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OBJECTIVES, SCOPE AND EXPLANATION OF SYMBOLS

Objectives

= Provide critical assessment of best known models to predict Acceleration Factors (AF), FITs & DPM for common IC
failure mechanisms.

= Provide the SEMATECH Reliability Technology Advisory Board’'s consensus-accepted method to calculate AF,
FITs & DPM corresponding to specific failure mechanisms between reliability stress conditions and different
environmental conditions, e. g. office, mobile, or other market segment conditions.

= Provide literature citations to original, relevant source materials.

= Provide numerical examples to illustrate how to apply these models.

Scope

This document covers most commonly observed integrated circuit failure mechanisms; is not intended to be all-
inclusive. In the future, additional models will be added to this document to cover additional failure mechanisms.
Better models, when available, will be added for the existing failure mechanisms.

This document applies to the following:

aluminum alloy metallization (doped with small amounts of Cu and/or Si),

refractory metal barriers with thin anti-reflective coatings,

doped silica or silicon nitride interlayer dielectrics,

poly silicon or “salicide” gates ( such as W, Ni & Co salicide to decrease resistivity),

thin SiO, gate dielectric

Si with p-n junction isolation

Packages, both wire bonded and C4, particularly fatigue failure and humidity/corrosion effects

Nogakrwdbr

Explanation of Symbols, Variables and Abbreviations

TF = time to failure

AF = Acceleration Factor = TFcongo/ TFeond1

Ao, By, Co = process/material-dependent constant or scaling factors
J = current density

Jerit = critical (threshold) current density which must be exceeded before failure will occur
N = current density, substrate current or Relative Humidity exponent
E, = activation energy

k = Boltzmann’s constant = 8.62 x 10° eV/ 'K

RH = Relative Humidity as % (100% = saturated)

T = absolute temperature in °Kelvin

FIT = Failures-in-time expressed as failure per billion device hours
M1 = first metal layer

M2 = second metal layer

<j> = average current density

Q.rit = critical charge for soft upset event

e= charge of an single electron

Additional symbols and variables are defined in the paper at the point of usage.
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A. ELECTROMIGRATION

Due to momenta exchange between the current-carrying electrons and the host metal lattice, aluminum ions can drift in
the direction of the electron current. Due to the presence of flux divergence centers, vacancies start to cluster, clusters
grow into voids, and the voids can continue to grow until they block the current flow in the aluminum. Thus, the current
is forced to flow through the supporting barrier layer and/or capping layer; the resultant increase in resistance leads to
device failure. Since this is a mass conserving process, accumulations of the transported aluminum ions increase the
mechanical stress in supporting dielectrics, and may eventually cause fractures and shorts to occur.

Constraints and Limitations for EM in Long Metal Lines

= For Al-alloy stripes, terminated by bonding pads and having no barrier metalization, the total time-to-failure is
dominated by nucleation and N is observed to be equal to 2.

= For Al-alloy stripes on barrier metal and terminated by tungsten plugs, one may see both an incubation (nucleation)
period, dominated by N=2, and a resistance rise (drift period) dominated by N=1 or a blend of both current
exponents to produce an intermediate value. Larger N values can be observed if Joule heating is not properly
considered.

= Under high current density test conditions, unaccounted self-heating can produce apparent current density
exponents much greater than 2. Therefore, extreme care must be taken when extrapolating time-to-failure data
from high to low current densities.

= The industry standard NIST bow-tie type EM test structure with simple bonding pad connections is grossly
inadequate for present multilevel metal systems and generally gives overly optimistic EM results relative to via-fed
test structures.

= EM kinetics for both lines & vias are different according to linewidth.

» Via-fed test structures must be carefully designed to avoid resistance saturation & reservoir effects, which can
produce misleading tso and o values.

» Industry standard NIST bow-tie type EM test structures with simple bonding pad connections are inadequate for
multilevel metal systems tending to give overly optimistic EM results relative to via-fed test structures.

= For aluminum alloy lines terminated by bond pads and having no barrier metalization, the total time-to-failure is
dominated by nucleation and N is observed to be 2.

= Under high current density test conditions, unaccounted for self-heating can produce apparent current density
exponents much greater than 2. Thus, extreme care must be taken when extrapolating time-to-failure data from
high to low current densities.

Constraints and Limitations for EM in Vias and Contacts

Electromigration associated with vias and contacts must be investigated separately because they show characteristics

unlike single leads fed by bond pads. For example,

* Vias can show different degradation rates depending on electron current flow direction (M2 to M1 versus M1 to M2)

* Via degradation rate is strongly dependent on via structure, number of vias and layout

* Via degradation may have a reservoir effect [1-2].

= Silicide formation and barrier type are extremely important for in contact electromigration

= Silicon (not Aluminum) may be the dominant diffusing species for contact failure [3-6].

= Contact failure occurs by increased barrier metal resistance for an Al-alloy stripe on barrier metal and terminated
by tungsten plugs If no refractory barrier is present, failure time is controlled by the rate of drift of Al away from a
contact, as junction spiking will be the dominant failure mechanism for transport of Si through the Al grains

= |f self-heating is neglected, an apparent current density exponent much greater than 2 can be observed under high
current density test conditions. Thus, extreme care must be taken when extrapolating time-to-failure data taken at
high density to low current density.

Model
The generally accepted Black model to describe time-to-failure (TF) takes the form [7-13]:

TF=Ao (J - Jait )™ exp (Ea /KT)
In this model
= Jmust be greater than J.;; to produce failure,
= failure criterion will be product-dependent, probably defined as the maximum tolerable increase in resistance for
the worst-case path
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= J.q = critical (threshold) current densityJ.; is inversely related to the Blech length for the line being evaluated, i. e.,
Jerit * Lerie 16000 A/lcm - for Al alloys this is typical (L , JL product is approximately constant)

= when test stripe length is ~60 um, then J.; is comparable to normal EM stressing current densities near 1 MA/cm?

» inlayered metal systems or for those with relatively coarse pitch (linewidth > ~1 pum) N = 2, corresponding to an
incubation period, but generally one should use N =1 for for deep sub-micron technologies. It is noteworthy that
one may observe an apparent current density exponent of ~2 if J.;; is taken as zero.

= E,=0.5-0.6eV for Al and Al with a small percent of silicon

= E,;=0.7-0.9 eV for pure aluminum or aluminum/copper alloys

For unipolar current waveforms, J is the average current density < J > [14-15].

For bipolar waveforms a “sweep-back’ recovery action takes place and the effective current density J is described by J
= (<J+>-r) <J-> where < J+ > is the average of the positive polarity pulses and
< J- > is the average of the negative polarity pulses. The recovery factor r has a value of at least 0.7.

Electromigration Numerical Example

Objective: Calculate Acceleration Factor in a mobile environment versus an office environment.
Assumptions:

= Very long Al-Cu metalization stripes with large grain size vs line width (bamboo grain structure)
= Mobile = 80 °C chip temperature inside the laptop

Office = 50 °C chip temperature inside the enclosure

Mobile & Office current density of 2.5 & 2.0 X 10° Alcm?, respectively

J>> Jcrit

E, =0.8eV

N= 2

The ratio of the TF values will be:

AF = ratio of TF values, Office/Mobile = (Josice /Ivovie) ™ €XP [(Ea /K)(L/ Tofice -1/ Tobie)]
AF = (2.0/2.5) % exp [(0.8 eV /8.62 x 10 ®° eV/°K) x (1/{273 °K+50 °C}-1/{273 °K+80 °C})]

AF, Mobile/Office = 1.5 x10 =15

So moving from the hot, high current density Mobile environment to the cool, low current density Office environment
will increase the TF value to 15X that of the previous value. Current density accounts for a factor of 1.5, while
temperature accounts for a factor of 10, giving a 15x overall increase.
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B. CORROSION

ULSI devices with aluminum or aluminum alloys with small percentages of copper and silicon metalization are subject
to corrosion failures [1-2]. Corrosion occurs in these metalization in the presence of moisture and contaminants.
Corrosion failures are usually classified as one of two broad groups: bonding-pad corrosion or internal corrosion. Bond
pad corrosion is more common because the die passivation does not cover the metalization in the bond pad locations.
Internal corrosion (internal to the chip, away from the bond pads) is attributed to weakness or damage in the die
passivation, permitting moisture to reach the metalization.

Three industry-standard tests are used to accelerate corrosion failure mechanisms

= 85/85 (85 °C and 85% Relative Humidity)

= autoclave (or pressure cooker, usually ~ 2 atmospheres absolute pressure)

= HAST (Highly Accelerated Stress Testing) -typically 85% RH with steam pressure > ambient pressure

Constraints and Limitations

= Industry consensus is that the proper activation energy for aluminum corrosion is in the 0.7-0.8 eV range

= There is not a consensus for the humidity dependence due to lack of data below 85% RH.

» The relevant relative humidity (RH) is a local RH, the RH found at the interface between the silicon chip and the
package, which is not necessarily the ambient RH. If power dissipation is small, then ambient RH is approximately
the same as local RH. If the power dissipation is large, stress tests may need to employ a duty cycle <100% [3,4]
to align local and ambient RH values well enough to get meaningful data.

Models

To extrapolate accelerated corrosion test results to field use-conditions, four models are commonly used, all of which
are Eyring models (Eyring makes the practical assumption of mathematically separable, independent variables). The
models use the product of an RH term, an applied voltage term & a temperature-based Arrhenius factor. Choice of
model is largely personal preference as we generally lack data over a broad enough range of variation in temperature,
voltage and RH to discriminate one model from another on the basis of statistical fit. However recent work [5] suggests
the Exponential Model may be the most effective. There is industry speculation that a voltage term is needed in these
models, but there are not yet supporting data to specify the term.

Reciprocal Exponential Model [6-9]

TF = Co exp [b/RH] (V) exp [ Ea /KT]

where:
Co, = arbitrary scale factor,
b =~300
E.=0.3¢eV,

f(V) = an unknown function of applied voltage
Power Law (Peck) Model [10],

_originally for Al corrosion, but applied to other failure mechanisms with different N & E, values
TF = Ag RH™ (V) exp[Ea /KT]

where,
A, = arbitrary scale factor
N=-~27,
E. = 0.7-0.8 eV (appropriate for aluminum corrosion with chlorides are present)
f(V) = an unknown function of applied voltage

Exponential Model [5, 11,12]
TF =Boexp [ (-a) RH] f(V) exp [Ea /KT],

where,
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B, = arbitrary scale factor,

a=0.10-0.15 per %RH,

E,=0.7-0.8 eV,

f(V) = an unknown function of applied voltage

A fairly recent comparison of four models [5] favored the exponential model with an “a” value of 0.12 — 0.15.

RH” (Lawson) Model [13]

TF = Co RH? f(V) exp [ Ea /KT]
where:
Co, = arbitrary scale factor, (typical value 4.4 x 10'4)
RH = Relative Humidity as % (100% = saturated),
E.=0.64 eV,
f(V) = an unknown function of applied voltage

Corrosion Numerical Example
Objective: Calculate the Acceleration Factor for Al corrosion (on bond pads) due to chloride contamination comparing
an office environment vs a HAST environment.

Assume

= Office =50 °C chip temperature & 10% RH inside the enclosure (same absolute humidity as room at 20
‘C/50%RH) & applied voltage of 5 V

HAST environment is 130 °C & 85% RH inside the stress chamber & applied voltage is 6 V
E,.=0.75eV

Peck RH exponent = —2.7, which was experimentally determined for Al corrosion by Peck et al
Corrosion rate is linear with applied voltage

Thus, the ratio of the TF values will be:

AF, ratio of TF values, office/HAST =
(RHofrice/RHuasT) " % (Vottice/ VirasT ) X €XPI(Ea /K) X (1/ Tofice -1/ Triast)]

AF = (10/85) 7 x (6/5) exp [(0.75 eV /8.62 x 10 ° eV/°K) x (1/{273 °K+50 °C}-1/{273 °K+130 °C})]

AF, office/HAST = 323 x 1.2 x 210 = 8.1 x 10" = 81,400

This indicates that by moving from a HAST environment to the office environment will increase TF (time to fail) value to
81,000 times the accelerated stress (HAST) value, of which 300X is due to RH, 1.2X due to applied voltage and 250X is
due to temperature.
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C. TIME DEPENDENT DIELECTRIC BREAKDOWN

Time-Dependent Dielectric Breakdown (TDDB) is an important failure mechanism in ULSI devices. The dielectric fails
when a conductive path forms in the dielectric, shorting the anode and cathode. The two models widely used in
describing TDDB are field-driven (E-model) and current-driven (1/E - model).

Constraints and Limitations

= These models are intended for application to SiO, with thickness greater than approximately 40A (4 nm).

= Accuracy of these models for thinner (silicon) oxide is unknown.

= Models and parametric values to effectively model “hi K” oxides (based on materials or composites other than
silica) are unknown.

= Recently, several low-field/long-term TDDB studies showed that TDDB data were described more effectively by the
E-Model than the 1/E model [1-5].

» The E-model is now based on fundamental, physical parameters (not empirically fitted parameters) and fits TDDB
data more effectively than the 1/E model [6-8].

» The good fit of the physics-based E-model to the low-field/long-term TDDB data strongly suggests electric field is
the dominant degradation driver at low stresses characteristic of customer applications, and that constant current
stress is not relevant to customer application.

E-Model [ 1-14 ]

In the E-Model, the cause of low-field (< 10MV/cm) TDDB is due to field-enhanced thermal bond-breakage at the
silicon-silica interface. The E-field serves to reduce the activation energy required for thermal bond breakage and
therefore exponentially increases the reaction rate for failure. Time-to-failure, inverse to reaction rate, decreases
exponentially:

TF=Ag exp[ -Y Eox ] eXp[Ea /kT]

where:
A, = arbitrary scale factor, dependent upon materials and process

y = field acceleration parameter, is temperature dependent, y(T) =a/kT where a is the effective dipole moment
for the molecule (see Note 1 below)

Eox = electric field across the dielectric in MV/cm. It must be voltage compensated for band bending if an
accumulation layer is formed, but no compensation is needed if an inversion layer is formed. E,, is the quotient
of the compensated voltage & the oxide thickness, t,, Note that t,, should be electrically or physically
measured.

Previous work [14] provides values for (AH) ;, and "a" and shows that y has a 1/T dependence. This means that the
activation energy reduces linearly with the electric field,
Ea = (AH)O -a on
where:
E. = effective activation energy (eV). E; may be nearly temperature-independent if several types of disturbed
bonding states are present in the dielectric and the reaction rates are mixed during high-field and/or high-
temperature TDDB testing.

(AH) o = the enthalpy of activation for bond breakage in the absence of external electric field (~2.0 eV)

a = effective molecular dipole-moment for the breaking bonds which value is ~7.2 eA .

For intrinsic failures in SiO, dielectrics of thickness < 100A, y ~ 2.5-3.5 Naperians per MV/cm (~1.1-1.5 decades per
MV/cm) and E, = 0.6-0.9 eV. For extrinsic defects, effective oxide thickness can be quite thin and therefore the
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effective field can be very high. This leads to the apparently lower activation energy of about 0.3 eV observed during
burn-in.

1/E — Model [ 15-18]

The cause of TDDB, even at low fields, is postulated to be due to current through the dielectric by Fowler-Nordheim (F-
N) conduction. F-N injected electrons (from the cathode) cause impact ionization damage of the dielectric as they
accelerate through the dielectric. Additionally, when these accelerated electrons reach the anode, hot holes may be
produced which can tunnel back into the dielectric causing damage (hot-hole anode injection mechanism). The time-to-
failure is expected to show an exponential dependence on the inverse electric field, 1/E:

TF =1o(T) exp [ G(T) / Eox |
where:
1,(T) = a temperature dependent prefactor, ~ 1 x 10™ sec

G = field acceleration parameter, ~ 350 MV/cm with a weak temperature dependence

Eox = electric field across the dielectric in MV/cm. It must be voltage compensated for band bending if an
accumulation layer is formed, but no compensation is needed if an inversion layer is formed. E,, is the quotient
of the compensated voltage & the oxide thickness, t,, Note that t,, should be electrically or physically
measured.

TDDB Numerical Example Using the E-model

Objective: Calculate the Acceleration Factor for gate oxide failure by TDDB for an office environment (chip inside an
enclosure) compared to a test structure in a highly accelerated environment.

Assume

= Office = 50 °C chip temperature & an electric field of 4 MV/cm inside the enclosure,

» Accelerated means 300 °C & 8 MV/cm

= yvalue of 3 Naperians (logarithm) per MV/cm

= Activation energy of 0.75 eV (approximate center of the nominal range for E,.)

The ratio of the TF values will be:
AF, ratio of TF values, office/accelerated = exp[ - Y(Eoffice - Eacce) X €Xp [(Ea /K) X (L/Toffice - L/ Taccer)]

AF = exp[-3/(MV/cm) x{4 MV/cm -8 MV/cm}]exp[(0.75eV /8.62x10 ° eV/°K) x{1/(273 °K+50 °C)-1/(273 °K+300 °C)}]
AF, office/accelerated stress = [1.60 x 10" ] x [1.27 x 10*°]= 2 x 10%

So moving from a highly accelerated test structure environment to office environment will increase TF (time to fail)
value to 2 x 10'°times the accelerated stress value, of which 16,000 X is due to electric field and 12,700 X is due to
temperature.

Note 1: Many papers in the literature may use and plot base 10 (rather than base e) when expressing the field
acceleration factor. One should be careful to note whether base 10 or natural base e is being used. Some authors, for
clarity reasons, will write the field acceleration as decades per MV/cm to emphasize that the base 10 is being used or
Naperians per MV/cm to emphasize that the natural base e is being used. Many authors, however, may not
emphasize this distinction to the reader and the reader must be cautious. The conversion factor between base 10 and
base e is 2.3:1, i.€., Yhasee = 2.3 * Vhase 10 - IN this document, the natural base e is assumed.
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D. HOT CARRIER INJECTION

Hot carrier injection describes the phenomena by which carriers gain sufficient energy to be injected into the gate oxide
[1-9]. This occurs as carriers move along the channel of a MOSFET and experience impact ionization near the drain
end of the device. The damage can occur at the interface, within the oxide and/or within the sidewall spacer.
Interface-state generation and charge trapping induced by this mechanism result in transistor parameter degradation,
typically as switching frequency degradation rather than a “hard’ functional failure.

Constraints and Limitations

» HCI-induced transistor degradation is well modeled by peak substrate-current for the n-channels and peak gate
current for the p-channels, at least for transistors at > 0.25 pm.

e For sub-0.25 pm P-channel, the drive current tends to decrease like NMOS after hot carrier stress.

e For sub-0.25 um P-channel, worst case lifetime occurs at maximum substrate current stress. The TF model is the
same as N-channel.

= The drive-currents for the n-channel transistors tends to decrease after HCI stressing, the p-channel drive current
tends to decrease.

= The off-state leakage can increase dramatically [8], especially for initially high current-drive p-channels.

= HCl-induced transistor degradation modeling seems to be accurate, but the extrapolation from transistor
degradation to circuit-level degradation is uncertain and should be the focus of future research efforts.

» There is growing evidence that HCI physics may be starting to change at 0.25 um and smaller, leading changing
worst-case stress conditions[5].

= Precise voltage models (rather than substrate current or gate current) would be very useful.

= HCI evaluations are almost always performed on test structures rather than products and done under dc
conditions, thus the calculated lifetime should be considered a Figure of Merit for process comparison.

= A short “lifetime” observed with dc test structures does NOT imply unacceptable product performance under ac
conditions.

= Typically, HCI degradation causes reduced circuit speed rather than catastrophic failure, although clearly a large
enough speed reduction can cause device failure.

= For products where the substrate or gate current is unknown, large voltage acceleration is possible because gate
and substrate current are exponential to the reciprocal gate oxide electric field

e There have been reports that the temperature dependent of substrate current has a positive activation energy
when V. is lower than 2.5V. The temperature dependent model for lower V. is still under investigation.

Models
Generally, degradation induced by HCI can be described by:

Ap = At"
where:

= pisthe parameter of interest (V, 9m, ldgsat €tC.),

= A= material dependent parameter

» t= time

= n = empirically determined exponent which is a function of stressing voltage, temperature and effective transistor
channel length

N-channel Model
N-channel devices use an Eyring model (which makes the practical assumption of mathematically separable and
independent variables):

TF = B(lsup )™ exp(Ea/KT)
where:
B = arbitrary scale factor (function of proprietary factors like doping profile, sidewall spacing, dimensions, etc. )
Isub = peak substrate current during stressing
N = 2 to 4, typically 3
E,=-0.1eV to-0.2 eV (note E, is negative)
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P-channel Model

TF = B(lgate )™ exp(Eo/KT)
where:
B = arbitrary scale factor (function of proprietary factors, such as doping profiles, sidewall spacing dimensions,
etc.)
lgate = peak gate current during stressing.
M=2to4
E, =-0.1eV to -0.2eV (note this is a negative activation energy)

A “rough rule-of-thumb”, for the substrate current versus voltage dependence of P-channel devices is
peak substrate current doubles for each 0.5V increase in source-drain voltage (Vqs).

HCI Numerical Example
Objective: Calculate the Acceleration Factor for Hot Carrier Injection of an n-channel device for an office environment
versus a test structure accelerated environment.
Assume
= Office = 50 °C chip temperature & substrate current of 1 pA
= Accelerated conditions are -40 °C & 10 pA substrate current
= N=3
* E, =-0.15eV

AF, the ratio of the TF values will be:

AF, ratio of TF values, office/accelerated = (lsup office / Isub accel) ™ €XP[ (Ea /K) % [1/ Toftice -1/ Taccel}
AF = (1pA /10 pA) 2 exp [(-0.15 eV /8.62 x 10 ™ eV/°K) x{1/(273 °K+50 °C)-1/(273 °K-40 °C)}]

AF, office/accelerated stress = 1 x 10* * 8 = 8000

So moving from accelerated test structure environment to the office environment will increase TF (time to fail) value to
by 8000 X of the accelerated stress value, of which 1000 X is due to substrate current and 8-fold is due to temperature.
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E. SURFACE INVERSION (Mobile lons)

Mobile ions can contaminate semiconductor processing materials. In SiO,they are very mobile even in the presence of
modest electric fields (~ 0.5 MV/cm) and modest temperatures (100°C). An accumulation of drifted ions at the Si/SiO,
interface causes surface inversion leading to device failure [1-6].

Sodium and potassium are the usual suspects, simply because of high mobility and their natural abundance. In a gate
structure under bias, they can drift from the polysilicon (anode) to the silicon substrate (cathode). A buildup of positive
ions at the Si/SiO; interface inverts the surface and severely degrades the oxide isolation. lonic drift in SiO, gate
dielectric can also cause premature TDDB. In the case of EPROMSs, mobile-ion accumulation around the negatively-
charged floating polysilicon can lead to data retention fails.

Devices showing isolation-leakage failures may recover during an unbiased high temperature bake. The bake causes
a redistribution of the mobile-ions away from the accumulated Si/SiO2 interface or floating polysilicon in an EPROM
device.

Constraints and Limitations
The activation energy for mobile-ion diffusion depends on several factors including
= the diffusing species,
= the medium through which the mobile ions diffuse
= the concentration of the contaminant
= For low concentrations, and if deep interfacial traps exist, then one may see deep interfacial-trap dominated
activation energy of ~ 1.8 eV for Na" diffusion through SiO,.
= [f the concentration of Na" is high, then all interfacial traps may be filled and a lower activation energy will be
observed (E,~ 0.75 eV for simple Na" drift through SiO,).

Model
Mobile ions are influenced by both electric field and temperature. One can use Eyring model for temperature and one
would compute the product of inverse to the ionic flux & an Arrhenius factor the time-to-failure (TF) described by:

TF = A (Jion) “exp(E/KT)

A = material constant,
Jion = <(eDopE/KT) - (Dedp(X,t)/0x)> is the average flow of ions
= (eDopE/KT) is the drift current
(Dodp(x,1)/0x is the back-diffusion component
E = electric field
e = charge on the electron
D, = diffusion coefficient
= p =density of mobile ions
= <> represents the time- averaged value of the time-dependent quantities enclosed,
E, = activation energy
= depends upon the medium through which the ion must diffuse
= for Na' it ranges from 0.75 to 1.8 eV, with 1.0 eV being typical (0.75 eV for bulk silica)
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Mobile lon Numerical Example
Objective: Calculate the Acceleration Factor for surface inversion for an office environment compared to an
accelerated stress environment.
Assume:
= Baseline or office conditions are
»  [Na']=10"/cm?®
= electric field =5 MV/cm
= Office = 50 °C chip temperature
= Accelerated stress is
=  Temperature =250 °C
[Na'] = 10""/cm®
electric field =8 MV/cm in the dielectric under stress
same distance & gradient in both cases
E,.=0.75eV

First consider whether the drift or diffusion term is dominant for flux. Since Dy & concentration factors the same for
both drift and diffusion, the ratio [drift/diffusion] becomes (eE/kT)/(1/typical distance). Plugging in some nominal
values (electric field = 6.5 MV/cm, temperature = 150 °C , characteristic distance = 10" cm) then the unit-less ratio is
~107. This means the diffusion flux is far more important than the drift flux for this particular case and therefore the
electric field will not be a factor in calculating an acceleration factor

The ratio of the TF values will be:

AF (ratio of TF values, office/accelerated stress) = (Jion oftice/Jion accel) - €XP([Ea /K](1/ Tofice - 1/ Taccel]
AF = (10™ /cm™/10"" /em™®) ™ exp ([0.75 eV /8.62 x 10 ° eV/°K](1/(273 °K+50 °C)-1/(273 °K+250 °C))

AF(accelerated/office) = 1 x 10*" * 3.2 x 10" = 3.2 x 10!

Moving from accelerated stress environment (deliberate contamination and high electric field) to the office environment

will increase the TF value to 3.2 X 10" times the accelerated stress value. A factor of 1 X 10’ is due to flux
(concentration) while a factor of 32,000 is due to temperature.
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F. STRESS MIGRATION

The term stress migration describes the movement of metal atoms under the influence of mechanical-stress gradients.
Generally, stress gradients can be assumed to be proportional to the applied mechanical stress. Little occurs until the
stress exceeds the yield-point of the metalization. Then flux divergence associated with the metal movement causes
voids in ULSI metal leads. The resistance rise associated with the void formation can cause electrical failures [1-6].

The role of stress and stress relaxation is very important in the nucleation and growth of voids in aluminum-alloy
interconnects. Cu doping in the aluminum is somewhat effective in suppressing grain-boundary diffusion, but is much
less effective if the grain size is large compared to linewidth, i. e. bamboo leads, as one observes slit-like void
formation due to intra-grain diffusion.

Constraints and Limitations

e This model applies to Aluminum alloys (doped with Cu and/or Si) only, there is insufficient data on pure copper at
this time.

e There is currently no standard industry test for SM. Typically, long (> 1000 um) and narrow (< 2 um width) stripes
are stored (unbiased) at temperatures of 150-250°C for 1-2 K hr and then electrically tested for resistance
increases or reduction in breakdown currents. Electromigration stressing is optional after SM baking.

« The SM baking temperature should be carefully selected because the maximum creep rate is generally in the
range between 150-250°C. The maximum in the creep rate occurs due to the high stress but low mobility at low
temperatures, and low stress but high mobility at high temperatures.

« Because the mechanical stress is temperature dependent, a straightforward determination of the diffusional
activation energy is difficult to obtain. Generally E,~0.5-0.6 eV is used for grain-boundary diffusion and ~ 1 eV for
single-grain (bamboo-like) diffusion.

* The use of refractory metal barriers or layered metallization tends to nullify the severe damage caused by slit-like
void formation in bamboo leads.

» Refractory metal layer acts as a redundant conductor, shunting the current and reducing the electrical resistance
rise due to the void formation.

Mechanical Stress Model
The time-to-failure (TF) can use an Eyring model, for which one computes the product of a power law on mechanical
stress & an Arrhenius factor [3]:

TF = A, (0) " exp(Ea/KT)

where:

0 = constant stress load,
n = 2-3 for ductile metals,
n is usually ~5 if creep, thus implies T < T,,/2)
E.= 0.5-0.6eV for grain boundary diffusion, ~ 1 eV for single grain (bamboo-like) diffusion,

Thermomechanical Stress Model
If the stress is generated by differing thermal expansion rates, then the stress is called as “thermomechanical stress”
and is proportional to the change in temperature -

o O(AT)
Therefore the time-to-failure can be written [ 3],
TF =By (To - T)" exp(Eo/KT)

where:
To = stress free temperature for metal ( approximate metal deposition temperature for aluminum)
n=2-3, (~5if creep, thus implies T < T,/2)
E, = 0.5 - 0.6eV for grain-boundary diffusion, ~ 1 eV for intra-grain diffusion
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Stress Migration Numerical Example
Calculate the Acceleration Factor for stress migration in an office environment compared to an accelerated
environment.

Assume

« Office =50 °C chip temperature inside the enclosure,

e Accelerated stress temperature = 150 °C.

e E,=0.55¢eV,

e n=25

e Ty=250°C

+  Use the thermomechanical stress model TF = Bg (T - T)" exp(E./KT)

The ratio of the TF values will be:

AF (ratio of TF values, office/accelerated) = ((To - Toffice)/(To- Taccer))" €XP ([Ea /KI(1/ Toffice -1/ Taccel))
AF = ((300-50)/(300-150)) ** exp ([0.55 eV /8.62 x 10 ®° eV/°K](1/(273 °K+50 °C)-1/(273 °K+150 °C))

AF(office/mobile) = 0.28 x 105 = 30X

So moving from the accelerated environment to the Office environment will increase the TF value to 30-fold that of the
accelerated stress value. Mechanical stress changes the TF value by 0.28 x (farther from stress-free temperature),
while temperature TF by 105X the accelerated stress value.

References

1. J.Klema, R. Pyle and E. Domangue, IEEE-IRPS Proceedings, p. 1 (1984).

2. J. Yue, W. Fusten and R. Taylor, IEEE-IRPS Proceedings, p. 126 (1985).

3. J. McPherson and C. Dunn, J. Vac. Soc. Technology B, p. 1321 (1987).

4. J. Yue, Reliability Chapter, “ULSI Technology,” McGraw-Hill, p. 674, (1996)

5. J. McPherson, “Accelerated Testing,” Electronic Materials Handbook, Volume 1 Packaging,” ASM International
Publishing, p887 (1989).

Page 18
Semiconductor Device Reliability Failure Models
International SEMATECH Reliability Technology Advisory Board
Technology Transfer #00053955A-XFR



G. TEMPERATURE CYCLING & THERMAL SHOCK

Fatigue failures can occur in ULSI devices due to temperature cycling and thermal shock. Permanent damage
accumulates during thermal cycling, accumulating each time the device undergoes a normal power-up and power-
down cycle. Such cycles can induce a cyclical stress that tends to weaken materials [1- 9], and may cause a number
of different types of failures, including

= Dielectric/thin-film cracking

= Lifted bonds

=  Fractured/broken bond wires

= Solder fatigue (joint/bump/ball)
=  Cracked die

= Lifted die

Constraints and Limitations
= “Linearity” is assumed, modeling parameters are constant over range of interest (stress vs customer application)
= Alternative methods are needed for reliability estimates (AF or FITs) under certain conditions such as
» if the temperature cycle range crosses a critical temperature, e.g. T4 (glass transition temperature of polymer)
= if a material property changes dramatically over the temperature range of interest. For example the stress
relaxation rate of lead-based solders changes substantially near room temperature (see note below).

Coffin-Manson Model [1-2]
For ductile materials, low-cycle fatigue data are described by the Coffin-Manson equation:

Nf = Ao [1/Ag, ] ®
where:
N¢ = cycles to failure
A, = a material constant
Agp = plastic strain range (irreversible strain for one hysteresis loop, unitless)
B = an empirically determined constant

Low cycle fatigue is defined as a stress condition in which hundreds or thousands of cycles cause failure, while high
cycle fatigue would require millions of cycles. The Coffin-Manson model was originally developed for ductile materials
(iron and aluminum alloys for aircraft), but has been successfully applied to brittle materials.

Modified Coffin-Manson Model [3]

The standard Coffin-Manson equation works well, even for brittle material failures, where failure is dominated by crack
initiation and growth rather than simple plastic deformation. However, during a temperature cycle, not all of the
temperature range AT may be inducing plastic deformation. If a portion of the cycle, ATy, is actually in the elastic
range, then this should be subtracted from the total plastic strain range.

Aep O (AT -ATo) P
Therefore, for temperature cycling with plastic deformation, the Coffin-Manson equation becomes:

Ni = Co [ AT - ATy - {1}
where :
N; = Number of cycles to failure
Co = a material dependent constant
AT = entire temperature cycle-range for the device
AT, = the portion of the temperature cycle range in the elastic region
g = the Coffin-Manson exponent, an empirically derived constant

If the elastic range (ATg) is much smaller than the entire temperature cycle range (AT), then it may be dropped without
significant error being introduced (usual practice). Most failure mechanisms will show the same failure rate for slow
temperature cycling and for rapid thermal shock, but solder fatigue is a significant exception. Low melting point solders
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are used at temperatures in excess of Treriing/2, SO Creep is significant & the mechanical properties are extremely time-
sensitive. Conversely, strain rate for brittle materials (those with large g values) seems to be largely irrelevant.

Values for g for common ULSI materials are [4]:

g value
ductile metal, e.g., solder 1-3
hard metal alloys / intermetallics (e.g. Al-Au) 3-5
brittle fracture (e.g. Si & dielectrics : SiO, SizNg ) 6-9

Temperature Cycling Numerical Example

Objective: Calculate the Acceleration Factor for wire bond intermetallics due to temperature cycling in an office
environment compared to an automotive environment.

Assume:

= Office = once daily temperature changes of 20 °C

=  Automotive = 4 cycles per day with a change of 80 °C

] q= 4

L AT >> ATO

*  Use N;=Cy[AT -ATO0]

The ratio of the TF values will be:
AF (ratio of N; values per stress cycle, office/automotive) = (AT ofice/ AT auto) ™

AF = (20/80) ~*
AF(office/automotive per cycle) = 256 per cycle, but more cycles/day for automotive also

Comparative evaluation of an automotive environment to office environment shows a time to fail value 1000-fold that of
the automotive value, of which 256-fold is due to temperature excursion difference, while 4X is from cyclic frequency.

If a critical temperature is crossed during each temperature cycle, at least four different approaches can be used.

1 AF and FITs can be calculated for each zone where the modeling parameters are constant. Using available
data [4,7,8], the Coffin Manson exponent can be allowed to vary between the high and low temperature zones.

2 The most commonly used method utilizes a Coffin-Manson exponent weighted over the temperature range.

3 An alternative is to use the Norris-Lanzberg approach, which adds additional multiplicative terms. Factors are

a cyclic frequency factor as a power law (typ. with exponent ~1/3) and a mild Arrhenius-like temperature
dependence (typically using an "activation energy" of ~0.01 eV with highest vs lowest cyclic temperature.

4 Perhaps the best method, but the most labor-intensive, is to use Finite Element Analysis (FEA) to derive the
von Mises or maximum principal stresses to feed the simple Coffin-Manson equation {1}.
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H. SOFT ERRORS (SINGLE EVENT UPSETS)

Soft Errors (also called Single Event Upsets)

Soft errors in memory devices were first mentioned by May and Woods in 1978 [1]. A 5 MeV alpha particle impinging
on a memory cell will produce 1.4 million electron-hole pairs in silicon to a depth of 25 um. Minority carriers are
collected by the voltage across the depletion layer. If the number of collected carriers is greater than the Q. (critical
charge -- charge necessary to determine cell state), the cell state will change resulting in a "soft" (reversible) error. A
tutorial [2] in the IEEE Transactions on Reliability provides an excellent introduction to the subject.

To accurately determine the sensitivity of integrated circuits to radiation-induced soft errors or single event upsets
(SEU), all sources of radiation must be accounted for. At terrestrial, Earth-based altitudes, the predominant sources of
radiation include both cosmic radiation and alpha particle radiation from radioisotopic impurities in the package and
chip materials. An overall assessment of a device’s sensitivity to SEU/SER is complete ONLY when the alpha particle
component AND the cosmic radiation component have been considered.

Constraints and Limitations

e The Qi value of memory devices of the 1970s, 1980 and early 1990s has changed from approximately 1 million
electrons (~'70) to ~10K electrons (~'99))

* For alpha patrticle tests the test source should match the expected environment. For package impurities (ceramics,
glass, epoxy filler) the isotope impurities are Th**? and U**®, so the alpha source should be Th**. For flip-chip and
C4, the impurities are Po*® and Pb*'°. The preferred alpha source here is Am***. The alpha particle source
should always be MUCH larger than the sample to assure all alpha impinging angles are possible.

e For cosmic ray evaluation (terrestrial), neutron or proton sources of five to several hundred MeV should be used.
These sources may be found at government, academic and medical facilities.

Cosmic rays (mainly high energy neutrons) at sea level are typically of little concern. CPUs in desktop computers run
at a high enough V.. that the Q.,;; value is rarely exceeded by cosmic ray induced ionization. Cosmic ray intensity is 10
times worse at 2 Km above sea level and reaches a peak of approximately 300 times sea level at 10 Km [3]. Laptop
computers are at risk in use durning flights on commercial airlines, which typically fly at ~10 Km. The hazard to
devices in laptop computers is further exacerbated by the smaller Q.;;; value resulting from a low V. voltage used to
reduce power consumption.

The effects of alpha particles can be ameliorated by shielding and purity, but there is little defense against cosmic rays,
short of architectural change (redundant bits & Error Correction Code, ECC). There is a fine review by Ziegler et al
encompassing entire January 1996 IBM Journal of Research and Development [3]. Further discussion of the effects of
cosmic ray neutrons and measurement techniques is contained in an article by McKee et al [6].

232 241
h

Evaluation for alpha particles has been done historically using T or Am“" sources. A test method is described in a
MIL-STD-883 procedure [5], but this will be supplanted by a new spec from JEDEC Committee 13.4 (letter ballot
planned g1 2000, reference number TBD). Cosmic ray evaluation has been performed at high elevation locations. For
example, Leadville, Colorado cosmic ray intensity is approximately 13 times that of New York City [4]. Cosmic ray
effects can be simulated by an appropriate neutron source. Software programs are available for design simulations,
but their accuracy is not yet proven.

Model
The basic relation for soft error failure rate (SER) is:
SER = (OER/AF) x 10° FITS
Where:
OER is the observed error rate (errors/hour) on the test sample using an alpha source,
AF is the acceleration factor for the setup.

A Curie is 3.7 x 10" disintegrations per second, thus the source alpha particle emission is 0.1 x 10° Ci * 3.7 x 10*° or
3700 alpha/sec. The source area is 0.32° 174 or 0.08 cm”. Thus, the total source intensity is 3700/0.8 or 46,600 a/sec/
cm’. The ambient alpha intensity is 0.001/3600 or 2.78 x 10” a/sec/cm®. The acceleration factor is the test alpha flux
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divided by the ambient alpha flux or in this example 46,600/2.78 x 10" or 1.68 x 10™. The SER of the device as
normally packaged would then be (1,000/1.68 * 10'") x 10° or approximately 6 FITs.

Numerical Example

An alpha particle test might use a 0.1 uCi Am~"" source to test a device typically packaged in a plastic package. A
SER (Soft Error Rate) of 1,000 errors per hour is observed. Common molding compounds have a measured alpha
emission rate of 0.001 a/hour/cm” and no die coating is used. The Am*** source is 1/8” (0.32 cm) in diameter. What
would be the Soft Error Rate in FITs of the device as normally packaged? Warning ... this numerical example
illustrates Mil 883 Method 1032 rather than the new JEDEC spec.

241
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|.DESIGN OF EXPERIMENTS FOR DETERMINATION OF MODELING PARAMETERS

If the modeling parameters for a particular failure mechanism are not available in the literature or from internal sources
or the parameters are uncertain, a designed experiment is needed to measure the appropriate constants. It is
essential that a range of "over-stresses” be used to produce a statistically significant number of failures. Overstress
conditions can be used to define technology margin and acceleration factors.

For example, assume that a failure mechanism is thermally activated, and follows a conventional Arrhenius model i.e.
In(rate) LI (Q/k)*(1/T),
where Q = activation energy, k = Boltzmann’s constant and T = Absolute Temperature.

Plotting the data as In(rate) versus the reciprocal temperature will produce a straight only if a single mechanism is
present. In order to get a reasonably accurate Q value, the 1/T values should be far enough apart to modulate the rate
significantly (at least several-fold, preferably as modulated over as many orders of magnitude as you can manage).

How much difference in temperature stress is needed? If the expected Q ~0.7 eV and the relevant temperature is near
100 °C, every 20 °C change in temperature will change the rate by ~3-fold. So, £20 °C will modulate the rate by +3-
fold. Similarly, every 40 °C change in temperature will change the rate by 9-fold with corresponds to 40 °C
modulating the rate by +9-fold.

As a second example, assume the failure mechanism is some sort of mechanical fatigue, for which the conventional
model is Coffin-Manson. The rate (or time to failure) is proportional to strain®***" and the usual surrogate for strain is
the swing in temperature (AT) between hot and cold in temperature cycling or thermal shock.

Plotting the data as log(rate) vs log(AT) (or perform a power law regression fit) , the slope is the power (Coffin-Manson
exponent). How much temperature swing will is needed? Let's say you expect a Coffin-Manson exponent of 4 and the
relevant temperature swing (AT) is 100 °C. If your experiment were to explore AT values half as large and twice as
large as the nominal 100 °C, the failure rate would be modulated by 2* = 16-fold, which would provide enough change
to determine the Coffin-Manson exponent more accurately than your initial guess. As above in the Arrhenius example,
you want to perturb the rate by as much as possible without changing to a different failure mechanism (verified by
failure analysis).

As a third example, let’s consider that your failure mechanism is electrically activated, perhaps something similar to
TDDB, for which the conventional model is the "E-model." Thus, In(rate) is proportional to the difference in electric field
(AVt,y). Plotting the data as In(rate) vs AV/t., will produce a straight line (or one could perform an exponential
regression fit), for which the slope is the y value. How much modulation in AV/t., will you need to modulate the failure
rate significantly? Let's say you expect a y value of 1 decade per MV/cm of electric field. Thus, changes in electric
field of £1 MV/cm will modulate the failure rate by an order of magnitude. You might also want to modulate t, to see if
the relevant stress is electric field or voltage. As above in the other examples, you want to perturb the rate by as much
as possible without changing to a different failure mechanism.

As a fourth and final example, let's consider that your failure mechanism responds to two different stresses. For
example, TDDB is sensitive to both temperature and voltage. The key design strategy is to assume that an Eyring
model will work adequately (separable stresses). You now construct a "space" (temperature is one axis and voltage is
the other) and make sure that your stress conditions explore a constrained area of that space, using factorial design.
Your initial DOE (Design Of Experiments) might employ a 2x2 or 3x3 "box" or perhaps a box/star. A particularly good
reference for all DOE, factorial design and statistics issues is "Statistics for Experimenters" by Box, Hunter & Hunter
(Wiley).
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J. TIME-TO-FAILURE DISTRIBUTIONS

Models for the several failure mechanisms are well suited for calculation of acceleration factors between one stress

condition and another. The “hidden” assumptions that an acceleration factor is valid:

= each distribution is a single population AND

» the dispersion in failure times is the same for both stress conditions AND

» the same cumulative percentage failures are to be compared

=  A“Stress to Fail” method is used to characterize and qualify the process or product, producing a statistically
significant number of valid failures from which the failure mechanism and root cause can be determined

Several different distributions can be used to model failure rate under appropriate circumstances:

An exponential distribution implies a constant failure rate, which is generally not true if the product is insufficiently
screened, improperly Designed for Reliability or if the product is past the bottom of the “bathtub,” into wearout phase.
The exponential distribution is simple, a good approximation and works well if there are very few or zero failures.

A Weibull distribution can be used to model “weakest link” and has two variants. The two parameter version derives a
characteristic life for 63% fail and a shape parameter, usually called . The three parameter version for Weibull retains
ts3 and B, but adds an “delay time” corresponding to the time required to initiate defects, which may then propagate
until they cause failure. The solder fatigue & some other communities traditionally use Weibull, but most of the
semiconductor community uses the lognormal distribution. There is a simple relationship to relate Weibull shape
parameter () to lognormal o (8 = 1.2/0) over a wide range of cumulative percent failing (~100 ppm to 99.99%) [1, but
be advised that Wager's tutorial contains a In(10) error, see below]. Since substantially all real data sets show identical
correlation coefficient whether plotted as lognormal or 2 parameter Weibull, one can say that the choice is personal
preference. However, lognormal is the preferred distribution for most failure mechanisms (except solder fatigue, use
Weibull instead) on the basis of mathematical simplicity, physical basis, intuitive basis (Gaussian, etc.) and ease of
use. Excel, or equivalent, is a powerful tool for plotting and curve-fitting either lognormal or Weibull. On the other
hand, the Weibull distribution is mathematically complicated (nested logarithms), non-physical & not Gaussian.

The lognormal distribution is based on a normal distribution of failures vs logarithm of time. The characteristic fitting
parameters are the time to 50% cumulative failure (tso) and sigma, a measure of the time dispersion of the failures (o =
In (tsofte)). The preferred, graphical way to extract parametric data is to use Excel to plot NORMSINV(cume % fail) as
abscissa vs. natural logarithm of stress time as ordinate. Then a least squares fit of a straight line (in Excel: Chart, Add
Trendline, Options, Show Equation & Correlation Coefficient) will provide slope = o and intercept = In(tso), Providing a
single distribution is present. The lognormal distribution is particularly well suited to changing failure rate, especially if
a large number of failures are available. The existence of many failures is NOT bad news from a modeling perspective
(actually necessary!). In fact, large number of failures is also preferable for determination of the product’s Achille’s
Heel, such that Continuous Improvement, successful Failure Analysis and Corrective Action(s) can be implemented.

A lognormal plot is a very effective way to see if single or multiple populations are present.
Multiple populations are indicated if

e asubstantial curvature to the plotted data (poor correlation coefficient), or

e asubstantial change in slope, or

e an offset on the time axis (an arrest in cume % fail over some considerable time period), or
« subsequent failure analysis shows different failure modes/mechanisms.

ONLY if a single population is indicated, do the ts, and o values have any physical significance. If multiple populations
are present, one must parse the data such that each distribution is a single “pure” mechanism, which will show superior
correlation coefficient (minimal divergence at the ends of the distribution) and no abrupt change in slope or offset.

A common example for multiple populations is that of the “defective subpopulation” [2]. A proportion of the total sample
may contain defects and the remaining product is immortal for the failure mechanism in question. The usual indication
for this situation is a large sigma value. Typical sigma values are: ~0.5 for wearout; ~1.5 for defects; > ~4 for
improperly analyzed defective subpopulations. The key to successful analysis of a defective subpopulation is to make
an estimate for the asymptotic value for complete failure of all defect-ridden product. An effective method to establish
the asymptotic value is to plot cume percent failing vs time or vs log time. The asymptotic value for cume % is the size
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of the defective subpopulation. To extract valid tsg & sigma values, one must recompute the cume percent failing with
the sample size for the defective subpopulation ONLY. Then proceed with a lognormal plot as described above.

Tips for interpretation of lognormal plots. The abscissa (cume percent failing) is non-linear in cume %, but is linear in
units of sigma. Thus, tso corresponds to sigma = 0 (at the mean failure time), while t;¢ corresponds to sigma = -1 (one
unit below the mean), t, 3 corresponds to sigma = -2 (two units below the mean), to ; corresponds to sigma = -3, (three
units below the mean), etc. The ordinate is In (time), but most people find it difficult to convert In (time) values back to
time values, whereas it is much easier to think in base 10. Accordingly, it is convenient to pick the scale factor along
the ordinate (In(time)) in increments of 2.3. Thus, each time increment is an order of magnitude, as In(10) = 2.302.

There are two commonly used ways to quote failure rate. FITs (defined as number of Failures In Time per
billion hours, American 10° hr, not British or European 10™ hr) and DPM (Defects Per Million over some stated time
period). FITs are a rate, while DPM is an integral of rate over time. For example, if your data suggest constant failure
rate (very few failures) & you had 100 FITs (100 /10° hr) for 10K hr (~1 yr), then the DPM is simply the product of FITs
& time, producing 10 in this example, 1000 DPM. If the failure rate is known to be changing with time, having been
modeled by the lognormal or Weibull distribution, then the FIT value is the instantaneous slope of cum % fail vs time.

It is important to quote FITs or DPM to a known Upper Confidence Level, invariant with number failing and with
60% as the commonly used value. However, some users specify 90% or 95% UCL. The chi-squared distribution,
supported well by Excel, is an effective way to “level the playing field.”

Numerical Example

Let's assume your objective is to calculate when 0.1% of the product will fail based on knowledge of the mean time to
fail and some measure of the time dispersion (constant failure rate, lognormal sigma or Weibull beta). Let’s further
assume that your failure mechanism has been established to be well fitted by the lognormal distribution with a tso = 100
years and a sigma of 0.7 (natural logarithm of 2 to illustrate the point). Since sigma = In(tse/t16), we know that every 2-
fold shorter time will move the cum % fail down the normal curve by one unit (also called sigma, but a different
quantity). Thus, 16% cum fail (-1 sigma) will occur at 50 years; 2.3% cum fail (-2 sigma) will occur at 25 years; 0.13%
cum fail (-3 sigma) will occur at 12.5 years. This scenario (low sigma characteristic of wearout such as
electromigration) supplies a reasonably acceptable time before an appreciable cum % fail is seen (taken as 0.1%
here), but the situation is FAR more serious if the sigma value increases. For example, if the sigma value doubles to
1.4, each "milestone” along the cum % fail curve will occur 4-fold earlier in time ... PER STEP. Thus, 50% cum will still
occur at 100 years for this scenario, while 16% cum occurs at 25 years, 2.3% cum at 6.25 years and 0.13% cum at
1.56 years (4-fold sooner than if sigma were half the value!). Clearly, low sigma is indicative of more robust product,
even if the t5o value is “good.”

So moving from a MTTF (Mean Time To Fall or tsg) mentality to a “DPM” environment (when will the early fails occur &
how many?) will produce results STRONGLY dependent on the lognormal sigma or Weibull beta (shape parameter)
value, either of which is a measure of failure time dispersion.

Numerical Example

Let's assume your objective is to calculate FITs or DPM, given O fail from a sample of 2000 in HTOL (125 C for 24 hr),
a use condition of 55C, a known acceleration factor of 50:1, and an elapsed time in the field application (use condition)
of 1 year. Since we have no fails, we will assume the exponential distribution, for which the failure rate (FITs) is
constant. The chi-square value for “0” fails at 60% Upper Confidence Level is 0.93. 24 hr HTOL is equivalent to 1200
hr in the customer use condition (AF=50:1), so FITs = # fail@60%UCL/device-hr = 0.93/(2000*1200hr) = 381 FITs
(rate). The DPM (integral) is simply the product of the rate * time, which is 381 10”° /hr* 8760 hr = 3.4 DPM.

Summary
Acceleration Factors are fine for comparing performance under different environmental stresses, but fail to answer

guestions about the time element. The most important question for a user is when will the first 1 ppm fail, when for 10
ppm, when for 100 ppm, etc? Customers will typically NOT be most interested in tsq, but rather more interested in the
early failure rate (impacts warrantee costs, customer perception, reputation, etc.). Some customers will prefer the
integral of failure rate to count the “dead bodies” for purposes of assessing the financial impact. Choice of the proper
mathematical distribution will affect the results and proper choice will be a function of the number failing in the
accelerated stressing or in the field application and whether the failure rate is constant, increasing (wearout), or
decreasing (infant mortality) with time.
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