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Abstract

The best engineering product is, in effect, the best compromise between its cost, time-to-market and reliability. No success-
ful compromise can be achieved nor can an adequate performance of an electronic or photonic product be assured, if the
product's reliability is not quantified. Since nothing is perfect, and the difference between a highly reliable product and an
insufficiently reliable one is “merely” in the difference between the levels of their never-zero probabilities of failure, reli-
ability of such products should be evaluated on the probability basis. In the analysis that follows it is shown how this could
be done using highly focused and highly cost effective failure-oriented accelerated testing (FOAT) geared to a physically
meaningful and flexible Boltzmann-Arrhenius-Zhurkov (BAZ) constitutive equation. FOAT and BAZ are the core of the
recently suggested probabilistic design for reliability (PDfR) concept. The following practically important problems are ad-
dressed, as suitable examples of the general concept: assessment of the static fatigue lifetime of an optical specialty-fiber
intended for high-temperature operations; predicted time-to-failure (TTF) of an electron device subjected to temperature
cycling; TTF of a solder material subjected to the combined action of low-temperatures and random-vibrations; and TTF
of an electron device under the combined action of an elevated humidity and voltage. Future work should include experi-
mental verification of the theoretical findings, as well as new applications of the suggested technique.

Abbreviations: FOAT: Failure-Otiented Accelerated Testing; BAZ: Boltzmann-Arthenius-Zhurkov; PDfR: Probabilistic
Design for Reliability; TTF: Time-to-Failure; HALT: Highly Accelerated Life Testing; MTTF: Mean Time to Failure.

Introduction occur in a long time.

FOAT, on the other hand, is aimed at understanding the physics
of failure, to confirm the use of a particular physically meaning-
ful predictive model and assess the probability of failure. Its end
point is also defined by the predetermined number or percent

The almost forty years old highly accelerated life testing (HALT)
is currently widely employed, in different modifications, to de-
termine, as it is believed, an electronic product’s reliability weak-
nesses, assess its reliability limits, and ruggedized the product by

applying elevated stresses (not necessarily mechanical and not
necessarily limited to the anticipated field stresses) that could
cause field failures. HALT provides large, although, actually, un-
known, safety margins over expected in-use conditions. HALT
tries to “kill many unknown birds with one big stone” and is a
“test-fail-fix” process. Its end point is defined by the predeter-
mined number or percent of failures, if any, and its follow up ac-
tivity is failure (root cause) analysis. In an ideal HALT, no failures
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(typically 50%) of failures. The follow-up activity is failure anal-
ysis and probabilistic analyses of the test data. An ideal FOAT
generates numerous failures in a short time. A highly focused and
highly cost effective FOAT is the “heart” of the PDfR concept
and is a solid experimental foundation of the PDfR approach.
FOAT could be viewed as an extension or a modification of
HALT. While HALT is a “black box”, i.e., a methodology, which
can be perceived in terms of its inputs and outputs, without a
clear knowledge of the underlying physics and the likelihood of

Portland State University, Portland, USA and Technical University, Vienna, Austria and ERS Co., 727 Alvina Ct., Los Altos, CA 94024, USA.

Tel: 650.969.1530/408-410-0886
Email: suhire@aol.com

Received: March 18, 2019
Accepted: April 04, 2019
Published: April 05, 2019

Citation: E.Suhir. Failure Oriented Accelerated Testing (FOAT), Boltzmann Arthenius Zhurkov Equation (BAZ), and their Application in Aerospace Microelectronics and Photonics
Reliability Engineering, Int | Aeronantics Aerospace Res. 2019;6(3):185-191. doi: http://dx.doi.org/10.19070/2470-4415-1900022

Copyright: E.Suhit® 2019. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution and

reproduction in any medium, provided the original author and source are credited.

Failure Oriented Accelerated Testing (FOAT), Boltzmann Arrhenius Zhurkov Equation (BAZ), and their Application in Aerospace Microelectronics and Photonics Reliability Engi-

neering, Int | Aeronantics Aerospace Res. 2019;6(3):185-191.

185



http://dx.doi.org/10.19070/2470-4415-1900022

OPEN ACCESS

failure, FOAT is a “white box", a methodology that clearly identi-
fies its objective to confirm the anticipated physics of failure and
to determine the probability of failure. HALT does not measure/
quantify reliability, FOAT does. The FOAT based approach could
be viewed as a “quantified and reliability physics oriented HALT”.
HALT can be used for “rough tuning” of product’s reliability,
while FOAT should be employed when “fine tuning” is needed,
i.e., when there is a need to quantify, assure and even specify the
operational reliability of a material or a device. Since the principle
of superposition does not work in reliability engineering, both
HALT and FOAT use, when appropriate, combined stressing un-
der various stimuli (stressors). These types of accelerated testing
could be carried out separately, or might be partially combined in
a particular accelerated test effort. FOAT should be implemented,
whenever feasible and appropriate, in addition to HALT, when
quantification of the product’s reliability is imperative. In some
cases FOAT could be conducted even instead of HALT, espe-
cially for new materials and products, whose operational reliability
is unclear and for which no experience is accumulated and no
best practices exist yet. New products present natural reliability
concerns, as well as significant challenges at all the stages of their
design, manufacture and use, and an appropriate combination of
HALT and FOAT could be especially useful for quantifying reli-
ability of such products.

BAZ model [1] formula (1) could be employed withing the frame-
work of an appropriate FOAT effort. This model is the generali-
zation of the well known and still widely used Arrhenius equation
[2] introduced in 1889 in the kinetic theory of chemical reactions
(1903 Nobel Prize in chemistry). The model formula (2) considers
the role of the ratio U /&T of the activation energy U, (the term
was introduced by Arrhenius to characterize the material’s pro-
pensity to get engaged into a chemical reaction), to the thermal
energy £T evaluated as the product of the Boltzmann’s constant
% = 8.6173303x10%¢]"/K and the absolute temperature T. In the
equations (1) and (2), 7 is the mean time to failure (MTTF), 7, is
the time constant, and o (in (1)) is the applied stress per unit vol-
ume. Arrhenius’ equation (2) is formally not different of what is
known as Boltzmann’s or Maxwell-Bolzmann’s statistics [3] in the
kinetic theory of gases. This theory postulates that the absolute
temperature of a gas, when it is in thermodynamic equilibrium
with the environment, is determined by the average probability
of the collisions of the gas particles (atoms or molecules): the
higher this probability, the higher is the gas temperature. Chemist
Arrhenius was member of physicist Boltzmann’s team in the Uni-
versity of Graz in Austria in 1887 and proposed that Boltzmann’s
equation (2) be used to assess the height of the energy barrier
determined by the activation energy of the given material to get
over this barrier to commence a chemical reaction. The effec-
tive activation energy formula (3) plays in the BAZ model (1) the
role of the stress-free energy U, plays in the Arrhenius model (2).
Zhurkov and his associates used the model (1) to determine the
fracture toughness of materials experiencing combined action of
elevated temperature and external loading, It has been shown [4]
that the models (1) and (2) can be obtained as steady-state solu-
tions to the Fokker-Planck equation in the theory of Markovian
processes (see, e.g.,, |5]), and that these solutions represent the
worst case scenarios, so that the reliability predictions based on
the steady-state BAZ model (1) are conservative and, hence, ad-
visable in engineering practice.

https://scidoc.otg/IJASAR.php
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In Zhurkov’s tests the loading o was always a constant mechanical
tensile stress applied to notched specimens. It has been suggested
[6] that, when the reliability of an electronic or a photonic mate-
rial is being evaluated, any other loading (stressor, stimulus) of
importance (voltage, current, thermal stress, humidity, vibrations,
radiation, light output, etc.) can also be used as a stressor, and
that, since the principle of superposition does not work in reli-
ability physics, an appropriate combination of relevant stimuli can
be considered [7].

The t value is viewed in the BAZ model as the MTTE Such an
assumption suggests that if the exponential law of the probability
of non-failure is used, the MTTF corresponds to the moment
of time when the entropy H(P) of the distribution formula (4)
reaches its maximum value. Indeed, from the formula HP) = -P
In P it could be concluded that the maximum entropy H(P) is
equal to ¢’ and takes place for P = - = 0.3679 In such a situation
the equation (4) yields:

P =exp(-At) = exp(—éj = exp{—%exp(—%ﬂ ____ @

Comparing this result with the equation (1) we conclude that the
MTTF expressed by this equation corresponds to the moment of
time when the entropy of the time-depending process P = P(#) is
the largest and is equal to ¢’. Another modification that has been
recently introduced to the model (1) has to do with the probabilis-
tic design-for-reliability (PDfR) concept [9-17] and its experimen-
tal basis - highly focused and highly cost-effective FOAT [18-21].
Such testing should always be geared to a physically meaningful
predictive model, and flexible and easy-to-use BAZ model can be
effectively employed in this capacity. It has been suggested also
that when a suitable FOAT is considered, the time constant z,
in the distribution (4) is replaced by the quantity (yC)" where 7
is time, C is a suitable criterion of failure (such as, say, elevated
leakage current or high electrical resistance) and p is the sensitiv-
ity factor. Then the distribution (4) can be written, considering its
application in FOAT, as

P=exp {—yCCt exp (—%H _____ (©)

In the analysis below this expression or its multi-parametric ex-
tension formula (7) are employed to assess the probability of
non-failure and time-to-failure (T'TF) 1) of an optical fiber proof-
tested at an elevated temperature and experiencing static fatigue
[22], 2) of an electron device subjected to temperature cycling
[23], 3) of a solder matetial subjected to the low-temperature/
random-vibrations bias [24], and 4) of a device subjected to ele-
vated-humidity/elevated-voltage bias [25].
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P = exp|:—7/CCt exp(_ﬁ(Uo - Zj/io-ijj:| ---- @)
Analysis

Static fatigue lifetime of an optical fiber proof-tested at an
elevated temperature

There is a significant research on reliability and proof-testing of
optical fibers (see, e.g., [26-36]). Using the BAZ model, the condi-
tion at failure is obvious, and the equation (6) can be assumed in
the form:

U,—yo
P= exp|:—7/ttexp(—ok—T7/]:| _____ ®)

where p, is the sensitivity factor for the testing time. The equation
(8) has three unknowns: the activation energy U, and two sensitiv-
ity factors: the applied stress factor p and the testing time factor p,

At the first step the FOAT should be conducted for two different
temperatures T, and T, keeping the level of the applied stress o
the same in both tests. After recording the percentages P, and P,
of non-failed samples by the long enough times #, and #, the fol-
lowing relationships can be obtained:

U,-yo

B, =exp| -yt ,exp| — T, . )

Since the numerator U, - po was kept the same, the following
equation must be fulfilled for the sought time sensitivity factor p;

n n
In| +|-0In| 2 |=0,
[%] [%J a0

where the notations

B -InA,
n,=

0=2
t1,2 711

are used. Here 7, and ¢, are the times, at which the failures fiber
breaks occurred. The equation (10) has the following solution:

1 ny
Y, =€Xp |:ﬂ In (n—lJ:| _____ (12)

At the second step, FOAT at two stress levels, o, and 6,, should be
conducted for the same temperature. This leads to the following
formula for the ratio of the stress sensitivity factor to the thermal
enetgy:

In (n'j
Y n,

E_O'I—O'z _____ (13)

Note that the stress sensitivity factor p is independent of the tem-
perature sensitivity factor y, The ratio of the activation energy U,
to the thermal energy can be computed for any consistent levels

https://scidoc.otg/IJASAR.php

of stress, temperature and time as:

ﬂ:y—f’al—ln 4 :}/_Uaz_ln 2| (14)
kT kT 7.) kT Vi

The expected fatigue lifetime can be found from (8) for the given
(specified) probability P as:

t:—ln_Pexp(ﬂ 7‘7
i

Clearly, the predicted fatigue lifetime depends on the expected
(accepted, specified) probability of non-failure of the fiber sub-
jected to the given loading and temperature. If the acceptable
probability of non-failure is low, the estimated fatigue lifetime can
be rather long.

Let, e.g,, the following input FOAT information is obtained at
the first step of FOAT for a coated specialty fiber intended for

elevated temperature operations:
1) After #, = 10h of testing at the temperature of T, = 300°C =
573°K, under the stress of o = 4204&g/mn’, 10% of the tested

specimens failed, so that the probability of non-failure is P, = 0.9;

2) After #, = 8.0h of testing at the temperature of T, = 350°C =
623°K under the same stress, 25% of the tested samples failed, so
that the probability of non-failure is P, = 0.75

Then the formulas (11) yield:

_ WA In09

= =0.0105364"",
f 10.0
n, = _mt_Pz =075 p35060n7,
2
5L _623 4 08726
T 573

and the formula (12) yields:

2 1.08726
7, =exp| ——In[ "2 || = exp Ly, [ 0:035960 =46307.5136h""
-1 (n, 1.08726-1 0.010536

At the second step FOAT has been conducted at the stress levels
of o, = 420kg/mn’ and o, = 320kg/mn’ at the temperature of
T = 350°C = 623°K and it has been confirmed that 10% of the
tested samples under the stress level of o, = 420kg/mn’ failed
after 7, = 10.04 of testing, so that P, = 0.9. The percentage of
failed samples tested at the stress level of o, = 320kg/ mnr’ was 5%
after #, = 24/ of testing, so that P, = 0.95. Then the formula (13)
results in the following ratio of the stress sensitivity factor to the
thermal energy:

1n[£]
r__\m 7L1n(0‘035960):0A0122761mmz/kg
0.010536

kT~ o,-0, 100

After the sensitivity factors for the time and the stress are detet-
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mined, the ratio of the stress activation energy to the thermal
energy can be found as:

%:Lo——ln _nP =0.0122761lc - In 72.1595x10’51n—P
kT kT ty, t

If, e.g, the stress o = 320kg/mn is applied for # = 24/ and the
acceptable probability of non-failure at the end of this time is,
say, P = 0.99 then

= —————— |=3.9284+18.5213=22.4496
kT kT 24x46307.5136

5—’—0-111(—1“—”]:0.0122761):320—111[— 1n0.99
1,

This result indicates particularly that the activation energy U, is
determined primarily by the property of the silica material (sec-
ond term in the above equation), but is affected also, in this ap-
proach, by the applied stress: the higher the applied stress is, the
higher is the activation energy.

The fatigue lifetime of the fiber can be determined for the ac-
ceptable (specified) probability of non-failure using the formula
(15). If, e.g., the acceptable probability of non-failure is as low as
P = 0.8, the applied temperature is T = 325°C = 598°K and the
applied stress is 5.0kg/ 777, then the expected fatigue lifetime of
the fiber is

=P [ﬂ - o‘j _ 08 (22.4496-0.0122761x5.0) = 25469.42h = 2.9075 years
7, kT kT 46307.3146

If the acceptable/specified probability of non-failure is P = 0.99,
then the predicted lifetime is only

p=— 099 (22,4496 -0.0122761x5.0) = 1147.15h = 47.8days
46307.3146

Time to failure (T'TF) of an electron device subjected to
temperature cycling

Using the BAZ model (6), the probability of non-failure of a vul-
nerable material, such as, e.g., solder joint interconnection expeti-
encing inelastic strains during temperature cycling can be sought
in the form:

P=exp {—7Rt exp(—%ﬂ _____ (16)

Here U, el”is the activation energy and is the characteristic of
the solder material’s propensity to fracture, IV, ¢l”is the damage
caused by a single temperature cycle and measured, in accordance
with Hall’s concept, by the hysteresis loop area of a single tem-
perature cycle for the strain of interest [37], T, K is the absolute
temperature (say, the cycle’s mean temperature), # is the number
of cycles, £ is Boltzmann’s constant, 4 sec, is time, R, Q is the
measured (monitored) electrical resistance at the peripheral joint
location, and p is the sensitivity factor for the resistance.

The above equation makes physical sense. Indeed, the probability
P of non-failure is zero at the initial moment of time # = 0 and
when the electrical resistance R of the joint material is zero; this
probability decteases, because of material aging and/or structural
degradation with time, and not necessarily only because of tem-
perature cycling; it is lower for higher electrical resistance (a resist-

https://scidoc.otg/IJASAR.php

ance as high as, say, 450Q can be viewed as an indication of an
irreversible mechanical failure of the joint); materials with higher
activation energy U, have a lower probability of possible failure;
the increase in the number of cycles # leads to lower effective ac-
tivation energy U = U, - 7V, and so does the level of the energy
IV of a single cycle.

It could be shown that the maximum entropy of the distribution
(16) takes place at the MTTF 7 expressed as:

r=—Lexp[ L=
ROV k) an

Mechanical failure in solder joints, associated with temperature
cycling, occurs, when the number of cycles 7 is 7 /= Uo/ V. When
this condition takes place, the temperature in the denominator in
the parentheses of the equation (17) becomes irrelevant, and this
equation yields: P = exp (-2/t) where P is the measured prob-
ability of non-failure and o= 1/ yR/. is the MTTE.

If, e.g.,, 20 devices have been temperature cycled and the high
resistance R, = 450Q considered as an indication of failure was
detected in 15 of them, then P =0.25.If the number of cycles
during such FOAT was, say, n,= 2000, and each cycle lasted for
20min = 1200sec., then the time at failure is 7, = 2000x1200 =
24x10° sec and

_-InP,  _In0.25

y= - - =1.2836x10"Q " sec”,
R,  450x24x10

1

T, =—————————sec=480.9hrs = 20.0days
1.2836x107" x450

According to Hall’s concept, the energy W of a single cycle
should be measured, by running a specially designed test, using
strain gages. Let, e.g, the measured area of the hysteresis loop
was W = 2.5x10%]” Then the stress-free activation energy is U,
= n V"= 2000x4.5x1 0*=0.9¢1". In order to assess the number of
cycles to failure in actual operation conditions one could assume
that the temperature range in these conditions is, say, half the ac-
celerated test range, and that the area W of the hysteresis loop is
proportional to the temperature range.

Then the number of cycles to failure is 7, = U,/ W = (0.9x2.0)/
(2.5x10% = 7200 and the time to failure will be £, = 7200days
=19.7years, if the duration of one cycle in actual operation condi-
tions is one day.

Time-to-failure for a solder material subjected to the low-
temperature /random-vibrations bias

Although there exist promising ways to avoid inelastic strains in
solder joints of the second level of interconnections in IC pack-
age designs [38], it still appears more typical than not that the
petipheral joints of a package/PCB assembly experience inelas-
tic strains. This takes place at low temperature conditions, when
the deviation from the high fabrication temperature is the largest
and the induced thermal stresses are the highest. On the other
hand, it is well known that it is the combination of low tempera-
tures and repetitive dynamic loading that accelerates dramatically
the propagation of fatigue cracks, whether elastic or inelastic. A
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modification of the BAZ model is developed for the evaluation
of the time-to-failure of the second level solder joint intercon-
nections whose peripheral joints experience inelastic strains. The
suggested methodology is viewed as a possible, effective and at-
tractive alternative to temperature cycling, The random vibrations
are considered as a white noise of the given (7/5%)’/ Hzlevel - the
ratio of the acceleration amplitudes squared to the vibration fre-
quency. We use the BAZ equation in the form [39]:

P= exp{—}/RR*t exp[—UO;—;/SSH _____ (18)

where S is the random vibration spectrum and K, is the measured
electrical resistance that is considered high enough, so that the
peripheral solder joint(s) most likely lost their integrity. Using the
FOAT procedure similar to the one in the previous sections, we
obtain the following formula for the sensitivity factor p,:

1 n? T, Inf,
Vr exp|:0 1 n[ j:| T1 12 R*tl,z

----- (19)
the activation energy U, and the fatigue lifetime #can be calculated
from the equation (18) as:

In P
U =y.S—kThh| ———
0=7s s Ri) (20)
and
t:_lnpex U,-7,S o
VR kT

Let, e.g., the first step of testing is conducted until the resistance
threshold of R, = 45002 is reached. Half of the specimen popula-
tion failed at the temperature of T, = -50°C = 223°K after 7, =
1004 of testing. When testing was conducted at the temperature
of T, = 0°C = 273°K, half of the specimens population failed
after #, = 300k of testing, The level of the vibration power spec-
trum density § was kept the same in both sets of tests. The last
two formulas in (19) yield:

LB s,
L

_ InR_ In05

= =2 _1.540327x107°Q K
Rt 450x100

ny=-— b _ 103 _ 5134420107070,
Ri,  450x300

The first formula in (19) results in the following value of the fac-
tor pp:

0 —51.224215
¥z =€Xp L1n L =exp ! In (5134424510 )75 =0.0110289Q "1,
6-1 n 0.224215 1.540327x10

Let the second step of testing be carried out until just 1% of the
specimens failed, so that P = 0.99. This took place after #, = 150/
of testing at the temperature of T, = -30°C = 243°K at the vibra-
tion level of S, = 10° mn7 sec® and after #, = 505 of testing at the
temperature of T, = -50°C = 223°K at the vibration level of §, =

https://scidoc.otg/IJASAR.php

25109 mni sec’. The effective activation enetgy is

InP

U, = Uy .8, AT, ln[_ 1n0.99
Ry

450x150x0.0110289

] =-8.6176x10"°x243 ln(— j =0.234805¢V,

when testing is carried out at the temperature T, = -30°C = 243°
K, and is

In0.99
450x50x0.0110289

U, =U, = 7S, ==kT, In [— R'“ P ] =-8.6176x10°x2231n (7 ) =0.194367eV

o7
when testing is carried out at the temperature T, = -50°C = 223°
K. Requiring that the zero stress activation energy be loading in-
dependent, one can evaluate the vibration related sensitivity factor
as

_U,~U, 0.234805-0.194367
7s S, -5, 2x10° —10°

=4.0438x10 eVmm™ sec’
Then the stress-free activation energy can be computed as
U, =U, +yS, =0.234805+4.0438x10"° = 0.23488¢V

The remaining useful life can be computed for any probability
of non-failure, low temperature and vibration spectral density as

InP U, -7,S InP 0.23488-4.0438x10°S
t=RUL=- exp == exp = =
Ve kT 0.0110289x450 8.6176x10°T
_ -8
—-0.2014901n Pexp 0.23488 4.043?2):10 N
8.6176x10°T

If, e.g, P= 0.9, T = -20°C = 253°K and § = 10° s/ sec” then

0.23488 —4.0438x10°°

t=RUL=-0.2014901n0.9exp .
8.6176x107°x253

]:841.5131}1 =35.06days

Multi-parametric BAZ model

Let us elaborate on the substance of the multi-parametric BAZ
model using as an example a situation when the product of inter-
est is subjected to the combined action of the elevated relative
humidity H and elevated voltage . The failure rate of a product
is determined by the level of the leakage current: A = pI. Then the
equation (7) can be written as

P= exp{—}/llt exp E—WH ----- (22)

Here the y factors reflect the sensitivities of the device to the
change in the corresponding stressors. Although only two stress-
ors are selected — the relative humidity H and the elevated voltage
17 - the model can be easily made multiparametric, i.e., generalized
for as many stimuli as necessary.

The sensitivity factors y should be determined from the FOAT
when the combined action of all the stimuli (stressors) of impoz-
tance is considered. Because of that the structure of the multi-
parametric BAZ should not be interpreted as a superposition of
the effects of different stressors (as is known, superposition prin-
ciple does not work in reliability engineering), but rather as a con-
venient and physically meaningful representation of the FOAT
data. The physical meaning of the distribution (22) could be seen
from the formulas

Failure Oriented Accelerated Testing (FOAT), Boltzmann Arrhenius Zhurkov Equation (BAZ), and their Application in Aerospace Microelectronics and Photonics Reliability Engi-

neering, Int | Aeronantics Aerospace Res. 2019;6(3):185-191.

189




OPEN ACCESS

P _H(P) 8P H(P) 0P _H(P)
oI I 7 ot t U, kT~
or__HP) __ P

oH kT T Moy,

P HP) ap

v T Vv v ou, s (23)

where H(P) = -PInP is the entropy of the probability P = P(z)
of non-failure. The following conclusions can be made based on
these formulas:

1) The change in the probability of non-failure always increases
with an increase in the entropy (uncertainty) of the distribution.
This probability decreases with an increase in the leakage current
and with time, which certainly makes physical sense.

2) The last two of the above formulas show the physical meaning
of the sensitivity factors y: they can be found as the ratios of the
change in the probability of non-failure with respect to the corre-
sponding stimuli to the change of this probability with the change
in the stress-free activation energy.

The equation (22) for the probability of non-failure contains four
empirical parameters: the stress-free activation energy U, and
three sensitivity factors y: leakage current factor, relative humid-
ity factor and elevated voltage factor. Here is how these factors
could be obtained from the highly focused and highly cost effec-
tive FOAT data.

First, one should run the FOAT for two different temperatures
T, and T, keeping the levels, low or high, of the relative humidity
H and elevated voltage 17 the same in both tests; recording the
percentages (values) P, and P, of non-failed samples; assuming
a certain criterion of failure (say, when the level of the measured
leakage current exceeds a certain level 1), we obtain the following
two relationships:

U,—y,H-y,V
R,= expl:_Vll*tl,z exp[_oylZT—%J:la _____ (24)

1,2

Since the numerators in these relationships are kept the same, the
following equation must be fulfilled for the sought sensitivity fac-
tor y, of the leakage current:

foy=t| i) Dy [ 1B
' Liy,) T\ Lty, ) #°)

Here 7, and 7, are the times, at which the failures were detected.

This equation has the following solution:

L S U S T
71 1 Pl o n )] (26)

where the notation (11) is used.

At the second step, FOAT tests at two relative humidity levels H, and
H, should be conducted for the same temperature and voltage.

https://scidoc.otg/IJASAR.php

This leads to the relationship:

kT n, n, kT n,
Yy =—|In —In =——n|—+|_ @7)
H-H, Ly, Ly, H -H, n,

Similarly, at the next step of FOAT tests, by changing the voltages
I, and 17, the following expression for the sensitivity factor y,
can be obtained:

kT n, n, kT n,
}/V = V_V In 7 —In 7 = In| -+ N (28)
17" =Y Y1 n=v, n,

Finally, the stress-free activation energy can be computed as

InP H Vv n, InpP
Uy=y,H+y,V—kTlh| - =kT + In|—+ |-In| —— || ___
0 7 ( I*t}/lj {[Hlin Vl’Vz] [”2] "[ I»U’/H (29)

for any consistent humidity, voltage, temperature and time.

Let, e.g, the following input information is available:

1) After #, = 35k of testing at the temperature T, = 60°C = 333°K,
the voltage V=600V and the relative humidity H = 0.85, 10% of
the tested modules exceeded the allowable (critical) level of the
leakage current of I, = 3.544 and, hence, failed, so that the prob-
ability of non-failure is P, = 0.9;

2) After 7, =705 of testing at the temperature T, = 85°C'= 358°K
at the same voltage and the same relative humidity, 20% of the
tested samples reached or exceeded the critical level of the leak-
age current and, hence, failed, so that the probability of non-fail-
ure is P, = 0.8.

Then the equation (25) yields:

f(;))=In (010536J —-1.075075 ln(

Vi

0.22314} 0,

Vi

and its solution is y, = 4926/ (uA)", so that yI, = 1724/". This
concludes the first step of testing, At the second step, tests at two
relative humidity levels H, and H,, were conducted for the same
temperature and voltage levels. This leads to the relationship:

kTH [1n(0.5800x10°*5, ) ~In (0.5800x10*n, )|

Tu H, .
Let, e.g, after #, = 40/ of testing at the relative humidity of H,
= 0.5 at the given voltage (say, V=600V) and temperature (say, T'
= 60°C = 333°K), 5% of the tested modules failed, so that P, =
0.95, and after 7, = 55/ of testing at the same temperature and at
the relative humidity of H, = 0.85, 10% of the tested modules
failed, so that P, = 0.9. Then the above equation for the p,, value,
with the Boltzmann constant & = 8.61733x10%¢1"/K yields: y,, =
0.03292¢l”. At the third step, FOAT at two different voltage levels
17, =6001"and 17, = 10001 have been carried out for the same
temperature-radiation bias, say, T = 85°C = 358°K and H = 0.85,
and it has been determined that 10% of the devices failed after
t, = 40k of testing (P, = 0.9) and 20% of devices failed after #, =
804 (P, = 0.8). Then

¥, = 0%%70 [m(o.ssooxl 07*n,)-1In(0.5800x10n, )] =4.1107x10" eV / V[0, 1].
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