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ABSTRACT

This report presents the results of a study directed toward developing a reliability-
prediction technique for monolithic integrated circuits. A prediction model that expresses
reliability as a function of device screening, s~ apling, system burn-in test, and field operate
time was developed. The equation is based on data taken from military, space, and
commercial application of integrated circuits. The report presents the rationale that led to
formation of the equation and describes its use and methods of application.
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SUMMARY

~ This report presents a reliability-prediction equation for monolithic integrated circuits.
The equation was derived through multiple linear-rearession analysis of {ield data on sixteen
system types. The data were supplied by either the users or the manufacturers of the
systems.

The equation presented conforms to the requirements of the Weibull distribution. The
shaping parameter (8) is a constant in the equation, while the scaling parameter (a) is a
function of device screening and sampling tests plus system burn-in time. The equation
shows that the hazard rate continuously decreases with increasing field operating time, -
independently of the predictor varjables. However, the magnitude of the hazard rate at any
specific time is a function of the predictor variables.

The equation explains the variability in the source data quite well, as indicated by a -
coefficient of determination (R?) value of 0.87. The predictor variables are considered to be -
of the ideal type, since they can be changed (with resultant changes in reliability) without
restricting the device or system designer’s freedom of action.
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CHAPTER ONE

INTRODUCTION

This report presents the results of an effort directed toward the development of a
reliability-prediction technique for monolithic integrated circuits; it reports on the second
phase of a two-phase project. The first phase, reported in ARINC Research Publication
912-01-1-1002, dated October 1969, was concerned with determining the availability of IC
reliability data and the feasibility of forming a prediction equation that expressed reliability
as a function of design, test, and application factors. The initial study concluded that the
procedure was feasible and that data were available to support the developrent. In the
current study, the necessary,data were acquired and a prediction technique was developed.

Chapter Two of this report describes the activity that led to the formation of the
prediction model, presents the prediction model, and discusses the general model
characteristics. Chapter Three illustrates the application of the technique. Chapter Four
provides conclusions resulting from this study and recommendations for future development
activity.




CHAPTER TWO

PREDICTION-TECHNIQUE DEVELOPMENT -

In the report on Phase I of the two-phase study,* we concluded that sufficient data
were available to support the development of a reliability-prediction technique for
integrated circuits. Further, a plan for developing such a technique was proposed. The plan
specified data- collectlon and data-analysis activities. The analysis effort was to depend
beavily on the use®of miultiple-regression techniques, which were expected to be useful for
determining the effect of each of the factors influencing device reliability.

To clarify the nature and the goals of regression analysis, a few preliminary comments
are appropriate. Regression is a statistical method for analyzing data to obtain values of
parameters in a model that relates a dependent variable to-a set of independent (regressor,
prediction) variables. Two prime applications are (1) to obtain a model and associated
parameter values that will provide the best description or summary of the data obtained,
and (2) to use the data obtained to fit the parameters of a given general .model for use in
future analyses and predictions.

In this study the second application is of major concern since we are interested in
developing a technique for predicting the reliability of initegrated-circuit devices. As a result
of the Phase I effort, a number of variables that are possible influences on IC reliability were
identified. Although a specific model for relating these parameters to a device-reliability
measure was not formulated, two actions concerning such a model were taken on the basis
of engineering analysis. These can be summarized as follows:

(1) It was hypothesized that the underlying failure mechanisms of inbegrated-circuit'
devices result in a decreasing hazard-rate function over the time interval of gerieral
interest.

(2) The sign of the partial derivative of the reliability measure with respect to each of
the posmble prediction parameters was established. This is equivalent to establishing
the signs of che regression coefficients in the model.

One immediate restriction concerns the available data. Suppose, for example, that the
amount of acid not rinsed away prior to packaging has a significant effect on device
reliability. This factor cannot be directly observed; thus a related secondary variable that
can be measured, such as device-screening procedures in this case, must be used.

Although the use of such secondary variables may clearly weaken the predictive power
of a regression model, care in selecting them increases the chances for finding a satisfactory
relationship.

*Initigl Study for the Dcur ‘opment of a Reliability-Prediction Technique for Monohlhlc Integrated Circuils,
ARINC Research Publication 912-01-1-1002, October 1969.
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Similarly; since the data in this study were not obtained through strictly controlled
testing, some data samples are lacking one or more important variables, making it necessary
to omit such variables from the analysis. The goodness of fit is thereby diminished, but if
the resulting model still appears significant (as measured by any of several statistical
measures), it is possible that even further improvements can be made through better data
collection.

To summarize, regression analysis provides, from experimental data, the coefficients for
the best fit of a given model (e.g., by the least-squares criterion). It does not provide the
optimum model form. Model selection or, at least, the formulation of hypotheses implying
general model chai'acteristics is the responsibility of the analyst.

The regressxon approach was xmplemented during the Phase 11 effort described in this
report. The following subsections describe the prediction parameters considered, the data
sources, the analysis of the collected data, the regression analyses, and analysis results.

2.1 PREDICTION PARAMETERS

The Phase I effort identified several variables (listed in the Phase I report) that could be
reasonably expected to influence reliability significantly. Information on all of these
variables was sought from the data sources contacted.

2.2 DATA SOURCES

Industry and government sources were contacted to obtain data samples that could
provide the parameters identified in the Phase I report, as well as corresponding field
operating times and numbers of failures.* Table 1 lists the agencies that provided data for

_ the study; because of inadequacies, the submittals of some of these agencies were not used.

The final sample represented 17 different systems, with completely unique test or
application situations, containing 95 different device types.

2.3 DATA ANALYSIS

The collected data were examined in the light of the parameters of interest, the data
quantity, and the variability present in the data. Table 2 summarizes the specific parameters
of interest and identifies the parameters for which both the quantity and variability of data
were sufficient for analysis.

As shown in Table 2, examination of the data indicated that appropriate information
was not available for some parameters. For example, the data for electrical derating
generally stated a minimum value that would be tolerated as opposed to the actual deratmg
employed. This parameter was therefore not-analyzed further.

For other parameters, while the data were ample, there was little variation among the
sources. The “epitaxial technique”, for example, was used in nearly all cases, so that the
effect of not employing it could not be determined from the available data. Such parameters
were therefore not included in the subsequent analyses.

*For additional details on the data sources, see the Phase I report, ARINC Research Publication 912.01-1-
1002, October 1969. This report is available at DDC (AD 702400).
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Table 1. ORGANIZATIONS THAT SUPPLIED DATA

Calif.

Organization Location System Millions of
Part Hours
Raytheon Waltham, Mass. Apollo 140.8
Reliability IITRI-Chicago, Several 5300
Analysis Center 1ii.
Northrop Hawthorme, Cal. CH5A — Inertial 42.8
Nortronics '
Sperry Great Neck, N.Y. A/D Converter 8.7
Gyroscope
Loral Bronx, N.Y. ECM 3.2
Electronics
McDonnell St. Louis, Mo. Collision 13
Douglas Avoidance
NSA Ft. Meade, Md. N/A 25
_Litton Van Nuys, Cal. Communication 12
APL . Silver Spring, Md. Satellite 30
IBM Oswego, N.Y. Computers 270
Astronautics Milwaukee, Wis. F-111 — MK I1 1.19
Radiation Melbourne, Fla. AN/ASW-25A 225
Boeing Seattle, Wash. Several
G.E. Utica, N.Y. 3 Systems 103.7
UNIVAC St. Paul, Minn. Several 687
Electronic St. Pete, Fla. 10.6
Communications
Inc.
Sanders Nashua, N.H. F-111 Avionics 2.8
Litton Woodland Hills, Inertial Navigation 120
Calif,
TRW Redondo Beach, Minuteman 10,000




Table 2. SUMMARY OF AVAILABILITY AND SUITABILITY OF
DATA ON PREDICTION PARAMETERS
Data Available Data Parameter
Parameter on Most Samples Variability Used %n
Adequate Regression
Design
Basic circuit class X X X
Specific circuit class X X X
Specific circuit function (complexity) X X X
Type of transistor X
Number of leads X X X
Number of interconnection levels X
Buried layers X
Guard rings X
Epitaxy X
Isolation X
Passivation X
Number of diffusions X
Metalization system X X X
Die bonding method b4 X X
Type of bond X X X
Package type X X X
Device lot or date code
' Inspection and Test
Device screening X X X
Device sampling X X X
Equipment/system burn-in X X X
Application

Mounting method '
Electrical derating
Transient protection
Thermal stress
Hermetic equipment X
Next assembly
Application for which data were

accumulated X X X
Type of system in which used X X
Required equipment reliability X X X
Calendar operating time X X X
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Following sclection of the parameters for which suitable information was available,
preparation for the regression analysis was initiated. This type of analysis involves
determining which values of an equation’s coefficients best fit the equation to the observed
data. To accomplish this, it is necessary first to develop the form of the equation and the
measures of the independent variables. In some cases, Jhere is no difficulty in quantifying
the independent variables, because the parameters are already expressed in satisfactory
terms. For example, the number of leads can be entered directly as an independent variable
in the regression equation. PY

For other parameters, a binary type of indication is appropriate. A “zero” or *“‘one”
indication can be employed to show that an activity was or was not accomplished, or that
one of two or more possible methods was employed.

For other parameters, however, it is necessary to develop a unique quantification
method. For this study, screening and sampling data were given considerable attention in
this respect.

Device screening may consist of many separate activities — e.g., bias bum-in,
temperature cycling, and acceleraiion. If a large enough data sample is available, each of
these activities can be incorporated as a separate variable in the regression equation.
However, the data limitations of this study dictated that the extent to which the several
activities were employed be reflected in only one or two variables. This was accomplished
by ascribing weights to the activities to indicate the estimated relative influence of each
activity on reliability. Four engineers, knowledgeable in integrated circuits, individually and
independently assigned relative weights to fhe nine activities considered most impcrtant.
The assigned weight indicated the individual’s estimate of the relative importance of that
activity in assuring the delivery of a reliable device.

Each estimator was permitted to use any scale he chose. His estimates were later
normalized on a 'percentage basis so that they could be combined with the estimates of the
other individuals. Table 3 shows the normalized weights assigned to the several activities by
each estimator and the average of the weights assigned for each activity.

Table 3. WEIGHTING FACTORS FOR SCREENING ACTIVITIES
. Factors Assigned by Estimators
Screening Activity - - - - Avcrage
®Fstimator | Estimator | Estimator | Estimator -| -Weight
A B C D
Operating-Life Burn-in 19.6 16.7 30.7 21.6 22.2
Bias Burn-In 17.6 11.4 19.2 0 121
Pre-Cap 13.7 16.7 15.4 17.6 15.8
Thy.mal Shock 10.0 11.4 11.5 27.0 15.0
Acceleration 11.8 20.2 9.6 16.2 14.4
Temperature Cycling 10.0 44 7.7 2.7 6.2
Seal ' 10.0 14.0 3.8 10.8 9.6
X-ray 59 2.6 1.9 1.4 2.2
Post-Cap 20 2.6 0 2.7 1.8
7




During the regression analyses, runs werc made in which these weights were varied
considerably {o provide a measure of weighting sensitivity. No significant differences
resulted, however, and the original weighting scheme was retained.

With a weight assigned to each activity, it was then necessary to provide a basic raw
score to which the weighting factor could be applied. Generally,; a raw score of either zero
or unity was assigned — unity if the activity was performed in a relatively standard
manner, zero if the activity was not performed or if it was performed in a subs‘andard
manner. For some activities, 2.g., hermetic-seal tests, a value belween zero and unity was
assigned for partial performance of the activity.

For device burn-in, an expression involving both test duration and test temperature was
needed. The temperature relationship was developed by regression analysis of data supplied
by the Boeing Company;* an exponentiu! time factor was then included. The derivation of
the complete expression is given in Appendix A.

The results of the weighting and quantification of the screening variable will be shown
in Section 3.1.

To develop sampling-test scores, the same approach employed for screening was applied;
i.e., the same raw scoring and wecighting factors were used. Two additional activitics
(high-temperature storage and life test) were included for the sampling score.

When the effects of sampling tests were considered initially, it was suggested that the
specified lot-acceptance sampling plan would influence the resulting reliability. The measure
employed to reflect the sampling plan -—as the Lot Tolerance Percent Defective (LTPD), a
standard quality-control statistic. In the regression analysis that followed, several methods
of including the LTPD were tried. The most satisfactory results were obtained when the
weighted score was divided by the LTPD. The sampling-test scoring resulls are given in
Section 3.1. '

2.4 REGRESSION ANALYSES

The approach used in this study was to begin the regression-analysis work with a large
group of variables and use the results of the analyses (o guide successive selection of
variables and modcl forms. Preference was always given to the more primary variables, and
the model forms used were influenced by the hypothesis that the device failure rate
decreased with time.

During the course of the program, 95 separate runs were made before the results were
considered satisfactory. While each run cannot be discussed in detail, the analyses arc
summarized in Table 4, with the runs grouped in 18 sequ«iices.

The table includes the variables that were found to contribute significantly to the
predictive ability of the equation. It should be noted that all of the variables listed in Table

2 for which suitable data were available were used in the initial ruis The “Significant Input -

Variables” column in Table 4 lists thusc variables which were not rejected by the analysis.

*Reliability Characterization and Prediction of Inlegrated Circuits, RADC TR-70-232, prepared by the Boc-
ing Company, Acrospace Group, November 1970.
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Tabie 4. SUMMARY OF REGHESSION ANALYS!S

. . . Traraformations tried on
S.equrnte S-cmﬁcarq Number Number of Independent Variables on ‘Fransformation tried on Weighting Range Remarks
Number Input Variables of Runs Ob .rvatiuns One or more Runs Dependent Variable Functions Used of R's
1 Device Family 4 54 None None Equal 065094 | High R? resulted from
Packaging gne /5o, of Fatures mmall nuraber of 705
can samples
Complexity R
Reliatnlity Requirem -t
Sampling Score
Screening Score
Applcation
2 (Same as 1 except for 8 - 80 2n (Screening + Sam- None Equal 0.28-0.70 | Funinatrd pa-haging duc to
Packaging) pling) ™ NG ol Fmlures mdllnumlu-z of TO-5 can
samples
Reciprocal in {opetating P
tme)
3 (Same a5 2) 2 47 None en n {operating Q310 6% | Ehmwnawd samphes with no
Reciprocal tme} recordrd faluns  Redured
complexity to two categones
4 Device Burr-In 3 45 None n €n (operating 0.44-0.68 | Removed desice burn in from
Sampling Score time) screening and added system
Screening Score test
System Test
O
5 (Same as 4) 2 58 en (Screening + Sam- fn fn (operating 0.34-0.48 | Chany. . 1n tnput vanables
plimgy tme)
6 (Same as 1) 2 85 None fn €n (operating 0.46-0.57 | Assumed one falun for sam-
i time) ples with no recorded fawlures
7 (Same ax 1) 8 67 en (Screening + Sam- fn &n toperating 0.53-0.74 | Used only sumpies with >
pling) time ) % x 10" operating houn
. Tred different weighting
schemes SO 5 Peening w Gt
8 System Test Hows 4 11 €n {System Test Hours) (3 Equal 0.51-0.95 | Major system totals. Used
Screening Score €n {Averge Calendar No. of Failures lower 507 confidence himit
Time in Field) for zevo falure samples
Samphng Score V0. of Faiores
Average Calerndar Time €n {operating
in Fietd hours)
9 (Same as R) 15 (2] €n (Screemng) fn Equal 0.42:0.96 | Elirmnusted samples with
®n (Sampling) No. of Fulures 2cro [ulures. Revised samphing
i won
+/No. of Failures
£n (operating
hours)
ta (Same »s 8) » 10 95 €n (Sampling + Screen- tn Equal 0.530.82 { Add one to number
ing} No. of Failures of failure~
VNo. of Falures
€n (operating
hour)
Operating hours
n Screening Score 6 64 £n (System Test Hours) in Equat 0.50-0.75 | Euminatrd samiples with
Sampling Score - No. of Falures zero failures
System Test Hours £€n (Screening + Sam.
phing)
12 Same as 11) 1 95 None n Equal 0.53 Add 1 to number of {alures
13 Systen1 Test Hours L} 95 None tn No. of Falures 067.0.80 | Lower 50 - vonfidence hmit
Scteenung Score #n (System Test Hours) &n (operating for samples with zero far’ res.
Sampling Score time}
Average Calendar Time Sq_ual
n Field
fullning —
14 {Same as 13) S (2] None tn No. of Failures 0.65-0.79 | Ebmnated samples with zero
. in (operating tailyres
ume}
Equal
"of Failures
. tn (op. time} ¥
No. of Falures
15 {Same as 13) 6 17 €n (System Test Hours) tn Equal 0.46-0.94 | Lower 50 confitence Lmt
VNo. of Failures for samples with zero falures
tn {op. time) X
| No. of Faleres
po— e e e e e o o T s e - b E
i {Sams as R) 4 95 €N (Ave:age Calendar tn No. of Fulures 0.67-083 | Lowuer 50
Time 1n Field) VNo. of Falurés for sampl « with zero faitures
New samphry scone
17 (Same ax 8) 4 85 en (Avernge Calendar tn Fqual 0.72.077 | Lower 307 confidince himut
Time tn Firld) No. of Falures for sampl < with zeta falures
JNo of Fadiars New samphog score
SRS SR — - —_— - RS S S
1% (Same ac R) 3 17 0 Aversoe Calendar n No. of Fatores OHIODL | Lower 50 confidence hma
Time n Fuld) Vo of Fatute foe aampl -« with 2eto fardures
New sampling score

*Natural logarithm |




The tabulation also gives the number of runs made in each group. This number is often
indicative of the transformations made in the variables and the relative weights accorded
each data cet. In the matter of transformations, it is sometimes uscful to vary the form of
the basic equation, for example, from a sum to ¢ product function. This is easily
accomplished by using logarithras of the variables.

It is often advisable to weight the data sels in terms of the size of the dala base so that a
relatively small sample will not have a disproportionate effect on the overall result. Since the
amount of information in a test sample is related to the number of failures, this
characteristic is often used in weighting activities.

The final statistic noted in Table 4 is the range of R? values experienced in the group of
runs. The R? (cocfficient of determination) value reflects the amount. of variation in the
data that is explained by the developed equation. Ii is, perhaps, the best indicator of how
well the equation fits the data being analyzed.

L

Table 4 also includes specific remarks on significant .or peculiar characteristics of

regression runs in each group.

In the initial regression runs, many input parameters were considered, and those which
appeared to have the greatest effect on device reliability were identified. The number of
observations varied becausc of voids in the data set. For example, 54 samples contained a .
description of the package type. When it was observed that the failure rate did not depend
greatly on the package type, the packaging parameter was omitted {rom consideration, thus

_permitting an additional 25 samples to be considercd. This procedure continued until the
final-screening, sampling, burn-in, and field operate parameters were identified as those
having the greatest iinpact on the observed failure rates,

The final set of runs (scquence numbers 16 throuzh 18) led directly to the results
presented in this report. For tirese runs, the samples for vwhich no failures were reported
were assigned 0.69 failure (the 0.69 is calculated from the lower 53-percent confidence limit
of the chi-squared distribution¥). In addition, the reciprocal of the LTPD was introduced *
for the calculation of the sampling score. The data points were weighted according to the
number of failures and the square root of the number of {zilures, and two basic forms for
the regression equation were assumed. All of the later reccession runs indicated a good fit to
the data (i.e., high R?); it was therefore possible to iniroduce engineering judgment in
selecting the final regression formulation. It was decided that the form of regression
equation that matched the Weibull distribution would have the grcatest general applica-
bility. It was also decided that the data samples should be weighted according to the square
root of the number of failures so that the observations with higher numbers of failures
would have a larger but not overwhelming effect on the regression equation.

*In a strict sense, this approximation would be applicable only if the device failure rate were constant.
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2.5 DISCUSSION O RESULTS

2.5.1 Regression Equation

The equation resulling from the regression analysis that was considered most
appropriate and useful for prediclion purposes is*

& = 76,8771,1/3 (0.025 Sc + 0.00095 S, + 0.0084 t,

where .

¢ = total ficld operating time divided by total failures
t; = system burn-in time hours)

t, = field operate time (Lours)

Sa = acceptance samnpling score

S¢ = screcning score

This equation, based upon 17 observations, exhibits a coefficient of determination, R?,
of 0.87.

The observations represented a combination of the 95 device types into 17 groups for
each of which the parameters of the equation were the same — that is, all devices in each
of the 17 groups achieved the same screening and sampling scores and experienced the same
burn-in time. (The devices in each group achicved the same scores, of course, because they
were used in the same systein.) Combination in this manner also minimized the statistical
difficulty encountered vhen no failures were observed in a particular data set.** The
grouping of data in this manner resulled in a zero-failure experience for only one of the 17
groups.

A preliminary evaluation of the predictive ability of the equation was perfoYmed. The
equation was uszd te predict ¢ for the devicesothat provided-the data from which the
" equation was developed. The predicted ¢ for each of the data samples was then plotted
against the obscrved ¢ for that sample. The results are shown as a scattergram in Figure 1.

While this can hardly be considered a rigorous test of the equation, it is encouraging to
note that with the exceptions of the two points that lie well abcve the 45° line, which
indicates perfect agreement, there is relatively little deviation from the line. Further, one of
the two points with large deviations represents a sample that had no failures, and the other
point represents a sample with only one failure. In the analysis, they carried little weight
since the cquation was derived with the samples weighted according to the square root of
the number of failures expericnced. (A value of 0.69 failure was assumed for the zero-failure

*The cxponent of t, was originally calculated to be 0.36€2. To fa-ilitate the use of the prediction
equation, a ridge regression anclysis was employed to adjust the exponent to 1/3. The adjustment had an
insignificant effoct on the R? value, decreasing it from 0.8736 to 0.8735. The ridge regression analysis is
discussed in Hoerl, A.E. and Kennard, R.W., “Ridze Regression: Biased Estimated for Nonorthogonal
Probles”, Technoniclrics, Vol. 12, No. 1, February 1970, pp 55-68.

*£]t will be recalled that many of the “remarks” on Table 4 referred to various methods for treating ““zero
failure” data scts.
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sample.) Therefore, those two points had less influence on the equation than suggested in
Figure 1, as evidenced by the high value of R? associated with the equation.

The prediction error is less than 2 to 1 for more than 80-percent of the samples and less
than 1.5 to 1 for the majority of the samples; the dashed lines in Figure 1 represent these
error ratios. '

2.5.2 Derivation of Reliability Function

The model indicates that the reliability of integrated circuits is a function of field
operating time. The prediction equation for ¢ can be used to obtain the parameters of a
Weibull distribution and, consequently, a reliability-prediction equation. Such a derivation is
described in Appendix B. Thé reliability function derived is presented below, together with
the range of parameter values supported by the data:

2/3
R, () = € 2 B
where

Ry(t;) isreadas: Ry, is a function of t,

K = 76,877 ¢0-025 S¢ + 0.00095 S + 0.0064 t,
Se = screening score 0 < S, <70

Sa = sampling score 0 < S < 2438

t; = system burn-in time 0 <¢; < 311

t, = field operate time 96 < t, < 14,600

Three particularly significant points can be made about the equation:

(1) The equation reveals a decreasing failure rate. This has long been suspected by
many in the field, but previous prediction techniques have not accounted for this
factor.

(2) With the exception of field operating t{ime, all variables in the equation can be
controlled within wide limits during production. Thus if the predicted reliability is
not acceptable, the equation implies that changes can be made to improve the
reliability. Further, since these changes would be concerned only with testing,
neither the device nor the system designer’s freedom of action would be affected.

{3) The equation implies that the underlying failure mechanisms are such that the
Weibull shape parameter is not influenced by the predictor variables but the scale
parameter (a) is. For the simple exponential distribution, for example, this means
that the constancy of the hazard-rate function is independent of the predictors but
the mean life is not.

Thus ARINC Research believes that the equation presented is the most accurate and
useful one that has been developed for integrated circuits.
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CHAPTER THREFE

TECHNIQUE APPLICATION

This chapter presents the processes to be employed for delermining the equation
parameters, gives an example of the application of the equation, and provides comments on
the arcas of applicability and the limitations of the cquation.

3.1 DUTERMINING THE EQUATION PARAMETERS

The first and most difficult step in using the prediction equation is to determine the
equation parameters. The difficuliy lies in the device sampling and screening scores; system
burn-in time and field operating time are used directly in the equation.

Table 5 illustrates the derivation of the device sampling and screening scores. A raw
score is derived for each test on the basis of the specific test conditions and requirements.
For screcning, each of these raw scores is then multiplied by the approprizte weighting
factor. (The derivation of these weighting factors was described in Section 2.3.) The sum of
these products is the desired screening score.

For the sampling score, an additional step is required: the product of the raw score and
weighting factor is divided by tlic Lot Tolerance Percent Defective (LTPD). The individual
scores for the tests are then added to obtain the final sampling score.

The specific scores shown in Table 5 correspond to MIL-STD-883, Level B. Since this
standard is widely employecd, the sampling and screening scores that would be used if Levels
A, B, or C of the standard were employed are presented as follows:

MIL-STD-883 Screening Sampling j
Levels Score Score ) 1

A 102.5 960

B 67 713

C 40 368

Vhile guidance on scoring the sereening and sompliag varinbles is provided by Table 5, it
is obvious that not !l possibilitics can be covered specifically. If the particular test being
scored is not one of the stundnrds and the conditions oy eriteria are not covered by Table 5,
engincering judgment will bave to be used. Some comment on two scoring problems
encountceied in this study and how they were rezolved may assist the engineer in making his
judsnients.

Preceding page blank 15
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Table 5. SCORE SHEET FOR SCRELNING AND SAMPLING VARIABLES

Test

Screening Score

Sampling Score

Raw X Weichted
Score X Welght = 5o

Raw Weighted
S:ore X Weight + LTPD = S::re

Pre-Cap Visual
* For MIL-STD-882 Level Acr B or equivalent,
let RS =10

* For MIL-STD-883 Level C or equivalent, let
RS = 0.75 .

+ For neither of the above, let RE = 0

1.0X 16 =16

0X16+—=0

Post Cap Visual
See #1 for raw scores

10x2=2

1.0X 2+ 0.15=13.33

Thermal Shock

+ From at least - 55 to +125°C, let RS = 1.0
+ For no test, let RS = 0

0Xx15=0

10X 15+ 0.15 =100

Acceleration
- Far geld leads, 20000G’s, Y, and Y, dirce-
tions, let RS = 1.0

-+ For gold leads, 20000G’s, Y, only, let RS =
0.7

* For aluminum leads, 30000G's, ¥, and Y,,
et RS = 1.0

* For ajuminum leads, 30000G’s, Y; only, let
RS = 0.7

- For none of the above, let RS = 0.

07X 14=938

0.7X 14+ 0.15 = 65.3

Tempcerature Cycling

© From at least - 55 t¢ 125°C, let RS = 1.0
* Fornotest,let RS=0

10X 6=6

1.0X 6+ 0.15 = 40

Scal

+ For MIL-STD f{ine and gross, let RS = 1.0
* For fine, only, let RS = 0.3

* For no test, let RS =0

1.0x10=10

1.0 X 10 + 0.15 = 66.7

X-ray

© For gold leads, let RS = 1.0

* For aluminum leads, let RS = 0.3
* For no test, let RS = 0

0x2=0

0X2+—=0

. Burn-in (Operational); Compute:
- RS = 104.6(1ct/56) . (¢3.96 + 0.02T)

- where t = Time (hours)
T = Temperature (°C)

23x 1.0=23

0X10+—=0

. Burn-in (Bias), Compute RS as in #8

10.

0xX 05=0

31.6 X 0.5+ 0.10 = 158

Hii;h-’l‘emp:rature Storage

- For temperatures of at least 125°C, and times
»500 hours, Iet RS = 1.0

* Forno test, let LS = 0

1.0X 6+ 0.15 = 40

11

Life Testt; Co-x:puto:
- RS =104.6 (1-€.t/333\, (6.3’96 + 002T)

+ where ¢ = Time (hours)
T = Temperature (°C)

23 x 1.0+~ 0.10 = 230

Combined Screening
Score . ....... 66.8

C-ornbinrd Sampling
Score ... 713.3

Note: RS = Raw Score.

RS to be determined s~parately for sereening and sampling.

*Credit cannot be given for both test 11 and test 8.
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In one case, the device specilications did not inclede any Jot s-amipling requirements.
However, for all screening tests, the specification reglired that a lot be rejected if the
percentage failing the screening (o5t exceeded a cerluin Ivel. The sampling score was based
on an LTPD equal to the porcent defective that wouk’s result in lot rejectior. While this
score was admittedly somewhat low, we were unable to§lerive the exact equivalent LTPD,
since the smuple constituted 1060 percent of the lot. :

In another case, temperature cycling was specified, but the range was -50 to +125°C.
Full credit wes given for this test, even though the lower temperature was 5°C higher than
the minimum specified in Table 5.

3.2 THE PREDICTION PROCESS

Having developed the scores for screening, sampling, and system burn-in, we are ready

to proceed with our prediction. For purposes of illustra‘.",%on, suppose we wish to predict the
mission reliability of a given system for the following conditions:

Mission length (2) = 50 hours

Number of integrated circuits in system (N) = 5,000

Ficld time on system at starl of mission (t,) = 3,000 hours

Device screening score (S;) = 50

Device smnpling score (S,) = 500

System burn-in time (t; ) = 200 hows

The basic cquation for calculaiing the predicted reliability of integrated circuils,
developed in Chqptcr Two, is repcated:

_+ 2/3
Ry(t;) ~ e t2 Bix

where

Rw(ty) is rcad as: Ry is a function of t;
K = 76,877 ¢+0.025 S¢ + 0.00095 S, + 0.0064 ¢,
S¢ = screening score, 0 < S < 70
€ 83 <€ 2,438
t; = system burn-in time, 0 < t; < 311 hours
t, = ficld operate time, 96 < t, < 14,600 hours

Sa = sampling score, 0

For an inlegrated circuit operaied from time zero to Lime t;, the probability of no
failure is given by

Rmission * Rw(t2)

17




If, however, the mission begins at time t, and continues until time t, + ¢, the mission
reliability (assuming an opcrating system at t, ) is well approximated by . :

Ry(l; +8)

Rpission =
Ry, (t,)

If a system contains N integrated circuits in scries for reliability purposes, all of which
were subjected to the same screening, sampling, burn-in and field operation *, the system’s
mission reliahility is expressed by either*# :

Rmission = (Rv.'(tz))N or

Ry(t; +9) ] N

Rmission = [“ Ro(ts)
wilz

For our example, then, the second of these equations is applicabﬁe:

t, + 23 (3050)2/3 | 5.000
(t:)2/3 (3000)2/3
e K e ] K
where
K - 76,877 c0-025(50) + 0.00095(500) + 0.0034(200) _ 1 555 600
or

(e— 0.0001355

5,000
- = ¢ 0:0075 _ g 9925
,-0.0001340

*If intograted circuits have been subjected to different procedures or opeiution, the product of the
relizbilitios Qztoninined for each cireuit wit! yicld the system reliability, .

*£These expressions imply that the syste.n is coirporzd only of integrited civeuits. Predictions of the
reliability of othcer components must be made by conventional mesus and combined with the results
obtained heie,
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To demonstrate the dependence of reliability on field operating time, consider the
reliability of the same system for the same 50-hour mission boginning at t, = 500 hours:

5,000
(550)2/3

R = e K = 0.9368
(500)2/3 |

e K

While both reliabilities are high, the mission beginning at 3,000 hours has a higher
probahility of success because of the decreasing-failure-rate characteristic.

The equation may also be employed to estimate the expocted number of failures over
some statcd period of operating time. Such a result would be useful, for instance, for
spares-provisioning purposes. The cxpected number of failures (including replacement
failures) during the period from t, to t, + ¢ can be approximated by

~ N
E - [(t2 + )23 - t22/3]

This equation is based on approximating the mean number of renewals by the negative of
the logarithm of the reliability function. Such an approximation is quite accurate when the
reliability is close to 1.0.

3.3 TECHNIQUE APPLICABILITY AND LIMITATIONS

Special emphasis must be given to the usual cautions associated with the use of
empirical equations for conditions not covered by the data from which they were derived.
While the range of individual parameter values covered by the data is quite wide, certain
critical combinations of parameter values did not occur in the data. For example, there were
no cases in which both sampling and screening scores were zero. Therefore, the equations
presented should not be used if both sampling and screening scores are zero.

Chapter Two described the range for the variables used in the prediction equation.
However, there are other iteras thal we must logically be concerned with, such as device
complexity. The most complex circuil represented in the data was an cight-bit shift regisier;
no other medium- or large-scale integration was included.

Table 6 summarizes the scope of all characteristics of data that were used in developing

. the prediction equation. The reader is warned that applying the equation for conditions not

coveied in the tuble is extremely risky. I the equation is ueed for cases that are vithin the
conditions covered by the sumples used in the equation’s development, we believe that it
will yicld the most accurate results possible with any publizhed technique.

19
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Table 6. RAINGYE O DATA CHARACTEIGCH SCHEDULED IR

Charactevislic

Yatrro
qu o<

Technology

Package Types

Number of N.vice Lords
Circuit Types

Logic Types

Bond Types
Metallization-Load Maloels
Complexity

Date of Device MenuTeciue
Passivation Typzs

Application Envirenr:ciit

Qualification Class
Screening Score
Sampling Score
Systemn Burn-in Time
Ficld Opcrate Time

Monolithic bipoley circuits only
Metal I'/P, coiamie /P

10 to 14

Digital and lincoy

DTL, TTL, RY1L

T.C. Ball, T.C. W& o, Ultrasonic
Auw-Au, AlLAL Av-2)

Single Gaice to §-7i0 Shift Register
1864-1970

§;0,, Glass

Missile, Aireraft, Spacecraft, Ground, Sub-

surface, Shinbonr

Hi-Rel., Miliiz: y, Coiamnercial
0to 70

0 to 2,438

0 to 311 hours

96 to 14,600 hows
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4.1 CONCLUS

4.2

CHAPTER FOUR

CONCLUSIONS AND RECORMENDAIONS

The following conclusions resvlted fror this study:

-

The equetion developed in the study reveals that the most nporiant predictors of
reliability of integrated circuits oo device-screcning end -zoinpling requiremeats,
systeis burn-in time, and field opeicie time.

The cquntion fits the data from wich it was derived extrernely vell, as evidenced by
the R? voluw of 0.87 and the fuct thit the majority of the Cula poiuts fall within £0
percent of thic predicted value.

Al porawncters contained in the prediction equation we indt L dent of the desimn
process. Therefore, the relizhility of a system can be improved by requiring move
stringent testing (e.g., lower L'TPD, longer burn-in) without int: vforing with the basic
device or equipment designs. While (his does not mean {hot yeliobility is insensitive to
design, the customer or manufaciurer need not always resori to redesign to improve
reliabitily.

The rerulls of this study strongly support the hypothesis izt integrated circuits
disply a decreasing faihure relz ith increasing operaling v over the period of
genora! interesl. The study also iudicates tlnt this process con be accwaloly
represonited by the Weibull disiribution,

RECONLNDATIONS

The following recommendations are offered:

The prediction equation should be tested and validated vith an entirely new set of
data.

The range of vaviables and conditions covered by the cq\mnon should be expanded,
with ciniphasis on medium- and Irgo-scale-intemation civeuits

Sufficiont additional data should he obtained to pormit devivation of the sanpling
and screcnmg scoring factors frois data rather then as-izomcut of the factors Ly
judemaont.

Counsziciovelion should be gleon o Coriving similay predictian eqontions for habid
civewil: aid for diserote Ciodss el Cansizlors, The hyt 71 Cooali s considho s d O
more impes ant ad this time.

The neces ary defa to support the actions yecommended chove could he oMuined fHom

"

a sinZfle, crrefully dorinned deliecotl>cling poozrmm, s recoin o a7ed thal such a pros o
be desiaas ) ond iaplomented innpe 2ialady,
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APPENDIX A

'l‘InIE-'l‘;-‘,".‘.f’«TF‘ATUuu RV A0 108

~

The efficiency of dovive Lumdn tests is a funclion of bt time and temporsture, I is

usually considered 1o civn o wuch more yapidly with towporeture than with th, ..

Therefore, it is desivela) - {0 ¢velop an expriession tha!l #oeocnis for both of these winblea
aud is move strongly inliueoood Ly temaperature.

The effect of leny
developed by Boeing.®
equation was as follow::

woovus obtained by posfor 2o argression analysic on dato
e -1 presents the daln veod b, the enalysis. The developod

-3.96 + 0.027,

where

A = failure rate (porecnt oo 1.000 hours)
Te = ambiont test o, win:-ia °C
The time function v.o. ' co0d more athitrevily. I'rpo fesee with all types of silivon
semiconductor devices 0 o v that 168 hours s o1 ot gurte burn-n period at i ™
temperatures. Therelois, oo o 5 ovasion was formed that vt wes 95-percent of its efic ol i
? 3
168 bours. This exprersion te 02 the following form:

1 - 0”1/56
where = the burn-in (e in Lons

The time and temyp o tiee e pressions veere combing i (1 following form:

3 et N R

Weint = Ky (1- e 90y (7350 0.OIT)

The score is more <L oa:. incluenced by a decrecsivg T than by deerecsing {. For
example, if T decize: = fiony 125°C to 25°C (a factor of §), the T function drops L\' A
fotor of 7. Siall 370 ¢ - meres from 160 1o 806 07 ¢ Detor of B, the t funaria,

dieps only by o Tactor of thout 2.0,

hKl
el

To provide the e evore, By wis so( at 10°.C, to yi-li ¢ (otelweight of 23 fov o {0
time of 168 howsat ot oo of 125°C

i

’qu whility Cil ot ictio pma 1o fiom of Intezcted Crrendts, 22000700252 preprved by e
Coinpiny, Acrar e (?"c-xt;‘.\ Moot or, 1070,
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Table A--1.

FAILULE RALES
)

(Percont por 1650 How:

Tempoiuture

Faiture Dotos

o
5

25°C

5OC

75°C

7.0,1.8,1.7, 1.5, 0.75, 0.70, 0.60, 0.48, 0.35, 0.30, 0.25,
0.090, 0.0£5, 0.630, 0.075, 0.030, 0.030, 0.045, 0.042, 0.023, 0.030,
0.030, 0.025. 0.025, 0.0%5, 0.0%5, 0.023. 0.021, 0.020, 0.020, 0.020,
0.018, 0.018, 6.017, 0.016, 0.013, 0.010, 0.0020, 0.0050, 6.6020,
0.0050, 0.00%5, 0.0070, 0.0670, 0.0050, 0.000, 0.0035, 0.003
ooozs 0.0025,0.0020

0.19, 0.12,

3.0, 2.5, 2.2, 0.65, 0.60, 0.22, 0.22, 015,010 0.08, 0.07, 0.065,
0.0G0, O 055, 0.052, 3.052, 0.050, 0.040, 6.0%5 0‘70, 0.018, 0.018,
0.015, 0.013, 0.012, 0.011, 0.002, 0.007, 0.005, 0.0015, 0.0041,
0.0038, 0.0024, 0.0018

38 1.1

100°C

1 4.5

125°C

22, 20, 12,9, 8, 7, 6.5, 6.0, 4.5, 4.0, 3.8, 3.5, 2.8, 2.7, 2.1, 2.4, 2.2,
22,22,186,17,1.7,17,1.3,1.2,10, 1.0, 1.0, 0.8, 0.7, 0.7, 0.65,
0.56, 0.65, 0.65, 0.6, 0.6, 0.6, 0.6, 0.G, 0.5, 0.5, 0.4, 0.4, 0.4, 0.4, C.4,
0.35, 0.3, 0.28. 0.25, 0.25, 0. ?a 0.22, 0. ?O 0. 10, 0.18, 0.1§, 0.15,
0.15, 0.15, 0.14, 0. 13 0. 13 0. 13 . 1? 0.12, 0.12, 0.11, 0.10, 0.10,
0.10, 0.09, 0.069, 0.09, 0.0S, 0.0, 0.075, 0.075, 0.075, 0.070, 0.060,
0.050, 0.030, 0.055, 0.050, 0.030, 0.04G, 0.040, 0.038, 0.03%, 0.0383,
0.630, 0.030, 0.030, 0.023, 0.028, 0.025, 0.025, 0.022, 0.022, 0.022,
0.020, 0.020, 0.020, 0.018, 0.017, 0.014, 0.012, 0.011, 0.011, C.010,
0.010, 0.085, 0.005, 0.0015

*Dats Source:

Docing Stugy.




APPENDIX B

DELIVATION OF RELIABILITY FUNCYION

The prediction equation presonted in Chapter Two con be written as

Total field opoiate time 1/3
d) = - = K t? (])
Number of failures

where
t, = field operuate time

K - KgeK2Sa® KaSe + Kely

To dcerive the probabilily densily function iimplied by Equcation 1, it is necessary to rewrite
the left side of the equation as

N'tz

—_——— = K t21/3 (2)
N - E (failures by t;)

where

E(fzilures by ty) is the expected numbor of failures from tine zero to time t,

The  xpeeted number of failures is actuaily the number of repairs for a renewable
process. Therefore, equations for the reliability of renewable units can be used to darive a
density functioa from Equaiion 2.

For a renewable process, the cumulative nurabor of rencwals (or repeirs or failures) is
given by the “renewea] function” 1i{1). From Equation 2, the renewal function is given by

H(t;) = E(failures by ty) = t,2/3/K 3)




It can be shown* that the renewal function is bounded by

1-R(t)
1- R() < HY) € ——
R(t)
where
R(t) = 1-F(t) is the reliability funciion
If we use the relation
1-R(t)
1I-R)S-WRA)S ——
R(t)

for 0 < R(t) < 1, then

H(tz) ~ -1n R(‘g)

“)

®)

(©)

provided the ouler terms in inequalities 4 and 5 are nearly identical. For highly reliable

systems, R(t; ) will be nearly equal to one. Therefore,

1 -R(t;)
R{t,)

1- R(t'z) =

Thus approximation 6 is acceptable for this analysis. **
Combining Equatiens 3 and 6, we oblain
fn R(t;) = -4, 23K

and

213, -
Ry - et

M

®

©

Equation 9 can be wvritten in the foir: of the reliabilily funciion for the Weibull

distribution:
3
- —aQa t2 213
Ry(t,) = e
2
witha = --—--
3K

(10)

*B.V. Gnedoubo, Yu. K. Rolyayer, eud AD. Solovyey, Methcizatizel 2ielhors of Reliability Theory,

Academic Tress, Naw York, 1869, pp €5-102.

*#*For ¢xzinple, if we use Equation 10 with t, = 14,600 houvrs, then 1-Nty) = 0.0077568 end

[1-R(t,)]/R(1,) - 0.007819.

B—2




The resulting density function and cumulative distribution are then, respectively,

13 - 2/3
fo(ts) = @t 18 32 aty?

(11)

and

2/3
Fy(ty) = 1- ¢ 32 at, / (12)

Thus the regression analysis yiclds a shépe porameter of 2/3 and a scale parameter of —2-
3K
When Equation 10 is rewritten in terms of the derived coefiicients, the reliability function

and the range of parameter values supported by the data become

_+.2/3
Rw(t2) = e ta / /K

where

K = 76.877 - ¢70:025 S¢ + 0.00095 85 + 0.0054 ¢,

Sc = screening score, 0 < S, < 70

S, = sampling score, 0 < S, < 2,438

t; = system burn-in time, 0 < t; < 311 hours
t, = field operate time, 96 < t, < 14,600 hours




