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FOREWORD

Continued advances in *he state-of the art of solid-state technology have led ro significant improve-
ment in the reliability of electronic component parts. This improvement has resulted from increased un-
iformity in material properties and greater-control in.processing procedures, which have reduced the
variability among devices and the incidence of randomly-occurring 1. .lures. Not enough =ttention, however,
-has been devoted to understanding the-basic mechanisms .in-materials which inderlie degradation and
failure of solid state devices.

All"device failures may be said-to result from changes in-the chemical composition or-in the
rhysical configuration of the constituent elements of the device. Discovery of these critical chemical or
physical change processes makes-possible their reduction or elimination, thus improving-device reli-
ability. The development of-an understanding-of the dependence of such processcs on environmental
‘stress-makes possible the development of mathematical prediction and testing techniques based on-funda-
mental physical principles. Thus, as the improvement-and the prediction of reliabiliq} begin to be placed
on a-scientific basis, the reliability engineer will go more and mare-to the chemist and-physiciss for-
-answers to his questions. It is expected that this fundamental approach-to reliability will ultimately- lead
to economic engineering procedures for the accurate assessment of the relizbility .of e’2ctronic devices.

"The -purpose of this Notebook is to-make available to the electronics reliability engineer-current
state-of-the-art. information relating to what may be termed: the reliability physics-of solid state electronic
parts. It explains techniques and procedures for obtaining pertinent data on specific part types and methods
of-utilizing the data in accelerated-testing, screening, and reliability prediction programs. Consideration
is largely fimited to degradation and failure mechanisms which-remain after gross mechanical and quality
-defectszhave been screened out.

Because the field of reliability physics-is yet relatively new, the Notebook is:intended as-a pre-
liminary-effort, and the format has been designed to facilitate modificazions and additions to existing data.
Wherever possible, data have been presented:in useful tabular form. Whea topics.are still-largely conjec-
tural, summaries of the results of various investigators are presented. The interest has:been confined
primarily to-discrete devices, with-emphasis on those part types-with design or compositional character-
istics-related- to microcircuit-structures. -A brief section on silicon:integrated circuits is included.
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1. ‘Mathematical Models in Reliability Physics

1.1 Introductig_r_l_

The :successful application-of research results-inreliability physics depends in part
on the efficacy of the mathematical models that are used to characterize physical
processes, The models should accurately and precisely describe the aging effects of en-
vironmental stresses, operating time, and their interaction. Moreover, the models should
be mathematically tractable, If these desired properties can be attained, reliability-
physics. models canprofitably be used for reliability problems such as materials specifica-
tions, component-design configurations, component screening, performance prediction, etc.

The objective -of thig -section is to.describe the types of -mathematical models cur-
rently used in reliability physics and the types of models that are expecied to evolve in the
future. InSections 1.2,.1.3, and 1.4, the trend in. mathematical models in retiability physics
‘is -briefly -outlined, and the limitations of models are discussed, In Sections 1.5 and 1.6,
emphasis is centered onthe mathematicalderivations ofthe Arrhenius and Eyring models,
interpretation of the rnodel parameters, and extensions of these models in reliability
.analysis. The section is concluded with a trief discussion of other reliability-physics-
models,.

1.2 Evolution of Mathematical Models in Reliability Physics

1.2.1 Early Models

Most early models in reliability were empirically based. That is, models were
derived from experimental-data according tostatistically defined goodness -of -fit criteria.
‘Moreover, most of these models involved determining whether a-device had acceptable
input-output chavacteristics.. In general, these models were used:

(1) To compare operating characteristics of competing devices

(2) To serve as abasis forimprovingthe operating characteristics of existing
devices

(3) To guide the integration of differentdevices in synthesizing a system hav-
ing desired operating-characteristics.

An. example -of a model ofthe above type is the stress-strength interference model
(Section 5.2);(1)’ This model yields a static reliability-estimate based on the "overlap" of
the distribution of strength for a device type, C(S), and-the distribution of stress levels
the device may encounter in operation, E{S). Reliability in this model is defined.as the
probability, P, that no stress will be =ncountered that exceeds the device's strength.
Symbolically, the model is given:by:

0 -00 7
P = S [S C(S)ds] E(S)ds . (1.1)

.0
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A second example is the propagation of variance model for estimating the variation

-of a circuit output parameter, y, based onthe distributions of variations in the component

parameter values, f)(xj), ... .,fn(xn). ) In the modal, the input-output function,
y = H(x1, ... .Xp) is expanded into a Taylor series.. The variance of y {s then approxi-
mated by taking-only the linear terms of the series, yielding

: 'bH‘)Z 2 [3H\/ dH
Viy)= = : =
) Z<axi % +z z (axi)<5Xj> % 9% ’ (1.2)
i i ]

where the partialderivatives are evaluatedat the mean values of the xj. Variouns reliability
inferences can bsa-made using the model in conjunction with some distributional assump-~

tions-of the circuit output -parameters.

The principal:shortcoming of suchmodels is thatthey are concerned with the estima-
tion.of static operating characteristics; the models-ars generally not used to determine how
long a device will operate satisfactorily. Thus, the-mathematical forms- of these models
do not.explicitly include operating time as a variable. Hence, the effect of time on operat-
ing characteristics can only be determined implicitly by evaluating-the performance
variables in the model at zeveral fixed points in time.

1.2.2 Current Models

Current reliability-physics models differ from early models in two important re-
spects, First, the current models permit at least a partial theoretical interpretation. of
physical: processes, even though these models are generally derived -empirically. Ina
sense, these models may be considered as iepréscnti’hg an intermediate- transition state
in'going from purely statisticalto highlytheoreticalmodels of physical phenomena. Second,
the current models explicitly include operating times or time~rates of device parameter

.change.

These models are generally used for the same purposes as the early models de-
.scribed in the preceding paragraphs. However, inthis. case, the problem is changed from
a relatively simple one — "Will the device operate satisfactorily?" - to the more cogent

problemn = "Given an initially good device, how long will it operate satisfactorily?" To
answer this question, the form of the mathematical models not only includes operating

time but also the environmental stresses as-explicit parameters,

An example of sucha modelis the:Arrhenius reaction-rate equation, which expresses
the time-rate of degradation, R{T), of some device parameter as a function of the operating
temperature, 1.(3) Symbolically, the model is given by

R(T) = A-BIT . (1.3)

The constants A and B are estimated for a particular device type from experimental test
data. This model is described in detail in Sections 1.5 and 4.3 of this Notebook.

e
.
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1.2.3 Future Models.

The- trend in reliability-physics research suggests that future models will be based
onr physical ‘theories of rate processes. More specifically, the mathematical form of
future models will be derivable from theories of aging processes based on phenomena
occurring at the atomistic -or molecular level, For these models, statistical estimation
procedures will probably have tobe developed:to "fit" the theoretical model properties;
this is centrary to earlier models in which statistical theory-dictated to a large extent

the form of the models. Continuing improvement and refinement of effective screening
techniques ‘will be reduired, however, Lcfore degradation models based upon rate proc-

esses can be- successfully applied.

The important expected advantage of future models over existing models will bé their
utility in the initial device-development stages -in generating ''optimum" designs as a

function of reliability, desired input-output-characteristics, materials properties, design

configuration, manufacturing processes, etc. Further, these models can be-expected to-
yield highly efficient and powerful screeningandaccelerated testing procedures for-exist-
ing devices,

The modified Eyring reaction rate equation serves as an excellent example .of such
a model.(3)  Analogous to the Arrhenius model, it relates: the time-rate of degradation,
R(T,S), tothe thermal-stress, T, and nonthermal stress, S, acting‘in a device, Symbolically,
the model is given by ’ )

-B/kT) '[e(cm /‘:kq")s];

R(T,S) = _{A’I‘ ¢ | , (1.4)

where A, B, C, and D:denote the constants in the model, However, in thir case, it is ex~
pected that the constants wili be subject to-theoretical interpretation. For example, the
constant B is .interpreted-as:an activation energy.

1.3- Classification of ‘Mathematical Models.

It may be convenient to classify mathematical models for rate processes as aggre-
gate models and singular models. The former is related to the gross behavior of a
population of devices, the behavior of the group, etc.. Conversely, the singular model
is associated with behasior of a single unit. In some cases, the singular model canbe
applied to a large collection of individual units to deduce -thé properties of the collection.
This is-the case, for example,inthekinetic theory of gases in which Boyle's law, pV = RT,
is deduciblefrom postulates regarding the behavior of individual gas molecules.

In principle, it appears plausible that one could deduce population characteristics
from- knowledge of the individuals that make it up. A primary cbstacle here consists of
choosing the description of the individualbehaviorinsuch.a way that it-will be correct for
the individual -and -also will- permit the transition to populations of individuals while re-
taining mathematical tractibility. Inadditiontocharacterizingthe kinetic theory of gases,

this approach-characterizes probability theory. Here, theobjective consists of specifying

in axiomatic terms the detailed mathematical structure for small integral values of n
and. then studying the limits approached, if any, as n becomes arbitrarily large. fnmany
instances, such a transition yields a normal distribution for the population. This kind of
activity is usually associated with "probabilities'", in contrast to the statistical appreach

St T T e o sp—— s =
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in which the investigations-generally begin (and end) with descriptions of populations rather
than individuals. It-is-clearthatknowledgenf-the population characteristics may not yizld
knowledge -of the characteristics of the individuals-that make it up, and conversely knowl-
edge of the behavior of one individual may not permit the population characteristics to be
derived., Ideally, however, knowledge in wne area should complement that in the other,

In-the physics of aging, the Arrhenius model-appears to be an example of an aggre-
-gate model. It describes the grossbehaviorof a device basedon an empirical determina-
tion- of the "constants" from performance data-on-a set of norninally identical-devices. In
general, these constants are evaluated by graphical or numerical methods based on the
assumption ‘that a straight-line plot would result if -the logarithm of the rate-is plotted
versus reciprocal temperature. The approach is completely analogous to conventionai
statistical data analysis. For example, if it'is assumed that the data are log-normally
distributed, they are plotted on log-probability -paper to obtaina straight~line fit to a
normal distribution having a corresponding mean and standard deviation. In neither case
does the model.-explain in physical:terms why the straight-line assumption is valid. To
-do- this requires assumptions concerning the underlying -theoretical structure, Suchis
the case with the Eyring model, Here, derivation is given in terms of concepts of quantum
mechanics sothat the "straight line' of the Arrhenius plot is seen-to-be an approximation
-of the- Eyring curve; but evenmore important, the constants associated with the "activation

energy" and 'frequency factor! are derivable, in principle at least, from the basic physi-
cal concepts.,

1.4 Limitations of Mathematical Models

As with any mathematical model used to describe a physical process, the mathe-
matical models of reliability physics give approximate descriptions over limited ranges
-of variables, The validity of the approximationover specified limits must be-established
by empirical evidence, The structuring of empirical information in a.form that permits

the formulation. ¢f a mathematical model:is often a-difficult challenge, Frequently,. such.

empirical information is summarized in graphs, tables, photographs, X-rays, flow dia-
grams, and other aids, The translation of such information.into mathematical terms is
often a first step in the formulation of a model, The translation-may require the intro-
duction of new definitions and .concepts, together with methods of statistical analysis and
data processing. Thus, the range of vaiidity of a model may be considerably reduced: be-
cause of the-wide variability shown in the kinds .of input information,

A second limitation of modelsingeneraluse in reliability physics is associated with
the concepts of "population of devices' and "individual.device". In many instances, it is

easier to-characterize the average behavior andthe variability about this average behavior
for a population of devices than itis for any particular device within the-population, In.

some cases, the characterization of-a populationis-exactly what is required, as in quality-
control operations-or lot-acceptance samplingplans. However, in many cases of practical
importance, it is‘the hehavior of -a particular device-of a population that is-of interest. It

is not clear that information-regardinga-population of devices is applicable to an individual

device from that population. In fact,-it is often the case that no "population' -even exists.
It may be known that no other device -exists like the one just made, and it may still be

= S fats - [ N P N T T T £3nF
meaningful to want to know the characteristics of that particular device. It appears that
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hold: for an individual device. One -of the major objectives of current model building for
reliability-physics problems consists-of finding modelsthatare valid for individual devices.
The possibility of suchmodels is evident, evenwith the Arrhenius-or Eyring models where,
for example, the activation energies and frequency factors-could, in principle, be-deter-
mined for a single device. Afterthesedeterminations are madeé and the numerical values
are substituted into the equations, the models become predictors of the behavior of the

specific device., To the extent that this can be done, it is not necessary to determine
‘population characteristics in order to describe approximately the characteristics of a

specific device, Alternatively, in practice it is highly desirable to apply constants deter -
mined with one.device to others of the same set,

In attempting to .describe performance characteristics over time for a specific

-device, it is convenient to suppose that the device will be subjected to various levels of

stress during its life., In.order to formulate a model, the-general term "stress' must be
made -specific, such as thermal stress, voltage stress, stress due‘to vibration, shock,
radiation, etc. In most practical situations, it is very difficult to isolate these stresses
with sufficient clarity to permit a mathematical structuring of the-composite stress as. a

function of time, Some of the stresses may-interact so that the effect of a given level of

vibration at high temperatures, for -example, may be quite.different from the .efféct of the

-same level of vibration at low temperatures. Other stresses may operate independently

and simultaneously in time; still others may operate sequentially in-time, The latter may
occur, for instance, when an impurity must first penetrate a canister before it can attack
the surface-of the encapsulated device,

1.5 ‘Mathematical Models of Rate Processes

1.5.1 The Arrhenius Reaction-Rate Model

The Arrhenius equation was determined empirically in 1889 to account for the in-
fluence of temperature-on rate of inversion of sucrose, In its original form, the equation

was given-by

k = Ae-E/RT | (1.5)

where A and E denote-constants in the-model, The constant A.has been labeled the "fre-
quency factor' and is invariant over relatively.smallitemperature ranges. The constant E
has -been-labeled:-the "experimental activation-energy".

Subsequent to the original postulation of the model, it hac become generally accepted
that a relationship of thistype represents the temperature dependence of the rates of most
chemical reactions and of some physical processes, Extension of this equation to describe
temperature-dependent degradation rates of -electronic componente has resulted fromn
empirical investigations analogous tothoseassociated with earlierapplications to chemical
processes, The validity of the Arrhenius model as appliedto-electronic components- is
based primarily on-the fact that it is-an excellent approximasion:to-the more theoretically
s,ouhd,‘Eyring model overthe range of temperature conditions normally-encountered.

1.5.1.1 Application-of Dimensional Analysis to-the Arrhenius Model

‘Dimensional analysis isusuallynot used where-theoretical results can be derived. It

is used in those areas where the relevant variables are believed to-be known, but the




Downloaded from http://www.everyspec.com

16

functional relations among them are not known, The advantage of dimensional analysic in
such a situation is the fact that.it yields the proper products of the variables and yields

‘the. minimum number of such products, The unknown functions are then-usually deter-

mined by plotting one dimensionless product against .another and obtaining the mathe-
matical form of the relation by émpirical methods.

Application of dimensional analysis to the Arrhenius medel, as carried out below,
may appear trivial, However, this analysis does, in fact, show that something is missing
in the Arrhenius equation if it is-totruly relate-degradation rate to temperature, Specifi-

-cally, the problem is to-derive-the Arrhenius relation,

R =eA-B/T (1.6)

by the methods of dimensional analysis. The following lists the physical variables and

‘their dimensions in a systemn of units-déenoted by mass M, length L, time t, and temper-

ature T:
Physical Quantity ‘Symbol {M,. L, t; T) Dimensicns
Time rate of degradation R {0, 0, +1,.0)
" Temperature T (0,70, 0, 1)

Examination of the above tabulation shows thatitis.not possible to form any dimen-
sionless products, This suggests that either there is no relation between the rate of
degradation. and ternperature or some relevant physical quantities have been omitted.
Because the Arrhenius model involves only R and T, it cannot be derived by dimensional
analysis.. This implies that an "essentially empirical'"character-is asrociated with the
Arrhenius model, If the Arrhenius relation were based on 'fundamental” principles of
physics, it would .be possible to obtain.a form that''resembles® it byusingroxﬂy'dimen-
'sional arguments. '

1:5.1,2 _A Mathematical ‘Derivation. of the Arrherius Model

‘Considerable success has- been -obtained in applying the Arrhenius model to
accelerated-test data for various components, Because of the empirical nature of these
applications, it is desirable to attempt to relate the model to fundamental physical prop-
erties by means. of theoretical concepts. It is shown.in this section that the Arrhenius
model is valid for -a 'perfect crystalline solid". It should be realized that this deriva-
tion does not constitute a theoretical physical basis for applying-the Arrhenius model to
electronic-component aging processes. However, it does serve to suggest the form:of
the ‘theory of aging *pr,,océ,sses, and why the Arrhenius model appears to work so success-
fully..

A derivation -of -the- Arrhenius model for a "perfect-crystalline solid! uses several
‘basic intermediate results of thermodynamics. These intermediate results are briefly
described below; in each case more complete, or analogous, -derivations are found in
Reference 4, )

——— = e - T ——— e I T T e T AR A=

\‘F‘w‘
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The Bohr-Sommerfald approximation statesthatthe cyclic integralof the momentum
of-a:particle-is given by

§ (mx) dx = ih , .

where { is an integer and ‘h denotes Planck's-constant. This approximation is valid for

the wibrational energy of a simple.oscillator. Moreover, by replacing dx with %-dt, it is
seen that the above inteyral becomes.

1 W2 .
§~ —2-'m(x) dt = ih/2 , (1.3)

-and’ this ray be shown to be- twice the total energy of-an oacillator, Thus, the energy

associated with the intervals be‘weern successive-values of i is.given by hy, where v de-
notes the -frequency of the oscillation, The energy is then associated with the-midpoints

of the_ intervals-having end points: -0, hy, 2hy, 3hy, . . ., sothat

€ =‘(~1 ¥ -2-) hy -, {1.9)

Suppose that-the average energyis denoted by <e> and that :‘P;j denctes the probability
that the energy of the-oscillator is equal ty:€j, The "least prejudiced’ assignment of the

probabilities P; is that which.-maximizes the-entropy,

.
z -KZ P;laP; , (1.10)
iz 0
under the constraints,
@
2 Pp=1, (1.11)
i=0
and
P
z Pyg = <€> (1,12)
i=0

Using the method of Lagranze multipliers to solve: for-the Pj, the maximum:entropy in.
Equation (1,10) under the-constraints given by Equations {l;11)-and (1.12) yields

pP; =

"/L' ﬁ € i e
e —_—
Y &P (1.1
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and

(1.14)

where y-and Sare the Lagrange multipliers.* The function ¥ is the Massieu function-and-ie
the natural logarithm of Z, the partition function; that is,

v = InZ (1.15)

)

where

With ¢; = {1 + 1/2)hy, it-may be shown that

Z = 1/[2-sinh (Bhv/2)] . (1.16)

Although this- result is-derived for-a perfectdiatomic -gas, it appears-that-the:-same recult
holds for the perfect-crystalline sold. The Massieu function becomes

Y =1n 2 = -ln[2sinh (Bhv/2)] . (1,17)

Assumie that the solid consists. of 3N-oscillators, which.all have the same frequency,-1%
This is the Einstein solid, Adding the y-functions for the osacillators yields

3N
¥ ==) In [2 -sinh (Rhv/2)]
n=1
or simply
4= =3N1n [2 sinh {(Bh¥/2)] (1.18)

*The functional to be maximized is
7'” S 00 \ ::w ',7
F =-K ZPiInPi' ¢’(Z Py ‘1> - X( Zpiei - <€>) .
) i=0- i=1 k i=1 7

In-these terms, the Lagrangian ruultiplier is equal to the quantity (A-1). This -substitu-
‘tion serves to simplify-the-calculations in the following.developments.

el B - - " - - - L N e = T, R i §

wy
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Setting 8 = 1/(kT) for the solid gives

Then, setting -(hv/2k) = 6, the Einstein temperature, gives Bhv = 26/T, and

¥ = -3N In {2 sinh (6/T)] . (1.20)
Returning to a. single oscillator of the Einstein solid, it can be seen that

¢ = - 1n’{2 sinh (8/T}] . {1.21)

Now, for-the Py, it is seen from Equations (1.12), (1.16), and {1.20) that

which- becomes

R :’Iﬁe-
P, = [28inh (6/T)] e " !, (1.22)

and with €; = (i+1/2)hy, 1 =0, 1, 2, . . ., the-equation becomes

P, = [2 sinh(6/T)] e P T/2IBY (1:23)

From ‘the above {Equation (1.19)], it is seen that the exponent in Equation (1.23)is
Bi+1/2yhv = (2)(i+1/2) (6/T) ,
so that
P; = (2 sinh(6/T)] o 1F 1/2UBIT)2) s (1.24)
The probability P; is expressed asa function of @/ T, the ratio - of the Einstein temperature
to absolute temperature, Roughly, this distribution of Pj over i appears:-as.shown.in

‘Figure-1.1..

‘Smooth curves have been used to ‘approximate- the -discrete distribution, which:is
actually defined only-at-integral values ofi.
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FIGURE-1.1. 'PROBABILITY"DISTRI’BUTIO,N:OVER ‘THE ENERGY
STATES FOR VARIOUS VALUES OF 8/T

Now, suppose (6/.T) is fixed sothat one of the above distributions:is under-consider-
ation, At a fixed time, consider a large population. of-oscillators and select one of these
at. random. The above distribution representa the :probability of finding the randomly
sclected oscillator in -energy state €;. Then assume that if the selected oscillator is
operated over .a -sufficiently long period -of time, its energy states will:- fluctuate from
one énergy state to another in accordance: with this probability-distribution, This-con-

stitutes an "ergodic' assumption, Now, consider the:fraction of the time for which the

oscillator .is in an energy state ¢, where ‘i exceeds: some fixed-integer (say i,). The
fraction is given by the sum of the probabilities to the right of-{, in Figure 1.1. This
probability is-given by ’

< i -1 g
gz Py = 2 sinh (0/T) ) o EHIZHO/TIA

’ ) {1.25)
i=i, inly
To-evaluate this- probability, let
m _
o =(i+1/2)(6/T)(2) )
Zy = Z el (1.26)
,i,;:; i'o
and find
%0
. -i T)(2) - -(j+ 1/2)(6/T)(2
z, = c—'lo’('e/T)’(Z) 5‘ . (j+ 1/2).(6/T)(2) \ (1.27)

=0

g R gt re—n, JCE W i - T e T T —— |t — . T
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The sum has been represented above by Z so that

Z =2

(o] ’

iol8/T) (2)

or

<-io(6/T) (2)

Zy = .
© " 2 sinh (8/T) (1.28)

Thus, @
P= Z P; = 2 sink(6/T)Z, ,
i=ig (1.29)

and-elimination of Z , yields-the result:

-i5(8/T) (2)
> = e .

. - (1.30)
Next, consider two oscillators attwo absolute temperatures T} and T, with T < T,.

The right '"tails' of-the-energy distributions are denoted by P, and P,, respectively. The
ratio of thece probabilities is given by i

-io—(9/T2)?(3)7e?ioi(9/T:1) (2)

Py/Py=e
or
Py/py = ¢TiF /T (/TR (1.31)
This-equation has the Arrhenius form given by
In(Pp/Py) = -B[(1/T,)-(1/T)] (1.32)

where the slope constant, B, is equal to (i56)(2). = (ihv/2k) (2) = i(hv/k).

In.order to-identify this result with the Arrhenius model, it must be shown that the P
corresponds -to either degradation rate or-a failure rate, or both. Instead of ;ttemptin_g
a direct proof of this, the following assumptions regarding failure mechanisms are made.
The failure rate (or degradationrate) of acomponent part is proportional to the-probability
that the-energy state of ‘the part exceeds -some- fixed "abusive" energy state. After-a suf-
ficiently long time of operation, the accumulation-of time. in the '!abusive"rgn,e‘:g'yjs,ta,teq—
will exceed some ''critical value' and produce a failure:(or-degradation exceeding some-
limit), Prior tosucha failure, the''"degradation' simply-reflects the gradually accumulat-
ing time-‘in-‘the abusive state. This ''theory of failure' is-distinguished by the fact-that it
requires ''long' operatingtimes toproduce "failures', and these "failures' are "inevitable"
in ‘the sense that long cperating times combined with extremely small probabilities -of
‘abusive energy siaies are cériain to produce observabie failures. The general srincipie

T S - i - - - - g




Downloaded from http://www.everyspec.com

1-12

is suggestive of the azsumptions that frequently underlie the Poisson distribution: a very

large -number of opportunities for- an.-event of very small probability will yield actual
occurrences of the event.

The "ergodic' asaumption-and the accumulationof "abuse'-as the failur: ueory then
-establish.the connection with'the Arrhenius model,

A further formal connection withthe Arrhenius modelis given liy the following argu-
ment, The Arrhenius model. may be said to require-the "logarithin of a tirne rate' to'be a
linear function of a "reciprocal stress', Tointerpret the P as a time rate, note that after

t ‘hours of operation the component part has accurnulated. (Pt) hours of abuse. The 'time:

rate of accumulation of abuse'' ie then given by

‘hours. of abuse _ (Pt)

T = . - =
total hours of operation t =

Thus, P is:numerically-equal to the time rate of accumulation-si:2buse. Consequently, if
the Arrhemu- model holds:

InP) = A-B(1/5)) (1.33)
and
In 22 = A-B(l—[Sz) , (1.34,
where S; and 5, denote-two-generalized stresses. Then
_ .=B[(1/S2)-{1/S
(By/B)) = e [(1782)- (1/51)] (1.35)

Consider the amount of operating fime—required"tg accumulate 1 hour of abuse, This
is seen to be equalto

total hours of operation _ t _ 1
~ 'hours of abuse = Pt P
The acceleration factor may be defined as follows:
total hours-of operation at normal streés, (S1)
‘hours. of abuse-at normal stress: - (l/Pl) i 7
T BRRTVT- I SR
total hours.of operatzon -at- hxgh -stress, (Sz) (1.36)

"hours of -abuse-at-high-stress

This shows- that the equation for the acceleration factor based on-the Arrhenius -model is
also-obtained-as-a: result of these arguments,

A a——rER e = o R - L3 —— o o - Ly e 4:;'111

*
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1.5.1.3 Interpretation of the Constants of the Arrhenius Model

The slope constant, B, of the Arrhenius rate equation is proportional to thz "experi-
mental activation snergy" of a component degradation process, Although this interpreta-
tion suggests a theoreticalexplanationderivable for anindividual component, it is important
to rccognize the empirical nature of the constant B, It-is a measure of average behavior
of a set of nominally identical components and is-estimated from an experimem on a
sample of such devices. Thus, inanempirical sense, B is proportional to the incremental
energy in-excess ofa''groundenergy state' that must be acquired in order for a particular
degradation procecs to occur,

The constant A in the Arrhenius equationis.the intercept of the plot of the logarithm
of degradation rate versus reciprocal temperature, Inphysical terms, this constant could

be associated with the-frequency factor of a degradation process in-an analogous manner

to the relationship of the constant B-to activation energy,

1,5:1.4 Application of the Arrhenius -Model in Reliability Physics

The Arrhenius model has been used to relate component failure-rates and other re-
lated reliability measures to operating temperature, More recently, the model has been
used as a mathematical basis for generating and analyzing accelerated-~test.data. The
value of this-model in accelerated testing is that it provides a basis for determinring aver
what temperature ranges specific failure mechanisms are dominant, Where a single
mechanism is dominant.over-a given temperature range, "true' acceleration factors can
be-calculated relating 1 hour of component operatiorat some increased temperature level

‘to T 'hours -of operation at.a referencs temperature level,

Application of the Arrhenius model to accelerated testing is treated.in.detail in
Section 4, In that section, the properties, litnitations,.and step-by-step analysis pro-

-cedures associated-with the Arxhenius model are.described.

1.5.2 The Eyring Reaction-Rate Equation

The basic objection tothe Arrhenius equationisthat, because of its- empirical nature,
the constants of the model cannot be theoretically interpreted in terms of the.chemical

properties of the reactants involved in a given rate process, The Eyring reaction-rate

equation, because of its foundation in quantumtheory, alleviates this problem. This model
was. derived by Eyring in 1935, based on contributions to the quanturn theory of specific

‘heat., These contributions, due principally ‘to Einstein, Debeye, and Van Karman, were

developed approximately 25 years after the Arrhenius equation-was postulated.

The importance of the Evring mcdel to reliabiiity physics stems from the hope that

‘the constants of the model canultimately be related to component materials and structure.

If the hope can be realized, it is obvious that the Eyring model will ccnstitute a powerful’
tool for achieving specified component reliability through &ppggpri;tQ*isxitigl:design.

1.5.2.1 Application of Dimensional Analysis to the Eyring Model

This section includes amore precise statement of the method of-dimensional analysis
and-demonstrates- that the- Eyring model "responds' to this approach. The basic principle
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of dimensional analysis is known as Buckingham's Pi Theorem.(5:%) Tke theorem may be
stated as follows: ]

Theorem. Let xl. X o+ 4o Xy have the n'x m dimensional matrix of rank r = n-k:

P R
Qs (1.37)

where P is 2 nonsingular r x r matrix, Then, if f(x;, . .., x;;) is dimensionally homogene-
ous, it follows that

f(xl,...,xn) =0 (1.38)
is equivalent to
f(l} oo-;l, ﬂl, vy '"k) =0 N (1.39)
in which
e. e. e..
M = Xy ﬂxz i2 coo Xp m, i=1,...,k%,

are k=n -r indégendent and dimensionless quantities with the k x n matrix-of exponents
E=(-Qpl, 1) , (1.40)

where I denotes the lcx k unit matrix.
This theorem is applied to the following variables, which are listed together with

their dimensions in a system of units denoted by mass M, length L, time t,.and tempera-
ture T:

Physical Quantity Symbol [M, L, t, T] dimensions
Temperature T fo, o0, o0, 1]
Boltzmann's constant k £, 2, -2, 1]

Planck®s constant h (1, 2, -1, 0]
Time rate of degradation (failure) R fo, o0, -1, O]
Activation energy AE 1y, 2, -2, 0]

-

2
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The matrix A of dimensions is given by

(1:41}
‘0 0 -1 ©

Ll 2 -2 ¢

It is easily verified that the rank of this matrix is equal to 3, By reordering the columns
to get a nonsingular matrix in the upperleft corner of A, the following matrix. ie obtained:

2 =2 =1 . 1 P R
A= |2 -1 o rio= | , (1.42)
X . Q qrPln

where the submatrices P, Q, R, and QP-lR correspond to the-denoted portions of the
matrix A. Now, assume thatf(T, k, h, R, AE) is dimensionally homogeneous, Buckingham's

Pi Theorem leads to the concluzion that

f(T, k, h, R, AE) = 0 (1.43)
is-equivalent to
£Q, 1, 1, m, m) =0, (1.44)
where e e
e 2 e e
ﬂllelk—IZhIBleiAElS ,
and e e e e e
my = T 21k22h23R24AE 25 ,

Here, m and 7, ave independent, dimensionless quantities-having 2 matrix of exponents

given by

-apl, 1) . (1.45)

)
"
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Refarance to the partitioned form of the matrix A shows that

2. -1 0
The inverse matrix is found-to be
R SR S
2 2
-1
P = -1 -1 1 R
1 0 0
so-that
-1 _ | 1 1
QP 0 -1 0 > > 1
2 =2 0 -1 -1 1
L 1 0 0
or

Thus, the matrix of exponents iz given by

E=@ L) =[-1 -1 1 1 o
-1 -1 0 0 1
and we have
a =1 k! n! R AE® = Ru/KkT
and
mp o= TR w0 RO aE! = AE/KT.

<J
(1.46)
(1.47)
>
<y
{1.48)
(1.49)
(1.50)
(1.51)

(v IRET e |
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Consequently,

£(1, 1, 1, Rh,kt, AE/KT) = 0,

or mere simply,

f{Rh/kT, AE/KT) = 0. (1.52)

Buckingham's Pi Theorem has reduced the number.of variables from 5 tc 2. If the assump-
tion is made that the preceding equation can be solved explicitly for 1), it follows that

(Rh/kT) = g{AE/kT), (1.53)
or
R = (kT/h)-g{AE/kT) . (1.54)

In a. typical application of dimensional analysis, the functional form of g would be deter-

‘mined by-empirical means, If an exponential decay were found for g, it would follow that

~8E/kT
é

g{AE/KT) = a , (1.55)

so that

R = a(kT/n) BEOE/ET (1.56)

This equation has the form of Eyringis rate equation. Thus, it has been shown that, in
contrast. to the Arrhenius model, ‘the Eyring model is responsive to the-approach of
dimensional analysis, This means thatthe physical quantities involved in the Eyring model
satisfy a necegsarycondition for the relation tobe ''fundarental", rather than "empirical',
This fundamental nature would appeartobe essentialto success in relating the -basic mate-
rial properties of an electronic component part-to the ""physice of the aging process',

1.5.2.2 A Derivation of the Eyring Model as Applied in
the Theory of Component Failure

It has been found empirically that rates of failure of certain electronic components
can be related to the operating conditions by an equation of the Arrhenius type:

k = Ag’E/RT . (1.57)

Here, k 1s the reaction rate, A is a constant of proportionality, E is an activation energy,
R is-the gas constant, and T is the absolute temperéture. This result is of rather general
character, for it follows as a good approximationto the Eyring reaction-rate equation.(7,8)
The latter equation will be derived below in a heuristic manner sothat some of the
principles that underlie the application will be clearer.

"
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Before the derivation is given, however, the concepts ueed in.classical mechanics
regarding potential-energy surfaces should be reviewed., If a collection of particles of
some type exists, the instantanecus configuration of the system can be specified by giving
the values of the coordinates of its constituents. Since each configuration has associated
with it a potential energy, a potential energy 'contour' or ''surface' can be associated
with the entire systemn of particles. A simple graphic example of such a contour is pro-
vided- by a ball at the surface of the earth. The position of the ball can -be completely
described by specifying its distance from: the center of the earth and its position on the
surface. Its potential energy is just that due to gravity. Then, the energy contour of the
ball on the ground is just the actual earth's surface. The tendency of the ball to move
to the lowest neighboring point is an-instance-of the tendency of any system to progress
to the configuration in which its potential energy is minimized. If the system has N
particles, 3N coordinates must be specified in order to specify the configuration of the
system, The potential-energy surface will involve 3N-1 coordinates in this space. In
order to reduce the mathematical complexity that arises due to the dimensionality of the
coordinate syastem, in practice the original coordinate system, say (x1, . . .,Xp) is trans-
formed into a new system (x)',...,xy'). The x;' of the transformed system for which
the potential -energy surface is given by y = {(x;', X' o X, ). can be described as a
superposition of n independent motions in terms of the normal coordinates x;', x,',. . .,
Xp'.

Consideration of the previous example can provide further insight., Suppose the
region of the earth's surface is hilly and that the ball.is near the bottom of a shallow
depressicn on the side of one of these hills, If the ball {i.e., the system) is only displaced
{activated) a small amount from the bottom of the depression (equilibrium), it will merely
roll about within the depression, If it is further displaced {activated}, say by a series of
impulses, it will eventually have enough energy that, if it heads in the correct direction,
it can roll over the lip of the depreuidn and on down the side of-the hill. The ball, while
at the bottom of the depression, is said to be in a state of metastable equilibrium, since
it is stable under-small displacements but unstable under sufficiently large ones. It will
be in a state of stable equilibrium only at the bottomimost point on the surface.

The application of this notion to a theory of failure rates is quite direct, Consider
a typical component, It will, like any other system, have a potential-energy surface
associated with the possible configurations of its constituent particles. Suppose the quality
centrol is sufficiently ideal that, when the component is newly manufactured, it is in one
specified configuration. -After it has been operating for a period of time, its behavier
altere, indicating a change in its configuration, Eventually, it ceases to operate satis-
factorily and finally fails. In terms of its position on the potential-energy surface, it
passes from-a state of metastable equilibrium when new, to a #tate of lower energy when
it has failed, The path onthe potential-energy surface that is traced out as the component
passes through these configurations will be termedthe failure mode. If the various failure
modes that the components follow-do not differ substantially from one another, then they
can be conceived of as a sortof valley., The component starts out-in a local depression in
this energy valley., By means of thermal or other excitations, it eventually gets-enough
energy toleave the depressionand gotoa lower state — that where it is said to have failed.
(It is assumed that the failure is permanent, i.e., the component does not cure itself
spontaneously.) Suppose that, as the component progressesc down thie valley, its in-
stantaneous states are always at the lowest point of a normal cross section of the valiey.
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Such a paththen repregents anormal coordinate axis since there is no tendency of the sys-

tem to move tocither side, and a single coordinate, £, suffices to specify the motion, This
ideal failure mode is pictured in Figure 1.2,

E{&)

_ = L
€g00d e $tail
€ A 51002

FIGURE 1.2. AN IDEAL FAILURE MODE

The potential energies along the failure
mode, E(£), are plotted against the
failure-mode coordinate, £, The energy
E_ct must be supplied to the component
‘before it can pass from the state of
satisfactory performance, €,,.4, to the
state of failure, £¢,5). The-threshold of
failure is at £¢p e -

Ordinarily, since failure occurs rather slowly, it is reasonable to-assume that the
system is very nearly in equilibrium at any pcint. Then the probability distribution for
the position, £, and rate, §, of the component along its failure-mode is essentially the
Maxwell-Boltzmann distribution(9);

1 22
- /RT .
[E(8) + xm* £°) ataé (1.58)

£(¢, €) d&dE = Ne
where f(Z, é) is the probability density function, N is a normalization factor, and m#* is a
parameter related to the inertia of the component along the failure mode. The gas con-
stant R is used in (1.58) rather thanthe Boltzmann constant, x, because it is assumed that
the microscopic constiluents have energies obtained by averaging the macroscopic
3 m* £2 (the kinetic energy) over all the constituents. It is assumed
that the entire component can be divided into a number of subcomponents that are amall
macroscopically but large microscopically.

energies E(£) and

e — - - .
%~ hd k) - - - i T
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The fraction of these subcomponents within £ .4 and ggood + d¢ is obtained by
integrating the expression in (1,58) over all values of t%:e §, with ¢ held at §gq04:

® [+ o]
. . - . '2 .
S f(€gaps €)dEAE = Ne Eegood)/RT dt S . m*¢4/2RT o
oo )
/2 g }/RT
o (5RE) e e (1.59)

The fraction of the subcomponents that reachthe threshold of failure, £, multiplied
by the mean speed with whichthey{fail, is obtained by multiplying (1.58} by g , evaluating at
¢thys and integrating over all positive values of £:

L)

o ’2
. . . -E )/RT . -m*tg“/2RT
T T T T N

0 0
3/2 -E
N (2RT (€4, ) /RT
- <W) e de . (1.60)
The failure rate, k, is given by the ratio of (1.60) te (1.59). Thus,

k== e )

where the. activation energy, E,.¢, is the difference between E(£¢,,)-and E(ggood)- The
expression in (1,61) is the Eyring reaction-rate formula. Since the exponential function
varies much more rapidly with T than does the linear factor in (1.61), the Archenius
formula (1.57), is a very good approximation to (1.61) over small ranges of temperature.

It is predicted by (1.61) that.an increase in the temperature of a component will in-
crease the failure rate. The application of other stresses, such as a high voltage on a
capacitor, is represented through changes in E . The nature of these changes depends
on the manner-in which the stress affects the potential-energy surface, and generally they
need to be determined empirically.

It should be realized that the arguments presented above are not fully rigorous, and
(1.61) should not be expected to have universal validity, However, the arguments do seem
to be sufficiently suggestive of physical cases sothat it can be expected that (1.61) will be
a useful tool, at least as a firstapproximation, in the correlation of data on failure rates.

1.6 Extensions of the Arrhenius and Eyring Models

Treatment of the Arrhenius and Eyring models in Section 1.5 was concerned
principally with the derivation of the models in terms of chemical rate processes. The
extension of these models to reliability physics requires consideration of how they can be
adapiéd to speécific probiems, inciuding application io comgonent-failure data and model

e - - - —. L R i 1y, R e 1

- ¥




w7

Downloaded from http://www.everyspec.com

1-.21

formulation for simultaneous and sequential aging processes, In the following paragraphs,
these problems are formulated in terms of the Arrhenius and Eyring models.

1.6.1 Application of the Arrhenius Model to Failure Data

1.6.1.1 Application to Hazard Rates

‘The most common method for calculating accelerationfactors for components having
exponentially distributed failure times is given by:

'
T =L>\' ’ (1.62)

where L' derotes the hazard rate at some high stress level, and A denotes the hazard rate
at a normal (reference) stress level, It is shown below that Equation (1.62) for the ac-
celeration T is obtained through application of the Arrhenius model.

To obtain acceleration factors using the Arrhenius model,

R(T) = ¢AB/T

’ (1.63)
it is required to obtain a measure, £f(Q), linear over time, of the number of components
failing per unit time, For failure data a suitable quality parame:er, Q, is the cumulative
proportion failing over time, F(t). Under the assumption of exponentially distributed
failure times, it is seen that

1-F(t) = e M . (1.64)

Hence, the required transformaticn £(Q) is seen to be

£(Q) = -ln [1<F(t)] = At . (1.65)
Thus, from (1.63) and (1.65), it is seen that *
R(T)It = 2 BT . (1.66)

Now, suppose test times under a normal stress, T, and some increased stress level, T',
are such that the same degradation of quality has occurred; i.e., £{(Q) = £*(Q). Then from
Equation (1,66)

(eA-B/T) ¢ = '(eA-B/T' ) e

(1.67)
and solving for t yields
B/l 1\
\T T 1.68
t=e 'r) ¢! ( )
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Defining the acceleration factor T by the relation t =Tt', therefore, yields
1. l)
o(r -3
T =e = R(T')/R(T) (1.69)
Finally, from Equations (1.66) and (1.69),

A!
TESY O (1.70)

Thus, the ratio of the hazard rates obtained &t temperature stress levels T and T' is the
appropriate acceleration factor based on the Arrhenius modei,

1.6.1.2 Application to Weibull-Distributed Failure Data

In applying the Arrhenius model to data where times-to failure are exponentially
distributed, the required function for linear degradation.over time was easily obtained by
algebraic manipulation of the terms in the cumulative distribution function. However, for
more general distributione, this requirement is more difficult to satisfy, In these cases,
it is either necessary to make additional: assumptions or resort to approximations in
order to apply the Arrhenius model, Inihe following, it is seen-that, undar one additional
assumption, the Arrhenius model can-be-applied to Weibull-distributed failure data.

The cumulative Weibull distribution function.is given by

P
F() = 1-22 /% | (1.71)

Reducing (1.71) to obtain a linear function over time yields

. -1/a
—{-1n[1-F(t)]}l/ﬁ = q /'st . {1.72)

The left side of Equation (1.72) depends onthe -parameter 8; hence, the. equation cannot be
plotted and the rate a-1/B obtained, unless B is known and is independent of-the applied
stress,

Under the assumption that the parameter 8.of the Weibull distribution is independent
of stress over the range of stress levels involved in testing, the acceleration obtained by
testing at some increased stress level, T', can be calculated in the same manner as in
Equations (1.65) through (1.70) of Section 1.6.1,1, The resultant formula for T is

1/8 (1.73)

T = (a/a')
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1,6.2 Extensions of the Eyring Model

1.6.2.1 Simultaneous Occurrence of Eyring Processes

Currenc knowledge of the physics of the aging process of transistors suggests the
possibility that several aging processes may-occur simultaneously in the device. One or
more "surface' processes may occur, with each one having its own partition -constant and
activation energy. Similarly, there maybe several '"bulk' processes. With this conceptual

framework, the over-all aging process is a composite one made up of various sub-

processes, Much of the work on accelzsrated tests has involved the assumption that "true
acceleration' has occurred if the points- representing a sequence of stresses ''line up"
on the Eyring plct. Because of the importance of this assumption, and the possibility of
the simultaneous- occurrence of several aging processes, this subject is considered in
greater detail,

If a component quality parameter degrades according to two Eyring proceeses, and
it is assumed that the effects of the processes are independent, then the resuliant de-
gradation process will not be an Eyring process. To see this, let

kT <-AE,/kT T4
Ry(T)= A} T e 1 (1.74)
and
kT -AE>/kT
Rpy(T) = Ayt e 2 (1.75)-

dencte two Eyring processes acting simultaneously in a device. The constants A) and A,
denote the frequency factors of processes 1 and 2, respectively; and AE| and AE, denote
the activation energies of the respective processes, Then superposition of the two pro-
cesses yields

R = R, (T)+R,(T)
kT -4E,/kT kT -AE,/kT
= A e ) tA, ;oe ¢ . (1.76)
Taking logarithms yields
_ . kT[, -AEy/kT -AE, /KT
InR = in 7y [Al‘c tAye . (1.77)

It is clear from Equation (1.77) that a linear relation between In R and i/T does not ob-
tain; -hence, the occurrences of two simultaneous Eyring processes does not yield an
Eyring process (Figure 1.3). Moreover, it follows as a simple extension of the above
that the superposition of n Eyring processer will not be an Eyring process.
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R(T)

\
7 \(ﬂdT)*Rg(T) in R(T)
\\
) ~

Ry(T)

In R(T)

FIGURE 1.3, SUPERPOSITION OF TWO SIMULTANEOUS EYRINC
DEGRADATION PROCESSES

Some insight can be obtained regarding the data-analysie problem, when more than
one process is taking place simultaneously, by rewriting Equation (1.77) in the form

XT -AE)/kT A2 -(AE3-OE))/kT
R = A “‘}T'e 1 [li*"]ﬁ e (6E2-2E) ] , (1,78)
If the two processes have significantly different activation energies (i,e., AE3>>AE)), then
-the _empiﬂca.lly generated Eyring plot will yield-a curve which changes slope readily over
the temperature regionwhere the R1(T)is closeto Ry(T). In this case it is relatively eacy
to construct the two separate processes and to estimate the temperature domain over
which each process is dominant (Figure 1l.3a). Cn the other hand, if-AE| and AE} are
close in numerical value, itis seenfrom Equation (1.78) that an empirical plot of R versus
1/T may appear to be approximately linear with intercept (A + A;) and slope (AE} + AE)) /2k
(Figure 1,3b), The magnitude of the difference (AE; -~ AE)) for which such an erroneous
result may be obtained will depend on the degree of randomness in the experiment. Such
randomness may result from variations in the physicalcharacteristics of the components
under test, variation in experimental control of the test environment, and variations in
parameter measurements due to instrurnentation errors, One way of potentially increas-
ing the probability of catching an error of this type is to-extend the-temperature range
for which the Eyring plot is generated,

1.7 Summary
The treatment of mathematical models in reiiability physics in the preceding para-

graphs has centered on the Arrhenius and Eyring reaction-rate equations, Concentration
has béen on ihese pariicular modeis because of their repeated appiication in several
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sections of this Notebook, It should not be construed that there is a general lack of models
of rate processes, On the contrary, many mathematical rmodeiz have been reported in the
reliability literature, In fact, a major problem is to determine the relationships among
existing models in terms of the assumpticns from which they are derived and the range
of conditions over which they.are applicable,

In some instances, several particular models can be derived from a single general
model, For example, it is shown in Reference 10 that the Delbruck model for random
failures in semiconductor mate ~ials is '"derivable' from the expression

S = kinD , (1.79)

where S denotes-entropy, kis Boltzmann's constant,and D is a measure of disorder. This
equation arises in statistical physics fromthew. kof Boltzmann and Gibbs. From (1.79),

In

x|n

1
D
Now, defining a constant W, by

S = - wl/kT F]

-and letting D = 8/0 where 8 denotes ccrmnonent mean-life, and 0 denotes a second constant,

the Delbruck model,

Wi/kT
6=o0e ) (1.80)

is obtained. Toobtainthe Arrhenius model, it is sufficient to set G-J’ = A= R(T), Wllk = B,
and -1 = A. Thus, substituting into Equation (1.80) yields the Arrhenius model

1
R(T) = Ae 3T . (1.81)

Many models have been -developed to fit specific types of aging processes in par-
ticular clastes of components, Oxidation'processas occurring in thin-film devices are
an excellent example of thiz type of modeling. In Reference 11, a failure model for a
thin-film device iy derived, bassd on the oxidation-rate equation

R = ap? ¢E/KT

where a and -b aze constants, P is the pressure, and E is the activation free energy. On
thiz basie, it is shown that, if failure occurs when-a change in resistance, ry, is realized,
the time to failure is given by

r
A= C <1+frf> a"lpmb B/Rt (1.82)
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where C denotes film thickness, Various generalizations of this model are developed,
based on a generalized expression for the rate equation. In Reference 12, a similar
model ic derived through the equation

5 d -
Q=4a“'g‘x}'eE/kT
x

; (1.83)
where Q denotes the rate of diffusionofa gas through a metal, a is the activation distance,
and dn/dx is the concentration gradient at a distance x from the metal-air interface.
Further, in Reference 13 anexpressionfor rate of resistance change based on an oxidation
process is given as
-E/R,T
R(T) = Ae /Rg

’

(1.84)

where Rg denotes the universal gas constant. Moreover, it is shown that (1.84) can be
formulated as a special case of the equation

8 = T(atlnt) s (1.85)

which is a general relationship between time and temperature. This function has been
applied extensively in the field of metallurgy,

A third type of modeling in reliability physics centers on the requirement for analyz-
ing experimental data. In Reference 14, the mathematical properties of various generalized
reliability models are treated in depth. Particular emphasis is placed on twc models:
(1) a simple wear model and (2) the generalized Allen model. The simple weaz model is
characterized by the equation

iﬁ%ﬂﬂ= pt{t) = -W [S(t)] , (1.86)

where p'(t) denotes rate of dissipation of some attribute y of a device, and W denotes a
wear-rate function that has as its argument the stress function S(t). It is shown that the
Arrhenius function can be expressed as a special case of {1.86) wherein

W(s()] = ae B/ (1.87)

The generalized Allen model can be described interms of the ratio of the hazard function
under a stress environment, ccj(t), to the hazard function under a use-stress environment

Pult) by
g () W*[5; (1]
o ) - Wr[S (1] (1.88)

Wis defined according to(1.86), and the mathematical form of ¢(t) follows from the assumed
distribution of component failure times, Letting

wx(si(t)] = [vi@)]™ , (1.89}
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where Vi(t)denotes applied voltage as a function of time, the power-law function is obtained
that is commonly employed in capacitor-aging experiments:

9 (t) Vj (t) n
o, (0 | Vo - (1.90)
These brief examples of the kinds of mathematical models currently available in
reliability physics suggest the close interrelationships that exist. The choice of 'vhich
model, if any, is applicable ina particularinstance depends on the assumptions associated

with the model, the range of conditicns over which the model is valid, and the intended
purpoee of the analysis.
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2. Aging and Failure Mechaniams

2.1 Intr@uction

The increased requirements for long-time, maintenance-iree operation and the in-
creased complexity of electronic systems impose severe demands on the reliabiiity of
electronic component parts, In meeting these demands, the reliability of electronic parts
has been improved to the point that the determination of the levels of reliability achieved
has become a major problem.

Conventional mass-testing techniques to determine mean time tofailure of statisti-
cally significant sample sizes have become prohibitive with respect to both time and cost.
A rapidly developing electronic technology has brought about the enigmatic situation that
electronic parts are often replaced by improved models before the reliability of the parts
can be determined. In addition, since no implications as to failure mechanisms can be
made from statistical information onthe probability of failure, such reliability information
ie of little value to the improvement of reliability.

Further, mass-testing techniques are particularly suited to the determination of
failure rates that are strongly influenced by random factors. With the improvement of
electronic technology, the random factor in part reliability, which is principally due to
human error and material variability, is steadily diminished. Thus, with continued tech-
nological improvements, part reliability will become more strongly related to physical
processes and mechanisms that are common toagiven class of devices. In such circum-
stances, it should be possible to predict reliability from the basis of an understanding of
the physical processes that tend to modify the electrical output of the devices.

2.1.1 Definitions of Aging and Failure Processes

Physical processes affecting part reliability may result in the gradual change of
electrical properties, causing the device outputtodrift out of tolerance, or, upon reaching
a critical level, may result in sudden and complete malfunction, In zither case, wear-out
mechanisms maybe expected tohave beenoperative over the entire life of the davice, their
observation often depending on whether they directly or indirectly affect the operating
properties of the device. For example, the oxidation of the resistive element of a thin-
film resistor will result in a change of resistance proportional to the oxidation rate, the
value of resistance being affected from the initial operating time. On-the other hand, the
oxidation of the surface of a semiconductor maycause an increase in surface conductance,
resulting in a conducting path in parallel with that of the bulk. The surface conductance
may not become predominant until after many hours of operation and until then would not
be manifrst in the operating characteristics of the device. Thus, the early detection and
measurernent of the change in surface conduction would require special techniques in-
velving more than the messurement of normal operating characteristics. In addition,
physical processes leading toultimate failure may occur that do not affect electrical prop-
erties until the moment of failure. Such physical processes generally result in mechanical
failure of the device, i.e,, the slow formation of the Au-Al-Si eutectic resulting in the
fracture of a silicon device at the lead-semiconductor interface, or the gradual introduc-
tion of strain into a refractory material from repeated temperature excursions or vibra-
tion ultimately resuiting in fracture of the material, It is diificuit to diifereniiaie between
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these types of catastropic failures andthose not related to time-~dependent processes, such
as burn-out due to overload or fracture from physical impact,

2.1.2 Definitions of Failure Terms

Indicator of Failure. The electrical manifestation of device rmalfunction, such as

the change over time of the output characteristics under conditions of constant input and
constant stress.

Faijure Mode., The electrical property of the device from which failure is defined,
such as an open or short circuit, or excessive jeakage current,

Failure Mechanism. The basic physical process or change at the atomic or molec-
ular level responsible for the observed failure mode, such as ion adsorption which in-
duces a conductive circuit path in the surface layer of a semiconductor,

2.2 Review of Physical Processes Pertinent to Reliability Physics

A relatively small number of physical processes may account for the majority of
failures frem time-dependent phenomena in the general class of solid-state electronic
component parts. In some cases, notablydiffusionand chemical reactions, rate equations
have been developed from which the time dependence of the processes may be deduced.
In this subsection, the pertinence of different kinds of physical processes to electronic~
part reliability will be discussed, and, where appropriate, the rate equations associated
with the process will be developed.

2.2.1 Chemical Reactions

2.2.1.1 Oxidation

Oxidation originally was defined as a chemical reactionin which oxygen took part as
a reagent; however, it is also applied to many chemical reactions in which oxygen might
play no part but in which a species of reagent might loge one or more valence electrons.
For instance, in the reaction between scdiummetal and chlorine to form sodium chloride,
where a sodium atom gives upone valence electron to a chlorine atom, the sodium may be
considered to have been oxidized,

However, most oxidation reactions of significance for electronic component-part
reliability do involve reactions with either oxygen or water vapor. For instance, surface
oxides on mstal-film resistors play a part in determining the aging of the resistor.
Similarly, oxides are used as surface passivating agents in semiconductor devices and as
a dislectric medium in thin-4ilm capacitors,

— -— . - ——— - ———— - —- T A TRGEINTTE eSS

-

% J




N

wr

Downloaded from http://www.everyspec.com

2-3

2.2.1.1,1 Oxidation of Metals

Since oxidation of metals or alloys usually proceeds with the growth of an insulating
surface film, the primary result of oxidation is a decrease in cr-oss section and a conse-
quent increase in resistance, Resistivity and temperature coefficient of resistance are
not usually affected unless the oxidation is selective or unless a composition gradient
exists through the film thickness,

An important parameter inthe surface oxidation of a metal is the ratio of the volume
of oxide produced to the original volume of metal or alloy that has undergone oxidation.
For all metals, including beryllium but excluding the other alkali and alkali earth metals,
this ratio is greater than one. Consequently, the oxide formed will tend to be in a state
of compression. When, however, the ratio is less than one, the oxide formed is porous,
Under these conditions, gaseous oxygen can readily penetrate the peres to the underlying
metal, and passivation is impossible. The oxide then grows at a constant rate with timex.

It is a simple matter to f{ind the volume ratio when oniy one metal is involved.
However, in the case of alloys, the evaluation of volume ratios is more difficult. An
approximate value can be calculated from a knowledge of the comporition, and this might
suffice for prediction of the probable time law.

The observation of a linear oxidation rate might indicate that the volume ratio is
less than unity, This is true for alloys with a high content of a noble metal that does not
participate in the oxidation reaction and therefore does not contribute to the increase of
the volume of the metallic phase on oxidation,

A linear relation may also result from the formation of a volatile oxide. Even if
the oxide does not disappear as rapidly as it is formed, the continuous breakup of the
surface layer due to partial vaporization exposes new metal surfaces for attack by oxygen.
The result is the same as with porous oxide layers in that the reaction takes place at the
metal surface. This is the probable reasonfor the linear oxidation law found for tungsten
and molybdenum under certain conditions.

Wher the volume ratio is greater than unity and volatile compounds are absent, a
coherent surface film of oxide grows as a result of oxidation. If, in these layers, a
diffusion process is rate determining, then, providing no aging effects alter the diffusion

constant and the surface area remains constant, one may postulate that the rate of in-
crease of film thickness is inversely proportional to film thickness, as

x 1 (2.1)

where

a constant

H

k;

film thickn=zss,

X

*#This discussion assumes an unrestricted air ambient. In encapsulated components, such
as resistive elements of a microcircuit, oxidation vates ar=, of course, controlled by a
limited source of oxygen.
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Integrating,
x2 = kl t (2.2)
if x= 0 thent= 0,

This is the frequently encountered parabolic law of oxidation. In practice, it is
often found that an additional constant (not an integration constant) is necessary to fit
empirical data:

xtzkyttky . (2.3)
Occasionally, experimental data have been found to agree with a cubic relationship,
x3= ki . (2.4)
A logarithmic relationship, as
x=alog(bt+1l) , (2.5)

has also been found to apply in certain cases, The different types of oxidation behavior
are illustrated in Figure 2.1,

Linear
Parabolic
Cubic _ .
Oxide Logarithmic
Thickness
Time A 51004

FIGURE 2.1. TYPES OF SURFACE OXIDATION OF METALS

Parabolic oxidation rates are the most common and so far have proved easisst to
explain theoretically, The constant k) in the parabolic equation depends on temperature
according to the Arrhenius equation:

kl =Ae T , (2.6)

where B is proportional to the activation energy and can be obtained from the slope of a
iog k; versus T-! plot.
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£yring's reaction-rate tneory, whenapplied todiffusion processea through a growing
oxide film, assumes the presence of a trausition state at the top of an energy barrier
between the initial and final states of diffusion, the transition state being in equilibrium

with the initial states. Two terms areintroduced: a term E}-}‘- {(k = Boltzmann's constant,

h = Planck's constant) thatarises from the average velocity of the activated species across
the barrier and a term,

.é-E-\
e RT

proportional to the number of activated species as a function of the free-energy barrier
and absolute temperature, where R is the universal gas constant,

Since
OAF = AH -~ TAS (2.7)

where H = enthalpy and S = entropy, it can be shown that

A5 oH
kl=-§-l}:—TdZeRe RT , (2.8)

where d is the closest cation-cationdistance, assuming the diffusion of cations in the sur-
face layer is the rate-determining process. Since the corresponding experimental activa~
tion energy, Q, is related to AH by the relation

Q= AH + RT , (2.9)
we then obtain
2kT 5 AS  Q
- a5 Q| 2.16
kl - d“ exp [1 t R RT] (2.10)

2.2.1.1.2 Anodic Oxidation

A special type of oxidation often encountered in electronic components is anodic
oxidation. Anodic oxidation is a process whereby a conducting part is made the anode in
an electrolytic cell, and by passing current through che cell, the anode is oxidized as a
result of reactions occurring between the anode and anion current carriers. The oxide
film formed may be either porous or compact, depending both on the nature of the anode
metal and the composition of the elecirolyte. If the oxide is porous, its thickness usually
increases indefinitely wiith the passage of current, However, in the case of compact
oxides, which are only obtained with aluminum, tantalumn, nicbium, titanium, zirconium,
hafnium, and silicon, the oxide quickly assumes a limiting thickness that is a function of
applied voltage, temperature, and anode material. These compact oxides usuaily have
an amorphous crystal styucture and are good insulators. Recently, anodic oxidation has
been accomplished by striking a glowdischarge in oxygen at low pressure instead of using
an electrolyte.(l)
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2.2.1.1.3 Oxidation of Semiconductors

Most of what nas been discussed in the oxidation of metals applies equally t¢ semi-
conductors; however, an additional effect arises in the case of semiconductors that is of
no consequence in the case of metals, A semiconductor is usually doped with an impurity
to impart a desired conductivity; in the subsequent growth of an oxide film on the semi-
conductor surface, the concentration of impurity in the oxide film will depend on the
segregation coefficient of the impurity with respect to the semiconductor and its oxide.
Depending on the value of the segregation coefficient, the impurity can either diffuse
preferentially into the oxide or be rejected by the growing oxide film and pile up in the
region of the semiconductor-oxide interface, For instance, aluminum accumulates pref-
erentially in an oxide film growing on silicon, while phosphorus is rejected by the oxide.

2.2.1.2 Reduction

Reduction in its initial narrow sense is defined as the oppocsite of oxidation. In its
broadest sense, it involves the donation of a valence electron to an atom or ion. For
instance, many metal oxides are reducedtothe metal by heating in hydrogen; the hydrogen
is thereby oxidized to water vapor.

Reduction is not so significant a process as oxidation in affecting the reliability of
electronic component parts because of the difficulty of removing such oxidizing agents
as oxygen and water vapor from the gaseous ambient. Encapsulated electronic parts are
often sealed in inert atmospheres of nitrogen or argon, or in a reducing atmosphere of
hydrogen, to minimize the oxidation process. In a hydrogen atmosphere, a reduction
process can, of course, occur, As with oxidation, the rate laws controlling the reduction
process are of the Arrhenius or Eyring type,

2.2.1.3 Corrosion

Ancther phenomenon in electronic components dependent on the occurrence of a
chemical reaction is corrosion. In almost all instances, the corrosion process requires
the presence of small amounts of moisture. Nearly all metals except the noble metals,
when exposed to a salt-water spray, are eventually corroded and the metal chloride is
formed. Likewise, of the various fluxes usedin soldering, a number are quite corrosive,
especially in humnid environments.

A type of corrosion occurring when two different metals a2re in contact in a humid
environment is known as galvanic corrosion. When a film of water forms at the junction
of the two metals, its appreciable conductivity enables an ordinary galvanic electrolytic
cell to be set up with the higher metal in the zlectrochemical series acting as the anode.
Since there are normally return paths for the currents that flow, electrochemical re-
actions are enabled to proceed with the effect of corroding the anode metal,

Under thess circumstances, the rate at which the corrosion proceeds, although
dependent on an activation energy, may be limited by the amount of moisture available
in the ambient.

£
<>




¥ 4

Downloaded from http://www.everyspec.com

2.2.2 Lattice Imperfections

2.2.2.1 Introduction

Models of the crystal structure of solids have played an important role in the de-
velopment of solid-state physics, In these models, crystals are charucterized by a
regular spatial array of atoms, ions, or moleculee repeated periodically in three dimen-
sions to form the crystal lattice, The atoms, ions, cr molecules situated at cach lattice
point are held together by binding forces and are continuously vibrating about their
equilibrium positions.

2.2.2.2 Frenkel Defects

The concept of the periodic crystal lattice led to the successful accounting for many
of the properties of solids, such aas specific heat, X-ray diffraction, and propagation of
sound. Its application to the quantum mechanical description of electronic conduction in
solids was also successful. However, a number of physical properties defied description
in terms of the ideal crystal model; for example, diffusion or ionic conduction. It was
necessary to introduce the idea of imperfections or irregularities in the crystal lattice
to explain these effects., This is not unreasonable since the kinetic theory of matter
postulates that atoms or molecules are in some state of motion. This motion is mainly
vibrational or rotationai in solids and is dependent on ternperature. It is predicted from
statistical mechanics that a fraction of the atoms in the lattice will have values of
energy that can be sufficient to enable the atoms to depart from their correct lattice
positions.

If an atom moves into an adjacent interstitial position not belonging to the crystal

lattice, a vacant lattice site is created, and the combination of vacancy and nearbyinter-
stitial atom, first described by Frcnkel, is termed a Frenkel defect.

2.2.2.3 Schottky Defects

Defects of another type, named after Schottky who first discussed them, are often
encountered in solids whenthe formation of interstitial atoms is energetically unfavorable.
At the surface, an energetic atorn may have insufficient energy to evaporate, but still
may partially break away from its nearest neighbors without leaving the crystal surface.
A vacancy is then formed tha: may diffuse into the interior of the crystai, Thus, a
Schottky defect consists simply of a vacant lattice site,

2.2.2.4 Impurity Defects

An impurity defect results when a lattice site is occupied by an atom of an element
other than the host element for that site. Apart from either adding or removing additional
charge carriers in semiconductors, substitutional impurities distort the crystal lattice
in their immediate neighborhoods and render the formation of other crystal defects
energetically more favorable.

Ty S - ey . —— o o
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.2.2.5 Color Centers

Color centers are a type of defect found in insulating or semiconducting crystais
They usually appear in ionic crystals of binary compounds if the composition departs fru..
stoichiometry. The bestknownexamples occurinthe alkali halides, which, when heated
the vapor of the corresponding metal or halogen, acquire a characteristic absorption b.ud
in the visible region of the spectrum. There is evidence that the defects responsible -
known as color centers from their optical effects - consist either of electrons trapped at
the sites of halogen vacancies or of holes trapped at the sites of metal vacancies, These
vacancies are a result of an interaction between the heated halide and the surrouxnding
vapor, If the vapor is of the alkali metal, halogen vacancies are created in the halide;
conversely, if the vapor is the halogen, metal vacancies are formed in the halide.
Another example of color center formation occurs in the semiconductor zinc oxide which
loses oxygen on heating in vacuo and develops a yellow color associated with electrons
trapped at oxygen vacancies. With other materials, the absorption rnaximum often is
found in the infrared, and the presence of color centers only affect the electrical prop-
erties without affecting the color. Lead sulfide is an example; heating this in sulfur
vapor induces p-type conductivity, the concentration of holes increasing with increasing
vapor preasure of the sulfur. Conversely, on heating in a vacuum, sulfur is lost and
n-type conductivity eventually results.

2.2.2.6 Dislocaticus

Dislocations are ancther type of imperfection found incrystals. The term signifies
a particular type of disturbance in the crystallattice due to the relative moticn of crystal
regions either during growth or as a consequence of plastic deformation.

Two distinct types of dislocations have been recognized .- linear (or edge) disloca-
tions and screw dislocations. An edge dislocation is a one-dimensional lattice dertect
(Figure 2.2). The most highly disturbed region in the slip plane is the center of the dis-
location. The surrounding region, extending to the undisturbed part of the crystal, is
termed the dislocation field, Edge dislocations and the slip vector are mutually per-
pendicular.

Screw dislocations (Figure 2.3), on the other hand, lie in a plane parallel to the slip
vector., Slip, inthe direction of the slip vector, occurs over the whole crystal thickness so
that, instead of parallel atomic layers stacked one above the other, there is one continuous
spirailing plane.

Examination of the different pcssibilities leads to the conclusion that dislocations
must either form a closedcircuitinside the crystal or terminate at the surface., They can
then be detected by producing etch figures at their termination on the surface.

A dislocation is characterized by its Burgers vector, which is a measure of the gap
in a complete circuit traversed in undistributed material surrounding the dislocation.
This so-called Burgerscircuitis conventionallytraversed accordingto a right-hand screw
rule. The Burgers vector is usually related to a translation vector of the lattice and
coincides with the slip vector if the dislocation is caused by slip.

Dislocations may meoeve in a crystal, either in the slip plane or at right angles to it.
When a dislocation moves in the slip plane, the slipped region grows and plastic deforma-
tion results, When a dislocation moves at right angles to the slip plane, transport of

- -
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matter, i.e,, diffusion, occurs, The half-plane of atoms tends to complete itself by the
addition of an interstitial atom or an atom from the next lattice site. The incomplete
atomic plane may also shrink by losas of the edge atom to an interstitial site or to a
vacancy, resulting in movement of the dislocation in the opposite direction.

< Slip vector
A
! A 81008
FIGURE 2.2, CROSS SECTION OF AN FIGURE 2.3. VIEW OF A SCREW
EDGE DIGLOCATION DISLOCATION

The dislocation, one
end of which is vis-
ible at A, is parallel
to the line BC,

2.2,2.7 Twin Boundaries

There are two types of twin boundaries: "first ordex" or coherent twin boundaries
and "higher order" or incoherent twin boundaries. In a coherant twin boundary, the com-
mon boundary plane is of (111) type, and atoms on either side of this boundary bear a
mirror~image relation toc each other, No dislocations, or broken or distorted bonds are
required, and the assocziated energy necessary to create thig defect is low -~ hence, its
reiatively frequent occurrence,

A frequent exainple of a higher-order twin boundary - termed a "“second-order

twin join" - is the interface between two grains that bear a nonparallel first-order twin
relation to a third absent grain. The comnmon plane is of (221) type.

2.2.2.8 Stacking Faulis

A stacking fault is a disturbance of the regular crder in which lattice planes are
stackzd upon each other in order to form a given crystalline lattice, which, in the case
of silicon or germanium, is the diamond structwre, The (111} crystallographic planse
are stacked in an order thatcanbza deacribed as ABCABC,,. corresponding to the different
atomic coordinates in sach consecutive layer, Ifa plane should be missed, as in the cape
of ABCABABC, an "“intrincic" fault results, Anextra plane, as in ABCABACABC, results
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in an "extrinsic" fault. Unlike edge dislocations referred to previously, which are one
dimensional in extent, stacking faults extend in two dimensions. Stacking faults are
bounded by partial dislocations, Partial dislocations have fault vectors that are not
cemplete lattice vectors, contrary to the situation for normal dislocations. A special

type of partial dislocation, termed a 'stair-rod" dislocation, is formed when a fault
bends from one (111) plane into another,

2.2.3 Surfaces

A crystal surface car properly be clasaified as a type of crystalline imperfection,
since it is a boundary at which the regular three-dimensional array of the crystal lattice
is terminated. Those atoms in the surface regions are, therefore, exposed to 2 somewhat
different environment of neighboring atoms than those in the bulk of the crystal, Conse-
quently, it is not surprising to find that, whereas in the undisturbed crystal lattice of the
bulk of a semiconductor or insulator, values of electron energy between the valence and
the conduction band are not allowed, the disturbance in the lattice at a surface introduces
a numbe: of allowed energy levels within the normally forbidden region, Impurity atoms
and lattice vacancies on the surface will also produce additional localized esnergy levels
in the forbidden zone similar to those produced by the same defects in the bulk of the
crystal, Surface states can be related to different causes, They may resuli from the
interruption in the periodic potential of the crystal lattice(2), from dangling bonds(3),
from surface atoms, or from a change of crystal structure in the surface layer(4),

One might expect that the number of surface levels would be of the same order of
magnitude as the number of atoms classifiable as surface atoms. According to the
degree to which these possible surface levels are occupied, the surface acquires a
trapped surface charge. Consequently, a space-charge region develops beneath the sur-
face. The depth of this space-charge region will vary with crystal resistivity and the
surface~charge density, The charge in the space-charge region must also be equal and
opposite in sign to the charge on the surface,

Figure 2.4 illustrates four possible conditions for an n-type semiconductor as the
charge on the surface is varied from positive to negative:

(a) An n-type accumulation layer is formed as a result of the attraction of
electrons by the trapped surface charge,

(b) The 'flat-band'' condition corresponds to zero excess charge on the sur-
face and no associated space charge,

(c) A depletion layer results from the repulsion of electrons by the trapped
negative surface charge,

(d) An inversior layer results when, for large negative surface charges, a
sufficient concentration of holes is attracted near to the surface region

to invert the conductivity from n to p.

Corresponding diagrams can be drawn for p-type material,
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FIGURE 2.4, EFFECT OF SURFACE CHARGE ON THE ENERGY
BAND OF AM n-TYPE SEMICONDUCTOR

These considerations have so far been applied to atomically clean semiconductor
crystal surfaces in a perfect vacuum. However, a cimilar situation prevails when the
cryetal is located in a gaseous atmosphere oris in contact with a crystal of another mate-
rial, Even at pressugres in an ordinary high-vacuum systern (10-4 to 10-6 torr), a mono-
layer of gases such at water vapor or oxygen will form on an exposed surface at room
temperature in a matter of seconds. We must, therefore, consider the situation when the
semiconductor crystal lattice is joinad by a relatively discontinuous transition region to
an alien crystal lattice of oxide, metal, or semiconductor,

In general, at equilibrium, a net flow of charge from one matarial to the other wili
have taken place., This results from the materials having different Fermi lovels with
respect to the standard zero point energy. In the material with the higher Fermi energy,
a net loss of electrons occurs until its Fermi level becomes equal to that of the other
material, The energy required to remove an electron from the Fermi level to a point of
zero electrical potential is referred to asthe work function of the material, This concept
is usually encountered in connection with the thermionic emission properties of metals;
{t is well known that the work function can be changed by contamination of the surfacs,
and advantage i{s taken of this fact when evaporating a monolayer of cesium metal on
tungsten to reduce its work function,
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The influence of the relative work functions on the energy bands at the intexrface
between a inetal and semiconductor is shown in Figure 2.5,

il
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FIGURE 2.5. ENERGY-LEVEL DIAGRAM OF METAL-
SEMICONDUCTOR INTERFACE

Because of the excessive density of conduction electrons in the metal compared
with that in the semiconductor, the exchange of electrons has a negligible effect on the
energy of the Fermi level in the metal. Thus, the Fermi level in the semiconductor as-
sumes the energy of the Fermi level in the metal, and the energies of the conduction and
valence bands are modified by the ionic charge necar the interface resulting from the
donation of electrons or holes to the metal,

It will be seen in the first case that the surface region of the semiconducter ac-
quires a poszitive charge and in the second case, a negative charge. Similar situations
are found when the semiconductor has a coating of oxide,
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Any disturbance inthe equilibriurn filling of the surface states, as already discussed,
is remqved within microseconds; these states are correspondingly known as fast states,
A second group of rtates, termed slow states, has been observed on etched germanium
and silicon surfaces, Their densities are larger than fast states, and associated relaxa-
tion times may vavy from seconds to hours. These slow states seem to disappear when
an oxide film is grown on either silicon or germanium. Their origin is notr well under-
stood,

2.2.4 Diffusion

The phenomenon of diffusion is a consequence of the kinetic nature of temperature,
as a regult of which any localized high concentration of a given species of material in
contact with another tends to reduce the concentration value. Diffusion phenomena are
governed by Fick's two laws. The {irst law states that the rate of flow per unit area per
unit time is proportional to the concentration gradient and in the opposite direction:

J=-INC , (2.11)
where

J = flux

D = diffusion constant

C = concentration.

In cgs units, the diffusion constant has the dimensions of em? sec-1,

The above equation is not always valid; the relation between the flux and concentra-
tion gradient may depart from linearity. In that case, in order to use an equation of the
form above, it is usual to regard D not as a true constant but dependent on concentraticn.

Fick's second law is readily derived from the first by considering the rate at which

the concentration ina small elementary volume subject to a concentration gradient changes
with time:

o/
Q

2. [3¥c K dc Fc 212
t"DVC'D<axl+ay2+azZ> . (2.12)

This assumes an isotropic diffusion medium, If the medium is not isotropic, one can write

ac 3cc Xc dcC
—-—r =z D +Dy - + D, —= (2.13)
At X Xt Yyl * 322
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Then, after 100 .seconds, this particular concentration level has reached:a depth of 46pu
from the surface; after 104 seconds, 430y, Iron.is a very rapid diffuser in silicon.

2.2.4,3 Diffusion Mechanisms

Diffusion of an. impurity through a solid may occur as the result of a. number of
different mechanisms. It isimportanttoappreciate that the value of the diffusion constant
for a given matrix material is dependent on the mechanism of diffusion, The diffusing
atoms may move through the lattice occupying interstitial sites between-the host atoms,
or they may replace the host atoms and move throngh the lattice by occupying vacant

lattice sites. Diffusion constants are usually much higher for interstitial diffusion than
for substitutional diffusion.

In-certain cases, such as zinc in gallium arsenide, diffusion takes place btoth.inter-
stitially: and substitutionally, The concentration of .interstitial atoms depends on the
concentration of substitutional atoms, and the ratio of interstitial to substitutional dif-
fusion constants is very high, A mathematical modei has been developed for the-dual
diffusion- mechanism, which is. in excellent agreement with experiment.(s) Figure 2.6

shows the experimental and theoretical diffusion curves of zinc into gallium arsenide
at 1000°C.,
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FIGURE 2,6, EXPERIMENTAL AND THEORETICAL VARIATION OF ZINC
CONCENTRATION WITH DISTANCE AT 1000°C.IN-GaAs.

Also, the diffusion-mechanism will be affected in the crystalline region around dis-
locations in single-crystal solids and around grain boundaries in polycrystalline solids.
This occurs. as a consequence of the distortion of tha crystal lattice in these regions,
which, in the case of lattice expansion, will facilitate the passage-of the dizfusant atoms
somewhat more readily. Thus, enhanced diffusion along an edge dislocation-can-destroy
the uniformity of a desired diffusion front upon which the correct functioning of many
semiconductor devices depends,
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-Grain-boundary diffusion occurs more readilythanlattice diffusior {e.g., the -activa-~
tion energies for grain-boundary and lattice diffusion of thorium in- tungsten((’); for
instance,. are 90 ard 120 kcal -per mole, respectively).

Since atoms- or iions .can move through-a solid lattice or along a grain boundary, it
is not difficult to- imagine more rapid migration along surfaces, Surface diffusion as.a

phenomenon is most frequently-encountered in the condensation-and aggregation of films

deposited on solid surfaces, Consequently, it plays an-important part in determining
whether a thin film will be amorphous, polycrystalline, partially oriented, or fully
oriented (epitaxial),

2.2.5 lIonization

Since -ionization involves the removal of -one- or more valence electrons from an
atom, it requires the availability of -a certain minimum anergy - the ionization energy.
The-temperature at which normal electronic-components operatecorresponds-to-kT values

-of less than 0.05 electron-volt. Although thir energy is sufficient to ionize certain im-
purity atoms inthe lattices-of semiconductors, most gases require.at least 1 electron-volt,

Therefore, apprec@a.bl,e ‘thermal ionization: of the gas ambient.in a- semiconductor device,
for instance, would-not be expected to.occur,. However, the necessary energy for-ioniza-
tion can be supplied in- other ways, such as by-applying a sufficiently high-electric field

-or by collision with.energetic nuclear irradiation. Where-the-ionization rate is tempera-
‘ture. dependent, it is an activated process, with the activation-energy equal to the-ioniza-
-tion energy.

2.3. Review of Failure Modes in-Selected Electronic Parts

2.3,;1 ‘Semiconductor Devices

.2.3.1.1 General Aspects -of Semiconductor-Device Reliability

From the inception-of the transistor, semiconductor devices have always appeared

inherently capable of much .greater reliability than vacuum. tubes, since there-are no

obvious parts to wear ocut., There are ncapparent "wear-out" modes in good semi-
conductors- properly used. One could conclude: that such: iters would survive until the.
equipment becomes obsolete, The level of reliability-then would depend on-the ability to
develop adequate manufacturing controls, screening techniques, and care in application,

Semiconductor devices with- the highest removal rate from field-use-are-mixex
g;’-ys,ga);s{‘.") Field reporting of causes of failure -or removal is limited to broad cate-
-gories. A typical-distribution=for-field removals f'u,”—):'

Electric-tolerance- 25-.per cent
‘Shorts. - 10 per-cent
’O;;efu 15 per-cent
‘Mechanical 7 10 per cent:

‘No.apparant defect 40-per-cent.
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The achievement of high reliability in-semizondu tor dsviczs starts at the d2aign svage,
involves all phases of manufacturing, and req:ires -proper -application by ths user,
EZfective quality-control methods in manufacturing include adequats control of msterials
and processing, proper calibration and -use .of test equipment, and the use of faijure-
anzlysis :techniques. Determination of the. mechanism of a i'epetitiouz% zailvie mode
permits correction.of the manufacturing process that causes or contributes to-cthe failure..
This procedure should eliminats the failure mode and result in-a more reliable device.

Three aspects .of a semiconductor device play a role in determiring its rellability:

{1) Bulk-material properties, c¢.g., the effect of dislocations, twin boundaries-
or stacking faults in the starting material, uniformity of doping level,
presence of strained material, spurious impurities, etc,

(2) Surface phenomena

(2). ‘Defects of a.mechanical:or miscellaneous. nature.(—s)
The-two latter aspects.are illustrated in Tables 2.1(9) and 2.2, which are intended to-give:
a general feeling for the type of problems commonly encountersd in practice. -Failure
Modes 1 «nd-J in Table 2.2 are not due to any lack of reliability in the device, but are a

result of subjecting it to impropgr ‘bias conditions - imposed either through human error
or by faulty equipment.

2.3.1.2 Review-of Construction of Various Semiconductor Devices

In. order to fully appreciate the modes -of failure in semiconductor devices, it is
necessary to have some knowledge of the chemical nature and geometrical configuration
of the constituents of the devices, Therefore, a revisw is given below of‘the-different'types:
of semiconductor devices produced since 1954,

All transistors in use todayare madefrom silicon or germanium. Gallium arseride
transistors -have been made but are not available commercially. Silicon is preferred for
most industrial and military applications, notably in computer switching. However,
germanium transistors stillhave some use’inindustrial or militaryapplications, especially
when high-frequency operation ig required or-when design has been frozen,

Transistors may be conveniently classified according to the manner of formation
of the emitter-base .and base-collector p-n junctions. The- junctions can be distinguished
as surface barrier, grown, alloy,-or diffused.

2.3.1.2,1 Surface-Barrier Transistors

The surface-barrier trancistor consists of a chip of n~type :germanium, into-each
side of which pits have -been: -electrochemically etched, A -metal, usually indium or
cadmium, is then plated into each pit, as in Figure 2.7, Etching and:plating are se-
quentially accomplished electrochemically by rmeans of jets of electrolyte impinging
simultancously on sach side of the chip, and are conirsiled by the polarity of bias-applied-
between the electrolyte and the germanium, The thin germanium section, typically 4
‘thick, serves as a base resgion, while the plated:-dots function as emitter and collector,

o
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FAILURE MODES FROM LIFE-TEST FAILURES

OF MESA TRANSISTORS

Internal Defect

Possible Production Fault

B
4
TABLE 2.1,
) External Problem
Open, no continuity
<
<r

Low BVCBO or EBEBO

C-B or E-B diode
shorts

High VCE (sat) or
VBE(sat)

l,ead wire-metal or metal-

silicon bonds open

Wire leads open

Wire off post

Die off header

Surface leakage

Sucsface breakdown

Bulk leakage

Presence of inversion
lavers

Bulk leskage

Degradation of hpp

Increase of emitter or
base resistance

Poor alloying; ir .proper surface
cleaning

Electrical overload; work hard-
ening of lead wire under
vibration

Poor weld

Improper clearing of die or
header; poor header plating

Contamination on junction; bad
hermetic seal

Conducting particles across
junction; improper junction
cleaning

Conduction through a flaw in the
Si -~ usually a crack

Unknown
Electrical overload; surface or
internal shorts

Migration of metal atorns; change
in surface state

Bad metal surface, pocr lead
attachment
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FIGURE 2.7. STRUCTURE OF SURFACE-BARRIER TRANSISTOR

2.3.1.2.2 Grown-Junction Transistors

Grown-junction transistors are normally in the shape of a bar with the transistor
base in a transverse plane at the center, as in Figure 2.8. The cross section of the bar
varies from 0.2 to 0.5 mm on a side, The bars are cut out of a single-crystal ingot into
which correctly doped regions for emitter, base, and collector have been incorporated
by a number of technigques, such as rate growing, melt back, double doping, and grown
diffusion,

A
s

Emitter 7 Collector

N

Base

FIGURE 2.8. CROSS SECTION OF CRYSTAL BAR AT THE BASE
CONTACT IN A GROWN-JUNCTION TRANSISTOR

Whereas the base widths of grown diffused devices are typically 2 to 3y, they might
be 10 to 15 for rate-grown, melt-back, and double-doped devices,

The main problem in all grown-junction devices is the contact to the base region;
since the minimum diameter of a practical contact wire is about 25, there will be overlap
onto emitter and collector regions. Toprevent shorting, the composition of the wire must
be such that p-n junctions are formed between the wire and the emitter and collector
regions,

2.3.1.2.3 Alloy-Junction Transgistors

Alloy-junction transistors are made by placing an appropriateim=tal in contact with
the semiconductor base and heating both to the eutectic tempera'ure of the matal-
semiccnductor alloy. A common example is tnat of indium on n-type germanium, as
shown in Figure 2.,9. The combination i¢ heated to 500°C for perhaps 1 minute, and the
liquid alloy formed contains about 10 per cent gerrnanium. On cooling, the germanium,
highly doped with indium, crystallizes outas a single-crystal layer. Thus, a junction with
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the coriginal n-type base material rasults, Some indium diffusion may occur in the solid
beyond the liquid-solid interface, d:pending on alloying time and temperature, However,
the distance of diffusion is small in compai:ison with he alloy depth.

% Collector
AN
4

Base >

Emitter A 8100%

FIGURE 2.9. CONFIGUJRATION OF AN ALLOY-JUNCTION TRANSISTOR

Beth emitier and collsctor junctions are formed in this manner, with the collector
dot usually about twice the size of the emitter dot, Aluminum is commonly used to form
an alloy junction with n-type silicon, and antimony is commonly used with both p-type
silicon and p-type germanium.

2.3.1.2.4 Microalloy Transistors

Essentially s variation of the alloy-junction transisicr, the microalloy-transistor
is made by formiiga surface-barriertransistor and then alloying the emitter and collector
dots to about 0.1y depth in the n-germanium base,

2.3.1,%.5 Surface-Alloy Transistors

In the surface-alloy transistor, n-type siliconis chemically etched to form locations
for the emitter and collector. Aluminum is then vacuum dsposited into the depressions
and alloyed by appropriate heating.

2.3.1,2.6 Diffused-Junction Transistors

Graded junctions, which have better high-frequency characteristics than step junc-
tions, can be obtained by the diffusion of selected impurity atoms into a semiconducter
wafer, These impurities are introducedatthe surface of the wafer, either from the vapor
phase ¢r from a sclid containing the diffusant. Elevated temperatures and long diffusion
times are needed.

In germaniim, usuai donor impurities are arsenic or antimony; acceptor diffusants
are commonly gallium or indium. Donorsdiffuse more rapidly than acceptors in german-
ium,. For silicon, the reverse istrue;acceptors diffuse more rapidly than donors. Usual
donore in silicon are phosphorus or antimony; acceptor impurities are boron or aluminum,

The substrate is normally the collector. The base is formed by diffugion of an
appropriate impurity, and the emitter can then be formed by alloying, Alternatively, the
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emitter and base can be formed in one step by taking advantagu of the different diffusion
rates of donors and acneptors.,

2.3.1,2,7 Double~Diffused Transistors

In these devices, a base is formed by diffusion into a collector substrate, Then the
device is masked with oxide to reveal only the desired emitter region, and a second dif-
fusion step is performed to form the emitter, However, while this process is relatively
easy to carry out with silicon, since it has a stable oxide useful for masking against in-
diffssing impurities, it is not used on germanium devices since germanium lacks such
an oxide,

2.3,1,2,8 Triple-Diffused Planar Transistors

Triple-diffused transistors were designed to reduce collector series resistance and
yet maintain high base-~collector breakdown voltages. As the name implies, there are
three different steps. First, the substrate is diffused so that the surface is degenerate,
and a concentration gradient is set up inside the chip. Next, the degenerate region is
lapped off from one side, and emitter and base junctions are diffused into the lapped sur-
face, as shown in Figure 2,10,

Base
Collector Emitter
\ -/ Lopped
N’ surface
N
N +

FIGURE 2.10, STRUCTURE OF A TRIPLE~DIFFUSED TRANSISTOR

2.3.1.2,9 Alloy-Diffusad Transistors

Alloy-diffused transzistors are formed by alloying a pellet of aluminum containing
1 per cent antimony and 2 per cent gallium into either n-type germanium or p-type silicon,
The high-temperature portion of the process is maintainedlong enough to allow the faster-
diffusing impurity to diffuse into the collector and form the base region., To permit contact
to the base region, a thin surface layer must be diffused into it.

2.3.1.2,10 Drift and Microalloy-Diffused Transistors

The drift transiator and microalloy-diffused transistor are made by first diffusing
fromthe emitter side of the chip, thua grading the bulk matcrial, The emiltier and coilector
are then formed by conventional alloying techniques, forming a p-n-i-p device. The im-
purity gradient across the base regionresults ina built-in electric field, which assists the

transport of charge carriers across the base,
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2.3.1.2.11 Mesa Transistors

In the development of high-frequency and switching transistors, the time constant,
RBCC, must be as small az possible, Rp is the base lead resistance. It can be kept
smail by control of the impurity level and concentration gradient in the base region.
Cc is the capacitance of the collector-base junction and can be reduced by reducing the
Junction area, This is done in the mr»a transistor by etching away the corneras of a
completed double-diffused or dilfused-alloy transistor chip to form a mesa structure,
as shown in Figure 2,11,

FIGURE 2.11. STRUCTURE OF MESA TRANSISTOR

2.3.1.2.12 Planar Tranaistors

In {abricating a planar transistor (see Figure 2.12), the silicon is first coated with
a silicon dioxide film by high-temperature oxidation, Using photolithographic techniques
for masking, windows are etched in the oxide by hydrofluoric acid. Boron and phosphorus
are diffused through the windows to form the base and emitter junctions. Contact to the
base and emitter regions is made with vacuum-evaporated aluminum. Since the inter-
section of the junctions withthe surface occurs under the protective oxide coating, surface
leakage currents are kept to very small values. Also, small values.of collector-base
junction capacitance for high-frequency performance are readily obtained by this technique.

SiO2

Collector

A 31010

FIGURE 2.12. PLANAR TRANSISTOR SHOWING OXIDE PASSIVATION
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2,3,1.,2,13 Epitaxial Transistors

If the collector junction is tohaveahigh breakdown voltage, the collector must be ¢ ¢

high-resistivity material, However, this causes the collector series resistance to b
undesirably high, This problem was solved in epitaxial transistors by starting with a
low=-resistivity substrate and depositing a thin film of high-resistivity material onto the
substrate by chemical vapor deposition. The deposited film is epitaxial, that is, it is
single crystal and adopts the crystal orientation of the underlying substrate, Base and
emitter regions are then diffused sequentially into the epitaxial layer by means of planar

or mesa techniques, The triple~diffusion technique is an alternative method for reducing
collector series resistance.

2.3,1.2.14 Unijunction Transistors

The unijunctien transistor, also known as the double<base diode, is made from a
single n-type serniconducter bar, usually silicon, with ohmiccontacts to each end forming
the two bases (see Figure 2.13)., The emitier is formed by a single alloyed junction on

-one aide of the semiconductor bzr at some point along it, Current flowing from one base

contact to the other induces a potential drop along the bar, The emitter junction may e
either forward or reverse biased, depending onthe relative emitter potential with respect
to the potential of the bar in the region of the alloy.

Emitter

Base | " k= Bgse 2

FIGURE 2.13. UNIJUNCTION-~TRANSISTOR STRUCTURE

2.3.1,2.15 Field-Effect Transistors

The field-effect or unipolar transistor depends for its operation upon the modulation
of the conductivity of a narrow channel by the depletion layers of two reverse-biased p-n
junctions (see Figure 2,14), The width of the depletion layers is controlled by applying a
bias to the junctions. Since the source-to-drain current does not flow in the depletion
layers, the cross section of the channel available to mobile charge carriers can be greatly
varied by biasing the p~n junctions, The channel can, in fact, be completely 'pinched off"
by application of sufficient bias sothatthe two depletion layers meet, The channels can be
prepared either by alloying or by diffusion techniques.

Gate

Source &—4 b= Drain
% Gofe A SOl

FIGURE 2,14, FIELD-EFFECT-TRANSISTOR STRUCTURE
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In the MOS (mstal-oxide -semiconductor) device, channel modulationis effected from
one side only by the bound charge of a charged dielectric film of thermally grown silicon
dioxide, on the outer surface of which the gate electrode has bzen evaporated. This type
of operation is described as a depletion mode of operation, since the application of bias
serves to widen the depth of the dspletion layer in the channel.

Another MOS device has been described that operates in what is termed an enhance-
ment mode, In this case, source and drain are not connected by a channel when the gate
bias is zero, Considering n-type source anddrain regions in p-type material, interposed
between these regions is the gate electrode onthe surface oxide, as already described for
the depletion-mode MOS. By applying pcsitive bias to the gate, an n-inversion channel
can be generated in the asurface of the p-regicn; the gate is designed to overlap source
and drain areas so that the generated channel extends from source to drain. The dimen-
sions of the channel, and hence its resistance, are dependent on the gate bias applied. This
mode of operation is referred to as the enhancement mcde, since the gate bias serves to
increase the conductance between source and drain rather than to reduce it,

Although enhancement mode devices using n-type material are thecretically pos-
sible, all such devices described to date have been constructed of p-type material.

2.3.1.2.16 Point-Contact Diodes

Historically, the firat semiconductor devices, point-contact diodes, are now only
used for microwave mixing purposes. N-type single crystals of both germanium and
silicon are used. The point material may be tungszten, phosphor-bronze, or platinum-
iridium. These diodes cannot withstand high power,

2.3.1.2.17 Gold-Bonded Diodes

The gold-bonded diode has replaced the point-contact diode in computer logic
circuit applications. In the gold-bonded diodé, a preformed whisker of gold is pressed
against an n-type germanium chip and alloyed intc the germanium by controlled puises
of current. The gold whisker is doped with 1 per cent galliura, These diodes are used
in fast-switching applications.

2.3.1,2.18 Alloyed and Diffused Diodes

Practically all the techniques used withtransistorsalsohave been used with diodes.
Thus, in al.oy-junction diodes, an indium dot may be alloyed with an n-type germanium
die or an aluminum dot with an n-type silicon die. Likewise, there are diffused diodes,
mesa diodes, planar diodes, and epitaxial diodes.

2.3.1.2.19 Tunne!l and Backward Diodes
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In addition to being heavily doped, tunnel diodes must have an abrupt junction, This
is normally accomplished by alloying., For example, using n* germanium doped with
gallium, a dot of arsenic-doped lead is alloyedto the germanium to form the tunnel diode,

2.3.1.3 Influence of Crystal Imperfections on
Semiconductor-Device Reliability

The subject of crystal imperfections has been discussed in Section 2.2.2. The im-
plications of these imperfections for semiconductor-device reliability have been studied
in the case of ¢dge dislocaticns, twin boundaries, and stacking faults. The imperfections
will be discussed in that oxrder.

2,3.1.3,1 Edge Dislocations

An illustration of an edge dislocation in a primitive cubic lattice has been given in
Figure 2.2. Insertedintoaninitiaily perfectcrystal is an extra half-plane of atoms, which
terminates at the dislocation. Silicon and germanium have the more complicated diamond
structure, and the arrangement of atoms around the dislocation line has not been decided
beyond doubt.

Since it is possible to obtain siliconcrystals that are free of dislocations(q), it might
appear that, for highly reliable devices, one should work exclusively with such material,
Unfortunately, improved device parameters have not resulted fromusing dislocation-free
gtarting material, since the processes of diffusion(19:11) and oxidation(12) introduce
dislccations into the crystal. However, it hae been found that the direct slectrical effects
of dislocations on device properties are surprisingly weak. Indirect effects, however, may
be appreciable,

Although relatively high concentrations of diffusing impurities are necessary to cause
ndiffusion-induced" dislocations, such concentrations are commonly used in the production
of semiconductor devices, Other processes, suchas alloying, thermocompression bonding,
and scribing, can also introduce damage and dislocations into the crystal lattice,

The fact that edge dislocations have negligible direct electrical effects has been
noted from the properties of p-n junctions containing a small-angle grain boundary that
traverses the junction region.(n»“) A srnall-angle grain boundary consists of a regular
array of very closely spaced edge dislocations, No significant differences were {ound
between junction characteristics of diodes containing grain boundaries and others from
the same wafer. However, {t has been zstabliched that dislocations reduce the lifetime
of minority carriers.(13)

Edge dislocations attract impurity atoms and surround themselves with a concentra-
tion of these impurities, This results fromthe regions of dilatation and compression caused
by the dislocation in its immediate neighborhood. Atoms larger than silicon then tend to
concentrate in the regions of dilation, while smaller atoms are more easily accommodated
in regions of compression. Impurity atoms alsodiffuse faster along edge dislocations than
through an undisturbed lattice.(14,15)  Consequently, a small-angle grain boundary will
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destroy the uniform front so often desired in diffusion processes. An example is shown
Figure 2,15, In devices with narrow base regions, this could result in collector-to-
emitter shorts if the "spike' extended through the base region,

Diffusion
.‘; //frcnt
e I U el
IO;J.I
——r
100 w A 21012

FIGURE 2.15. DIFFUSION ENHANCEMENT BY THE DISLOCATIONS OF A
SMALL-ANGLE GRAIN BOUNDARY

The beveled and stained section shows a spike in the
diffusion-front profile.(20)

In principle, isolated dislocations should have similar but much less pronounced
effects- than those in the -dislocations at the grain boundary. However, even slight non-
uniformity in doping can have serious consequences, especially in high-frequency units
with base widths less than ly. Suchnonuniformities in the impurity-concentration profile
can lead to local concentrations of current through the base, resulting in '"hot spors’ that
limit transistorveperation.(lé)

Apart from causing nonuniforrn concentration profiles, there is another serious
censequence of impurity buildup around dislecations. Contaminants, especialiy heavy
metals, are frequently present in semiconductors. So long as these are present in solid
solution, they are comparatively innocuous, However, dislocations provide nuclei upon
which the dissolved metals may precipitate., Should metal precipitates form in a p-n
junction, the effect is immediately obvious.(14,17,18) The reverse current is increased,
perhaps to the point where the device is useless, The breakdown characteristic also
becomes soft,

Twin boundaries alsc provide favorable nucleation sites for precipitates and have
been shown to be responsible for soft p-n junction characteristics,(14:19) Thus, the
precipitation of dissolved impurities at crystal defects can lead to failure of initially
good devices, Operating temperatures are always below those required for appreciable
diffusion of standard donor or acceptor impurities, but fast-diffusing interstitial metals
can migrate freely enough, especially along dislocations, to result in harmful concentra-
tion of precipitates during the device's lifetime. Precise numerical data on diffusion
constants for these metals are lacking.

There is evidence that the concentration of diseclved oxygen can build up around a
iaa ban nhatawwaltaisr affarta (14,20) Ck H s
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of the photoresponse indicate that the electrical nature of different boundary dislocations
is variable, These effects parallel those foundin crucible-grown silicon(22,23,24), which
contained up to 1018 atoms of oxygen/cm3. The oxygen existed as diesolved SiO4* com-
plexes or as precipitated SiO, aggregates.

Thusy, a dislocation must be considered in combination with its local impurity en-
vironment in determining its over-all influence on device properties.

2.3.1.3.2 Twin Boundaries

Coherent twin boundaries exert no harmful influence where they intersect a p-n
junction.(14,1%) However, '"softness'' in junction characteristics due to precipitation
of metallic impurities has resuited where an incoherent twin boundary intersecicd a
junction. Such devices can be made hard by gettering with "glassy" oxide layers(”)
when this softness iz due to metallic precipitation,

Noevidence of diffusion enhancement along (221) twinboundaries has been found.(14,19)

2,3.1.3.3 Stacking Faults in Epitaxial Layers

A specific type of lattice defectfrequently observed in epitaxial silicon is the stack-
ing fault. This defect is not commonly found in crysta.g grown from the melt.

The geometry of fault structures depends on the orientation of the substrate. On
a (111) plane, the faults grow as tetrahedra with the apex at the substrate-film interface.
Consequently, with increase in filim thickness, this tetrahedron grows in size, a fact that
has been used in determining film thickness.{14,25) The intersection of film surface and
‘tetrahedron results in triangular figures. Ribbonlike figures are sometimes observed,
and are considered to be stacking faults bounded by dislocations,

The total lattice mismatch at a stacking fault is similar to that of a coherent twin
boundary., Since very little deleterious influence is found for these boundaries, it is to
be expected that similar results hold for the stacking-fault planes, No enhancement of
diffusion nor any detrimental effects in p-n junctions associated with stacking faults have
been obgerved.(14,26,27,28)

The effects of the associated stair-rod dislocations on p»n junction properties are
expected to be more pronounced. It has been observed(26,27,28) that, on application of
reverse bias to a p-n junction grown in an epitaxial layer, preferential microplasma
breakdown occurs at the corners of the triangles, i.e,, at the stair-rod dislocations. This
breakdown can be pinpointed because of the emission of visible light associated with
microplasma conduction. However, the effectis not observed on all stair-rods, indicating
that the dislocation alone does not cause the effect but that something else must be nec-
essary, i.e,, some precipitated species., P-n junctions fabricated in faulted epitaxial
material often have 8soft reverse I-V characteristics. This constitutes a serious failure
mechanism and has been correlated withthe presence of preferential microplasma break-
down at the stair-rod dislocations./14,26,27,28)
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2,3.1.3.4 Bulk Diffusion of Impurities

The diffusion consgtants of the normally used dopants in semiconductor devices are
such that appreciable diffusion would not take place to - 1y measurable extent at normal
operating temperatures inthe course of a century, However, it has already been described
how certain metallic impurities candiffuse at appreciable rates to the regions around dis-
locations and perhaps eventually precipitate there,

A type of degradation which has been foundin surface barrier tranaistoxs, has been
attributed to normal solid state diffusion.(29) Infreshly prepared devices, the junction is
abrupt and, consequently, the junction capacitance varies with bias as (V - VD)"I/Z, where
Vp is the built-in potential difference. On aging, the C-V characteristics will assume a
form C a (V - Vp)™®, where 1/2>n>1/3 and n slowly approaches the value 1/3, the
expected value for a linear~graded junction. In additlon to causing changes in junction
capacitance, the diffusion of metal impurities through the metal-semiconductor interface
physically shifts the position of the junction (defined as the pline at which net ionized
impurity concentration is zero) from its original position at the interface into the body
of the semiconductor, resulting in a decrease in ""punch~through'' voltage, it was tentatively
concluded that the impurity was indium from the plated collector electrode. The diffusion
constant wag measured as 10-17 cm2/sec at 100°C and 10-21 cm?2/sec at 30°C.

2.3,1.3.5 Thermal Effects in Hijh-Power Transistors
and Diodes

When semiconductor devices dissipate appreciable quantitiss of power, it has been
found that a number of bulk failure mechanisme occur that involve thermal factors, For
instance, when power transistors exceed acertaincritical operating temperature, current
density and temperature tend toincrease irnalocalized region of the device. The tempera-
ture of the "hot spot' may be greatlyin excess of the value expected on the basis of uniform
current distribution over the working area of the device. Local alloying or diffusiun
phenoranena occur, leading to early failure,(14,30)

NHot spots" are also believed to be responsible for the phenomenon known ae
ngecondary treakdown", wherein the voltage between the collector and emitter decreases
abruptly from its normal operating level to a much lower value,(31) Defects such as thin
spots in base layesrs or imperfect alloying to the heat sink are normally responsible for
thermal instability. However, base-collector breakdown was not always observed to
occur at the site of an existing hot spct.(l4v32v33) Possibly, lccal defects provide high
densities of generation-recombination centers that initiale breakdown,

Lack of consistency in hot-spot development has been ohserved occasicnally also;
for instance, cne might observe on successive pulses of current that the hot spots develop
in different locations.(14,32,33)

Thermal "runaway" is of more importance in germanium than in gilicon, since the
intrinsic carrier density is greater in gerrnanium than in silicon, Thermal ranaway is
caused by thermal-gzneratsd current flowing into the base region from the collector.
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Emitter current is consequently induced the same as if external base current were flowing.
Dependent on circuit configuration, a condition can resultin which an increase in junction
temperature, and hence an increase inthermally generated current, results in an increase
in emitter current and power dissipation that is more than sufficient to sustain the rise
in junction temperature. The current then cuntinues to increase with increasing junction
temperature until the device is destroyed or the current is limited by an external load.

Problems of hot-spot development have been encountered in high-power four-layer
diodes(34,35), but are minimized by using a large heat sink. A diagram is shown in
Figure 2.16. Junction J3 is shunted as a result of the geometry of the emiiter grid
structure. Junction J3 is forward biased whenthe device is forward biased, and provides
some emitter current to flow into the p-base region,

Metal

I 77 77777 777777,

P - J,
N J,
p-

A 5013

FIGURE 2.16. STRUCTURE OF FOUR-LAYER, HIGH-POWER DIODE
WITH GRID EMITTER STRUCTURE

Failure as a result of nonuniform turn-on can occur when the diode is pulsed.
Failure of the diod® occurs when turn-on initiates at a local spot and does not spread
over the device area before the current puise buirds up. Localized turn-on may be
caused by:

(1) Local structural defects that lead to breakdown of the asecond junction, J;,
below the designated switching voltage

(2) An imperfection that has resulted in a nonuniform diffusion front, similar
to athinbase spot inpower transistors, thus causing a localized high cur-
rent gain,

Failure occurs as the local temperature reaches thatat which silicon-contact metal
alloy rnelts, short-circuiting the device. This failure mode is minimized by the use of a
grid structure for the smitter and by appropriate triggering of the current pulse,
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Thermal fatigue, leading to the formation of microcracks in the silicon, was fourd
to result from the thermal strains generated and relieved due to the repeated passage of
current through the device; the strains were dependent on the amount of mismatch of
coefficients of expansion of the silicon and the contacting material. In some cases, the
expansion-contraction sequence produced audible clicks. However, this failure mode
could be almost completely avoided by the use of gold-germanium eutectic for soldering
to the silicon.

2.3.1.3.6 Recornbination Radiation as a Cause of Failure

Studies of gallium arsenide tunnel diodes show that early failure is induced by biasing
above tl'e valley voltage.(36-44) Investigation of the phenomenon has led to the conclusion
that the piime failure mechanism is one whereby crystal defects are formed by the re-
moval of host and/or irnpurity atoms from normal lattice sites, This process is entirely
dependent on whether the device is operating above the recombination radiation threshold,
which suggests that the photons produced by recombination are a causative factor in the
failure mechanism(35-36v39"“142). at least in gallimmnarsenide, The rate of deterioration
increases with the output of recornbination radiation.

The temperature of the device is only importantin a minor way in that the threshold
voltage increases with temperature. Thus, one -ould operate a device at a constant cur-
rent just above the threshold voltage, On raising the temaperature, with the current held
constant, degradation ceases as soonas the applied voltage falls below the threshold value.
The failure manifests itself by an increase of valley current and a decrease in junction
capacitance,

The situation in regard to indirect band-gap gemiconductors, such as gallium
antimonide, silicon, or germanium, is not yet clear. Certainly, tunnel diodes in these

materials degrade at rates many orders of magnitude less than those in gallium ar-
genide,{36,37,42,43)

2.3.1.4 The Influence of Surface Effects on Semiconductor-
Device Reliability

The effects of water vapor and other surface contamination on the properties of
semiconductor devices are now well documented, if not thoroughly understood, There are
a number of possible surface effects; one is a straightforward effect in which a. layer of
contaminant is sufficiently conducting to provide a currentleakage path acruss a reverse-
biased p-n junction. Alternatively, moisture or oxygen in the ambient or surface con-
taminants can induce changes in the electrical properties of the surface. These changes
may correspond to a change in the resistivity of the material or even inversionto a
conductivity of the opposite type, If these changes take place at the intersection of a p-n
junction with the surface, the net effectisto alter the shape of the junction at the surface,
which may result in increased leakage rurrents and junction capacity. In extreme cases,
the base of & transistor structure maybe st wuiced by an inversion layer, thereby providing
a junctionless current path from emitter to collector.

When these effects were first encountered in germanium devices, surfaczs were
stabilized by using varnishes, silicone rubber or grease, etc., as well as special cleanup

e e B




[OVIIRRORS

Downloaded from http://www.everyspec.com

2-34

etches, This was the case with silicon also until advantage was taken of the thermally
grown oxide to passivate the surface. Although surface passivation considerably im-
proved reverse loakage current, water vapor and contaminants on the outar surface of
the passivating oxide still influence device parameters.

While absence of chemical contaminants depends upon careful handling in processing,
the exclusion of mecisture requires, in addition, adequate hermetic sealing of the device
container., Although the initial moisture content of the ambient gas might be acceptably
low, it is possible, especially when the unit is operated at alevated temperatures, for
sufficient moisture to be genersted by outgassing from the inner canister surfaces to
cause deterioration of device characteristics. Therefore, special moisture getters,
usually of Vycor, are often incorporated into the enclosure to maintain 3 low moisture
level,

Furthermore, at the extremely low temporatures normally required in military
specifications, the internal dew point of the ambient inside the can may be reached. The
saturation vapor pressure of ice at -55°C is 21 x 10-3 millibars; the pressure of the
ambient may be 24) millibars. Hence, for moisture concentrations in excess of 25 ppm,
the internal dew point will be reached, with undesirable effects on device performance,
Gettering should 2nable concentrationz helew 1 to 2 ppm to be obtained.

There haa been considerable study recently(34,45-54) concerning the effects of
charged contaminant speciea under the influence of the fringing electric fields associated
with a reverse-biased p~n junction. The accumulation of surface charge and the fringing
field induce an opposite charge in the silicon surface, thereby causing resistivity changes
and, in extreme cases, inversion in the surface layer of silicon,

Perhaps the beast-known example involving the deleterious effects of accumulated
surface charge was that of Telstar I where, in the space-radiation environment, failure
of certain silicon transistors resulted.(55) Itwas quickly establiahed that failure was due
to ionization of the gas in the canister. Under the presence of the fringing electrical
field, the iona were attractedto the edges of the depletion layers. However, contamination
seemed to play a role also in that, when the effect was siv.ulated in the laboratory using
gamma rays as an ionizing source, not every transistor was affected. It was postulated
that significant changes in transistor parameters would result only when contaminated
species were present to retain the charges on the surfaca. In the absence of a radiation
environment, charge accumulation has still been observed under simultaneous application
of elevated temperature and applied reverse bias across the p-n junction.

The net rasult of the accelerated aging of planar devices is an increase in-the re-
verse current of the collector base jqnction.(53) This current may not saturate until
voltages not far from avalanche breakdown are reached., However, the "failed' -devices
recover their initially good characteristics, either by opening the can and exposing it
to the atmcspheric ambient or by heating it to 200°C for a few minutes, No bias of
course, must be applied.

Positive ions move in the direction of the fringing field and pile up above the edge
of the junction depletion region, Likewise, the negative charges are piled up above the
opposite boundary of the depletion region. Piled-up positive chargss cver ths p-region
induce an increased concentration of ‘electrons in the silicon underneath. This silicon,
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originally p-type of some desired acceptor concentration, now has in this surface region
more electrons than before, The result is a decrease in the net effective acceptor con-
centration in the svrface region (Figure 2.17). In the extreme case, if sufficient positive
ions have piled up to induce more electrons in the underlying silicon than the original
number of acceptor atoms, the region becomes n-type. Similar consiverations apply
in the case of negative charges piled up over the n-region depletion-layer interface.

ros - . /SiOg

N-type P-type
inversion layer ::;1 inversion loyer
| |
: [
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] I
i I
s
Depletion AS 1014
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FIGURE 2.17. SURFACE-CHARGE SEPARATION ON A PASSIVATING
LAYER UNDER THE INFLUENCE OF THE FRINGING
FIELD OF A P-N JUNCTION

The parameters affected by these surface charges are leakage current, surface
recombination wvelocity, beta, capacitance, and breakdown voltage. These effects are
reversible. The ions may be either redistributed or driven away by heating the affected
devices in the absence of an applied reverse bias. It has been calculated that 10-2
monolayer coverage of the pa..ssivating layer by ions is sufficient to invert | ohm-cm
n-type silicon to a depth oi 100 A,(47)

Since the moisture content of the ambient atmosphere increases the mobility of the
ions on the surface, processing procedures that result in a minimum of moisture inside
the can should produce devices most resistant to this effect.

Apart from the presence of surface contamination, the presence of an oxide on
silicon tends to induce an n-type charge under the surface.(56,57) Thus, there is a
tendency for inversion layers to exist on very-high-resistivity p-type surfaces that have
been oxidized. The silicon dioxide aids the formation of inversion layers on p-type sur-
faces and tends to inhibit the formation of inversion layers on n-type surfaces.

Silicon dioxide passivating layers are apparently not the hornogeneous, amorphous
layers they were formerly considered to be. There are grounds for believing that they
posszas a built-in space charge associated with oxygen vacancies and that a semiccenduct-
ing layer exists at about 1000 A from the gilicon-silicon oxide interface.(49) It has also been
demonstrated by deliberate contamination that sodium and lithium ions will migrate
through the oxide under the influence of fringing electric fields at p-n junctions.{58)
Sodium piles up at the silicon oxide interface, while the lithium diffuses further into the
silicor.. The diffusion of sodium or lithium through the oxide can be prevented by con-
verting the outer layer of the oxide into a phosphorus-rich glass.(59)
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A similar effect was found when other glasses were used to passivate p-n junc-
tions.(60) Only inthe instance where alkalifree glasses were used was channeling avoided.
In the case of planar devices, it was found that contaminant effects could be eliminated by
rinsing the device in a polar solvent, such as a mineral acid(52), Nonpolar solvents such
as xylene or acetone were ineffective, The contamination was suspected in certain cases
to be compounds of phosphorus released from the electroless nickel or gold plate on the
cap or header.(52

Another successful method{53} of avoiding surface effects with planar transistors
was:

(1) Rinse in nitric acid (hot, then cold with ultrasonic agitation)
(2) Rirse in deionized water {hot, then cold with ultrasonic rinse)
(3) Bake in a dustfree dry ambient.,
This procedure was repeated:
{1} Before aluminum evaporation
(2) Before wafer scribing
(3) After die bonding
(4) After wire bonding,
It seems safe to say that surface contamination remains the major limitation on semi-

conductor reliability today.

2,3,1.5 Mechanical Defects

The majority of the device defects that comeunder the heading of mecharnical defects
really belong to the area of production control and need only brief descripiions, These
are given below,

2,3,1.5.1 Presence of Foreign Particles Iuside
the Container

Approximately 60 per cent of all traneistor and diode designs have suffered from
loose, internal, metallic-particle problems(él). These may result from weld or solder
splatter, peeling of plated coatings, tool damage, or use of gold epoxy. If the particles
are conductive and are attracted by the fields across a p-n junction, they increase the
leakage current of the junction, sometimes catastrophically.
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2.3.1.5.2 Container Imperfections

These comprise leaking weld seams and leaking metal-to-glass seals around the
terminal; moisture from the outside air can enter through these openings and change de-
vice characteristics, Delergent and similar "bombing" techniques for gross leak detec-
tion have becen generally ineffective, frequently leading to latent failure.(7) There have
been instances also of poorly insulating terminals contributing can leakage currents to
p-n junction leakage currents,

2.3.1.5.3 Imperfect Wire-Lead Bonds

Assuming that an open circuit does not immediately result, imperfect wire-lead
bonds can contribute a large series resistance tothe emitter, base, or collector terminals
of a transistor. Approximately 50 per cent of all assembly failurea and 30 per cent of
all component failures have been due to interconnection or bonding difficulties.(61)

2.3.1.5.4 Imperfect Bonding of Die

The die is usually bornded tothe header, either by soldering or by forming a eutectic
at the interface between a gold-plated header and thz silicon chip. If the surfaces to be
joined are not sufficiently clean, then vcids may result between the die and the header.
Good. electrical and mechanical contact-may still result. However, voida are particularly
undesirable when high power must be dissipated by the device and reliance is placed on
a heat sink to prevent ovesrheating. The presence of voids at the die-header interface
interrupts heat flow and leads to hot spots in the die, often with catastrophic results.

2.2.1,5.5 "Purple Plague"

This descriptive term refers to a contact problem that develops between gold wire
leads and aluminum metallization, It is now established(62,63) that this involves the
growth of a brown or dark alloy of gold, aluminum, and silicon, referred to as the "black
death', which is quite brittle, and hence mechanically weak, and which increases the
electrical resistance of the leads. The term ''purple plague' arose because the inter-
metallic compound AuAl; is purple. In apparently successful attempts to solve the
problem of the '"black death' alloy by using aluminum wires, it was observed that purple
AuAl, developed where the aluminum wires were bonded to the gold -plated Kovar
terminals, but nevertheless without any objectionable effects. The bond remained
mechanically strong, and no significant increase inelectrical contact resistance resvlted,

The growth rate, both of '"purple plague' and ''black death", is only appreciable
at temperatures abtove 100°C.

2.3,1.5.6 Tool Damage

it has been observed, especially in semiconductor functional blocks, that tool damage
frequently occurs as a result of operator ha,ndling.(“) The usual aympton is a scratch
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across an evaporated interconnection, leading to a complete break in severe cases, This

break may only develop after some time in operation, probably due to development of a
hot apot,

2,3.2 Failure Mechanizms at Conductor-Insulator Interfaces

An electronic component often contains different materials in contact, guch as the
dielectric and electrodes in a capacitor whers the change in composition at the interface
is abrupt. Since the component was designed on this basis, any change in the situation is
usually detrimental. An abrupt junction betwszen two dissimilar materials is often
thermodynamically unstable, The proper provocation, such as elevated temperatures or
high electric fields, can serve as the activating mechanism for relief of the metastable
state., This canresultininterdiffusion of the two materials or chemical reactions between
them. In particular, if the insulatoris chemically reduced to a more conducting composi-
tion, its dielectric propertiies are degraded and failure results,

Examples of systems important to microelectronic applications are:

(1) Ta"'Tazos
(2) Si-sio,
(3) Metal-SiO

(4) Metal-aluminum silicate and borosilicate glasses deposited by
chemical vapor depositicn,

It has been pointed out that, at temperatures high enough for the dielectric to have
sufficient conductivity, a metal-dielectric-metal sandwich may function asa galvanic cell
and therefore develop an internal EMF,(55) Chemical reactions occurring at the inter=~
faces supply the neécessary energy, However, further consideration of this phenomenon
will be excluded, as it is considered unlikely that compo:z ents will be stressed at suf-
ficiently high temperatures for this to happen in situations of interest here,

A usual feature of all thin-film capacitor behavior i{s the presence of flicker in the
d-c leakage-current values., This is observed particularly in anodic oxide films but is
also evident to some extent in cther thin-film dielectrics, It appears that the momentary
high value of leakage current corresponds to instantaneous brzakdown of a submicre-
scopic area, bui normally the breakdownis self-healing in either one of two ways, at least
if the energy available for disaipationis limited by a resistor in series with the capacitor.
The f{irst szlf-healing process to be considered occurs in solid- or liquid-electrolytic
capacitors, During the current surge oxygen ions flow into the breakdown site either from
the liquid electrolyte or from the semiconducting manganese dioxide coating in solid
electrolytic capacitors, This cxygen ion currant oxidizes the underlying anode, and the
resulting growth of oxide heals the breakdown, However, this typ~ of healing is not pos-~
sible where the cathode is nonoxidizing in nature, e.g., metallic, Then, if this is a very
thin metal film, the current flowing through the breakdown site can be sufficient to
vaporize locally the eclectrode and thus electrically isolate the breakdown site, resulting
in apparent healing., However, adecrease incapacitance results as a consequence of a de-
crease in electrods area. This phenomenon on thin-film capacitors manifests itself by
occasional transient sparking over the surface of the counterelectrode.
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It seems evident that, at the site of a local imperfection in a thin insulating film,
increased leakage current would cccur. In the aging of a thin-film dielectric, pointa of
high leakage current might be spontaneously generated, resulting in local heating., Since
conductivity in insulators inc '‘eases with temperature, the current will then tend to in-
crease and the voltage to drop, depending onthe value of a series resistance or the output
impedance of a power supply. If the voltage does not drop sufficiently to terminate the
increase in power dissipation, then local heating is further increased and 'thermal
runaway' occurs, resulting usually in catastrophic device failure, It is clear then that,
irn this sitvation, values for device reliability have significance oniy when information
is available on the effective value of the series resistance,

The presence of humidity in the ambient influences the electrical propertics of
Ta-Ta,Og capacitors and Al-SiO, capacitors, SiQ capacitors were affected only in an
increase of breakdown events, but there was no apparent effect on capacity oxr dissipa-~
tion factor.(6®) The Ta- -Ta;0g system is normally rectifying; but it has been found that,
on baking a tantalum capacitor -at 400°C in vacuo, the rectifying properties disappear.
However, they gradually reappear at a rate dependent on the porosity of the couxnier-
electrode material (metal or MnO;) on zxposuré of the unit to the normal hkumid atmos-
pheric ambient., The crystal structurzs of these {ilms is amorphaus. However, it has
been found that local crystallization increases leakage current, Crystallization has been
observed to occur under the influence of electric fields and also around defects and
impurity sites on the underlying metal,(67)

One aging mechanism in the Ta-TaOg system has been identified(68”7°), i.e.,
that of tantalum atoms acrosse the oxide film under the influence of either temperature
or the electric field. It has been established by radiocactive tracer methods that a con-
centration gradient of tantalum exists in anodized Ta;Og films. Starting from the
Ta-TaCg interface, the tantalum concentratxon decreased more or less exponentially
to reach a substantially constant value about 600 A into the oxide. This situation resulted
in an approximately linear decrease of capacity against log frequency. After aging at
higher temperatures and also under biag, the shape of the tantalum concentratien profile
changed. This has not been correlated with capacitance or dissipation-factor changes.

The capacity is normally bias indenendent. However, after heating to 400°C to
450°C for a short time, as is normalin the routine application of MnO) counterelectrodes,
the capacitance becomes bias sensitive, decreasing with increasing bias.(71-73) This
suggests that changes have occurred in the dielectric that were induced by high tempera-
tures. Deposition parameters also can influence the electrical characteristics of thin-
film capacitors, particularly in the treatment betweendeposition of the dielectric and final
deposition of the counterelectrode. If the dielectricis exposed to a humid ambient before
the final deposition of counterelectrode, capacitance values and dissipation factors are
affected, capacitance values being lower and dissipation factors higher.

Silver migration on the dielectric surface was observed when silver was used as
a counterzlectrode material. Other failure modes are related to strain and other mechani-
cal aspects of the dielectric film. Strain depends on deposition rate, substrate tempera-
ture during deposition, thickness, coefficiant of expansion, and adhesive and cohesive
properties. If adhesion is poor, peeling may occur above a certain film thickness. If
cohesion is poor, the film may rupture or craze.
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2.3.3 Failure Mechanisms in Thin-Film Resistors

2,3.3.1 Background

In a thin-film resistor, a resistive path between twe ierminal points is provided by
a thin film of resistive materialdeposited onan inert substrate that sarves as a mechani-
cal support. The thickness of the deposit will normally be iess than 1 micron.

Common metbcds for depoesiting films onto a substrate are by evaporation in a
vacuum (as in the case of nickel-chromium alloys); by sputtering (for example, tantalum);
reactive sputtezing (for example, tantalum nitride); or chemical decomposition (for
example, the decomposition of hydrocarbon vapors onto a hot substrate to forin pyrolytic
carbon films or of tin (stannic) chloride to forrn tin oxide films).

In the case of a very pure annealed metal, the resistance decreases linearly with
decreasing temperature, approaching zero as the temperature approaches absolute zero.
Electrical resistance is caused by the scattering of conduction electrons by collision

with the crystal lattice, The probability of scattering by the lattice vibrations is pro-
portional to the mean square of the amplitude (‘,-(_)z of the vibrations,

=2 __ h%T (2.21)

where

h = Flanck's constant

k = Beitzmann's constant
m = atomic mass

T = absolute temperature

6 = Debye characteristic temperature.

Taking resistivity, £, as proportional to (‘3(-)2,

pp &= . (2.22)
m

In practice, exceptions are found to this behavior, since reai metals are seldom of suf-
ficient purity to approach zero resistance. All dilute solid solutions approach a limiting
residual value of resistance due to additional scattering caused by solute~induced per-
turbations in the periodicity of the field of the imetal lattice, Any lattice defect that
produces a perturbation in the periodicity of the electric field of the lattice makes a
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contribution to the resistivity. Suchdefects include solute atoms, vacancies, dislocations,
local mechanical fields, and stress. Thus, the resistivity found in practice has two
cempenents:

P=ptpg {2.23)
where
P, = temperature contribution to resistivity
P4 = defect contribution to resistivity,

To the extent that defect concentration depends on temperature, the £q term will be tem-
perature dependent. The p, term depends on temperature according to Equation (2.22).
Since, for dilute solid solutions, the p4q term is largely independent of temperature, the
temperature coefficient of resistivity (TCR) depends primarily on Pyt

1dp 1 dpg
TCR= — — = — — = . (2.24)
p dT p dT *
Therefore,
do,
ap= iT (2.25)

Thus, the product apis a constant for dilute solid solution of a given parent metal. Equa-
tion (2.25) is found to be valid over a wide¢ range of solid solutions.

Since high resistivity and low TCR are generally associated with one another, and
since alloying increases the resistivity of a pure metal, metal resistors are usually made
of alloys. One consequence of using allcy resistors is that the P term is strongly de-
pendent upen composition; the addition of a few atomic per cent of a solute may double the
resistivity, Also, if the solute concentration ofan alloy decreases due to (1) precipitation
of a solute-rich phase, (2) selective oxidation of the sclute, or (3) selective evaporation,
large decreases in resistivity (and corresponding increases in TCR) can be expected.

2.3.,3.2 Review of Failure Possibilities in Thin-Film Resistors

Table 2.3 lists the pertinent metallurgical changes that influence the electrical
resistance of resistive alloys and may, therefore, represent causative factors in the un-
reliability of thin-film resistors.(74)  Each type of metallurgical process is discussed
in detail below,

Z2.3.3.2.1 Oxidation

General aspects of the oxidation of metals, alloys, and semiconductors have been
discussed inSection2.1.1.1. Since oxidation of metals or alloys usunally procesds with th
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TABLE 2,3, SUMMARY OF METALLURGICAL CHANGES THAT
INFLUENCE ELECTRICAL RESISTANCE(?)

Effect on Effect on
Effect on Temperature Component Magnitude
Process Resistivity Coefficient Resistance of Effect
Uniform oxidation 0 0 i No limit
Selective oxidation of d i d May be very large
solute
Uniform evaporation 0 0 i No limit
Selective evaporation of d i d May be very large
solute
Agglomeration 0 0 i No limit
Precipitation of solute d i d May be very large
Long-ranFe ordering of d i d Very large
solute(P
Disordering of solid i d i May be very large
solution
Homogenization‘c) iord iord iord May be very large
Stress relief d i d < few pph
Mechanical stressing i d i < few pph
Vacancy condensation Usually d Usually i ~0 < few ppm
Clustering of solute(d) Usually d Usualiy d i Normally <1 pph
Solution of impurities(®) i d i May be very large

(a) i = increases; d = decreases; pph = parts per-hundred; ppm = paris per million.

(b) Very rate - only a few specific alloys are known to produce long-range order and, because the order-disorder transformation
is reversible, these would never be used for resistors.

(c) For example, in an evaporated film with a composition gradient through the thickness.

(d) For example, the formation of Guinier-Preston zones in Ai-Cu alloys.

(¢) Cenain metals such as Ti, Zr, V, Nb, and Ta can dissolve appreciable oxyger.. This portion of the oxidauon process then
corresponds to contamination by dissolution of impurities.
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growth of an insulating surface film, the primary result of cxidation is a decrease in cross
section and consequent increase of resistance. Resistivity and temperature coefficient
of resistance are not ordinarily affected unless the oxidation is selective {(or unless 2
composition gradient exists through the fil'a thickness).

Two other effects may be encountered when metal-film resistors suffer oxidation,
The first follows from the fact that, if the metal-film thickness is sufficiently reduced by
surface oxidation 3o that it approaches values comparable to the electronic mean {ree
path, surface scattering becomes important. The effective resistivity becomes:

32
p = po (1 ' ﬁ) , (2.26)

where

Po
)7

bulk resistivity

electronic mean free path

d = {ilm thickness,

The second effect results from so-called internal oxidation. Foxr example, in alloys
of copper alloyed with a more reactive metal, underneath the surface oxide is a layer

rich in copper (with oxygen in solution) containing small particles of the oxides of the
alloying elements. The net effect is usually to increase the resistivity of the alloy film.

2.3.3.2.2 Selective Oxidation or Evaporation of Solute

These two processes similarly effect resistivity changes, since the remaining alloy
contains less of the solute atoms. The changes obey the kinetics of the rate-limiting
process, which is ordinarily the diffusion of an oxygen iun or of the atomic species that
is oxidized or vaporized. Thus, diffusion-rate behavior is usually observed.

2,3.3.2.3 Agglomeration

Agglome ration is a phenomenon resulting {rom surface-tension forces in metal
films ou substrates that they do not readily wet. In e«treme cases, the agglomeration
becomes complete and the film becomes an array of unconnected islands. Such a film is,
of course, electrically open. Gold has been observed to agglomerate fully on ground
gaartz but remains as a uniform film on alumina to about 400°C. The agglomeration
apparently occurs by surface uiffusion, obeying the same rate laws but at rates frequently
1000 times faster than bulk diffusion of the same metal.

2.3.3,2.4 Precipitation of Solute

Precipitation of excess solute from solid solutionattemperatures below the solubility
boundary is one of the most commonly observed sources of large changes 1n composttion

and registivity in alloys. Decreases in resistivity by a factor of 2 are not uncommen,
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The formation and growth of a precipitate in alloy systems requires appreciabl

time. Precipitation will not occur in solid solutions with less than the saturation quantity
of solute.

2.3.3.2.5 Order-Disorder Transformations

Order-disorder transformations are only of theoretical, not practical, interest.
Since the long-range order of the lattice electric field disappears when the solute atoms
become randomly distributed, the effect on resistivity is quite marked.

The rate of approach of the resistance to an eguilibrium value as the golute atoms
become randomly distributed obeys the Arrhenius temperature dependence, A exp (-B. T),
with the value of the constants A and B characteristic of those for bulk diffusion,

The alloy systems that exhibit thiz transformation (e.g., Cu-Au, Pt-Cu, Pd-Cu, Mg-Cd)
are fully disordered above a critical temperature. Below this temperature, they progres-
sively becrme ordered with time, as the compositions approach critical stoichiometric
ratios, Partially ordered (short-range-ordered) conditions exist thathave a correspond-
ingly reauced effect on the resistivity of the alloy.

2.3.3,2.6 Homogenization

Hemogenization is a process wherein composition gradients, whichmay result from
nonuniform vapor compositions, are reduced to zero. The process involvesz diffasion,
and its kinetics are therefore those of the diffusing species. The corresponding effe.ts
on resistivity may be complicated due to the compositional changes, This type of segrega-
tion of constituents should ordinarily be annealed outduring manufacture and should not te
a factor in the reliability of thin-film resistors., However, it may be a factor in micro-
electronic circuits where different active materiais are deposited .n layer fashion,

2.3.3.2.7 Stress Relief

Intzrnal stress may arise in films that have been deposited ontc hot substrates,
Where a difference between thermal-expansion coefficients of the film and substrate
exists, the film becomes stressed when the unit is cooled to room temperature, Such
stresses may spontaneously relieve themselves as the result of physical changes in the
film. The processes of stress relief are observed to precede recrystallization of cold-
worked metals at elevated temperatures, The rates and temperature dependence of stress
relief in pure metals indicate a mechanism of bulk self-di{fusion.

2.3.3.2.8 Vacancy Condensation

Vacancy condensation can rarely produce more than barely detectable changes in
the effective cross section of the resistive path, since their concentration in metals 1s
very low. Such a decrease in cross section would occur by self-diffusion and wcald not
necessarily produce an increase in resistance, since the vacant sites scatter electrons
when dispersed, just like solute atoms. Since these effects tend to offset one another, no
significant change is expected to result from the nrocess.
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Recovery prucesses can proceed at surprisingly low temperatures. In copper,
silver, and gold, appreciable recovery of resistivity occurs at -150°C, -180°C, and -120°C,
respectively. The vacancy condensation process and subsequent collapse to form dis-
location loops has received considerable attention because of its effect on the mechanical
properties of pure metal crystals rather than because of a serious effect on resistivity.

2.3.3.3 Specific Failure Studies

2.3.3,3.1 Nickel-Chromium {"Evanohm!') Thin-
Film Resistors

Inveltigations("4'76) have been made on the aging characteristice of Evanohm, a
film resistor deposited from a (75-20) nickel-chromium alloy with 2.5 per cent each of
aluminum and coepper. During vacuum evaporation of the alloy, fractionation occurs,
so that thin resistor films contain relatively less nickel. A typiczal film composition was
shown to be: 49 per cent nickel, 24 per cent chromium, 14.7 per cent aluminum, and
12,3 per cent copper (in weight per cent).

A study was made of the oxidationinair of an Evanohm f{ilm that had been deposited
onto a quartz crystal. The growth of the oxide film was monitored by observing the
change in oscillation frequency of the crystal resulting from the increase in mass due to
oxidation. Oxidation. was carried out at 250°C in oxygen. The frequency shift, Af, was
represented fairly well after 1 day by a logarithmic expression:

Af = 740 loglo t+ 840 , (2.27)

where t = elapsed time in days and Af is in hertz (Hz). In order to determine the oxide-
film thickness from the shift in oscillation frequency of the quartz crystal, the following
considerations must be applied, Let v be the velocity of propagzcion of a transverse
electric wave in quartz. For an "AT'"-cut quartz crystal, the propagation of the wave ie
in the direction of the crystal thickness (d), and the corresponding frequency of oscillation
(f) is given by:

f=— |, {2.28)

If d is increased to d + Ad, the corresponding frequency shift is given by

Afz-z—;?_-Ad ) (2.29)

It can be assumed as a first approximation that this change in frequency is solely from
the increase in crystal mass {Am) due to the thickness increment, Ad.

Therefore,

ODVA
Am = pAbd= -5 AL, (2.30)
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where
p = density of quartz
A = area of relavant crystal face,

If, however, Am was due to the growth of a film of some other material onto the crystal
face, the value of Af is not appreciably changed.

For quartz at 25°C,

p=2.66 g/cm3 and v = 3.34 x 10° cm/sec

Therefore,
BY= 4,44 x 105 |
Typical values are: A =0.1 cm?
d=0.167 mm

f=107 Hz = 10 MHz.

A value of Af equal to 10 Hz is detectable. This corresponds toc a Am of 4.4 x 10-9 g and
to a film thickness in the order of 1 A,

In the present instance, Am is themass of oxygen that has been involved in oxidation
of the Evanohm film. If a pure metal had been oxidized, it would then be a simple matter
of chemistry to calculate the mass ctmetal involved in the oxidation; addition of the mass
of metal and the mass of oxygen gives thc mass of oxide. Division of this by its density
gives its volume, Division of the volurae by the area yields the {ilm thickness (assumed
uniform).

In the case of an alloy such as Evanohm, it i3 necessary, assuming the oxide film
is of uniform thickness and compusition, to determine the composition of the oxide and
its density in order to obtain the mass of reacted metal, mass of the oxide film, and its
thickness,

Further investigations showed that, after aging at 250°C, oxide particles began to
appear, especially in the region of grain boundaries. These particles were tentatively
identified as nickel oxide, NiO, by electron diffraction.‘7b)

The presence of a precipitzation phenomenon was confirmed by aging resistor com-
ponents in a vacuumof 10° torr or better while monitoring resistance. Under these condi-
tions, no appreciable oxidation can occur. Very thin films, consistently exhibited a re-
sistance decrease, while thicker films first showed a resistance increase followed by a
decrease to over-all lower values. This behavior is attributed to precipitation of an
intermetallic compound, NijAl. The precipitation is preceded by short-range ordering,
as in the case with ternary alloys of Ni-Cr-Al. The additional presence of copper does
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not seem to influence the precess., It also appears that the particulate stage of oxidation
does not start until precipitation starts . (77) Consequently, this complicate¢s the mathe-
matical modeling of the failure aspects of the device,

In other studies of Evanohm(®2), it was assumed that aging was due to some sort of
activated process considered to he oxygen diffusion, but the particular process was not
specified. An aging parameter can be empirically determined that is a function both of
tine and temperature and corresponds to a givenamount of aging. Thus, a given resistor
may change in value by 1 per cent after tj hours at temperature T) or t; hours at
temperature T,. These differing temperatures and times would still correspond to a
constant value of the aging parameter. The amount of resistance change is a function
only of the aging parameter,

This parameter can be derived from the Eyringtheory of rate processes. The rate
at which many processes proceed is related to temperature by the following equation:

R = Aexp (- %) ) (2.31)
where
A« 1<—'Eexp 9-§ . {2.32)
h R

The rate in this case is givenbythe ratio of relative resistance change to time wherc t s
the time necessary to produce a given resistance change at temperature T,

_Q
Loae RT (2.33)
t
or
Tlog At = % log e + a constant . (2.34)
. : . : . <T S ...
This function T log A t is the aging parameter. Since A « —~ exp g , it 18 temper-

ature dependent. In the work described, Evanohm resistors were subjected to constant
stress and step-stress conditions, The relative amount of resistance change was then
plotted against the aging parameter. "A'" was taken a3 constant, since this led to only 5 per
cent error in results, A value of A = 1015 reciprocal days was found to give good agree-
ment between the resistance changes and the aging parameter. T, of course, 1s the absolute
temperature, normally measured in degrees Kelvin,

In a study of (78-20) nickel-caromium alloy film resistors(78), a curious behavior
was found which, while notdefinitelya case of failure, should nevertheless be appreciated.
The alloy films were evaporated ontodifferent flat substrates coated with }-u-thick silicon
monoxide; after film resistor deposition, a furthe protectioncoating of $SiO was deposited
on top of the resistor, It was found that a reddish-brown coloration of the 510 developed
between adjacent turns of the film resistor at temperatures between 100°C and 300°C.
On further aging, the outer SiO coating developed cracks and peeled off the resistor.
Necessary conditions for the appearance of this behavior were (1) current flow in the
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resistor, so that a potentialdifference existed betweenadjacent turns, (2) a humid ambient
{(when the ambient was a vacuum or dry cxygen, the phenomenon was not observed), and
(3) a minimum of alkali content in the substrate glass (Corning 0211) [the phenomenon did
not appear when substrates of alumina (Alsirnag 614) and Coruing 7059 glass we - used],

With the spalling of the protective coating, the resistance of the alloy film increased,
presumably due to the onset of oxidation.

2.3,3,3.2 Tin Oxide Film Resistors

Tin oxide film resistors are fabricated by spraying stannic chloride onto a hot
substrate, Stannic oxide is formed, together with small amounts of free tin and stannous
oxide. The films are usually doped with small quantities of antirmony, After deposition,
the films are usually spiralled to form a helix, as in the case of Evanohm resistors.

Life tests, which have been run on tin oxide resistors with both step- and constant~
stress levels, gave results that were in good agreement with the aging parameter, T log
A't, referred to previously in connection with Evanohm film resistors.(52)

It was found that, at temperatures above 350 °C, anomalous behavior occurred. First,
there was an increase in resistance with time and teraperature; second, a rapidly de-
creasing resistance; and third, a rapidly increasing resistance. The rapid decrease
in resistance is apparently the result of dissociation of stannous oxide into tin and stannic
oxide, whichtakes place above 350 °C, Sinccaccelerated-test data should be representative
of operating conditions, temperatures shouvld not be allowed to exceed 350°C; a new failure
mechanism becomes significant above this “emperature.,

The activation energy for the process opsrating at temperatures below the onset of
stannous oxide decomposition was determined by taking a constant level of change in re-
sistance observed at different temperatures, T, and plotting log (time} versus T-1, A

straight line should result, the slope of whichis - % , where Q is the activation energy and

R is the molar gas constant. This was done for change levels from 0.1 per ceni to 5 per
cent, The average activation energy obtained was 35 kcal/mole. The upward drift in
resistance, therefore, probably results from a diffusion-dependent reantion having an
activation energy of 35 kcal/mole.

Investigations of 1/f noise in tin oxide resistors indicate that the detection of ex-
cessive 1/f noise is a good screening criterion.(79) Units with higher-than-average values
of noise level were showntohave a much higher failure probability, In fact, manufactured
units individually inspected for obvious defects reveal=d such things as scratches across
the film path, cracks or checks in the substrate high-resistance terminations, and bridging
of adjacent turns by foreign material as being associated with excessive 1/f noise, In
those cases where it was posgsible tocorrect or reduce the extent of the defect, immediate
reductions in noise levels resulted.
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2.3.3.3.3 Tantalum Thin-Film Resistors

Information on reliability of the tantalum film resistor is sparse. In work describing
the development of a highly reliable thin-filn) resistor(80), the tantalum was evaporated
by electzon-beam melting, and an outer coatirng of S1O was found necessary for miniraum
resistance change. Various substrates were investigated, including soda lirme glass,
Pyrex, Corning 7059 glass, and Corning 7059 with a coating of SIO. The most reliabla
units were made on the Corning 7059 with a coating of S10. Good results were also ob-
tained with the Corning 7059 substrate without the SiO overlayer. Corning 7059 is an
alkali-free glass, The best depcsition rates were 1 A/sec onto substrates at 260°C. The
best contact materials weie aluminum under copper applied by evaporation,

Very f2w catastrophic failures, e.g., substrate breakage or film rupt:re, occurzed,
Resistors that had drifted out of tolerance usually had foreign material accumulated at
the negative terminal or at a thin area where it appeared that the resistive material had
been depleted by some process, This failure mechanism was not observed on alkali-free
glass substrates. Consequently, alkali glasses were rejected for use as substrates, The
» ‘atance of tantalum films increased logarithmically during aging.
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2.3.4 Integrated Circuits

2.3.4.1 General! Aspects of Integrated Circuit Reliability

The potential advantages of the integrated approach to electronic circuits, in addition to the small
size and weight achieved, are lew cost, high reliability, and, in some cases, improved performance. Tkere
still appears ro be general agreement, however, that the concept of integrated circuits does not automati-
czlly lead to high reliability. The circuit designer, for example, must play a much greater role if the high
potential reliability of the integrated circuit is to be realized. Circuit design must take into accoun: the
wide range of unit-to-unic parameter variations encountered with semiconduc.or elements. Also, the
relationship between consistency in processing techniques and reliability levels becomes more critical
with higher packing densities. For the most widely developed integrated circuit approach, the silicon-
based monolithic technique, reliability data available today are largely generic in nawre. This stems
from the fact that the fabrication techniques used borrow heavily from established silicon transistor tech-
nology. For the other major approach, the so-called thin-film technique, sufficient experience and use
have not yet been accumulated to validly assess he reliabilitz. This general lack of a suitable basis fot
reliability assessment is due to several factors:

a. Rapid pace of technology in this area.

b. Diversity of approaches being concurrently developed by indusiry (hence, the lack of extensive
reliability analysis of any single approach).

c. Lack of an adequate basis for defining reliabiiity at the circuit level.

d. Lack of central guidance, such as military specifications for most circuits.

e. Extremely small size and susceptibility to damage during test and evaluation.

f. Prohibitive test time ard costs required to verify expected high levels of reliability.

g- Incunsistencies in existing test methods and test results.

For some time to come, then, it is clear that any claiins or assumptions for the reliability of inte-
grated circuits can only be made in resms of potential reliability. It should be pointed out, however, that

some of the factors enumerated above also mitigate against the reliability assessmenc of any highly
reliable electronic device.

As suggested above, there are two basic approaches to integrated circuitry--the silicon-based
monolithic approach and the thin film technique. There are, of course, many variations and combinations
of the two currently being investigated. Discussion in this section will be limited to the silicon-based
technique since considerably more experience is available as a basis for reliability analysis of it than
for any other approack. A more complete and detailed discussion of the varicus approaches is reserved
for later editions of this handbook due to the rapidly evolving situation in integrated circuit technology,
and the fact that there are several efforts currently in progress on reliability assessment of such circuits.

Before discussing the principal failure modes and mechanisms experienced in the silicon integrated
circuit, it may be well to summarize the more common general constructior features of this circuit type.
Both active and passive elementr are introducvd inte a single-crystal picce of silicon. In one approach,
the resistive elements are doped siiicon diffused into the silicon substrate. With a p-type substrate, for
example, an n-type silicon layer is used for isolation with a p-type layer over it to act as the resistve
laye:. In another approach, thin resistive films of different materials are deposited on top of the oxide-
covered silicon substrate. Capacitors for integrated circuits may be formed either by using the capaci-
tance inherent in a large area p-n junction, or through the use of a thin fiim of silicon dioxide between
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an n-type silicon layer and the aluminum metalization. An alternative approach is to deposit a thin film
capacitot on top of the oxide covered silicon substrate. In common with the planar technology of discrete
semiconductor devices, photoprocessing, diffusion, and epitaxial growwn are the principal processes used
in the silicon morolithic approach to form active devices onto the silicon substrate. Diffusion is used o
control the depth of structures, while photoprocessing controls the surface geometry. The planar tech-

nology permits the evaporation of a film of aluminunx to form simultaneously the contacts and conductive
interconnecting paths between elements.

The following list typifies some of the failure modes experienced in represencative digital integrated
circuits of the silicon-based type using diffused passive elements:8!

a. Die (Bar) Degradation

(1) Inversion
(a) Channeling
(b) Piping

(2) Contamination

(3) Improper surface oxide or passivaticn

(4) Improper diffusion
(a) Di‘fusion of gold into the silicon due tc excessive temperature
(b) Low breakdown voliage along major pertion of junction
(¢) Low breakdown voltage along isolated portion of junction

(5) Carrent concentration centers

(6) KMER or photolithographic mask defect leading to improper diffusion

b. Die(Bar) Material Degradation
(1) Material defects (bulk defects)
(2) Cracks

c. Faulty Interconnections (Evaporated Lead Pattern)

(1} Faulty evaporation or deposition
(2) Cracks (fractures, scratches or other surface defects)
(3) Separaticen from the die (bar) (evaporated pattern pecling from oxide)
(4) Open evaporated iead pattern
(a) Melted leads (open)} due to excessive current flow
(b) Associated with a scratch
(5) Migracion of gold into lead due to excessive temperature
(6) Chemical reaction between materials composing evaporated lead pattern
(7) Chemical reaction between lead pattem and reagent residue
(8) Poor ohmic contact of evaporated lead to silicon

d. Faulty Resistor
(1) Unstable resistance element

(2) Current concentration centers

e. Faulty Bond to Die (Bar) Process

(1) Faulty evaperatien or deposition of contact (bonding pad)




(3)
(4)

(5)
{6)
0]
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Voids in bond

Separation of bond

(a) Faulty bond placement

(b) Improper bonding ccnditions

(c) Chemical reaction between bond material and lead material
Separation of lead from bond

Purple Plague

Faulty preform to die (bar) bond

(a) Voiding between preform and die (bar)

(b) Die (bar) overhang of preform (area wetted by preform less than area of the dic (bar)

(c) Insufficient alloying of die to preform
Faulty preform to case bond
Voids in preform

Faulty Extemz] Terminal - Lead Wire Assembly

(1)
(2
(3

(4)

(5)

Faulty terminal - lead connection (lead wire weld)
Improper lead wire routing

Sagging wires

(2) Shorting to edge of die (bar)

(b) Shorting to wroag evaporated lead

Broken lead wire

Lead wire shorted to case

Improper Packaging

(N
(2)
(3)
4
(5)
©6)
7
&
)]

Faulty cap to case seal

Faulty terminal to insulator seal
Fauity insulator to case seal
Terminal fatigue

Extemal surface contamination
Marking deterioration.

Finish deterioration

Foreign material inside package
Void in Pyroceram

Improper Measurement and/or Test Procedures

Parasitic_Transjstor Action

Stressed Beyond-Device Design Capabilities

(1)

(2)

PREESORSRE - ———_

Mechanical

(a) Broken wire

(b) Open bond

(c) Broken die (bar)
{(d) Broken case

Thermal
(a) Alloying of bond material into die (bar)
(&) Alloying of bond ma: -ial into evaporated lcad
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(c) Alloying of evaporated lead into die (bar)
(3) Electrical

(a) Incorrect bias values

(b) Power dissipation limitations exceeded

Since the processes used to fabricate the silicon-based integrated circuit are generally the same as
those used in fabricating planar epitaxial silicon transistors and diodes, it is apparent, as shown ia the
above list, that the failure modes and mechanisms are similar. The proximity of several elements on a
common substrate and the longer conductive interconnect paths are, of course, features of the integraied
circujt vhich would tend to aggravate some of the mechanisms encountered in discrete silicon devices.
The major circuit design problems with the silicon-based approach are parasitics, due to poor isolation
between components, poor dimensional tolerance, temperature and voltage sensitivity of diffused passive
components, and an inabilitv to realize uscful inductive effects in diffused silicon bodies. Through a
series of compromises and hybrid variations, all but the last of these problems have been resolved to a
certain extent.

Several methods for assessing integrated circuit reliability have been proposed. In one such method,
the Test Element Group (TEG),82 each circuit element of the integrated circuit is simultaneously repro-
duced on the same silicen wafer and connected to its own separate leads on the external package. Each
circuit element, representing its counterpart in the adjacent functional integrated circuit, can thus be
individually subjected to test and measurement. In some cases, additional special devices, such as MOS
structures, are added to the TEG to furnish an indication of surface oxide quality. In this manner, it is

hoped to develop techniques for improving process and quality control, as well as for reliabiiity assess-
ment.

There are several advantages to the TEG approach:

1. It is possible to detect very small changes in the individual circuit elements of the microcircuit
since contacts are made to each node as required. Therefore, effects much too small to be noted in the
functional circuit, but which may gradually increase and cause failure, may be detected earlier.

2. Special devices which may not be included in the functioning circuit, but which are very sensitive
to certain failure mechanisms {e.g., ICFET) may be included on the test pattern. These special devires
may give clues to the life performance of a circuit in a short time.

3. It may be possible to test a much smaller number of circuits, but with 2 much greater amount of
physical information.

Some of the assumptions involved in the TEG approach are:

1. That the test pattern on the wafer is identical in material properties and processing to its
“siblings.”

2. That a correlation can be made between aging performance of the test device and reliability of
the sibling integrated circuits. In other words, wiil the changes measured in test pattern parameters
reflect failure at a later time in the integrated circuits?

3. That valid extrapolation from high stress test conditions to use conditions is possible. (This

assumption, of course, requires confirmation in high stress tests of any part.)

Another method for assessing integrated circuit reliability was used in the Minuteman Component
Quality Assurance Program (CQAP),83 This was primarily a part improvement program, but estimates
of failure rates were made. This method requires that an initial estimate be made of the fgilure/}/ate of
the integrated circuit which is to be improved. This estimate is made on the basis of whatever test data
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and experience are available on the integrated circuit or its individual elements. A series of high stress
tests is then employed to generate failures of the circuit being tested. After failure analysis and cate-
gorization of failure modes, corrective actions are taken to eliminate or minimize particular failure modes.
It is then assumed that the initial failure rate estimate has been reduced by the percentage that the
“eliminated” failure mode originally centributed to the total number of failures recorded during tests.

This technigue is more suited to improving rather than assessing reliability, however. Some of the obvious
difficulties are:

1. The inirial estimates of the failure rate may be difficult to obtain and justify.
2. No acceleration factors are derived for the failure modes observed which can be used to extra-
polate failure mechanism rate at high stress to normal stress conditions.

3. High stress tests may introduce or make dominant failure mechanisms which are not prevalent at
use conditions.

In the section whick follows, failure mechanisms in integrated circuits are classified as bulk, surface,
contact, and isolation. The discussion is largely limited to those aspects of failure mechanisms in inte-
grated ciicuits not previously covered under discrete components.

2.3.4.2 Bulk Effects

As with discrete semiconductor devices, fabrication of silicon integrated circuits depends on good
control of the type and distribution of chemical impurities introduced into the silicon substrate. Although
the impurity atoms can move by diffusion at any temperature, this movement is negligible at operating
temperatures for boron and phosphorous dopants. The presence of defects, such as dislocations, stacking
faults, and other microstructural cracks and strains, may act as sinks for unwanted impurities and pre-
cipitates. Copper, for example, can substantially reduce the breakdown voltage of a junction and soften
its reverse characteristics. Introduction of foreign materials can also cause softening of the isolation
junctions used in a circuit. This leads to high leakage currents and increased parasitic effects. Several
alternative routes to the back-biased p-n junction method of isolation are currently beirg adopted, however,
in modern integrated circuit technology.

Failure mechanisms caused by bulk diffusion characteristics may be detected through high tempera-
ture storage tests. The presence of microstructural defects is often detected by the use of mechanical
and thermal shock tests along with appropriate electrical parameter measurements. The distribution and
derciiy of defects on a silicon wafer is an important consideration when it is to be used for complex
integrated circuits.

2.3.4.3 Suiface Effects

In common with the discrete silicon semiconductor devices, once the gross mechanical and quality
type defects have been screened out of the integrated circuit, surface contamination effects remain as a
major reliability problem. While a thermally-grown passivating layer of SiOy gives a certain degree of
protection from external contamination, it does not completely eliminate the field effects of the presence
of charges on its surface. Also, since these passivating lay ers are amorphous structures with wide
variability in lattice spacings, ions are diffused at relatively fast rates. even in the temperature ranges
from 300°C to 500°C.

Compared with discrete semiconductor devices, integrated circuits tend to limit freedom in the design
of variable current, or power, life tests because they are more complex and because their intended applica-
tion is usualiy mere specifsc. For these reasons, circuit bias conditions are often fixed, and circuit
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clements must operate at stress levels well below maximum ratings for their discrete counterparts. At
lower current ievels, the dominant failure modes will therefore be surface oriented. This suggests that
a d-c biased operating life test at an elevated ambient temperature should be a suitable method of testing
the long term stability of an integrated circuit.34 However, this lack of freedom prevents testing at high
current levels which have been used in the past (e.g., on transistors and diodes) to accelerate certain
failure modes other than surface related ones. Lack of hign current tests may mitigate the apparent
importance of these nonsurface failure modes.

Low resistance paths are commonly caused by various degrees of dielectric breakdown of the pass-
ivating surface layer. Conductive films can C}find electrical shorting paths whea microscopic areas of the
passivation layer become thinner than 1000 A in high field regions, or when these areas become impreg-
nated with foreign conducting material. Pinholes in the oxide under metal interconnecting films have
caused shorting of junctions by metal migration through the pinholes. Pinholes in the oxide over active

junctions have also caused failure by surface conduction through ionization of contaminants.

Pinholes can be detected by means of a “Zapp"‘ test.8> This test is designed to initiate catastrophic
breakdown of any thin or degenerate micrcareas of the dielectric, while at the same time it is so restrained
as to be nondestructive to normal oxide protective coatings. The “Zapp’; test consists of the application
of an electric field of appropriate voltage and polarity with suitable protective current limiting resistance
to various inputs of the integrated circuit. The field will cause a permanent breakdown of dielectric which
subsequent electrical tests will indicate as a passivation problem.

2.3.4.4 Contacts

Since there are not only fewer extemal connections but also fewer interfaces between different
materials in integrated circuits than in their discrete element circuit counterparts, reliability should be
greater. The interconnect problem, however, still requires attention. Longer conductive paths over the
oxide layer are required in integrated circuits than for ir.dividual transistors. As discussed previously,
faults 1n the oxide can short circuit the metalization leads ro the substrate. Variations in thickness of
the soft overlay metal fiim, due either to mechanical scoring and scratching, or to narrowing when cross-
ing an oxide step, may lead to high resistance paths. Void areas resulting from improper metalization,
nonadherence to the surface oxide, or a dissolation of interconnect material can also result in unwanted
opens.

If gold is used for intemal wire leads with aluminum interconnects, the usual intermetallic compound
formations, probably catalyzed in the presence of silicon, are encountered at the higher temperatures.

Heat treatment temperatures may also cause the aluminum metal to react with the surface oxide when de-
fects are present in the oxide.

Thermal compression bond failures in integrated circuits have been attributed to:

a. Incomplete diffusion at the Au-Al interface.

b. Nonadherence of aluminum to silicon.

c. Volumetric change: in the diffusion region producing (1) an interface of the gold bond and the
diffusion region, (2) an interface of two metallic phases, (3) an annular crack between two intermetaliic
phases; and (4) a surface crack in the silicon die.

Metallurgical weaknesses can be detected through high temperature storage tests in conj inction
with mechanical and thermal shock tests  Typical parameter degradation effected by thermal compression

bond failures are increased saturation voltage and increased vutput cutoff current.
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2.3.4.5 Isolation

Since all circuit elements, both active and passive, are located in close proximity on 2 common sub
strate, thermal, chemical, mechanical, and electrical coupling may bc expected to be strong. Hence,
the problem of isolation between elements in the silicon integrated approach creates a serious design
problem. There are many schemes for achieving electrical isolation, and new ones are continually being
developed. When reversed-biased p-n junctions are used for isolating transistors, there are several
limitations. The disadvantages include capacitive coupling to all other isolated regions at high fre-
quencies, large increases in collector spreading resistance, jurction leakage, inversion layers, and un-
desirable transistor and p-n-p-n effects. Current developments tend teward the dielectric isolation method
where an actal insulated layer separates the elements from the substrate. When this method is used, the
isolation regions are, of course, subject to the same surface and bulk effects previously mentioned. It is
clear that the problem of electrical isolation is a serious design problem, but very little has been Jdone to

show how parasitics affect the reliability of the total integrated circuit.

The principal mode of heat transfer from the circuit elements is conduction through the die to,
typically, a ceramic case. The thermal conductance of the common silicon substrate is high enough so
that intra~die gradients tend to be quite small. Strains may be transferred to the die, however, if a
thermal mismatch of materials exists between the die and the case, as often occurs in power transistors
A reduction in the thermal resistance of die-to-case bonds is still being sought.
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SECTION 3. PHYSICAL PROPERTIES OF MATERIALS AND
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3. Physical Properties of Materials and Processes Pertinent to Reliability Physics

The preceding section hae presented descriptions, models, and mathematical treat-
ments of the physical processes knowntobe predominant factors in the reliability of elec-
tronic parts. This seclion presents the numerical values of material properties relevant
to physical processes that are active in electronic parts.

In forming the following tables, a limited selection of materials and physical prop-
erties was made. Materials chosen were those that are now used or have real use poten-
tial in advanced electronic equipment, This categoryincludes not only materials for tran-
sistors, diodes, thin-film resistors, and thin-film capacitors, but also materials used for
conducting leads, contacts, protective overcoats, substrates, and potting materials.

In some cases, a process or property implies the presence of more than one ma-
terial, e.g., diffusion and diffusion constant. The emphasis in forming tables of appropri-
ate properties in such cases has been on those materials that can be expected to interact
because of their relative positions in a system.

Moat material properties are temperature sensitive. In these tables, it is agsumed
that the maximum temperature applicable for electronic systeme will be approximately
500°C, and the values tabulated arelimited accordingly. Exceptions are made to this pro-
cedure in cases where it is felt that the information might be useful to an engineer in
eliminating processes from consideration as possible causes of a reliability problem.

Numbers in parentheses next to each datum in the tables are the references from
which the datum was taken. References pertinent tc each table i:nmediately follow the
table.
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Two properties of semiconductors basic tothe solution of most semiconductor prob-
loms are energy gap and carrier mobility. These properties, along with the temperature

and pressure dependences of the anergy gap, are given in Table 3.1.

TABLE 3.1. ENERGY GAP AND CARRER MOBILITY OF SEMICONDUCTORS
Energy Gap Temperature Pressure
at Rcom Dependence Dependence Electon Hole
Energy Gap Tenperature,  of Energy Gap, of Energy Gap, Mob!llty(‘r’), Mobﬂizy(‘r’).
Matezial at 0'K, ev ev B x10%, ev/K(®)  y x 108, ev/am(®) cm2ivoli-secl®)  cm?volt-sec(c)
st 1.2 1. 062 410 -2.0(%) 1,900 500
Ge 0.788(1) 0.66(%) 4,41 8. o(%) 3,900 1,900
GaAs  1.536) 1,418 -5.0(3 9.4(®) 1,200 680
s 2.6(10) 2.38-2. 42010} _5.2¢3) 3.3(4) 250 10
CdTe  1.806(T~0f11) 1, 44012 -2.3 2t 77°K3 800 100
-5, 4 at 800°K3)

CdSe 1.1(2) -4.63)
Isb  0.2351%) 0.180(8) 2,73 15, 2(8) 80, 000 4,000
InAs  ©.4¢® 0.380(8) -3.5(3) 5.4(6) 39,000 240

(a) Eg ™ EG(T'O) + BT.
(b) EG - EG(M + )IP.

(c) The mobilities listed are typical of the highest values observed.

upon free-camier density, crystal perfection, and other factors.
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In any particular sample, mobility values will be dependent
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3.2 Energy Levels of Chemical Impurities

The electrical properties of a semiconductor are determined to a large degree by
tha concentration and chemical species of impurities in the semiconductor. An impurity
atom may be capable of contributing either a free zlectron or a free hole when ionized,
or it rnay be electrically inactive, The amount of energy required to ionize an impurity.
and, consequently, provide a charge carrier, depends upon certain properties of both the
host crystal aud the impurity atom, and is different for different combinations of them.
A donor-type impurity atom, when ionized, contributes an electron to the conduction band
of the crystal. A crystal containing predominantly donor-type impurities is called an n-
type crystal. An acceptor-type impurity, when ionized, contributes a hole to the valence
bard of the crystal., Acrystalcontaining predominantly acceptor-type impurities is called
a2 p-type crystal. One type of atom may contribute either holes or electrons, depending
upon its mode of occupation of the host crystal.

Tables 3.2, 3.3, and 3.4 list impurities known to affect the electrical conductivity
of germanium, silicon, and gallium arsenide. The quantity "E - Ey" is the 2nergy dif-
ference between the valence electron energy of the impurity atom in the unexcited state
and the minimum energy of electrons in the conduction band of the host crystal. The
quantity ""Ej - Ey" is the energy difference between the maximum energy of a valence
electron of the host crystal and a valence electron of the impurity atom in the host crys-
tal. The '"maximum solubility!' column tells the number of impurity atoms of a given
type that may be added to the host crystal without precipitation or agglomeration.

3.3 Diffusion Coefficient

The concept and ramifications of diffusicn coefficients have been discussed in Sec-
tion 2 of this Notebook, Tables 3.5, 3.6, and 3.7 contain diffusion coefficients, D, of im-~
purities in silicon, germanium, and gallium arsenide calculated from the expression:

AH

D=Dge RT ,

where D, is a constant for the impurity in the crystal, and AH is the activation energy
for diffusion.
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TABLE 3.2,. ENERGY LEVELS OF CHEMICAL IMPURITIES - GERMANIUM

Ionization Maximum
Energy(l), ev Conductivity Solubility(2, Except P),
Impurity Ec- Ey E; - Evy Typell) atoms /cm3
Li 0.0093 D 7 x 1018
Cu 0. 040 A 3.5x 1016
Cu 0.31 A --
Cu 0.26 A --
Au 0. 04 A 2x10l6
Au 0.20 A --
Au 0.15 A --
Au 0.053 D --
Zn 0. 029 A 2.5 x 1018
B C.0104 A --
Al 0.0102 A 4 x 1029
Ga 0.0108 A 5 x 1020
In 0.0112 A 4x1018
Tl 0.014 A --
P 0.0120 D 1 x 1020(3)
As 0.0127 D 2 x 1020
Sb 0.0096 D 1x1019
Bi 0.012 D -
Mn 0.35 A -
Mn 0.16 A --
Fe 0.27 A --
Fe 0.34 A 1.5 x 1015
Co 0.31 A -
Co 0.25 A 2 x 1015
Ni 9,30 A .-
Ni 0.22 A 8 x 1015
Pt 0,20 A -
Pt 0.04 5x 1014
Te 0,10 D -
Se 0.14 D -
S 0.18 D --
Ag 0.29 A --
Ag 0,09 A -
Ag 0.13 A -
Zn 0,09 D --
ca 0.05 D --
cd 0.16 D —
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TABLE 3.3. ENERGY LEVELS OF CHEMICAL IMPURITIES - SILICON
Ionization Maximum
Energy(%), ev Conductivity Solubility{2, Ex ept laj
Impurity Ec - E; E; - Evy Type(q) atomns fcm?
Li 0.033 D 6 x 1019
Cu 0. 49 A --
Cu 0.24 D 1.3 x 1018
Au 0.33 D 1.2 x 1017
Au 0.54 A -
Zn 0,55 A 6 x 1016
Zn 0.30 A --
B 0. 045 A 6 x 1020
Al 0.057 A 2 x 1019
Ga 0. 065 A 4 x 1019
In 0.16 A 6.7 x 1020(3)
P 0. 044 D 1.3 x 1021
As 0. 049 D 2 x 1021
Sb 0.039 D 7 x 1019
Mn 0.53 D 3,5 x 1016
Fe 0. 55 D -
Fe 0.40 D 3 x 1016 <
s 0.18 D 3.6 x 1016 <

TABLE 3.4. ENERGY LEVELS OF CHEMICAL IMPURITIES -

GALLIUM ARSEHNIDE

Maximumn
Ionization Conductivity Solubility{6),
Impurity Energy(s), ev Type(s) atoms /cm3
Si 0. 005 D 4 x 1048
Cu 0.42 A --
Cu 0.14 A --
cd 0.021 A >1019
Zn G.014 A >1040




£ 5
</

(1)

(2)

(3)

(4)

(5)

(6)
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TABLE 3.5. DIFFUSION CONSTANTS OF IMPURITIES - GERMANIUM(2) q
D, cm?/sec
Diffusant D,, cmZ/sec -AH, ev  300°K 500°K 700°K References
B 1.8 x 109 4.55  1.0x10707 1,7x10737 3.6x10°24 1
Al -- -- -- - -- -
Ga 20 3,04  3.2x10750 6,2x10730 3,2x 10-?! 1
In 20 3.0 1.3x10°49 4.5x10730 5,4x 1072} 1
P 12.” 2.6 3,9x 10743 6,0x 10726 2,5x 10-18 1
As 2.12 2.4 1.5x 10740 1.1x 10724 1,2 x 1077 1
Sb 1.3 2.26 2.1x10738 1,7x10723 7,3x 10717 1
Ta .- .- -- .- - --
Bi 4.7 2.4 3.4x10°40 3,5x1072¢ 2,6x 10717 1
H - - - - -
Li 0. 0025 051  7.5x10°12 1,6x10"12 5.5x10°7 1 ﬁ
Cu -- --  D=23,1x10"3(T =1173°K) 1
Ag 0. 044 1.0 7.9x10°19 3,2x10"12 3,0x10"9 1
Au 12. 6 2.25 3,0%x10°37 2.3x106-22 8.4 x 10-16 1
Be -~ -- ~-- -- --
Zn 0. 65 2.5 2.9x 1044 3,5x10°25 7.2 x 10°19 1
cd 1.75 x 107 4.4 4.6x 10764 5,6x 10733 4,2 10723 1
0 - - - - - - -
Cr “- - -- -- -- -~
Fe 0.13 1.1 5.3x 10720 9. 4x 10713 1.6x10°9 ]
Ni 0.8 0.91 4.9x10°16 4.8x10°10 2, 4x 10-7 1
—(:) -~ indicates that the datum is not yet available.
&
&

S ST
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TABLE 2. 6. DIFFUSION CONSTANTS OF IMPURITIES - SIXICON'®)

D, cmz/sec

Diffusant D, cm?/sec -AH, ev 300°K 590°K 706°K keferences
B 10.5 3.6 6.2x 10758 4,1x10"35 1,4x 10724 1
Al 8.0 3.4 1.0x 10756 3.2x10734 2.9x 10724 1
Ga 3.6 3.5 1.0x 10757 1.4x10°35 2.4x 10725 1
In 16.5 4.0 2.1x 10764 1.2x10-37 3,0x 10-27 1
T1 16.5 4.0 2.1x1076% 1,2x10-37 3,0x 10-27 1
P 10,5 3.6 6.2 x 10°58 1x10-25 1,4x 10-24 1
As 0.32 3.6 1.9x 1061 1,2x10-38 4,2x10-27 1
Sb 5.6 3.9  3.2x10°%% 4.1x10737 6, 7x 10729 1
Ta -- -- -- -- -- --
Bi 1030 4.7 2.4x 10781 3,0x10750 1.6x 10737 2

< H 9.4x 1073 -- -- - -- 3

<
Li 0. 0623 0.66 2.1x10°14 5,1x10°10 4 1x10°8 1
Cu -- -~ D=5.5x10"2(T = 1173°K) 1
Ag - -- -- -- -- --
Au 0.0011 i.1 4,95 x 10722 8.0 x 10715 1,3 x 10~1¢ 1
Be ~- ~ - -- - -
Zn -- - 1.1x10°8-1,1x1077 (1237°K < T <1573°K) 1
cd -- -- -~ “- -- -
o -- 2.8+0.8 D= 1078 (T = 1640°K) 4
Cr -- -~ -~ - -- -
Fe 0. 0062 0.87 1.7x10°17 9.,9x10712 3,3 x10-9 1
Ni - -- -- -- -- “-

(a) -- indicates that the datum is not yet available,

e
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TABLE 2.7. DIFFUSION CONSTANTS OF IMPURITIES - GALLIUM ARSENIDE(2)
D, cm/sec
Diffusant D, -AH, ev 300°K 500°K 700°K References
Zn 15 2,49 4.4x 1074 1,0x1072% 1.8x10°17 5
cd 0. 05 2,43 L1x107% 1,4x107%0 1,7x10°19 7
@) - - -- - - -
s 4x 103 4.04 1.1x108 5.2x10738 3.6x10726 5
Cr - - == -~ - -~
Se 3 x 103 4,06 7.8x107%% 2.6x10739 3.6 x 10727 5
Al -- - - -- “- .
Ga 1x 107 5.60 2.0x10°85 2.4x107°0 5,3x10734 5
In - -~ - - - --
As 4 x 1021 10.2 9.6 x 107347 2,8x10°80 1,9 x 105! 5
Ta -- -- -- -- -- --
Si - -- -- -- -- -
Sn 6x 1074 2.5 8.4x10740 3.2x10°29 6.6 x 10722 7
H - - - - - - -
Li -- - -- -- -- --
Cu -- -- 2.4 x 1076 (T = 1373°K) 7
Au -10~3 1.0 -- - -- 6
Fe - - -- -~ - --
Ni - -- -- -- -- --

{a) -- indicates that the datum is not yet avatlable,

| iRART e ¥
-




(1)

(2)
(3)
{4)

(5}

(6)

(7
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3.4 Eutectic Melting Points

Table 3.8 contains eutectic points for various combinations of metals and semicon-
ductors that might normally come in contact during use. A eutectic point is the concen-

tration of one material in another at which the melting point of the composition is at a
minimum.

TABLE 3.8, EUTECTIC MELTING POINTS(])

Concentration, Concentration,
Material A, Material B, Eutectic
Material A atomic per cent Material B atomic per cent Temp, °C
5i 39 Ta 1 1385
Si 11.3 Al 88.7 577
Si 31 Au 69 370
Si 56.2 Ni 43.8 G66
Ge 27 Au 73 356
Ge 30.3 Al 69.7 424
Al 99.3 Au 0.7 642

REFERENCE, TABLE 3.8

(1) Hansea, M., Conetitution of Binary Alloys, McGraw-Hill Book Company, Inc., New
York (1958).
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3.% Vapor Pressure

Table 3.9 preaents the vapor pressure atdifferenttemperature levels for numerous
elementis used in the construction of electronic devices,

TABLE 3.9. VAPOR PRESSURE(])

Vapor Pressure, mm Hg, at
Indicated Temperature

Material 300°K 500°*°K 700K
Ge <107} <1o” ! <10~ M!
si <10°t? <101t <10°3!

-11 - -
Ga <107} <10 107!
As <10t 6x 10" 7

-10 -5
cd -- 1.5 x 10 2.5x 10
-6

S 4x10 5 450
Se 9 x 107! 4x10"° 7
al <107t <10~ <10~
Au <07t <10”H <10~ !

- -1 -
In <10° ! <10t} 4x10° 10

- - -6
Pb <107 <107t 10

REFERENCE, TABLE 3.9

(1) "Vapor Pressure Curves for the More Common Elements', prepared by R, E.
Honig, Radio Corporation of America, Copyright, 1962.
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L)

3,6 Intrinsic Carrier Concentration

Figure 3.1 presents plots of intrinsic carrier concentration as a function of abso-
lute temperature of silicon and germanium. The plots were made using the following

expression to calculate the intrinsic concentration, n:

2mk T\ /2 E
ny = pj =2 > (myk myx)> /4 exp &

hZ 2kT
where
h = Planck's constant, 6.624 x 10-34 joule/sec
k = Eoltzmann's constant, 1.38 x 10-23 joule/deg
me* = sffective mass of electrons
m),* = effective mass cf holes

E_ = energy gap.

}

In the plotted values, the temperature dependence of the energy gap has been ac-
counted for.

The intrinsic carrier concentration of a semiconductor is the number of electrons 5
per unit volume that have been excited from the valence band to the conduction band. An g
equal number of holes is left inthe valence band by the excited electrons, The properties
of a semiconductor device are usually determined by the number of donor and acceptor
impuritiee added during fabrication. At a temperature where the intrinsic concentration

exceeds the donor or acceptor concentration, the distinctive properties of the device can
be expected to disappear,

g3
i
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3.7 Thermal Conductivity

Table 3.10 lists thermal conductivity of many materials used in construction of

electronic devices, Note that the units are watts/cm-deg.

TABLE 3,10,

THERMAL CONDUCTIVITY

Thermal Conductivity, w/cm-deg, at Indicated Temperature

Material 300°K 500°K 700°K
Si 1.422(1) 0. 692(1) 0. 483(1)
Ge 0.521(2) 0.298(2) 0.209 (673°K)(2)
GaAs 0. 4403) 0.25(3) 0.14(3)
cds 0.159(4) -- -
SiO, 0.0118 (fused
silica at 40°C){5) -- -

Al,0, 0.2511(6) 0.039 (522°K)(6)®) 0.051 (657°k}(6)?)
Soda-lime

glass 0.0092(8) - -
Borosilicate

crown glass  0.011 (273°k){9)
Aluminosilicate 0,013(10)

., (a)
Glazed alumina 0. 352(11)

--

0.015 (573°k)(10)

{(a) Hest flow perpendiculer to C-axis.

T r——_ —— p— cT R
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(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)
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3.8 Emissivitiea of Various Materials a1

Emissivitiez of various materials ars given in Table 3,11. Although the available
data are sparce, it is felt that this information will be required to appropriately evaluate

infrared scan pictures of electronic equipment, since the energy radiated by a body is a
function of the emissivity of the body.

TABLE 3.11. EMISSIVITY

Emigsivity, €, at Indicaied Temperature(a)

Material 300°K 500°K 700°K
Si . - -
Ge 0.3(1) - -
GaAs i - - -
cas - .- -
Au 0,02-0. 03 0.02-0.03 0.02-0, 03(2)
Al 0. 03 0. 04(2) -- ..
Nichrome ) < B
(oxidized) 0.90 (A = -- -
0.65 (3}
SiD - -- .-
Sio, - -- -

{8) -- indicstes that the datum i3 not avallable,

REFERENCES, TABLE 3,11

{1) Abeles, B,, Cody, G. D., and Beers, D. S,, "Apparatus for Measurement of Ther-
mal Diffusivity of Solids at High Temperatures”, 1. Appl. Phys., 31, 1585 (1960).

(2) American Institute of Phyeics Handbook, Firet Edition, McGraw-Hill Book Com-
pary, Inc., New York (1957), pp 6-68,

{3) Ibid., pp 6-74.
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=1 3,9 Thermal Coefficient of Linear Expanaion

The thermal coefficient of linear expansion of a material is used to calculate the
change in length of a body that takes place upon heating or cooling. It is defined as:

_ _AL
L,AT

<4

where
A L is the change of length of the body
L, is the initial length of the body
AT is the temperature difference over which the measurement was performed.

Thermal expansion coefficients are given for a number of materials in Table 3.12.

LS4
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TABLE 3,12, THERMAI, COEFFICIENT OF LINEAR EXPANSION
Thermal Coefficient
of Lme.ar Expcmston, Temperature,
Material a, 0-6 *c- °K Refercnce
Al 23.8 293-373 1
Al 25,7 293-573 1
Al 28,7 293-873 1
Au 14,3 290-373 1
In 41.7 313 1
2Pb-15n 25,08 273-373 1
Ni 12.79 313 1
Ni-C=r 13.5 300 6
Pt 8.99 313 1
Ag 18.8 293 1
Ta 6.7 293-373 1
Glasses and Ceramics

0211 Microsheet(®) 7.2 273-573 2,3
Alkali -- -- --
Borosilicate 3.25 273-573 2,3
96% silicate {Vycor(3)) 0.8 273-573 3
Pyrex 3.6 294-744 1
Soda-lime glass 8.5-9.2 273-573 4
Quartz, 7.97 pb) 273-353 1
Quartz 13, 37 (b) 273-353 1
4% alumira 6.7 300 2
Sapphire (Al,03) 6.7p 323 5

5.0 n -- -~
SnQ 4.6 - 6
MgO 13.8 293-1373 5
Si0 2 - --
BeO (99.5%) 6.0 -- 6

Semiconductors
Si 4.2 300 5
Ge 5.5-6.1 300 5
GaAs 5.7 -- 5
Cds 4.2 300-343 5
CdTe 4.5 323 5

(a) Trademark, Coming Glass Worki, Corning, New York.

l&\ F lndln.ou messurament alda n.-:"-l o (‘-av(

PSauisTIShl MiRSe s

s Indicates rueasuremsnt made perpendicular to C-axis.




(1)

(2)

{3)

(4)

(5)

(6)
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3.10 Elastic Constants

The moet commonly referred to elastic properties of materials are Young's modu-
lus, E; bulk modulus, k; shear modulus or modulus of rigidity, n; and Poisson's ratio, 0.
More basic than these, however, are the constants of proportionality in a crystal cbeying
Hooke's law between components of stress and components of strain, known as elastic -
stifiness constants. In cubic crystals, there are three such constants in termz of which
the three slastic moduli can be calculated. These are designated C;;, Cyp, and C44. The
expressions relating elastic moduli to stiffneds constants are(l

_(C11 +2C)2) (Cy) - Cy2)

-3
)

(C11 + Cj2) !
n=C44 )
Cii+2C
X = 113 12 ,

and for homogenous, isotropic bodies(2),

E
O-E;- 1 and
0__3k-,2!)

T %k + 2n

The values of Cy;, C),, Cy4s E,n, k, and 0 for many electronic materials ars given
in Table 3.12. The valuss of the moduli are not calculated from stiffness coefficients.

-
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TABLE 3.13, ELASTIC COEFFICIENTS

Bulk
C11, Cio, Cad: Young's Shear Modulus, k,
1012 dynes/ 1012 dynes/ 1012 dynes/  Modulus, E, Modulus, n, 1012 dynes/

Matcrial cm? cm?2 cm? 1012 dynes/cm?  101% dynes/cm? cm? o

si 1.e7(3) 0.85(3) 0.80(3) -- .- 1. 02(3) ..
Ge 1.29(4) 0. 483(4) 0.671(4) -- -- 0. 113(*} --
GaAs 0. 188(5) 0. 594(5) 0.:538(%) -- -- .- -
cds 0. 843(6) 0. 521(6) 0. 149(6) -- -- -- -
CdTe 0.535147)  0.3681(7) 0, 1594(7) .- -- -- =
Au -~ -- -- 0. 785(8) -- -- -
Ni -- -- -- 2.001-2.136(8)  0.706-0, 7558} -- -~
Cr -- -- -- 2. 48(8) o .- .-
Al, rolled -- -- -- 0.68-0, 7¢{8) - -- --
Ta -- -- - 1.86(8) - - -
S10 -- -- -- - -- -- .-
$109 - .- -- 7.3%11) 0.912(11) 3. 12(11) -
Alp0g .

(sapphire) -- - -- 3.460) 1.48(9) 0. 030K")
Mgo 2, 90(10) c.87¢(20) 1 58(10) - - - =
Soda-{ime

glas *- - -- 2.13633) 0.316K12) - ¢ 21(13)
Borosilicate

glam -- -- -- 0, 50%12) 5. 314(12) .- 0.29(12)
06% silica

(Vycor8); - - - 0. 68212 0,28%12) - 0.1a(1%)
0211

Mlam“‘) -s - Ll 0. 7‘“13) 0. 302(13) - 0. ’x“)

(a) Trademark, Cotning Glas Woris,

Cotning, New Yok,




(1)

(2)

(3)
(4)
(5)

(6)
(7)

(8)

%)
(10)
(11)

(12)

(13)
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3.11 Dielectric Properties

Three properties of materials usually referred to as dielectric properties are di-
electric cconstant, K; loss tangent, also known as dielectric dissipation factor; and di-
electric strength. These properties are of importance in a material being considered for
use as a capacitor dielectric, a thin-film circuit substrate, a printed-circuit board, a
transistor or diodz mount, or an incapeulant,

Dielectric constant is a dimensionless quantity, which, when multiplied by permit-
tivity of free space, €, gives the permittivity € of the material.

Dielectric strength is the ability of a material to withstand electric stresses that
cause either electronic or thermal breakdown, Elecironic breakdown takes place when
the voltage gradient in a material exceeds some limit that is an intrinsic property of the
matervial. In such a case, electrons are accelerated to velocities that enable them to
ionize atoms upon collision, and current avalanching occurs, Thermal breakdown occurs
when electric losses in the material cause localized heating, which in turn causes the flow
of current to increase further, Dielectric strength is the field strength a material can
withstand before electronic breakdown takes place. To prevent excessive heating and the
resultant thermal breakdown, th.s quantity must be measured while applying the electric
field for times of 1 second or iess.(l)

The loss tangent of a material provides a measure of the amount of a-c energy im-
pressed on a dielectric material that is lost in absorption phenomena and conducticn
losses. The magnitude of such losses, W, is given for sinusoidal voltages by(l)

W = 0.555 € tan 9 v2 5 10-6 '
1+ tan2 0
where
W = watts lost per cm3

dielectric constant of the material

m
i

(2
H

frequency in cps
V = voltage gradient in kv/cm, rms
o = loss angle of the material,

The quantity tan & is called the dislectric dissipation factor, and, for small values
of 6, is equal to the dielectric power factor.(2)

Table 3.14 lists dielectric constaat, breakdown strength, znd loss tangent of many
dielectrics and semiconductors.
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.4
TABLE 3.14. DIELECTRIC PROPERTIES
Dielectric Dielectric Loss

Material Constant Strength, V/cm Tangent
Si 1303)3) - -
Ge 16, 6(4)(P) . _
GaAs 11.6 % 0, 14(5) - -
cds (7. 96(6)() - -
Cds (1)8.82 -- -
S§i0 6.8(7) 1-3 x 106(6) _—
Si0,, fused silica 3. 78(8)(Y -- 00025(!)
Al203 (Ih10. 55(8)¢) 1.6-6.4 x 10° -
Al,03 (1)8. 6(d) -- -
Soda-lime glass 6. 9(9e) 5.2 x 106(1)(8) 01(9)c) e
foda-lime glass 9. 3(9)“) 7.5 x 102(9)(h) 17(9)“)
0211 Microsheet(i) 6. (o) 3.4x 1o6()®) 0047¢9)(¢)
0211 Microsheet(i) 7. 4(9)®) 104(9)(h) 032(N®
96% silica {Vycor(i) 3. 9(0® 3,5 x 106(”(3) 0006(9 )
96% silica (Vycor(i)) 3. 9()(0) 7 x 103‘9)(h) 001{9¥
98.5% BeO 6. 91000 -- 0008100

(z) Measured st 1010 cps.

(b) Measured at 8.4 x 10% cpe,

{c) Messured at 108 cos.

(d) Measured from 10% to 1010 cps.
(¢) Measured from 102 20108 cps.
(f) Measured a1 108 cps, $77°K.
{g) 60 cycle, rms; 300°K.

th} 60 cycle, rms; 623°K, for 1 minute,
{1) Trademark, Corning Glas Works, Coming, New York.
{§) Measuced at 4.45 10 4.04 x 109 cpe.




(1)

(2)

(3)

(4)

(5)
(6)

{7)

(8)
(9)

(10)
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3.12 Properties of Solder

Tabln 3,15 presents electrical, thermal, and mechanical characteristics of numerous
low-melting alloys used as solders,

TABLE 3.15. PROPERTIES OF SOLDERS

Short-Time

Electrical Tensile Plastic Liquid
Conductivity, Strength, Temp, Temp, Refer-
Composition 10° (ohm- cm)"} 108 dymes /cm? K 'K ence
190 Tin 0.85 1.24 505 505 1
100 Lead 0.45 1.23 600 600 1
95 Tin-5 Antimony 0.73 4. 07 505 515 1
95 Tin-5 Silver 0.79 9.66 486 494 1
90,5 Tin-9.5 Bismuth 0.57 -- -- -- 1
70 Tin-30 Lead 0.68 4,24 456 459 1
63 Tin-37 Lead 0.62 4,32 456 456 1
60 Tin-40 Lead 0.62 4.34 456 46) 1
97.5 Lead-1,5 Silver 0,42 2,48 577 581 1
-1 Tin
97.5 Lead-2,5 Silver 0. 46 2.48 577 580 1
100 Indium 1,36 -- .- 156, 4 1
50 Indium-50 Tin 0. 68 0.354 -- 429 1
90 Indivm-10 Silver 1.24 1.42 - 503 1
50 Indium-50 Liead 0.34 2.11 - 489 1
55.5 Tin-3. 4 Antimony .- .- -~ 460 P
-41,1 Lead
80 Gold-20 Tin -- - - 553 3
88 Gold-12 Gerraanium -- - - 629 3

94 Gold-6 Silicon -- - -- 643 3
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3.13 Properties of Encapsulants ard Potting Compoenis

The encapsulant of an electronic device provides ele:trical insulation aad protec
tion from water vapor and other contaminants, and helps t> protect the d-vice from dam-
age caused by mechanical shocks and siresses, Therelore, the zlectrical | runerties of
the encapsulating material - d-c resistance, ficlectric strength, and diclecteic constan
and loss tangent over a wide range of frequencies -~ should be krnown. Furthermore, the
resistance of the material to penetration by water vapor is irnportant, not unly because
water vapor damages many electronic devices but also because it reduces the specific
resistivity of many encapsulating materiale.

Because the encapsulant of an electronic device will nucessarily Le subjected to
the same thermal and mechanical stresses as the eiectronic device itself, properties such
as thermal coefficient of expansion and ultimate teasile st engtl. are of importance.

Table 3,16, taken from Reference |, lists the propertics ot many encapsulants. The
physical meanings of most of the properties listed are assumed to be well known., Those
that may not be well known are defined as follows:

(1) Arc-Tracking Resistance. This is a measure of the ability of the ma-
terial to resist localized degradation when arcs and flashovers occur.
Arcs and flashovers mav cause a chemical reaction to take place in
thair paths, leaviag & *~ack of relativeiy iow.resistance carbonaceous

material ¢f lower dielectric stroength,

{2) Safe-Use Temperature. This is a characteristic rather loosely defined
as the tempcrature a material will withstand for short periods of time
without obvious degradation, such as charring, blistering, or gross
distortion.

(3) Heat Distortion Temperature. This is the maximumtemperature at which
flow or deformation of the material under specified conditions of lrad and
time will not exceed a specified value,

Table 3.17 presents solvents for uncired material and trade names and manufac-
turers of many encapsulants at the time of publication of Reference 1,
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TABLE 3.17. SOLVENTS, TRADE NAMES, AND MANUFACTURERS
OF ENCAPSULATING MATERIALS

Solvents(2)

Polymer System

Thinning  Cleanup

Trade Name and Manufacturer(b)

Thermosets
Asphalts and tars 1,2 2
Fluorccarbon -- .- Teflon(12); Kel-F (23)
Polyethylene 1 2 Alathon (12), (10), (22), (25); Stycast (13)
Polystyrene 1,2 2 Styron (10); Luatron(25); Dylene (22);
Stycast(13)
Polyvinyl chloride -- 2 Geon (19); Tygon (35); Opalon (25), (4), (6)
Wax 1,2 2
Thermoplastics
Alkyd 7 -- Glyptal (18); Paraplex (30), (1), (3), (21)
Allyl ester -- - Lexan (18); Merlon (24); Vibrin 135 (28);
Laminac (1)
Butadiene-styrene 4 2 Buten (14); Butarey {15), (29); Stycast
LOK (13)
Epoxide 1 2,5 Araldite (7); Epon (33), (21), (11);
ERL2744(2); Devion (5); Ecco and
Stycast(13)
Phenolaldehyde -- -- Resinox (25)
Polyester 4,5 -- Vibrin (28); Plaskon (3); Paraplex(30);
Laminac (1); Dapon(16)
Silicone 4,3 1,2 (11), (18); Eccosil (13)
Elastomers
Buna-S rubber 1,3,4 2 (15), (20)
Chloro-rubber 2 2 Neoprene (23)
Natural rubber 1,4 2 {15), (20)
Silicone rubber 6 2,5 (11), (18), (27); Cohrlastic (8), (3);
Eccosil (13)
Thioplast 2 -- Thiokol (34)
Urethane 1,4 -- Scotchcast XR5C10(23); LD167(12), (24);
Ecco (13)
Ceramics
Cold-set cements 9 9 Sauereisen (32); Eccoceram(13);

Glass-bonded mica - -

Rostone (31)
Mycalex (26), (18),

Footnotes appear on following page.

&
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References for Table 3.17:

() List of Solvents

(1) Hydrocarbon,

(2) Chlorinated hydroczrbon perchloroethylene, methylene chloride.
(3) Diphenyl or terphenyl.

(4) Unsaturated hydrocarbon,

(§) Ketone,

(6) Fluid silicones,

(1) Drying olls,

(8) Aromatic hydrocarbon,

(9) Water,

(b) List of Manufacturers

(1) American Cyanamid Co., 30 Rockefeller Plaza, New York 20, N, Y.
(2) Bakelite Co., Div. of Union Carbide and Carbon Corp,, 20 East 42nd St., New York 17, N, Y.
(3) Bamett Div, of Allied Chemical Corp., 40 Rector 5t., New York 6, N. Y.
(4) Borden Chemical Company, 350 Madison Avenue, New York 17, N, Y,
(5) Chemical Developmant Corp., Endicott St., Danvers, Mass,
(6) Chemical Products Co., King Philip Road, E. Providence, R. 1.
(7) Ciba Co., Inc., Kimberton, Pa,
(8) Connecticut Hard Rubber Co., New and East Sts,, New Haven, Cenn.
(9) Consolidated Electrodynamics, 300 N. Sictra Madre Villz, Pasadena, Ceiif,
{10) Dow Chemical Company, -Midland, Mich,
{11) Dow Corning Corporation, MidLind, Mich,
(12) E. 1. du Pont de Nemours and Co., Wiimington 98, Del.
(13) Emerson and Cuming, Inc., Canton, Mass,
(14) Enjay-Humble Oil Co., 15 West §lst St., New Yo 17, N. Y.
(15) Firestone Plastics Co., Box 690, Pottstown, Pa.
(16) FMC Organic Chemicals Div. of Food Machinery and Chemical Corp., 161 East 42nd Stzeet, New Yock 17, N, Y,
(17) Generai Aniline and Film Corp., 435 Hudson St., New York 14, N. Y.
(18) Geneml Electric Co.,-One Plastics Ave,, Pitisfield, Mass,
(19) -Goodrich Chemical Co., Cleveland 15, Ohio,
(20) Goodyzar Tire and Rubber Co., 1144 East Matket St., Akron 16, Ohio.
(21) Jones-Dabney Div. of Devoe Reynolds, 148 South 11th Sti, Louisville, Ky.
(22) Koppers Company, Pitsturgh 19, Pa.
(23) Minnesota Mining and Manufacturing Co., St. Paul, Minn,
(24) Mobay Products Company, Pittsburgh 5, Pa,
(25) Monzante Chemical Company, Springfield 2, Mais.
(26) Mycalex Corporation of America, Clifton Bivd,, Clifton, N. J.
(27) Narmco Resins and Coatings Co., €00 Victoria St., Costa Mesa, Calif.
(28) Naugatwck Chemical Div. of U. S. Rubber Go., 203 Elm St., Naugatuck, Conn,
(29) Phillips Chemical Co,, Bartlesville, Okla,
(30) Rohm and Haas Co., Washington Squaze, Philadelphia 5, Pa,
(31) Rostone Corporation, Lafayette, Ind.
(32) Sauereisen Company, Flttsburgh 15, Pa.
(33). Shell Chemical Corporation, 380 Madison Ave., New York 17, N, Y.
(34) Thiokol Chemical Corporation, Trenton 7, N. J.
(35) U. S. Stoneware Company, Tallmadge Ave., Akron 9, Chio,
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3.14 Resistivity and Temperature Coefficient of
Resistance of Metals and Alloys

The resistivity and temperature coefficient of resisisnce of some metals and alloys
often used in electronic devices are given in Table 3.18. All values of each quantity were
measured at 20°C,

Temperature coefficient of resistance, a, is calculated from the formula:

R = Rg (1 + cAT)

where

= resistance at temperature T

o
3
i

resistance at 20°C

g
o
1]

>
L
n

T (*C) - 20°C.

TABLE 3,18, RESISTIVITY AND TCR OF METALS
AND ALLOYS(3)

Resistivity,

Material 1076 ohmi-em TCR (°C)"!} References
Gold 2,44 . 0034 I
Platinum 10 . 003 1
Aluminum 2,824 . 0039 X
Copper 1,771 . 00382 1
Silver 1,59 . 0038 1
Kovar 49(b) . 6637¢b) 4
Nichrome 100 . 0004 1
Manganin 44 . 00001 i
Tantalam 15,5 . 0031 1
Titanium 55 -.0001 to 2,3

+.00012(¢)

-~

(2) The values given in this table are for the materials in bulk form except where noted, The
jame materials may exhibit somewhat different values of these properties when in thin-
film form.

(b) Measured 21-25°C,

(c) Measured.on thin films.




{3)

(4)
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Jandbook of Chemistry and Physics, 36th Edition (HCP), Chemical Rubber Publish-

ing Company, Cleveland, Ohio (1955), p 2353,

American Institute of Physics Handbook, McCraw-Hill Book Company, Inc., New

York (1957), pp 5-204,

Fuller, W. D., "Titanium Thin Film Circuits", Proc. Natl. Electron, Conf{., }_7'. 32
(19561)°

Carborundum- Cornpany, Electronics Division, Latrobe, Pennsylvania, Product
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4, Accelerated Testing

4,1 Introduction

The purpcse of a component life test is to generate significant performance Jat. on
the basis of which reliahility can be predicted for a component operating in a specified
environment., These data may be simplytime to failure, or they may involve measurement
of parameter degradation. In many applications of components, however, the parts are so
reliable under norrnal operating environments that years of testing are reguired to
generate significant performance data, Thus a paradox exists in that the greater a com-
ponent!s reliability, the more difficult it is vo d<termine its reliability.

A possible solution to this problem is to design accelerated life tests, In an an-
celerated test, components are run at higher stress levels than encountered in normal
operation. Stress comprises factors such as ambienttemperature, junction temperature,
power dissipation, bias voltage, etc, The problem in the analysis of component per-
formance data generated at high stress levels is how to predict the component's per-
formance at a normal stress level, This prediction is generally based on an extrapolation
to normal atreas levels of performance data ygenerated in several accelerated tests, each
run at a different level of increased stress, It is important to recognize that, in practice,
reliability prediction at normal stress level is obtained through extrapolation. This
extrapolation leads to the most difficult and important problem associated with the analy-
sis of accelerated testdata — namely, whether or not "true' acceleration is achieved. For
example, at increased stress levels, the mode of failure may change. If several aging
processes are acting simultaneously in a component, the "dominant' process may change
with increazing stress, or with increasing time, Further, if several stress parameters
are involved, such as temperature and voltage, interaction problems may arise between
the different stress parameters.(l) Clearly, before valid extrapolations to normal stress
levels can be made, the functional relationships between the aging processes acting in a
component and the environmental stress parameters must be determined.(

Hence, the major weakness in accelerated testing is that the aging processes at high
stress levels may be differentfromthcse atnormal stress levels. Ideally, the application
of high stress levelswouldaccelerate aging imsuch a way that a component degrades in the
same manner as at normal stress levels; thus, the only variable that would be accelerated
is time. That is, 1 hour of test time at high stress levels should produce identical com-
ponent performance as T test hours at normal stress levels, If this is the case, "true"
acceleration is nrald to be achieved. In practice, it is not always possible to accelerate
only the time variable. Where this is the case, true acceleration cannot be achieved,

In summary, it is seen that accelerated testing consists of

(1) Designing stress tests that yield significant performance deg radation dur-
ing a reasonable time period

(2) Determining, on the basis of component parameter measurements at in-
creasingly higher stresses whether true accelerationhas beenachieved, or
on a physiochemical analysis of the internal processes of a subsample of

test de ices
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(3) Validly extrapolating performance at higher stresses to normal stress
levels, given that true accelsration has been achieved

(4) Deriving formulas for the calculation of acceleration factors that relate
1 hour of test time at a specified high stress level to an equivalent nume
ber of test hours at a reference {normal) stress leval,

These problems are treated indetail inthe following sections. In Section 4.2, various
methods are described for generating accelerated test data. In Section 4.3, two mathe-
matical rmodels characterizing rate processes are described in theory and in application
to the analysis of accelerated life-test data. Finally, in Section 4.4, the various acceler-
ated test procedures are compared.

4.2 Methods of Generating Accelerated Test Data

In this section, three test procedures for generating accelerated test data are
described. These are:

(1) Constant-stress teating

(2) Step-stress testing

(3) Progressive-stress testing,
For-each method of testing, the steps inthe experimental procedure are described and the
assumptions contingent to the procedure are presented. Further, step-stress and pro-
gressive-stress testing are related to constant-stress testing., That is, the equivalent
number of hours of constant stress test time is determined for 1 hour of step-stress or

progressive-stress test time, Theoretical models for the analysis of the performance
data generated by these procedures are presented in Section 4.3,

4.2.1 Constant-Stress Tutinl

Ja a constant-stress accelerated test, a statisticaily significant number of components
are placed on life test in each of several levels of environmental stress, which ars held
constant for the duration of the test. Measurementz are taken periodically-during the test
on those parameters descriptive of component performance over time, At the end of the
test, the data obtained are analyzed according to specified mathematical models under
appropriate assumptions. The output of this analysis is designed to yield component
reliabiiity as a function of the stress acting on the cornponent, Moreover, the analysis
should deiermine the range of stress conditions over which valid reliability predictions
can be made,

4.2.1,1 Experimental Procedure

In designing a constant-stress experiment, severai detailed questions must be re-
solved. These are:

Ch
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{1) What parameter or parameters should be measured as descriptors of
component performance (the dependent variable)?

(2) What are the thermal and nonthermal stress parameters that make up
the stress environrnant (the independent variables)?

(3) What levels of each of the stress parameters should be combined to
make up the various stress environment:, what stress ranges should the
stress parameters cover, and what should be the spacing between the
various levels of each stress parameter?

(4) What should be the sample size within each stress environment and how
should the samples be drawn such that statistically significant data are
generated?

(5) How long should the test run within each stress level?

It is apparent that these questions cannot be considered independently, The answer to any
one question will depend onor partially determine the answers to the remaining questions,

The choice of parameter to be used to describe component performance is, perhaps,
the governing issue in designing the experiment. The performance parameter may be
(1) failures times or per cent failing as a function of time, (2) time history of a measure
such as resistance for a resistor, or reverse leakage current for a diode, or (3) time
history of a fundamental aging process such as impurity diffusion or changing surface
morphology. The selection of the performance parameter to be uscd will generally de-
pend on the state of knowledge of the dynamic physical properties of the component type
and the nature of the results of other experiments run cn the component, Further, in
addition to selecting a performance parameter, the question of the appropriate measure
of that parametsr must be answered. For example, for a resistor, the most appropriate
measure may be per cent deviation of resistance from its initial value,

Parameter measures for resistors, capacitors, diodes, and transistors that are
generally useful for characterizing component aging under accelerated test conditions are
described in Section 5.6, "Physical Methods of Screening', In that ssction, parameter
measures for each component type are tabulated and their utility as pr..cuisors of failure
described, It should be recognized that those parameters presented are described ina
screening context. As such,notallofthe parameter measurss are suitable for the general
accelerated test problem, Parameter measures such as resistance change due to short-
term voltage overload for resistors obviously fall into this category.

Specification of the stress parameters for the experiment should be determined from
the stress environments expected to be encounteredinapplication of the component, That
is, the life-test conditions should simulate in terms of the stress parameters the actual
use environment. Acceleration then,is achieved byincreasing the magnitude of the stress
parameters, For example, in the case of transistors, junction temperature may be an
appropriate stress parameter. Acceleration may be achieved in this case by increasing
the ambient temperature alone, increasing the applied voltage alone, or by increasing
both parameters in combination. It should be noted, however, that a given stress test
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objectives of reliability phvaizs to determine the stress-aging mechanism celationships,
thus permitting more exacting test designs,

A further consideration in determining the test stress environment is the possible
need for pre-stressing the componenta prior to actual initiation of the life test, Since
accelerated testing is primarily concerned with failure mechanisms that are stress-time
dependent, it may be necessarytosubmitthe components to a pre~teat stress environment

to screen out early failures, Sucha pre-test may consist of temperature cycling, thermal
shock, vibration, etc,

It is axiomatic that the stress levels chosenfor an accelerated test should not be so
severe as to activate failure mechanisms that wouldnot be activated under normal condi-
tions, In addition to observing this precaution, it is necessary to consider reversible
changes that can take place in device properties at time zero when the device is strersed.
In particular, those reversible changes which can lead to irreversible changes and
immediate failure should be identified. (A reversible change is hers meant to be one
which has a finite value when the stress is applied and is zexro after the stress is re-
moved,) Some of the more common reversible changes are described briefly in the follow-
ing paragraphs., Most of these reversible changes are ternperature induced since many
accelerated tests call for the use of elzvated temperatures,

One of the most important factors to be considered in setting a stress temperature
level for all electronic devices is the melting point of solder used in fabricating the device,
Table 3,15 of this Notebook lists the melting points of many types of solder, Other mate-
rials, such as insulation and encapsulation, used in fabrication of devices may softsrn,
melt, or deform under elevated-temperature conditions.

The temperature coefficient of resistance of a resistor and temperature coefficient
of capacitance of a capacitor will usually be known and accounted for in designing «n
accelerated test., The differences in thermal coefficients of expansion between, for ex-
ample, a resistive thin film and its substrate, or a dielectric film and its electrode,
eshould also be considered since cifferences in expansion of contiguous materials may
result in film rupture, Table 3,12 lists thermal coefficients of linear expansion of maay
materials used in construction of electronic devicea,

The electric breakdown strength of both capacitor dielectrics and encapsulants is
temperature dependent. Above a certain 'critical temperature', which is different for
different materials, the dielectric strength, F, is oftendescribed by a function of the form
F =aexpb/T,whereaandbare constants for a given material, Whitehead(3) gives curves
of dielectric strength plotted against ternperature for a number of materials.

The leakage current, I}, of an electrolytic capacitor at a fixed voltage rises ex-
ponentially with temperature. The exact functional relationship between I, and T is dif-
ferent for different types of capacitors, but in general Ij, can be expected to rise sharply
as T is increased. The leakage resistance of most dielectrics decreases rapidly with
increasing temperature, Thus, if a capacitor is to be placed in.a voltage-temperature
stress, care should be taken that the combined effects of these stresses do not result in
high leakage currents and subsequent excessive heating, which may be destructive,
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Many of the basic properties of semiconductors are temperature sensitive, including
energy gap, carrier concentration, electron and nole mobility, minority-carrier lifetime,
reverse current across a p~-njunction, and p-a junction reverse breakdown voltage, These
variable properties may influence the chcice of stress levels for an accelerated test.
The two properties whose temperaturs dependences are of most interest are reverse
leakage current and reverse hreakdown voltage. Reverae leakage current is a steeply
varying exponential function of temperature, whereas reverse breakdown voltage in-
creases approximately linearly with temperature,

Once the stress parameters have beendefined, the next step consists of determining
the particular levels of stress for thetest, A desirable set of stress levels would include
the lowest stress level that is still sufficiently severe to yield parameter degradation
during the test period, the highest stress level at which the same agiag or failure mecha-
nismns are dominant, and a sufficient number of levels between these extremes to permit
valid extrapolations to use conditions., Fozr the models for analyzing accelerated test
data presented in Section 4.3, it is desirable to have at least five stress levels to deter-
mine the functional relation between degradation and stress.*

Once the questions involving the physical factors of the accelerated test have been
resolved, the number of components that are to-be tested within each stress level must
be determined, Thia is basically a statistical question of what constitutes a significant
sample size, The number of compenents within each cell should be sufficiently large
(1) to permit precise estimates of the parameter degradation rates and (2) to derect with
statistical significance differences between degradation rates atthe various streas levels.
Sample sizes necessary to yield ""precision' and "utatistical significance' will depend on
the variance of parameter measurements within the various stress levels and on the
varizance of estimates of the difference in degradation rates between stress levels,
respectively, In general, higher stress levels may be expected to yield greater variations
in parameter measurement, and hence, require larger sample sizes,

The langth of the test is closely related to the problem of sample size. In this case,
the problem is to run the test within each stress level for a pericd of time that is suf-
ficiently long (1} to yleld significant component degradation in terms of the measured
parameters and {2) to evaluate the time dependency of dominant aging mechanisms acting
in a component. In other words, the teet should run long enough to discriminate between
“true' aging effects and random disturbances. These disturbances include (1) experi-
mental arror due to variations in the physical properties of nominally identi~al devices,
(2) error due to variations in control of the experimental stress levels, and (3) measure-~
ment error due to instrumentation, or inaccurate recording.

4.2,1.2 Assumptions in Constant-Stress Accelerated Testing

The most critical assumption in constant-stress accelerated testing is that the
relative effects of the aging mechanisme or component degradation are invariant with
respact to stress over the range of stress levels for which acceleration factors are to
be calculated. The assumption implies that new failure mechanisms are not induced in a

At least five stress levels will be requiredin order to detect, in the presence of experi-
mental error, whether a shift in the dominant aging mechanism occurs at some stress
laval, The choice of five is somewhat arbitrary, but does represant a reasonable

minimum.
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component at high stress levels. A procedurefor tesating this assumption is postulated in
Section 4.3, ""Theoretical Models {or Analyzing Test Data'., Basically, the postulate states
that if a new (or different)aging mechanism becomes '"dominant" at some increased siress
level, the activation energies (estirnated by the analysis) for the lower and higher stress
levels will be different,

In addition to the critical physical assumption, various statistical assumptions must
be made for a rigorous analysis of the test data, These assumptions involve (1) the
distribution of statistical variations of parameter measurements among the set of com-
ponents under test, {2) the distribution of errors due to instrumentation in ragulating the
values of the streass parameters, and (3) the combination of various error distributions
in conetructing the estimates and hypothesis test of quantities such as degradation rates,
acceleration factors, and activation energies. To date, well-defined statistical pro-
cedures for analyzing these data using the Arrhenius and Eyring models ars generally
nonexistent, However, a procedure for treating the statistical aspects of the data anaiyzed
according to the Arrhenius model is presented inSection 4.3.1. Further, several aspscts
of this problem are treated in Reference (4).

4.2.1.3 Example of a Constant-Stress Accelerated Test Design

To illustrate the experimental procedure described in Section 4.2.1.1, & transistor
accelerated test design is described in the following paragraphs, The purpose of this
test design 1s to relate transistor parameter degradation to strezs, where the Arrhenius
reaction-rate equation is hypothesized as the appropriate analytical model. The experi-
mental design is illustrated in Figure 4.1,

The test design shown in Figure 4.1 is based on the premise that junction tempera-
ture is the appropriate stress. The design includes explicitly several stress pararneters
on which junction temperature depends. These stress parameters in the design are seen
to be power dissipation, voltage-current ratio, and ambient temperature, The incremental
increases in ambient temperature are chosen such that AT x 6 AP, where 0 is the co-
efficient of thermal impedance for the transistor type under test, Thus, the test cells
along each of the five diagonals of the test layout are at constant junction temperatures.
It is aeen that five different junctiontemperatures are achieved in this way, thus providing
a reasonable basis for extrapolation of acceleration factors to stress levels of lesser
magnitude,

This desigrn has several desirable attributes in addition to simply providing test
data for relating junction temperature (stress environment) to transistor-parameter
degradation rates. These are;

(1) The use of collector voltage and collector current ratio permits the evalua-
tion of transistor degradation with respect to varying bias conditions.

(2) The effects of transistor degradation at coastant junction temperature
with respect to varying combinations of power dissipation and ambient
temperatures can be evaluated.

(3) Two test cells at z2ro powserdissipation permita test of whether different
aging mechanisms are dominant under pcwered and unpowered stress
conditions.
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(4) A control test cell provides a basis for validating extrapolation of ac-
celeration factors to lower stress levels,

(5) Variations in degradation rates among product lots {or possibly production
Jrocesses) can be evaluated,

The description of the test design brings out the salient attributes of the design with
respect to physical properties of the problem. From 2 statistical point of view, the de=~
sign consists of five 3 x 3 Latin squares plua thrze unpowered stress cells, Each Latin
square is nested within a constant junction temperature. The Latin-square layout is
shown in Figure 4.2, The same three voltage-current ratios and the same three lots
appear in each square. However,thereare 15 levels of power-temperature combinations.

Voltage~Current Ratio

High Medium  Low

(P, Tyg) Ly | L1 | L3
Power-Temperature
Combination {(PyssTas) L L L
M’*M 3 2 1
(T, +8P= Tj)
(Py,Ty) L) L3 L,

FIGURE 4.2. LATIN-SQUARE Dx:SiGN LAYOUT WITHIN EACH OF
THE FIVE JUNCTION TEMPERATURES

The analysis of variance model for the design (not including unpowered test cells)
is given by

Yijkl = pt (Tj)i +(V/1) ()3 + (P, T) (i)k + L(i)l + ikl (4.1)
where
Yijkl = the observed transistor parameter
i = overall mean
(Tj)i = ith junction temperature (a fixed factor)

(V/1) (i) = the jth voltage-current ratio nasted within the ith junction temper-
ature (a fixed factor)

(P, T) i)k = the kth power-temperature combination nested within the ith junc-
tion temperature (a fixed factor)
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L(.)1 = the lth lot nested within the ith junction temperature (a random
factor)

ijia = the unexplained experimental error assumed to be normally and
independently distributed with mean zero and variance ol.

Analysis of the effects of the various factors in the model, of course, require com-
piiance with the statistical assumption associated with the analysis of vaciance. If, for
example, change in Icg( is the measured transistor parameter, the model may fail since
there is considerable evidence showing that these factors are multiplicative, and not
additive as used in the model, However, satisfactory compliance with the model may be
achieved by taking y = log Al-pc, thus obtaining the additive effect as required. If the
tests in the analysis show the effects of one or more of the factors (voltage-current ratio,
power-temperature combination, or production lot) to be not statistically significant, the
data within each juncticn tempera“ar~ may be '"pooled', thus permitting a more precise
estimate of degradation rates as a function of junction temperature,

4.2.2 Step-Stress Accelerated Testing

One problem in constant-stress accelerated test programs is the excessively long
time periods that maybe required at the lower stress levels to yield significant parameter
degradation. An alternative approach, whichresolvesthe problem, is step-stress testing,
Ina step-stress test, a set of components are tested for fixed time intervals at successively
higher stress levels until sufficient degradationdata (or component failures) are obtained.
That is, the components are initially placed on test for a time increment, At, at a low
stress evel, S). After the At hours have elapsed, the stress level is increased to S;, and
the test is run for At more hours. The step-stress sequence is repeated until a sufficient
quantity of parameter degradation data is generated. This procedure is repeated for
several different time increments, Atyee o v Atp. and the stress step, S;~-Sj_j, is the same
for all tests.{5.6,7)

Step-struss testing inthe above manner depends on the assumption that the probability
of accumulating some fixed amount of paramete.: degradation (or probability of failure) at
a given point in the stress-time domain is independent of the particular combinations of
stress and time used to arrive at that point. (8) Thus, in a sense the roles of stress and
time are interchanged in step-etress testing, in contrastto constant~stress testing. This
point is illustrated in Figure 4.3. This figure shows that if the stress level is fixed at
some level S,, as in constant-stress testing, a distribution, fSi (t), is obtained where t
denotes time toreacha specifieddegradationinsome parameter (e.g., 100 per cent change
from the initial value of Icgp), or t may denote time to failure. Analogously, if time is
fixed at some period t;, as instep-stress testing, a distribution, gt; (S), is obtained where
S in the stress level at which a specitied degradation was accumulated. In either case,
under the assumptions of the testing procedures, the same atress-time function relating
the time rate of parameter degradation to applied stress is obtained.

The weakness of step-stress testing as a method for obtaining ''true' acceleration
is. essentially the same as in constant-stress testing. The relative effects of the aging
mechanisms acting in a component may change as the stress level is increased. There-

ore, it must be known, a pl“.OZ’i, ovar what range of atreae lavala the relativa affacta of
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the aging mechanisms are invariant or, more deairably, the methods for analyzing step-
stress data must include 2 procedure for detecting such changes. Such a detectien pro-
cedurz is given for the analysie models described in Section 4.3.

Stress ——

A 51018

FIGURE 4.3, STRESS-TIME CURVE RELATING TIME RATE OF PARAMETER
DEGRADATION TO APPLIED STRESS

Scales may be in some transformed units of stress and/or time
such as log time,

4.2.2.1 Experimental Procedure in Step-Stress Testing

The design of a step-stress experiment requires that several detailed questions be
resolved that are analogous to those in designing a constant-stress teet, These are:

(1) What parameter or parameters should be measured as descriptors of
component performance (the dependent variable)?

(2) What are the thermal and nonthermal stress parameters (the independsnt
variables)?

(3) At what stress level should the components be tested in'the first time
incremznt? What size strcss step should be used?

v
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(4) How many tests using different time increments should be run? How long
should the time increments be for each test?

(5) What should the rample cize be for each of the step stress tests?

The anawers to these questions will depend primarily on what is known, a priori, about
component performance in the stress-time domain, Where the a priori knowledge is
substantial, answers to the above questions can be determined that may result in a more

efficient test design in terms of factors such as sample size and number and spacing of
time increments,

The question of waat parameters should be measuredis the same for step-stress as
for constant-stress testing. Not only must those parameters that are most descriptive
of component performance be identified, but the appropriate numerical measures of those
parameters must also be determined. The type of measure may be dictated in part by
the mathematical model to be used in analyzing the data. I'or example, in application of
the Arrhenius model, log [ICP L{at time t)/ICBO(initiaI)] has been gshown to be an appro-~
priate measure for degradation of some types of transistors. Similarly, identification of
the - ctions between the thermal and nonthermal stress parameters is the same in
step-stress as in constant-stress testing.

In resolving the third question, specification of the sequence of stress steps, the
experimental procedure departs from that for constant~stress testing. In this case, it is
necessary to determine (1) what scale of measurement units should be used, (2) how the
sequence of stress steps should be spaced, and (3) how large should the stress step be.
The scale of mzasurement should correspond ¢o the form in which the stress parameter
appears in the theoretical analysis model. For example, thermal stress appears in the
Arrhenius and Eyring models as 1/T, where T is in degrees Kelvin. Therefore, the
appropriate scale for thermal stress shculd be reciprocal temperature, expressed in
degrees Kelvin, Secondly, it is desirable that stress steps be equally spaced in the mea~
surement scale previously defined. Thus, for the therrmal-stress case above, the stress
steps would be spaced such that {(1/T; - 1/Tj.|) = constant for i = 1, . . . n. Inspection of
this relation reveals that equal spacing in units of reciprocal temperature yields suc-
cessively larger stress steps in units of temperature. For example, a reciprocal tem-
perature step of 0.1 x 10-3 yields a step of 8 degrees at 25°C and a step of 18 degrees at
150°C. Thirdly, the magnitude of stress stepmust be determined. Here, a balance should
be achieved berween specifying a stress step that is sufficiently large to permit dis-
crimination among the degradation rates through statistical analysis of the test dara, and,
on the other hand, that is sufficiently small to yleld a statistically significant number of
data points over a range of stress levels in which a given failure mechanism is
dominant,

The governing considerations on the limits of the stress conditions for accelerated
tests on the various component types are essentially the same as those described in
Section 4.2.1.1 for constant~stress testing. The additional problem in this case is to select
the magnitude of the atress step such that significant parameter degradaiion will result
before the stress limits are exceeded,

The fourth question, how many tests using different time increments should be run,
is completely analogous to the question of how many stress levels should be used in
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constant-stress testing. This stems from the fact that the role of stress and tims are
essentially reversed in step-stress testing. For analysis of the data on the basis of the
Arrhenius or Eyring models, it follows from the analogy that there should be at least
five time increments to permitan adequate test of the linecarity requirement of the modelus.

Finally, ti:e number of samples that should be tested in each step stress test is a
statistical question identical with thatin constant-stress testing. The sample sizes should
be sufficiently large to psrmit reasonably precise eatimates of component narameter
degradation within test conditions, and to permit discrimination of degradation effects
among the test conditions.

4.2.2.2 Assumptions Involved in Step-Stress Testing

Two major assumptions are critical to the analysis of step-stress test data., These
are:

{1} Component damage (time-dependent degradation mtasured intz2rms of one
or more parameters) is strict!y cumulative. Thatis, damage accumulated
in a given stress step is given by the expression ADj = R(Sj) At, where
R(S;) is the degradation rate at the ith stress step and At is the inzrement
in the step. Thus, the total accumulated damage through the kth stress
step is given by

K
D =Z AD, =z R (S;) Ot . (4.2)

(2) The degradation rates, R(S;), are independent of each other. That is, the
rate at which damage accumulates in the kth stresa step, R(Sy), does not
depend on the accumulated damage through {(k-1) preceding steps or on
the rates, R(S;), i=1, ..., (k-1), in those steps.

These assumptions essentially state that the aging process acting in a device at a given
point in time devends only onthe intrinsic physical properties of the device and the applied
gtress at the given time, and is independent of its prior time history.

In addition, step-stress testing involves those assumptions associated with constant.
stress teating., Most important of these assumptions is that the relative effects of the ag-
ing mechanisms on coraponent degradaticn are invariant with 1egpect to stress over the
range of stress levels for which acceleration factors are tc be calculated, Further
assuniptions are involved in the statistical aualysis of such data, These include (1) the
distribution of statistical variations of narameter measurements among the set of com-
ponents under test, {2) the distribution of errors due tc instrumentzation in regulating the
values of stress parameters, and (3) the combination of various error distributions ia
constructing estimates and hypothesis tests.
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4,2.2.3 Relation of Time in Step-Stress Tests to Time
in Constant-Siress Tests

If, in addition to the first two assumptions cited above, it is assumed that the state
of a device at a specified damage (degradation) level is independent of how that level was
obtained, operating time under step stress canbe related to operating time under constant
etress. An equivalent statement of this assumption is that failure of homogeneous com-
ponents occurs when a specified damage is accumulated irregpective of the rate (or
rates) at which damage occurs., The required relationship is obtained by equating the
functions of cumulative damage for constant and step stress.(5:6)

For constant-stress testing at stress level S, the cumulative damage at time t_ is
given by

D(t) = R(Sc)t, (4.3)

where R (S.)isthedegradation rateat stresslevel S.. For step-stress testing, cumulative
damage is given by

N N
v o _ tss
D(t} = Otgg R {5,) = —N— R (Sp) 4 (4.4)
n=1 n=1

where R {S;) is the degradation rate in the nth step and Aty, is the operating time in each
step. The total operating time in the step-stress test is, therefore, seen to be tgy =
NAt.,. Equating (4.3) and (4.4) and solving for t, as a function of tgg yields

N

t
RiSc)te = = ), Ri(Sn) (4.5)
n=1
N

t. ='N—Rs{§-3 /s R(S,) . (4.6)

n=1

Note that t. is the constant-stress time and tg, is the total step-stress time to obtain
equal component damage.

If the degradation rate for a particular T is given by the Arrhenius equation

R(T) = BT , (4.7)

where T is temperature (operating temperature inthe case of resistors and junction tem-
perature for semiconductors), the required relation is seen to be

N
t > -B/T /-B/TC
tC = —5—?- [ n [ . (4-8)

n=1l
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For dielectric materials, it is generallyassumed that, for fixed temperature, stress

is given by the logarithm of applied voltage, V, If it is further assumed the degradation
rate follows an Eyring rate equation,

-B/kT eS(C+D/k’r) = R 95 (4.9)

o 2

R(T,S) = ATe

when R, is the degradation rate in the absence of nonthérmal strees and e$s represents
the adjustment of R(T,S) due to thermal stress, then the degradation rate for fixed tem-
perature is given by

v
F{T,,S) = Rge? ™V =R v? . (4.10)

substituting (4.19) into {4.6) yields the relation of t, to tgg:

.
te = 22 Z vnyvc“S , (4.11)
n=

4.2.2.4 Example of a Step-Strees Test De. ign

To illustrate the experimental procedures described in Section4.2.2.1, a transistor
step-stress test desiyn is cutlined in the following paragraphs. The purpose of the test is
to generate acceleration factors based on the Arrhenius rate equation for a silicon mesa-
type transistor. The experimental design 1s illustrated in Figures 4.4 and 4,5.

The test design is based onthe premisethat junction temperature is the appropriate
stress parameter and thatcollector reverseleakage currentis an appropriate performance
parameter, Figure 4.4 shows thatthedesignconsists of three szparate step-stress tests,
each based on a different stress-step time increment, At,,. Stress is increased in equal
increments of reciprocal junction temperature, 1/'I‘j, for all tests, Figure 4,5 describes
the design within each of the three time increments, It is seen that ambient temperature
is held constant throughout the test; thus, junction temperature is increased by step in-
creases in power dissipation, AP, Further, three voltage-current ratios are used within
each stress step to permit a test of Icpq degradation with respect to current and/or
voltage as well as junction temperature. Thus, the total sample of components under
test is divided into 3 3 = 9 subsets, S;, Sy, . ..., Sg.

Each of the three tests is terminated in accordance with a predetermined stopping
rule, For sxample, testing maybe terminated when at least 90 per cent of the components
in each subsethave accumulated a specified amount of damage in terms of the performance
parameter I-pqn. or when that siress step is reached in which at least 50 per cent of the
components have failed, In the second case, failure may be defined in terms of such
parameters as Icpo, BVcEs. Igpor and Vo (sat.).

4,2.3 Progressive-Stress Testing

In progressive-stress testing a sample of components is placed on test at a stress
level that increases at a constaat time rate, i,e., S = a+ 3t. To obtain the functional
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Stress,
I/Tj .

Time ——

FIGURE 4.4, ILLUSTRATIVE STEP-STRESS COMPONEN? AGING SPECIFICATION

SS, SS,; SS; SSe ... S§j = ith stress step
WH | Ss Ss Ss Ss ... Si =ith component set
Voitoge- (h,m,1) = (high, medium, low}
Current
Retio
rmfb | S2 S2 S, S, voo Tj = Tot 8(Py+nAP)
(T, = constant ambient
temperature)
nkE 1S S, S, S,
| ] | ]
Po PotOP  Pot2AP  Po+3AP
A 51017

Power Dissipation

FIGURE 4.5, ILLUSTRATIVE EXPERIMENTAL LAYOUT FOR STEP STRESS
TEST AT ONE TIME INCREMENT, At

The design is replicated for each time increment in Figure 4,
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dependence of component degradationinthe stress-time domain, the procedure is repeated
at severaldifferent time rates of change of stress, By,..., ﬁp. (9) These tests are termin-
ated according to the same stopping rules used in constant- ¢r step-stress testing. The
tests may b terminated when a specified amount of degradation (damage) i{s a2ccumulated,
or when a specified per cent of the sample has failed, This prccedure is illustrated
schematically in Figure 4,6, Thus, progressive-~stress testing consisets of taking step-
stress testing to the limit, That is, a step-stress test becomes a progressive test when
the tirne increment, At,q, is zero, Therefore, it follows that progressive stress depends
on the same assumption as step siress. That {s, it is assumed that the probability of
accumulating some fixed amount of parameter degradation at a given point in the stress-
time domain is independent of how that point is arrived at, The implications of the
assumption are complately analogous to those described in introduction to Section 4.2.2
and {llustrated in Figure 4.3,

Morzover, the threat to progressive<stress testing as a method of generating valid
accelerated test data is the same as inconstant- and step-stress testing, That is, unless
it {s known, a priori, over what range of stress the relative effects of the aging mechanisms
acting in a component are invariant, or a procedure is available for testing for invariance,
invalld acceleration functions may be obtained., Also, in progressive-stress testing
linear programming of temperature is not easy to achieve without the use of expensive
control equipment,

4.2.3,1 Experimental Prccedure in Progressive~Stress Testing

The designofa progressive~stresstestinvolves the consideration of several detailed
factors, These are:

(1) What parameter or parameters should be measured as descriptors of
component degradation (the dependent variables)?

(2) What are the thermal and nonthermal stress parameters (the independent
variables)?

(3) How many different rates of applying stress should be used? At what
strass value should the test start? What spacing should be used among
the various stress rates?

(4) What should be the sample size for sach progressive-stress test?

The question of what parameters should be measured involves the same considera-
tions for progressive-streass testing as for constant- and step-stress testing. The second
question, what thermal and nonthermal stress parameters should be used, involves prob-
lems psculiar to progressive-stress testing, Continuously increasing oparating temper-
ature at a constant rate is difficult to regulate precisely with standard test equipment,
Therefore, continuous stress increase may most easily be attained in terms of power
stresses with temperature held constant for a giventest, The effect of temperature stress
can be estimated by running several progressive-stress tests at different, but constant,
temperature levels and increasing the power stress at the same rate in all tests,

e P il

- T
-




Downloaded from http://www.everyspec.com

4-17

!

Stress

0 Time ——

(c) Stress increased linearly from S =0 at time t=0

S=So+Bst
S=Se+ Bz t
SxS,+t
Stress
Time —»
(b} Stress increossd linearly from S=S, at time t= 0
A 81018

FIGURE 4.6, SCHEMATIC REPRESENTATION OF PROGRESSIVE STRESS TESTING
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The number of progressive-stresstests (eachtestata different strees rate) depends
o1. the number cf factors to be investigated in the stress-time domain. In general, the
questioninthis caseis howmanypoints are needed in the stress-time curve (the Arrhenius
plot, for exzmple) to provide ''valid! estimates of acceleration factors. If the problem is
to determine acceleration factors as « function of applied voltage for a fixed temperature
level (for example, for capacitor aging based on the Eyring model), then at least five
different rates of applying voltage should be used in order to obtain meaningful estimates
of the two parameters inthe model associated with power stress. If, in addition, tempera-
ture is considered as a variable, then several tests at the same rate of applying voltage
must be run, each at a different temperature level,

Determination of the initial otress level at t = 0 reguires that the experimenter
decide whether the power stress should start at the same value for all tests, or whether
the comtined temperature-power stresses should have the same initial value, For ex-
ample, consider the progressive-stress test design for transistors shown in Figure 4.7,
It is seen in Figure 4.7(a) that, if each test is to be started at the same level of power
dissipation, P, then the initial level of junctiontemperature, Tj, will be different in each
case. Alternatively, Figure 4.7(b) shows- that, if Tj is the same for each test, then Py
will be different.

Finally, determination of how far apart the stress rates should be spaced is analogous
to the stress-step and time-increment problem in step-stress testing. Specifically, the
rate of applying stress should be sufficiently high to produce significant parameter de-
gradation in short periods of time, suificiently low gc as not to stress the components
beyond that stress range over which the relative effects of the aging mechanisms acting
in a device are invariant, and spaced between these extremes to permit a desirable spread
of points on the stress-time curve in analyzing the test data.

The fourth question, what the sample size for each progressive stress test should
be, ia a statistical question involving the same considerations as in constant- and step-
strass testing, The sample size should be sufficientiy large to permit precise estimates
of parameter degradation measures for each rate ofapplied stress, and to permit accurate
discrimination of effects on degradation measures among the various rates of applied
stress.

4.2.3.2 Assumptions Involved in Progressive-Stress Testing

The assumptions on which progressive-stress testing depend are analogous to those
in step-stress testing., These are:

(1) Component damage (stress-time dependentdegradationmeasured interms
of one or more parameters) is strictly cumulative. Tkat is, damage ac-
cumulated in an operating period, t, is given by

t t
D(t) = 5 R(S)dt = S R[S(1)] at ,

(] o

(4.12)
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Tj = junction temperature
Tj =Ty +0;.5(P, +B41) T; = .it_h‘operotinq .ten.\per.oture
P_= initial powser dissipation
= rate of change of P
8;.5= cosfficient of thermal
impedancs

T] =T2+9J'A(PO +E2 t)

»

Stress, l/Tj

(T, P,)

(T, Py)

(T"Po) T;=T, +85-alPo+ 8, 1)

Timeg ——

(a) Various constant operating temperature levels and identical
initial values of power dissipation

Ti=To¥ BJ-A\(Pom+ Bt

Stress, I/Tj )
T] = TO + GJ_A(PO +th)

(Tg, Po') T2 T *05a (P " +8, 1)

Time ——»

(b) Same initial value of junction temperature and various initial
values of power dissipafion ASIOI9

FIGURE 4.7. PROGRESSIVE-STRESS TEST CURVES
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where R(s) denotes parameter degradation rate at stress level s, Since s
’s a linearly increasing function of time, Equation (4.12) can be written

t
D(t) = g R(S,+Bt) a (4.13)
o]

where Sq denotes the applied stress of t = 0, and denotes the time rate of
increase in stress,

(2) When components are tested to fallure, failure occurs after a specified
amount of degradation accumulates irrespective of degradation rate, R,
and, therefore, is independent of the rate of stress increase,

{3) The relative effects of the aging mechanisms acting in a device are in-
variant over the range of stress conditions usedin testing, For progres-
sive~stress testing, it is seen that this stress range will depend on the
product of rate of stress increase, 8, and the test time.

In addition to these physical assumptions relating stress and degradation, there arc
several statistical assumptions required for data analysis. These assumptions are con-
cerned with distinguishing true effects in the presence of random variations in the data,
and have been previously discussed in Sections 4.2.1.2 (constant stress) and 4.2.2.2 (step
stress),

4,2,3,3 Relation of Time in Constant-Stress Testing to
Time in Progressive-Stress Testing

For constant-stress testing at a stress level S, the cumulative damage at time t¢
is given by

D(tc) = R(SJ)t. (4.14)
where R(S.) is the rate of measured parameter degradationat stress levelSc. Alternatively,
for progressive-stress testing, cumulative damage at time tp is given by

t

p
D(tp) = S R(3,+ft)at (4.15)
o

where S, is the stress level at t = 0, Equating [4.14) and (4.15), constant-stress time,
te, 28 a function of progressive-stress time is given by

t
P
te = ) R(SotAY d%{(sc) . (4.16)

[}
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If the stress parameter is temperature, and the Arrhenius law applies, then

R(T) = eA"B/T

In this case, Equation (4.16) takes the form

t
P
¢ =S' eA'B/(T°+Bt)d%A'B/Tc
o

t
B/T P .B/(T,+
e cS‘ e To ﬂt)dt

o

. (4.17)

Equation (4,17), however, does not have a closed form solution. Therefore, to obtain the
desired relation in a particular case, it is necessary to resort to approximate numerical
solutions of the integral,

Alternatively, if the Eyring equation is takentorepresent degradation, and stress is

increased inunits of voltage for a fixed temperature(s"’), R(T,S) is given by Equations {4.9)
and (4.10) in Section 4.2.2.3, Substituting Equation (4.10) into (4.16) yields

tp
] ¢
te = S R,V d}/ﬁovc

o
O o+ pe®
=), Wothv a4

o+l ¢+l
z[(vo+ﬁtp) -V, ]/mm) v.? .

If the voltage stress is zero at t = o, (4.18) reduces to

1
te = B Ay,

) b ®
tp vp/wnvc . w19)

where V,, = ptp is the progressive power stress,

(4.18)

4.2.3.4 Example of a Progressive-Stress Test Design

To illustrate the experimental procedures for progressive.stress testing, a capacitor
life test design is described in the following paragraphs. The objective of the test ia to
do'termine the applicability of the Eyring rate equation in describing capacitor degradation
processes.
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The test design involves two stress parameters: temperature and voltage., Voltage O

is taken ag¢ the progressive-stress parameter, and the various temperature levels are held
fixed for each test in the total design as shown in Figure 4,8, As shown in this figure,
the design consists of 5 differenttime rates of voltage increase, B4,. . .i = },2,,..,5, and 4
temperature levels, Ty, k= 1,. . .,4. Each voltage rate, Bj, appears once with each tem-
perature level; thus, there are 20 different voltage rate-temperature combinations.
Finally, it is seen that voltage rate is Increased proportionally. That is, the ith voltage
rate is given by

Vi = Bt = (Zi—lﬁl) t . (4.20)

InV; = (i-1)In 2B +1lnt = (i-1)c+lnt. (4.21)

Therefore, the experiment involves life testing a statistica.ly significant number of
capacitors at each of 20 voltage rate-~temperature combinations. Capacitor degradation
is measured in terms of performance parameters suchas capacitance, dissipation factor,
or leakage current., The various tests are terminated according to a predetermined
stopping rule, For example, each test may be terminated when 50 per cent of the capacitors
on test have failed,

B * iih tire rate of voltags increase:
8, Vitpre 278yt
B,

B,

7
/ ﬁ'

Timg = 430t

Voltogs

FIGURE 4.8, PROGRESSIVE-STRESS (VOLTAGE) TEST DESIGN LAYOUT

The design is repeated for each of four temperature lesvels,

4,3 Theoretical Models for Analyzing Test Data

In the history of life testing, various procedures have been derived for calculating
acceleration factors. Most of these have been statistical in naturc, in that acceleration
factors were caicuiated by taking the ratios of iailure rates, per cent surviving, cumulative

—
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or percentage drift in some parametere, etc,, observed undér '"normal' and some high
strese level. All of these procedures have several apparent shortcomings, First, they
do not provide a basis for answeringthe question: Has '"true' acceleration been achieved?
That is, are the relative effects of the failure mechanisms acting in a device invariant
over the range of stress levels involved? Second, they provide no basis for explaining
the observed component behavior in terms of the physical structure of the component and
its stress environment. The importance of these shortcomirgs is that purely predictive
statistical data are of limited value to design improvement.

In the following paragraphs, two theoretical models for analyzing accelerated test
data are descrioed which show promise of alleviating the problems associated with the
statistical procedures cited above. The description in each case includes a physical
interpretation of the model including its sdvantages and limitations and specification of
the procedures involved in applying the model to the anai,sis of accelerated test data.

4.3.1 The Arrhenius Model as a Basis for Accelerated Tests

The Arrhenius equation relates the time rate of change of a process to the tempera-
ture at which the process is taking place. Originally, this function was empirically
derived by Arrhenius in the 1880's from data ou reaction rates of chemical processes.
Mores recently, in reliability the applicability of the Arrhenius law in describing com-
poneat parameter degradation has been suggested by 'rules of thumb' such as the
observation that component life is halved for every 10°C increase in temperature,
Further, for relatively simple devices such as resistors, degradation can be easily
envisioned as being due to a chemical change in the device. For more complex devices,
the physical nature of the degradation processes is not so obvious. However, the basic
atomic processes such as diffusion that lead to degradation in many devices generally
satisfy the conditions of the Arrhenius equation. -

Attempts to derive the Arrhenius equation theorelically have not been generally
successful, This follows frem the fact that modern developments in quantum theory lead
to a different (and more theoretically sound) description of reaction-rate kinetice. The
Eyring reaction rate model de: cribed in Section 4,3.2 is a result of these developments,
However, over the range of stress conditions normally used in accelerated testing, the
Arrhenius model serves as an excellent first-order approximation to the Eyring model.
In fact, within this range of stress conditions, the estimation error due to randem
variations in the test data will generally exceed the approximation error by a substantial
amount. Moreover, even though the Eyring model has significantly more value in ob-
taining a theoretical understanding of aging processes, the simplicity of the Arrhenius
model makes it highly useful in analyzing accelerated test data.

4.3.1.1 Mathematical Description of the Arrhenius Modcl(z'w)

Let Q denote a component performance parameter such as reverse-leakage cur-
rent in a transistor, and let D = f{Q) deaote a function of the performance parameter, Q,
such as per cent change in reverse-leakage current in terms of which degradation is to
be measured. Application of the Arrhenius model in calculating acceleration factors
requires two assumptions:

g e . g——— = e - e g
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{1) Degradation in the performance measure, D x £{QQ) i# a linear function of
time, the rate of degradation depending only on th- stress level,

(2) The logarithms of the degradation rates yleld a linear function of re-
ciprocal abaolute temperaturas,

In theory, the first assumption canalways be sa*isfied., That is, for any given set of
experimental data, some transformation, D = f(Q), of the performance parameter Q can
be found that yields linear degradation over time. The practical problem is to find a
transformation that will satisfy this assumption for all sets of experimental data on a
given component type., The sscond assumption that i{s characterized graphiczlly in the
Arrhenius plot is the crux of the analysis, If the Arrhenius plot is linear, ar-caleration
is said to be "true'; otherwise, the observed acceleration is not ""true'. This postulats
follows from the expectation that changes inthe relative effects of the failure mechanisms
acting in a device at some increased stress level will yield a nonlinear Arrhenius plot,
When this occurs, linear extrapolations to normal operating temperatures are not valid

and, therefore, acceleration factors cannct be unambiguously =2ssociated with various
temperature levels,

More specifically, the assumption of a linear degradation of performance over time
can be written as follows:

£(Q = R(T)t , (4.22)

where t denotes operative time under a specified temperature level T, and R(T) denotes
a constant degradation rate that depends onthe temperature level, T, This equation shows
that R(T) is the slope of the degradation line obtained by ploiting f(Q) versus t. A dif-
ferent slope R(T) is expected for each thermal-stress level, T, used in generating the
iccelerated test data.

The Arrhenius equation may be written as follows:

R(T) - eA'B/T , (4.23)
where A and B denote empirical constants, If the logarithm of R(T) is plotted against
(1/T) on an Arrhenius plot, then Constants A and B dennte the “intercept" and “slope!
of the resulting straight line, as zhown by the expression

ZnR(T) = A~B(1/T) . (4.24)

Suppose that the Arrhenius plot is linear. Then least-squares analysis may be
used to fit Equation (4.24) to the data and obtain numerical estimates for Constants A
and B. From these sstimates the relation between accelerated time and normal time
can be obtzined as follows, The expression for R(T) given in Equation (4.23) is sub-
stituted into Equation (4.22) to yield

Q) = {eA”B/T}t . (4.25)
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We now denote by primes those quantities associated with accelerated stress levels (the
quantities without primes refer to reference stress levels). Suppose the test times have
been such that the same degradation of qualityhas occurred at the two stress levels. This
means that {'(Q) = {{Q); from Equation (4.25), it follows that

(eA“BITYy (1 o (¢A-B/T), | (4.26)

This equation may be solved for t to obtain

~B(1/T'~1/T
= e B My {4.27)

On the other hand, the acceleration factor is defined by the relation

ts 7t (4.28)

2o that Equations (4,27) and {4.28) yield

;= o~B(L/T'-1/T)

. {4.29)
This is the mathematical formula for the accelerationfactor obtained from the Arrhenius
model, Thus, if a true zccelerated test is run at an elevated thermal stress for t! hours,
then this is equivalent to t hours of operation at normal stress, where t =7t' and 7 is
given by Equation (4.29). It is of interest to note that the acceleration factor involves
only the constant B. This means that the acceleration factor depends only on the slope
of the Arrhenius plot and not on its "intercept',

4.3.1.2 Stepwise Procedures in Applying the Arrhenius Model

In the following puragraphs, step-by-step procedures aredescribed for the analysis
of accelerated test data using the Arrheniusmodel. Procedures are described separately
for (1) constant-stress data, (2) step-stress data, and (3) progrt.asive-stress data.
Although separate proccdures are described for step-stress and prog.-essive-stress data,
it should be recognized that these data canbe transformed into equivalent constant-stress
data according to the transiorrnation functions given inSections 4.2.2.3 and 4.2.3.3. Thus,
in theory, accelerated test data generated by any of the three methods described in
Section 4.2 can be analyzed according to the step-by-step procedures for constant-stress
data.

4.3.1.2.1 Stepwise Analysis Procedures for Constant-
Stress Data

Step 1. Obtain a Measure Yislding Linear Degradation Over Time,

A suitable measure, f(Q), reay be known, a priori, from experi-
ence, or alternatively, may be determined from time-history plots
of the perfermance parameter, (3. Candidate transformation func-
tions, £f{(), include




Step 2,

Step 3.

Step 4.

Step 5.
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Transformation Function D={(Q)
The performance parameter Q
Logarithms log Q
Ratios to some reference value Q/Q,
Incremental values AQ
Relative incremental values AQ/Q,

Further, a summary measure, £f{Q), is made on the basis of which
degradatior rate will be calculated. Here, the mean value, median
value, etc., of the performance measure may be used [Figure 4.9(a)],

Estimate the Slope (Rate) of the Degradation Lines,

Estimate the slope, R(T;), for each of the degradation lines that
correspond to various temperature levels, T;. The lines can be fitted
using lezst-squares analysis,

Construct the Arrhenius Plot,

For each temperature stress level, T, plot the logarithm of
R(T;) versus reciprocal absolute temperature, (1/Tj). [Figure 4.9(b)],

Determine Whether "True! Acceleration Exists,

If the points plotted in Step 3 ''line up' on the Arrhenius plot,
then it is concluded that !true' acceleration exists among these
stress levels, If only certain subsets of the points line up, then only
these subsets are associated with true accelerations. The remaining
points may be associated with changes in aging mechanisms, or other
difficulties that threaten the wvalidity of acceleration factors, In
some instances it may be desirable to consider different transforma-
tions, £(Q), in order to obtain Arrhenius plots that are linear., Two
different linear segments on the Arrhenius plot may indicate the
simultaneous occurrence of two aging mechanisma. In thcse cases
which do not yield Arrhenius plots that are linear, it would generally
be concluded that true accelerations do not exist among the selected
stress levels. It would then appear reasonable to suppose tiat the
range of stress covered in the accelerated tests is too large, If new
experimental programs are run with a sufficiently restricted range
of thermal stress, the range over which true acceleration could be
achieved would gradually be determined.

Compute Acceleration Factors,

If the points line up on the Arrheznius plot, then a least-squares
fit will yield the slope of the bestfitting line, The numerical value of

-
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$Q) = R(T;)t

Performance
Measurs,
£(Q)

T In R(T) = A-B{I/T)
Time, t —— Reciprocal Temperature, I/T
{0) Linear degradation time-history (b) Logarithmic degradation rote versus
piots for various temperature reciprocal temperoture — fhe
(stress) lavels Arrhenius plot
r=exp{-B(::n-:!r-)} £(Q) =R(T;);t'
Ts
Logerithmic | In t = -B(%~ L)
Accelsration T 7T
Factor, ' £(Q)
Int
7, =1 {normal strsss)
Operating Temperature, T Time, t —
{~) Acceleration factor curve as a (d) Overall regression plot of time-
function of operating tempercture transformed dato

A 51021

GRAFPHICAL DESCRIPTION OF THE AIfALYSIS OF CONSTANT-STRESS

FIGURE 4.9.
ACCELERATED TEST DATA USING THE A RRHENIUS MODEL




Stegp 6.

In Section 4.2.2, it was noted that, in step-stress testing, the roles of stress and
time are in a sense reversed. Thus, the basic data generated in step-stress testing gives
the stress level at which components fail (or at which some amount of damage is ac-
cumulated) for various stress-step time increments. Therefore, the step-by-step pro-
cedure in analyzing these data will differ from that for constant-stress data. Under the
assumpticns associated with step-stress testing and the Arrhenius model, the same
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this slope is equal to the constant B given in Equation {4.29). Thus,
for any thermal stress T' and anyreference stress T, Equation {4.29)
permita the computation of the associated acceleration factor, In
particular, if T denotes the normal operating temperature and T!
denotes an increased level of temperature, then Equation (4.29) may
be used to extrapolate from the test conditionto the normal operation,
The acceleration factor obtained in this way supposes that the linear
Arrhenius plot remains linear when extrapolated to normal operating
temperaturee. The validity of this extrapolation must be carefully
considered in each case. It must be noted that the extrapolation
cannot be avoided except by testing component parts at normal stress

levels. This is precisely the test condition that it is hoped to avoid
by meane of the accelerated test.

Make a Final Correlation Plot.

Suppose the Arrhenius plot is linear and the acceleration factors
have been computed for each of the stress conditions used in the
accelerated test, Let T; denote the acceleration factor that corres-
ponds to temperature level T;. Then the linear degradations found
in Step 1 may be replotted using a transformed time scale, The new
time scale is obtained by maltiplying the actual scale by 7;. In this
way all of the data may be plotted using equivalent hours of operaticn.
If the Arrhenius model is valid, all of the data for all of the tempera-
ture levels will plot on a single straight line. This final correlation
plot often serves to give a view of the strengths, or weaknesses, of
the over-all analysis,

4,3.1.2,2 Stepwise Procedures for Analysis of
Step-Stress Data

acceleration factor should be obtained as in a corresponding constant-stress test,

Step 1. Obtain a Linear Damage Function Over Reciprocal Temperature

A measure of degradation, g(I)), of the components within each
step-stress time increment must be determined such that the plot of
g(D) versus reciprocal temperature will be linear. For example,
g(D) might be takenas the logarithm of the median cumulative damage,
D, at the kth stress step, Alternatively, for failure data, (D) would
take the form of cumulative per cent of the sample units failing at
the kth stress step measured on that probability scale that yields the
reguired linear relationship,

R o 0 v g T T i 3
-

<
<y

4
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Step 2. Construct a plot of g(D) versus reciprocaltemperature, 1/T, for each
set of data corresponding to a given time increment,Atgg [Fig~
ure 4.10(a)].

Step 3. Determine Whether Y"True'' Acceleration Exists

Calculate the slopes of each of the lines in the plot obtained in
Step 2. If the calculated values are equal in a statistical sense, 'true"
acceleration is said to occur, This follows from the expectation that,
if the relative effects of the aging processes change at some in-
creased stress level, the slopes of the damage lines will change alsc,

Step 4. Plot Stress Versus Incremental Time

Plot the logarithm of the time interval of the stress step, Atgg,
versus reciprocal temperature., This can be done for various values
of constant damage (e.g., 1 per cent, 10 per cent, 50 per cent failure).
These lines will be paraliel (have a constant slope, B) if true ac-
celeration exists [Figure 4.10(b)].

Step 5. Calculate Acceleration Factors

If true acceleration exists, acceleration factors can be calculated
using Equation (4.29). The parameter B i{n Equation (4.29) is the
value of the common slope of the lines obtained in Step 4, The ex-~
planation of the acceleration factors here is identical to that given
in Step 5 in Section 4,3,1.2.1, "Stepwise Analysis Procedures for
Data" [Figure 4.10(c})].

4,3.1.2,3 Stepwise Procedure for Analyzing Progressive-
Stress Data

In progressive-stress testing, the stress level is a continuously increasing function
of time. Accelerated test data is generated by running tests at several different time
rates of stress increase. Thus, as in the case of step-stress testing, the step-by-step
procedures for calculating ‘acceleration factors from progressive-stress test data will
differ from those for constant-stress data.

Step 1. Obtain Linear Degradation Over Time

Obtain a transformation of the damage function, g(D), that yields
a linear plot of g(D) versus time for each of the time rates, 8, of
progressive stress. For example, if D denotes cumulative per cent
failing over time, g(D) will be that probability scale that yields a
linear time plot [Figure 4.11(a)]. Various standard prcbability papers
(Weibull, lognormal, etc.) can be used for this purpose.
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Step 2. Construct Plots of the Time-Stress Relationship

For several fixed values of the damage function, g(D),. . ., g(Dp)s
plot reciprocal absolute temperature, 1/T = 1/(T, + Bt), verasus the
logarithm of time [Figure 4.11(b)].

Step 3. Determine Whether "True' Acceleration Exists

Calculate the slopes of each of the lines obtained in Step 2 above,
If the slopes of these lines are equal in a statistical sense, true
acceleration is said to be achieved. However, if at some value of
the damage function, say g(Dy), the slopes of the lines lor g(D) > g(Dy)
change, it is concluded that the dominant aging mechanism has also
changed. An explanation of the effect of such an event on the ac-
celeration factor problem iz analogous to that given in Step 4 for
constant-stress test data analysis.

Step 4. Calculate Acceleration Factors

If true acceleration exists, acceleration factors canbe calculated
using Equation (4.29). The constant B in Equation (4,29) is the value
of the common slope of the lines obtained in Step 3. Thus, for any
thermal stress, T', and a reference stress, T (where T has the
form T, + Bt), Equation (4.29) permits the calculation of the associated
acceleration factor. In particular, if T denotes the normal operating
temperature and T' denotes an increased level of temperature, then
Equation (4.29) may be used to extrapolate between the test condilion
and normal ogeration. The acceleration factor obrained in this way
supposes that the linear Arrhenius plot remains linear when extrap-
olated to normal operating temperatures, The validity of this
extrapolation must be carefully considered in each case, It must be
noted that the extrapolation cannot b avoided except by testiiny com-
ponent parts at normal stress levels., This is precisely the test
condition which it is hoped to avoid by means of the accelerated test.

4,3.1.3 Extension of the Arrhenius Model to Include
Nonthermal Stress

In the precezding paragraphs, procedures were given for analyzing accelerated test
data where the only stress parameter was temperature. These analysis procedures were
based on the basic Arrhenius model given by

A-B/T

R(T) = "B/ (4.30)

This model can be modifiad toinclude nonthermal stress by raultiplying Equation (4.29} by

an exponential term including the nonthermal stress parameter, The resultant modified
Arrhenius model is given by

- JA-B/T _S(C+D/T)

N
-

-

id4,31)
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where S denotes the nonthermal stress parémeter (e.g., voltage) and C and D denote con-
stants analogous to A and B to be determined from the analysis of accelerated test data.

Acceleration factors can be obtained from the modified Arrhenius model in the
same way as was shown in Section 4.3.1.1. If a performance measure, f(Q), can be found
such that

£(Q) = R(T,S)t (4.32)

(i.e., £{Q) is a linear function oftime where the time rate of degradation depends on T and
S), then the acceleration resulting from testing at some stress level, T' S!, is obtained by
equating

f'(Q) = R(T',S"t' (4.33)

and Equation (4.32), where f(Q) and £(Q') denote an equal degradation level. Since the
acceleration is defined by the relation t = Tt!', from Equation (4.32) and (4.33), T is seen
to be

T = R(T',S")/R(T,S) . (4.34)

Substituting Equation {4.31) into (4.34) yields

= - 2 1 " s _Ss 4.35
T = exp{ B[T' T] + C(S'-S)+D [T' T] } ( )

Equation (4.35) shows that the acceleratioa factorisa function of reciprocal temperature,
nonthermal stress, and an interaction between reciprocal temperature and nonthermal
stress,

Stepwise analysis procedures of accelerated test data in this case are analogous to
those given previously, although semewhat more complex, Moreover, the procedures in
this case are almost identical to those associated with the Eyring model described in
Section 4.3.2 and, therefore, are not given in this section.

4.3.2 The Eyring Model as a Basis for Accelerated Testing

The fundamental problem in accelerated testing is that rates of aging under various
stresses must be understoodinterms of basic material properties and physical processes,
Otherwise, extrapclations from accele.ated stress conditions tc ncrmal cperating condi-
tions cannot be completely validated. The value of the Arrhenius modei described in
Section 4.3.1 stems from the fact that it '"worked' in practice in spite of its L.ck of
theoretical validity. Because of its empirical basis, reasons for the success cf the
Arrhenias model in correlating accelerated tests for electronic devices is also not weli
understood.

The Eyring reaction-rate equation, because of its theoretical baeig, shows coneider-
able promise in yleldingthe desired understanding citedabove. This model is derived from
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the principles of quantum mechanics and has been successfully applied to a wide variety
of physical and chemical rate processes. A modified version of the Eyring model, which
includes nonthermal stress, is described in the fellowing paragraphs.

4,3.2.1 Physical Concept of the Eyring Model

Consider the following simplified model of an electronic component, It is assumed
that the performance of the component can be characterized by a parameter £, For a
given range of £, the component is consid=red ''good'; for a different range of £, the
component is considered "bad'" or to have failed. It is further assumed that a potential
energy, V(§), exists which depends on the value of the parameter £. Because in actual
operation, component performance generally goes from 'good" to "bad", it is assumed
that the potential energy associated with a 'good" component V (£ g504) is greater than
that associated with a "bad" component V (gbad)' This is shown in Figure 4,12,

vl S v
v(€)
i i'{ Vi€, q)

Good Activated Bad
State of Electronic Component Part

A 5:024

FIGURE 4.12. POTENTIAL-ENERSGY DIAGRAM FOR THE AGING OF
AN ELECTRONIC COMPONENT PART

Because the transistion from good to bad usually requires an interval of time, it is
assumed that the good components are in a ''metastable state’. This means that the
potential energy curve has a "hump' between the gond and bad states. The energy of this
"hump'', shown in Figure 4,12, corresponds to the energy of the activated state. The
energy that must be supplied in order for the component to go from '"good' to '"bad" is
called the "activation energy', and ie denoted by AE in the sketch.

In a solid at temperature where kT < AE,thermal fluctuations may result in locaiized
values of kT > AE in small incremental volumes (k is Boltzmann's constant and T is the
absolute temperature}, The probability that the activation energy is spontaneously sup-
plied by thermal fluctuations is proportional to exp (-AE/kT). Whenever this occurs, the
asscociated incremental volume may make the transition to '"bad''., After sufficient time,
the entire component will be composed of "bad' incremental volumes and will itself be
llbadl!’

The Eyring reaction-rate theory shows that the time rate, R, for the transition
from ''good'' to ‘'bad' stated for the entire component is given by the expression

R, = a(kT/hye ®/T |

—
[N
W
(¢

~—

———— -
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in which h is Planck!s conestant, a depands on the partition functions of the "good' and
"activated" states, and b denotes the ratio of the activation energy to Boltzmann's con-
stant, b = AE/k, A theoretical evaluation of a and b is difficult, However, an empirical
determination can be made by taking the logarithm of the Eyring equation, to obtain

log(hRo,kT) = log a-b(1/T) . (4.37)

It is seen that a plot of the logarithm of (hRo/kT) versus (1/T) will give a straight line
with "intercept" log a and scope b.

A detailed application of this theory presents many difficulties, First, a suitable
parameter € has to be determined., Then the potential energy levels V(§) have to be
determined, and the range of valuee for €p,4s & activatedr 2nd egood have to be defined.
The activation energy is required to evaluate the constant b, and a theoretical de'ermina~
tion of a presents many difficulties because of the partition functions involved. This
theoretical picture is further complicated by the fact that there may be several ""paths"
by which the potential energy may degrade from a ''good" state to a 'bad" state., These
“paths! may be associated with various '"modes of failure" for the component part.

Because of these difficulties, it appears necessary to determine by experimental
methods those physical processes involved in the aging of electronic-componen. parts.
These experiments may use constant-stress, step-stress, or progressive-stress ac-
celerated tests, However, constant-stress testing appears to be best suited to the task.
As the experiment proceeds over time, the task consists of detecting changes in measure-
ment parameters and subjecting these changes to graphical analysis using the Eyring
model, This procedure will yield estimates of activation energies and thereby aid in
identifying the physical mechanisms associated with the aging process.

4,3.2.2 Generalized Eyring Model to Include Nonthermal Stressns(

The theoretical basis of the Eyring model suggests that nonthermal stresses may be
included in the modelas follows. Let Ry denote the Eyring rate in the presence of thermal
stresses only, so that R is given by

Rg = ate P/RT (4.38)

In the presence of a nonthermal stress S, this rate of degradation is multiplied by two
factors, f) and {3, to give

R = Roflfz
for the modified rate equation. The factor f) is appiied to adjust the energy distributions
for the presence of nonthermal stress, and the factor f3 is applied to adjust the activation

energy for the presence of nonthermal stress. Mathematically, these factors are written
as

f1==e
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and

DS/xT
fz = e s

where C and D denotes constants. It now follows that

~-B/kT C+D/kT)S S
R(T,S) = [ATe ] e( / ! = Roe¢ s (4.39)
where
R(f,0) = R, = ATe B/ET (4.40}
and
¢ = C+D/kif . (4.41)

The analysis of accelerated test data using the Eyring model is similar to that for
the Arrhenius model. In particular, it is supposed that linear duzgradations have been ob-
tained (by a transformation, if necessary) of a measured parameter of interest. Let
primeg dencte conditions at high stress and write

£(Q) = R(T,S)t
and
£1(Q) = R(T"S jt!

for thedegradationmeasure, , under normal and accelerated test conditiona, respectively.
The "siope' R(T,S) is shown to be a functien of the operating temperature T and the non-
thermal stress S. Now suppose the stresstimes are such that the same degradation exists
under the normal and accelerated test conditions. Then {{Q) = f'/Q) and it follows that

R(T,S)t = k,.", 5%t
80 that

t = [R(T",S")/R({T,S)] t7 .

The acceleration factor T is defined by the relation t =T¢t! so that

7 = R(T',S")/R(T,S) . (4.42)

From Equatior (4.39}, it follows that

T! 1 i 1S' S
T:[?]exg{—% 5.“,‘-‘71.‘} +C(5"S)+‘FD [.:E.-_T.]} (4.43)

{
L

This is the formula for the acceleration factor wbtained from the Eyring modsl.

. . - e e - P ——— Y . S«
[, e .y ST P A~ . .
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Two special cases of acceleration can be obtained from Equation (4.43). First, if

acceleration is achieved by testing at some increased nonthermal stress level, §', and
normal operating temperature is used, i.e., T = T'. then Equation {4.43) reduces to

Tg = exp{ [c+%,-] (S'- s)} = oP(5'-8) ) (4.44)

Alternatively, if acceleration is achieved by testing at some (ncreased temperature level,
T!', and 8! = 8, Equation (4.43) reduces to

. T [ Lin. .1__1_}
TT- = exp{ k(B DS) [T' T] (4.45)

4,3,.2,3 A Further Modification of the Eyring Model

in the preceding section, the Eyring model was modified to include a nonthermal
stress parameter, S, In general, however, R may not be a simple exponential function
of the parameters, Therefore, it may be more appropriate to replace S with some func-
tion, £(S), of the nonthermal stress parameter. Thus, modifying the Eyring model given
by Equation (4.40Q) to include this generalization yie'ds

R(T,S) = ATe-B/kt ef(S)(C+D/kt) - Roe<!>f(S) ' (4.46)

For example, test resulte on dielectric materials and components indicate that
f(S) can be expressed as the logarithm of voltage at a constant temperature, Thus,
substitating £(S) = In V into Equation (4.46) yields

IV
R(T,S) = Re¥™7 = RVY . (4.47)

The corresponding formulas for acceleration factors are identical to Equations (4.43) to
(4.45) with £(S) subsiituted for S. For example, acceleration due to increased voltage
alone is given by Equation (4.44):

= SURVI-IRVEyyny® (4.48)

4.3.2,4 Stepwise Procedures for the Analysis of Accelerated
Test Data Usirg the Modified Eyring Model

In the following sections, step-by-step procedures are given for analyzing acceler-
ated test data generated by constant-stress, step-stress, and progressive-stress testing.
The analysis procedures are based onthe modified Eyring model given by Equaticn {4.39).
In those cases where some functions, f(S), of the nonthermal stress parameter is used,
the procedures are the same with {(S) substituted for S.




Step 1.

Step 2,

Step 3.

Step 4,

Step 5.
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4.3.2.4.1 Stepwise Procedures for the Analysis of
Constant-Stress Data

Obtain Linear Degradations Over Time

This preocedure is carried out in the same manner as iuiicated
in Section 4,3.1.2.1 for constant-stress testing [Figure 4.13(a)].

Detarmine Degradation Rate for Thermal Stressas
From Zquation (4.39), it is seen that
InR(T,S) = InR(T,0)t ¢S R

so that a plot of In R(T,S) versus S yields a straight line with "inter~
cept function" ln R{T,0) and '"slope function' ¢. More specifically,
for a given temperature, T, plot the logarithm of the observed de-
gradation rate as a furction of S, This will yield a straight line with
intercept ln R(T;,0). Repeat this procedure for T, T3, etc., and
obtain the intercept function, !n R(T,0), as a function of temperature
[Figure 4.13(b)]. The temperature used in this procedure may be
ambient temperature, junction temperature, or whatever tempera-
ture is associated with the physical processes of the electronic part.

Determine the Constants A and B

With R(T,O) obtained in Step 2, plot ln R{T,0)}/T versus (1/T) to
get In R(T,0)/T = 1la A-(B/k) (1/T) as shown by Equation (4.40)
[Figure 4.14(a)]. From this plot, the intercept, ln A, and slope, B/k,
can be numerically determined so that A and B can be evaluated.

Determine the Constants C and D

In Step 2, the values of ¢ weredetermined for various values of T.
Equation (4.41) shows tlat a plot of ¢ versus (1/T) will have intercept
C and slope D/k so that C and D can be numerically evaluated from
such a plot [Figure 4.14(b)]. This stepcompletes the determination of
the four comstants, A, B, C, and D, which occur in the Eyring model
given by Equation (4.39). The model then gives the rate of aging for
any temperature, T, and nonthermal stress, S, over the ranges of
stress with which a given aging mechanism is dominant,

Compute Acceleration Factors

Acceleration factors may be computed for those asets of test
conditions that are found to be coilinear in Step 3. For a speciiied
accelerated test condition chavacterized by a temperature T' and a
nonthermal streas 5', and 2 reference condition characterizéd by T
and S, the acceieration factor relative to the reference condition is
given by Equation (4.43) [Figure 4.15(a}]. Because the acceleration

(4.49)

e

-
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Degradation
Measure,

f(Q)

Time
(a) Obtain linear degrodation over time

Logarithm of
Degradation
Rate, T,

In R(T,S) ¢

In R(Tpp, O)

In R(Ta,O)

In R(T,,0)
In R{T,S) =in R(T,0)+¢ S

Nonthermal Stress, S

{(b) Logarithm degradation rate as a function of nontherma! stress
for various temperature leveis ~ the Eyring plot A81025

FIGURE 4.13. GRAPHICAL DESCRIPTION OF THE ANALYSIS OF
CONSTANT-STRESS DATA USING THE EYRING

MODPEL
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«actor is a function of both temperature and nonthermal stress, a
plot of 7Y(T,S) as a function of temperature for various levels of non-
thermal stress would yield a convenient set of curves for the ac-
celeration factor,

Step 6. A Final Correlation

The acceleration factors obtained in Step 5 may be used to trans-
form actual operating times at accelerated conditions to equivalent
operating times at the reference condition. The linear degradations
obtained in Step 1 should then be plotted against equivalent time
[Figure 4.15(b)]. The scatter of the data about an extrapolated straight
line representing the reference conditions will yieldanover-~all mea-
sure of the success of the analysis.

4.3.2.4.2 Stepwise Procedures for Analyzing Step-Stress Data

Accelerated step-stress tests can be run using (1) temperature as the step-stress
parameter and repeating the test design for several fixed levels of the nonthermal stress
parameter or (2) the nonthermal parameter may be stepped and the test design repeated
for several fixed temperature levels, The most appropriate method will depend on the
device under investigation., Therefore, step-by-step proceduresc are given for both of
these testing methods.

In the first case, where temperature is the step-stress parameter, graphical analy-
sis of the data does not yield estimates of the paramaters A and B of the Eyring model.
This follows from the fact that the linear function

Int=a +b/T (4.50)

is obtained corresponding to a line of constant damage, g(D,), across the basic data
plots of g(D) versus (1/T)., For acceleration due to temperature defined by t = 7t*, and
for a fixed nonthermal stress level, Equation (4.50) yields

[
Ty T € T T . (4.51)

This result, however, lacks the pre-exponentiai term (T!/T) given in Equation {4.45) for
appropriate acceleration factor due to temperature based on the Eyring rnodel,

In the second cace, where nonthermal stress is the step stress parameter and tem-
perature is fixed at a constant but different level for each test, estimates for all four
Eyring model parameters can be obtained, For fixed temperature, T, the acceleration
attained by increasing the applied stress to Sf ic obtained from Equation (4.43) as

(C+D/kt) (S'-S) p(S'- S)
T = € = e

- )

(4.52)
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or equivalently
In7 = ¢(S'-8) . (4.53)

Step 2 of the analysis procedure requires a plot of the logarithm of applied stress
versus the logarithm of step-stress time, yielding a linear equation

Int=a-bs . (4.54)
For the acceleration factor T defined by t = Tt!, Equation (4.53) yields

InT = Int-1Int' = b(S'-85) . (4.55)

Thus, the slope b of the In t versus S plot is equal to ¢, Therefore, the plot yields the
acceleration due to the nonthermal stress parameter, S (for fixed temperature).

To determine the parameters A and B of the modified Eyring model, observe that,
in the absence of applied voltage, acceleration is obtained from Equaticn (4.45) as

_T [ BTl 2
T =TT eXP K(T' T ’ (4.56)

or equivalently

’ Ty B /1 1"
InT = 1n -%—)-E F":i_-) . (4.57)

The constant B in Equation (4.57) is obtained in the analysis of step-stress data by glotting
(a + In T) versus reciprocal temperature, (}1/T), yielding an equation of the form

a+InT =a+ B/T . (4.58)

The parameter a iz the constant term in Equatior {4.54) and will be different for each
temperature isvel at which a nonthermal step-stress test is run. For S = O,

In7 = Int-lnt' = a-a' (4.59)
T HE |
= In <?> -ﬁ(‘%’;-;) ; (4.60)
hence, 8 = B/k. Further, since
- -B/kt
T = R(T',OyR(T,O) = AT'e B/kVATe B/ , (4.61)
it is seen that o = In A since Equation (4.54) also yields
-B/xT! -B/kt
' 7= t/t' = a/a' = ¥ T'e Al /ea Te i . {(4.62)

Hence, the step-by-step analysis precedure generates a sequence of linear functions whose
slopes and intercepts determine the constants A, B, C, and D of the modified Eyring maodel.

o ————— .- s A - e e A e T T et g g
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Step 1. Obtain a Linear Damage Function Over Nonthermal Stress

For a coastant temperature, TI' plot damage, D, versus non-
thermal stress, S, for each stress time increment, Atg,. Find a
transformation, g(D), of the measurc of damage that makes the plots
linear., For example, if D denotes cumulative per cent failing at
each successive stress step, g{D) is that probability scale yielding
a linear relationship against S. This procedure is repeated for
several constant temperature levels, T}, ..., T, (Figure 4.16).

Step 2, Determine Relationship of Applied Stress to Step-Stress Time

For each of the constant temperature levels, Ty, oo s Ty and
for a specified value of g(D) (e.g., 50 per cent of test units failed),
plot applied stress, S, versus the logarithm of step-stress time,
Atgg [Figure 4.16(a)]. The equation for these lines is of the form
lnt=a -¢$S. Constantsa and ¢ of each line (each temperature level)
can be determined using least-squares analysis.

Step 3. Determine the Constants C and D

Plot the values of ¢ obtained in Step 2 versus reciprocal temper-
ature [Figure4.17(b)]. The resultant equationis given by ¢ = C + D/kT.
Hence, Cisthe interceptand D/kis the slope of the line., Tnese values
can be determined using least-squares analysis.

Step 4. Determine the Constants A and B

Plct h{a,T) = a + In T versus reciprocal temperature [Fig-
ure 4.18(a)]. The resultant line is given by

a+InT=1nA+ B/kT

Thus, the constant A is determined by the slope and the constant B
by the intercept of the line.

Step 5, Calculate Accelerated Factors

Acceleration factors can be calculated over the range of tempera-~
ture and voltage stress levels for which the relative effects of the
aging processes are invariant (Steps 1 and 2)., Thus, for specified
stress levels T' and S' and a pair of reference stress levels, T and S,
the acceleration factor relative to the reference condition is given by
Eqaation (4.43) [Figure 4.18(b)]. Plots of acceleration factors can be
constructed identical to those for constant stress data (Figure 4.18).

4.3.2.3.3 Stepwise Analysis Procedures for
Progressive-Streass Data

Procedures for calculating acceleration factors bi.aed on progressive-stress ac-
celerated test data are similar {o those for step-stress data. Further, if temperature is

[l s B — - e e - e s
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FIGURE 4, 16, LINEAR CUMULATIVE DAMAGE PLOTS AS A FUNCTION OF
NONTHERMAL STRESS FOR VARIOUS TEMPERATURE
LEVELS IN THE ANALYSIS OF STEP STRESS DATA USING
THE EYRING MODEL

{At,e = incremental time in each stress siepj
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the progressive-stress parameter, acceleration facters based onthe Eyring model canno.
be determined from the logarithm of time versus stress plot. Therefore, the procedure
given below assumes that nonthermal stress is the progressive-stresas parameter and
that temperature is fixed for each progressive -stress test, The coefficients of the Eyring
model dependent on temperature can bte determined by replication of the progressive-
stress test (using the same time rates fg, . . ., Bp) at several temperature levels,

Step 1. Obtain Linear Degradation Over Time

Obtain a transformation of the damage function, g(D), that yields
a linear plot of g(D) versus time for each of the time rates, B1,. . ., ﬁp,
of the nonthermal progressive-stress parameter. This step is
identical to Step 1 based on the Arrhenius model given in Sec-
tion 4.3,1.2.3 and illustrated in Figure 4.l1(a). A set of the above
plots shouid be generated for each of the constant temperature levels,
Tyse v os Tppy (Figure 4,19).

Step 2. Determine Relationship of Stress to Progressive-Stress Time

For each of the constant temperature levels, and for a specified
value of the damage function, g(Dg), plotapplied stress, S = 5t, versus
the logarithm of the time at which g(Dg) occurred. The equations for
the m resulting plots are of the form Int = a - ¢(ft] [Figure 4.17(a)].
The constants a and ¢ in each case can be determined using least-
squares analysis,

Step 3. Determine the Constants C and D

Plot the values of ¢ obtained in Step 2 versus reciprocal absolute
temperature [Figure 4,17(b)]. Tke resultant equation is given by

D X
¢=C +(-E-) t. Hence, Cis the interceptand D/k iz the slope of the line.
Step 4. Determire the Constants A and B

Plot hi{a,T) = a + In T versus reciprocal absolute temperature
[Figure 4.18(a)]. The equation of the resultant lineisa + la T =

In A + 5—-) T. Thus, the conatant A is determined by the slope and

the constant B by the intercept of the line,
Step 5. Calculate Acceleration Factors

Acceleration factors can be calculated for the range of ‘empera-
ture and nonthermal stress levels over which the relative effects of
the aging processes are invariant, Thus, for given accelerate? stress
levels, T' and S', and for specified ncrmal s.ress levels, T and S, the
acceleration, 7, relative to norrnal operating conditions is given by
Equation (4.43) [Figure 4.18(b}].
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FIGURE 4.19, LINEAR CUMULATIVE DAMAGE PLOTS OVER TIME AS A FUNCTION
OF THE RATE OF INCREASE OF THE PROGRESSIVE NONTHERMAL
STRESS PARAMETER FOR VARIOUS CONSTANT TEMPERATURE

LEVELS IN THE ANALYSIS OF FROGRESSIVE-STRESS TEST DATA
USING THE EYRING MODEL




Downloaded from http://www.everyspec.com

4-48

4,4 Comparison of Accelerated Testing Procedures

In Section 4.2, three experimental methods for generating accelerated test data are
described. The objective of each of these methods is to generate definitive performance
data on important device parameters as functions of time and stress. The attributes of
the various methods are compared in the following paragraphs. This comparison is made
in terms of (1) assumptions, (2) the test time required to generate definitive data, and
(3) the simplicity of analysis.

Further, in Section 4.2, the Arrhenius and Eyring models as bases for analyzing
accelerated test data are compared. The comparisonis made in terms of (1) the assump-
tions associated with each model, (2) the thecretical basis for each model, and (3) the
ease of application of each model in analyzing accelerated test data.,

4.,4.1 Ewvaluation of Methods of Generating Accelerated Test Data

Constant stress, step stress, and progressive stress have the common (critical)
agsumption that the dominant iging mechanism does not change over the range of stress
levels and the operating times invoived in the tests, This assumption is most easily
checked in constant-stress testing., In this case, a change in the dominant aging mecha-~
nism at some stress level will be refiected by a change in the slope of the Arrhenius or
Eyring plot. However, for step-stress or progressive-stress testing, a change in the
dominant aging mechanism is reflected by a change in the slopes of the various constant-
damage lines at some value of the damage function on the logarithrn of time versus
stress plot. Since the lines of constant damage correspond to a discrete set of values
of the damage function (e.g., 1 per cent, 10 per cent, 50 per cent, 90 per cent cumulative
failuree), additional plots will generally be required todetermine the value-of the damage
function at which the slope of the lines changes.

Further, it is assumed that, in all three methods of testing, the rate of degradation

(rate of damage accumulation) in the time increment (t + At) depends only on the stress

levels at that point in time and is independent of the rate or rates of degradation at any
time¢ prior to t or of the cumulative degradation up to timet, In other words, the de-

gradation rate in the time increment (t + At) is independent of the time history of the

component, This assumption is, in some sense, more severe in step-stress and progres-
sive-stress testing than in constant-stress testing. In step-~stress testing, sevexral dis-
crete stress levels (and, therefore, degradation rates) are involved; in progressive-
stress testing, stress (and, hence, degradation rate) is an increasing function of time.
The net effect of this situation is that, if a stregs-time interaction exists, it will be diffi-
cult to extract the interaction effect from the test data,

The test time required to generate definitive datais different for different accelerated
testing procedures. In constant-stress testing, relatively long test periods are required
in order tc obtain significant degradation at the various stress levels in terms of the
measured device parameters, On the other hand, step-stress and progressive-stress
testing require substantially shorter test periods to obtain an equivalent amount of de-
gradatiovn. Moreover, in the lattexr cases, the experimenter can control to a greater
degree the rates at which degradation ig accumulated. In step-siress testing, this can be
done by changing the size of the stress step, In progressive-stress testing, the rate at
which degradation-accumulates can be regulated by appropriate selection of the time rates
of increases of the progressive-stress parameter.

et ——— - ., [ - i o emaman e » o R oo oo
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Also the relative simplicity of analysis of the data is different for the di{ferent
accelerated testing procedures. On this basis, constant-stress data are best sni.ed to
analysis using the Arrhenius or Eyring models. This stems principally from the fact
that the step-by-step procedure for analyzing constant-stress test data follows directly
from the mathematical form of the analysis model, That is, for example, the Arrhenius
plot requiredinStep 2 of the procedureis a straightforward empirical plet of the logarithm
of the Arrhenius reaction-rate model; thus, the constants A and R of the model are ob-~
tained directly from this plot. However, for step-stress and progressive-stress pro-
cedures, the relation of the steps inthe graphical anclysis procedures are not sc obviously
related to the functional form of the Arrhenius or Eyring models, Thus, a greater amount
of mathematical manipulation is required to determine the constants of the selected model,

4.4.2 Comparison of the Arrhenius and Eyring Models

In the introductionto Section 4.3.2, itwas cbserved that the Eyring model is superio®
to the Arrhenius model in several respects: (1) the Eyring equation can be derived fromn.
fundamental physical principles of quantum mechanics in contrast to the empirical origins
of the Arrhenius equation; (2) the "slopes' and "intercepts' of the Arrhenius plots are
replaced in the Eyring model by the more definitive concepts of ""activation energies" and
"partition functions' associated with the underlying physical mechanisms of aging; (3) the
theoretical basis of the Eyring model supports the validity of the graphical method of
analysis. In practice, the processing of acceleratedtest data can be analyzed graphically
by either model. If the temperature range is small, the Arrhenius equation is a good
approximation to the Eyring equation.

Because of the theoretical base of the Eyring model, it is expected that each aging
process in an electroaic component part will be described by its own Eyring model, That
is, the constants A, B, C, and D will completely characterize each aging-fmechanism.,
Experimentally determined values of these constants may prove useful in identifyiny
the particular aging mechanisms that occur in anelectronic part. The Eyring model also
appears to have sufficient flexibility to deal with various failure modes, Differing modes
of failure may be associated with a "potential map" which permits differing "paths" from
a good stats to a bad state. Alternatively, different modes of failure may be associated
with the simultaneoas occurrence of several aging mechanisms, each of which is char-
acterized by its own set of Eyring constants, The failure mode that occurs is that mode
which "dominates' the other possible modes of failure under the operating conditions of
the device. The simultaneous occurrence of several aging mechanisms may be expected
to occur in cormplex electronic components, It may be possible to treat aging processes
as occurring sequeniially in "series" cr simultaneously in "parallel", and combine the
associated Eyring constants in a manner analogous to that of circuit analysis,

It should also be noted that, for simple electronic parts, it may be posaible to
measure the Eyring constants directly by laboratory methods. If this were accomplished
for a specific device, then the aging behavior of that device for its lifetimie would be com-
pletely characterized by the Eyring model with the Eyring constants peculiar to the
specific device, If possible, sach a procedure would eliminate much of the reliance on
statistical methods and mass testing, which are currently required to obtain reliability
data. The estimates obtained from such reliabiliiy data do not apply to any particular
part, but only to the entire "population" of ''nominally identical" parts. It would clearly
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be desirablz to characterize the aging behavior of each part by its own set of Eyring
constants. Applications to problems of screening would be immediate. Applications
would also include the improvement in reliability obtained from better design and manu-
facturing techniques made pcssible by a better understanding of the physical mechanisms
of aging.

Further evidence of the basic role of the Eyring model has been shown in analyzing
capacitor data, It has b¢ n shown that the empirically established "power law' for the
lifetimes of capacitors can be derived from the Eyring model.(11)

Since the Arrhenius model is 2n excellent appro~imation to the Eyring model over
the range of stress levels normally encountered in accelerated testing, it has substantial
utility for analyzing accelerated test data. From a practical viewpoint, the significance
of this close approximation is that the Arrhenius model is easier to apply in calculating
acceleration factors. Ths quantitative nature of the Arrhenius approximation to the
Eyring model can be seen from the foilowing:

Let T=1/T and write the Eyring model in the form

5 -bt
R = a(k/h)(i/T)e . (4.63)
Differentiation with respect to T yields

dR/dr = -a(k/h) (1/72) e"PT 4 a(k/h) (1/7) (~b) ¢~ °T

- [a(k/h) (1/7) e”bT] [(ll—'r) + b]

-R {(I/T)'*'b]» . (4.64)

Rearranging (4.64) yields
dR/dr = - (R/7) [1+7b] . {4.65)

It has been observed that for chemical processés, b has an order of magnitude of approxi-
mately 5 x 103 K and, in the cases where T is not greater than t x 102 K,

b > b/T = 5x103/5 x 10° > 10.

This shows that (Tb) is large relative to 1, Therefore, if the factor {1 + Tb] is renlaced
by the approximation {Tb), Equation (4.65) becomes

dR/dr = -{R/T)(Tb) = -Rb. (4.56)
Integration of (4.66) then yields

In (R/Ry) = -b{r~Ty) . (4.67)

P [(1/T)-(1/Ty)]
c : (4.68)
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This equation is identical to the Arrhenius model,

Thus, it is seen fromthe above analysis that the Arrhenius model is a good approxi-
mation to the Eyring model wherever

TH>>1 (4.69)
Since 7 = 1/T and b = E/k, Equation (4.69) may be expressed as
E/NkT)>>1,

Thus, whenever the activation energy E exceeds kT by a factor of 10 or more, the
Arrhenius model will be a good approximation to the Eyring mcadel.
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5. Reliability Screening Procedures

5.1 Introduction

The purpose of reliability screening is toselectfrom a set of devices those devices
having superior reliability or, alternatively, to veject those devices having inferior
reliability. Of particular interest is the screening out of component parts that are po-
tential early failures in some specified application. The screening procedures used
involve the classification of each device in the set on the basis of initial or early life
parameter measurements, Depending on device reliability requirements and the "power'
of the screening procedure, devices may be screened into two or more classifications.
For example, in screening sets of component parts, one may wish to (1) eliminate the
potential early failures, (2) select those parts exhibiting high reliability for application
in aerospace systems, and (3) seiect those parts of intermediate reliability for com -
mercial applications.

It should be noted that reliability screening differs from quality control in several
respects, First, it is not the purpose of reliability screening to detect devices which are
defective at the time of measurement. In fact, it is assumed all devices arc initially
good, Second, unlike acceptance sampling, parts qualification, etec., r'eliability screening
is a 100 per cent inspection procedure. Third, classification by a screening procedure
is accoraplished with respect to life-time requirements and operating conditions involved
in the intended application of the device., Thus, it is seen that the concept involved in
reliability screening, as opposed to quality control, is not to reject a device strictly
because one or more initial paramete- measurements lie in some unacceptable region,
but to consider such measurementr as precursors of early failure (unreliability,.

Ideally, a screening procedure would never misclassify a device, That is, a high-
reliability device would never be classified as a potential early failure, and conversely,
an unreliable device would never be classified as having a potentially long life, In
practice, such ideal screening procedures do not exist. The objective of the various
procedures described in the following sections is to approach the ideal state as closely
as possible. In the case of one prccedure, the analysis involves calculation of the
probabilities of misclassification, Thus, one can judge the utility of the procednre on the

‘basis of these probability measures, The remaining simpler procedures do not explicitly

invoive evaluation of utility; however, theoretically the analyses could be extronded to in-
clude such evaluation.

The screening procedures presented in the following sections are given in order of
relative complexity, starting with the least complex. Thus, in order, the screening pro-
cedures are:

(1) Screening by truncation of distribution tails

(2) Interfereznce between stress and strength distributions

{(3) Burn-in screening

(4) Linear-discriminant screening.

g oppa—— = e e o By o . . e
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The descripticn of each procedure includes a discussion of applications, statement
of the assuraptions involved, a step-by-stepaccounting of the procedure, and an illustrative
example. In subsequent sections the various procedures are compared, and their future
roles 1n reliability physics are discussed.

5.2 Methods of Screening

The four screening procedures listed above are paired intec two groups: (1) screeaing
to obtain quality performance at t = 0 and (2) screening to obtain long life. The essential
difference between the two is that the first group involves screening on the basis of initial
measurements, whereas the second group invelves, in addition to iritial measurements,
screening on the basis of early life measurements. These may take the form of A incre-
ments, rates of change in given parameters, etc, Procedures for the se¢cond type of screen-
ing generally are more powerful, but also are more costly,

5.2,1 Screening by Truncation of Distribution Tails

The primary purpose of screening by truncation is to attain device homogeneity in
terms of important device parameters with respect to a design specification, Thus, the
screening problem in this case consists in specifying those device parameters to be con~
trolled and in establishing tolerance limits defining the acceptable range of measured
values for each parameter, Screening is then accomplished by elimi.:ating those devices
from a set having values outside the given tolerance limits. In ‘oncept, if the initial
parameter values for a population of a givendevice are described by a probability distri-
bution function, it i3 seen that this procedure consists ir setting tolerance limits on the
distribution function such that the distribution tails are truncated (Figurs 5.1).

Distribution of
Parameter Values
in Set After
Screening

Qo_aQo Qo Qo +QQ°

. A 51031
Quality Parameter, Q
FIGURE 5.1. TRUNCATION OF THE TAILS OF DISTRIBUTION OF QUALITY-
PARAMETER VALUES FOR A POPULATIOM OF DEVICES

As shown in Figure 5.1, the tolerance limits are charwcteristically expressed in
terms of some acceptable per cent deviation from nominal value ot the quality parameter.
For example, the design specification for a given equipment may sperify that all re~
sistors of a given type will have initial resistance measurements within 0.5 per cent of
nominal, Thus, the tolerance limits fora 10-X resistor would be Ty, = 10 K-{6.005) (10 K) =
9.95 Kand, correspondingly, Ty = 10.05 K. For devices having several quality p»rameters,
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this procedure can be repeated for szach parameter, yielding a set after screening that
consists of those devices in the original set having all initial parameter measurements
within their respective tolerance limits.,

From the standpoint of reliability, the concept involved in this type of screening
is characteristic of the marginal tolerance limit problem. That is, it is tacitly assumed
that devices whose initial parameter measurements are within marginal tolerance limits
(T, Ty) are not likely to fail in a specified application, Failure in this case is said to
occur if a quality parameter exceeds failure tolerance limits (Fy,, Fy). Figure 5.2 shows
the distribution of parameter values at t= 0, If those devices having parameter values
outside the marginal tolerance limits are eliminated, the resulting truncated distribution
will take on the form shown at time T, where the [.roportion of values inside the failure
tolerance limits represents device reliability attainnd due tc the screening procedure,

Fo boo A
T, - - -
J . . .
Distribution of
Qualit measured parameter
P uati 3{ volues at time t
arameter resulting from truncated
distribution ot t=o.
L —_—
TL —_ —
FL ————————————— o — — — —— — — —— wor— —

0 _ t AS1032
Time

FIGURE 5.2. DEVICL RELIABILITY AT TIME T RESULTING FROM
SCREENING OUT DEVICES CUTSIDE MARGINAL
TOLERANCE LIMITS AT TIME t= 0

It should be recognized that the device itself may not fail per se, but device output
values exceeding Fj1, or Fy may induce failure in some other compcnent in the system,
The importance of this point is that device tolerance limits must be established with
respect to the input-output functions of the device in its intended application, Hence,
it is seen that appropriate tolerance limits should be established on the basis of an
analysis of the dynamics of the system of which the devices being screened are a part.

5.2.1.1 Step-by-Step Procedure

Fyram the fore
& Te 9 ore

and weel

going discussion it is seenthat screening by truncaticn of distribution

tails consists of four sequential steps:
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(1) Define the set of quality parameters orthe basis of which the set of devices
is to be screened

(2) Determine tolerance limits for each quality parameter, based on required
device input-output functions for system operation

3) Obtain {nitial parameter measurements for each device in the set
p

{4) Screen out those devices having one or more initial param ster values out-
side gpecified tolerance limits.

Thus, screening by truncation of distributiontails has advantages ir that it is simple
to apply and depends only on parameter mexsurements at t = 0, On the other hand, the
procedure has disadvantages in that device reliapility cannot be predicted as a direct re-
sult of the screening procedure, and appropriate parameter tolerance limits raquire an
analysis of the system dynamics, which in general may be very complex.

Example, Conaider the problem of selecting reference diodes for application in
power-aupply units., Circuit analysis shows that the output voltage of the power supply
(the system} is very sensitive to the stability of the reference diode.

Step (1) The diode parameters that must be controlled to attain stability are
reference voltage and zener impedance.

Step (2) Tolerance limits for these parameters are determined ata apecified
current level according to the functional relation of dicde stability
and power-supply output. For reference voltage, a two-sided
tolerance limit is determined of the form v, Av, and for zener
impedance a one-sided limit is determined of the form R>Ro {zener
irpedance essentially represents the slope of the i« curve at the
reference-current level, The greater the slope, the less sensitive
veferunce voltage is to fluctuations in current,

Step {3) Given these tolerance limite, initial measurements are generated
for diodes to be used in the power-supply unit.

Step (4) The dicdes are then screened, based on the initial measurements
and parameter tolerance limits,

5.2.2 Interference Betw=en Stress and Strength Distribution

The purpose of interference reliability screening is to eliminate devices having
strength measurements that may be expected to be exceeded by stiess levels in their
intended application. The essential difference between this procedure and that given
in the preceding section is that here, in addition to obtaining a distribution of device
capabilities, it is necessary to generate a distribution of environmental stresses,

£»
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Reliability is then given by the probability of stress exceeding device strength. There-
fore, if those devices having initially low strength measurements are screened out,
reliability will presumably be increased,

There are twosignificant problems thatarise inactual application of stress-strength
analysis:

(1) In general, the distribution of environmental stresses is difficult to obtain.
(2) The strength distribution will, in general, change as a function of time.

The environmental stresses generally will be combinations of many stress components
such as temperature, vibration, and pressure, Moreover, the effect of the stress com-
ponents on a device will not be additive, but will depend on a function of the interactions
of the stress components. Also, the strength distribution will chdnge with time. The
rate and type of change will be a function of the environmental stresses actually operating
on the device.

The screening problem, in view of the above remarks, is, therefore, to determine
an initial value of device strength, s*, such that all devices having measured values less
than s* will be eliminated, The choice of the screening criterion value, s*, will depend
cn the expected environmental stresses in applicaticn and on the expected charze of the
strength distribution as a function of stress.

5.2.2.1 Mathematical Development of the Screening Procedure

Consider the distribution of environmental stress and device strength shown in
Fijsu.re 5.3,(1) The probability that a device has strength, s,, or greater is seen from
Figure 5.3b to be:

=]
P{s>so} = S C(s)ds , (5.1)
80

where C(s8) = probability density function of component strength.

The probability of a stress value occurring in a2n infinitesimal interval, ds, about
the point s, is given by

P.{(lso- SZ-S-) <8 < (so+ 9;)}= E(s)ds , (5.2)

where E(s) = probability density function of environmental stress, Therefore, the condi-
tional reliability given a stress in the interval [so * %3] is the product of Fquations (5.1)

and (5.2):

0
dR = "(‘ c(s)ds], E(s)ds . (5.3)
L s
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Stress - E(s)

(a) Interference of stress and strength distributions, E(s) and C(s)

Right tail of E (s) \
Left tail of C(s) \\\
Lgs \
t \
E(s) ,

/i/% | \\\ \
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ib) Graphicol description of the calculation of reliability as a function

of the interference of E(s) and C(s) AS1030

FIGURE 5,3, SCHEMATIC ILLUSTRATING RELIABILITY AS A FUNCTION
OF INTERFERENCE BETWEEN STRESS AND STRENGTH
DISTRIBUTIONS
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Compcnent reliability is obtained from Equation (5.3) by integrating (5.3) over all possible
values of s,

[oe] ©0

R:S S‘ C(s)ds| E(s)ds ., (5.4)
o

s

Equivalently, reliability can be determined by considering the probability of a stress less

than or equal to s, and a com