
averagé"duration of 1.1 hours per cycle. MWhen more accurate information is
not available, it is conservative to assume a short thermal cycle duration.
Based on this data the following relationship between temperature cycles and
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time is tentatively offered:

Te = 1.25N, (4.5.10)

where
Tf is the mean time to failure, hours
Nf is the mean number of cycles to failure obtained from equations
4.5.1, 4.5.2, 4.5.4, 4.5.5 and 4.5.8 through 4.5.9 (or the fully
delineated equations from which these are derived).

4.5.9 Failure Mechanism Model Assessment

Operational use of electronic equipment subjects the microcircuits employed
therein to various levels of electrical, mechanical, thermal, chemical and
environmental stresses. These stresses activate latent failure mechanisms
that have not been removed by microcircuit quality control inspections, tests
and screens. Many of these mechanisms are wearout type which cause the
microcircuit probability to increase with time. In general the probability
increase rate is different for each mechanism. Hence, meany mechanisms are
simultaneously competing to cause device failure. Evaluation of the mean time
to failure for each competing mechanism permits ranking to identify the most
probable mechanisms.

The nine package related failure mechanisms modeled in this report are ranked
following, based on the following assumptions:

(1) The microcircuits conform to the Representative Microcircuit
Configuration (RMC) defined in paragraph 4.5.6.

(2) The relationship between the mean number of cycles to failure and
the mean time to failure conforms to equation 4.5.11.

(3) The two mechanisms not present in an RMC conform to the probable
configuration discussed in paragraph 4.5.7.4.

(4) The microcircuits are used in an equipment used in an application
environment, as delineated in Table 4.5-17, for which a maximum AT
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is expected, i.e. either AU’ GB or N, for which AT = 55°C

U’
is expected.

(5) MWhile substrates are not utilized in an RMC, for ranking purposes, a
substrate size of 2.5 «x 10'2m square (1 inch square) attached with
70 - 30 In - Pb solder with an attach thickness of 1.5 x 10'4m (6

mils) is assumed.

Tabulated following are these nine mechanisms listed in order of increasing
mean time to failure:

.
MEAN TIME ?O FAILURE

FAILURE MECHANISM HOURS YEARS

(1) Substrate Attach Fatigue 30 -

(2) Conductor Metallization Corrosion 724 -

(3) Die Attach Fatigue 1.1 x 10 .25

(4) Bond Pad/Die Interface Shear Fatigue 4.2 x 105 48

(5) Bond Pad/Wire Corrosion 9.4 x 10° 107

(6) Bond Pad/Bond Wire Interface Shear Fatigue 3.0 x 106 433

(7) Die Fatigue Cracking 4.5 x 10" 5.1 x 107

(8) Bond Wire Flexure Fatigue 2.9 x 10" 3.4 x 103

(9) Die Brittle Cracking ® -
4.5.9.1 Discussion

The package related failure mechanism models contain material dependent
coefficients and exponents. The values utilized in these models are based
upon available data for materials similar to those used in microcircuit
construction, due to the unavailability of data for the actual materials.
Hence, it is emphasized that the mean time to failure values predicted above
are useful only for ranking the mechanisms relative to each other. When data
on the actual materials of construction are available, the models will be
capable of estimating the mean time to failure for microcircuits used in
various application environments.
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Table 4.5-]

Wire Properties

Wire Material a, E
m/m/c Pa
. -6 9
Aluminum 23.2 x 10 69 x 10
-6 9
Copper 17.6 x 10 118 x 10
_6 ' 9
Gold 14.2 x 10 Up to 82 x 10
. -6 9
Palladium 11.7 x 10 124 x 10
Table 4.5-2

Bond Pad Substrate Properties

- o —— - ——— —— o ——————

Bond Pad
Substrate ag
Material m/m/c
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Table 4.5-3

Encapsulant Properties

ENCAPSULANT m/m/c

Epoxy

Rigid, Unfilled 55 x 10-6

Rigid, Filled 30 x 10-6

Flexible, Unfilled 100 x 10-6

Flexible, Filled 70 x 10-6
Polyester

Rigid, Unfilled 75 x 10-6

Flexible, Unfilled 130 x 10-6
Silicone

Flexible, Unfilled 400 x 10-6
Urethane

Flexible, Unfilled 150 x 10-6

Table 4.5-4

Constants for Fatigue Stress‘in Bending and Axial Loading

MATERIAL A} nj

Aluminum  3.9323 x 10-10  _5.134
Copper  1.0133 x 10°21 ~9.1169
Gold  3.5844 x 10-11 _4.9828

* Values are engineering estimates
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Table 4.5-5

Constants for Fatigue Stress in Shear

MATERTAL A> ny

Aluminum 4.3386 x 10-11 5134
Copper  1.9897 x 10-23  -9.1169
Gold 4.2948 x 10-12 _4.9828

* Values are engineering estimates

Table 4.5-6

Bond Pad-Substrate Shear Constant

K
BONDPAD
MATERIAL SUBSTRATE MATERIAL

Sj GaAs
Aluminum | 1.46 x 10-5* 1.56 x 10-5*
Gold 0.90 x 10-5* 1.02 x 10-5*

Values are engineering estimates
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Table 4.5-7

Die properties

DIE MATERIAL 3 a Ke A
Pa m/m/¢ MPvm
Silicon 128 x 107 4.67 x 100 0.82 *107'?
Gallium
i 9 -6 win=12
Arsenide 89 x 10 5.73 x 10 0.31 10
* Values are engineering estimates
Table 4.5-8
Die attach properties
Die Attach Percentage of T Ea Y'f
Material different or me?ting
constituents temperature Pa
°C
Au-3% Si 280 59.2 x 109 *1.1  *_.49
Eutectic Au-12% Ge 363 83.0 x 109 1 *-.49
Au-40% Ge 356 69.3 x 109 1.1 *-.49
In-70% Pb -30% 175 *11.7 x 109 *1.1  *_.49
Sn-40% Pb -60% *100 *3.8 x 109 *1.1  *_.49
Solder Sn-5% Pb -95% *170 3.8 x 109 *0.18 *-.13
Sn-10% Pb -90% 200 3.8 x 109 *1.1  *_.49
Epoxy -
Conductive ——- 155 4.1 x 109 *1.1 *-.49
Nom Conductive  —-- 155 2.8 x 109  *1.1  *_.49
Polyimide — 275 4.5 x 109 *1.1  *-.49

* Values are engineering estimates
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Table 4.5-9

Substrate properties

Type of substrate g Es
Material m/m/c Pa
Siticon 4.67 x 10-6 164 x 109
Alumina  7.3x 106 255 x 109
Copper  16.9x 106 118 x 109
Beryllium Oxide 8.3 x 1006 265 x 109
Aluminum Nitride 4.5 x 106 2.75 x 109
Silicon Carbide 3.7 x 106 >331 x 109

Table 4.5-10

Package Case properties

Package Material a
m/m/c¢

"~ kovar  5.2x 106

""" Copper  16.9 x 10-6

""" Aluminum  23.0 x 10-6
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Table 4.5-11

BOND PAD CORROSION VOLUME

GALVANIC RELATIONSHIP CORROSION VOLUME
OF BOND PAD MATERIAL BOND Ve CORROSIVELY
TO BOND WIRE MATERIAL TYPE Equation | ATTACKED
(FROM TABLE 4.5-16) cm3 Number | MEMBER
ANODIC ALL Ve = 0.352 ty H.8a BOND
PAD
WEDGE OR | V. = 0.236 D3 H.8b
CRESCENT
BOND
CATHODIC
BALL Ve = 3.77 D3 H.8c¢ WIRE
UNKNOWN Ve = 0.236 D3 H.8b
NONE ALL LEAST VALUE OF MEMBER
(ie. same material Ve = 0.352 tp H.8a WITH
for pad and wire) and LEAST
Ve = 0.236 D3 H.8b Ve

Table 4.5-12

Corrosion Properties of Metals

NOTE: D = Bond wire diameter, ¢m
s = Bond pad size, cm (for a square pad)
tp = Bond pad thickness, cm
Physical Atomic Density Chemical
Material Property Weight (d) Valence
Index (kj) M gm/cc (n)
Aluminum 0.1 27 2.7 3
Copper 0.5 64 8.93 2
Gold 1.0 197 19.32 3
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Table 4.5-13

Coating Integrity Index

COATING TYPE COATING INTEGRITY
INDEX (k3)

No Coating 1

Partially Bonded 10 - 50 (NOTE )

Completely Bonded 100

NOTE 1: When a metallization passivation layer is present and the defect level
is unknown, use Ky = 10.

Table 4.5-14
Equipment Operating Time Factor

Number of Operating K3
Hours Per Day

1 1.04
2 1.09
3 1.14
4 1.20
5 1.26
6 1.33
7 1.41
8 1.50
9 1.60

10 1.71

N 1.85

12 2.00

13 2.18

14 2.40

15 2.67

16 3.00

17 3.43

18 4.00

19 4.80

20 6.00

21 8.00

22 12.00

23 24.00

24 Infinity
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Table 4.5-15

Electrolyte Resistivity

ENVIRONMENT o (ohm/cm)
Normal 7.3 x 106
Corrosive 2.3 x 106

NOTE: Assume a normal environment unless there is compelling reason to assume
a corrosive environment.

Table 4.5-16
Galvanic Electrochemical Potential

Standard Electrode

Material Potential, Volts

Gld 1.5 More Cathodic
Palladim 0.9s
Silver 08
Copper o034
Chromium  -0.74
Aluminm _1.66 More Anodic

o o e —— o — ————————— — —— —— T o ————

NOTE: The electrical bias voltage shall be chosen as follows:

(1) For dissimilar bond wire/bond pad metals use the larger of the
applied signal or power supply voltage or the galvanic potential
determined from the Table as follows:

=1 + (Vv -V

Vga]van‘lc cathode anode)

(2) For similar metals use the applied signal or power supply voltage.
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Table 4.5-17

Recommended Value for Component Operating AT (See Note 1)

USAGE_ENVIRONMENT CLASSIFICATION at
MIL-HDBK-217E PROPOSED | °C
Aa Pt Are Mrr Arr A | N 30
Aua Aug Auc Aur Aut Ay 25
o c, NOTE 2
G Gors G 30
G G 55
Gy Mo Gy NOTE 3
Moy Mer M Me NOTE 2
N, N Neg In 50
N, M, 55
U, ML NOTE 2
Nuy Nuy 35
S 5 35

Table 4.5-17 AT values are for use when thermal analysis or test’
data are not available.

Application environments referring to this note are of short duration
and have negligible effects on the package (non-electrical) related
failure mechanisms, for which the pre-launch storage conditions will
have the dominant effect. Use AT = 5°C for storage under controlled
storage conditions and AT = 20°C for uncontrolled storage

conditions.

Use GB application environment for equipment mounted in temperature
controlled compartments and GF for uncontrolled compartments.
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Table 4.5-18

Typical Values for Die/Substrate Attach Thickness

ATTACH MATERIAL

Au - Si Eutectic

Au - Ge Eutectic

Au - Ge Solder

Sn 62 Solder

80 - 20 Au - Sn Solder
Dielectric Epoxy (Die)
Conductive Epoxy (Die)

Dielectric Epoxy (Substrate)

70 - 30 In - Pb Solder
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Figure 4.5-2

Time to Reach 3 Monolayers of H20 as a Function of
Package Internal Volume and Air Leak Rate
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4.6 ADJUSTMENT (Pi) FACTORS

4.6.1 Quality Factor (le

The quality factors for microcircuits found in MIL-HDBK-217E are multipliers
of the base failure rate, and they are intended to reflect the differences in
quality to be found in parts made to differing process controls. However, the
factor descriptions reflect part qualification, screening performed,
procurement practices, and package material. 1In reality, the quality of an IC
is dependent upon the manufacturer's process controls alone, and that
information cannot be quantified in a reliability model. However, there is
good correlation between the amount of screening performed and the ultimate
field reliability of the parts: the more screening, the less probability of
infant mortality failures in the field. Consequently, the approach taken in
developing the quality factors has been to concentrate on the effects of
screening and to guantify the effectiveness of MIL-STD-883 screens. The
quality factors are modifiers of the early-mid 1ife failure rate only and do
not affect the failure rates associated with common cause (wearout) failure
mechanisms.

At a meeting held in Monterey, California as part of this contract, several IC
manufacturers* stated that there is no difference between their commercial
lines and their military lines, but the military product is screened more.
Others stated that their screening of commercial product in some cases exceeds
the military requirements, and they should be given credit in a model for more
rigorous screening. The 4 model developed in the following paragraphs is
flexjble in allowing for variations in the amount of screening performed.

* Attendees included representatives from the following companies: Anadigics;
LSI Logic; Intel! Corp.; Teledyne Microelectronics; SEEQ Technology; D.
Steward Peck Consulting; and Westinghouse.
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Adjusted failure mechanism quantities for all technology types listed in
MDR-21 (1985) were itemized and totaled; the percentage contribution of each
fallure mechanism was computed. See Table 4.6-1. The MIL-STD-883 screens
which are effective at precipitating the various failure mechanisms were
identified by analysis of MDR-22 (1987) and are presented in Table 4.6-2.
Table 4.6-3 lists the failure mechanisms, their distributions, and the
associated screens. The percentages of each failure mechanism which are
precipitated by the screens were summed, then normalized to form a total of
100; each screen's percentage of the total was then calculated, as in Table
4.6-4, and these percentages are referred to as "weighting factors" for their
respective screens. The screening methods which are associated with the S, B,
D and D-1 quality levels were also identified, and the weighting factors for
each were summed to provide the "screening factor" for that quality level.

The weighting factor for burn-in was adjusted to differentiate between S- and
B~ level burn-in. This was accomplished by calculating the expected fallout
using the two time - temperature combinations and an average activation energy
of 0.37 ev, which was derived from the MIL-STD-883 burn-in curves, as in Table
4.6-5 (high temperature reverse bias (HTRB) is an optional replacement for
S-level burn-in). The screening factors for S, B, D and D-1 are 100.0, 71.3,
21.8 and 10.9, respectively. To develop vQ, the value for B-Tevel was

chosen as unity because (1) it is consistent with the current value, and (2)
most of the data collected in the model development activity was on B-level
product. Two points on the curve were thus known: "Q = 1.0 for B-level
(screening factor = 71.3), and “Q = .7 for maximum screening, S-level.

The relationship “Q = 71.3/screening factor (S.F.) was easily established.
This relationship is depicted graphically in figure 4.6-1. It is intuitive
that the most benefit is achieved with the first screens applied, and that the
marginal improvement with succeeding screens is lower; the shape of the vQ
curve reflects that fact.

In order to calculate "Q’ the user must identify which of the Table 4.6-4
screens.apply to the product, sum the weighting factors associated with those

Q-

screens to compute the screening factor, and then use the expression =
71.3/S.F. to determine the value of the quality factor.
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Table 4.6-1: Failure Totals vs Failure Mechanisms By Device Types*

PERCENT
DEVICE TYPES SUM OF
FAIL - MECH DIGITAL  LINEAR  INTERFACE MEMORY VLSI TOTAL TOTAL
METALLIZATION 89 27 16 236 10 378 10.7
DIFFUSION 23 7 3 0 2 35 <1
OXIDE FAULT 386 38 6 40 4 474 13.5
BULK 48 56 0 3 2 109 3.2
SURFACE 405 313 16 8 17 759 21.5
INTERCONNECTS 260 19 10 2 298 8.5
WIREBOND 3 21 6 0 6 36 1.1
PACKAGE 1341 42 10 35 8 1436 40.5
FATLURE TOTALS: 2555 523 67 329 51 3525 100

*Source: RAC MDR-21
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Table 4.6-2

. . . *
Recommended Screens/Tests for Various Failure Mechanisms

SURFACE DEFECTS

O Contamination/Leakage

O Foreign Material/Particles

O Inversion/Channelin
BULK DEFECTS

O Crystal Imperfections
0 Cracked Die

OXIDE DEFECTS
DIFFUSIGN DEFECTS

g Isolation Defects
O Mask Faults

METALLIZATION DEFECTS

O Open At Oxide Step/
Contact Window

0 Short In Interlayer

O Pitted/Corroded

O Smeared/Scratched

O Electromigration

BOND DEFECTS

O Die Attach Defect

O Intermetallic Formation
INTERCONNECT DEFECTS

O Broken Hire

O Shorted Wire

O Poor Lead Dress
O Corroded Wire

PACKAGE DEFECTS

O Non Hermetic Seal

O ~Solder Balls (Excessive
Seal Material

0 External Lead Defect

* Source References MIL-STD-883C and RAC

- 1008, 1015/5005
- 2001, 2012, 2020, 2010
- 1008, 1015/5005, HTRB

- 1008, 1010, 1015/5005, 5007
- 1010, 101575005

- 1010, 1015/5005, HTRB

- 1015/5005
- 1015/5005

- 1010, 1015/5005
- 1010, 1015/5005
~ 2010/2017
- 2010/2017
~ 1015/5005

- 1010, 2001, 1015/5005, 2012,
2020, 2023
~ 1015/5005

- 1010, 1015/5005
- 1015/5005
- 1010, 2001
- 1010, 1015/5005

- 1010, 2001, 1014

- 2009, 2020, 2012
- 2009

MDR-22
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IC Failure Mechanisms/Screening Methods

FAILURE MECHANISM DISTRIBUTION ASSOCIATED SCREENS
Metallization 1% 1015/5005, 2010/2017, 1010
Diffusion 1% 101575005
Oxide Faults 14% 1015/5005, HTRB
Bulk 3% 5007, 1008, 1010, 1015/5005
Surface 21% 2010, 2012, 2020, 2001, 1008,
1015/5005, HTRB
Interconnect 9% 1010, 1015/5005, 2001
Wirebond 1% 2023, 1008, 1010, 2001, 2010,
101575005, 2012, 2020
Package 40% 2020, 2012, 1014, 2009, 1010, 2001
Table 4.6-4: MWeighting Factor Determination
883
SCREEN METHOD Y% W.F. % S B D 0-1
Wafer Lot Accept 5007 3 0.05 X
N.D. Bond Pull 2023 ] 0.2 X
Internal Visual 2010/17 33 6.0 X X
Stabilization Bake 1008 25 4.5 X X
Temp Cycling 1010 64 11.6 X X
Constant Acceleration 2001 71 12.8 X X
Pind 2020 62 11.3 X
Burn-In (S/B) 1015 90/60 16.3/10.9 X
Final Electrical 5005 60 10.9 X X
Seal Test 1014 40 7.3 X
Radiography 2012 62 11.3 X
External Visual 2009 _40 _1.3 X X
SUM ) 551 100.0 100.0 71.3 21.8 10.9

W.F. = Weighting Factor
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Table 4.6-5: Calculating Burn-In Effectiveness (Fallout)
With EA = 0.37 eV
Burn-In Time/Temp Expected Fallout Ratio To
o . -6) B-Level

Level (Hrs)/(°0) F(FPMH) (Failures x 10

B 160/125 20.84 3334.4 1.0

S 240/125 20.84 5001.6 1.5

HTRB 72/150 39.41 2837.5 0.85

F=e-(0.37/¢(273 + temp) * 8.625 x 10-5))

Expected Fallout = F x Time

Figure 4.6-1 mQ vs. Screening Factor (S.F.)

O = N Q@ & 0 O

PI-Q = 71.3/S.F.
PI-Q

0O 10 20 30 40 S50 60 70 80 90 100
SCREENING FACTOR (S.F.)
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4.6.2 Learning Factor (w )

U.S. military integrated circuit manufacturers, through the Semiconductor
Industry Association's Government Procurement Committee (GPC), established an
ongoing quality statistics program to monitor and report industry data on
various quality control indices and parameters. The data indicates that there
has been a steady improvement in the level of American quality such that
today, for every 10,000 parts shipped, there averages only one part with
electrical defects (approximately 100 parts per million or PPM).

Military quality reporting procedures are strictly defined. Companies
supplying data utilize the JEDEC Standard No. 16 (Assessment of Microcircuit
Qutgoing Quality Levels in Parts Per Million) quidelines for reporting
outgoing quality levels. The procedures for accumulating and summarizing the
data are carefully defined and follow accepted statistical quality control
methods. Data reported represents Joint Army-Navy (JAN), Standard Military
Drawing (SMD), 883C complaint and military source control drawing (SCD)
products. Defect levels are calculated on first submission data only,
covering room, hot and cold temperature extremes. The final PPM calculations
use a weighted average technique. The PPM and sampling techniques are stated
on conservative, statistically sound methods and are described in the JEDEC
standard.

Currently there are nine SIA member companies reporting into the system, and
these companies supply approximately 90% of all military microcircuits,

providing a significant sample of total product consumed by the military.

These companies are:

Advanced Micro Devices National Semiconductor
General Electric/RCA Rockwell

Harris Signetics

Intel Texas Instruments
Motorola

206



' Downloaded from http://www.everyspec.com

Data is reported on the following technology groups:

Linear: Op Amp Based
A/D, D/A Converters
Other Linear

Bipolar Digitai: Memory
Logic
Processor/Peripheral
MOS Digital: Memory
Logic¢

Processor/Peripheral

For each product category, reported data includes (a) number of firms
responding, (b) total samples tested, and (c) mean defect density levels.
Summaries are provided for the three principal product sectors, as well as a
total across all products. Hermeticity and visual/mechanical results are
reported as aggregate measures. See Table 4.6-6.

In order to develop the learning factor ("L) from this data, the following
assumptions were made:

1.The data presented in Table 4.6-6 represents a mix of mature and
immature product for each of the technology lines specified.

2.Mature product may be defined as reaching the 100 PPM level.

3.The definition of mature product will change as the PPM defect density
continues to drop, which provides flexibility in the learning factor.
4.The data can be used to represent the "learning curve" experienced by
IC manufacturers in general.

5.Although a quality index, PPM defect densities can be used validly to
scale faillure rates since any defect represents a potential screening
escape and future field failure.
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Table 4.6-6

SEMICONDUCTOR INDUSTRY ASSOCIATION

MEAN DEFECT DENSITIES

ELECTRICAL
QUALITY LEVELS | 10Q86| 2Q86| 3086| 4Q086| 1Q87| 2Q87| 3Q87| 4Q87( 1Q88| 2Q88
Total Linear 431 486 180 192 191 104 165 106 172 86
Total Digital

Bipolar 73 65 65 159 43 35 111 27 87 44
Total MOS

Digital 338 259 469 332 223 237 179 294 211 152
Grand Total:

All ICs 191 168 169 203 111 93 136 81 133 76
Product Type:

A1l ICs
Electrical

Defects 191 168 169 203 111 93 136 81 133 76
Mean Defect

Density 434 344 304 | 254
Hermeticity

Density 278 234 378 260
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The data in Table 4.6-6 was linearly regressed both as PPM vs. time and as In
(PPM) vs. time. The latter yielded better correlation coefficients (0.6 for
the composite "all integrated circuits" case). See figure 4.6-2. The
composite data was used instead of the individual technology data for two
reasons. First, not all technology areas are addressed, e.g., there is no
GaAs data. Second, the PPM levels for digital bipolar are already below the
value assumed for mature product, presumably because the technology is mature
and testing requirements are well defined. However, a new IC manufacturer or
one introducing a new line of components would still have to develop his
processes in order to realize 100 PPM, and two years is a reasonable amount of
time in which to do so.

Invoking assumption 2 above, mature product is achieved after 2.129 years, or
during the first quarter of 1988 (in 100 = 4.605). Since this time-frame is
coincident with the data being collected on the RAAAT program, failure rates
can be normalized to the 100 PPM point on the learning curve. When this is
done, the value of ™ is unity at time = 2.129 yrs. Then, ™ _can be

defined as the ratio of the PPM defect density at any time Y to 100 PPM. The
equation for LA becomes:

o= EXP (-0.35Y + 5.35)/100 = 0.01 * EXP (5.35 - 0.35Y)

where Y is in years. A plot of w-L vs. time is shown in figure 4.6-3.

The curve indicates that the failure rates of ICs will drop by an order of
magnitude over a seven year interval, which seems reasonable. The learning
curve factor (wL), as with the quality and environmental factors, is a
modifier of the early life (defect-related) IC failure rate; it does not
affect the wearout mechanisms.
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Figure 4.6-2 SIA Data Plot
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4.6.3 Hybrid Function Factor (w.)

The concept of an application function factor was retained in the hybrid model.
The basis for this factor is the variations in the processes used in different
types of hybrids and the relative difficulty of these processes. Listed below are
the hybrid technology groups and some examplies of their unique features.

Digital - Standard packaging techniques. Base line for factor.

Linear - More custom package styles.

Video - Higher frequency packaging techniques, use of discrete

inductors.

Microwave - Packaging techniques, use of transmission line
structures, greater variety of matefials, small-
geometry.

Power - Die attach critical, layout based on voltage

considerations.

Data collected from field experience on the APG-68 radar and from 1000 hour life
tests of various hybrid types were used to determine the function factors. A
summary of the field data which was presented in Table 4.4-1 is shown in fable
4.6-7 below. The averages have been computed by adding the total number of
failures within a family and dividing by the total number of device hours for the
time in which the data was accumulated (263,990 system hours). This data along
with the life test data is plotted in figure 4.6-4.

The 1ife test data was taken from the data in Table 4.4-2 of section 4.4.1. Only
the 125°C life test data was used. The only data omitted from the calculation of
failure rates was improper test temperatures or devices which were overstressed in
test. The data used is shown in Table 4.6-8. The point estimates of failure rates
for each family were calculated at 50% confidence using the Chi-square
distrtbution. The results are shown in Table 4.6-7.
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[t should be noted that the number of secondary failures and erroneous
removals cannot be separated from the field data. The relative family ranking
within the two sets of data seems to verify differences between most of the
classes defined. Since the 1ife test is the more accurate of the two, the

e factor is based on these failure rates. The " factors chosen are

shown in Table 4.6-7. They have been normalized to the digital family since
this is the more standardized technology and is also the reference point in
the present model. The number for the microwave family was obtained by
interpolating the relative ranking in the field data and applying the same
percentage to the life test ranking.

Table 4.6-7
Failure Rates By Hybrid Types

FIELD DATA LIFE TEST DATA
(REMOVAL RATE/MILLION HR.) (FAILURE RATE/MILLION HR)"

50% CONFIDENCE

Digital 34.1 9.9

Video 11.2 12.4

phave 23.1 --

Linear 52.7 57.2

Power 73.3 205
F

NORMALIZED TO DIGITAL

Digital 1.0

Video 1.2

uMave 2.6 (interpolated using field data)
Linear 5.8

Power 21
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Table 4.6-8
Life Test Data

SAMPLE TEST DEVICE

QTY
TYPE P/N QTY HOURS  HOURS FAIL FATLURE VENDOR
Digital 586R291 22 1000 22,000 0 WEC
585R927 16 1000 16,000 0 WEC
586R517 5 1000 5,000 0 WEC
585R928 22 1000 22,000 0 WEC
583R379 5 1000 5,000 0 WEC
TOTALS 70,000 0
Linear  586R292 5 1000 5,000 0 Teledyne
586R587 22 1000 22,000 0 Teledyne
586R290 22 1000 22,000 0 Teledyne
581R772 2 1500 3,000 2 Al/Auy intermetallic WEC
587R322 5 1000 5,000 0 Teledyne
584R555 1 750 750 1 Lifted wire bond WEC
584R555 1 1500 1,500 0 WEC
585R149 2 1000 2,000 0 WEC
585R150 2 1000 2,000 O WEC
TOTALS 64,250 3
Video 24552 1 2880 2,880 0 Anaren
24552 ] 5760 5,760 0 Anaren
24552 ] 720 720 1 Seal Anaren
24552 1 1440 1,440 ] Electrical Anaren
24552 1 2943 2,943 ] Electrical Anaren
24552 1 5281 5,281 1 Electrical Anaren
22306 3 1440 4,320 0 Anaren
22306 1 720 720 ] Seal Anaren
22306 2 1440 2,880 2 Electrical Anaren
22078 1 5760 5,760 0 Anaren
22078 2 6323 12,646 2 Electrical Anaren
20858 3 5760 17,280 0 Anaren
20864 1 2880 2,880 0 Anaren
20864 ] 5760 5,760 0 Anaren
20864 1 2160 2,160 0 Anaren
20864 1 1440 1,440 ] Seal Anaren
20864 1 3600 3,600 1 Seal Anaren
12604427 37 1000 37,000 0 Teledyne
12604427 1 504 504 | Unknown WEC
Various 9 1000 9,000 0 Q-Bit
Various 76 1000 76,000 0 Q-Bit
Various 939 1000 939,000 0 Q-Bit
Various 2 1000 2,000 2 HWire-wire shorts Q-Bit
TOTALS 1,185,884 14
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Table 4.6-8 (cont)
Life Test Data

SAMPLE TEST DEVICE QTY

TYPE P/N qQry HOURS HOURS FAIL FATLURE VENDOR

Power 584R550 2 1000 2,000 0 WEC
584R550 1 504 504 1 Cracked die WEC
584R550 5 1000 5,000 0 Solitron
584R551 5 1000 5,000 0 Solitron
581R082 1 3000 3,000 0 WEC
581R082 1 2500 2,500 1 Substrate attach WEC
585R151 2 1000 2,000 0 WEC
586R509 1 1000 1,000 0 WEC
586R509 | 168 168 1 Unknown WEC
586R508 ] 1000 1,000 0 WEC
586R508 1 504 504 1 Die Attach WEC

TOTALS 22,676 4
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Figure 4.6-4
Hybrid Failure Rates
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4.6.4 Environmental Factor (w.)

The environment influences the failure rate of integrated circuit dice by
accelerating the precipitation of package related defects in the early life
model. In the long term, the magnitude and frequency of temperature cycling
has a pronounced effect upon the package related mean time to failure, as
discussed in section 4.5.

The development of environmental factors for advanced technology devices was
hampered by the fact that there are not many of these devices in the field.

In addition, part of the tasking was to develop a new set of factors such as
would be compatible with the current MIL-HDBK-217E models for SSI, MSI and LSI
packaged devices. These constraints dictated the use of the Csz term

to model the contribution of package related defects to the early life failure
rate.

In order to satisfy the requirement for fewer environmental factors, the
environments were grouped by usage environment based on equipment
ciassifications. The environmental temperature ranges and the military
specifications from which they were derived are presented in Table 4.6-9.
These groupings accounted for 25 of the 27 environments listed in
MIL-HDBK-217E. Default values for the average component case temperature and
the worst case temperature excursion for each of the grouped environments were
calculated, and these values are used in the package wearout models of section
4.5

The early life environmental factors were derived by calculating the geometric

mean of the MIL-HDBK-217E values given for the grouped environments. These
values are presented in Table 4.6-10.

216



Downloaded from http://www.everyspec.com

Table 4.6-9 Environmental Temperature Ranges
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Table 4.6-10

Integrated Circuit Environmental Factors

MIL-HDBK-217 E GEOMETRIC
ENVIRONMENT | PROPOSED ENVIRONMENT | MEAN VALUE

Ays = 6-0

Ag = 7.5

Ayc = 3.0 Ay (AIRBORNE 5.5
UNINHABITED)

Ay = 9.5

Ayr = 4.0

Rip = 4.0

Arg = 5.0

Ae = 2.5 A (AIRBORNE 4.4
INHABITED)

A = 6.0

Arp = 3.0

Agy = 8-5

N, = 5.7 N, (NAVAL UNSRELTERED) | 5.7

Ny = 6.3 N,y (NAVAL UNDERSEA 53
UNSHELTERED)

U = 171.0 N (NAVAL UNDERSEA 770

St UL " AUNCH)

N, -

N = N, (NAVAL INHABITED) 4.6

Neg =

Meg = 3

Mo = 3. M (MISSILE FLIGHT) 6.5

M =13

S, = 0.9 S (SPACE FLIGAT) 0.9

Gy - 0.38 G (GROUND BENTGN) 0.5

Gys = 0.65

Gy - 42 G, (GROUND MOBILE) 7.0

My = 3.8

& = 25 G, (GROUND FIXED) 2.5

- C_ (CANNON LANCH) 370
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5.0 MODEL VALIDATION

Data to model the failure rates of new technology devices was sparse since
most of these devices have only recently become available commercially. The
collection of data was further hampered by the proprietary nature of much of
the data. Consequently, all of the data which was collected was used in the
development of the models and could not be used for validation. The
alternative validation methodology was to compare the predicted early life
failure rates of representative microcircuits with the observed range of
values from the database. The resulting values of the predicted to observed
ratio were then evaluated for model accuracy. HWhen only one data point was
found, the high, low, and average values are the same. In addition, a
comparison to the extrapolated MIL-HDBK-217 model has been made where
appropriate. Table 5-1 presents the results of this effort. Some of the
models are optimistic, some conservative; some yield higher failure rates than
MIL-HDBK-217, some lower. All average failure rates are within the realm of
acceptability, and most are conservative. No models for GaAs microcircuits
exist in the current version of the MIL-HDBK. However, fiqure 5-1 compares
the integrated circuit digital and MMIC GaAs models to the silicon based 217E
GaAs driver FET model, the 217E Notice~1 GaAs low noise FET model, and the
217E Silicon ALS digital integrated circuit model. The higher activation
energies for the GaAs integrated circuit models are apparent and indicate a
higher temperature dependence of the failure rate at higher temperatures where
the active device failure rates dominate the models. The effect of the
passive failure rate term of the model is observed at the lower temperature.
The comparison also indicates that the integrated circuit GaAs model failure
rates lie between the discrete GaAs models and the silicon ALS digital
integrated circuit model. '

The hybrid model was validated by calculating several hybrid examplies and
compa?ipg results with MIL-HDBK-217E. The calculations and results are shown
below. For these calculations, it was assumed that the effects of the wearout
failure mechanisms for the die and package were negligible.
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Figure 5-1

GaAs Model Comparison with 217E Models
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Example 1

Hybrid Microcircuit Description: RAM I/0, Digilog

Part Number: 586R290

Package: Hermetic, Butterfly; 1.0 x 2.0 in seal; 1.75 x 0.8 in.

substrate

Interconnections: Bimetal 165; single metal 74

Active Components: 4-54LS374; 1-54LS154; 1-54LS175; 1-54LS74;
1-54L.504; 1-54LS08; 1-7820

Passive Components: 2-Ceramic chip capacitors, 15% stress ratio,
0.1 pf
1-Ceramic chip capacitor, 15% stress ratio,
.001 pf
4-Thick film resistors

Environment: AUF; 45°C package temperature screened to MIL-STD-883,

Method 5008, q = 1.0
Calculation per MIL-HDBK-217E:

Failure rate of ICs (xc wG) = 0.0584

Failure rate of chip capacitors (includes wG) = 0.0594
Failure rate of resistors = 0.0004

Failure rate of interconnects = 0.1141

Failure rate of package = 0.1016

Density factor (wD) =2.10

Function factor ("F) = 1.25

.Environmental factor (wE) = 4.0

Quality factor (wQ) = 1.0

A ((ZNCXCWG)+[NRXR+ZNIXI+XS]WFwE}WQwD

{0.1178+1.0805 }(1.0>(2.10)
=2.52 failures/10% hours

Calculation - per equation 4.4.4:

A= {ING (1w 2w o

C Q"L™F

223
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[}

{[.0584 + (.0594 / 0.8)1(1 + (.2>(4.00} (1.0)(1.0)(5.8)

{(.13265)(1.8)}5.8

1.38 failures/10% hours

Example 2

Hybrid Microcircuit Description: Inverter Bridge, Power
Part Number: 584R551
Package: Hermetic, PHP, 1.3 x 1.7 in seal; 1.5 x 1.0 in. substrate
Interconnections: Bimetal 14; single metal 36
Active Components: 4-Si NPN Darlington transistors (MJ10009)
27% stress ratio for voltage,
12.7% stress ratio for power;
Switching application, 175 W rating
4-Si General purpose diodes (Solitron ZLX-C-101);
54% stress ratio, switching application 10 A rating
Passive Components: 4-Tantalum chip capacitors, 10% stress ratio, 0.27 uf
8-Thick film substrate resistors
Environment: AUF; 100°C package temperature screened to MIL-STD-883,
Method 5008, " = 1.0

Calculation per MIL-HDBK-217E:

Failure rate of transistors (includes wG) = 0.0196
Failure rate of diodes (includes wG) = 0.0029
Failure rate of capacitors (includes wG) = 0.4307
Failure rate of resistors = 0.0016

Failure rate of package = 1.1336

Failure rate of interconnects = 0.1712

Density factor (wy) = 1.02

D
Fuaction factor (wc) = 1.25

F
Environmental factor (wE) = 4.0
Quality factor (wQ) = 1.0
A\ = {(ZNCXCWG) + [NR)\R + ZNIXI + xS] Teme ) " ™

{ 0.4532 + [0.0016 + 0.1712 + 1.1336] (1.25)(4.0)} (1.0>¢1.02)
(0.4532 + 6.532) (1.02)

[}

224



! Downloaded from http://www.everyspec.com

= 7.125 failures/106 hours

Calculation per equation 4.4.4:

>
[

= { ZNCXC 1+ .ZWE)} "Q"L“F

{[C.0196 / .4)+(.0029 / .2)+(.4307 / .8)1[1+.2 (4.001; (1.0 1.2
(.6019C(1.8>)(21)

(1.083>)(21)

22.75 failures / 106 hours

Example 3

Hybrid Microcircuit Description: Dumped Integrator, Digital

Part Number: 585R927

Package: Hermetic, Butterfly, 1.0 x 2.0 in seal; 1.75 x 0.8 in. substrate

Interconnections: Bimetal 212; single metal 58

Active Components: 4-10581; 1-10579; 3-10576

Passive Components: 4-Ceramic chip capacitors, 10% stress ratio, 1000 pf

8-Chip resistors

Environment: AUF; 80°C package temperature screened to MIL-STD-883,

Method 5008, Ty = 1.0

Calculation per MIL-HDBK-217E:

Failure rate of ICs (kc “G) = 0.176

Failure rate of chip capacitors (includes “G) = 0.0365
Failure rate of resistors = 0.0012

Failure rate of interconnects = 0.6077

Failure rate of package = 0.5143

Density factor ("D) = 2.24

Function factor (w.) = 1.0

EnwWironmental factor (wg) = 4.0

Qualiiy factor (wo) = 1.0

A

{(ZNCXCWG) + [NRXR + ZNIXI + XS] Teme ) N ™
{ 0.2125 + [0.0012 + 0.6077 + 0.5143] (1.0)(4.0>} (1.0)(2.24)
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= (0.2125 + 4.4928) (2.24)
- 10.540 failures/10% hours

Calculation per equation 4.4.4:

>
[

= { ZNCXC (1 + .ZWE)} WQ T e

{00.176 + €0.0365 / .8)1[1 + (.2)(4.0)1}(1.05¢1.0)(1.0)
(€.2216)(1.8)} 1.0

0.39 failures/10% hours

6.0 CONCLUSIONS AND RECOMMENDATIONS

The base failure rate of a VLSI/ULSI microcircuit is due to common cause
failures. The final failure rate is adjusted for the lack of ability to
eliminate assignable causes of failure from the device population.
Development of the failure distributions, early in the life cycle of the
microcircuit, by use of test structures designed explicitly for reliability
stress testing should be evaluated. It is realized that the test structure
stress tests initially only consider the intrinsic reliability of the
microcircuit. However, available life test data indicates that many
microcircuit failures are due to random point defects. The ability to model
this defect density is imperative in the development of an accurate,
comprehensive early and middle 1ife VLSI/ULSI reliability prediction model.
Therefore, the development of a succinct set of test structures to evaluate
the failure rates due to random defects is needed. These structures may have
a form similar to those structures used in the generic MIL-M-38510/605
qualifications of product lines.

For the end life prediction models developed, two follow-on efforts were
identified: determining the current density dependence on microcircuit
compléxi;y, and determining the cause of variability in the TDDB electric
field constant B.

If the user does not know the maximum current density in the microcircuit, he

must use a default value of 0.125 MA/cmZ, regardless of technology. It is
realized that VLSI/ULSI microcircuits approach the MIL-M-38510 current density
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2 more than the earlier technologies because of the

lTimit of 0.5 MA/cm
greater circuit densities. A review of metal interconnect widths and
thicknesses should be performed to determine the relationship between current

density and microcircuit complexity.

From a review of papers which develop the TDDB electric field acceleration
[131) that different oxide
thicknesses have different values for B. The cause of the "variability" in
this "constant" should be identified.

constant, B, it is observed (with one exception

The scope of the memory reliability modeling project necessitated limitations
on certain aspects of the model development. In addition, informatioq gained
regarding some areas of memory suggest the desirability of continuing analysis
in specific areas.

Perhaps the most important area that requires further evaluation in UVEPROM,
and Flash/NMOS EEPROM is endurance (the failure rate contributed by erase/
write cycling). The Time Dependent Dielectric Breakdown model was found to be
inadequate for representing the effect of reprogramming. The available data
suggest that the combination of high electrical stress and thin oxides
precipitate failure in "non-perfect" oxides, and does not lend itself to
modeling using deterministic methods. A recommendation in this area is to
gather endurance test data for these devices, or generate such data in the
event that sufficient test results are not available. An approach similar to
that taken for Flotox/Textured-Poly EEPROMs (see section 4.2.2.2) may then be
used.

Soft Errors (see section 4.2.2.1) were found to be a significant failure
mechanism, at least for certain MOS RAMs under certain circumstances. Further
investigation should be devoted to this area. A suggested approach is to use
determigistic methods, evaluating the influencing factors outlined in 4.2.2.1
in conjdﬁction with data regarding the sensitivities of different devices. No
field data was found during this modeling task that could be used to derive
soft error failure rates, and it is likely that such data is not available in
sufficient guantity to derive failure rates using probabilistic methods.
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Other recommendations relative to memories are as follows:

(1) Refine gate oxide thickness and area charts for all memories. This
will permit a more accurate representation of the contribution of time
dependent dielectric breakdown.

(2) Collect more life test data to develop a refined model of the defect
related failure rate.

MDR-21 was used in the development of several models for this contract.
However, MDR-21 needs to be updated to reflect the latest data in the RAC
database. This will allow for more accurate determination of screening
effectiveness (nQ values) and activation energies for assignable cause
failure mechanisms. The RAC database itself needs to be evaluated for its
format and content: it is difficult to read and it contains fields with
little or no data of use.

Recommendations for follow-on activities in the packaging area are contained
in appendices F, G and H of this report.

The MMIC and digital GaAs failure rate models are believed to be reasonably
representative of failure rates for GaAs ihtegrated circuits using MESFET
technology and gold based metallization because the models are based on
current GaAs integrated circuit failure data. Although the data was limited
in quantity, a consensus appeared in the data with regard to the dominant
failure mechanism, failure rates, and activation energﬁes especially in the
case of the MMIC model. The failure rate data came from published accelerated
life test reports and could therefore be relatively optimistic although the
data should be representative of good processes under control.

The GaAs models developed in this contract should be continually refined and
updated Based on new data sources as new data becomes available. The
application and complexity factors can be updated as new and more varied
applications and higher complexity GaAs devices appear. As field data becomes
available on devices with a high number of operating hours, new failure
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mechanisms may appear and will have to be added to the models. Careful
observation of the passive element failures may improve the passive device
factors in the models. More digital GaAs failure rate data should be
monitored and compared to the failure rates appearing in the digital model
since the model is strongly influenced by a large sample of devices from one
manufacturer (GigaBit).

Additional failure rate model efforts should also include new technology GaAs
devices which are beginning to emerge. Microwave/Millimeter-wave Integrated
Circuits (MIMICs) are higher frequency (30 - 300 GHz) GaAs devices and will be
using high electron mobility transistors (HEMT) or heterojunction bipolar
transistors (HBT) as the active devices on these integrated circuits. Linear
GaAs integrated circuits (op amps, comparators, ...) are also emerging and
their failure rates should be monitored for possible model development or the
inclusion of an application term.

Due to the experiences encountered on this contract with regard to proprietary
information, limited reliability testing and data, and limited or questionable
reliability anaiysis (for failure mechanisms) on advanced emerging
technologies, it is highly recommended that independent accelerated life tests
be performed by a single contractor to address these concerns. For companies
building and selling emerging devices, reliability issues are often a
secondary concern. The single contractor would have to have excellent failure
analysis capabilities (for determination of failure mechanisms), adequate
environmental facilities (for accelerated temperature exposure), adequate
electrical testing (for proper biasing, protection, and parametric
measurements), and extensive experience in reliability data analysis (for
correct interpretation of resulits and modeling). The major advantage of this
recommendation is complete control of part section (all applicable devices can
be purchased and covered), conditions (all applicable electrical and
envirdnmental conditions can be explored), and analysis (failure mechanism,
data, aﬁa model analysis). The effort would be expensive but would be the
best way to get complete, accurate, and timely failure rate models for
emerging technologies.
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APPENDIX A

MIL-HDBK-217 (REV) Microelectronic Devices

.9
.10 Magnetic Bubble Memory Devices
.1

Monolithic Bipolar Digital and Linear Gate/Logic Array Devices
Monolithic MOS Digital and Gate/Logic Array Linear Devices
Monolithic Bipolar and MOS Digital Microprocessor Devices
Monolithic Bipolar and MOS Memory Devices

Monolithic GaAs Digital Devices

Monolithic GaAs MMIC Devices

Tables for Monolithic Model Parameters

Example Failure Rate Calculations (Monolithic)

Multi-chip Hybrid Microcircuits

Surface Acoustic Wave (SAW) Devices
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5.1.2 Microelectronic Devices. This section presents updated MIL-HDBK-217
failure rate prediction models for nine major classes of microelectronic
devices, which are denoted by an asterisk (¥).

Monolithic Bipolar Digital and

Linear Gate/Logic Array Devices (*) Section 5.1.2.1
Monolithic MOS Digital and

Linear Gate/Logic Array Devices (*) Section 5.1.2.2
Monolithic Bipolar and MOS Digital

Microprocessor Device (Including Controllers) (*) Section 5.1.2.3
Monolithic Bipolar and MOS Memory Devices (*) Section 5.1.2.4
Monolithic GaAs Digital Devices (*) Section 5.1.2.5
Monolithic GaAs MMIC Devices (*) Section 5.1.2.6
Tables for Monolithic Models Parameters Section 5.1.2.7
Example Failure Rate Calculations Section 5.1.2.8
Hybrid Microcircuits (*) Section 5.1.2.9
Magnetic Bubble Memories (%) Section 5.1.2.10
Surface Acoustic Wave Devices (*) Section 5.1.2.11

This revision of MIL-HDBK-217 addresses these technologies and provides new
prediction models for bipolar and MOS VLSI microcircuits with gate counts up to
60,000, T1inear microcircuits with up to 3000 transistors, bipolar and MOS digital
microprocessors and co-processors up to 32 bits, memory devices with up to 2
million bits, GaAs monolithic microwave inteqgrated circuits (MMICs) with up to
1,000 active elements, and GaAs digital ICs with up to 10,000 transistors. A
major departure from previous versions of the handbook is made in the monolithic
bipolar and MOS models by the inclusion of effective hazard rates for the two
predominant wearout failure mechanisms, electromigration and time-dependent
dielectric breakdown. The early 1ife, or assignable cause, failure rate
continues to be represented by Cy and C, factors which account for the
contributions of the die and package, respectively, as functions of complexity.
The Cy factors have been extensively revised to reflect new technology devices
with improved reljability, and the activation energies representing the
temperature sensitivity of the dice (w7) have been changed for MOS devices

and for memories. The C, factor remains unchanged from the previous version,
but includes pin grid arrays using the same model as hermetic, solder-sealed dual
in-line packages. New values have been included for the quality factor («Q),
the learning factor (w_ ), and the environmental factor (wg). The model

for hybrid microcircuits has been revised to be simpler to use, to delete the
temperature dependence of the seal and interconnect failure rate contributions,
and to provide a method of calculating chip junction temperatures.

In the title description of each monolithic device type, Bipolar represents all
TTL, ASTTL, DTL, ECL, CML, ALSTTL, HTTL, FTTL, LTTL, STTL, LSTTL, IIL, I3L and

ISL devices. MOS represents all metal-oxide microcircuits, which includes MNOS,
PMOS, CMOS and MNMOS fabricated on various substrates such as sapphire, poly
crystalline or single crystal silicon. The hybrid model is structured to
accommodate all of the monolithic chip device types and various complexity levels.

5.1.2-1
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Monolithic memory complexity factors are expressed in the number of bits in
accordance with JEDEC STD 21A. This standard, which is used by all
government and industry agencies that deal with microcircuit memories, states
that memories of 1024 bits and greater shall be expressed as K bits, where 1K
= 1024 bits. For example, a 16K memory has 16,384 bits, a 64K memory has
65,536 bits and a 1M memory has 1,048,576 bits. Exact numbers of bits are
not used for memories of 1024 bits and greater.

The monolithic device models, along with parameter descriptions and
instructions for quantifying the parameters are presented in Sections 5.1.2.1
through 5.1.2.6. The tables used for quantifying the model parameters are
presented in Section 5.1.2.7.

Models for magnetic bubble memories and model for Surface Acoustic Wave (SAW)
devices are listed after the hybrid section.

For devices having both linear and digital functions not covered by
MIL-M-38510, use the linear model. Line drivers and line receivers are
considered linear devices. For linear devices not covered by MIL-M-38510,
use the transistor count from the schematic diagram of the device to
determine circuit complexity.

Microprocessors (including controllers) are classified by the number of bits
in the data word. This notation is used in data sheets and application
notes. For example, the 8080 is an 8 bit microprocessor, the 8086 is a 16
bit microprocessor, etc.

For digital devices not covered by MIL-M-38510, use the gate count as
determined from the logic diagram. A J-K to R-S flip flop is equivalent to 6
gates when used as part of an LSI circuit. For the purpose of this Handbook,
a gate is considered to be any one of the following functions; AND, OR,
exclusive OR, NAND, NOR and inverter. When a logic diagram is unavailable,
use device transistor count to determine gate count using the following
expressions:

Bipolar: No. Gates = No. Transistors + 3.0
CMOS: No. Gates = No. Transistors = 4.0
Other MOS: No. Gates = No. Transistors + 3.0

The prediction models for monolithic VLSI/ULSI microcircuits have the form

(L)) + Ao, (ty)

Aplty) = Nac + AMppgtty em‘ to
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where

xp(to) = the total part £a11ure rate (at time = to) in
failures per 10" hours

M = the probabilistic (constant failure rate) model for
assignable cause (defect-related) failures

XTDDB(tO) = the end of 1ife model for time-dependent dielectric
breakdown

xEM(to) = the end of life model for electromigration

to = 10,000 operating hours

5.1.2-3
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5.1.2.1 Monolithic Bipolar Digital and Linear Devices
(Including Gate / Logic Arrays)

Xp(to) = XAC + XEM(tO) + XTDDB(tO)

. . 6
(C T+ C2 wE) u (in Failures / 10”7 hours)

e T o Y

where:
is the quality factor, Table 5.1.2.7-1
is the temperature acceleration factor, Table 5.1.2.7-4

=

3

is the application environmental factor, Table 5.1.2.7-3

3

E

is the device learning factor, Table 5.1.2.7-2
is the circuit complexity failure rate based on gate or transistor

(@]
— — m 44 O

count as follows:

DIGITAL LINEAR
# GATES C] # TRANSISTORS C]
1 70 100 | .0025 170 100 | .01
101 TO 1,000 | .005 101 TO 300 | .02
1,001 TO 3,000 | .0l 301 TO 1,000 | .04
3,001 TO 10,000 | .02 1,001 TO 10,000 | .06

10,001 TO 30,000 | .04
30,001 TO 60,000 | .08

L L

C2 is the package complexity failure rate, Table 5.1.2.7-15.

XEM(tO) is taken from Table 5.1.2.7-17 (in Féilures / 106 hours)

XTDDB(tO) = 0 for bipolar devices due to the thick oxides used in the
bipolar fabrication process.
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5.1.2.2 Monolithic MOS Digital and Linear Devices
(Including Gate / Logic Arrays)

Xp(to) = XAC + XEM(tO) + XTDDB(tO)

Mc = Mg (€ Tp+ Gy ) m Cin Failures / 10° hours)
where:
vQ is the quality factor, Table 5.1.2.7-1
mr is the temperature acceleration factor, Table 5.1.2.7-4
T is the application environmental factor, Table 5.1.2.7-3
i is the device learning factor, Table 5.1.2.7-2
C] is the circuit complexity failure rate based on gate or transistor

count as follows:

DIGITAL LINEAR
# GATES C] # TRANSISTORS C]
1 70 100 .01 1 70 100 | .01
101 TO 1,000 .02 101 7O 300 | .02
1,001 TO 3,000 .04 | 301 TO 1,000 | .04
3,001 TO 10,000 .08 1,001 TO 10,000 | .06

10,001 TO 30,000 .16
30,001 TO 60,000 .29

C2 is the package complexity failure rate, Table 5.1.2.7-15.
XEM(tO) is taken from Table 5.1.2.7-17 (in Failures / 106 hours)

. . . 6
XTDDB(tO) is taken from Table 5.1.2.7-16 (in Failures / 10" hours)

5.1.2.2-1
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5.1.2.3 Monolithic Bipolar and MOS Digital Microprocessors
(Including Controllers)

xp(to) = XAC + xEM<tO) + XTDDB(tO)
. . 6
XAC = vQ (C] T+ C2 vE) N (in Failures / 10" hours)
where:
vQ is the quality factor, Table 5.1.2.7-1
L is the temperature acceleration factor, Table 5.1.2.7-4
T is the application environmental factor, Table 5.1.2.7-3
. is the device learning factor, Table 5.1.2.7-2
C] is the circuit complexity failure rate based on bit count as follqws:
| # BITS | BIPOLAR | MOS |
| Up to 8 Bits | 0.06 | 0.14 |
| Up to 16 Bits | 0.12 | 0.28 |
| Up to 32 Bits | 0.24 | 0.56 |
C2 is the package complexity failure rate, Table 5.1.2.7-15.
Aey(to) Ts taken from Table 5.1.2.7-17 Cin Failures / 10% hours)
. . . 6
XTDDB(tO) is taken from Table 5.1.2.7-16 (in Fatlures / 10° hours)

5.1.2.3-1
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5.1.2.4 Monolithic Bipolar and MOS Memory Devices

Read Only Memories (ROMs) - MOS and Bipolar
Programmable ROMS (PROMs) - MOS and Bipolar including:
Ultraviolet Eraseable
"Flash", MNOS, and Floating gate Electrically Eraseable
(UVE, Flash, MNOS models valid up to 100 reprogram cycles)
RAMs - including:
MOS, Bipolar, and BiMOS Static RAMs (SRAMs)
Dynamic RAMs (DRAMs)
Programmable Array Logic (PALs) - MOS and Bipolar including:
Programmable Logic Arrays (PLAs)
Masked Logic Arrays (MLAs), and Hard Array Logic (HALS)

The Model Form is:

xp(to) = XAC + xEM<to) + XTDDB<tO)
= wQ[Cle + kcyc + CZWE] L XEM(tO) + XTDDB(tO)
where:

kp(to) is the predicted failure rate in failures per million hours.

XEM<tO) is the failure rate due to electromigration, taken from
Table 5.1.2.7-17.

xTDDB(to) is the failure rate due to Time Dependent Dielectric
Breakdown, from Table 5.1.2.7-16. Refer to section 5.1.2.4.1.

C] is the base failure rate for assignable cause failures.
Refer to Table 5.1.2.4-1.

mr is the temperature multiplier for the assignable cause

failure rate. Refer to Table 5.1.2.7-10.

5.1.2.4-]
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xcyc is the EEPROM* read/write cycling induced failure rate, and is:

k = [A]B] + A

cyc 2857797 Teee

A] and A2 are the base cycling failure rates.
Refer to Tables 5.1.2.4-2 and 5.1.2.4-3.
B] and B2 are the temperature/complexity multipliers.
Refer to Tables 5.1.2.4-4 through 5.1.2.4-6.
TECC is the on-chip error correction factor:
= .7174 for Hamming Code with 8 data bits and 4 correct_bits
.6667 for a two-needs-one redundant cell approach

1.0 for any device not using on-chip error correction

* xcyc = 0 for all devices other than Flotox or Textured Poly EEPROMs.
C2 is the package base failure rate. Refer to Table §5.1.2.7-19%

e is the environmental factor. Refer to Table 5.1.2.7-3

WQ is the quality factor. Refer to Table 5.1.2.7-1

ul is the learning factor. Refer to Table 5.1.2.7-2

5.1.2.4-2
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5.1.2.4.2 C; Factor (Memories)

Table 5.1.2.4-1

Cy1 Factors

MOS PROMs (Including UVEPROMs, EEPROMs, Floating gate MOS PALs/PLAS)

MOS PROMs Bipolar SRAMs
Cl Cl
Up to 16K bits .00085 Up to 16K bits .0052
16K < X < 64K .00169 16K < X < 64K .0105
64K ¢ X ¢ 256K .00339 64K < X ¢ 256K .0210
256K < X < 1M .00678 256K < X < 1M .0420
Bipolar PALs/PLAs MOS, BiMOS SRAMs .
Cl Cl
Up to 200 gates .01047 Up to 16K bits .0078
200 < X < 1000 gates .02094 16K < X ¢ 64K .0156
1000 ¢ X < 2000 gates .04188 64K < X ¢ 256K .0312
256K < X < 1M .0624
Bipolar PROMs DRAMs
Cl Cl
Up to 16K bits .0094 Up to 16K bits .0013-
16K < X ¢ 64K .0188 16K ¢ X ¢ 64K .0025
64K ¢ X ¢ 256K .0376 64K < X ¢ 256K .0050
256K < X < 1M .0753 256K <« X <« 1M .0100
MOS ROMs
Cl
Up to 16K bits .00065
16K ¢ X < 64K .0013
64K ¢ X ¢ 256K .0026
256K < X < 1M .0052

5.1.2.4-3
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Table 5.1.2.4-2 A

1

Factor

Total Number

Of Cycles (XD FLOTOX Textured-Poly
up to 100 .0007 .0097
100 ¢ X ¢ 200 .0014 .0139
200 < X < 500 .0034 .0230
500 < X ¢ 1K .0068 .033
1K ¢ X ¢ 3K .0204 .061
3K ¢« X ¢ 5K .0341 .091
5K ¢ X ¢ 7K .0478 .136
7K < X ¢ 9K .0614 212
9K < X ¢ 10K .0682 .303
10K < X ¢ 15K .1023 .303
15K < X ¢ 20K .1364 .303
20K ¢ X < 30K .2045 .303
30K ¢ X < 50K .3409 .303
50K ¢ X < 100K .6818 .303
100K ¢ X ¢ 200K 1.364 .303
200K ¢ X ¢ 300K 2.045 .303
300K ¢ X ¢ 325K 2.216 *
325K ¢ X ¢ 350K 2.386 *
350K < X < 400K 2.727 *
400K < X ¢ 450K 3.070 *
400K ¢ X ¢ 500K 3.409 *

* _ See Table 5.1.2.4-3

5.1.2.4-4
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Table 5.1.2.4-3 A, Factor

For FLOTOX, Ay = O

For Tex - Poly:

Total # of Cycles Ax*r
Up to 300K 0.0

300K ¢ X ¢ 325K 2.50
325K ¢ X ¢ 350K 10.0
350K < X ¢ 400K 20.0
400K ¢ X ¢ 450K 30.0
450K ¢ X < 500K 40.0

* If using a system life of other than 10000 hours, multiply Aj
by _ 10000
Sys. Life

If the EEPROM type is not known, assume FLOTOX

5.1.2.4-5
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5.1.2.4.1 (ty)

Moos‘ to

For Bipolar memory devices, beDB =0
For MOS/BiMOS memories:

1) Determine the following parameters of the device:
Total gate oxide area in square microns (DRAMs, SRAMs, ROM/HAL/MLAs only)
Total periphery circuitry gate oxide area in square microns
(PROM/PAL/PLAs, EEPROMs, UVEPROMs only)

Gate oxide electric field stress due to normal operating voltage (in
MV/cem)

Operating junction temperature of the device in degrees celsius

If these values cannot be derived, refer to the following tables in selecting
values:

Table 5.1.2.7-20 for gate oxide area
Table 5.1.2.7-21 for gate oxide thickness

2) Once the parameters have been determined, find XTDDB by referring to
Table 5.1.2.7-16.

Note that the A
lifetime.

1DDB values are valid only for a 10000 hour assumed system

5.1.2.4-9
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5.1.2.5 Monolithic GaAs Digital Devices.

Includes small scale, medium scale, and large scale integrated circuits using
MESFET transistors and gold based metallization.

Digital GaAs part failure rate model:

6

b [C1A Trp ¥ C]P Trp + C2 "E] . (failures/10~ hrs)

D=

where the C] factors are shown in Table 5.1.2.5-1.

>
"

0 Digital GaAs Part Failure Rate in failures/]06 hours
C]A = Active Device Complexity Factor (For transistors and diodes)
= Passive Device Complexity Factor (For resistors, capacitors,

and inductors)
TiA = Active Device Temperature Acceleration Factor, Table 5.1.2.7-13
Tp = Passive Device Temperature Acceleration Factor, Table §.1.2.7-14
v, = Learning Factor, Table 5.1.2.7-2

L
Ty o= Quality Factor, Table 5.1.2.7-1
C2 = Package Complexity factor, Table 5.1.2.7-15
T = Environmental Factor, Table 5.1.2.7-3

Table 5.1.2.5-1: C]A and C]P FOR
MONOLITHIC GaAs DIGITAL DEVICES

COMPLEXITY Cia Cyp
(NO. OF IC ELEMENTS)

1 - 1000 (SSI & MSD) 25.3 .687
31001 - 10,000 (LSI) 50.6 .687
Uﬁknown 50.6 .687

5.1.2.5-1
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5.1.2.6 Monolithic GaAs MMIC Devices.

Includes GaAs MMIC devices using MESFET transistors and gold based
metallization.

GaAs MMIC part failure rate model:

M = T L€y Tpa + Cpp mrp) Ty * Cp e 1 (failures/loé hours)

where the C] factors are shown in Table 5.1.2.6-1, the e factors are
shown in Table 5.1.2.7-12 and 5.1.2.7-14, and the L factor is shown in

Table §5.1.2.6-2. The "Q’ 1 and e factors are shown in Tables
5.1.2.7-1, 5.1.2.7-2 and 5.1.2.7-3. C2 is shown in Table 5.1.2.7-15.

= MMIC GaAs Part Failure Rate
C]A = GaAs Active Device Complexity Factor (For transistors and diodes)

=
[

C]P = GaAs Passive Device Complexity Factor (For resistors, capacitors,
inductors)

T = GaAs Active Device Temperature Factor

Tp = GaAs Passive Device Temperature Factor

T, = MMIC Application Factor

o= Experience or Learning Factor
wQ = Quality Factor

C2 = Package Complexity Factor

T = Environmental Factor

5.1.2.6-1
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Table 5.1.2.6-1: CIA and CIP FOR MONOLITHIC
GaAs MMIC DEVICES

COMPLEXITY ] Cia Cip

(NO. OF IC ELEMENTS)
1 - 10 ] 4.5] 2.26
11 - 100 4.51 2.71
101 - 1000 7.22 2.94
Unknown 1.22 2.94

Table 5.1.2.6-2
FOR MONOLITHIC GaAs MMIC DEVICES

m

A

APPLICATION A

Low noise & low power 1.0
less than or equal
to 100 mw

Driver & high power 3.0
greater than 100 mw
to 3000 mw

Unknown 3.0

5.1.2.6-2
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5.1.2.7 Tables for Monolithic Model Parameters
Table 5.1.2.7-1
“Q Quality Factors
QUALITY DESCRIPTION Q
LEVEL
Procured in full accordance with MIL-M-38510,
S Class S requirements. Class S listing on QPL-38510. 0.7
Procured in full accordance with MIL-M-38510
B Class B requirements. Class B listing on QPL-38510Q. 1.0
Parts with normal reliability screening and manufacturer's
D quality assurance practices. Burn-in per MIL-STD-883
Method 1015 (Series), Class B, and final electrical test
required. 3.3
Commercial (or non-MIL standard) parts with no screening
D-1 other than final electrical test at temperature extremes* 6.5
Parts screened to intermediate quality levels per screening
OTHER

methods of MIL-STD-883. Screening factor and mg as
determined below.

* Non-hermetic parts should be used only in controlled environments(Gg)

MIL-STD

-883 SCREEN POINT
METHOD VALUATION
5007 Wafer lot acceptance testing 0.5

2023 Non-destructive bond pull 0.2
2010/17 Internal visual examination 6.0

1008 Stabilization bare, condition B minimum 4.5

1010 Temperature cycling, condition B minimum 11.6

2001 Constant acceleration, condition B minimum 12.8

2020 PIND (particle impact noise detection) 11.3

1015 Burn-in (S-level/B-level) 16.3/10.9
5005 Final Electrical 10.9

1014 Seal Test (test conditions A, B or O 7.3

2012 Radiography 11.3

2009 External visual inspection 7.3

Note 1:. The screening factor is the sum of the point valuations of all MIL-

Note 2:

" STD-883 screens conducted on the parts in question.

mQ = 71.3 + screening factor.

5.1.2.7-1
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Table 5.1.2.7-2 Experience Factor m

YEARS IN T
PRODUCTION | FACTOR
0 2.1
.25 1.9
5 1.8
.75 1.6
1 1.5
2 1.05
3 0.67
4 0.52
5 0.37

7L = [0.01 exp (5.35 - 0.35 V)]

where Y = no. years in production

Table 5.1.2.7-3 Application Environment Factor mg

ENVIRONMENT g
GB 0.5
GF 2.5
GM 4.0
NI 4.6
NU 5.7
NUU 6.3
NUL 11.0
AI 4.4
AU 5.5
Me 6.5
SF 0.9
CL 220

5.1.2.7-2
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Table 5.1.2.7-4 Technology Temperature Factor Tables

EFFECTIVE
ACTIVATION w1 TABLE
TECHNOLOGY ENERGY NUMBER A
ASTTL, CML, TTL, HTTL, .4 ev 5.1.2.7-5 4635
FTTL, DTL, ECL & ASTTL
LTTL & STTL .45 ev 5.1.2.7-6 5214
LSTTL .5 ev 5.1.2.7-7 5794
ITL, I3L, ISL & MNQOS .6 ev 5.1.2.7-8 6952
DIGITAL MOS .35 ev 5.1.2.7-9 4060
MEMORIES (BIPOLAR & MOS) .8 ev 5.1.2.7-10 9270
LINEAR (BIPOLAR & MOS) .65 ev 5.1.2.7-11 7532
GaAs MMIC ACTIVE DEVICES 1.5 ev 5.1.2.7-12 | 17380
Ga