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EXECUTIVE SUMMARY

IIT Research Institute and Honeywell SSED have teamed to *=velop a reliability prediction
model for VHSIC and VHSIC-Like CMOS devices with the intent that the model be suitable for
inclusion into MIL-HDBK-217. Traditional methods of reliability prediction modeling have relied
on the statistical analysis of empirical field failure rate data. Since no field data was available for
this purpose, a reliability physics based modeling approach was used in conjunction with empirical
data from life tests, environmental tests, and test structures.

Two separate models were developed; a detailed model and a short form model. The detailed
model is based on the characteristics of specific failure mndes, manufacturer specific mfonnatxon
such as defect density and wearout performance, and key ..,. plxcanon data including temperature
and operating time. The short form model is a condensed version of the detailed model and does
not require manufacturer specific information but rather easily accessible information. The penalty
in using the short model is its lower precision and accuracy relative to the detaited model,

In addition to the data supplied by Honeywall 1o this effore, a database was built containing
life test, burn-in, and environtental test results from & variety of manuticturers, Mugh of the data
contained in this database was used in the quanfication of early life failure rates for various
specific failure mechanisms. Therofore the detsiled mode! prediciing defect rolated sarly tife failure
rates will yield an industey wide ropr ssentative fadlues rate. It was also determined in this study
that it is these dofect related mechanisms that drve the failore rate in the pants uselu life. Intrinsic
wearout mechanisms have also been modaked which will provide an approximate end of life tme as
a function of the parts design rules ard it pavticyder application.

There was also difficulty in predicting failury rutes due 10 ovent driven, design related failure
mechanisms such as elsctrosratic discharge (ESD) and CMOS latch-up.  Bvent statistics are
generally not available, and robustaess varies grgatly among products and manufacturers. This can
lead w very unpredicisble application problem often resolved by reliability engineers.

Th. detailed model has been validated with the life test data that was available on 1.0 and 1.2
nucron processes from three separate manufutturing processes. It was also observed that there
were relatively large variations is observed failure rates between manufacturers. The model
partially accounts for these variations by including fabricatior: specific information such as defeet
density amd wearout data.




Another difficulty was the large aumber of failures reported for which the failure mechanism
was unknown, implying some level of uncertainty regarding the completions of the present
models.

It is quite apparent from the results of this study that a total quality management approach
presents demands which go beyond traditional statistical process control, which seeks stabilization
of process outcomes, monitored in terms of measured quantities such as film thicknesses, lateral
dimensions, and electrical parameters. Clearly, an additional important requirement exists for
monitoring and reducing various process defect densities. This will help to reduce the number of
products which contain the types of defects known to cause early life failures. However.
achieving the highest attainable quality in an environment where defects are infrequent and
randomly placed implies an obvious need for 100% product level elecirical testing for time zero
failures caused by defects, as well as 100% preduct level reliability screening for early life failure
mechanisms influenced by defects.

This effort also attempted to utitize data from ongoing efforts such as the yield enhancement
and generic qualification programs. It was unfortunately concluded that the level of standardization
(between manufacturers) necessary for input to a reliabilic, wodel has not yet been achieved.
Therefore, data from these efforts are used as an input to the model in a more qualitative sense in
which case a multiplication factor is applied modifying the failure vate.

In summary, it is recognized that there is no perfect reliability model covering all CMOS
VL3I devices from a varicty of manufacturers. Given this, the goal of the model is to strive for
accuracy for most devices, manufacturers, and applications. Itis the view of UTRI and Honeywell
that the model meets its goals in that it is sensitive to the proper factors effecting reliability in the
proper proportion.
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EVALUATION

The objective of this effort was to develop a reliability prediction model for fielded
CMOS VHSIC and VHSIC-Like devices. Since little or no field reliability data was
available, an approach was taken that used methods which deviated from the traditional
statistical analysis of field failure rate data. The effort was successful in accomplish-
ing this objective with the development of two models, a detailed model and a short
form model, for predicting failure rates for VHSIC and VHSIC-Like CMOS microcir-
cuits.

The detailed model is based on the characteristics of specific failure modes, manufac-
turer specific information such as defect density and wearout pe:i. . :nance, and key
application data including temperature and operating time. The short form model is a
condensed version of the detailed model and does not require manufacturer specific
information, but rather easily accessible information. The penalty in using the short
model is its lower precision and accuracy relative to the detailed model.

The models account for both time dependent and defect-related failure mechanisms. A
data base was built containing the life test, burn-in and environmental test results from
a variety of manufacturers, Much of the data contained in this data base was used in
the quantification of early life failure rates for various specific failure mechanisms.
Therefore the detailed model, in predicting defect-related early life {ailure rates, will
yield an industry wide representative failure rate. The use of actual defect densities, if
properly measured, will result in predicted reliability values wiich are more precise and
accurate than conventional regression type prediction models.

It was also determined in this study that it is these defect-related mechanisms that
drive failure cate in the parts useful life. Wearout mechanisms have also been model:d
which will provide an approximate end of lifetime as a function of the parts design rules
and its particular application,

The model addresses three time-dependent mechanisims; electromigration, time-depen-
dent dielectric breakdown, and hot ~arrier efiects. The model has factors for chip area,
defect density andfor minimum feature size so that changes in technology can readily
be factored in, It has a corvectlon facter to madify the model as VHSIC field
experience bacomes available and to modify the m~del for a particular fabrication
process based on the availability of high quality life tests. The model can also utilize
test pattern data from manufacturars in conjunction with the Yield Enhancement and
Generic Qualification programs, There Is a package factor which considers the number
of package pins and includes the following package types: PIN Grid Arrays, Chip
Carriers, and Dual-In-Line Packages. It also has factors for EOS/ESD and whether or
not the device is on the QPL/QML.

The detalled model has been validated with the life test data that was available on 1.0
and 1.25 micron feature size devices from three separate manufacturing processes, The
models will be proposed for inclusion In MIL-HDBK-217 “Reliability Prediction of
Electronic Equipment.”

Our F W avaeo

DETER F. MANNO

Reliability Assurance Branch
Microslectronics Reliability Division
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1.0 INTRODUCTION

The intent of this effort was to develop a reliability prediction madel for fielded CMOS VHSIC
and VHSI -Like integrated circuits. Since no field reliability data on these circuit types was
anucipated for development of these models, methods were used that deviated from the traditional
statistical analysis of field failure rate performance of the device types being modeled.

Since integrated circuit technology is advancing at a pace more rapid than our ability to collect
field data and build models accordingly, this program also represented an effcrt to develop
reliability prediciion model development methodologies which alleviate the need for extensive
quantities of field experience.

It was also an intent of this study is to make maximum use of the voluminous amounts of work
done and being done in the area of high density CMOS reliability assurance. Data was collected
during this program from Honeywell and other semiconductor manufacturers willing to participate.
This approach assured that the prediction models developed are not valid only for Honeywell
devices, but rather models that are reflective of the entire VHSIC and VHSIC-Like CMOS
industry.

The general fadlure rate model was developed using data of varicus manufacturers and thereforo
calculates an average expedted failure rate. In reality, large variations in failure rates are observed
between manufacturers. In most ¢asss the root cause for this differsnce cannot ba modeled in a
geiaral reliability prediction model. Attsmpts were made 10 address this difference by including
factors such as dafect density, howeves, there are siill many very subtle factors which heavily
influcuce reliability, many of which are not fully understood, much less quantifiab?, Xt should be
notzd, however, that the model is applicable only for a relatively mature technology that
* coasistently yiclds acceptable die from every completed wafer,

It is also noted that other factors may strongly influence reliability more broadly defined as
wouble free application of products in seal sysicms. Design related overstress, ESD and latch-up
robustaess fall into this category, and these may vary greatly amnong products and wmanufacturers,
Thess .are also event driven failure mechanisms, and failure xate prediction would require
kaowledge of event statstics as well as device robustness.




Additionally, although this is primarily a theoretcal, bottom up approach to reliability model
building, this study attempted to maximize the use of empirical data, on both specific failure
mechanisms and the entire device. This represents a radical departure from traditional failure rate
modeling methods since it offers the potential of using data on specific failure mechanisms (from
test structures, life tests, etc.), whereas historical methods have required empirical data on the
entire packaged part.

Also recognized in this effort is the need for various types of models filling the needs of
specific users. For example, to fully utilize the knowledge base of large scale CMOS rehability, a
model which uses detailed physical parameters of the circuits being fabricated is required.
Additionally, the need is also recognized for a short, easy to use model, wapable of rapidly
providing reliability estimates. This effort addressed the nceds of these two user types by
providing both a detailed model and a short form model.




2.¢ REPORT ORGANIZATION AND NOTATION

The remainder of this report is organized as follows:

<

Secticn 3.0 presents the approach taken in this study to meet the stated objectives.” It
summarizes the methodology used to separate failure rate contributions from individual
failure mechanisms and also how the early life and wearout failure rates were quantified.
It also discusses thie relationship of this effort to related efforts such as the yield
enhancement and generic qualification programs.

Section 4.0 discusses the database that was built for this effort, the manner in which data
was collected, and profiles of the database regarding the type and complexities of devices
the data was collected from.

Section 5.0 is the main section of this report which presents the derivation of failure rate
models for each failure mechanism that was modeled. Failure rate contributions were
derived and summarized in this section for oxide, metal, hot carriers, contamination,
package related failures, electrical overstress, and a miscellaneous éatcgory. Section 5.0

also presents a detailed discussion of the relationships between yield, defect density, die
area, and dovice type, and preseats the rationale used in this effort for making the model a
fugction of the defect density/area product.

Seciion 6.0 presents the complets detailed version of the wiodel, inclusive of all failure
rates maodeled. Due to the rolative comploxity of the wmodsl, the calculations from it are
iedious. Therofore, 4 computer program was wriiien (o facilitate calculations. In this
computer program, the user simply onters the desired input vaniables and can then
perform a prediction at a single instant in time or can choose the chasting option that will
calculate ths failurs rate as & function of time and plot the resulting values.

Section 7.0 presents the derivation of each factor in the short form modsl along with a
swwnarization of the complete short model.




Section 8.0 discusses modeling considerations given to fault tolerant designs. Since
there are too many design possibilities to adequately model fauit tolerance with a single
factor, there is no factor in the model, but rather guidelines are presented to model its
effect based on a detailed knowledge of the device architecture and d:sign. Examples of
fault tolerant techniques and guidelings to model them are presented in this section,

Section 9.0 presents a summary of the 1.0 and 1.2 micron data that was used in the
model validation phase of this effort, and a summary of how the predicted values
compared ¢o the observed. It also discusses the variation in failure rates observed as a
function of the manufacturing process and presents ~ome data on the accuracy that can be
expected from the prediction.

Section 10.0 presents sample calculations for 18 separate combinations of input
variables, and gives plots of predicted failure rate as a function of time.

Section 11.0 discusses briefly how field data, when available, can be used to modify the
model.

Section 12.0 discusses conclusions and recommendations xeparding this modeling effort.
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Ap =
ABx =
Agp =
AnC: =
AHEE -
A, =
As =
A =
Ap =
AT =
AYHC =
AfmeT =
Aty -
ATox =

ATYpEypy =

NOTATION AND DEFINITIONS

Gate Oxide Area as Used in Section 5.1.2.3 and Total Die Area as Used
Elsewhere

Constant in Black's Equation

Acceleration Due to the Electric Field

Acceleration Factor Due to the Oxide Electric Field
Magnitude of Hot Carrier Degradation

Avalanche Hot Electrc 1

Oxide Area of Chip N

Oxide Area of Chip O for which Reliability is to be Extracted from Data on
Test Structuxe Oxide with on g Ag

Reference Die Area

Acceleration Dus to Temperature

Temperature Acceleration Factor for Contamination Related Failures
Temporanme Acceleration Factor for ot Cairier Degradation
Temperature Acceleration for the Metal Failure Rate

Temperature Acceleration Factor for Miscellaneous Failure
Temperaiure Acceleration Factor for the Oxide Failure Rate

A constant which accounts for the relative differsnces in meial leagths

between vartous device types




ATYPon = A constant which accounts for the relative differences in oxide area densities
between various device types

AV = Oxide Electric field acceleration factor

C = Constant

Cbrr = Ceramic DIP

ClLCC = Ceramic Leadless Chip Carrier

CPGA = Ceramic Pin Grid Array

DC = Duty Cycle, % Operating Time

Dgrp - = Effective Defect Density

DIp " = Dual In Line Package

D, = Oxide Refect Density of Chip 0 (Used only in Section 5.1.2.3)

Dy = Oxid§ Defect Density as used in Section 5.1.2.3, and Critical Defect Density for
Featwee Size X, Elsowhore

Dogxy = Oxide Defect Density

| b = Rcfmcncemfectl)cxmsy
D, = Defect Deasity of a Test Stuucture
D(W) = Ara Dcnsny with Weakaess Factor Larger than w
- E | = Gate Oxide Breakdown Sucagth




Activation Energy, Per the Arrhenius Relationship (in Electron Volts, eV)

Normalizing Electric Field

Electrostatic Discharge

Electric Field Strength in the Oxide (MV/cm)
Reference Electric Field

Electrostatic Discharge

Actual Electric Field

Failure Unit (Failures/10? hours)

Fallout Rate (Percentage)

Reference Fallout Rats

Tims to Failure Probability Density Function
Cumulative Probability Distribution as a Functioa of x
Process Specific Coustant

Dreain Curvent

Substrate Carrent

- Current Density

Boltzsan's Constant = 8.65 x 10°5 (E;'ci)




PDIP
P()
P{flc)
PGA
PLCC
PPGA
P(w)

| Q)
.%(t)
QM

Q)

1}

B

i

{4

Low Dose Drain

Exponent for I+ Term in Hot Carrier Model

Exponent of Current Density for Black's Equation in Section 5.2 and
Exponent for Hot Carried Degradation in Section 5.3

Power

Plastic DIP

Probability of Failure due to EOS or ESD

Probability of Failure given Contact from an EOS/ESD Source

Pin Grid Array

Plastic Leadless Chip Cairier

Plastic Pin Gnd Array

Probability of coutaining at least cae defect with weakness factor w
Qualified Manufacturers List

Cumulative Failure Density of Chip N

Cumnulative Foilure Distribution far an Oxide with Defect Density Dy,
Cumulative Failure Density for a Test Structure

Cuinuladve Failure Density Function

Daty Rato for Substrate Current

Duty Cycls
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Relative Humidity

Effective Relative Humidity

Reliability Function

Shape Parameter Used in the Stapper Yield Model
Single Drain

Constant

Standard Derivation

Temperature

Tige

Time to Breakdown

Case Temporature

Tise Bependent Diclectric Breakdown
Junction Temperature

Reference Temponitwe

Effective Screcning Tine

Time at which 50% of the Population Fails
Ralcrence tgp) Time

Drain Voltage




Gate Source Voltage

&
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4

Vsp = Source Drain Voltage
V14 = ESD Failure Threshold Voltage
¥o = Reference Feature Size

X = Actual Feature Size

Constant

e
i

Canstant

e
#

g

Activation Energy

&
>
¥

Junction-Ambient Thermal Resistance

Oye = Junction-Case Theroul Resistance

>
7

Failure Ram (’i’é Fm}ams perMﬁimn hours)
% = BuseFaiwerw |
R'BP = Baso Package Failuro Rats
A = EOYESDCouxtRus
kou = Connmination Filuro Kas
- Agos = Hlecwical Overstress Failure Rate
s = Ducwostic Disliargo Felu Rat
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AMIS = Miscellaneous Failure Rate

ox = Oxide Failure Rate

Aox( = Time Dependent Oxide Failure Rate

ApaC = Package Failure Rate

l.p = Predicted Failure Rate

Apy = Packnge Hemeticity Failure Rate

AfY) = Failure Rate a5 a Function of Time

I = Field Data Comection Factor

g = s Complexity Factor

) = Environmont Factor

MarG =  Manufaciuring Process Cossection Factor

Hpy = Package Type Factor

il = Quality Lovel Factor

Sisp = i’ach.age Screening Factor

Opig = Standand Deviation for Henneticity Related Faiture Mechanisms
oyc = StaadadDoviasion for the disiibution of Hot Carsier Failures
OMET = Stdand Deviation for the merallizaton electrmigration e distibution

11




Cox = Standard Deviation for the TDDB Failure Distribution
T = Exponential Time Constant
’ e = Hot Carrier Lifeiime
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3.0 APPRCACH

The approach taken in this effort was to analyze each failure mechanism independently and
develop a separate failure rate ex~ression for eacii. This approach assumes that each failure
mechanism is independent ot each other and one is not the result of the other. While in all cases
this is not entirely true, it represents a justifiable approximation when considering the limited
prediction accuracy expected from such a model. Figure 3-1 summarizes the methodology used in
this study.

Determine
Possible
Failure
Mechanisms

B ]
Collect Review Fajlure
Data Physics

Determine
Time to Failure
Characteristics

Cotbine all
Imy Failurs
Mgcmﬂms into
Cohesive Model

Validate Model
with
VHSIC Data

FIGURE 3-1:
MODEL DEVELOPMENT METHODOLOGY
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The first step in this process was to identify as many potential failure mechanisms/modes as
possible. These failure mechanisms are listed as follows:

Oxide Failures

Time Dependent Dielectric Breakdown
Metallization Failures
Electromigration

Hot Carriers

Corrosion

Ionic Contamination

Wire Bond Failures

Package Hermeticity Failures
Electrical Overstress (including ESD)
Die Bond Failures

Soft Errors

Latch Up

Next, each of these were studied o determine:

(1) Prevalence in causing failure of small feature size CMOS

(2)  Tims to failure charagteristics

(3) How well they can be soensd

(@) The factors and stresses which influsnce their failure characteristics

. Since there are many more failure machanisms possible than ¢an offectively be quantified ina
single model, it was the objective of this study to choose ouly thoss failure mechanisms that drive
of domninate the failure rate and model them secondingly.

Te aczomplish this and to identify time to fallure characteristics, a database was developed
from screcniog and life test dats of VHSIC-Like devices. The physics of failere charactesistics of
cuch mechsnist were studied and both the fabeication variables and strosses that affect each

* mechanism were detestiised.

‘Nexi, a fatlure rato as a funcdon of time was derived for each mechasdsm based either on
<L cmpirical data from the database or based on theoretical considerations. These failure vae~ were
7, -then combined int o cobesive wodsl
U 14




The basic premise of the approach used in this effort was that die related failure mechanisms
are predominantly accelerated by emperature, voltage and current and package related mechanisms
are predominantly accelerated by environmental stresses (primarily temperature cycling).

Table 3-1 summarizes the number of observed failures contained in the database as a function
of test type and failure class. This data supports the approach being taken of accelerating die
related failure mechanisms with temperature and package related mechanisms with temperature
cycling.

TABLE 3-1:

DATABASE PROFILE: NUMBER OF OBSERVED FAILURES

Test Type
Temperature Misc.
Failure Class Life Test Cycling Environmental
Oxide 274 7 0
Metal 62 3 6
Package 24 214 0
Assembly 21 0 0
Contamination 603 3 0
Unknown 789 54 4

Each known failure mechanism was analyzed, determining characteristics of infant mortality,
wearout, vandom failures, or some combiuation thereof.

Each faillue mechanism will therefore have either an early life (decreasing failure rate) term, a
wearout failure rate term (based on the lognonnal time to failure distribution), a time independent
(event volated) failure yate tenm, or a combination of the three. Table 3-2 summarizes each failure
nxchanism addressed in the dotailed mode! and their associated failure rate term(s),
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TABLE 3-2:
FAILURE MECHANISM CONTRIBUTION TERMS

“Failure Short Term Long Term "Time Independent
Mechanism Decreasing A Wearout A A
Oxide X X Note 1
Metal X X
Hot Carriers ) X Note 1
Contamination X
Package X (for non- X

hermetic only)
Electrical
Overstress X
Miscellaneous X . X

Note 1;  Very recent information suggests that ESD overstress can adversely affect both
oxide wearout and hot carrier degradation rates. A time independent factor might
ltg:ﬂappropriaxe. depending on whether further work relates this effect to ¢arly life

ures. :

Each entry in this table represents an additive failure rate in the model and each of these
failure rates axe described separately in subsequent sections of this report,

The shoxt torm decreasing failuce xates for oxide, metal, contamination, and miscellansous
failure mechanisms are essentially dofect rolated mechanisnas that have the potential of being
screened ouy. For theso, the time to failers data in the database developed for this study was
utilized to dovelop empirical failure rate relationships os a funciion of dins,

, The long wrm wearout failure rates ove theorstically derived based on varions sources
including data wepoited in the literature, specialized test rosults, and test structure results, Theso are
‘all based on the lognormal tives to failure disiribution and will predict an approximate time at which
the ~.nd of life of that past is approaching, For a well designed part, the failuve rate contribution
~ fxom these mechanisms should be essentially zero in the useful life of the part, indicating that the
failure rate is driven by the defect selated mechanisms as well as the dme indspendeat, event related

16




The time independent mechanisms are those that are primarily event related, such as
electrostatic discharge. The package failure rate is treated in our mode! as a time independent
mechanism, however, there is a time dependent package related contribution in the miscellaneous
term. The rationale for this is further discussed in subsequent sections of this report.

In failure mechanisms that exhibit both a short term failure rate and a wearout failure rate, the
defect severity distribution plays an important role in the short and long term failure characteristics.
This defect severity distributios. relates the severity of defects to its prevalence in occurring.

Figure 3-2 represents a hypothetical case illustrating an oxide with various defect severities
(from Reference 8). This example relates these severities to the expected time of failure.

Oxide !

Defect Severity 1 2 3 4 5

. - Yield loss at wafer probe

- Burn-In Failure

Failurs during equipment checkout

- Failure during first year of operation
. - Failure after 4 years of operation

L]

FIGURE 3-2;
DEFECT SEVERITY EXAMPLE
In the contained model hercin, 2, 3 and 4 are modeled with the short ierm failure rate

contribution and 5 is modeled with the term for long term wearout. 1 is yield loss and is not
explicitly addressed in the model.
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This modeling approach has several advantages:

(1) By separating the failure rates due to each failure mechanism, the model can be more
sensitive to stresses which affect each mechanism differently. For example, each
mechanism typically will have a unique temperature activation energy, which can be
modeled separately, instead of choosing an average activation energy which would result
in an oversimplified approximation of the effect of temperature.

(2) It allows the user to quantitatively ascertain the benefit of screening temperature and
duration. Since the predicted failure rate is a function of time, the user can model a
typical failure rate improvement by trying various temperatures and durations.

(3) It gives a better representation of the behavior of the failure rate as a function of time and
also provides a realistic estimate of how long the devices can be expected to last in fielded
systems.

It would have been very advantageous to this effort if it were possible to identity and rank the
significant failure modss and mechanisms. Unfortunately, the number of variables effecting the
prevalence of each failure mode and mechanism is very high and therefore this ranking would only
be valid for the device whose data was used in deriving the vanking, In other words, cne CMQOS
process may have one particular failure mechanism prevalent, whereas another process may have
different mechanisms prevalent. This is due to the many variables conirolling the failure mode
distribution. Yo attempt to quantify this variability, & survey was issued to various CMOS VLSI
manufacturers in which thoy were asked to give percentages of failures they observe for each
failure mechanisin listed. This survey quostionnaire is given in Appendix A, Table 3-3
surmarizes the seven responses of this swvey rogarding the failure mode distributions, and
indicates a wide variation in the prevalence of the observed failure mechanisms. These results
illusteate the difficulty in deriving a mode! based on expest opinion,
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TABLE 3-3:
FAILURE MECHANISMS DISTRIBUTIONS

Survey Responses

Failure Mode/Mechanism 1 2 3 4 5 6 7

Electromigration - - - - - 13%

Diclectric Breakdown X 0% | <1% | 98% - 2% X

Soft Errors - - - - - -

Parametric Drift X - 1% - - 38% X

Hot Electrons - - - - - -

LatchUp X 100% | .1% - X - X
_Electrical Overstress X 20% 2% X -

Package Related - 20% | 1% | - X 28%

Other - - - - X 19%

x = Failure Mode occurs but uo percentage given in survey response.
3.1 MODELING TIME TO FAILURE CHARACTERISTICS

It was oniginally intended to quantify a bimodal distribation for cach failure mechanism. For
example, Figure 3-3 illustrates the biuodal distribution,
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FIGURE 3-3:
BIMODAL DISTRIBUTION

Where the ratio of the area under each curve are derived from the data contained in the
database developed for this effort. For example, if the database indicates that 1% of the population
of devices fail in screening tests for a specific failure mechanism, then the area under the first curve
will be 1% of the total. ‘

In the case of ionic contamination, screening (or test) effectiveness is very high, and there are
no wearout failures expected (i.e., all infant mortality failures), the time to failure distribution in
Figure 3-4 will result in the case where 1% of the population fails in screening from contamination.
‘Therefore, this is not the probability density function for the entire part but only for contamination.



pdf

.01

to ti

FIGURE 3-4:
FIRST MODE OF THE BIMODAL DISTRIBUTION

In Figure 3-4 the short term screening failures are expected but no wearout failures are

expected due to the characteristics of contamination. If a device has been exposed to screens for an
equivalent time of tq, then the initial time of field operation would be t1. If it has not been

screened, then the initial time of field operation would begin at tg and 1% of the population (i.e.,
all contamination failures) would be expected to fail between t( and t] from contamination.

It became apparent that, while the wearout portion of the distribution could be fairly well
defined, the early life defect related portion could not be modeled as an increasing and then
decreasing distribution.

Also, although the time to failure characteristics were analyzed, all models were developed in

a havzard rate format, instead of time to failure, to be more consistent with conventional reliability
prediction methodologies, and to facilitate failure rate predictions.
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3.1.1 Development Methodology

From the failure mechanisms observed in the database, there are very few observances of die
failures occurring from the wearout failure mechanisms (electromigration, TDDB (time dependent
dielectric breakdown), Hot Carriers, and moisture related failures in nonhermetic packages). For
example, the vast majority of failures in an oxidz are not time dependent dielectric breakdown, but
rather other early life oxide failure mechanisms, possibly due to defects more severe than those that
are manifested as TDDB failures.

To account for these failures, an exponential hazard rate model was chosen and fit to the
observed failure rates (as a function of time) for each applicable failure mechanism. For example,
the following basic model was used:

AL =A™

where:

Ay, is the base failure rate (constant)
1 is the tims constant of the exponential
tis ime

The titne to failure data contained in the database was vsed to derive the observed failure
rates, as a function of time and all wexs normalized to a 259C tempexature by multiplying the actual
tine by the acceleration due to temperature (A1) (sce Section 5.1.2-1). This acceleration was
between the actual temperature and 25°C. The failure mechanisms for which early life failure rates
were derived are; Metal, Oxide, Contamination, and a Miscellancous eategory (contalning various
time dspendent assembly and package related mechanismg). Since package related failure
mechanisms acceleraied by temperature cycling are modsled soparately in the package factor, these
factors are derived oaly from high temperature acoelerated life st data.

Each observed failure was categarized into one of the following failure classes; oxide, metal,
coptamination and miscellaneous.
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The following failure mechanisms/modes listed under each class summarize the observed
failure cause (from life tests) contained in the database for each of these classes.

Qxide

Functional failure, threshold voltage shift

Input leakage failure, threshold voltage shift
Functional failure, gate oxide step defect

Access time out of spec, charge loss, oxide defect
Access time out of spec, charge loss, wearout
Nominal march, oxide damage

Nominal march, oxide damage

Page mode failure, oxide damage

Metal

Metal masking defect

Fuictional faiture from aluminum comrosion
yanctions) failure from metal contact defect
Failure pararacter fiom aluminuim conosion
Open mwtal tace

Open metal tace from aleminum cososion
Fusctional metal failuwe from pattera shifting

Parameter failure from contamination
onic leakage, bake recoverable
Bits failure, ionic contumination from assembly debsis
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Functional failures (unknown wechanism)
Pattern shifting

AC/functional

Masking defect

Column short to VSS

Parametric failure

Diffusion mask defect

Output leakage

Input leakage

Functional, trace, degradation

Input transistor short

Junction shost

Pin leakago, bake recoverable

Open

Retaniica fatlure

Nominal march, poly defect

Nowmioal masch, marginal room temp, AC
XOU stand by, out of spec, low sesistor value
Wire bond failure -

The umhakﬁugy used to develop csﬂy life failure rtes ane gs follows:
(1) The faxs of failuie, for cach failure mechanisim weso exiracted from the database.

' ',(2;_) “Thess times were converted (0 an cquivalent 25°C tinte based on the temperature
- acoeleration factor for each panidentos failure observance,

) ._Axi equivalent total number of part hoors (at 25°C) for the entire database was extragted
for each faihue mechanism observance (based oa the individual mechanisms temperatuse
- scoeloration facior) for small time intervals.
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(4) A regression analysis was then performed on the failure rates calculated as a function of
time, and fit to the following model:

A(t) = lb et
or In l(t) =In lb -1t

(5) Values of Ay, and © were then determined.

Figure 3-5 illustrates a hypotheiical application of this methodology. For this example, the
following failure rates and time intervals were observed.

Time (100 hrs.)

0- 04
04 - 1.67

.

' FIGURE 3.5
HYPOTHETICAL FAILURE RATE AS A FUNCTION OF TiME




A simple regression solution was obtained using the mid point values of time in each interval,
and by taking the natural logarithun transformation of the failure rate value. The following
relationship was then obtained:

A) = .011 e2:2t

The next step was to insure that the cumulative failure rate (integral) was the same for the
predicted and observed. This was accomplished by adjusting the t value if required to meet this
condition. The Ay, value was kept constant w...use there was a relatively high confidence in it

since there was typically a large number of part hours and failures observed in that interval, thus
yielding an accuraie failuie rate in the early time intarval. Section §,1.1 discusses the derivation of
the actual oxids failure rate.

The screening test effectiveness has not explicitly been accouated for in the model since
cmpirical test results were used to davelop the early life failure vates {which are related to test
effectiveness) based on screening and life test vesults. However, screening effectiveness was
implicitly included in the model. It is logical to assume therefore that the st effectiveness for a
particular eyt is approximately constant throughout the industry at the present state of the art and
inherent in the model, It was atiempied to derive test effectivenesses for various screens. This
was abandoned dug to the anpirical approach taken and the fact that accurately deriving test
cffectivengsses 18 exionsely difficult, and in many cases iapossible.

3.4.1.1

Suwe the early life failue rate is intended o modst defect relatad failure mechanisms, a given
constaun perosntage of the populaton is expotted to fail in a cortain tiine neriod under a certitin 36t
of circumstances. For example, if the temperature is raised by a level consistent with an
acceleration factor of 10, the same percentage of paits should fail in 1/10th the dae of the oniginal
temiperaiuze. Tha is: ‘

t
t AT
d{ A(t) dt (25°C) = J A1) Gt (at T)

(Ag = acceleration due o eiperatre T)
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AMt) = Ap AT e VAT

where Ay, = base failure rate

3.1.1.2  Effects of Duty Cycle

The defect related mechanisms being modeled in the early life are those that occurred during
operating life tests and therefore will typically oniy be accelerated to failure when the device is in
operation. Since the models presented in this 1eport are for operating conditions, they do not
include duty cycle as an input. If the effect of duty cycle needs to be accounted for, it can be
modeled in the same manner as temperature as follows:

A®) o (DC) Ay, et DCt (o = Proportional to)

(where (DC) = Duty Cycle)
0<DCs1)

In this case the duty cycle is defined as the percentage of time the device is in its normal
operating state. The one factor that does require duty cycle is the failure rate of plastic package

. types in which case an effective relative humidivy has to be calculated as a function of duty cycle.

Theretore, surmarizing the effect of both tamperature and duty cycle yields:

l(t)=leT(DC)e‘mDCATt




3.1.1.3  Effects of Screening Time

If a device is burned in or subjected to a high teraperature operating screen, one would expect

a certain percentage of defective parts to fail. In this model, this effect is accounted for simply by
adding an effective screening cime (t0) to the time variable (t). Ax: example showing the cffects of

screening time is presented in Figure 3-6.

Effective Screening time
(Actual Screening time) Arp

Ay = Aie"“o

<
B

i

_ TIGURE 3-6:
HYPOTHETICAL EARLY LIFE FAILURE RATE

- "Thescfose, tie failure rats equation afier an equivalent scresning time ty becores:

AW =Ry ¢ T0Ay DC) ¢ UDC) AT

% .




Note that the AT may be different for screening and use environments. It should also be

noted here that only life test results were used for developmen: of these failure rates, and all
environmental test results were used only for the package factor. There were, however, a few time
dependent package related mechanisms occurring during life tests, and these are accounted for in
the miscellaneous failure rate.

Therefore, using the methed outlined herein, Table 3-4 summarizes the parameters derived
for Ab, T, and activation energy (Ey). E, is to be usec for AT for each failure mechanism.

| TABLE 3-4:
EARLY LIFE FAILURE RATE PARAMETERS

: ; 6 1\ V.
Failwre Mechanism | Ay (F/100 hrs.) t(m ) |Ea (CK)
Metal 00102 118 | .55
Oxide 0788 770 | .30
Contamination 000022 0028 | 1.0
Miscellaneous 010 2.2 A3

The derivation of each of these failure rates is given in subsequent sections of this report
which discuss each fuilure mechanism separately.

Sinco approximately 58% of all failures were of unknown failure mechanisms (no failure
analysis or inconciusive failure analysis) the parameters in Table 3-4 were derived by assuming
that the unknown failure mechanisms had the samd relative percentages between mechanisms as the
known failure mechanisi distribution. In this mamner all failures were accounted for.

All wearout failure mechanisis in this model have been modeled with a lognormal time to
 failuse distribudon, All wearout failure mechanisms modeled in this efSort have empivically been
shown by many vesearchers to follow the lognormial distributicn. This distribution is givea by:
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f(t) =

1 [(m t-1In tso)z]
exp

\ 2 1o 207

where t is time, tgq is the time at which 50% of the population fails, and o is the standard

deviation.

Since the prediction model is in the form of a hazard (h(t)) or failure rate, the hazard rate of

the lognormal must be used. This is given by:

h() = Rk

Since R(t). the reliability function, involves an integral and becomes complex for the
lognormal distribution, the hazard rate cannot be obtained in a closed form solution over all times.

Various statistical simulations were performed to determine if the lognormal distribution
could be approximated with other simpler distributions. A pdf (probability density function) was
obtairred for the extreme value of the lognormal and this truncated distribution was then subjected
to the Knlmogorov-Smirnov (or K-S) test to determine which, if any distribution fitted this data
set. A constant failure rate (exponential pdf), Poisson, or normal distributions clearly did not fit
the distribution.

If however, the reliability is relatively high (i.e., greater than .8), the probability density
function itself represents a good approximation to the hazard rate, so that if the reliability is greater
than .8, there is no more than 20% error in this approximation. The point.at which the reliability is
.8 for any given mechanism signals that the device population is reaching end of life, and the
hazard rate will be dramatically increasing. Therefore, by defining the model to be valid only for
those times where the reliability is greater than .8, the closed form px:obability density function can
be used to approximate the hazard rate. Beyond this time, the model is not valid.

Since there are several variables affecting the failure rate of the wearout mechanisms, the end
of life time has been defined to be that in which the time is equal to .5 t5( or when the failure rate

for a single mechanism has reached .1 F/100 hrs., whichever is less. The failure rate predictions
are ther=fore invalid beyond these times.



The Figures 3-7 through 3-12 illustrate the lognorma! distribution's probability density

function, cumulative distribution function, and hazard function for several combinations of means
(t50) and standard deviations (G). The mean and sigma are given in the upper right hand corner of

each graph.

One area of concern in the use of the logniormal distribution is its high sensitivity to variations
in sigma. In all distributions defined thus far, a sigma of 1.0 is typical. Although it is evident that
this value is fairly well accepted, slight deviations from it can significantly affect the model. To
illustrate this, Table 3-5 shows the results of a few failure rate calculations at 10 years. This
dependency can also be seen in Figure 3-12 which illustrates the hazard rate at the extreme valug of
a lognormal distribution with a mean life of 10»6 and a sigma which varies from .7 to 1.3.

TABLE 3-5:
HAZARD RATE AS A FUNCTION OF MEAN AND SIGMA

Sigma ~
t50 5 9 1.0 1.1 1.5
106 6.4x10°11 1.3x10°7  2.3x107 3.6x10°7  8.1x10°7
5x106 56x10020  2.1x10010  1.3x1009  4.8x10?  8.0x10°8
107 29x1025  49x10712  6.1x10'11  3.0x10'10  2.1x10°8

From these numbers it can be seen that using a sigma of .9 or 1,1 for a projected tsq) of 106
hours can snean the difference fiom 130 to 360 FITS (i.e., Failures/10” hours). For longer tsy the

relative change may be 1 or 2 ordors of magnitde although the actual failwe rate values are much
smaller. Large uncertainties in the sigma result in very large uncertainties of the failure rate.

While a sigma in the range of 1.0 is reasonable and consistent with theory, the range of
sigma reposted in published data vary widely, The ideal mods! would measure how aggressive a
manufacturer’s design rules and process controls were. For example, if every metal siripe carried
the maximuom current density and the srocess was marginal or had wide variations (i.e., step
coverage varied from 10% to 60% with dasign rules specifying 30%), then there would be a
considasable electromigration risk, Another design may have just a few stripes where the cunent
density is maximum and never oxperience clectromigration. While it may be possible to develop
design analysis software tools which calculate current densities for every line and then sum them in
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some ma.lner, it is not likely that such information will ever be released publicly or to the DoD.
Some manufacturers may also know that their step coverage aid line width vary significantly, but
such information is not likely to be released. Both of these factors make significant contributions
to the sigma and make it very difficult to include in a general wearout prediction model. By using
the default siginas in the model, a typical failure rate for each mechanism can be obtained, with the
understanding that there are wide variations.

The assumption in choosing an average sigma is that the random variations in the process and
the statistical variations in measurement are accounted for in the sigma of the lognormal
distributions (applicable for the wearout mechanisms oaly), since the distribution, mean and sigma
were based on empirical data.

There was no data available which contradicts the use of the lognormal distribution, ever at
the extreme low end of the distribution which tsnds to be where its accuracy decreases. However,
this is not a sigrificant effect since the failure rate contribution of the lognommal distribution only
becomes significant when the device is approaching its end of useful life, or its wearout period.
Therefore, the wearout relationships will only provide au estisnate for the end of life and very little
infoamation about the failure rawe during the useful life of the davice.

4.2 RELATIONSHIP TQ THE GENERIC QUALIFICATION PROGRAM

This reliability prediction modeling effort, since it is for state of the art CMOS tca:hnoiogy.
shovld be coordinated with and yelated to other VHSIC/VHSIC-Like tcchnolaw efforts such ag
ymld cabancement and gencrie qualification.

Effoits were made to utlize data resulting from the Yield Enhancement and Generic
Qualification cffons as input to the detailed modsl. Koy elemznts of these programs that were of
-intesest aro the wst stiucture testing performed ot a rogular basis, There are thres clements to this

- (1) Parameric Meaitor (PM) wsting of individusi transistoss, diodes, and capacitors on
every wafer, Undoubtedly there could also be a transistor with which to mcasure
substrate cumrent for the hot Cusmiers tgg equation.




(2) Technology Characterization Vehicle (TCV) is used for periodic tiine dependent failure
mechanisms for the same mechanisms used in prediction models. Thus, companies
involved in Generic Qualification would have accelesation factors that might be used in
their own models. It is also expectc.l that fast wafer level tests will be developed and
performed on every wafer run for electromigration, TDDB, and hot carriers.

(3) Standard Evaluation Circuits (SEC) are processed on a regular basis and regularly
subjected to life tests. Perhaps, thes. could serve as the reference chip in the
electromigration and TDDB equations.

In addition, the Generic Qualification program instills higher quality throughout the
manufacturing process from design to assembly and shipment. Therefore, the short forin model to
be presented later has a quality factor associated with a minufacturer who can demonswate this
level of quality. 4

After investigating the potential use of these data sources, it was concluded that designing the
model to include specific daia from these sources would be very difficult, if 1ot impossible dus to
the varability between manufacturers in the specific manners in which they obtain the data. For
example, the SEC circuit provides much information useful for reliability studies but is not
standardized between manufacturers. Therefoir, it was concluded that the lovel of standardization
necessary for input to a reliability model has not yot been achioved. In fact, in many cases it would
be undesirable to have a very standandized method of detsimtining reliability charactauistics. This is
due to the fact that thers are tipny variables in the design and fabrication of a circuit and the best
wanaer to test for their veliability characteristics is not always the samie and may b unigue fora
particular process. ’

Since it is very impaostant to make use of the data from these efforts, IITRI and Honeywell
believe that an effective manner in which to accomplish this is to assign a base failure rate (for
elecivomigration, tme dependent dislectric breakdown, and hot carvier eftects) as a function of a
smanufacturers ability to prove they have the failure mechanisims under control.

39

T T o e e i e AT NP rm b~y 1R AR e 9 3 AL 1S § Pl e 1 QA Y e 5 TN 7 T —




This approach has merit because well dssigned circuits typically exhibit very low failure rates
for these mechanisms when used in typical applications. In fact, there has been verv few instances
of field failures reported due to these mechanisms. The database developed for this modeling
effort supports this view since it also contains very few failures due to these mechanisms. These
low failure rates are then reflected in the quality factor for those manufacturers on the QML
(Qualified Manufacturers List) for the short form model and in the t5() expressions for the wearout
mechanisms in the detailed model. This approach is consistent with the generic qualification effort
which allows some flexibility in the methods used by the manufacturer in proving the adequacy of
a design.

The detailed model accounts for the manufacturing process capabilities primarily in the defect
density factor. Presumably, a manufacturer with good process coatrols such as those on a QML
or QPL. (Qualified Products List) will have a lower defect density thaa one without those controls
in place. For this reason the differences between the QML or QPL status of a manufacturing
process skould inherently be accounted for in the defect density.

Tho shout form modsl, however, cannot use defect density as an input since most users of the
short form mods! will ravely have aceess to specific values. Therefore, a dofault defect density was
derived. Additionally, the short form modal inciudes a factor based on the QML or QPL status of
the manufaciuring peocess. This factor, discussed further in Section 7.1.4, was based on the
observed vasiation in relisbility between muaufacturess, presuming that these differences aro
acvounted for in the QML process.

Guidslines for one method of calowlating the detect density for both oxide and metal are given

in Appendix B. These are calculated soparaiely indicating that if only the oxide defect donsity is
known, it can be used and the default condidor for matad defect density can be used
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4.0 DATA COLLECTION AND DATABASE DEVELOPED FOR THIS PROGRAM

4.1 L..TABASE

A database was developed to hold and analyze the empirical data collected in this effort. This
database has been developed for an IBM PC and contains provisions for entering the following
information about the device itself, the stresses it was exposed to, and the results of those stresses:

Device Stress
Part Number Power Dissipation
Manufacturer Test Type
Part Description Junction Temperature
Package Type Current Density
Number of Pins Oxide Voltage
Thermal Resistance Test Conditions
Technology ~ Ambient Temperature
Gate Count
Feature Size Test Results
Die Ditnensions
Metal Length Number Tested
Metal Width Number Failed
Number of Metal Layers Time to Failurg
Metal Material Failure Mechanism
Gate Length Failure Mode
Oxide Thickness
Oxide Area
Metal Defect Density
Oxide Defect Density
Yield
ESD Susceptibility

The type of test information collected was pritaarily operating life test, bum in, and various
environmental tests. The failure causes, feature size, aud die avea of a profile of this database is
given in the following sections. The detailed data contained in this database is given in Appendix
D'
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4.1.1 Failure Cause Profile

Since the objective of this modeling effort was to quantify the failure rate of each failure
mechanism, knowing the cause of each observed failure was very important. The cause of failure
was known for approximately half of all failures. '

Table 4-1 illustrates the number of observed failures as a function of the failure cause (failure

- class) and test type. Each observed failure that had a reported associated failure cause (failure

mode, mechanistn, or causs) was classified into one of the failure classes listed in this table, thus
facilitating failure rate modeling of each failure class.

One data source contributed a large number of failures for which the failure class was rot
catirely defined. Therefore, Table 4-2 summarizes the same information as Table 4-1 but excludes
that data source. As explained in Section 3.0, the unknown data wds assumed to have the same
relative weightings as the known failures when pesforming the actual wodeling, This modeling
was accomplished by increasing the predicted faiture rate of each of the known mechanisrs by a

- givea perceniage. In this manner all failwres ae sccounted for.,

L TABLE 4-1;
TOTAL NUMBER OF FAILURES OBSERVED AS A FUNCTION
~ OF TEST'TYPE AND FAIL CLASS
T R B (e T A

. Clags |} Test | Cyeling 1 Toviosmemal | Towd
1 Unkoowa 189 " 4 847
Assembly | 21 0 9 21
sokage 24 214 0 238
Matal 62 3 6 7
Misc, | 44 4 B 53
Onide 294 7 0 281
o} Contmination] 603 5 0 608
o ea 2] 28 15 2126
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TABLE 4-2:
NUMBER OF FAILURES OBSERVED AS A FUNCTION
OF TEST TYPE AND FAIL CLASS EXCLUDING ONE
DATA SCURCE

Failure ife | lemperatue
Class Cycling Environmenta!

Unknown 54
Assembly 0
Package

Metal

Misc.

Oxide
Contamination
Wearout

Total

4.1.2 Featur Size Profile

The distribution of feature sizes preseat in the dawmbass (in those ceses where it was known)
is given in Figure 4-1, Although devices wish feature sizes in the 3-5 micron area were beyond the
scope of this study, they were included to inake provisions in the database to identify trends as a
- function of feature size., A weighted (by number of tested dovices) average of feature sizes in this
*. database is 2.0 pm,




400,000 - 379,300
300,000
TESTED 252:900
DEVICES
200,000
107,000
100,000
1
19,758 7346 21301
1 —— >
1.0 1.25 1.5 20 3.0 5.0
FEATURE SIZE (MICRONS)
FIGURE 4-1:
FEATURE SIZE PROFILE
4.1.3 Diec Arca Profile

The distribution of die areas present in the database is given in Figure 4-2. The weighted die
area by number of devices is .21 em2.

215,000
150004 —
12,516
NUMBER
OF

DEVICES 10,000

5,000

2,644
0 97
. 1 >

19-20  21-30  31-40  41-50  >51
DIE AREA (cnr 9

(1 em 2 = 155,000 mi1 ?)

FIGURE 4-2:
DIE AREA PROFILE
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5.0 FAILURE MECHANISM CHARACTERIZATION

5.1 OXIDEFAILURE RATE
5.1.1 Oxide Early Life Failures

The early life failure rate for oxide related failure mechanisms was developed using the
methodology outlined in Section 3.0. Table 5-1 summarizes the data used in development of this
factor. In this table, the accelerated time interval is the effective time interval (in 106 hrs.) at 25°C
(using the oxide temperature acceleration factor with an activation energy of .3 ¢V). The
accelerated part hours are the total effective observed oxide part houss at 25°C in each time interval,
and the last column is the aumber of observed oxide failures occurring in each interval.

TABLE 5-1:
OXIDE FAILURE DATA

Equivalent Tine Accelerated Number

Tnterval at 25°C (100 hrs.) Part Hours (100 hrs) ~ of Failures
0-0.002344 644.832020 3
0.002345-G.008204 1601.110137 13
0.008203-0.016950  1648.146367 ‘ 1
0.015951-0.024417 1372.043316 19
0.024418-0.048834 4309.957812 229
0.043835-0.049224 6.008332 2
0.048225-0.050446 15.044018 1
- 0.050447-0,138452  524,665804 2
3

0.138453.0.193123 . 35612394

Sclecting two discrete ranges for the regression solutions yields the following data i Table
o 543, These ran‘gés were defined based on the quantity of data. For example, there was a large
- quantity of daia from devices that wese tested af an equivalent time of (048834, thevefore 0-
~. - 048834 was cue of the ranges chosen. It should be noted here that rolatively large sanges of tme
- hiad b be prouped 160 exch of the two ranges because in many cases sources reposted failures
A oaeumug within a dme interval. Jor exaniple, if the devices on test veers tested oaly at 500 houss,
* the failures observed Acaly occured piior to 500 krs., although the exact time is not known.
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TABLE 5-2:
OXIDE EARLY LIFE SUMMARIZED FAILURE RATE

~ Effective Effective Number of Failure
Range Midpoint | Part hrs. (106) Failures Rate (F/106 hrs.) |-

0-.048834 | .024417 9576 265 0277

.043835-.193123 | .12098 582 8 0137

Regressing on this data and adjusting the time constant to insure that the cumulative failure
vates are equivalent for the predicted and observed cases yields:

Aox 0 =.0331¢7-7¢

, Since failures of unknown causes represented 58% of the data, the failure rate derived here
should be multiplied by 2.38 to compensate for the unknown failures. This assumes that the
unksiown failures have the same relative rate of occurrence between mechanisms as do the known
failures. Since the cumulative failure rats is directly proportional to the constant (i this case
0331), this constant should be multiplied by 2.38, yielding the following hazand rate:

Aok carly lifo = 0788 €77 8

Aox easly life * o188 0 AT& 57'7 ‘,‘\To;t




There are several factors that already affect the early life oxide failure rate that are not present
in this expression. One such factor is the oxide electric field. To be able to include this factor the
electric field would need to be known for all devices in the database, since it is an empirical
relationship. Unfortunately, the electric field was rarely reported, making it impossible to include
this effect. This early life oxide model therefore, as with the other early life failure rates,
gepresents an industry wide average observed hazard rate. '

The oxide wearout hazard rate however, has included the effects from factors such as electric
field since it is a more thecretically based factor. ‘

5.1.2 Qxidy Weagout

Time dependent dielectric breakdown is considered an oxide wearout mechanism and has
empiricaily been shown to follow the lognormal time to failure distribution. Since a lognormal
distribution is vniquely defined with a mean (t() and standard deviation (0), the intent of the
eifort to quantify the oxide wearout failure rate was to quantify the t50 and o as a function of

applicable stress and fablcation variables,

: Although sany researchers have studied time dependent dielectsic breakdown thoroughly,
tho baste physics of failure is still not congpletely understood. This fact makes it difficult to derive
- ageneral teq model valid for all manufseruring processes in all situations. As oxplained in Section
3.0 of this report, however, the wearout mechanisms oaly provides an indication of an

. approximabs end of life tdme and coatribute vexy Litte to the failure vate in the ussful life of the
- devico, Therefore, if 2 numufacturer can prove that the tgy for oxide wearout for his pasticular
.f-gnwesszsmuch wwﬂzmmeh&axpwmynfammmfacwmmnMy be iguored in
_.,‘_,’th:aﬁzﬂum rawua!culanm

. f Fovr mesam ﬁw faiture rats for oxide wearoui (TDDB) was derived as a function of

ff_ mmmm electsic fleld in the oxids, oxide area and dofect density. Thess relationships were
: _dmwd from ﬂmpmal dzwz from varicus researchors oo ox;du mhabsli&y The i‘cﬂawmg sections
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5.1.2.1 Temperature Acceleration Factor

The basic temperature acceleration follows the Arrhenius relationship of the following form,
Aroc=et [T (T - T

where  Aq = = Temperature Acceleration Factor for Oxide
T = Temperature (in degrees Kelvin)
Tg = Reference Temperature = 298°K
K = Boltzman's Constant = 8.63 1 10" (ev/°K)
Ty = Average Junciion Temperature (°C)
Ea = Activaticn Encrgy (V)

Based on test results contained in the literature, the commonly accepted activation energy is

~.3 eV, which has also been experienced by Honeywall, and therefore is the nominal value to be
us&dmth:s amdah ‘The tesperature accelsration factor fos TDDB is therefare the following:

w3

‘s.,.x.z._z Elestric wmmmaFm
&mu&: (Rafmxme ) had mgmally derived a form fer aacc!mmw factor dup to die
mmwwwmm This fom was: |

[ER&‘F ~ Eg1

“—E;‘;*'J,:

Em;w Rﬁ'ﬂw«:eﬁb&s&.ﬁbléafiwlfw
By o AcuslBlectric Fisid
Eg = I\ommmngﬁ.wmi«wl&

-“ﬁr“%

s

I A crnme . ' . . ” T~ - - e —




Domangue (Reference 31) has conducted tests at various electric field siresses (3, 4, and 5
MV/cm) frein which an acceleration factor ~an be obtained. Anaiysis of his data yields an Eg =

1324 MV/cm and therefore an acceleration factor can be stated as follows:

Aee=oo| 728

More 1ecent work by Hu (Reference 39) on oxides closer to those types and thicknesses used
in VHSIC circuits has shown that the time to breakdown is related to the eleciric fielc in the
following manner:

B+H

tgp & ¢ E(-‘)K

whete B = 240MVicm
H = 30MVim

It can be seon that this accelesation factor has enomwus changes for mawnnble changes in
Eyx. Forexawple, 8.5 volt part that has 300 A and 100 A oxides (Eyx of 1.67 and 5 MV/em
respectively) would have aw:lcranan factors differing by 56 arders of wagnitude,

. Huhad useda smﬂax number, 192, instead of 320 for comparing e 1% cumulative failure
points a5 opposed t the 50% cualative failure poias, arguing that the value should be smaller for

defect rolated breakdowa thae for near intrinsic breakdown. Since in this model, the 1%
* cupulative failus point is of much mors interest than the S0% paint, the constant of 192 will be

S used dn ths fuctor, Thesotore, using an eapoacat of 152 and ciwasmw thes Avﬂx toan 10 agies
N whempinc.ndmamgnmmeﬁei& yields:

sl gy
A m:ez(ﬁ; z3)

49




In addition to the electric field, various researchers t-ve also observed a relationship between
the acceleration factor and oxide thickness. Derivation of this factor (from Reference 26) based on
empirical studies yields:

Acceleration o 4.2 log Ty - 6.95

Therefore, thie factor that could be used in the oxide model is therefore:

4.2 log TOXR - 6.95
ATOK”e"p[ﬂ Tog Tox - O- 93"]

where  T,p = Reference oxide thickness
- Tox = Actual oxide thickness

Since the variation in this facter is very small compared to the electiic field acceleration
factor, it was not included in the madel since the uncertainties in the electric field factor are much
laxges than the oxids thickaoss factor itsclf. '

Tablo 5,3 me of tho accoi.ation factors found in the literature,

5.2 5 Bles&mmﬁﬁ&wﬁﬁmwy

‘I’his sscton discusses e mlammg betwasn die amzi dofect dsnsxty. and y:eld. Although
s mzhxdw i this section, the discussion of yield effects is rot specific w oxide. In this modal,
‘-";_‘f.;timm aie separute defest densitios for oxide andmmai. mgh tiwv o the sanw dofault valuc,

hkhuzfmwaffmnem
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Phillips (Reference 28) has suggested the use of extreme value statistics to derive the
area/defect density relationship of gate oxides. In extreme value statistics, the hazard rate can be
closely approximated by the exponential function. Thus,

o ey 4502

TABLE §5-3:
ELECTRIC FIELD ACCELERATION FACTOR (Agg)

AND ACTIVATION ENERGY (E,) IN LITERATURE

Roference | Material | To (A) | Temp. (C) | Age(VMVICM) | E,(eV)
29 Poly > 400 25-160 107 3-25
3 |a 450 85-250 101.5+.5 2.1
31 Poly 390 25-150 102 36
32 Poly | 400 . 1087 26
3 Poly | 100-200 , 104 1.0
34 |rly 100400 | - 1096 -
35 {hRoly | 100 25-150 101-87.102.0 3
36 Ry | 200 0250 | 1033 3
37 Ry | o100 ) 1ease | wl74h0l8 1.0-1.1
38 Yoly - 110} 2sa75 | w4 23

61




From the data in Reference 28 and from extremne value statistics, for a gate oxide area A with
average breakdown Ey '

hy(E) = exp (Sn(E-E()/Sy-Yy)

and similarly for a gate oxide area Ay with average breakdown Eg -
ha(E) = exp (Sn(E-Ey/Sy-Yn)

Thus;
hy By () = exp (Sn(Ey-Eq)Sy)

Itis noted the Sy and Yy are coustants that depend only on the sample size and that Sy, is the
standard deviation and the samns for both distributions (A1 and Ag).

Itis also clear from the data peescnted, which is sugpoztzd by the exuoms value st istic theory,
that | o ~
i (1)) - 1a (la(i-Fy) = (A /Ag)

S(EE Sy - Sy (E-ExhSy = in(A/A2)

Sn (B2 E(YSy =Ll yAg) -

" By (E)ha () ~oxp (A yAy) = Aydg




Thus, the ratio of the hazard rates is equal to the ratio of the gate oxide areas in extreme value
statistics.

‘This factor indicates that if reliability data is available on a circuit such as 1 SEC, the hazard rate
could be extrapolated to the entire chip by knowing the gate oxide areas. O, if the average areas of
the devices in the database is known, it can be used as the reference area.

The following discussion sumimarizes another analysis that was conducted to determine the
relationship between both area/defect density and hazard rate.

If £(t) is the failure density fucction, thea the cumulative failure density function is given by:
Q(t)f'—‘g f()dt

Crook (Reference 27) used another expression for Qi) which was said to be from Li and
Maseriion (Reference 41), whith was actually obtained from Price (Pefesence 42). Price durived
the following expression in 1570 from Base—l*imswm statistics, smtmg that eavlior rodels using
Bolezman siansncs WIS Bcourats '

- Qg0 = I(M+/AGDY)

Ag is the area, Dy is the defcet density and Qg is the cutmalative failure donsity. Prive derived
shis expression for integrated circuit yislds, Oa the assumption that the effective defects are - |
andoudy disesbuted stoag two dimensions and are thu indistinguishable, Li and Masesjian found
the equation applicable for tha ifective defect density for time dipendent diclcoric bicakdown.
Nots thias D or Dg is a fusction of . In the discussion thas follows the subscript s indicatos that
X ihcsavalmmmm'ﬁ:c Swuss tesi structuse from whmhdsmsg,mumcﬁm the %ni;ommw
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With the above formula it follows that for a second chip with area Ay, and the same defect
density the cumulative failure deasity is given by:

Qo (9 = U(1+{A JAg) (1Qs()-1)

~ Inasimilar fashion it can be shown that for a third chip with the same area as the second chip
Ay, but a different defect density a cumulative failure density function is given by:

Q= ll(1+(D0/Dn) (1/Qp()-10)
If the last two equations are combined, the resulting equation becomes
Q, (0 = V(I+{DpAg/DyAg (1/Qg (3-1))

o

Q)= V(IHDgAGDAL) (1Qg () - 1)

-

From this expression it is claar that as the defect dansity and/or the gate oxide arsa gets large,
- the camuiative nuaber of failures gots largs.

R ‘---mekaisoshwwm;:ﬁmhazmim&;mxcpm%abﬁitytwad%\ﬁwwi!;fauinmcﬁxm(wdx)if
Lo s aleady survived unil ) s found by differeatiating Q{) and amouats to

By, )= 110 ()

T “From the sbove discussion & failure rate for time depondent dislestric breakdu wi. of a given
© - chiean bo found if ail of dis following as: known:
D he sigma and the g of tha TODB failures of a test structure with a known dofect density

@ voimg;e ond themsal accelomition factors if the test structure work was performed ai

sadseier

D () showes dnd defecs deasity of the giveachip,




Unfortunately, the calculations involve the integral of a complicated function. To deal with this
probiem numerical integration was used to assess the effect of changing the area and defect
density. It immediately became clear that for a small aumber of cumulative failures, the formulas

could be greatly simplified. From the last cumulative failure density function expression above, if
Qg (V) is small, then

Q (1) = 1/(05As/DpAp) (1Qg (V)
=Dy A Qs()/DsAg

Thus, the cumulative failure density function is directly proportional to the defect density and
the area of the chip. Since the cumulative failure density function is the integral of the failure
density funciion, it follows that the failure density function < directly proportional to the area and
defect density. For the first few failures the instantaneous failure rate is equal to the failure density
function, and thus it is directly proportional to defect density and area. Thus, in the first
approximation to double the chip area (or defect density) is to double the chip failure rate.

In the previous paragraphs some relationships were established between the cumulative failure
probability Q,), and the number of defects, D, and the chip area, A. These relationships were

based on a model developed by Price (Reference 42) using Bose-Einstcin statistics. A more
general defect model was derived by Stapper (Reference 43).. In this modet the probability defect
density function is related to the gamma distribution. For this model the yield is given by

Y = 1/(1+ADyS)S

where A is the chip area, D) the average defect density, and S a shape pavameter. This model

asswnes that the defects have a given distribution pattern acvoss the wafer. In the limiting case
where § approaches 0, the distribution is a delta function, meaning the defoct deasity is constant
and all defects an randomly distributed and independent. This condidon leads o the Poisson yield
estimate ‘

Y’ue'DOA
~ Also it can be seen that when the S of the Stapper model is 1, the yield model reduces to
Y= 1/(1+ADO)
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which was described previously as the Price model, but actually used earlier by Sceds (Reference
~ 44). In this case the def.ct density distribution is exponential. A comparison of these and two
other yield models is shown in Figure 5-1. The Poisson model is the most pessimistic and the
Seeds model is the most optimistic. The Stapper model ¢can be adjusted by the shape paramster to
cover the area in between. The following derivation is similar to that presented previously with the
exception that the more general Stapper model is used.

The cumulative probability of failure plus the yield must add to 1. Thus
QM =1-Y = 1-1/(1+DpA/S)S

If Q,(1) is the cumulative failure probability of  circuit with D;, average defects and A, area,
and Q,(x) is the cumulative failure probability of a different circv’t with area A, and the same

‘average defects, then
! S

Dy % [mm~~l]°-=°o<t)= %[ﬁm'l]

If tho shave is solved for Qg (1) in terms of Qy, (1) and the two areas, wo got

oot s ] ]
 Yna similas fashioa

o111 X frstorms-] | |

S Tho abovs equation velates i cumuative failure probability of a given doice to that of another

.- device as s functon of avea and defects.

' To heip undesstand this relationship a number of graphs were generated. 1 igures 5-2, 5-3, and
. 54 show the effect of the shape factors for different AgDg/A D, ratios. Frowm these gxaphs it is
 clesr that when the area defect factor is near unity (that is, tho chips have approxisutely the same

o+~ oaneas and defect distributions), she shape fattor S has roodest effects on the relative failure
. probability. When the arca dofect factor is large (that is, the Qp “evice has a nwch larger area
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and/or defect density), then the effect of the shape factor is more pronounced. Stapper indicated
that IBM had seen S range from 0.1 to 2.2 depending upon the type of defect, however, it takes
substar+ial quantities of data to establish an S value.

The model presented herein assumes that the areas and defect densities of the devices used to
derive these factors (from the database) are similar to those that predictions will be performed on,
and therefore that the direct relationship between area/defect density and hazard rate is valid,

Figure 5-5 demonstrates the effect of the area defect factor when S=1. This is the Seeds or
Price model. From this graph it can be seen that for cumulative failure probabilities less than 10%,
the cumelative failure probability of one device is equal to the defect area factor times the
cumulative failure probability of the other device. This demonstrates graphically that for the S=1
model the cumulative failure probability (and thus, the failure rate) is directly proportional to the
level of defects and the chip area. Intel (Reference 27) has also preseated data to support this

theory.

Figure 5-6 shows a slightly different area defect factor effect when $=.01 which is close o the
Poisson defect distribution. In this instance the curves deviate from the asymptote at a slightly
lower point. Again the cumulative fallure probability is directly related to the area dafec: factor.

The above analysis seewns to indicate that for the first fow failuves, which are the oaly ones of
interest here, the probability of fuilure is dirsctly proportional to the defect level and to the chip
area. This analysis is based on yield theory and has beea demonstrated 1w e coasistent with the
Phillips mods! (Refercnce 28) o be discussed laar,

In the provious discussion a general model was presonted to relate the cumulative TDDB
Eailures for one device  thai for another. The key factors wert devics area and number of defects.
“Thiy roliability mode! was based oa the Stapper yield mode! and includes s curve fitting or shape
fuctor 8. The fotlowing mode! analyzes bow some published data fits that sodel,

In 1579 Intel published TDDB data for a number of different sized capacitors (Reference 27).

- This data showed thie cumulative number of failures in a given period of time for populations of

different sized capucitors. Figures 5-7 and 5-8 illustrates those data points ploued. The four lines

~ represent four arca/defect ratios consistent with Intel's data. The differsnt capacitors they used
wore all from the sane set of wafers so that the defect levels should have been consisten?
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~ The data for S=1, representing the Seeds model, seems to show the right trend. Indeed, this

was the model that Intel used. To try to have the model beiter fit the data, two approaches were
wried. First, curves for different values of S (from .2 to 10) were generated. Second, part 1 in the
graph was changed from first to middle to last Jdata point. The results from that data are
summarized in Table 5-4.

TABLE 5-4:
STAPPER MODEL WITH VARIOUS S VALUES

o Part 1 Part 3 Pari § Part 3 Part 3
Device  CumFails | Swndard  Standand  Standard  Standard  Standard
x10%2)  (n3x10%sec) | S=1  S=1 §=1  §=3  S=4

a1 1w - 16% 16% 23% 15%
“1.55 9% uU%  N% 31% 34% 2%

L . 36% 21% - 34% . -
25 . 4% R% &% 2% 42% 44%
3.0 4% % 48% . 43% 51%

While in general it can bc said thae smadler values of S end t ¢close or narcow the vange of

= ﬁm dai poits, reasonable valuss of § do not bring the lowest point down enough (lawls 12%
:  poing) without sigaificantly raising the dua poluts for the larger areas. Because the ntel data is not
- perfect {the argest capacitor actually had fewer failures (han-the ot largost one), it is not likely

 that oy modal will fitall the data poines well. Tins, the § = 1 model seens like a reasonuble one

- tostmwnh. although there is 1ot euoagh data to refine that purameter sstimate at this tiuo.

" Lex(Refercuce 45) hias also dorived 3 wodel based upon the Poisson distribusion function for

- - vandomly distributed defests. In this model the probability that a sansple would coitain at least ong

eﬁfwwnh ‘\»W factors” Iaxscrthzn the value w was given by;

Bw) @ 1-6"AD(W)




where A is the oxide area and D(w) is the total area density with "weakness factor” larger than w.
It was also empirically found that the time to breakdown was related to the weakness factor by;

Eox
tgp =%

where E,, is the electric field in the gate oxide and G is a factor specific to each process. Thus,

the above probability can be seen to indicate the cumulative fraction of parts that would fail at a
particular time for a particular process under a specific gate bias. By analyzing TDDB data for six
different capacitors from 2x10"2cm? to 5x10° cm? and the above equations, the authors derived an
expression for D{w). They were thus able to predict the failure rate and TDDB curve for any oxide
area and electric field for their oxides. This relationship is uplicated in Figure 5-9.

Of particular interest are the following:
(1) The relatioaship botween reliability and stess, areq, and defects may be modeled;

(2) Tha relaticuship appsars (o be coasistent with the Peisson distribution function, whersas
it was peeviously presented that Intel's data for reliability as a function of area and defects
was coasistoat with the Scads mode! and not the Polsson distnbution.

(3) Tue defest measuramaik or “weakioss fantors” can be found indirectly from a log of data
but camwk bo measused directly,

At the Wafer Reliability Workshop at Lake Tahos, Californin in October of 1987, there wasa
consensus that two good medels for time dependeat dislectric breakdown oxisted and were
suppocted by convinging data. Ons was the Berkeloy model and the other wods! was dascribed in
a papér by Walters and Zesers-Van Duyaboven of Phillips Rescarch Laboratories (Reference 28)
of which some aspects were proviously discussed. This model is describea below.

Peshaps the most unique aspect of the Phillips raodel is the use of extrems value probability
instead of the coaventional lognommal stasistics. It is angued that using the lognormal distribuiion
which is good in the regisn of the median is inconsistont with the weak link nature of dielecwic
breakdown - that s, the dovics will fail at some defact which acts as the weakest spot.
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Extreme value statistics are often used when the values of interest are the largest or smallest
in the distribution. Mechanical fracture of materials or the electric bre. kdown of transformer oil
(Reference 46) are typical weekest link processes. Gate oxide breakdown depends on intrinsic
material properties as well as defects. Indeed, it is the 1%, or .01% failure point that is of more
interest than the 50% point.

It is argued that the hazard rate at low values is approximated by an exponential function.
This idea was proved by Gumbel ( ~sference 47) for various distributions including lognormal.

Thus,

1 dFRx _
TFw Cdx ~®

and
In (-In(1-F(x))) = a linear function of x

In the above equations F(x) is the cumulative probability of failure at x. x could be the
breakdown electric field or the log of time to failure at a constant voltage.

A large distribution or amount of data is required to make the above equations work properly.
The author had breakdowr: data on some 12000 capacitors and grouped them into 30 groups of
400 and made another distribution of the lowest value in each «f the 30 groups. When plotted on
extreme value probability paper, e grouped distribution resulted in a line parallel to the original
distribution (Figure 5-10). Of interest was that the shift between the two curves was about In
(400) which happens to be the log of the ratio of the effective areas of the two groups of
capacitors. Thus, the shift corresponds to the increase in probability of finding a defect among the
group of 400, This shift is predicted by the "stability postulate” of extreme value statistics and
should hold as long as the defects are distributed homogeneously (i.e., Poisson). When defects
are clustered, the shift is less.

Since the factor In (-In(1-F)) scales accordingly to the factor In(A,/A ), it follows that;

In (-In (1-F5)) -In (-1n (-F)) = In (Ag/Ap)
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where Fy and Fy are the fractions of the pasts that have failed with gate oxide areas Aj and A,

respectively. From the above it is easy to show that
Fy =1- (1-FAYAL

This type of equation, relating F{ and F, was used earlier to make graphs based upon the

Stapper model. Similar graphs are shown in Figure 5-11 and 5-12 with shaping parameter S = 1
and 5 respectively. It is seen that Figure 5-12 with S = 5 gives u remarkably good fit.

An expression was also derived from the extreme value statistics of the Phillips model to
indicate that the ratio of failure (i.e., hazard) rates was equal to the ratio of gate oxide areas. Their
data tended to support this relationship. Since this is a simple and easy to work with relationship,
other published works were examined to find data to support or 1eject this model. While many
rescarchers have presented varicus types of time-to-breakdown data for various conditions, few
have moved the next step and presented failure rate data, especially failure rates for devices with
different oxide areas. While failure rates can easily be calculated from 5 and sigma data, the
frequent use of high sigmas (greater then 1) in this type of testing ¢an result in failure rates that are
extrernely sensitive to modest changes in the data.

The researchers at Berkeley have calculated and published failure rate data for devices with
different oxide areas (Reference 39). A representatios of one of the published graphs is shown in
Figure 5-13. From this graph it is easy to see that for reasonable product lifetimes (10 years or
less), the failure rate of a chip with 10x the area of another chip, is 10x the failure rate of that chip
(assuming similar defect deasities). Aftor some years of operation, the relationship would not be
as good. Thus, their data and model agree reasonably well with +he Phillips maodel.

The Berkeley failure rate/area relatiouship is based on the assumption that the defects are not
uniformly distributed across the wafer - that is, a Gamma distribution function and the Stapper
Yield model with S = .6. Extending the approach used in that report produced the graphs shown
in Figures 5-14, §-15 and 5-16.

Figure 5-14 demonstrates the cumulative failure probability of a chip whevn the cumulative
failure probability of a smaller chip (0% of the oxide area) is known and the shaping factor § =
3, .6 and .9. This chart indicates t.ac when the failure probability of the smaller chip is small, the
failure probability of the lasger chip will be 5x as much (the ratio of the oxide areas). The sinple

n
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relationship does not hold as well when the failure probability of the smaller chip is more than
10%. Figure 5-15 shows a similar graph where the oxide area of the larger chip is 10x that of
smaller one.

In a similar fashion Figure 5-16 demonstrates the case where the area ratio is 50. These
charts suggest that if a large number of chips with more than one oxide area are life tested, then for
the first few failures the number of failures for chips with different area will be proportional to the
area of those chips (for the TDDB mechanism).

Since the exact value of the S factor to use is not clear, Figure 5-17 was generated to show
the effect of different S values. It is clear that for larger S values, the area ratio model is a better
approximation. However, for S = .01, approaching the Poisson case where d = 0, the model is
‘valid only for smaller cumulative failure probabilities. Table 5-5 demonstrating some of these
effects is shown below. In this table, the columns represent the cumulative failure probability, the
chip area ratio, the S value, and the cumulative failure probabilities ratio, respectively. Ideally, the
2nd and 4th columns would be the same. It can also be seen from this data that the area ratio
model is less consistent for larger area ratios.
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TABLE 5-5:
AREA, S VALUE, AND CUMULATIVE

% FAILURES COMPARISON
CFP4 Ay/Ay S CFP,/CFP
1% 6 4.8
10% 5 .6 33
A% 10 6 10
1% 10 6 9
10% 10 6 4.6
10% 10 01 1.2
10% 10 2 5.7
10% 10 3 6.2
1% 50 K¢ 48
1% 50 6 31
10% 50 b 6.5

In summary the TDDB postion of the failure rate 15 modsled as direstly proportional to the
gate oxide area. For this model, a failure rate must be cstablished for s "standand” or "referonce”
chip of known area. As stated previously, the average area of the dic coatalued in the database of
21 cou? is 10 be used for this purposs.

5.1.23.1 Calculaiing Defect Densitics

The previous discussions have analyzed the arca/defect density/yicld relationships and
concluded that the oxide hazard rate is directly propontional o the die area and defect density (D).
The mwost desirable roeans 1o caloulaie the sctual value of defect density to be used in the hazard raw
cxprossion is to use dofect measuring tost structures of the actual fabrication process. One way to
‘calculate this defect density is givea in Appendix B.
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It is not likely that defect density data can be obtained from manufacturers unless required by
a certification program such as the Generic Qualification program. For this reaso, it is imperative
that a default condition be defined if actual defect densities cannot be determined. The following
discussion summarizes this default value.

Reference 6 discusses the following effective defect density (Dppp):

oy

where, Dy is a critical defect density for a feature size of X
Xp is a reference feature size
X is the actual feature size

This relationship is based on MIL-STD-209 which states that the defect daasity increases as
the square of decrsasing feature size.

Although there is some concaim as to this assumption's validity, and various researchiers kave
proposed their own defect density distributions, for the purposes of this modal the MIL-STD-209
approach is the nost widely recognized and will be used.  Therofore, the defankt value of D/Dg

> L3 2 4 34 Fod b e - . »
will be (Xo/Xg) . Since the average feature size in the drabase from which the failure rate were
derived was 2 micvon, this vaiue can be used for Xg. The default defect density is therefore

e 2
(X)) .
5.1.2.3.2 Effective Arcas and Device Type Relationships

Since oxide area has been shown 0 be dircctly coevelated with failure rate, devices exhibiting
difierent packing densitics will result in significant differences in reliability. Ideally, the scwal gate
oxide ares would be v as za input into the reliability prediction model. It is impractical,
however, to requine that &t be known since a relatively detailed design analysis of the chip must be
done (0 determuae it To alleviate this need, a relative scaling factor was derived for various
component types which is multiplied by the total die area, such that the only area input into the
nwxdel is the total die arca, Since the average dio area of devices whese data was used to derive the
aodel is .21 eme, the G vice type correction factors for metal and oxids to be preseated in this
stetion are nonmalized o typical oxide arcas and motal lengths of a .21cm? chip.
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To derive a relative scaling factor, of particular interest was the difference in piiysical features
(i.e., metal area and gate oxide area) for different circuit types (gate array, RAM, custom chip).
For this purpose the Yield Analysis Tool (YAT) was used to determine critical areas for the
different chip types. The YAT is a software tool that quantitatively analyzes circuit features on
integrated circuit devices. The YA'T input is the layout database of the integrated circuit device and
a table which describes the circuit features to be analyzed. The histograms output describe the
distribution of features sizes, chip maps of the smallest features, total area of selected featnres,
overlup edge length, and overlap area. This tool is generally used for yield projection and, with the
appropriate wafer processing, the identification of yield inhibitors.

For the purpose of this analysis YAT data for four different CMCS chips was analyzed for
metai 1 l2ngth (less than 3 microas wide), metal 2 length, p channe! gate area, n channel gate arca,
and wetal 1 space length (the total length of parailel first metal runner less than 3 microns apart).
The results of that analysis are summanized in Table 5-6.

TABLE 5-6:
FEATURE DENSITY

-Cussom Custom | Gate

_Feare 1 Units | Chipi Chip2 | SRAM | Amay
Mewl 1 cnvome 390 619 289 698
Metal 2 covem® 291 317 400 668
Ppausarca | %oftowmlchip| 1.3 1.9 2.2 2.5
Ngaeasa | %oftowichip] 1.2 1.8 2.6 2.6
Meiat 1 space | ca/oni® 511 618 743 600




It should be noted that the specific SRAM for which data was available was a 2Kx8 device of
modest size (.24cm2) that did not efficiently use the pad area and thus may have a more modest
density. Also the gate array data includes unused gates.

To better understand some of the differences in Table 5-6, a more detailed analysis was

performed on the metal 1 length and the n channel gate oxide area. This detailed data is shown in
Tables 5-7 and 5-8 respectively.

TABLE 5-7:
METAL 1 COMPARISON
Custom Lustom Gate
Feature Units Chip 1 Chip 2 SRAM Array
Total Length cm 667 &M 210* 914
Averagu Leagth micron 12.8 13.7 4.3 74
%51.6 micron wids % 48 56 13 0
%052.6 micron wide % » 53 67 29 74
Ave. Length 1.6 micron} micron 2 119 17 0
Ave. Length 2.6 micron| micron 12 3.7 11 30

*SRAM is 1/4 sizc of other chips,




N-CHANNEL GATE OXIDE COMPARISON

TABLE 5-8:

Custom Custom Gate
N Gate Oxide Units Chip 1 Chip 2 SRAM Array
Instances <10 microns? | Number 1.5K 18K 49K * 17K
Instances 50-60 microns2 | Number 2.9K 3.7K Oi.* 37K
Average area Microns? 32 35 10 40
Total Instances Number 36K 52K 54K* 63K
Total Area cm?2 0114 018 .0053* 025
*SRAM is 1/4 size of other chips.

This analysis shows that custom chips may not be as densely packaged as SRAMs and gate

arrays. The gate atvay densities listed would generally be reduced by a factor that may approach

- the percent utilization number. If thar were done then all chips would have comparable metal 1

longth and the SRAM woulid have the densest gate oxide percentage and close metal 1 lines. The
analysis indicates that the density is design dependent. |
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A presentation at the 1987 GOMAC ccnference by engineers from United Technologies
Microelectronic Center (Reference 3) tried to correlate failure rate and design complexity. Using
life test data from gate array variations, they looked for correlation to traditional measures of
complexity such as number of inputs and outputs, die size, and number of transistor pairs, as well
as new bench marks such as metal 1 area, metal 2 area, and coincident metal area, UTMC saw
poor correlation between the number of I/O's to the normalized failure rate and fair correlation to
the number of transistor pairs. They demonstrated good correlation (correlation coefficients of .96
to .99) for the failure rate versus metal 1 area, metal 2 area, and coincident metal area. They point
out that the life tests were performed on early 3 micron technology parts where intermetal dielectric
integrity was the predominant failure mechanism. They did not show the results of failure rate plots
versus gate oxide area, number of vias, and number of contacts. Clearly, the correlation would be
dependent on the type of failures observed. The data seemed to indicate that a part with much
metal 1 would also have much metal 2, much coincident metal, and much gate oxide area, such that
a considerable amount of data would be required to properly sort out the effects.

Since the data in the database (contained in Appendix D) is from a good cross-section of
device types (logic, memory, gate arrays, etc.) the failure rate expressions developed are for an
"average" device. Thercfore, the area ratio A/Ar factor only has to be a relative number between
the various device types. Table 5-9 summarizes the relative area factors for Customy/Logic devices
and for Memory/Gate Array devices. The CustonyLogic average percent oxide area was obtained
by averaging the sum of the P and N gate arcas (in Table 5-6) for Custom Chips 1 and 2
(((1.3+1.2) + (1.9+1.8))/2=3.1). Similarly, the average oxide area for Memory/Gate Arrays is
the average total (P and N) percent areas for the SRAM and Gate Array. A similar procedure was
used to derive the average metal length. For example, the average metal length for Custony/Logic
devices is; ((390+291) + (619+317))/2 = 808. The Apypy factors were then derived simply by

normalizing the factor to 1 for an "average” device, Thatis; 4.95/3.10 = 1.23/.77.
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TABLE 5-9:
RELATIVE OXIDE AREA AND METAL LENGTH
RATIOS FOR VARIOUS DEVICE TYPES

Average *Average
Device Gate Oxide Area Metal
Type (% of Chip) ATyPE, Length | Atypgygr
Custom & 3.10 a7 808 .88
Logic Devices
Memory 4.95 1.23 1027 1.12
Gate Arrays )

*Average linear length of first and second layer metal per chip area.

The area of the chip can then be modified with the Aqypy_ for the oxide failure rate and the
Aqypryggy for the metal failure rate. These are dimensionless factors which indigass for oxide,

that memories/gate anays typically have 1.23/.77 = 1.59 times the oxide per avea as do custom and
gate anays.

5.1.2.5 Oxide Wearout t50

The primary oxide wearout stress related acceleration factor have been determined w be
wemperaturs and electric field. Theresfore the t4g of the lognormal can be defined as:

'50rgr
150 = A Ao

Tox “Vos

To calculate t50, .. data in Table 5-10 was exuucied from the litsrature,
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TABLE 5-10:
DATA USED TO DERIVE t55 CONSTANT

Area Tox Temp. Eg
aspm) | & °K) (Mv/em) | 150 (Observed Hrs.)
L5 600 298 3 2.3 x 107
75 390 423 4 544
75 390 348 4 4,402
75 390 398 4 27,800
75 390 298 4 880,000
75 390 298 3 1.54 x 109
75 390 298 4 1.74 x 106
75 390 298 5 422

Since electric fields of 5 MV/cm are being used reliably in VHSIC/VHSIC-Like devices, it
appeags that this data is not representative of these class of devices. Therefore, 1o derive a t50p g

empirical tgg data at high electric fields was used. This data, not presented here for proprietary
rowions, was from high field accelerated tests pexfnﬁned on VHSIC-Like oxides. Calculating the
AV gy dnd AT, terms under the conditions of, that test and solving for t50p R yields a value of
1.3 x 10%% (208 tws,). This yiclds the following tgg time for TDDB:

tsg,, =22 Aou
Vox “Tox

Empirical data from the literature indicates thut a sigma of 1 is appropriate for these
diswributions for oaide nndey normal operating conditions. However, various investigators have
determined thar the signug is directly related o the MTF. (That is, as the MTF goes down, so does
the sigoa). Unfortunately, there is not cnough quantitative data available to define an accurate
sigma as a function of MTF. Therefore, unless an accurate sigma is known for a particular
process, the value of § should be vsed.

Also, 10 the igqy equation to be used in the model, a (QML) factor is added to account for the
bmproved reliability expected from the procedure taken by manufacturers that re on the Qualified
Manufacturer List {QML). The rationale for chosing the .5 to 2 values for this factor are given in
Section 7.1.4.
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This factor is also used in this form in the t5( expressions for metal and Hot Carrier wearout

failure rates.

5.1.3 QOxide Hazard Rate Summary

It has been shown that the oxide weaiout hazard rate is directly proportioned to area and
defect density. There is no reason to believe that both the early life and wearout terms will not be
accelerated as a function of area/defect density. The form of the oxide railure rate is therefore:

A DPoox
Aox = KE ig ATYPon (}‘Early Lite + MWearou)

where:

Ag = 21 cm?, the reference chip area

&

Dg = 1 ,thereference defect density

The catire dewiled oxide hazard rate is then given as follows:

A Ao
Agx (in F/106) = A?P*""

R

(D];’:‘) [(.0788 o7 (Ag, ) T Aot

+229 exp -—-5"5 In{i+t,)-Int 2]
(19000 | Tox ( ° 3000) ]

»>
i

Tokal Chip Aree

Aﬂ% = .77 for Custom and Logic Devices

t

1.23 for Memories and Gate Arrays

Ay =  21cmd




Doox =  Defect Density calculated by using the procedure of Appendix B

X
(if unknown, use (f%)z where Xg= 2 um and X¢

is the feature size of the device)
Dy = 1defectiom?

) =  Effective Screening time

L]

(Actual Time of Test in 100 hrs) * Ap__ Ay
oxX ox
(where ATox and AVox are the values during screening)

Temperature Acceleration Factor

e
1]

{f

exp[ =3l 1
8.63x10° (T? m)]
Ty = Average junction operating texperature

=T+ Oy P (in °K)

e

>
«5
i

&

= The maximum power supply voltage (V) divided by the gate oxide
thickness {in MV/cm)

22
13 X107 QMDD in 106 tus.)
“*Tox “Vox

QML = 2if on QML, .5 if not.

Oax = Sigma obtained from test data of oxide failures from the same or similar
pic _2ss. If not available, use a G, value of 1.

t = Time (in 100 Houss)
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5.2 METAL FAILURE RATE

5.2.1  Metal Early Life Fajlures

As in the case of oxide, the early life failure rate due to metal was derived using the
methodology outlined in Section 3.0. Table 5-11 summarizes the data used in this derivation.
Given in this table is the effective time interval (at 25°C), the total accelerated part hours using the
temperature acceleration factor with an aciivation energy of .55 eV, and the total number of metal
failures observed in the time interval.

TABLE 5-11:
METAL FAILURE DATA
Equivalent Time Aceclerated |
Interval at 25°C Part Hours Number of
(106 hrs.) (108 tws) Failures
0-0.059872 16468.541508 3
039873 - 0.209553 40975.894310 6
209554 - 0.623669 77953.612970 9
623670 - 1.248337 111354.649173 36

Table 5-12 presents the summarized data used in the devivation of this factor.
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TABLE §5-12:
METAL EARLY LIFE SUMMARIZED FAILURE DATA

Effective Effective Number of Failure
Range (109 hrs.) | Midpoint | Part Hours (106) Failures Rate F/100

0-.059872 | .026936 16469 3 000182
059873 - .623669 | .36177 118925 15 000126

" For the data in this table, the failure data in the range 0.623670 - 1.248337 was excluded
since the 36 failures observed were detected only at a single time in thas interval and the time of
failure was not known. All that was known was that the 38 failures occwred less than 1,248337,
This data thesefore could not be used to identify failure rae dependency on tine.

Deriving the metal factor with a simpls regression solution of the above data and adjusting the
T 0 match the observed cumulative failure rats yilds:

AMET {‘) = .00043 G*LIS {

Adjusting the constant .00043 to account for the unknown filures, sad adding the
aceelerations dus to empernr we and screening yields the following iuetal failurs suts:

-1.18 LIS A t
A'MET E«"ﬂy Life B .(X)lﬁ?. ¢ w a%?\h'im‘ ¢ y MT

.

5.2.2 Mzial Wearom

Electiomigration is the predominant metal wearout fallure mechanism and its probability
detisity fundtion is modeled with a lognonmal die © failure distibution. The misan time to failure
{t50) is often given by Black's equation:

tsg = Agd Mexp é%r

Todetermine the value of Ap that should be used in this expression, the dataset in Tabls 5-13
was used,
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TABLE 5-13:
SUMMARY OF OBSERVED PARAMETER VALUES FROM THE LITERATURE

(all Lognormal Distribution)
J n Ea 150 G Temp. Reference
Conditions (Afem?) Hrs. )
Al-Cu-Si Films 105 - 2 x 108 2 5 .. 2.5 | 150 - 250 52
A1 - Ti - W Stripes
withermal gradient 2.5 x 10 .- .- . .52 | 185 53
| _wofthermel geadient 2.5 x 108 - R .34 | 185
Constat Current 2 43 -« | 125 54
2x 108 174 9 1 150 §5
167 73 | 150
465 1.1 | 150
126 .67 1150
175 80 [ 150
120 .73 1 1se
644 1.04 | 120
127 .84 | 150
175 .80 | 150
144 a1 | 1so
567 112 | 150
128 16 | 150
----- 7 ot . .4 ; oo 1 150-250 36
_ALSi Altoy fits 66x10% f .- 1 .84 | .. B.6s | <0 ST
Al « Cu .« S| Fitma 1.64105.2x16° 2 s 28 1 ses %0 L)
Axi - Cu - Alloys 2% 108 1660 1.4 | 220 59
. §10 42 | 220
LR g0 220
334 gy b
18 1 A0 | 230
Al - Pol 8 M) . — .9 ) ) 130.220 80
Al . 8 Fies .- .- &1
leaksge 2] g% 1 .- N
. opeR _ 2.3 5 _ s .- e
M 108 36 & 04 .. 125300 62
7 T T 115U 2.08 Sl o
AVSB RS § feigf vy .S58 LR IO i B3
<ot 1 64
- 109 1.8 ..
A5210%.3. 882104 2 -
‘ 108 . 2anee 4.8 .- _
Swiell Grain 58 . ugsxo*) ] .- -. )} 180 68
Large Grain .20 .- 24 .. -~ | 180
Glaased Lagee Grein 143 - 1GY) .- 2 - - - 180
Al » 42108 A - N (48 | 125§ 66
Al Ju3242 (105 2 3N 1039 g} 23
(2837189 2 52% M 1N
2687179 2 $30 2472 3 XL

92




Based on this summary of information, representative values of n and the aciivation enexgy
are 2 and .55 eV respectively, With this information the t5( expression becomes:

AB (METAL TYPE)
2
J ATMET

'50 =
where:
A =cxp[ 292 R IRY
TMET ™| § 63x10° (’TI 79?).'
Ap (METAL TYPE) = "Basc"tgp asa functiors. of the metal type used.

Using the data in Table 5-12, ths constant Ay was derived for Aluminusn metaghization and

turns out to be .39 million hours. For Al-Cu mets! this caasmm was caleulated to be 14.5 million
hours, w 37.3 ms the wammm for aluminum. Thereiors, the (METAL TYPE) factor is:

(METAL TYPE) = 1 for Alumdngm
= 37.5 for Al-Cu |

- Towiteres al, (Refermnce 12) concluded from ermpirical clectromigration testing of alwrdsum
vonducior lines, shat the mean timy to failurs (bg) increasas as the ftaeese sijuars of e duty cycle
of pulsed opesation. That is:

igg (constant Q)

wiicre:
" ¢ = duty cycle
" Since the tgg eaviarion developed was bused o constant susrent conditions, the scrual duty

" ycle shouid bn sooounted for. Therelors, when calcalating the cutrent density (J) w bo used in the
S0 h.r cqumm. the average absolul valug should bo used

N Also, &ms{igatcd for the clectromigeation 150 mode] was the use of a tesiing effcctiveness
. factor. Blectromigration field fuitores are varly repored ang eloctvorigration burm-in failures are
: - &ven rares, slthough they have besn seposted (Refeverce 67). It is geuerally thought wat if the
o 2




screen or burn-in detects any electromigration failures, then there will be many more field failures
soon. Without wafer level tests, it is difficult to conceive a screen that is effective for
electromigration.

The use of an area/defect density factor was also investigated for metal wearout as it was in
the oxide wearout cass. Modeling electromigration is not as straight forward as in the oxide case.
There have been a number of studies which found the electromigration lifetime related to the line
length to some critical length which most likely is related to line width (References 48, 49, 50, 51).
The idea heve is that we failure of a line is dependent upon the existence of a worst case grain
boundary situation, and that a fine ¢ a critical length has a high probability of having such a
situation and thersfore has a certain tendency to fail. A longer line's tendency to fail is not
significantly greater. This critical length for near micron lines is probably i~ the order of 1000
microns (Reference 3). Since VL8 dovices have meters of minimum width metal films, this
a;;pwéth suggesis that die electromigration failure vate factor is essentially the same for all large
chips with a particular metallization process using a pasticular set of design rules.

For this reason, the arsafdefect deusity factor will only accelerate the carly life nmietal failure

rate and not the clecwomigration cuse. The motal defect deasity to be used can be calculated as
given in Appendix B.
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‘The model form of the metal failure rate is:

A DOvgr

et = BB ATYPEMET MET Barty Life) + MMET Wearout
The complete detailed metal failure rate is therefor: given as follows,

-1.18 -1.18 Ayt
AT = =| & "Dg ATYPEMET(oowzc “0) (Arygp) TMET!)

399
(t+o)OnET

-.5 2
Cap In (t+tg) - In t5g
P ( MET)

A = Total Chip Area (in cmn?)

éf

.88 for Custom and Logic Devices

= 1.12 for Memory and Gaie Arrays

AR = 2 cm2 .

Doyey =  Defect Density culculated using the method in Appendix B.
ﬁf unknown use Gg% where Xg = 2 um and X is the feature
size of the device)

D, = ldefectom’
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Aypr =
to =
t 5 =
Cmer
Oyier &
t ™

Temperature Acceleration Factor

W{ -55 o1 1
8.63x10- (Ti' i

T, =Teaze + 8P (in °K)

Effective Screening Time (in 100 hrs.)

Ay gy @ Screcning Temp.) # (Actual Screening Time (in 108 hrs))

{to Calculate t, use ATMEI‘ based on the junction temp. during screening)

388 ’fﬁ (Metal Type)

Arver

(QML) = 2 if on QML, .5 if not.

(QML) (in 100 hrs.)

Metal Typs =1 for Al
315 or Al-Cu
37.5 for Al-$i-Cu

J = The mean absolute value of Metal Cament Density
(in 100 Amps/om?)

sigrus obtained from test data on electromigraiion failures fiom the same

o @ shailar paocess. Ifthisdamisnotavailablcusacmm 1.

tixne Cin 106 hys)
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5.3 HOT CARRIER DEGRADATION

It is well known that hot carrier effects can degrade MOS transistors with short chanrel
lengths. This degradation (Reference 68) can b expressed as:

transistor parametyic shift = Apt?

Where t is the stress time, and the power factor of time "n" changes according to hot carriers

injection mechanisms (therefore varies according to the device structure) but generally falls in the
range of .25 to .75 (Reference 68, 69). The constant texm "Apy" represents the magnitude of

device degradation and is related to the drain voltage (Vd) by:

Age = Pexp (-a/Vd)

Where "B" is somse constant of proportionality. By plotting the log of the transistor

(1w i}

parametric shift versus the log of time, the constant term "Ay~" and the power factor term “n” can
both be determined. By plotting the log of A versus 1/Vd the value of “a" (slope) and "B" (y+
intexcept) can be dei srmined at different drain voltages. The first equation above can then be

reamanged:
t = (uunsisior parasmotric shiftAge) /0

With known values of "Ay " and “n" the time "t for a given parametric shift can then bo
estimated, |




Another method of predicting device lifetime used by other investigators is to monitor the
device substrate current (I, ). Device lifetime "t has been shown to be related to the substrate

current by the relationship:
tic = C¥lgup)™

Where C is a constant dependent on parameters such as drain current, etc., and the power
factor "m" fails in the range of 2.7 - 3.2 (Reference 68, 69). Since the substrate current is
" relatively easy to measure, it has the potential of being used as way of monitoring sensitivity to hot
- carrier effects on suitable test structures at the wafer level. The degradation due to hot carriers is
also a strong function of temperature and frequency, which are refated to Ig ;. If Iy, can

accurately be determined, the effects of temperature and frequency will inherently be accounted for.

Previous analysis has concentrated on measuring the shift in the threshold voltage when the
transistor is ix che linear or obmic region (Vpy, = 160mV), or a shift in the maximum drain current
(Vs Ypp = 5v) with the source and drain connections reversed. In either case the transistors
must be tiased at maximum avalanche hot electron (AHE) stress condition (typically Vg = 3.5v,
Vps = 8.4v) for & minimu of 8 hours to predict the transistor's sensitivity to hot carrier

degmdauon. & gecent stwdy found that the above equaticu holds not only in static stress but alse in
dynamxc stress. Whare the device lifetime can be written by

% dynamic = C (gt peak)'mli'& (Refezence 71)

Where Iy, peak 1 ig the peak value of puised subsirate curvent and R is tiuﬁy muo for lhc

sutsstrate cumut pulse

Also iﬂvcsﬁgatcd wvias the pwsib—i!ity of‘ usi. g Tgyp messared at the wafer level on a process
iR test Structure as a ﬂ#niﬂs of pmwng davige lifetimo due ina hot carrier degradation. A

hot carrier test found the low dozs drain (LDDY a-channel h\mmstm was less sensitive to hot

cavier effects when compared o a &\ng;@ drain \SD) wansiztor structure. The peak substrate
current at V= 5.5 volis was measured at room emygeiature on 20 LOD and 20 $D 10/1.0 n-

chiannel transistors befose the hot carrier test. The resulis were:
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Tsup (A)

Mean Std Dev.
1DD 3.54 0.19
SD 9.97 0.52

Thus there is a good possibility that substrate current meas-rements at the wafer level may
provide a fast and reliable method to model hot carrier degradation.

A hot carrier degradacion maodel of this type does not address a particular failure mode, and
does have different impacts on memory chips and logic devices. This hot carrier model is i "2nded
to indicate how & wansistor's paraineters dsgraded. This modei form is generally accepted,
bowever, what iy difficuit is to judge is how that transistor degradation affects circuit performance
for a memory, digitel or anglog applics. >n. While a manufacturer could model this, the results are
not likely to be shaved. The specific application of a transistor is most important. For example a
pass trausistor, whore the current wiay go backwards from the drain to source, will be atfected
mope thas an an/off transistor in gn tnverter gate.

It ds the judgement of the authows ot this time that sither a product has a hot electron problem
or it does not. Thus, the wodel should be very sensitive to modest changes - i.e., the failure rate
vay wove into the FIT range very quickly if some threshold is exceeded. Otherwise, the failure
rate is in the fracticnal FIT range.

The possibiuty of using substrate current measureraents at the wafer level to provids a fast
and relinble method 1o model hot canvier degradation is intuitively appealing. Other researchers
have algo wrltten of this goal and the discussion below involves some measurements that have
been taken t0 investipate this magter.
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The data in Table 5-14 shows Igp, Igq @ Ig;p. and the gate voltage, all with Vpp =35.5

volis at 3 temperatures. All six 1QY1 transistory experienced the hot carrier test at 5.5 volts. Note
that the Vg values at which I, occurs changes, indicating the hot carrier damage affects the

maximum electric field in the channel. The 300/1.2 transistors were not stressed. For both
transistors sites, the Ig,1/Ipp ratio of the single drain (SD) device was approximately 2x higher at

all temperatures. From the data we should be abie to (1) correlate projected life times to room
emperature I, data, and (2) determine the temperature dependesce of I,

As previously shown the device lifedine "t" due to hot carrier degradation has been modeled
as: ‘

t= C*Isub-m

Where C is a constant dependent mainly on the transistor's response to drain bias conditdons,

Lyt is the substrate current, and the power factor term "m” is equal to ¢;,/¢;, where §y, is the
critical energy to create an interfars trap, and ¢y is the impact lonization enssgy. However, this

mode! does not account for the dependence of substrate cutrent generation on diain current, which
- canbe modeled as (Reference 69);

Ly = Colg*exp(-44/q™AEy)
Whare C is a constant, 1 is the drain cusrent, A, is the mean fres path for olectrons, and E , is
the maximum electric ficld in the chamel. Therofore, & better expression for wiodsling device

lifotisne would bs (Feferace 72):

= Allg*(gyp/lg™
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In 1987 a hot carrier test was performed at Honeywell on discrete 10/1.0 and 10/1.2 um n-

channel transistors with a Ly drain siructure, and 2508 gate oxide. The transistors were biased
for maximum avalanche hot electron current with Vp = 6.0 and 7.5 volts at 77°K. Due to
processing differences between test structures from 3 wafers, there were substantial differences in
substrate current for same size transistors.

As mentioned previously, there is disagreement as to what should be the failure criteria for a
discrete transistor. For the purpose of this test the lifetime was defined as a 10% decrease in the
integral of Iy as Vgp is swept from 0 to 5.5 volts with V55 = 5.5 volts. This criteria (which we

call "area under tiie curve") was chosen since it monitors the transistor's response in both the linear

aﬂd gatiiratinn pngi_nnc gf Q{_\g_qum;

Figura 5-18 is a log normal plot of the cumulative failures versus time for 19 parts from the
test. From this plot it is apparent the hot carrier failure mechanism follows a lognormal
distribution, and the presence of a "sport" population is evident. The sigma for this test is
approximately 1.1. Figurs 5-19 is a plot o, ... log of € times the drein current versus the log of
ratio of Iy, divided by Xq. The power factor “m" is equal & 2.5, which is in goed agreement with

published valuss. The following listing summarizes }:nublisiﬁ values for this exponent;

Authgr | e Affilintion Year 7 Fower Factor | Refevence
Takedaetal Hitachi 1583 3.2-34 68
Huetal Cal Berkely 1985 %9 69
Taoretad AMD 985 2.7 73
Horiuchi et al NEC 1986 2.5 T
Weber Sicmens 1986 29 §”
Krisger et al VLSI 1988 2.9 84
Tran AT&T 1987 29-32 835
Cien et al AT&Y 1987 3.1 86
Duwnmyetal 3 T.L 1987 2.8 87
Beflsnsetal - | IMEC 1988 2.7 88
Weber -} Stemans ' 1988 29 89
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Is is important to noie that the model should account for temperature effects. One research
effort (Reference 73) found that the constant term A in the previous equation changes with
temperature according to the equation:

Age =Ag exp (-.039 eVAT)

Where k is Planck's constant. The drain current I3 and the substrate current Ig, )y, also change
at different rates as a functior . temperature; in general, our data indicates Ig 1, increases more at
lower temperatures than 1. Using this methodology to predict lifetime, the data summarized

below indicates the impact temperature has on device L >time due to hot carrier degradation.

Paramester 77°K 298°K
constant term "Ag” 4x10° 3x10°6*
drain current I 31lmA 2.20mA
substrate current I,y 3.44uA D.751A
power factor term "m" 2.5 2.5%
lifetime 3.8 hours 8,000 hours

® = gssuined or calculated values.

Based on this data, a tsq for the lognormal relationship can be dofined as follows:

e O 13_}.&5 -2.5
30 ATHC!d Id

Where C is a constant derived to maich empirical data. Deriving C from the above data yields
a value of 3.74x107, . |
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If actual values of I3 and L, are not known, there must be provisicns in the mods! for

default values. Based ¢ the measured values presented previously, the fC lowing default currents
can be used for 10/1.2 (width/length in microns) N-channel transistors:

Loy = 0058 VT T (g

Hot camier degradation 1s strictly 8@ wearout msechanism and thevefore should contain no
centribedon 0 the early life faiwe raw. Also, since this phenoingna effects all wransistors, it is not
area or defect éa?:sity dependent. Therefure, the final Gdlure rae contribution froma hot carriess is
tie following:

. 340 3 2
o = me); sy in (t+i3-1las

H

. 7 3»{*3%105{% sub -2.5
me - RLEE)
<
R 1
S o (Tﬁi?” 23‘3‘)]

Ty e Averags jusstion mxp:w s
eti‘a*eg:? {ix OK)‘

Ig,p = Drain Copontax Opersting Temparenre. If unknown use
Ly = 0058 2~ 00157 Ty (aup)

iﬁ = &u&s—.zw Cursent at C’!ﬁ‘am\g Teoperaiure., Wunknown use
L=ddeT - L0689 ¥ 3 {mA)

Oye o sioma desivad fom et S, if ot sellibls uso 11
o % &gy, (e Soreeaing Temp.) ¢ (Tost Dusaiion)
¢ = tioe (a 109 h)
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5.4 CONTAMINATION

Although the physics of failure characteristics of contaminaiion and inethods of control are
fairly well understeod, many failures due to contamination appeared in the data coilected for this
program. Due to this observance, a failure rate for contamination was derived and included in the
model. Here, the contamination failuse class is defined as any type of contamination, ionic or
other,

The prevalence of contamination related {ailures tend to be highly dependent on the particular
fabrication processes and thus the failure raie mods] contained herein is un industry wide
represeniative value, and can vary widely from manvfantarer to marufacturer. Contamination is
strictly an early life mechanism and containg ne wearout contribution. Like hot carriers,
contamination failures are not area or defect density selated and therefore do not have these terms in
the failure mats equation. They are typically sasily screensd dus to their high activation snergy and
tenparann accelagation,

Table 5-15 swrunarizes the dita used in the dorivation of the coatamination failure vats. In
this wible the fiest columys i3 the equ.valont Hime tnterval a 23°C obtained by multiplying the sctual
tog by the seceloratlon dus w touperatare, saing sn sctivation enmgy of 1.0 oV, A valux of 1.0
@V i videly accopted in the sexmiconducior tndustry. The second colurmn s the squivalent susber
of total past howrs in the interval uslng the ssne acosionstion due O muperatws, wad the fast
coluseni lists the number of failures in that G inteeval,

TABLE 315
CONTAMINATION DATA
Fquivalent Tine T Acoclkeried Number

Interval at 25°C (in 1{)6 hs) |} Part Hours of Failures
—0- 20431619 SEI9G0T SO 721 T
20431620 - 71.510666 140006588.472257 !
71.510667 - 212.329365 27088162.036146 N
212.829366 - 228.845835 3064959.151818 2
228.843836 - 425.658727 35348454.984858 595
425.658728 - 2724355183 20233992.578138 1
2724.235184 - 6994508872 | 6835426.324503 1

Table 5-16 preseats the surmmanzed data used. The first five data points from Table § 15
were combined for the first entry in Table 5-16 and the sixth anu seventh were combined for the
seoond in Table 5-16. Repressing on these two dazapoints yields the following failure rate:

}"CON =936 x 106 - 0028 t
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TABLE 5-16:
SUMMARIZED COMNTAMINATION DATA

Part ~Falare '
Time Interval Hours: Number Rate
(106 huz) Midpoint | (108hre) | Failures | (¥/100 brs)
0- 425.658727 | 2120 85,128,066 601 7.1x10°6
425658726 - 6994.508872 | 3709 26,869,418 2 7.4x10°8

- Accounting for the unknowr failures and eccelerations due 1o emperature, duty cecle and
screening tma, the data in Tabls 5-19 yields the following equation:

-0028 At

002
Ao = 00002200080, ” con'

&
N .

ATC&\% o Temperae Accalaratdon Facto

o ax {ﬂ-\\n\:\é&%};\\ x { ‘\,,g\w}'.ﬁ\ . ,&i .
Plagao’ b PEREE) Jig)]

Ty = Junetioe wanperguse

g = Blfective Scoooniag Tine

w A, (08 sorotning junction tempeising) ¥ (atual scivening
ot b 100 )

¢ = umedn 10%s)
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5.5 PACKAGE RELATED FAILURE RATE

To develop a model for package related failures (ie., package, lead, dic bond, interconnects,
etc.) the assumption was made that environmental stresses (i.e., temperature cycling, thermal
shock, vibration, mechanical shock) accelerate package related failur, mechauisms to a mnch
higher degree than die related failure mechanisms. Since these environmental stresses are event
related, they can be modeled with an exponential time to failure distribution and thervefore 2
constant failure rate can be derived. The data presented previously in the database profils supports
this approach.

5.5.1 Screening Factor

Since th7e is no field experience data available, the approach used to develop field failure
rates for VHSIC/VHSIC-Like package sty.cs was to derive a tailure rate {or lower complexity
nackage types for which field experience is available and multiply that failure rate by the ratio of
fallout rates observed betwsen VHSIC package types and MSI/LSI package types for which field
cxperience is available. ‘

Many package defects can be screened effectively and therefore & sirong relationship between
reliability md qu. 'y should be expected. The approach used in the package failure rate
development was therefore to make this failure rate a function of quality (screening level) and
environment. The premise of this factor is thit ths nost screened peicent defective in a given
population is equal to the initial percent defective minus the percent fallout after the population is
exposed 1o a screen (or screening sequence), and the field failure rate expected from a particular
package style is direetly proportional to the fallont rate observed for that package when exposed to
environmental testing,

The fOllowing screening level categories and associated observed fallout percentage were
used to derive the package factor (Reference 76).

None 0%

Bum-in 36%
Environmental Series 1.37%
Burmn-in/Environmental Series 1.66%
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These are general categories and are representative of data from a variety of sources and test
conditions. They are typicaily, but not limited to MIL-STD-883 tests. In this context Burn-in is
normally & high temperature (125°C), short duration (160 hours) test designed to identify defective
parts. Environmentzal tests are intended to be representative of various environmental screens such
as; temperature cycling, shock/vibration, humidity, etc. As an example Quulity Level B devices are
subjected to both buin in and environmental tests.

These broad categories were chosen because fallout rate data for specific screens loses its
statistical sigaifican.=. Additionally, many tests are performed in 2 series, making it impossible to
identify the fallout rate of each cae.

Assuming that the test effectiveness for package related mechanisms is directly proportional
to the fallout rate percentage for a particular test or series of tests, and that the test effectiveness for
a bumn-in with environmental series is in the 80-10{ 4 range (or approximately 90%), the test
effectiveness along with a relative failure rate correction factor for package screening, are
summasizedd in Table 5-17, This yields a 10:1 ratio in the expected package failure rate between
Class B and D devices.

TABLE 5-17¢
PACKAGE TEST EFFECTIVENESS AND SCREENING FACTCOR

Scxeen;ag Lével 7 - _ Claés T&st lﬁ."factivaness 1 Mgp
Nong D 0 10
Bura-in . 20 §
Environmuental Series 1 - 72 2.8
Bursin with Envisenmental Serles B 20 1

Oiiee the test offectiveness has been derived, the package failure rate can be defined as
follows:

Wagc ® lBP nsp Mg
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where:

App = base package failure rate
FOp = reference fellout rate for MSI/LSI

FO = observed fallout rate for VHSIC/VHSIC like packages
IIg = environmental factor

Igp= package screening factor

_ The 10:1 ratio of package failure rates is applicable for the environments where it would be
expected that inost of the defective parts would be accelerated to failure. In a benign environment,
it would not be cxpected that defective parts would be accelerated to failure and therefore there
would be less benefit to screening parts used in benign environments. However, without data to
the coutrary, and since the package failure rate is nonnalized to unscreened devices used in benign
envitonments, a woest case failuse rate ratio between quality levels for Gy is also 10:1, and weated

as an independeas factor from savironment,

5.5.2 Envisament Eactor

App cau now be derived from empirical field failure rate data and fatlure mode distributions
(percent of failures duc to the package). Te accomplish this, Reliability Analysis Center data
- (Reference 75) on MSY/LST duvices was vsad to calculate an average IC failwe rates for these
combinations of scressi class and environment. Thess failure rates are summavized in Table 5-18.

TABLE 5-18:
AVERAGE A AS FUNCTION OF ENVIRONMENT
Scregn Class , -En:vim: et , | __Failm Rite
Bum-in/Eavizonment (B) A 285
Bum-i/Envirsnugnt (B) Ayp 441
Noe () | Gy 312
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These environments and screen classes were chosen since there existed good quality data in
these categories and also to provide a good mix of vibration and temperature cycling stresses. The
exact stresses in each environment can not be specifically identified and thezefore the environments
must be qualitatively defined as in the curreut MIL-HDBK-217 models.

Next, failure mode distributions wese nsed 1o identify rhe percentage of failurss due to
package related failure mechanisms. For this the following data extracted fron. Reference 75 was

t?'m Eggkg, ge
Digital 6.9 47.2
Linear & Interface 199 23.7
Memory 5.3 ~ 20.3
ViSI 7.1 14.3

From thig, it was delesmined that 25% of IC failures are iypically due to the packages, indicating
that the base failure rate would be 25% of the sbove listed numbers, Thess package failuse rates
arg given in Table 5-19,

Using the package failure rates in Table 5-19 in conjunction with the quality factors (Tgy)
givan in Table 5-17, the welative envivonnental factors for Ags Ayjp, and Gy eaviromments can be
defiued. This was accomplished by muking the product of gy and Iy propordonal to the

package failuse rate, These relative envirommsnt factass are presenied in Tabls §-20, normalizing
Gg 10 One.
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TABLE 5-19:
'PACKAGE FAILURE RATE AS FUNCTION OF
ENVIRONMENT AND SCREEN CLASS

[ Environment Class_|_Package Failure Rate

Ap B 071
Ayr B 110
Gy D | .03

These ratios betwen Gp, A, and Aqj: environments factors are relatively consistent with the

environmental factors currently in MIL-HDBK-217E. Therefore, assuming the relative IIg's

. between environments in 217E e valid, the values for all environments are defined in Section
. 5 AS'- .80 V ‘

TABLE 5-20:.
ENVIRONMENT FACTOR

- Age : 12.3
Gy o 1
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5.5.3 Package Type Factor (TIpy)

The valuss in Table 5-20 correspond to the lower complexity devices from which they were
derived. They now can be modlfied to the higher complexity VHSIC/VHSIC-Like device

packages via the fallout rate ratio Fﬁ;

For a typical MIL-STD-883 Class B screening sequence for a DIP package, RAC data
(Reference 76) indicates & typical fallout percent of 1.66% of which 25% of these failures are due
to package related mechanisms. The reference fallout rate can therefore be defined as follows.

FOy (package) = (1.66%) (.25) = 415%

To modify these failure rates to VLSI/VHSIC, the package fallout rates in T'able 5-21 were
derived from the VHSIC/VHSI -like database (Appendix D) for devices subjected to
eavironmental testing consistent with a Class B screen.  For example, .79 was derived by
obsarving the percentage of nonhermetic chip carrers that failed from a combination of burn-in and
environmental testing. The columnn labeled “total” is a weighted average and was derived by
observing the total fallout rate (i.¢., davices failed/devices tested) for both hermetic and plastic
parts for each package type. Similarly, the row labeled "total" was obtained by calculating the total

faﬂwtm&fwb&:ﬁxhﬁwaﬁdmm packages.

The fect that the R)R isted above is very close to the twial fallout rates in Table 5-21,

3 -aitlmugh coincidental, indicates that thers i3 good agreement between these two soparate wmethuxds
of obtaining fallout rat, sed leads & dogres of confidence in these resulis,
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OBSERVED VHSIC/VHSI(C-LIKE PACKAGE FALLOUT RATE

TABLE 5-21:

Nonhermetic Hermetic Total
Chip Carriers 9% 1.4% 1.03%
Pin Grid Armray 69% 33% 49%
DIP J8% 30% 22%
Total 41% .61

Since there is not a significant difference in the hermetic vs. nonhermetic fallout rates, there
will be no distinction between these for the base failure rates although a failure rate term will be
added for the nonhermetic effects of plastic packages. Using the totals for the three packages types

for FO, the ratios can be defined as in Table 5-22, along with the package type factor (normalizing
DIP's to a valus of 1). For example, the FO/FOy factor for DIP's is .22/.415 = .53.

TABLES5.-22: :
PACKAGE TYPE FACTOR
Type 'EO-’ FBR | Ty
Chip Casriers 2.48 4.67
Pin Grid Array 1,18 2.23
DIp 53 1

The package failure rate can tierefore be sumnarized as:

Apac = Agp Ilg Higp Ilpy
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where: Il = Eavironmental Factor

Iigp = Package Screening Factor
fIpr = Package Type Factor
g gp
Gp 1.0 No Screening 10
Apr 8.15 Burn-In 8
Aur 12.5 Env., Series 2.8
Bum-In/Env. Series 1
Ipy
DIP 1
PGA 2.23
Chip Cardier | 4.68

Since the relative values of the environmental factor, screening factor, and package type
factor have been previously derived, the base package failure rate was derived by setting the
observed packngs failire rats equal to the predicted for a known case and solving for Agp. Since
there is high confidence in the Ap, Class B observed failure rates for DIPs were the ones used.
This failure rats is 285, of which 25% is dus to the package, yiclding an observed failuwe rate of
071 ¥/100 tus. Since the FO/FOg factar for DIPs is .53 (Table 5-22), and the Mypy factor was
uormatized to 1 for DIP's, the failure xate (Apyo) for DIP's is (071) (53) = .037 (5/105). The
valug of .53 is dus to increased relinbility of DIP packages from the tinae the observed ficld dat
was collected to the tme the fellout sats data collected for this effort was obtained. Therefore,

037 s Agpllg TTpl Ty

' 037 037
: =

3‘9"’_"115115?11“ BISy = 0046
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It has been shown in past studies that the package failure rate is also a function of package
complexity, of which number of pins is one measure. From Reference 9 the following
relationships were obtained for the package failure rate of DIPs up to 64 pins.

lpackage =1l l'IQ [.00044 + .00042 (# pins)] Hermetic DIPs
xpackage =]l I'IQ [.0035 + .00009 (# pins)] Nonhermetic DIPs

The data used to derive these numbers were predominantly from commercial quality devices
in a ground benign application with Ilg =.38 and Ilg = 17.5 (hermetic) and Il = 35 (for

noahermetic).
Therefore, using these relationships to derive the Apgeyaee Yields;
Ap s (Hexmetic) = .00293 + .00279 (# Pins)

Apac (Nonhermetic) = .0465 + 00120 (# Pins)

If thesa relatonships ars extrapolated to the pia counts of VHSIC type devices, the package
failure rate and the number of pins would be directly proportional. That is, a 200 pin package
would have twice the failure sate as a 100 pin package. This is not intuitively appealing since there
are many package veiated failure mochanisms that are not complexity dependent, Failure
mechanisas relating (o the 1ead, lead/ssal intuiface, and wire bords can be considared complexity

dispendent sisnce they ore essontially indapendent of cach other in a reliability sence. Conversely,
' the die bond is considered complesity independent since there is caly one, which is indopendent of
thie lead/wire boad assembly. Data from Refosence 73, which provides failure mode data on a
wide varisty of part types, indicates that this assumption is a reasonable approximation for a
gonexal use reliability model. To alloviate this situation in licw of enough empirical data to precisel,
dafine this refationship, the assumption was made that the comploxity dependeat and complexity
independent package failure rates are equal at the average complexity value in the VHSIC database
(120 pius). Therefore, this ylelds the fallowing base package failure rate to be used in this model
s:

Agp =.0024 + 1.85 x 10" (# Pins)
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5.5.5 Junction Temperature Calculation

In calculating the junction temperature, the average junction temperature should be used. The
standard method of accomplishing this is adding the case temperature to the temperature rise due to
power dissipation;

TJ = TC+ ejc p

where: * Te = Case Temperature
8;c = Junction-CaseThermal Resistance
P = ‘Worst Cass Actual Power

To calculate Ty, the actual 6y¢ of the device being predicted should be used. If it is not
known, however, the following alternate method using 6y can be used;

TJ‘ =T At 93 A p
where 8y, is the juiction to ambient thermal resistance.. Table 5-23 summarizes 0y4's values

which were derived by various menufactures and represont typical values. (Note: There are very
wids variations in these values), ' |

118




TABLE 5-23:
JUNCTION - AMBIENT THERMAL RESISTANCE VALUES

854 (CC/W)

i PINS PLCC CLCC PPGA - CPGA CDIP PDIP
24 92 42 - - 50 50
28 65 40 - - 50 50
40 6 40 - - 43 43
44 61 40 - - 42 42
48 58 38 - - 38 38
52 56 38 - - 38 38
64 50 37 - - 30 30
68 46 36 90 36 - -
84 44 35 81 3 - -

120 39 34 81 34 - -
124 30 34 75 31 - -
144 37 33 68 30 - .
180 36 31 57 2 . -
200 36 30 5¢ 29 - -
200 36 30 48 29 -

Altiough there was not a significant difference in fallout sates observed between plastic
cacapsulated and hermictic devices, there is reason to beliove that the long term failure rate for
upnhermetn devices, undsr high humidity and high teimperanure conditions would be worse than
henpetic packages due to moisture peictration and corrosion. To account for this effect the
~ literature was seviewed for niodels 1 “ating feilure rate and variables such as relative humidity,
temperatiree and power dissipation. Numerous modsls have been proposed (References 15, 16,
17, 18, 19, 20 and 22), but the cne used in this model to account for nonhenmetic package types is
givea in Reforence 10, where the effects of ambient relative humidity, wmperature, and the
effoctive chip humidity have been modeled.

119




The time to failure disiribution for the corrosion associated with moisture is modeled with a
lognormal distribution and, per Reference 10, has a mean iife of:

AH 296
50 = A‘eﬁ e R EFF

where AH is the activation energy (.2 V) and RHpr, is the effective relative humidity.

+

If the duty cycle is not 1.00, the average effective RHpp must be used in the t5q equation.
Calculating this average value as a function of the junction and ambient RH's yields:

RHgpy = DC RHggg (0p) + (1 - DC) RHgy: (dor)

where;
DC  =duty cycle (% operating tima)
RH = relative humidity of the environment
RHppyg (0p) = operating effective RH
RHpp (dor) = dommant effective RH

RHEFFNDC(RH)OE*XSO <T;? ) ﬁ)*(x 'DC)REG(TE- - *i";)

T, = nomnalizing temperture

Ty = operating junction temperature
Ty = roaoperating juacton temperaiure (Ty; = Ty)

el
RHgpp = 0C) ®1) 205 " T 4 (1 - Do) R1)
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Normalizing the temperature factor to 25°C and calculating the A constant according to the
t50 values from Reference 10, yields the following tgq expression of the lognarmal distribution:

2 ( 1 1 ) 2.96
t50=.0(X)08668‘63XI& Ta =~ 208 CE;EFF

where tg is in 100 hs. and (0 < RHggg < 1),

It is well understood that there are typically large differences between manufacturers (and
even large variations within manufacturers) regarding the quality and reliability of the plastic
encapsulate material. However, as with the other wearout raechanismas modeled, the lognormal
expression provides an csiimate of the tiree at which the failure rate can be expected to increase
and the end of lifc may be spproaching.

Since the data collected for this effort indicates that package related failures are primarily
gecelerated by teppesature, an exercise was undertaken to correlate the package failurs rate with the
number of temperature cycles the device has been exposed . Although the results from this
- exercise will not be used in the final muodel, it was useful to observe the dogree of cormelation
which existed in the re- s of these two methodologiss.

To accomplish this, instead of dwe belng the independent variable, the number of
emperaiure cycles was used and the method of modsling the early life failuve rate mechanisrus
outlined in Section 3.0 was used, Also, instead of tempcrature and duty cycle being the
accelesation factors, the twaperature cycling rate was used.
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For example, if the failure rate as a function of time (given in Figure 5-20) is derived based
on temperature cycling tests then, as in the early life time dependent mechanisms case (metal,
oxide, etc.), where the time acceleration factor is given by the temperature accelera’ on factor
(Arrhenius), the failure rate for package related failures will be a function of number of cycles
instead of time. To accomplish this the temperature cycling rates in Figure 5-21 for the Bay of an
A-7C aircraft (from Reference 4) were used along with the duty cycle data of Table 5-24 (also from
Reference 4) to derive a typical cycling rate.

A
PAC
Number of Temperaiure Cycles
FIGURE 5-20:
HYPOTHETICAL FAILURE RATE AS A FUNCYTION OF
NUMBER OF CYCLES
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TABLE 5-24:

AIRCRAFT UTILIZATION DATA
Adrcraft FHRS/ Landings/ Sorties FHRS/
Type Sortie Month Month Month
ATD 1.53 14.95 14.97 22.91
YATD 1.41 22.81 14.17 20.20
*AT 1.53 14.98 14.96 22.89
Al0A 1.83 17.23 17.21 31.31
%A10 1.83 17.23 17.21 31.31
A37R 1.30 17.20 14.36 18.64
0A37B 1.36 19.63 8.91 11.74
*A37 1.30 17.78 13.28 17.28
B52G 6.79 12.72 . 4.66 31.64
B52H 7.29 10.89 4.32 31.11
*B52 7.00 773 2.60 20.50
FB111A 3.30 12.78 6.58 21.84
*FB111 3.30 12.78 6.58 21.84
Cs5A 496 36.43 11.44 56.61
#C5 4.96 36.43 11.44 56.61
C130A 2.23 32.04 12.27 27.31
C130B 2.28 39.58 15.22 34.52
C130D 1.85 27.79 14.83 26.94
CI130E 2.34 51.80 21.89 51.09
C130H . 2.54 52.59 24,33 61.06
*C130 2.44 42.25 17.45 42.44

*Indicates AN;ARN-118 RIW data.
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TABLE 5-24:
AIRCRAFT UTILIZATION DATA (CONTD)

Alrcratt “FHRS/ Landings/ 1 Sorties FARS,
Type Sortie Month Month Month
Cl41A 3.46 55.66 25.10 86.83
NO141A 2.48 20.92 6.61 16.59
Y0141B 1.60 18.17 0.00 14.18
*Ci41 3.46 54.28 24.34 84.05
KC135A 4.13 19.59 6.51 26.85
NKC135A 2.76 15.73 5.76 15.98
KC1359 4.60 17.89 6.68 30.68
*C135 4.26 15.90 6.86 29.85
¥4C 1.30 14.27 11.40 14.86
RF4C 1.53 17.27 13.43 20.64
F4D 1.30 16.75 13.44 19.54
F4E 1.29 - 17,50 15.14 19.54
F4G 1.33 15.04 14.68 19.40
“F4 1.34 16.66 13.7¢ 18.48
F5E 0.97 25.60 25.50 24.59
*F5 0.98 28.34 25.02 24.49
T15A 1.30 15.05 15.60 19.54
F158 1.36 3115 17.36 23.63
F1sC 1.42 15.91 15.54 21.90
F15D 1.4 13.41 12.85 17.73

*F15 1.32 17.31 15.45 . 20.45
Fl6A 1.26 15.28 14.74 18.6

' Fl6B 1.24 28.52 14.04

1743

*E16 1.26 20.95 14.46 18.20
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TABLE 5-24:

AIRCRAFT UTILIZATION DATA (CONTD)

Alrcraft FAORS/ Landings/ Sorties FHRS/
Type Sortie Month Moanth Month
F111A 2.32 11.75 6.95 16.10
EF111A 3.21 9.25 9.25 28.68
F111D 2.24 11.97 8.07 18.07
F111E 2.49 8.08 7.27 17.88
F111F 2.49 8.28 7.27 18.13
*F111 2.36 1013 7.27 17.48
T37B 1.27 84.72 23.97 30.51
' ¥T37 1.27 84.72 23.97 30.51
T38A 1.22 77.48 22.87 28.00
*1'38 1.21 ~ 73.84 22.89 27.57

“indicates AN/ARN-118 RIW data.

This cycling rate data yielded ui Figuse 5-21 an approcimas mission cycling rate of:

3eyeles . cycles
W, =¥

Fron the aireraft utilizaton daga, a typlcal fightur will have a duty cycle of:

De WZ»‘Q_,ﬂight hra. pox monch

“7730 firs. por month

DC = 027
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3.0). Table 5-25 sumrmarizes the data

used

e es A

Next, a relationship was derived between the number of temperature cycles and failure rate.
The same method used to develop the other carly life failure rates was used (outlined in Section
' The first coluinn lists the number of cycles interval at
which the population of devices were tested for failure, the second column lists the total number of
part cycles in that interval and the last column lists the number of observed failures in that interval.
Table 5-26 sumunarizes the data used to derive this relationship.

(whero # cycles is ia 109 cycles) -

TABLE 5-25:
PACKAGE DATA AS A FUNCTION
OF TEMPERATURE CYCLING
Cycles (109 Cycles) | PantCycles | Number Failed
0-0.000100 | 0.762800 2
.000101 - 0.000300 1.451700 31
000301 - 0.000500 | 1.379606 90
000501 - 0.001000 | 3.190000 91
TABLE 5-26:
 PACKAGE SUMMARY DATA
 #CyclssRangs | Midpoint | Part Cyclos Failure Rate
(00t 1 008 | 108 | Feiluwes | (5106 Cycles)
0-.000500 | 000250 | 35941 | 123 342
000500 001000 | 000750 3.1900 91 28.2
. Regossing oa this daia yields the fellowing relationship:
A (eycke) w37 ¢ 00 Weveles)




In the case of the package failure rate, « temperature acceleration factor is not applicable,
rather it is the number of temperature cycles the device has beta exposed to that is important.
Therefore, the temperature acceleration factor can be replaced by a duty cycle which is the
percentage of time the device is being cycled at a rate of .9 cyc/ir. As opposed to the other
models for A, Aygrs €tC., in this model the package failure rate is a worst case value that
improves with a decreasing duty cycle. Although it is recognized that failures due to temperature
cycling are primarily wearout related, the model was fit to data from a wide variety of devices,
which tend to "smooth out" the failure rate function.

Adding the effects of screening and duty cycle, and converting number of cycles to time
(using .9 cycles per hour) yields the following:

_ F CycC. - 4 1t {DC)  .365 (# cycles)
Apac =37 (Iot’rcyc.) 9 (hr. ) B ¢

where: F = Number of Failures
%,E = Cycles per hour
DC = Duty Cycle

For a typical duty cycle factor of (027, the initial failure rate would be .90. This failure rate
is somewhat pessinnistic because the wmpsrature extremes dbserved in the tost data from which it
was derived is greater than the sctual temperature extremes associated with an uninhabited fighter
environment, The lowesr failure raw yielded from the package factor presented previously were
developed from actual field dats, representative of 2 lower czmperuture oxtreme cycling situation.
Decreasing the temnperature extremes could casily decrease the failure rate by an order of
magnitede, Also, the data used to derive this relationship is from a combination of DIPy, Pin Geid
Arxays, and Chip Carviers, the mixsuns of which is inherently less reliable than the DIP data used
previgusly. However, this exercise did provide an expected worst case failure rage which
compares favacably with tw packagn failure rats equation that will be used in this model.
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5.5.8 Package Failure Rate Model Summary

A summary of the package failure rate is therefore given as follows and the values for these
factors in the following tables.

Apac = (0024 + 1.85 x 1073 (#Pins)) &g gp Rpy + Apgy

Application Environment Factors (Tlg)
Environment Iy Environment g
Gg 52 A 6.8
OMms .88 A 5.4
GF 34 A 8.1
Gm 5.7 . Aye 4.0
Mp 5.2 Ayt 54
Ngp 54 Ayn 10
Ng | 54 Aga 8.1
Ny 7.7 Ayrp 12
Ny 8.0 Sgr 1.2
Nyy 8.6 Mrp 3.3
Apw 12 Mra 15
Are 34 M, 17
A 4.0 Cy 300
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Package Screening Factor (Tlgp)

Screen Level Screen Class Iep
No Screening D 10
Buin-In - 8.0
Environmental - 2.8
Bum-In/Eanvironmental B 1.0

Package Type Factor (TTpy)
Package Type Tpr
DIp _ 1.0
Bin Grid Array 2.2
Chip Casrier 4.7

Apg = Package Hemuticity Factor
hpyy = O for Hemetic Packages

gy = J}i@e;g,[-—% ( Ingt) + ln{tgapﬁ))z] for nonhermetic packages

West (9
| | 1 2.06
Sy “p[a.ésxme (TK m)] “"[Wﬂ m:}
Ty = Ambiont Tomp,

- (L 1
 RHgpp = (DORH) 230 (T; TX)HLDC)(RH)
(o exanple, for 50% Relative Humidity, use RH = .50)
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5.6 ELECTRICAL OVERSTRESS FAILURE RATE

The occurrence of a catastrophic electrical overstress (EOS) event is an event related failure
mechanism since it is the result of an externally supplied voltage or current. Since it is event
related and not an inherent relizility failure mechanism, it is independent of time and dependent
only on the probability of an EOS event, the magnituds of the overstressing voltage or current, and
the susceptibility of the device to damage. It can therefore be modeled as a constant failure rate as a
function of susceptibility level.

Although there are many types of EOS sources, each with their own characteristics, the best
source of susceptibility information (and in most cases the only source) is the tests specified in
MIL-STD-883, Method 3015. Although this is only one measure of the EQS susceptibility of a
device, it is the most readily available and therefore will be used as an input into the model. The
assumption ia using this approach is that the EOS and ESD susceptibility levels are highly
correlated.

Although it is also recognized that the electrical environment in which the device is deployed
is a primary factor in the EOS failure rate, it cannot be used in the model since users of the model
often have no contol of the final eavironment and de not know the KOS characteristics of it. In
sowe cases, the relative EOS sevarity between environments can be defined. For example, there
appews 0 be more EOS failures from devices in avionics equipment, where power quality is
always a concem, However, to quantify the magnitude of severity ievels as a function of
cavisonawnt would be unguly complex and is beyond the scope of this study. Therefore the
cbjective in deriving an EQS factor is that a “typical” BOS failure rate be derived only as a function
of the ESD susceptibility of the dovice. By wodeling the EOS failuse rate in this manner, it is

, Mmally being treated as an covironnental stress,

The basic preumise for this factor is the following relationship:

P(t) = B{f/c)P(c)
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where:
P(f) is the probability of field failure due to Electrostatic Discharge or Electrical Overstress

P(f/c) is the probability of failure given that the device has been contacted by the EOS/ESD
source

P(c) is the probability of contacting the device with the EOS/ESD souxce

To desive the probability of failure due to an EQS/ESD event, an EOS/ESD modal failure rate
was developed by deriving a representative failure rate for integrated circuits (for a variety of
device types and environments) and muliiplying this failure rate by the percentige of failures
observed to occur as a result of clecirical oversiress. These values were derived from the
Reliability Analysis Centes's data, which indicates that a total of 7948 failures were observed ina
total of 16116 million past hours (yielding 2 failure rate of .493). Also from the RAC failure
analysis database (Reference 75), 8.5 parcant of all failures in the database were dus to EOS/ESD,
indicating that sn EOS/ESD mods! failure rate of 0419 (8/10%). Therefore, under tynical
sonditivas in ons year of operatio, the probability of failure (F(0) due to EGS/ESD is:

B = 1- o hggp = 000367

To devive 3 probability of failune given the device has besa contacted with an EOS/ESD pulse

(), data (Srom Referonce 77) was used which idantifies the failure voltage distsibution for all

‘microcireuits, This distribution s Jognoman! with o mean of sppvoximately 2200 voles. The

popuiation from which Uiy distibution was obttined and the pogrddation from which the BOS/ESD

- moadal failurs mte was caleulated should ba very similar since they ave representative of a good
cross-section of davics types, technologies, and operational cavirouments.

_ Froo data availsble in the Hisrature (Reference 1) the voltags disteibutions given in Table §-
27 wexe dafined for the stressing voltage as a function of tic lavel of ESD protection in a givea
arca (based on 3 nornaal distribution), The sverage listed in the table i3 the distribution used to
represent the voltages present in the caviroament of the dovices from whkich the EOS/ESD modal




TABLE 5-27:
ESD SOURCE VOLTAGE DISTRIBUTIONS

ESD ESD
Protected Unprotected Average
Mean 1175 8000 4600
Std. Deviation 375 1750 2000

It is reasonable to assume that the stress voltage distribution is not normally distributed as
previously presumed (Reference 1) but rather lognormally or exponentially distributed. As
illustrated in Figure 5-22, an exponential distribution is intuitively appealing since the probability
of having a given voltage present in a particular sitnation increases with decreasing voltage.

&

Mean = 4500 V

4

NV

Voltags Lovel

FIGURE 5-22:
STRESS VOLTAGE DISTRIBUTION
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Assuming the exponential distribution and using the mean voltage for the normal of 4500 V
ande zthistothemeanofanexponenﬁal«):i-) yields a 0 of .0002 and the following stress

voltage disuibution:
pdf (Viyggss = 0002 0002V
Calculating the contact rate:
P(f/c) P(c) = P(§)
for t = .00876 (x100 hrs)
B =1-0 E0St _ 1. 999633 = 000367

(from empirical data Agog = 0419 @ t = 00876 x 100 hrs.)

B(ilc) = ;s%%%

Assuming a mean theshiold valtage of 2200 velts:
o 200V 0003 Ve

R =1- (0o 0002 VIR gy
O mgad

where;
Vg = ESD Voliage Threshold

~.0002 V}*ﬁ] - c-.{}ﬁ'{)?. Vi

_ (iﬁ geusral P(f/c) = 3.{1 .o }

e
4
cm ]

c
P =1 - c*lc ¢
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- n(1-Pc)) _ CONtACtS
o= O B s,

¢™MEOS 2 L (_ln (1 - P(F) (000S7))

P(f/c) = <0002 VTH
Therefore,
- =.0002 Vry
Jda(l -,
Ao =00 L (F/106 1ss.)

A graph relating Ag g t0 ESD susceptibility level is given in Figure 5-23.

 eas
@®n0%tny)
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00 1000 250 3000 4000

SUSCEPTIBILITY VOLTAGE

FIGURE 5-23: Ao AS A FUNCTION OF SUSCEPTIBILITY
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5.7 MISCELLANEOUS FAILURE RATE

A miscellaneous failure mechanism category was defined since there were various failure
causes in the database which could not be categorized into one of the previously defined early life
failure mechanisms. Rather than separating each of these miscellaneous mechanisras into a
separate failure rate which would make the model more complex, they were summarized into one
category which includes various failure mechanisms relating to the assembly and time dependent
package failures causes. This miscellaneous failure rate is intended to be stricktly an emperical
relationship used oaly to allow the predicted failure rates to be as close to the observed data as

possible.

The package related failure rate derived previously was based only on failures induced by
temperaturs cyeling, There were a small percentage of package failures that occurred as a result of
accelerated operational life testing. These failures, since they occurred during life tests are
cousidered time depondent and are included i this miscellaneous category.

To derive this factor, the method (outlived in Secton 3.0) used for the other early life failure
rates was used. Since it was not a singls mrchanism being modeled an equivalent activation
energy had to be derived. This was accomplished by waighting the acceleration due to temperature
for each mechanism in accordance with the numbnt of failures for that machanism (Reference 7).
Figurs 5-24 illustrates this concepi.

)

# Pailures

+ - { —3
259C 125 °C
Temperalure
FIGURE 5-24: HYPOTHETICAL MIXTUKE UFTAILURE RATES
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Since the database containg primarily 125°C life test data, the number of failures at 25°C was
projected for each failure mechanism based on the observed number of failures at 125°C. The
equivalent activation energy was then calculated based on the weighted and combined individual
accelerations. This activation energy waz fou.d to be 423 eV, and will be the one used to
calcuiate the equivalent part hours for derivation of the miscellaneous early life failure rate. To
derive this factor, the data in Table 5-28 was used. The summarized data used in derivation of this
factor is given in Table ~-29:

TABLE 5-28:
FAILURE DATA FOR MISCELLANEOUS FAILURE RATE

Effective Time Effective Number of
Tnterval (108 hrs.) Part Hovrs (10% hrs)|  Failures

0-0.011543 3175.006037 2
011544 - 0.020183 2372.378700
020184 - 0.040402 5501.966794 a2
040403 - 0.066083 4944568256 1
066084 - 0.070642 868.808198 1
070643 - 0.082514 2198.587890 2
082515 - 0.112294 5498.847131 1
112395 - 0.120244 1430374353 6
.120245 - 0.210243 15242.040931 15
210244 - 0.240488 5036.427332 4
240489 - 0.242412 29.643048 5
242413 - 0.355239 1255.910793 1
355240 - 0.393352 458.155979 1
393353 - 0.420487 271 892485 1
420488 - 1.51086.. 200.857977 4
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TABLE 5-29:
SUMMARIZED MISCELLANECUS FAILURE DATA

Effective Time Failure
Interval Midpoint Part Hours | Number Rate
(109 hrs.) (109 10% | of Failures | (F/100 hrs.)
0- .040402 | .020201 11049 45 .00407
040403 - 1.510862 | 73520 37434 42 00112

This data yielded the following relationship:

kMIS = .0042 3‘2'2 t

_ Accounting for unknown failures and adding the effects of acceleration due to temperature
and screening yields:

k‘M}S = (.01 6“2.2 t{)) ( ATM‘{S) (6“2.2 ATmst)

= Temperatwe Acceleration Factor

]

Effective Screening Time

wlwz*gs ATMIS

pr[;.:;:z; 1
8.63x10° (Ti

@ A’I‘ms (at Screening Temp.) * Actual Screening Time (in 109 hours)

time (in 109 hrs.)

W ehk




6.0 DETAILED MODEL SUMMARY

This section summarizes the detailed model in its entirety. Table 6-1 summarizes the input
parameters of the detailed model and their default values. The default values are either averages of
the values contained in the database or "typical” values.

Environmental Screens Applied

TABLE 6-1:
INPUT PARAMETERS
YARIABLE UNITS DEFAULT

Die Area cm? 21 cm?

Device Type *

1) Custom and Logic

2) Memory and Gate Array

Defect Density Def/cm? 1

Feature Size Micron 2

Power (Actual) (P) Watt *

Theta-JA (6J A) OC/watt (See Table 5-23)
~ Theta-JC (85,) ocC -

Ambient Temperature (T ) oC *

Screening Duration 109 hours *

Screening Temperature oC *

Screening Pcwer Dissipated watt *

Current Density in Metal (J) 106 R Jem? .5

Electric Field in Oxide (E,y) MV/cm 2

Substrate Current (Ig;1) mA .0058 e --00689 Ty

Drain Current (Ig) mA 3.5¢00157 T

Proven Mfg. Process (on QML?) *

1) yes

2) No

Sigma Oxide (Cgy) - 1

Sigma Metal (Oyg1) - .5

Sigma Hot Carriers (O'HC) - 1.1

Package Type - *

Pin Count (NP) - *
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INPUT PARAMETERS (CONTD)

VARIABLE

Application Environment
1) None

2) Burn-In

3) Environmental

4) Burn-In/Environmental
ESD Susceptibility (V)

Duty Cycle (DC)

Correction Factor (1)

* Needed as an input to detailed model

TABLE 6-1:

Volts
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YHSIC/VHSIC-LIKE FAILURE RATE MODEL

O = [Aox® + Az + hyc(®) + hon(® + Apac + Agsp + s e
Ap(t) =  Predicted Failure Rate as a Function of Time

Aox( =  Oxide Failure Rate

Aer(d =  Metallization Failure Rate

Agc® =  Hot Carrier Failure Rate

Acon(® =  Contamination Failure Rate

Apac =  Package Failure Rate

Msp = EOS/ESD Failure Rate

Mas(® = Miscellaneous Failure Rate

T =  Field Correction Factor = 1

The Field Correction Factor (nc) is currently 1 but may change in the future when field
failure rates become available.

The equations for each of the above failure mechanism failure rates are on the following
pages.
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E FAIL EQUATION

A Arypegy (DO, [ 1.7 7.7 A
: 6 _ Eox (~0ox 710, -/ AToxt
Aox (in F/10°) = AR ( D J (0788 e ) (ATox) (e )
+—399  oip _.22. (In @+ 10) - Intsp )2 ]
(t+t0)Cpx Cox ox
A =  Total Chip Area (in cm?) (typical values for this area range approximately
from .1 to 1cm2)
ATYPon = .77 for Custom and Logic Devices
=  1.23 for Memories and Gate Arrays
Ag = 21cm?
X0 ‘
Do ox =. Defect Density (If unknown, use (T where X = 2 um and X is the feature
s .
size of the device)
Dy = 1Defect/em?
t =  FEffective Screening Time

= (Actual Time of Test (in 106 hrs.)) * (ATox (at junction screening temp.)

(in °K))* (Ay, ox (at screening voltage))
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'500x

QOXIDE FAILURE RATE EQUATION (CONTINUED)

=  Temperature Acceleration Factor

_ 311

= [8.63x10-3 (T_J ] m)}
where Ty =T + GJCP (in °K)
2192 (g— - xio)

= e Eox ~ 2.5

E,x = Maximum Power Supply Voltage Vpp, divided by the gate oxide thickness
(in MV/cm)

1.3x1022 (QML)
ATox AVox

(in 106 hrs.)

(QML) = 2 if on QML, .5 if not.

=  Sigma obtained from test data of oxide failures from the same or similar
process. If not available, use a Oox value of 1.

=  Time (in 105 Hours)
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A Arypeper DOMEeT

EQUATION

-1.18 A
e

00102 ¢ 180y A )

it

il

t
TMET
TMET )]

=372 oy —7-'5 In(t+ty)-Int :
(t+0)0, - P OMET ( 0 SOMET)

Total Chip Area (in cmz) (typical values for this area range approximately
from.1to1 cm2)

.88 for Custom and Logic Devices

1.12 for Memory and Gate Arrays

21 crn2

2
Defect Density as Calculated in Appendix B (If unknown use (XX—(S))

where X = 2 pm and X¢'is the feature size of the device)
2
1 Defect/cm
Temperature Acceleration Factor
x -.35 1 1 ]
8.63x10° (TJ E‘g)
Effective Screening Time (in 106 hrs.)

ATMEI‘ (at Screening Temp. (in °K)) * (Actual Screening Time (in 106 hrs))
(to Calculate t use ATMEr based on the junction temperature during screening)
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*»
- Quu3 J}(Metal Type) (in 106 hus)

Aner

(QML) = 2if on QML, .5 if not.
Metal Type =1 for Al
37.5 for Al-Cu or for Al-Si-Cu

J = The mean absolute value of Metal Curreat Density
(in 109 Amps/cn?)

w  gigma obtained from tast da‘a on elecwomigration failures from the same
or & similar process. If this data is not available use o,

=]

MET

= time (n 106 b))
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399 -5 2
= —e— : 1 -1 .
exp[““'is (lnG+tgy-lntso ) ]

]

(QML) =2 if on QML, .5 if not
=2 s (1 - 2%
where Ty = Tg + BycP (in °K)

Iq = Diain &m: a ﬁpmmg Tmmm K unknawn

o gabu&bs&nw&mcmat()pmﬁng‘lcmp&mm Ifuuksmwnuse
;suba:,"gc .6@58?1‘ (m“ﬁ) (mA)

- Wmm&wmdmxf not available use 1.1
Ao Seneesing Temp.(a )  (Tst Dusaion i 106 kour)

«  dmo (105 km)

146




AT00N= Temperature Acceleration Factor

10 1 1
= o goax107 Ty E%‘)]

where TJ = TC + GICP (in QI{)

p = Effective Screening Time

= ATm (at seresning jungtion tmperature (o °K)) » (actusl screening
time in 100 us) |

v = dmo(in 10%s)

147




Apac = (0024 + 1.85 x 10°5 (#Pins)) m wgp py + Apy

Application Environment Factors (I13)

Environment g Environment g
Gp 52 A 6.8
Gnms .88 Afa 5.4
Gp 34 Ay 8.1
Gp 5.7 Aye 4.0
Mp 5.2 Aur 5.4
Nsp 5.4 Aua 10
Ns 5.4 Aya 8.1
NU 7.7 AU{: 12
Ny 8.0 SSF 1.2
Ruyy 8.6 Mgy §.3
KRW' 12 Mﬁ\ 15
A 3.4 M 17
Arr 4.0 G, 300

L
Package Scrocaing Factor (Tigp)
Soreen e
No Screening D 10
Bumin _ - 8.0
Environmantal - _ 2.8
Bun-In/Environassnial P . 10

- $Quality level 85 defined in Table 5.1.27-1 of MIL-HLBK-217.
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Package Type Factor ({py)

Package Type | nPT
DIP 1.0
Pin Grid Array 2.2
Chip Carrier 4.7

Apy = Package Hemeticity Factor

Aoy = 0 for Hopmetic Packages
390 -5 /. 27, '_“
L ;‘%“P f&;ﬂ.‘g‘(lﬂ(t)- ln(ﬁsgm)) ]f& rogheymenic packages

VR TN J By B ex?[ 27‘&}
ey "18.63x00°5 (T; 708 J| P | Riigep

¥, = Asbicnt Teasp. Gn °K)
| AN
R = OHRED 570 (’!‘; - g:)* (1-DCKRED
b TyaTg s Ok %)
{for example, for 30% Relative Humidi:y.usg ai=.50) |
Opy = 74

¢ = time (in 160 brs)

143

RPN




EQS/ESD EATLURE RATE EQUATION

A - Zn(1- 00057 ¢ 0002 Vi,
EOS = 00876

Vyy = ESD Threshiold of the device using a 100 pF, 150 ohm discharge model

e - | 150




) i

Sl

Mas = (Ole 220y aq ) @22 AThasY
ATyqe = Temperature Acceleration Factor

423 o1 1y
8.63x10°5 (11 2'98’)]

where TJ = TC + eJCp (in OK)

= exp
to = Effeciive Screening Time

= ATy (at Screening Temp. (in °K)) * Actual Screening Time (in 10 hours)

t = time (in 109 hrs.)
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7.9 SHORT FORM MODEL.

7.1 DERIVATION METHODOLOGY

The detailed model presented previously is intended to model VHSIC CMOS failure rates as
- awcuraiely as possible. As discussed in the introduction of this report, it is recognized that there is
a need for a much sinplified model, both in the data required for calculation and in the complexity
- of the calculations themselves.

To accomplish this, a short form model was derived from the detailed version. The
. following mudel form was chosen which has additive failure rates for die related failure
-mechamsins, package related failure mechanisms, and electrical overstress; each multiplied by the
| appropriate correction factors:

4 sp
Rpr
Anos

Ap = AppRMergPrRspRep + MpTERspRpr + Agos

is the baso failure rate for the die

is the correction factor basad on the manufacturing process
is the die temperater: factor

is the die screening factor

is the die comploxity factor

is the package base failurs raie

is the Lavironment factor

is *iw package screening factor

is the package type factor

is the failure rate due w electsical oversiress

The derivation of each of these factors is sumumarized as follows.
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7.1.1 Temperature Factor :

To develop a temperature acceleration factor for the short form model, an average
"equivalent" activation energy had to be derived, recognizing that a single activation energy is an
approximation and only applicable for a single failure mechanism. To accomplish this, the detailed
model was exercised for a variety of conditions and various temperatures and an average activation
energy calculated from the resulting failure rate ratios at various temperatures. As with the
individual failure mechanisms, the following temperature acceleration factor form was used:

e KT 5)

Ea is the equivalent activation energy

K is the Boltman's Constant
Ty is the junction temperatuse

Ty isareference temperature

Calc..ating an average Ha yieided a value of .33 eV. Therefore, nommalizing the acceleration
factar to 298 degrees Kelvin, the tamperature acceleration factor becomes:

+33 1 ]
,&r#es.sssuoﬁ('!‘} ’2*5??)

7.1.2 Dig Seregning Factor

The overall effects of buni-in ¢an also be detenmined from the detailed model by knowing the
wuration and the junction temperatre of the bum-in, Since the detailed model has a decveasing
failure rate for the defect related casly life failue mechanisms, the effects of bum-in can easily be
determined by exercising the modsl for various bum-in lengths and wmperatures. The failure raie
improvement after the bum-in ¢en then be determined. The lengths and temperatures chosen were
those of Class D, B and S (per MIL-HDBK-217) quality lovel devices. For these devices, the
following relative bum in factoys were derived (normalizing Class D (no burn-in) to 1.
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TABLE 7-1:

DIE SCREENING FACTOR
Class Tgp*
D 1
B .94
S .85

*QML parts will initially be exposed to Class B screening as a baseline. Further refinement of this
factor will be made as data becomes available.

7.1.3 i Complexity Factor

The die complexity factor in the deteiled model was & function of dic area and defect density.
The area aceeleration factor was (Ares (m cmz))lzl and the defanlt defect density value to be used
in the shoat form neodel is:

o-(5)
whete:  Xg = fedture sizs
B m@mﬂmtyfacmr(wisw@w
- e~k

where

A = Arainca?
Xq = Feaute size it microns

.. which yields the relative complexity factors in Tabls 72, as a function of chip area and fesiure
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TABLE 7-2:

DIE COMPLEXITY FACTOR

é "~ Chip Area (cmn)
raature

! oo Microns)  .1-2 .2-4  4-1.0 102 23
1.00 28 57 13 0 28 4
1.25 1.9 3.9 9.0 19 32
1.50 1.3 25 5.9 13 21
2.00 J1 14 3.3 7.1 12
2.50 45 92 2.1 46 16
3.00 31 .63 1.5 3.1 52

However, since only the metal and oxide failure rates are accelerated with the feature size/die

arca factor, the factors in Table 7.1-2 must be decreased accordingly. From the life test data

- presented in Table 4-2 (excluding unknown, assembly and package failures), 64% of die failures
ave due to metal and oxide (173 failures out of 272) and therefore the actual #i should be:

A 23,
i ]
which yields tho fc valuss in Tebls 7-3.
| TABLE 7-3:
SHORT FORM MODEL DI COMPLEXITY FACTOR
- Chip Area (card)
feqrun '
| Siao Migrons) 12 - 2.4 440 102 23
1.60 S 21 40 37 18 N
125 1.6 28 61 12 21
150 1.2 20 41 87 14
200 81 13 25 49 80
250 .85 95 17 33 82
300 .8 15 13 23 37
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7.1.4 Manufactyring Process

Since the detailed model assumes that the differences in manufacturing processes are
accounted for in the defect density term and since the short form modei will always use the default

condition for defect density, (}%5)2. there must be a way to incorporate the effects of the level of

conirol in a manufacturing process into the short form model. The rationale for including the effect
of the manufacturing process is that companies on the Qualified Manufacturers List (QML) or the
Qualified Products List (QPL) must have demonstrated to the qualifying activity that its technology
has low failure rates for time dependent dielectric breakdown, electromigration and hot carrier
degradation. Non QML manufacturing lines generally do not demonstrate these low failure rates in
such a thorough manner to outside organizations.

To incosporate the effects of manufacturing process control, the 1.0 and 1.2 micron failure
raie data was used and a defect density required to make the observed and predicted failure rates the
same was calculated. The mean of these calculated defect densities was then taken for each
manufacturer, and a 8.5:1 vatio wag observed from the best to worst manufacturer. Therefore,
asseiiing this range in defect densities based on the level of process control, the following
catsgodes can be defined along with thair associaed dofect densities:

i '.Mamsfafc-;mx;ing ?mcess | | D
QML or QFLL : .33
Non QML o= QPL 2.5

For the sununarizsd model, these sumbers must be scaled in secordance with the following,
 since only 64% of all dis selased failures are typically due to oxide or metal, Table V-4 prescuts the

ﬁm w{564)D+ 36
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TABLE 7-4:

Tvrg YVALUES
Manufacturing Process “MFG
QML or QPL 55
Non QML or QPL 2.0

7.1.5 Package Failure Rate

Since the detailed model package failure rate is not a function of time and it is relatively
simple to vse, it can essentially be used as is in the short form model. One part of the package
failure rate model that was time dependent and cannot be used is the treatment of plastic packages.
Since the short form medel cannot be time dependant, another approach was be taken to account
for lung term relisbility degradation due to nonhermetic effects. To accomplish this, the fallout rate
of the varicus package types was madified by adding to them a typical fallous rate for plasiic

deviges exposed to tamperatuoe/humidity tests. A typical fallout vate for this wst is 4%.
In previous sections of this report, the fallout rates listed in Table 7-5 were presented as a
function of package type:
TABLE 7-5;
_PackopeType FO (%)

Chip Carrier , 1.03

Pin Grid Aray 49

13)13 22
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Data in Table 5-21, which presents early life fallout rate differences between plastic and
hermetic parts, can not be used to derive their relative failure rates since that data is representative
of screen tests used to detect package defects. The Pi factor being developed for plastic packages
here is intended to be representative of its expected long term reliability.

Therefore, to account for plastic encapsulation, .4 can be added to the fallout rates in Table 7-
5 to account for long terr nonheruaetic reliability effects. Therefore, the fallout rates listed in table
7-6 were used. Based on these fallout rates, a fipy can be derived in the same manner as in the

detailed model and these values are summarized in Table 7-7.

TABLE 7-6: ’ _
FALLOUT RATE AS A FUNCTION OF PACKAGE HERMETICITY
FORate
Package Type Hermetic Nonhennetic
Cinp Casrler 1.03 : 143
Pin Grid Asray 49 89
Dip 22 62

TABLE 7-7:
SHORT FORM PACKAGE TYPE FACTOR
Wpﬁr A
Packase Type . Hepnetie Nonhernmetic
Chip Camier 4.68 6.50
Pin Grid Amay 2.23 4.05
DIP | 1 2.82
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A summary of the short form maodel package failure rate therefore is as follows:

Agp = Package Base Failure Rate

il

0024 + (1.85 x 10°5) ¢# Pins)

Application Enviroament Factors (Tlg)

Environment g Environment Ilg

Gp 52 Ap 6.8
Gums .88 Aja . 54
G 3.4 Alp 8.1
Gy 5.9 Aye 4.0
Mp 5.2 Ayt 5.4
Ngg 5.4 - Agp 10
Ng | 54 | Ay 8.1
Ny 7.7 T Aygp 12
Ny I 840 - Ssp 1.2
Naou 8.6 Mpgz 5.3
o I O T
A 34 My, B DR ¥
Ay | 40 G, | W

* Fckage Sereeutig Fastor (Tigp

[N

Nes . ] ®» ) e
Bwada - 1 - 80
Em«k#ﬁ&ﬁmﬂmﬁﬁ_ B 1.0

< QML Parts willinitiily bo expostdd to Class B scrvsing a a basoline, Fusther rofincunsat of this
o fectoewill bo made = data becotes available. :
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Package Type Carrection Factor (Tlpy)

Ilpy
Package Type Hermetic Nonhermetic
DIP 1.0 2.8
Pin Crid Armray 2.2 4.0
Chip Carrier 4.7 6.5

7.1.6 Die Base Failure Rate

To darive a die base failure rate Agp for the short form model, the following procedure was

(1) A peediction was performed with the detailed modal for a variety of temperatures,

(2) Thaiwenty year averago fallire rato was calculated for cach of theso combinations Ap.
(3) - A bass failure xate was caloulsted for sech combination to mako the prediction failurs

~pats in the shoet forma wodel equal w the 20 your average predicted from the dostailed

o I?‘g)_’ Apac
Agp = o
PveePRsp N DiMEG

(¥ The goometric mean of theso bass fullure ratey was taken.

- The data used in cnleslation of theso baso failure satos are summarized in Table 7-8 and
 yistded & Agy, value of 025 /100 us.
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As described in the detailed model, the failure rate is a function of the device type and
separates the failure rate due to oxide and metal. The Ayypg conection factors for Metal and Oxide

therefore should be weignted (in accordance with the number of failures expected for each) and
combined. For custom and logic devices:

Arnppin = 64 (. 36 (. : 64% oxide
=81
For memories and gate arrays:

Agypg = 64 (1.23) + 36 (1.12)
= 119

Simce this Apypy fuctor only effects the oxids & wetal failwe rata the actuad fastor should be
(oo &% ofal fllures o dus o 0xido o wesel |

Therofors for custom and bgzcdeva‘:es Awpg %wfmnmmws and gate arrays,
vy = 112

 Combiniug this dovies type cormoction fautor with the baso tailure rate results in the following
~ base failure rate &5 s function of dovics type:

DovioType | g
Custom and Logic 02
honweies and Gams Amay 03

Tﬁcssmpm&mfmm:mdd‘ﬂmnzuimﬂwm&mwngpag@sm a format tnteaded 0 be
mphmntpagcsfwmmx 217,
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The part operating predicted failure vate (Ap) is:

Ap =Agplivrgilispllcp + Rnpﬂaﬂspnp'r +AE0s

Ap istheDevice Predicted Failure Rate in /105 Houws.
Agp  isthe Die Base Failure Rate:

For Logic and Custom Devices, Agpy = .02
For Memories and Gats Arrays, Agp = .03

g s the Manufacturing Process Corvection Factar, Tabls 1.
Ibp is the Temperabwe Acoeleration Factor, Table 2,

Hgp  is the Dio Screening Corection Factor, Tabls 3,

Mep  is the Die Cowplexity Corrective Factor, Table 4, based on the Arca (in cund) and the
© Festum Sioo (1 Microms) of o Die. | |

 Agp lsthoPuckage Buss FaluoRam:

L Agpy= 0026 + (1.85x10°5) (W)
where NP« Number of Package Pins.

Mg e Eniar TS,
| Ty s Packags Type Comection Facta, Tablo .

- 7‘!303 is the Fallure Rate duo to Blotrical Oversiress, Table 8, based on the Electrostatic
. Dischargo Susceptibility of the Part, in Viols.
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TABLE 1:
TG MANUFACTURING PROCESS CORRECTION FACTOR

Manufacturing Process | HMFG

QML or QPL .55

Non QML or Non QPL 2.0

TABLE 2:
TEMPERATURE ACCHELERATICON FACTOR (SEE NOTE BELOW)

O Ny | HEO Ny |70 Ny | ;0 Dy
25 1 51 280 71 6.73 103 14.32
27 1.09 53 3.01 79 7.16 105 15.12
28 11§ LT 81 18! 110 - 17.25
) B W 51 347 £ 8.09 120 22.24
33 1.40 52 3712 85 859 | 128 25,13
35 1.52 6l 399 §7 9.41 . 135 31.81
37 1.83 63 421 89 V.67 145 39.80
39 198 | 65 438 1 91 10.24 150 44.35
-3 1.92 67 488 93 1085 155 45.29
S8 208 §2 . 521 63 1148 | 165 6044
45 2.24 i 556 | 97T 1318 175 73.44

47 242 73 5893 00 12.54

& 280 | B &R 101 13.57

m Hrsexp[ﬁsu 'sgg)]
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Ty is the worst case junction temperature (°K). Ty is estimated using the following

expression:

TJ:Tc+QJCp+273

Te  iscase temperature (°C).

@yc  is junction to case thermal resistance (°C)/watt) for a device soldered into & printed circuit
board. If ;¢ is not available, use a value contained in a specification for e closest

equivalent device or use the table on Page 5.1.2.7-5.

P is the worst case power realized in a system application. If the applied power is not
available, use the maximum power dissipation from the device specification or from the
specification for the closest equivalent device. .

If T cannot be determined, use the following:

ENVIRC. Gg Gys Op Oy Mp Ngg Ng Ny Ng Nyy Apw Ac Ar Ap
Tp(C) 35 3. 45 S0 40 45 45 B0 45 25 60 60 60 6

-

ENVIRO. Ay Ar Ayc Aur Aus Aua Aur Sp Mpp Mps Ug, My C
Tc(C) 60 .6 95 95 95 95 95 45 6 S0 40 60 45
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TABLE 3:
g, DIE SCREENING CORRECTION FACTOR

Quality Level Iigp*
D 1.0
B .94
S .85

*QML parts will initially be exposed to Class B screening as a baseline. Further refinement of this ‘
factor will be made as data becomes available.

‘ TABLE 4:
e, DIE COMPLEXITY CORRECTION FACTOR

Die Area (cm?)

Feature Size 1.2 2-.4 4-1.0 1.6-2.0 2.0-3.0
1.00 Micron 2.1 4.0 8.7 18 30
1.23 1.6 2.8 6.1 12 21
1.50 1.2 2.0 4.1 8.7 14
2.00 .81 13 V25 4.9 8.0
2.50 .65 95 1.7 3.3 5.2
3.00 .56 76 1.3 2.3 3.7
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TABLE 5:
I, APPLICATION ENVIRONMENT FACTORS

ENVIRONMENT g ENVIRONMENT g
Gg ’ S2 Ap 6.8
GMms .88 ATA 54
Gg 3.4 Alr 8.1
Gy 5.7 Ayce 4.0
Mp 52 Ayr 5.4
Ngp 5.4 Ay 10
Ng 5.4 Apa 8.1
Ny 7.7 Ayr 12
Nyg 8.0 Sg 1.2
Nyu 8.6 Mggp 5.3
Apw 12 Mpa 15
Alc 3.4 My, 17
A 4.0 CL 300

TABLE 6:

Igp, PACKAGE SCREENING FACTOR

Quality Level I'Isp*
D 10
B 1.0

*QML parts will iniidally be exposed to Class B screening as a baseline. Fusther refinement of this
factor will be made as data becomes available.
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TABLE7:
Ipr, PACKAGE TYPE CORRECTION FACTOR

Hpy
Package Type Hermetic Nonhermetic
DIP 1.0 : 2.8
Pin Grid Array 2.2 4.0
Chip Carrier 47 6.5

TABLE 5.1.2,12-8:
AgQs» ELECTRICAL OVERSTRESS FAILURE RATE

Vg1 (ESD Susceptibility (Volts)y* AEOS
0- 1000 057

1000- 2000 048
2000- 4000 040
4009 - 16000 034
>16000 025

*Voltage ranges which will cause the part to fail. If unknown, use 0-1000 volts.
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8.0 FAULT TOLERANT RELIABILITY CONSIDERATIONS
8.1 INTRODUCTION

VHSIC and VHSIC-Like Chip designs often use system style architecture to handle a multitude
of functions such as CPU, RAM, ROM and I/O. To model a system that contains a large quantity
of VHSIC and VHSIC-Like chips, with a straight series reliability model, would be inaccurate if
the chip design employs such fault tolerant mechanisms as redundancy and error detection and
correction (EDAC).

To complete this VHSIC/VHSIC-Like reliability modelling effort, a wide variety of fault
tolerant techniques used in chip designs were reviewed and general modelling techniques were
derived to account for these redundancy effects. An attempt was made to account for redundancy
techniques in the model by including a pi factor similar to the other factor used. This approach was
abandoned however since it was determined that such a factor would be an oversimplification of
the actual process. Therefore, to mo:’:1 these effects accurately, each individual design must be
analyzed separately and modeled accordingly. The following discussion summarizes the
techniques that can be used to model these effects. These techniques are based on the following,
basic assumptions;

(1) The die substrate failure rate is directly proportional to the die area, (i.e., 25% of the area
contributes 25% of the failure rate).

(2) All die failures are indepondent.
With these assumptions the modelling techniques are classified into two basic categories,
redundancy and EDAC. Section 8.2 contains the redundancy medels and Section 8.3 contains the

EDAC model. Section 8.4 contains guidelines for the applicaiion of the models to
VHSIC/VHSIC-Like designs.
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8.2 THE RELIABILITY OF REDUNDANT DESIGNS

The reliability of VHSIC devices can be enhanced by the use of redundant circuit elements at
critical locations within the chip. Redundancy involves the use of two or more signal paths
throughout the system by the addition of parallel elements. It is noted that in general the addition
of redundant circuit elements reduces the basic series reliability while at the same time increasing
mission reliability.

Depending upon the specific application there are many approaches to redundancy.
Redundangy is classified inio two major classes; they are:

(1) Active Redundancy - External components are not required to perform the function of
detection, decision and switching when an element or path within the chip fails.

(2) Standby Redundancy - External elements are required to detect, make a decision and
switch to another element or path within the device as a replacement for a failed element

or path.'

- An overviow of the techniques modeled in this report i¢ given in Figure 8-1.

Redundancy
Techniques
| —
Active Standby
ot 1
[ ] ] 1
Parallel Voting Nonoperating Operating
A I
; o ] f [
Simple Duplex Bimodal Majority Vote Gate Congiector
|
I
Simple Adaptive
FIGURE §&-1:
REDUNDANCY TECHNIQUES
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The following secticns contain a short synopsis of each of the techniques mentioned in Figure
8-1. Itis important to note that they use a simple probability, that is, the reliability is modeled in
terms of the number of successful paths through the circuit subtracting out the successes that are
counted more than once. For example, if there are two successful events that could occur (Path A
and Path B) and they are independeant, then the probability of successful operation is:

P(AUB) =A) + F(B) - P(A)P(B)

where:
P(AUB) = The probability of either Event A or Event B occurring
PA) = The probability of Event A occurring
P(B) = The probability of Ivent B occurring

8.2.1  Simple Parallel Redundancy

Simple paralle]l redundancy (SPR) is one of the most widely used active redundancy
techniques. If any functional element fails open then another identical path exists through the
redundant elements. The concopt is visualized in Figure 8-2.

[ M

A

Signal

Signal
Input

e —o Sigul

!—'..—

3]

FIGURE 8-2:
SIMPLE PARALLEL REDUNDANCY

All clements are usually identical, but they may be different. The probability model for this
case is:

R@®) =1 - (1-oM) B
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R() = Reliability attimet
' Failure rate of the corresponding chip area
Number of redundant elements

>
fl

=
i

If the elements are different, then the reliability of each element must be calculated separately.
The advantages of SPR are simplicity, a significant gain in reliability from nonredundant device
design and its applicability to both analog and digital circuitry. The disadvantages are the issues of
load sharing, problems with voltage sensitivity across redundant elements and electrical overstress
propagation. -

8.2.2  DuplexParallel Redundancy

Duplex parallel redundancy (DPR) is used in redundant logic applications. It is primarily used
in computer applications where redundant digital outputs are monitored by an error detection device
such as a parity checker. If an error is detected the faulty output is disabled and the system
function is never interrapted. Figure 8-3 is an illustration of a DPR application.

e o I ey 5 AA - % % - OR
Signal 1 é . AND :
Input DLje—{ Ot
| &
| B |—»{%p : OR
FIGURE 8-3:
DUPLEX REDUNDANCY

In Figure 8-3 Elements A and B represent redundant logic, S, and Sy are the switches to

disable the I sic of A or B if they should be found faulty, ED is the ervor detection element and DL
is the diagnostic logic element. If logic elemnents A and B are identical the reliability model would’
be as follows:

R(t) = Pgp Ppy. (2 Rg Rg)? (2 Rout - RZpup)]
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PGo1
PGoz

Reliability at time t

Probability of error detection

Probability of the diagnostic logic

Reliability of the redundant logic (A, B)
Reliability of the identical switches, S 4 and S
Reliability of the cutput citrcuitry

Pgo1 +Pco2 Rga - Po1 Pooz Rea

o B B W &M

Probability first input to OR gate gets through
Prohability secoad input to OR gate gets through
@ Reliability of the and gate

The advantages of employing the DPR techaiques arc:

(1)  Apptication to duplex, active redundant modes oz separate elemants.

(2)  Will maiitain system function up to n-1 failuves.

(3) Protects against boik open and shoit failure modes.

(4) Faulty units can be reposted to the next higher lovel of asscmbly without disrupting

_ The diéadva;stages of DER are increased complexity due to additional detection and sensing
170 circuitry, increased storags capabiliy requised for redundant data elemenis and additional
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8.2.3  Bimedal Paralle] Redundancy

Bimodel Parallel Redundancy (BPR) is an active redundancy technigue that combines both
series and parallel success paths. This technique prevents system level failures by protecting
against shorts and opens. Direct shorts across the chip due to a single element shorting is provided
by a redundant element in series. An open across the device is prevented by the parallel clements.
Figure 8-4 and 8-5 contain the block diagrams for the two major types of BPR.

Ay B,

Signal — .
Input = [ (S)‘ug;)ilt

A Bz

FIGURE 8-4:
BIMODAL PARALLEL/SERIES REDUNDANCY

a
A 1 By
Signal ' .
i B
FIGURE 8-5:

BIMODAL SERIES/PARALLEL/REDUNDANCY
The parallel/seiies techniques is useful when the primary expected failure mode is open. The
series/parallel technique is useful when the primary expected failuse mods is shot. Ths reliability
calculaton for the parallel/series case (assuming identical functional blecks) is:

R() = (R4 -Rp2) 2Ry - Rg?)
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R() = Reliability attimet
Reliability of the A Elements
Reliability of the B Elements

~ ~
w >
| M

The reliability calculation for the series/parallel case (assuming icentical fenctional blocks) is:

R@) = 2R zRp - (R ARp)?
where:

R(*) = Reliability attimst
Ry & Reliability of the A elements
Rg = Relibility of the B elements

The major advantage of the BPR techniques that have been dsscribed is that it provides
significant gain in xeliability at the chip level (and therefore system lovel) for short mission times.
Another advantags is that it can provide greater protection against pardcular feilure modes. lts
major disadvantages aos that it is difficult to design at the chip level and for long wission times it
can actually be less reliable than a non redundant dasign,

Voii

Majority voting redundancy (MVR) can be implemsnted in two ways; the straight MVR
wehuique and an enhanced adaptive majority logic technique. The idea behind the basic MVR is
that decision logic ~an bo built into the SPR waodel by inputiing signals fiom the parallel elements
to a veting olement & compare cach signal with the remaining signals. Valid decisicns are made
ouly if the aumber of useiid clements exceeds the number of failed eloments.

The adaptive majority logic technique uses the basic MVR, but utilizes a comparator and
switching neiwork to switch out or inhibit failed redundant elements. This enhoncement reduces
the possibility of & majovity of bad elements detenmining the vote. Figure 8-6 and 8-7 contain the

‘blisck diagrams for the two MVR techaiques.
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. A Voting Signal
Signal 2 Elemen
Input ; Output
t
1
b A
FIGURE 8-6:
MAJORITY VOTING REDUNDANCY
Ay
Aq
Signal | Comparator
Inpus -~ t
' v
. o
{ Ay
e Sigmal
Quiput
FIGURE &-T:
MVR WITH ADAPTIVE ELEMENTS

The MVR scliability mode! assuining sll redundant elemeats am identical is:

R() = x§) ...E,‘,;t},)u RAY GRAL2ae )] Aavre
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R(t) = Reliabilityattimet
Ap & Fuilure rate of a single redundant elernents
Ayvr = Failure rate of the voting element

a = The number of redundant elements minus the minimum number of elemants
required

The mode! can be added to so that it can be applied to the adaptive MVR technique. The
reliability of the comparator and sensing circui~y must be added as well. Since there are so many
possible implemeniations of this technique the derivatioa of specific model is left to the user.

The advantages of using the MVR techniques are that it:

(1) Can be implemenied to piovide indication of faulty signals.

(2) Can grovide significant gains in reliability for shiort raissions,

The dissdvantagas are that o be effective it requires the votiag elemont to have 2 much greater

relinhility than the vedundant elemonts and that in souss cases for loag mission tismes it can produce
2 lower roliability. ' '

Gele connector redundancy (GCR) is 2 voting type of redundancy similar o MVR. It is
priwurily used in digital circuitry where redundant elements require a vote, but not as significanta
voting mechanism as those used in MVR. Outputs of the sedundant elements are fed to switch-like
gates which perforns the voiing function.

The gates contain po colls whose failure would caus - redundant circuit clements to fail,
Figuse 8-8 couains the block diagram for the GCR technique,

179




Al Gl

Signal _ h2 (52
Tnput ]

Aj G3

hyg 7 @

Gutput

FIGURE 8-8:
GATE CONNECTOR REDUNDANCY

Tha reliability modsl for this technique is as follows:
R() = RyRaR3Rg + R{RyR3Q4 + RiRpQ3Ry + RyQoR3R4 + QiRyR3Ry
wheres

R(t) = Relishility artimet

R; ‘= Relighility of path twough A;

Ry =Rp RgE
Qy=1-8)  (Q=Unreliability)

Ry = Relinbility of path through A

By =Rp Rg3
Qp=i-Ry
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L
il

Reliability of path through As

R3=RpRg
Q3=1-R3

R4 = Reliability of path through A4

Ry=Rp RG*
Q=1R4

The gate connector technique is usually only used when the gates used to provide the voting
function have extremely high reliabilities. The advantages and disadvantages of GCR are the same
as MVR.

8.2.6  Standby Redundancy

Standby redundancy techniques include implementation for both operation and nonoperating
modes. Standby techniques do not employ eny load sharing. As soon as a faulty eloment is
dotected then another element is switched in its place. Operating standby redundancy (OSR)
allows the redundant elements to remain active while nonoperatiug standby redundancy (NSR)
allows the redundant clemants to remain inactive. At the tinw of this writing only OS8R techniques
- are employed as it is not possible to activats or nower only pottions of a monolithic substrate.
OSR is illustrated in Figure 8-9,




A1 Dy g
2 1L signal
K Output
Signal A D 0
Input 2 2 N
® ° _:'
e ® \
° ° J
1
A D f—
FIGURE 8-9:
OPERATING STANDBY REDUNDANCY

The A; are the redundant elements, the D; are the sensors which detect failures and Sy isthe

switch. The reliabili*v model for OSR is as follows:

T
R(t) =¢
0= 5
where:
R() = Rslinbility attimet
A5 =@ Failue rate of the active element and detector

& Number of active elements

n

The advantages of OSR are that it is applicable to both analog and digital circuitry and it is

effective in protecting against failure dus to intermittent failure modes. Iis disadvantages are the

increased dalay time due to sensing and switching functions, inereased complexity and limitations
on maximal veliability gains dus to the failure modes of the sensing and switching dovices.
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8.3 ERROR DETECTION AND CORRECTION RELIABILITY MODELING

VHSIC and VHSIC-like devices sometimes utilize error detection and correction (EDAC)
circuitry to improve the reliability of Random Access Memory (RAM). EDAC uses error
correction codes (ECCs) such as the Hamming, Golay and Binary Coded Hexidecimal (BCH) to
add redundancy to the stored data elements. When the data is written to a memory location a code
value is calculated and stored with it. When the data is read the code is retrieved with it and the
value of the code is regenerated. If the two values are not equal the entire stored word is used to
generate a new (and hopefully) correct word. Though there are many types of ECCs this study
considered only single error correction/double error detection (SEC/DEC) codes. This type of
EDAC is implemented as shown in Figure 8-10.

m BITS Single-BIT m BITS
> ®1  Enor T >
. : 0
Comccuog CPU
From CPU RAM _ T Address Pointer
Dua Storage Omt Asgg
] Code Decoder
m BITS Generator
BiTS '
— " | To
poor |k BITS ¥ BITS| Emer CPU
| BT b | Code | —
Generator Comparator|  gvndiome BITS
FIGURE §-10:
EDAC BLOCK DIAGRAM

After reviewing a multitude of EDAC reliability assessment models it became apparent that as
reported in “Large Scale Memory Ervar Detection and Correction Study," (Reference 79), the
mwadels can becoime quite complex. As reported in that study the Levine and Meyers EDAC mods!
is an excellent approximation that is relatively easy to use, Tiv, model is presented as follows with
oie nagmal exiension for chip lovel application.
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= (Rpan™+mRpan™ ! (1-Rgand)Repac

&
28
e
i

Rpee(t) = Reliability of RAM at time t
Rpam = Reliability of the RAM as a function of the substrate failure rate:
Rpam=exp (I-Agam V)
Rppac = Reliability of the additional substrate used to implement EDAC:

Rgpac =xp (-Agpac V)

Total number of data bits, m = n+k, n = data, k = code

m

The failure rates for the RAM and EDAC functions are determined by the percentage of
substrate area they occupy. If the RAM takes up 50% of the substrate then it experiences 50% of
the substrate failure rate,

Fur multiple ECCs there are models that can b appwdﬁwwmch the: reador in referenged to
RADC-TR-87-92 for more datail.
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8.4 SUSSTRATE LEVEL RELIABILITY MODELING GUIDELINES

The reliability models described in Sections 8.2 and 8.3 should be applied with guidelines put
forth in this section. The system level techniques that are applied below the chip level have a major
difference. Instead of summing piece-part failure rates, a percentage of the substrate failure rate is
used. That percentage is equal to the percentage of substrate real-estate that each respective
function occupies. Figure 8-11 illustrates this concept.

RAM CPU
32% 30%

6T
S

ROM
15%

FIGURE 8-11:
SUBSTRATE REAL ESTATE PERCENTAGES

Civen. that the reliabitity of the RAM has been improved by the EDAC circuitry and that they
togather sake 30% of the substrate arva, the reliability of the RAM would be calculated using 50%
of the predicted substrate failure rate .

I sumanary, the reliability modeling of VHSIC and VHSIC-like dovice follows tic following
Seguense:

(1) Obuain all the required information on the device, its design and its application.

(2} Calculate the failure rate of the substrate and its packaging,
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(6

)

®)

Determine if the architecture of the device includes any redundancy or EDAC,

If it does not, add the die, package, and EOS failure rates and the calculation is complete.
If it does, proceed to step (5).

Select the appropriate model for the type of redundancy employed.

Calculate the percent of substrate that the redundancy implementation consumes.
Calculate the reliability of the redundant items and the nonredundant items.
Calculate the chip level reliability as follows:

R{t) = RRI RNRI RPKG

where:
R(t) & Reliability attimat
Rp; = Reliability of the redundant items
Rpgy =  Relinbility of the noaredundant itsms
Rpgg @ Reliability of di package

Tho chip lovel reliability is viswed as iHustrated in Figuro 8-12.

RI f———NRI|——] PACKAGE }—{ EOS

FIGULE 8-12:
CHIP LEVEL RELIABILITY BLOCK DIAGRAM

If theve is no redundancy caiployed 100% of the substiate failure raie is used w culculate the
chip leveld reliability.
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9.0 MODEL VALIDATION

All data collected in this (continued in Appendix D)effort was used in derivation of the model
parameters. Although the majority of this data was not from 1.25 micron VHSIC technology, but
rather 2.0 micron average, it was necessary to use it all to insure statistically sound parameters.

The methodology used therefore was to validate and refine the model based on the 1.0 and
1.25 micron data that was available. Table 9-1 summarizes the results of this validation effort. All
data available for these devices was accelerated life test data taken at 125°C, 150°C or 200°C

ambient temperatures.

Table 9-1 lists the number of actual part hours, the number of devices tested, the number of
failures, the observed fai'ure rate, the duration of the test, the predicted average (over the test
duration) failure rate using the dewailed model and the predicted/observed failure rate ratio. The
predicted values were obtained by using a ground benign environment with a duty cycle of 1.00.

The uiean and standard deviation of the log @—5) values yields -.056 and .43, respectively.

Since the msan of the logged values is -.056, the actual mean of &og) is .88, indicating thar the

wiodel on the average is 12% optimistic. However, the zaro failure data was not used in this
analysis, which would tend to causs somewhat pessimistic observed failure rate values. The zero
failure data acoounted for 11.5 percent of the total ebserved part hours and therofore the observed
failure rates should be approximately 11.5% lower than the values used in this analysis since only

“data with obscrved failures were used. It should aiso be noted here that a 12 perceut deviation is
very small compared (o the nanwal failure rate variability.
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TABLE 9-1:

MODEL VALIDATION DATA
A Observed Test

Part Hours | #Tested | # Failed F/106 hrs. Duration hrs.{ Ap %—E
24,900 135 1 40 168 50.4 1.26
18,000 113 1 55 168 484 | .88
17,000 107 2 117 168 439 37
15,600 9 0 0-64 168 59.4 37
21,100 132 0 0-47 168 YR 37
22,600 141 3 133 168 27.8 21
20,160 126 1 50 168 10.0 .20
34,600 216 0 0-29 168 245 20
18,000 112 1 56 168 11.0 .20
27,500 172 1 36 168 20.5 57
32,500 203 0 31 168 21.0 .68
78,600 491 3 38 168 21.0 .55
25,100 57 0 0-40 168 13.6 a3
40,900 258 1 24 168 23.0 .96
54,000 4 4 74 1,000 319 1.11

2,660,000 54 i1 4 168 19.8 4.95
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TABLE 9-1:
MODEL VALIDATION DATA (CONTD)

A Observed Test

Part Hours | # Tested | # Failed F/109 hrs. Duration hrs. | Ap %
30,312 | 234 3 76 168 37.4 49
710,000 | 510 20 28 ' 1,000 30.4 1.09
218,000 | 218 4 18 1,000 30.4 1.69
497,000 | 497 3 6 1,000 30.4 5.07

29,064 173 1 34 168 37.4 1.1
191,000 191 2 10 1,000 30.4 3.04
706,000 | 106 7 10 1,000 30.4 3.04
N2 7 284 0 0-21 154 37.4 3.04
349,000 | 698 0 ¢-3 500 344 | 3.04
48,048 | 285 ] 21 168 37.4 1.78
49,500 99 0 0-20 500 34.4 178
46740 80 2 43 580 9.1 21
182,90 | 315 0 0-5 580 9.1 21
3,555 42 1] 0-281 84 91.9 21
1,232 18 0 0-812 68 98.4 21
2,076 34 0 0-482 61 98.4 21
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The conclusion of this exercise is that the detailed model accurately predicts the failure rate as it
stands and does not need 10 be modified. |

There appears to be a relatively large variance in observed reliabilities between manufacturers
but relatively little for a particular manufacturer. For example, Figures 9-1 and Figure 9-2 from
(Reference 14) illustrate the variability that can be expected from a well controlled product line in
which a variance of a factor of approximately two is observed. The data from the VHSIC database
indicates that an order of magnitude variation is not untypical, especially between manufacturers.
Several factors can account for this, particularly the fact that the actual defect densities were not
known for this dcta, and probably varied significantly between manufacturers. This further
illustratss wie significance of defect density as an indicator of reliability.

Another exercise was undertaken in which it was assumed that the observed failure
differences between manufaciurers was attributable to differences in defect density. In this
analysis a defect density was calculated for each failure rats which mada the observed equal the
predicted failure rate. A mean of these defect densitiss were then calculated for each manufacturer
and ranged from .3 to 2,57 defects /em2. The failure rate prediction was then performed again
with this "customized” defect dansity, and the log of the predicted/observed ratio was calculated,
The standard Jeviation of these values was in this case .27 as opposed t0 .43 as in the case of the
“uncustomized” defect donsities.

A summary of the standard deviations of the (log-:f) values for a typical regression modol

(Reference 78), the datailed model with D = 1, and the dowiled modei with customized defect
density are given in Table 9-2.
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TABLE 9-2:

STANDARD DEVIATION SUMMARY
Model Type c
Regression Model A7
Detailed Model (D=1) 43
Detailed Model (Custom D) 27

An analysis like this was not performed cn the short form model since it was intended only to
be used for field failure rate predictions and extrapolating it to high temperatuie operating life
conditions is questionable. It is believed however, that its precision should be comrarable to a
typical regression model, since these two model {ypes have similar forms and complexities.
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10.0 SAMPLE CALCULATIONS
—~

This section of the report presents various sample calculations using the detailed model with
various input variables. The failure rate graphs in this section were generated by a computer
program that was written to perform predictions using the detailed model. The first illustration in
each figure is the input screen in which the user specifies the input variables to be used. A
description of e¢ach of these fields taken from the users manual to this program is given i
Appendix C. The second illustrates the calculated failure rate as a function of time and plots these
values. The dashed lines represent (from top to bottom) the highest predicted value, i+ inean
predicted value and the lowest predicted value, all for a 20 year period. The first twelve years of
operation only are plotted.

The input variables that were varied for these predictions were Die Area, Feature Size,
Temperature, Duty Cycle, and Screening Duration. Table 10-1 summarizes the values of each of
these variables for each example.

It can be seen in most of these failure rate plots that the failure rate is almost always
continuously decressing throughout tho useful life of the dsvice, and that it takes a very long time
to reach the constant failure rate portion of the curve. This is specially true in benign, low
temperature applications where many defects are not accelerated to failure in the eardy life of the
device. Conversely, the model indicates in-high temperature applications, that the failure raw is
initially very high but decreases rapidly duo to the fact that defects are being removed at a high rate.

Itis also apparent in this mode! that die ares and feature size heavily influence the predicted
failure rate, as well as defect density.
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TABLE 10-1:
EXAMFPLE PREDICTIONS INPUT VARIABLES

Die Feature Ambient Screening

Example Area Size Duty Temperature | Duration
Number (cm?2) (Micron) Cycle (°C) (hrs.)
1 10 1.25 .50 50 168
2 S0 1.25 50 50 168
3 1.00 1.25 50 50 168
4 20 1.00 1.00 25 168
5 20 1.00 S0 25 168
6 20 1.00 1.00 25 168
7 20 1.00 - 1.00 75 168
8 20 1.00 1.00 125 168
0 S0 1.00 1.00 25 168
10 50 1.00 1.00 75 168
il 50 1.00 1.060 125 168
12 1.00 1.00 1.00 25 168
13 1.00 2.00 1.00 25 168
14 1.00 3.00 1.00 25 168
15 50 3.00 1.60 25 168
16 20 3.00 1.00 25 168
17 20 3.00 1.00 25 500
18 I 20 3.00 .00 | 25 1000
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EXAMPLE 1

T:=======:| UHSIC/UHSIC Like Model F=.—_==?——__—___-———__==
Factor Value
'Pgrg'liuﬂwr Dle!sc %p P‘a]ckage Eﬁs oxide 6. 010785
C i] igau it Dev 1 Die A Thet J‘ MIDDB 1321848335425: =
omplex nit Dev Type Die firea ada
i Ay 29, é¢f N 8. 024540
. Hot ¢ 3.5837777503E-24
Feat Size Defect Den Mfg Pro ESD  Met Type ont @, 60260
N GiiRR 4 MM 5%%“ 0 i 3ans
Seen Duration Ten Pur Mise ©.012643
B R e .
Time 8.262804
In ﬁetPur Cum‘ Den Elct i‘ld Env Rimd | Lanbda 8.2169¢7
B BN
Subst 1 Drmain [ &Cgc - fiverage failure rate:
5999, ¢éef Instant Time 0. 274513
[ ¢, eevedd| .
v Oxide ¢ Metal ¢ Hot Carr A
Y BN Instant Lanbda .
R finy key to view chart.

9.430398

Instantaneous Failure Rate

9,358665 _|

9.286932
9.215199 _{

0.143456 —
9.671733 _

' ] T I 4

“Tine {
in Years ) 4
fiverage Lanbda Obsep, -
9.274313
Press 'L’ to exit or any

|

1
Lowe

216

p
9.216967
other ke

y to view

I1Il‘[ll|[|llll’
6 v 8 % 18 11 {2

Br-r Years to fail
9.358669 .
the next set of data points.

{
]
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EXAMPLE 2

====—===={ UHSIC/VHSIC Like Model |

Part Number Desc Mfr Package Pins
E XAME B HH 2]
Complexity & Unit Dev Type Die Area Theta Ja
R Ul -l 7

Feat Size Defect Den Mfg Pro ESD
L 1. 204 D333, ¢l 4 [ L eed]

ﬁaﬁp

Met Type
H

Pur

scern Duration
B Ry Ay

Twp Act Pur  Curr Den Elct Fld Env Rimd
, CEPeCe L ¢
Subst 1 Drain I Dty Cye
tkRE 0393, ¢e¢] ﬂhg Instant Tine
Ul ey
v Oxide « Metal ¢ Hot Carp
. Y Y Ay Instant Lambda

¥, ¢

1.138272

Tine Q. 262809
Lambda  ©,266133
K. 5¢ *

—

Factor Value

Oxid 853924
TDDB 6. 6892926733E 15

Metal 087610 -

824544
Hot C 3 5837777583E-24
@, 006260

Pack @. 11387

ESD 6.033286

Misc Q.012643

fiverage failure rate!
@.567195

Instantaneous Failure Rate

finy key to view chart,

8.965227 _|

9.772182 -
9.5791% _

0.386991 —
9.193845 ]

9. 000000
_ Time
in Years

fverage Lambda
8567195

T ettty

§ L+ 2 3 4 35 & 17

Obser. - Lower Ugsep
0.266133  0.960227

Ill
8

T T T
9 18 11

Years to Fail

|
12

Press 'E’ to exit or any other key to view the next set of data points.
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EXAMPLE 3

o] HSIC/UHSIC Like Model b=

Part Numbep Desc Mfr Package Pins
YRR M H H L]
Complexity & Unit Dev IType Die Area Theta Ja
e T Al |t Rl 3.2

Feat Size Defect Den Mfg Pro ESD  Met Type
[ 1. 250573, ¢ Y H

$ern Duration
]

Temp Pur
BRI it WA
Den Elct Fid Env Risd

, el

1“% fict Pur  Curp
[ ¢. ¢

Subst | Drain I Da Cye p
LEE 0999, ¢eef Instant Tine
[ 1s4124
¢ Oxide ¢ Metal ¢ Hot Carr Instant Loubd
Y R Mar JAbdd
¢, €Ll

N M OBN

Factor

Pack
ES

Value

fiverage failure rate!

0.933048

finy key to view chart.

Instantaneous Failure Rate

2.968116

1.723438 _

1.378744 —

9.689372 —
0.304686 _|

0. 900000
“Tine o

in Years p L 2 3 4 5 & 17
A Lanbda Obser. - Lower lt
veres s 7 1.?23‘55

9,933048 . 8,327667
Press 'E' to exit or any o

U LI LIS LA (L LA L

9 10 11 12

Years to Fail

ther key to view the next set of data points,
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EXZMPLE 4

=== HSIC/UHSIC Like Model ==
Part Nunber Desc Mf» Package Pins
EXANFLE B HH 2]

Factor
Oxide

—_ .

Value
0.018911

Conplexity & Unit Dev Type Die Area Theta Ja
e Rl T il 43 -

1008 L. '94414194465-14

71
EM  1,0851259798E-18
HCgt ¢ 8 418%29378612—21

Feat Size Defect Den Mfg Pro ESD  Met Type 08133
1] éeo] 9999, ¢¢] ] iy gBk Gé%gg;%
Sern  Duration Eﬁp Pup Misc @. da6 281
H EERMN | ALY .
Tine 8.262806

Tmp Act Pur  Curr Den Elct Fid Env Rimd § Lambda @.19781

R B R
Subst | Drain I Dty Cye fAverage failure rate:
ik ien wn " [Tt Tiw ’B L4ed

¢, ¢éeded] "

¢ Oxide ¢ Metal ¢ Hot Carr

, ¢ ¢ el [ 1ed Instant Lambda .

Any key to view chart,
- Instantaneous Failure Rate -

9.976139
0.813449 |
9.658759 —
9.488069 _
9.325380 —
9.162698
N A A L L LA L L L L LA WL L R
inYears @ 1 2 3 ¢ 5 6 T 8 9 {0 it 12
fiverage Lanbda Obser. - Lower Upper Years to Fail

0 431460 0197181  0.813449 '

Press 'E‘ to exit or any other key to view the next set of data points.
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EXAMPLE 5

r====|====‘ UHSIC/UNSIC Like Model gﬁmﬁ
Factor Value
Part Numbep
EYANPLES |

Desc Mfr Package Pins .
B HH P2d]

L Oxide 0,853956
Complexify 8 Unit Dev Tupe Die Area Theta da | Newl ' oQiusias 1o
Nplex 1 [ 2 Rred a s

T Al 1 Al 5 <l B g pgiEETE

. Hot ¢ 3,1703479073E-23
Feat Size Defect Den Mg Pro ESD  Met Type | Cont 8, Bae06?
[ 1. ¢ee] 5993, ¢¢] 3] Y H Pack 8.113872
, ESD @ 852286
Sern Duration Tewp Pup Misc @.011529
B AR b )
2

Twp fct Pur  Curr Den Elct FId Env RHmd 3 Lanmbda
¢ Jeeced] LI C ]

Subst 1 Drain 1 D&C!c

¢ Oxide o Metal o Hot Carp
 ¢¢

- fAverage failure rate!
Instant Time
8.3711757

Instant Lambda

Any key to view chart,

Instantaneous Failu& Rate ———mem e e
8.601226 - - -
9.501822 _|

9.400818 —
9.380613 _|

9.20840% —
9.i08204 _|

#, 000000
. Time
in Years

fverage Lambda Obser. - Lower Umr
0.371797 . 0,236294  9.j6l@22 .
Press 'E' to exit op any other key to view the next set of data points.

L L LA L L L LR A B
3 4 5§ 6 7 8 9 e 1 12

Years to Fail
]
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EXAMPLE 6

emmmmm=] JHSIC/VHSIC Like Model

. Factor Value
Pant Numbep Desc Mfp Package Pins
LV B KM N 4

Oxide @.0918971
T0DB  1.944141@446E-14

Me t3l @. 04718
1,08512597¢8E-18

Conilexig & {l'nit Dler Type Die Area Thgta Ja B
Hot C  8.4182293706E-c1
Cont 0. 6eel33

Feat Size Defect Den Mg Pro ESD  Met Tupe eeel
9399, ¢¢] ) [ {eecll /] Pack @, 113872

_ ) @. 853286
Sern Duration Tewp Pur Misc 0. 9062061
K ERRY N

Time 9.262808
Inp Act Pup  Curr Den Elet F1d Env Rind } Lambda @.197181
[ el < eceed WY

¢, )¢ 3. eecll 1}

Subst [ Drain | I_)&Cgc
¢ Oxide ¢ Metal ¢ Hot Carp
e Ay WY

, CC¢

Average failure rate:
2.431460

finy key to veu chart,

Instantaneous Failure Rate

9.976139
et | .

u
9.650759 —
8.408%9 _|

T e - - = 2% _h20

9.325304
B2 - - - m e mmmmmmmm e e - L

"Tin R e
in Years ¢ 1 2 3 4 5 6 7 8 9 18 i1 12

Average Lanbda Obser. - lower Ilmr Years to Fail
9.431460 . 0,197181  0.813449 < I
Press 'I' to exit or any other key to view the next set of data points.
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EXAMPLE 7

p=—==—ze==x{ U{SIC/VUHSIC Like Model _ =
. Factor Value
Desc Mfr Pack P
EXANFLEY N [ 7]

Part Number age  Pins
XANP wdy | Oxide 2.8230992648E~97
] ) . D03 1.711158975QE-Q9
Conilem% {Jlmt D!eiv Type: Die Area Thgta Ja é‘al 1 699%9%823“47
Hot C 1.4914253@23E~24
Feat Size Defect Den Mfg Pro ESD  Met Type { Cont @.91¢363
0959, ¢¢] | [ 1¢cc (] Pack @.113872
ESD 0.253286
Scm Duration (1) Misc 0, 6000e4
B MR BT .
Time . 262800
Inp Act Pur  Cure Den Elet F1d Env Rimd J Lanbda 0.181942

B AN
Subst | Drain [ ?&Cyc

- | Average failure mate:
Instant Time
@. 528208

Instant Lubda
ang key to view chart.

¢ Oxide « Metal ¢ Hot Carp
IR IREY Ay

Instantaneous Failure Rate

4.883781
3.400151 |

2.72232 -
2.041891
-

1361269 —
0689630 _|

o
inYears 9 1 2 3 ¢ 5 & 7?7 8 9 18 11 12

fiverage Lanhda Obser, - Lowep 433;» Years to Fail
8.3528208 . 0.188806  3.443131 e
Press ‘' to exit or any other key to view the next set of data points.
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EXAMPLE 8

R{Ls

Conilexi% & Unit Dev Type Die fArea Theta Ja
u | 2} | 29. ¢df

Feat Size Defect Den Mfg Pro ESD  Met Type
[ 1 ¢ed] 9999, ¢d| 9  [ec 2]

Scrn Duration T
¥ ERERNy

Tnp fct Pur  Curr Den Elet F1d Env Rimd
{ &l By

Subst I Drmain I Dty Cye -
¢, ¢edeed
tOxido ¢ Metal v Hot Carr

Part Nunben Desc Mf» Package Pins
EXRMPLES [ [ VI | o<

B meA

Instant Linbda
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Factor Value

ide g2120
rnon 3, 3744599197: 18
Meta oF LIFE
& B0 OF U
Hot C 9. 06009
nt 1,46863
Pack @.113872
ESD 8. 853286
Misc 8. 927430
Ti 9, 0ee0aL.
Lanbda XD OF LIFE

100 FEN POINTS 10 PLOT

fAny key to continue,




EXAMPLE 9

Press ‘I’ to exit or any other key to

' ) Factor Value
&aﬁi{‘Mnkr Eelsc ﬁr Pﬂackage %s oid 0.087426
AMKELEY ide , 04
Cgl ‘%Hl it Dev T Die & Theta J *2?3 4'86%5%ﬁ13§-14
onplexi ni v Type Die frea a N
s ¢, ) ¢] | 29. ¢¢] MM 1,0851259788E-18
. “ I! Hot C 8,4182293786E-2
Feat Size Defect Den Mfg Pro ESD et Type nt @.002133
Scen Duration  Temp Pup Kisc 8. des2eL
B Ry b .
Tine 0.262800
Tmp fAct Pur  Curr Den Elet FId Env Rimd {§ Lambda 0.232714
MR B A
Subst [ Drain | I_)&Cgc - fverage failure rate
3999, ¢ec ! Instant Time P
t‘.(ft‘(t‘t N
¢ Oxide ¢ Metal ¢ Hot Carn Instant
!‘. t'( -!m ns LIIHI
fAny key to view chart,
Instantaneous Failure Rate
2,100649
1.756533 _|
1.400426 —
1.850320 _
9.708213
8.350107 _|
e'xii.. T TP Tt T T Y T T T TN
fnYears @ 1 2 3 4 5 6 71 8 9 10 11 12
Average Lamhda Obser, - Lowen llpper Years to Fail
0.505086 0232714 1755833 !

view the next set of data points.
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EXAMPLE 10

{ UNSIC/VHSIC Like Mode. =
Part Number Desc Mf» Package Pins
EXRHPLELe BT (N ) 22|

Factor Value

Oxide  7.08377481621E-07
TD?B 4-27?89?43752—@9

Conilexig & Unit Dev Type Die Area Theta Ja J Metal 4.02238QL739E-Q7
L d O 09, ¢ EN 8. 094214
. u ggttc ! 4914252623;2—24
fn

Pank @.113872
ESb 3286

Sern Duration Tewp Pur disc e
B BRI v R :

Time 0.26280Q
Inp fAct Pur  Curp Den Elet Fld Env Rimd |§ Lambda 8.181943

EEATY EERNRYN AR B AR

Feat Size Defect Den Mfg Pro ESD  HMet Type
N BN d  [eecll 2]

m &l}‘blﬂ P e 1 ’ta.nt Ti uerage fail w
ns ine N ure ™
PR 1.062181

¢ Oxide ¢ Metal ¢ Hot Carp
| ¢ ocll [ led Instant Lambda

Any key to view chart,

Instantaneous Failure Rate
9.534918

7.945763 + ______________________
]

6.336642 —
4,767459
-

3.17830 —
1.589153 _|

infears 9 1 2 3 4 § 6 7 8 9 1@ i 12

Average Lanbda Obser. - Lower ] ¥ to Fail
v Vi T 0.150817  7.945065 it I
Press 'L’ to exit or any other key to view the next set of data points.




EXAMPLE 11

=== UHSIC/VIISIC Like Mode!

Part Numben Desc Mfr FPackage Pins
EXHHP N H N

2]
Cong‘lexi% & Unit Dev Type Die Area Theta Ja
4 H [ ¢ 9. ¢

Feat Size Defect Den M'g Pro ESD  Met Type
Reeer RN 30 iRE M

Pup
[, 9¢]

Elct F1d Env Rimd
R B RN

Scen  Duration Eaﬁp

H R |

Ine fAct Pyp  Cure Den
ERAN BRI

125
Subst I Drain I Dty Cue
¢ Metal ¢ Hot Carp
[ 1. 1¢d]

. J¢¢ . lee

Instant Time
|, dedded]

Instant Lamhda

i, €y

v Oxide
|1 ¢ed]
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T00 FEN POINTS 10 PLOT

Factor Value
Oxide 22, 755301
IDDB 8.4361458493E-18
Metal  END OF LIFE
END OF LiFE
Hot 8.
Cont 1,0460860
Pack @. 113872
ESD @.0893296
Hisc 6. 927438
Ti 0. 1
Lambda END OF LIFE
IT—-—-——"—————_‘—————=

fAiny key to continue.




EXAMPLE 12

=—mmmmmee=ed JHSIC/UNSIC Like Model }
Factor Value

IP.mt Number Dlelsc %r P'ajckage &ﬁs
. . . TDDB 97297852236!:—14
S & it g e BB P "B Lashrintug
'+ € y,
. Hot ¢ 8.4182293786E-21
Feat Size Defect Den Mfg Pro ESD  Met Type J Cont @.099133
[ L. ¢l 7399, ¢¢] (| | Jecc 2] Pack 8.1138?2
. ESD ©.0853286
Seen Duration Temp Pup Misc @, 0¢6201
B ERR b _
Time 6. 262800
Tnp Act Pup  Curp Den Elct F1d Env Rind [ Lamkda 0.291936

EEAN BRI BER B B

Subst ] Dnin I P Cye T fiverage failure rate:
3599, vececc B30, eed] & nstant Tine
-, ¢édeee 1.429M7

¢ Oxide 1« Metal o Hot Carp Instant Labd
-- ¢ --- nis tan Mbhdd
AL iny key o view chart,

Instantaneous Failure Rate
3,974889
.34 |

2.649873 —
1,987485 _

1.324936 5
9.652468 _|

o'n,.. prerrtrr ettty Tt

infears @ 1 2 3 4 5§ 6 7 9 18 1 {2

Average Lanbda Obser, - Lower llsger Years to Fail
1.429717 . 9.291936  3.312341 "
Press ‘I’ to exit or any other key to view the next set of data points.

oo —
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EXAMPLE 13

eamm==| UHSIC/UHSIC Like Model pP———=——r———ux=

Factor Value
Il'u-t Number D'flsc %r Plalckage Eﬁs oxide 013
Compiexity & Unit Dev T Die A Theta J H!tmlm 2438%?%%%!3;5—14
nplex ni y ie firea a eta
mme B R D B 1ogsi2597008-18

Hot C  8,4182293786E-21

Feat Size Defect Den Mfg Pro ESD  Met Type { Cont @, 0@a133

R BERN 4 [ [eecll Z] Pack @, 113872

ESD @. 833286

S'f.;m Duutlon _’eﬁp Pup Misc @. Ge62el
Y

Time @, 262808

@. 293163

Twp Act Pup  Curp Den Elct FId Env Rimd 1§ Lambda
L 1 2y

Subst I Drain | I‘)&Cgc

- fiverage failure rate:
Instant Time
@. 493831

Instant Lamhda

¢ Oxide ¢ Metal & Hot Carr _
Any key to view chart.

L CC¢

Instantaneous Failure Rate

1.16355%
8.969629 _|
0 -
N _
‘ 4387852 —
8.193926
Hiiiil LI LN L DL AL R ARLEEE AL L DL DL A
xnhm0123456789101112
Avuage Lamhda Obser. - Lower gze Years to Fail
9.493851 0,263183 9.9 K]}
Press ‘E‘ to exit or any other key to view the next set of data points,
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EXAMPLE 14

Fe=—=——===} UHSIC/UKSIC Like Made! =
. Factor Value
lPart Nunber %jsc %r ia]ckage %s Oxide 2, 016539
EXRHPLEIY -~ | i \
. . 1008 1,080@783581E-14
Conilexi% & 5mt D.er Type Die firea Theta Ja Heg‘l { 985?'2%2'228%%2-18
IRE  MRE | vC 6 iy
Feat Size Defect Den Mfg Pro ESD  Mat Type J Cont @, 0ea133
3, ¢é) 9999, e 4 N M Pack 8.113972
. ESD 8. 933286
Scen  Duration Eﬁp Pup Misc @. 206201
H xR | | . )] .
Time 8. 262800
Tmp Act Pup  Curp Den Elet F1d Env RHmd J§ Lanhda ¢, 186633
m 2. Jéedd '_I M —— e ——————
Subst I Drain 1 P Cyc -I——t—a—tT—— fiverage failure nate:
3999, vecee BPSI0. ved] & nstant Time
@, 326542
BRATy WEATN ERHLE . | Instant Lowhd
| ¢¢ nstant Lambda
: Ang key to_ view chart,

Instantaneous Failure Rate

0.642953
0.535794 _|

9.428635 —
0.321476 _|

9.214318
9.187159 _|

O-W Iﬁ FrTr—r ﬁ[—r [—rrr I T l 1 I i l | l i l

in Years e 1 2 3 4 5§ & 1 8 9 18 11 12

Average Lambda Obser. - Lowe lpper Years to Fail
T 0100650 9.535094 G

8.320%42
Press 'E' to exit o any other key to view the next set of data points,
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EXAMPLE 15

=== HSIC/UHSIC Like Model |

Part Number Desc Mfr Package Pins
EXAMPLEDS B T (I oy

Complexity & Unit Dev Type Die Area Theta Ja
T Ml ¥l 7<%

Feat §ize Defect Den Mfg Pro ESD  Met Type
[ 3. ccc YY), ¢ I  Lecelll ¢

Scrn Duration Tewp Pur
B RN b EENY

Tmp #ct Pup  Curr Den Elet F1d Env Rimd
L oecill cdececll d cecll TR 2¢]

Subst | Drain 1 ?&Cgc

g Oxide ¢ Metal ¢ Hot Cary
RN A NN

Instant Tine
|4, ¢ieey]

Instant Lamhda
0, ¢y

Instantaneous Failure Rate

Facton Value
5270

Oxide @, e
TDDB  3.4003917965E~15

@01311

tal @,
EM  1,0851259788E-18
Hot C  8.4182293786E-21

Cont 6.000133
Pack @.113872
ESD 6.853286
Misc 8. 966261
Time 8, 262800
Lamhda @, 189873

Average failure rate;
8.251219

Any key to view chart.

9.434712
9.362260

9.289808 —
0.21735 T

0.144984
0.872452 _|

fverage Lanbda Obser, - Lower Usser
9.251219 . 0,180973  0,362260
Press ‘E' to exit or any o

RN
8 9 18 11 12

Years to Fail
30

ther key to view the next set of data points.

211




EXAMPLE 16

UHSIC/UHSIC Like Model |

Desc Mfp Package Pins -
B H HE P2y

Complexity & Unii Dev Type Die Area Theta Ja
e R Al -l /3 %

ngrj:'Nunber

Fnt Size Defect Den Nfg Pro ESD Met Tupe
5399, ¢l 4 H

Factor Value

Oxid agzle

TDDB 2.169156?1621':-15

H! al @, 8eey24
1,0831299788E-18

Hot C 8. 418%29 786?—21
Pack G 11 72
ESD 86
Misc 8. 261
Tine 8. 262808
Lankhda @.176124

Sern Dumation Tewp Pur
¥ BRI
Imp Act Pur  Curr Den Elct FId Env Riimd
n &
Subst | Drain 1 Dg Cye -
999% ¢cc Instant Time
.
¢ Oxide ¢ Metal & Hot Carp
N Instant Lambda

- Y, el

Average failure rate!
@.209625

finy keu_to view chart,

Instantaneous Failure Rate

8.309767
9.258139 _|

0.286511 =

e ew mm am wm me Mm an @ ww e Em em am e

9.154883 ]

0123256
9.051628 _|

4. 800009 T
Tine ] | | ]

in Years g 1 2 3

fverage Lanbda Obser. - Lowe
9.209629 0. 176124

T

R
¢ 5 & 7

0.2580%9

R
8 9 1@ 1 12

Years 30 Fail

Press ‘I’ to exit or any other key to view the next set of data points,
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EXAMPLE 17

=== HSIC/VHSIC Like Model

Factor Value

IP;ry'anbu

Complexity & lnit Dev Type
o T

Imp Act Pur  Curp Den
| ¢. ¢

Desc Mfr» Package
B HEH HE

Pins

2¢]

Die Area Theta Ja
29, ¢

Feat Size Defect Den gngro ESD Hét Type Pni 8?%%3’2
. O¢¢ 9999, ¢¢|  [eed] ac ,
) ESD @. 853286
Scrn Duration = Tewp Pur Misc 0.00192
| /| L&]P .
Time @.262804
Lanbda 8.17591¢

Elct Fld Env Rind
[ 1. 2¢)

Oxide 8. 081973
IDDB 2, 7@15794139E-13
Ketal @, G452
M 2,5286245249E-16
l(i:gt ¢ 8 47269840@75-21

Sul;st [ Drain | {)&Cyc - Average failure mate
1399, ecc ] Instant Tine 6. 27794
t‘.t‘tt‘t’z‘( f
¢ Oxide ¢ Metal ¢ Hot Carp fnstant
Y IR IatY ns Lanbda
Any key to view chart.
Instantaneous Failure Rate
9.304366
9.253638 _|
9.202910 =—
8.152183 ]
0.10£455 —
8.850728 _|
o £~ 20NL A N L LA L L L L L L L ML
infears @ 1 2 3 4 5 & 7T 8 9 i@ 41t 12
Average Lanbda Obser. ~ Lower Ilgr-r Years to Fail
9.207784 . 0,175918  @.25363 .
Press 'I' to exit opr any other key to view the next set of data points.
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EXAMPLE 18

=== UHSIC/UHSIC Like Model |
Part Nunben Desc Mfr Package Pins
EXRAPLEIS [ I (I ] 2C¢]

Factop Value

Oxide Q. 091796
TDDB  3.7296118@73E-15

Metal 0ed362

2 Q.
%H 5.4890132761E-14

Conilexi% & Unit Dev Type Die Area Theta Ja
“ H C 8.559@729288E-21
1 @.00013

0

i
Feat Size Defect Den Mfg Pro ESD  Met Type | Con 3
MR diRn 4 MM i o aiinne
Scrn  Duration Tewp Pup Misc Q. 006177
H RN I_wP [ ¢, O] I 0. 26200
ime
Tmp fAct Pup  Curr Den Elct F1d Env Rimd i Lanbda 8. 175620

A ERRTY RN B RN

Subst 1 Drain | %Cyc P— fiverage failure rate!
999, ¢ececciRIV99, eév] ns ine

| ¢, éédedy] 9,205243
¢ Oxide ¢ Metal ¢ Hot Care -

R A ey Instant Lambda
_R_ng key to view chart.

Instantaneous Failure Rate

8.296998
0.24407 _|

2.197926 5
9. 148444 |

0998963 —
0.049481 _

1 ' T i 1

IR
8 9 18 11 12

Years to Fail
9

| | | | ! |

1 2 3 4 35 & 7

Average Lambda Obser, - Lowe

9.205243 0.17562
0

Press ‘L' to exit or any other k

-3

y to view the next set of data points,
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11.0 MODIFICATIONS TO THE MODEL

The detailed model contained in this report is an industry wide representation of state-of-
the-art VLSI/VHSIC CMOS reliability. It is recognized, however, that the best reliability
predictions are accomplished based on empirical reliability data from a specific fabrication process.
This empirical data is ideally field failure rate experience but can also be life test results.

As mentioned in the presentation of the detailed model, there is a correction factor &,

which can be used to modify the model as more empirical data does become available. At the
writing of this report, % is one (1) by definition since all data available was used in the derivation

of the model and therefare on average, the observed data equals the predicted data.

The - factor can therefore be used for the following purposes:

(1) Tomodify the model as VHSIC fisld expenence data becomes available,

" (2) To modify the model for a particular fabrication process based on the availability of
high quality lite tests.

The second purpose above should only be used in the absence of defect density data when
the default value (.“)'(@JXS)2 is used. Additionslly, either of thess methods should only be used

whcnthewisssaﬁsﬁcaﬂy significant amounts of high quality «iata available.

The method of calculating % is a straightforward geometric mean of observed/predicted

<[fi ()

Sl

- where: Ay = observed failure rate
Ap = predicted failure rato
= uumber of failure sats observances
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The predicted failure rate should be an average value over the time interval the observed data
was taken, All other inputs should be as close to the actual values of the test as possible.

A manufacturer should also be given the opportunity to adjust the failure rates for the
individual failure mechanisms in the event adequate data on specific failure mechanisms exists.
This should be done only if there is a large quantity of failures which have been failure analyzed to
determine the cause of failure. If this option is chosen, all failures must be accounted for and
categorized into one of the mechanisms in the present model. To accomplish this, the methodology
described previously in this report for modeling the early life oxide, metal, contamination, and
miscellaneous failure mechanisms should be used.
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12.0 CONCLUSIONS AND RECOMMENDATIONS
12.1 - CONCLUSIONS

A reliability prediction model has been developed for CMOS VHSIC/VHSIC-Like devices
from analysis and failure rate modeling of specific failure mcchanisms. To quantify the failure
rates of each of these mechanisms, a database was built which contains life test and environmental
test results. Since this database was built from many manufacturers data, the failure rate
predictions are industry wide representative values, and will vary from manufacturer to
manufacturer. This effort concluded that the best way to account for these differences is to use
actual defect densities. It is believed that the use of actual defect densities, if properly measured,
will result in predicted reliability values which are more precise and accurate than conventional
regression wype prediction models.

Derived from the detailed model, a simpler "short form" model was developed with the
understanding that systems engineers often need a quick reliability prediction tool with easily

accessivle input parameters.

This effort was the first in support of the MIL-HDBK-217 VLSI integrated cir&uit
reliability prediction modsls that deviaied from the traditional statistical analysis of field data. A
combination of physics of failure information, life test results, screening results, and test structure

- data was used to achicve the study objectives, Thess objectives were not oaly to develop a

reliability model for VHSIC/VHSIC-Like CMOS devices, but aleo to develop a methodology that,
- if successful, can be effectively used in a timely manuer to develop reliability prediction models for
mesging wicrocirouit technalogies.

The authors believe that the detailed mindel presented in this report is generally more
acourate and mose sensitive to the fabsication and stress variables that truly effect device reliability.
* The wadeoff for this improvemnent is the complexity of the failure rate equations themsalves, which
if dovo by hand can be very tiae consuming. For this reason, it is desirable to computerize the
prediction madel, thus avoiding tedicus calculations, The short for model developed, although
 easter W use, is expected 1o yield less preciss predictions. Although less accurate than the detadled
~ model, data has been presented indicating that the short form modsl precision is approxiiuately
- equivaleat turaditional regression analysis models.
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12.2 RECOMMENDATIONS

IITRY/Honeywell recommends that the model contained herein (the detailed version, short
form, or both) be incorporated into MIL-HDBK-217. The authors believe that this model currently
represents the best available general purpose, small feature size CMOS device reliability prediction
methodology. Itis also recommended that users collect the data necessary for use of the detailed
model, since it is more accurate than the short form model. Also, by exercising the detailed model
with actual data, feedback can be obtained to determine if this modeling approach can be accurately
extendea .o other technologies, and for future device types.

It is also recommended that more attention be given to collecting accurate field failure rate
information for these device types as part of a government sponsored program. This data should
then be submitted to a central repository of data such as the Reliability Analysis Center, so that it
would be available for MIL-HDBK-217 model development efforts.

There are also many logical follow on studies to this effect which would enhance the
knowledge base of VLSI/VHSIC reliability characterization. The most obvious possibly is to
collect, when available, field failure rate and cause data and refine the model accoidingly. In
addition to field reliability data, life test and screening data should continue to be collected and
analyzed so that a comprehensive <atabase can be buils.

Another very useful effort would be the extension of the methodology developed hexein to
bipolar VHSIC and VL3I technologies since much of the wodsling doue in this wode! could be
applicd to bipolar devices.

One goal of this effort was to relats failure rate prediction to efforts such as the Generic
Qualification Program. Although a certain degree of success was attained towaxd this goal, it was
ultimately concluded that these is currently a lack of standardization throughout the industry in
quantifiable parameters that could be used in a reliability model. Since there are various
standardization efforis mderway in this area, the results of these efforts should be investigated for
use as reliability indicators. Furthcrmore, a very useful related effort would be to dofine standard
wethodologies for the quantification of reliability characteristics.
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APPENDIX A
SURVEY LETTER AND FORM




. . T Research institute
Beeches Technical Campus
Rte. 26N

Rome, New York 13440
COMMITMENT TO EXCELLENCE 315/336-2359

April 16, 1987

Mr. Jeff Katz

Director of Marketing ASIC Products
Intel Corporation

3065 Bowers Avenue

Mail Stop: SCI-5

Santa Cara, CA 95051

Dear Mr. Katz:

IIT Research Institute (IITRI) has recently initiated a study under
contract to Rome Air Development Center (RADC Contract Number F30602-86-C-0261)
to develop VHSIC and VHSIC-1ike CMOS reliability prediction models. Since
meaningful amount., of empirical field reliability data are not expected to
be available for use in model development, these prediction methodologies
will be based primarily on information available during circuit fabrication
such as test structures, yield, and screening information.

The intent of this study is to correlate this information with field
J reliability performance for each failure mechanism of interest and to combine

these mechanisms into a useable prediction model form, ultimately for inclusion
in MIL-HDBK-217, "Reliability Prediction of Electronic Equipment".

To achieve the goals of this program and to develop prediction models
valuable to users, IITRI needs information on a wide variety of part types
and fabrication lines. We are currently seeking data and information from
organizations involved in VHSIC/VHSIC-l1ike fabrication in the following areas;
field failure rates, life test results, screening data, yield data, and test
structures data. Any information your organization can provide in these
areas will greatly assist us in achieving our goals.

Any information submitted to IITRI for use in this effort will be kept
strictly proprietary, without traceability to data submittors.

We feel it will be very important to the electronics industry to have
accurate reliability prediction models for VLSI and VHSIC devices, and that
we can provide good models if cooperation is obtained from the semiconductor
industry. Please fill out the attached survey form and send back to IITRI,
at which time one of our representatives will call to further pursue these
matters.




If there are any questions, please call Alex Recchio at (315) 336-2359.
IITRI very much appreciates your cooperat1on in completing the enclosed- survey
and looks forward to your participation in this effort.

Sincerely,

ym //44,,%, o

Hilliam K. Denson
Project Engineer

Alex Recchio
Senior Data Specialist

WKD/AJR: jev
Attachment
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VLSI/VHSIC RELJABILITY SURVEY

Name:
Title:

Organization:
Division:
Address:

Phone Number:

(1) Does your organization manufacture or us¢e MOS VLSI or VHSIC circuits?

If so, please outline their characteristics

e Device type (Memory, Microprocessor, etc.)

' Feature size (Gate Length, Metal Width)

L]

Complexity (Approx. Number of Gates, Transistors)

Packaging (Type, Number of Pins)

(2) Please check below the typa(s) of data that your organization has on the above device(s):

Fiold Failure Rates

Life Test Results

Sereening Data (of any Type)
Failure Analysis Data

A
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If Failure Analysis Data is available, which failure mechanisms/modes are observed (along
with relative percentages of occurrence)?
Percentage

Electromigration
Dielectric Breakdown
Soft Errors
Parametric Drift

Hot Electrons

Latch Up

Electrical Overstress
Package Related

LI
NERERRE

Quality control monitor data (test structures, reliability evaluation
monitors, etc.)

If yes, which types are available?

(3) Can the above data be maade available o ITTRI for this study?

(@) Could you please wrovide point-of-contact (if other than addresses)?

Naine:
Tite:
Phoue:

(5) Reumurks: .
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APPENDIX B
OXIDE AND METAL DEFECT
DENSITY CALCULATIONS
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As an option to using (XOIXS)2 in the metal and oxide factors, defect density factors can be used

as follows:
£ of 2o met
(B o
and
D
= (522)
where

Do et = The defect density measured with an interdigitated meander test structure
as described 1 the metal defect monitor tost method below.

-1n 0,90)

Dy cmp & S -
e fmo
g = 0.5, tho fraction e actual minimus-piich metal leagth out of the total
winimun-pitch metnl lsagth possible on tho chip.
Doz *= Thedefect deasity measured with a capacitor st structure as doscribed
in the gate oxide meaitor wst wethod below.

fox

Fox .= .01, the Baction of actual gats oxide area (o total arca of tho chip.




It is assumed that the defects are rancon. First metal layer defect density, D, ey, is established

with an interdigitated meander, shpwn in Figure 1. The meander is laid out with the minimum first
metal line width and space dimensions allowed for the device in question. The minimum
serpentine length should be: '

_ fet Amax
)

met

where A ., is the die area of the maximum size device to be manufactured in the same
technoiogy, and Py, is the minimum pitch allowed by the layout rules for the first metal layer.

. Data from a minimum of 50 randomly selected test structure sizes must be used.

Three types of test measurements are performed on these structures. First, for the contact test,
two-probe resistance measurements are made between nodes 1 and 8, 2, 3,4, 5,6 and 7. Second,
four-probe resistance measurements are made on the serpentine with current forced at nodes 2 and
7 in Figure 1, and voltage sensed at nodes 3 and 6. Thixd, for the bridging test, leakage between
adjacent metal lines is measured by forcing a voltage at the node formed by connecting together
nodes 1, 4, 5, and § in Figure 1 and measuring a leakage with a current meter connecied between
ground aud the node formed by connecting together nodes 2, 3, 6 and 7 in Figure 1. The pass
range for the two-probs resistance measurements is between 0.5x nominal calculated resistance and
1.5x nominal calculated resistance. The pass range for the serpent:ne measurement is between
0.5x nominal calculated serpentine resistance and 1.5x nominal resistance. The pass range for the
leakage resistance betwean adjaceat metal lines is betwean 10 timas the nominal sesistance of the
serpentine and 1.0E18 olims. |




Yields are calculated in the following way. For contact yield,

YC:NC ::"ch

p

where Ncp is the number of sites that pass the contact test, and N is the number of sites that fail
the contact test. If Y, is less than 0.5 (50%) then the test must be performed again. For serpentine

and bridging yield,

Nsb p
b =N p* Ngp £

Y

where of the sites that pass the contact tzst, Nsbp is the number of sites that pass the serpenti..e and
the bridging tests, and Ngp,¢ is the number of sites that fail either the sexpentine or the bridging

tests.

 Tho defect density is calculated from the yield with the following equation:

{~In YS%))
omet =F -

E}St

It is assumed that the defects are random, Gats oxids defcctd&mty. B, oxr is wabm!ui witha |
capacsto:maswcmmshownmﬁmz 'l‘lwgas»omdesmshauldbe ' '

Am“fo:&’\max

where Ay, is the die- area of the maximuss size devics to bs mansfactured in the sae technology
- a5 the dovies in quastion, Data from 8 minimum of 50 randomly wle(.tcd 0§t Structure Sitss must
be used.

B~b

R T T T



Two types of test measuremerts are performed on these structures. First, for the contact test, two-
probe resistance measurements are made between nodes 1, 2, 3, 4, 5 and 6. Second, for the
leakage test, leakage between gate and the n- or p- channel silicon is measured by forcing a voltage
(Vpp) &t the node formed by connecting together nodes 1, 2, 3 and 4 in Figure 2 and measuring a
leakage with a current meter connected between ground and the node formed by connecting
together nodes S and 6 in Figure 2. The pass range for the two-probe resistance measurements is
between 0.5 X nominal calculated resistance and 1.5 x nominal calculated resistance. The pass
range for the leakage resistance the gate and silicon is between 1 0E-10 ohms and 1.0E18 ohms.

Yields are calculated in the following way. For contact yield,

Y o eerCP
C™Ncp+Ncr

where Nep is the number of sites that pass the contact test, ani N is the pumber of sites that
fail the contact test. If Y. is less than 0.5 (30%) then the test must be performed again. For oxide

leakage yield,

Yo NCap P
Cap NCap | WCap F

where of the sites that pass the contact test, NCap p is the number of sites that pass il leakage
test, and Negy g is the nurmber of sites that fail the leakage wests.

Tho defect density is calculated from the yield with the following equation:

D (-*h‘l YCF“)
Gox on Kzmx
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FIGURE 1:
INTERDIGITATED MEANDER
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FIGURE 2:
CAPACITOR TEST STRUCTURE
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APPENDIX C:
FIELD DESCRIPTIONS




PART NUMBERAis the part identification number of the current device. This field is not
required for calculation of the part. This field is required for storage of parameters.
There are no constraints on the contents of this field.

PART DESCRIPTION is the generic part type of the current device. This field is not
required for calculation of the part or storage of parameters. The contents of this fieldis
selected from a look up list, to which new entries may be added.

MANUFACTURER is the manufacturer of the current device. This field is not required
for caiculation of the part or storage of parameters. The contents of this field is selected
from: a look up list, to which new eatries may be added.

PACKAGE TYPE is the type of package enclosure of the current device. This field is
required for calculation of the part and storage of parameters. The contents of this field is
selected from the look up list, which may not be added to.

NUMBER OF PINS is the total number of pins (in¢luding pins not internally connected) .
oa the cument device. This field is required for calculation of the part and storage of
parameters, The coatents of this field is entered directly and must be greater then 2ero.

COMPLEXITY is the gate, bit or transistor count of the cunrent device. The UNITS are
"G" foc gate, “B" for bit, and ™1™ for transistor. This field is not required for calculation
- of the pasi or stocage of parsuaeters, The contents of this field is entered divectly,

DEVICE TYPE is the basle family t which the curment device belongs. This field is
required for calculation of the part and storage of paranwsters. The coutents of this field is
selected from a look up list, which may not be added to.

DIE AREA is the sizs, in square centimsters, of the die of the current device. This field
is required for caloulations of the past and storage of parametsrs. The coatents of this
fisld is enteved directly. I the DIE AREA is unknown, use 99.00.

 THERMAL COEFFICIENT is the Junction to Ambicat thermal resistance of the device.
"This field is required for caloulation of the part and stocage of parameters. Tho contcats
* of this field is enteced dirccdy.
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FEATURB SIZE is the size, in microns, of the smallest feature of the device. For
exgmple, VHSIC Phase 1 is 1.25 microns. This field is required for calculation of the
part and stoiage of parameters. The contents of this field is entered directly. If the
FEATURE SIZE is unknown, use 99.000.

DEFECT DENSITY is the number of critical defects per square centimeter. This field is
required for calculation of the part and storage of parameters. The contents of this field is
entered directly. If the actual DEFECT DENSITY for the feature size is unknown, use
9999.00.

MANUFACTURING PROCESS identifies the device as being manufacturered in
accordance with the Generic Qualification Program (QML) or listed on the M-38510
QFL. This field is required for calculation of the part and storage of parameters. The
contents of this field is selected from a look up list, which may not be added to.

ESD SUSCEPTIBILITY LEVEL is ths worst case threshold voltage of the davice relative
to the 100pF, 1500 OHM Model in accordance with MIL-STD-8838, Method 3015.
This fizld is required for calculation of the part and storage of parameters. The content:
of this field is entered directly, If a RANGE of SUSCEPTIBILITY is known, use the
MIDPOINT voltage of the RANGE. If unknown, use 99999,

METAL TYPE is the wetaltization material used. This fiold is required for caleulation of
the past and stoeage of paranweters. The contouts of this field is sclected from a look up
list, which may be not addad to.

- SCREEN TYPE is the amount of screening the dovice has been subjected to. This field
mmuﬂedfwcalculmwafﬁwpmanﬂsmgempmma Mcmmmafmisimm
xsswcwdfmmaloaknphsawwhmaymmw&ém '

SCREEN DURATION is the !wg,ti‘s of thc mmnpaﬁmwém ths davice ia millivys 07
hours. This field is required for calculation of the part and storage of parametsss. The
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SCREEN TEMPERATURE is the ambient temperature of the screen performed on the
device, in degrees centigrade. This field is required for caleulation of the past and storage
of parameters. The contents of this field is entered directly and must be greater then zezo.

SCREEN POWER LEVEL is the power dissipated, in watts, by the device in the screen
performed. This field is required for calculation of the part and storage of parameters.
The contents of this field is entered directly and must be greater then zero.

AMBIENT TEMPERATURE is the temperature which the device is exposed to, in
degrees centigrade. This field is required for calculation of the part and storage of
p-cameters. The conteats of this field is entered directly and must be greater then zero,

ACTUAL POWER LEVEL is the power dissipated by the device in its intended
application, in watts. This field is required for calculation of the part and storage of
parameters. The: coateats of this field is entered directly and must be greater then zero.

CURRENT DENSITY is the average absolute value current density of the majority of
matal russ, in 10E06 Awmps/sq cm. This field is required for calculation of the part and
stosage of parameters, The contents of this field is entared directly and must be groater
thien zo00,

ELECTRIC FIELD is the averags electric field value in the gats oxide, in megavolis/om.
. 'This field is vequired for calculation of the past and storags of parametess, The contents
of thils field is eatored directly and must bo greater then 2£70.

~ ENVIRONMENT is the application environment the devico is operating in. 'This field is
- vequired for calculation of i part and storage of parametess. The contents of this field is
- gelected fionm 4 fook up list, which may not be added to.

" RELATIVE HUMIDITY is the average rolative humidity expected in the dovice
cavironment. This fleld is required for calculation of the part and ~torage of parameters
- for non-hermetic packages. The coatents of this field is entered dircctly and must be

€-5.



SUBSTRATE CURRENT is the current, in milliamperes, the device substrate carries.
This field is required for calculation of the part and storage of parameters. The contents
of this field is entered directly and must be greater then zero. If unknown, enter
9999.000000.

DRAIN CURRENT is the current, in milliamperes, the device drain carries. This field is
required for calculation of the part and storage of parameters. The contents of this field is
entered directly and must be greater then zero, If unknown, enter 9999.000000.

- DUTY CYCLE is the perceatage of total time the device is operated. For example, 50%
operation --> duty cycle = 0.50. This field is required for calculation of the part and
storage of parameters. The conteats of this field is entered directly and waust be greater
then zero.

SIGMA OXIDE is dislectric breakdown failures observed from time to failure data on the
oxide or similar oxide. This field is required for calculation of the part and storage of
parameters. The contents of this field is entered directly and must be grcater thea zero.
If unkaown, use 9999.000.

SIGMA METAL is the sigma for electro-migration failures observed from time to failure
data on the metal, or similar metal, of the device. This field is vequired for calculation of
the part and storage of paranseters. The contents of this fisld is eatered direcy and rust
be greates then 2ex0. '

SIGMA HOT CARRIER is the sigma for hot carriers failures observed from time to
faslure data on the sane carrier, or similar doviees. This field is required for calculation
of the part and stonage of paameters, The conteats of this fiold is entered directly and

€-6
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MISSION
of

Rome Air Development Center

RADC plans and executes research, development, test and
selected acquisition programs in support of Command, Control,
Communications and Intelligence (C*I) activities. Technical and
engineering support within areas of competence is provided to
ESD Program Offices (POs) and other ESD elements to
perform effective acquisition of C*I systems. The areas of
technical competence include communications, command and
control, battle management information processing, surveillance
sensors, intelligence data collection and handling, solid state
sciences, electromagnetics, and propagation, and electronic
reliability/maintainability and compatibality.

U0 (05 20 15 o X5 90 15 9 15 9 A5 9 £ 9 1F 20 A 9 L 3 KK 96 15 30153




