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Reliability Prediction of Electronic Devices,
Considering the Gradual Failures

Sergei M. Borovikov, Evgeni N. Shneiderov

Abstract—The authors suggest a method of the reliability prediction for electronic devices, considering
possible gradual failures. Reliability prediction value of the new samples can be given using the degradation
(ageing) parameters’ model obtained by preliminary research of a sample of products.

Keywords—Reliability; prediction; electronic devices; physical-statistical models; gradual failures.

I. INTRODUCTION

During the operation time of electronic devices (ED) in electronic circuits their functional
parameter (denote by y) changes and can be considered as a time-function t — y(t). The gradual
change of parameter y(t) and its output outside the established norms defines such concept as a
gradual failure. Reliability to gradual failure of ED characterizes ability to save the level of
functional parameter y(t) within the norms, specified in the technical documentation or by the
customer, for a given time tc at selected modes and conditions.

This reliability was named “parametric”. A quantitative measure of parametric reliability
level is the probability P(tc). It can be defined as [1-3]

P(te) = P{a<y(t) <b, t<tc}, 1)

where P{...} — probability of execution of the condition specified in the brackets.

Parametric reliability can be considered as a component of the general reliability of ED.

Unexpected failures causes can be largely eliminated as the result of development of
electronic devices production technology [1-3]. But it is impossible to eliminate gradual
failures that reflect the inherent material properties of ED, in particular aging. This is the
reason of rising interest to gradual (wear-out) failures of ED. It is known [1-4] that gradual
failures and therefore parametric reliability of ED can be predicted. It is topical to develop a
method of obtaining the predicted value of parametric reliability.

1. PHYSICAL MODELING OF THE PARAMETERS’ DEGRADATION

To obtain reliable prediction to gradual failures and, therefore, parametric reliability of ED we
must have a quantitative model of reliability as a function of degradation function parameter y(t)
of time, temperature, electrical load, and other operational factors [1, 2, 5-9]. This model is based
on a study of the behavior of ED, not only at the time of failure, but also in gradual change of the
functional parameter y(t), that is, the study of the kinetics of failure, and can be obtained from the
probabilistic and statistical methods. Degradation model of a functional parameter of ED,
constructed in such way, is called physical-statistical [1, 2, 5, 6]. As soon as physical-statistical
model of the degradation of the functional parameter y(t) will be obtained, finding the probability
defined by (1) is possible from a mathematical point of view. Obtaining physical-statistical model
of degradation is facilitated by physical experiment, during the modeling of the most common
conditions of failure mechanisms and processes of physical and chemical degradation of the
functional parameter y(t). Let us explain some of the mathematical aspects of physical modeling
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of degradation of functional parameters and parametric reliability prediction of electronic devices
on these models.

In many cases, the quantitative characteristic of parametric reliability P(tc) defined by (1)
may be obtained on the basis of knowledge of the distribution law of the functional parameter
y(t) at the initial time, such as conventional (for the time t = 0) density f(y |t = 0), and change
of function y(t) at time

y(®) = (Yo, 1), 2

where ¢ — symbol of the functional connection; yo — value y(t) at time t = 0.

The value of probability P(tc) is the result of changes in the statistical distribution f(y | t = tc)
of parameter y(t) during the work time t, tc = tu, tz, ..., tk (Fig. 1).

If the function y(t) is monotonic, then parameters’ distribution of samples ED is stored in any
time points [10-13]. In this case we can talk about saving for a long time not only the form of
the distribution, such as the conditional (for time t) distribution density of the functional
parameter f (y | t), but also a strong correlation of the parameter y(t) for different time points
(see Fig. 1). The close correlation is confirmed by experimental studies on high power bipolar
transistors (BT) of many types for functional parameters such as collector-emitter saturation
voltage (Uceear) and static value of the forward current transfer ratio (h2ie) [13]. Correlation
matrix for the parameter Ucesat) for high power BT of KT872A type, as an example, is given in
Table I. As time points we
considered values of 0, 3 840, 8 320, 12 800, and 17 280 hours.

Parameter y(7)
A

to, t1, t2, ... tc— measuring time points;
Mo, M1, My, ... Mk — expectation values of parameter y at appropriate time points (dashed line)

Fig. 1 Changing in density of functional parameter y(t) at work ED

TABLEI
The Correlation of Parameter Ucgay for KT872A in Time Points
Time Section, h 0 3840 8320 12 800 17 280
0 1,0000 - - - -
3840 0,9588 1,0000 - - -
8320 0,9240 0,9899 1,0000 - -
12 800 0,9170 0,9868 0,9955 1,0000 -
17 280 0,8931 0,9755 0,9881 0,9969 1,0000
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The close correlation between the functional parameters Ucegat (or h2ig) in different time
points can be considered as a basis for prediction the gradual failures, therefore parametric
reliability of electronic devices according to statistical data of the parameter at the initial time
(t = 0). Further parameters Ucear) and h2ie generally will be regarded as a parameter y.

I11. USING OF PHYSICAL-STATISTICAL MODELS FOR RELIABILITY PREDICTION

Approximate analytic expression of conditional distribution density f(y | t) of parameter y for
every time t =t can be obtained through mathematical transformation of initial distribution

fly [t=0):
fly [ t=1) = y[w(y [ t=0), ti], 3)

where y — symbol of the functional dependence.

Physical-chemical characteristics of the degradation of the functional parameter y(t),
obtained by averaging over the studied ED samples, will be included in the form of the
coefficients in the right side of equation (3).

Finding the exact analytical expressions for the function f(y|t =ti) involves considerable
mathematical difficulties. So idealization of parameter y(t) and simplifications allowable in
determining f(y|t = ti) justify themselves, because they provide an opportunity to determine, at
least approximately quantitative characterization of parametric reliability P(ti) with the adopted
in probability theory rules of finding the value

Pt) =P{a<y()<b, t=<t},

using distribution law of random variables [14]:
b
)=[f(ylt=t)dy=F(blt)-F(alt), @)
a

where F(alti), F(b|ti) — values of the conditional (for time ti) distribution function F(y|t) of the
functional parameter y, calculated for valuesy =aandy = b.

With streamlined technological process of manufacturing of ED is often observed a normal
distribution of the product parameters. We take normal distribution of the functional parameter
y as a basis for obtaining the model of degradation. The conditional distribution density y for
the given time point t in this case is written as

1o O]
f(y|t)_m i [s(y)] | ®

where m(y|t), o(y|t) — characteristics (parameters) of the normal distribution.

The values m(y|t), o(y|t) represent the average value and standard deviation of the functional
parameter y in time point t and in the implicit form include the physical and chemical
characteristics of its degradation for interested time t. According to the expression (3) values
m(y|t), o(y|t) defined as a function of time t and values m(y|t = 0) and o(y|t = 0), which are the
parameters of the normal distribution law at the initial time (t = 0):

m(y[t) = @a[t, m(y|t = 0), o(y[t = 0)]; (6)
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o(y[t) = 2[t, m(ylt = 0), o(y[t = 0)], (7)

where @1, g2 — symbols of functional dependencies that must be determined.

The conditional distribution density (5), obtained from the expressions (6) and (7), can be
considered as physical-statistical model of degradation of the functional parameter y(t). To
obtain this model prior studies of a samples of interest ED type are need. Such samples will be
called the training. Its size n must be at least 60 ... 100 specimens. The construction of the
model using training samples, includes a number of steps that can be found in the works [1, 2,
5-9].

The obtained physical-statistical model of the degradation of the functional parameter y(t) in
the form of the conditional distribution density (5) can further be used in practice for the
multiple parametric reliability prediction of new samples of studied type ED. Prediction is
obtained as the probability determined by the expression (1). Predictive value of this
probability P(t)pr, according to (4) and the hypothesis of normal distribution of the
functional parameter y in time sections t = ti, determined by the expression

P(t),, =q{b_m—(y|t‘)}cb{w] (8)

o(ylt) o(ylt)

where i = 1, 2, ..., k; @[...] — tabulated normal distribution function [3, 14], found for the
argument given in brackets; m(y|ti) and o(y|ti) — parameters the normal distribution, calculated
from the expressions (6) and (7) for time t = ti.

According to data obtained during the test of operating time (physical modeling) for
specimens of the other (control) samples can be found experimental values of the level of
parameter reliability P(ti)ex, appropriate to time points ti. For these goals can be used the
expression

P(t), =————r, =12k, ©)

where r(a<y<b)- number of specimens of the control sample for which the function
parameter y(t) at time ti is within the norms from a to b; r — the total number of specimens in
the control sample (control sample volume).

Possibility of using the building of physical and statistical model for degradation of
parameter y(t) for prediction the parameter reliability of new samples of ED for the time points
in the range of operating time (t1 ... t) can be seen from the average prediction error of
parametric reliability. For determining this error there where proposed an expression [1, 2, 13]

2
P(t) —P(t
AaV: li( (tl)pr (tl)ex] 100%’ (10)

k & P(t, )ex

where k — number of time sections, for which predicted and experimental values of the level
of parametric reliability were found; P(ti)pr — predictive value of the parametric reliability
level for ED of control sample obtained from (8) for the i-th time point; P(ti)ex —
experimental value of the level of parametric reliability for ED of control sample, calculated
by the expression (9) for the i-th time point; i =1, 2, ..., k.
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The proposed method of predicting the parametric reliability of ED was tested on the
powerful BT of KT872A type. Parameters h2ie and Uceeany were studied as functional.
Electrical measurement modes of parameters conformed to the requirements of BT technical
documentation. Below as an illustration present the results for the parameter Uce(sat).

For physical modeling of parameter Uceeary degradation two samples were formed: training
samples in the amount of n =200 specimens and control sample in the amount of r = 300
specimens.

Training samples are used for obtaining physical-statistical degradation model Ucg(sat).
Control samples were intended to evaluate the error of group prediction. In relation to the
control samples at the initial time (t = 0) the problem of predicting the group parametric
reliability for time points ti (3 840, 8 320, 12 800, and 17 280 h) was solved, and then a
physical simulation of operating time with control of parameter Ucegat value on time points
was performed.

Physical modeling for the degradation of parameter Ucesay was to conduct for BT on standard
procedures [15-19] of accelerated forced testing equivalent 17 280 hours in terms of the
functioning BT in normal operating conditions. To obtain expressions of the form (6), (7) the
application Microsoft Excel, the package “Data Analysis” tool “Regression” was used.

Expressions of the form (6) and (7), obtained using the training sample of specimens, for a
parameter Uce(sat):

m(Ucegat [t) = 0,6417mo + 1,274560 + 1,8088(t) °°, (11)
o(Ucegay [t) = 1,1292mo — 280,08[m-(c0) 2] ®° + 2,1304(t) °5, (12)

where mo, co — average value and standard deviation of Uceat) at the initial time (t = 0).

Values m(Ucegay |t) and o(Uceay |t), determined by the expressions (11) and (12) are the
physical characteristics of the statistical model for degradation of parameter Uce(sat).

For the control sample in the amount r = 90 specimens by the expression (8) were obtained
predicted parametric reliability values P(ti)or of BT for operating time ti. Table 1l shows the
values of the level of parameter reliability for BT, in line with expectations and the
experimental observations for several values of norms for parameter Ucesat), established by the
consumer. Condition specified in the figured brackets of expression (1) for time sections ti was
chosen in the form Uceat) < Unorm, Where Unorm — norm for the parameter Ucesar, Specified by
the BT consumer.

TABLE I
THE RESULTS OF THE PARAMETRIC RELIABILITY PREDICTION ON THE PARAMETER Ucgsar IN BT OF CONTROL SAMPLE

Probability P(t;) at time t;, h:

The
value of 3840 8320 12 800 17 280
Unorm, MV
P(tl)pr P(tl)ex P(tZ)pr P(tz)ex P(tS)pr P(tS)ex P(t4)pr P(t4)ex
900 0,781 0,853 0,679 0,735 0,618 0,706 0,576 0,677
1000 0,876 0,883 0,780 0,794 0,715 0,824 0,668 0,735
1200 0,972 0,941 0,917 0,941 0,865 0,912 0,821 0,883
1400 0,996 0,971 0,977 0,941 0,95 0,941 0,920 0,912
1600 0,9997 1,000 0,995 0,971 0,985 0,941 0,971 0,912

Experimental assessment of parametric reliability level of control sample of BT on the
parameter Uckesar obtained by expression (9). The results of this assessment in the form of
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probabilities P(ti)ex made to the Table Il. Using data from the Table II, by expression (10)
average prediction error Aay of parametrical reliability for different norm values of parameter
Ucksar) (Table 111) was calculated.

TABLE Il
VALUES OF THE AVERAGE PREDICTION ERROR Ay

Value of Ucgsa, specified by the consumer, mV 900 1000 1200 1400 1600

Average prediction error A, % 11,26 8,09 4,83 2,40 4,18

Table 111 shows that the prediction error are acceptable to the practice in time points from t =
Otot=t=17280h.

IV. CONCLUSION

Obtaining physical and statistical degradation models and group prediction on the example of
functional parameters for considered BT types (KT872A, KT8272B u KT8271B) confirmed,
that the proposed method enables experimentally, using physical modeling of the ED functional
parameter degradation and the statistical analysis of simulation results, to obtain physical-
statistical degradation model of this parameter. It is found once for considered type of ED by
examining of training samples. The resulting physical-statistical degradation model enables to
solve the problem of group prediction at the initial time (t = 0) for other samples of the same
type of ED.

The solution is to determine the probability of the fact that the ED function parameter will be
in the range of specified norms during the time of interest.
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