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SUMMARY

Electronics components and devices, including agaigt to systems, are fabricated from materials stnectures that
degrade with time under normal operational conditibis necessary to anticipate and quantify sydi@lure occurrence but
the goal of “reliability engineering” is to clarifiyrst the failure paradigm in term of statistiesdaPhysics of Failure or simply
Part Count approach. Many statistical approachdsuaderlying mathematics have been developed ipdisedecades of the
last century to describe failure rates and the-kmdiwn bathtub curve showing a schematic of faihate behavior with time.

From Wikipedia definitionpredictive (or logical) analysis encompasses aetgrof techniques derived from statistics, data
extraction and game theory that analyze past amdgmt facts to make predictive assumptions abturefevents

In this applied reliability chapter, we would like share our perception on the experimentally dgraknt applied on
existing reliability and maintenance paradigms ttgved since decades by many authors and papers.

This Part | titled “Reliability Basic Tools for SHMrotocols” aims to remind a) how applied enginegrin predicting
failure and monitoring SHM of electronic equipmant systems are implemented and b) to presenttasistic tools defined
for reliability modelling implementation and studieelated to active microelectronic parts. The sdd®@art Il is dedicated to
the experimental application titled “Applied Engémimg on Physics-of-Healthy and SHM on microelegiteequipment for
aeronautic, space, automotive and transport opefaiiddressing how innovative technologies and Cencial-Off-The-Shelf
(COTS) devices are pondered.

How to implement predicting failure and monitori8&lM of electronic equipment and systems?

High Temperature Operational Lifetest (HTOL) Stamdes relatively poor to predict Mean-Time-To-Fadu(MTTF)
associated constant failure rate and reveals muostffective for wearout modelling as no failure abserved. Furthermore,
the MTTF50% is not a zero-failure guarantee (raliyadlefinition is a 50% lot failure) and we shodkfine rather a MTTF0.1%
for high reliability application. At the same timegttention to long-life cycles on the part of maamifirers has nearly vanished
due to the relatively overwhelming demand in thestomer market sector.

Three key questions are reviewed including a) Hoapply reliability prediction tools to innovatitechnologies? b) What
are the hypotheses made of and methodology impletién these tools; and to what extent are theg btover emerging
technologies and applications? c) Prognostic FaiMiodel (PFM) what could be a proposed guidelinergmnize all concepts?
We describe our approach in what is needed to artdwse and other fundamental questions as for gheam

The goal of reliability engineering is to anticipatnd quantify failure occurrence but the scieecgiired is to clarify first
the paradigm in term of statistics and PhysicsadfulfFe [1], [2] or Part Count failure approach [8], [5]. Many questions are
raised, and we try to address as listed here:

In term of Physics and Phenomenological Degradation

What are the existing Standards, their advantagésieawbacks?

How to manage random and wearout failure rate mediehplement predictive reliability and maintenafic

What role the “stressors” are playing?

How “indicators” are characterized and which cigeralue to define?

How to deal with multiple stresses?

In very complex new technologies (less than 7 nmFEIl, GaN, Carbone NanoTube, ...), what are the regluré
mechanisms?

What if multiple failure mechanisms are coexistifig]?

What is the impact on the accelerating factor (A)such complex mixed model (multiple stress, npldtifailure
mechanism)? [6]

How to apply reliability prediction tools to innawee technologies?

What are the hypotheses made of and methodologleimgmted in these tools; and to what extent arg dlhde to cover
emerging technologies and applications?

How to consider the effect of initial device quglithe influence of use and design options, theot®f mission profiles to
model the Robustness [7] and the Reliability of pter systems and new technologies [8], [9], [10]?

In terms of Application and experiments:

In very complex new technologies, observed failorechanisms can often be accelerated simultaneocsiising a
dilemma for reliability prediction.

In the domain of telecommunications, automotiveosgace, satellite, military and the like, the nedaccurate reliability
prediction is as important as it ever has beerthAtsame time, attention to long-life cycles onphet of manufacturers has
nearly vanished due to the relatively overwhelndegiand in the consumer market sector.

How to explore field return and define optimizedimb@nance survey based on reliability predictioni4®

Assuming a qualification test experiment on 130 @astested during 2000 hrs of 150°C HTOL with ilufe observed.

What would be the device operating projected lifetiverified if the operational application is at462C?

What should be the sample size and duration to dstraie a Cumulative Density Function (CDF) equid¢ss than 0.1%
after 30 years in mission operation?

For Reliability prediction purpose do we need tasider Time-To-Failure for each failure mechanisthez for a constant
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failure rate based on a Poisson statistic, or feanaut failure mechanism?
What would be the equivalent tothda and corresponding Time-To-Failure if all failurechanisms are equally activated?

What the basic mathematics are?

Thermodynamics modeling established by S. Arrhe(@&96) [11], L. Boltzmann (1886) [12], then M. Exaand M.
Polanyi in 1938 [13], E. Winner (1938) [14], S. &#tone (1941) [15], G. Hammond (1955) [16], R. Dokr{1960) [17], E.
Snow (1965) [18], N. Sedyakin (1966) [19], D. Cd972) [20] and periodically improved by H. Eyringad. (1980) [21], J.
McPherson (1999) [22] [23], or recently by E. SWRD13) [24] [25]. Modelling was supported by serid experimental papers
from MIT (D. Jin and Del Alamo) [26], RAC Univ. dflaryland, University of Padova and G. Meneghestaam [27], INTEL
and IBM teams [28]. Since the break of 2%%andard, FIDES French group guideline is stifpimce and its next evolution is
thought to consider non-constant failure rate mddepredictive reliability. Not leaving aside madctors in this paradigm
development we have to name most representativertsxim the field which have influenced the writiginthese chapter J.
Stathis, V. Huard, A. Bravaix, J. Bernstein, M. Mghini, H. Zanoni, E. Wu and J. Sune, P.A. Tobias @.C. Trindade, M.
Nikulin and V. Couallier.

The paradigm of the Transition State Theory (TSayadoped by E. Wigner in 1934 [14] and by M. EvavisPolanyi in
1938 [13] is an approach we can benefit too by twdgphe concept of a unified semiconductor religbmodel and multiple
failure mechanisms related to Physics of degradafiodeed in the early last century, the TST waglia@ to chemistry
transformations by H. Eyring [21], and S. Glasstehal. [15] in 1941. The TST was developed in cisem based on the
Hammond's postulate [16] published in 1955 appiephysical organic chemistry.

Multiple failure mechanisms and Physics of degriadahn semiconductors may occur in a single sdinoé-to-failure data
but without obvious points of inflection to helppseate the mechanisms. J. McPherson in his bookdtobn of Reliability
Physics and Engineering provides the basics cdlyéily modelling [23], [22] recalledienerally, materials/devices exist in
metastable states. These states are referred beiag metastable because they are only apparetahies Metastable states
will change/degrade with time. The rate of degrémlabf the materials (and eventual time-to-faildioe the device) can be
accelerated by an elevated stress (e.g., mechasicass, electrical stress, electrochemical strets,) and/or elevated
temperature

Gibbs free energy diagram recalled I &lition of J. McPherson book has provided the nrgnts to describe multiple
stressors environment effect including entangleelkecating factor picture as fully detailed in Raiumerical application for
a study case on a FinFET technology assuming theger failure mechanisms defined by the followinghnius reliability
parameters are also detailed.

These mathematics and physic approaches show hewactivation energy is an Eyring model relatedhi® stress and
temperature applied and can no-longer be considger@donstant to extrapolate some experiment umgleistress to nominal
mission operation profile. That's the reason whyesal end-user Industries and Institutions are eangtious to perform lifetest
conditions as close as the nominal conditions bexatfithe change of activation energy attributedetone wrongly to new
(or different) failure mechanism while it is simmyplained by the interaction of stress and tentpegaffect on the measured
activation energy or to a best extend to Eyring law

From these equations we can observe éheivalent activation energy is dependent of the meperature To and is
increasing with temperature So, under the stress conditiotise failure mechanism model is a non-uniform accetation
mechanism

The goal of Part s to present basic statistic tools defined fdiabdlity modelling implementation and studies el to
active microelectronic parts (Integrated circyiwer transistors, etc) when exploited in operati@mvironment for long term
high reliability application.

Basics mathematics on serie-parallel systems ilfjalare presented with some approximation corsitiens for
distribution queues statistics.

Conclusion and perspective open the door for the Rart Il related to Predictive Reliability supped by experimental
and Physics of Failure (PoF) or what we call Phg/sicHealthy (PoH).

Physics of degradation in semiconductors may ottarsingle set of time-to-failure data but withaltvious points of
inflection to help separating the mechanisms. fnbuok, J. McPherson titled “Reliability Physicsldingineering provides
the basics of reliability modelling” [23], [22] d4&d “generally, materials/devices exist in metastabddest These states are
referred to as being metastable because they dseamparently stable. Metastable states will chddggrade with time. The
rate of degradation of the materials (and eventirak-to-failure for the device) can be accelerdbgdan elevated stress (e.g.,
mechanical stress, electrical stress, electrochahsitess, etc.) and/or elevated temperature”.

Part 1l goal is to concentrate on experiment supported by nsodet field return showing the “true life” obsenyin
simultaneous stress environment (various missiofiles) and multiple failure mechanisms.

Keywords— Probabilistic Design-for-Reliability, SHMReliability, PoF, PoH, Transition State Theoryatfstics,
Semiconductors, Wide Band Gap, Deep Sub-microrsEIn
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NOTATION

Boltzmant-Arrhenius-Zhurkov Ihce Current due to hot carrier genera
Back End Off Lin ILD Inter-layer dielectri
Bias Instability (NBTI or PBTI) Isub peak substrate current during stressing
Constructional Analysis A(t) or  Instantaneous Failure Rate or Hazard
IFR function
Channel Cold Carrier k Boltzmann’s constant (1.38a0 22 J/°K or
8.6174 15 eV/°K).
Cumulative Distribution Complementary MESFET Metal-semiconductor field effect transistor
TransistorsFunctior
Channel Hot Carrier MR Maximum rating
Drain-Induced Barrier Lowering M- Multi-phyScs  mulTi-stres©rs  predictive
STORM Reliability Mode
Design of Experiment M-TOL  Multiple Temperature Overstress life-test
Deep-Submicron technology MVE Multi-Vibrational Excitation
Energy factor related to stress paramx; NAF NMOS Acceleration time Fact
Activation energ NBTI Negative bias temperature instab
effective activation energy related to NTF DC NMOS Acceleration Time Factor
multiple stress reliability test seque
Electror-electron scatterir PAF PMOS Acceleration Fact
European Cooperation on Space  PBTI Positive bias temperature instability
Standardizatiol
Electromagnetic compatibili Psa Power burnoulimit value
Electromigratiol PDF Probability Density Functic
ElectroStatic Dischar PDfR Probabilistic Desig-for-Reliability
Electrical Overstress PHEMT  Pseudomorphic Higfectron Mobility
Transisto
Equivalent OxicThicknes PMOS P type Metal Oxide Semiconduc
Extreme Value Distributic PoF Physics of Failut
Gibbs Free Energy for a device PoS Physics of Stress
Front End Off Lin Pq Poisson statistic functic
FinFET q Number of failures in Poison statistic
functior
Fan Ir QBD Charge at breakdov
FanOul SBD Soft breakdow
Failure Risk Analysis Methodology S electrical indicator or signature of the failure
mechanisr
Gallium Arsenide S Stress parameter for i as currénvoltageV
or Ppc power consumption d?#, signal input
powel
Gallium Nitride Sgo Stress parameter at burnout limit vé
Gibbs Free ener: SiC Silicon Carbid:
Gate-Induced Drain Leakay SM/SV  Stress migration/voidir
Stress factor as percentage of burnout limits SOA Safe Operating Area
for label i as current voltageV, Poc power,
Pin signal input powe
Hard breakdow SVE Single Vibrational Excitatic
Hot carrierdegradatio TDDB  Time Dependent Dielectric Breakdo
Hot carrier injection mechani TST Transition State Theo
Current burnout limit value TSRM Transition St&eliability Model

Gate leakage current between gate and
source aVgs andVps

Gate leakage current between gate and
source at high/es andVps close to burnout

or breakdowr

peak gate current during stres:
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‘agperience without theory is blind, but theory without experience is mere

intellectudl play.”

& aapdrience sans théorie ast aveugle, mais b théorie sans expérience n est
qu un simple jeu inlellectuel”

Immanuel Kant



|. INTRODUCTION

In Reliability Standards the MTTF is related todam mechanisms which are supposed to reach sduaretiie weraout
MTTF. This is mainly because the considered teatgiek are rather mature and the applied missiesstronditions are low
enough to push the limits of the wearout events.

Several end-user Industries and Institutions amy wautious to perform lifetest conditions as cl@sethe nominal
conditions. Automotive OEMs last year began denagnthat electronics components last 18 years veth failures.

Nevertheless, new technologies, and innovative corapts have shown possible shorter life-time oetwae [68] because
of their immaturity. Especially when procured asT&but used in long term mission application or sttmes in High Rel
equipment, it is necessary to perform screeningitoinate freak distribution and run lot qualifizat customized programs
adapted to the foreseen application. It is not easlythe simplest way to ask the component manufacto help quantifying
these parameters. Sometime, manufacturers mayder@aviormation about the life-time and generallgdxh on cumulative
failures observed during burn-in and qualificatiest sequences (considered rather as Random defects

The concept of stressor parameters is introducepiamtify how the stress will impact the equivalantivation energy
described in Part | for the principle of BAZ mod2b] and Mc Pherson [57] of the energy band diagraieed the external
stress (any kind: electrical, signal, or exterrsaleermal cycling or radiation for example) is gelg (but not always) reducing
the height of the thermal activation energy measin@m pure thermal stress conditions.

Physics of Healthy (PoH) concept: we define Stneasd Predictors Indicators electrical parameters.

e A Stressor parameter is a setting condition appbetie component of interest which stress theageand age it.
Such parameter can be either a electrical nomettihg lifetest operation (outlined in percentag¢he limit of
the capability of the component defined as in trexivhum Rating conditions: thermal, DC bias, AC &t $gnal)
or an external environment stress condition (théaohacs, thermal cycling, radiation, ionic contaation or gaz
poisoning).

« A Predictor (or Indicator) an in-situ measurablée goantifiable electrical parameters to asseshdhéhiness of
a component introduced in an equipment. Such a oo is supposed to drive the reliability of tieaf card
installed in an equipment. To do so, the card shbaloutfitted of dedicated electrical point ofegxor accessible
through the bias access in order to be monitoreshglwperation (see for example DSM ASIC based @mrh
node described in the chapter). The aim is to tiiyahow the internal characteristics and perforges are
affected during time of stress applied.

This Part Il presents context and particular isfoef\utomotive application using emerging techrgis. We describe
the methodology implemented by GIFAS consortiun [&oupement des Industries Frangaises Aéronaegigtl Spatiales)
and FIDES group [66]. Predictive Reliability anddté monitoring methodology concept for immaturehteologies are
deeply considered by GIFAS consortium. We showstih@op methodology and show schematics of the re@ps involved
in the Reliability determination of DDR3 (FF20) aR®?GA (FF16) CMOS technology nodes. We take adgantd the
Prognostic Failure Model (PFM) level 3 recommerutai and develop how to apply reliability prediction DSM
technologies in harsh environment.

Failure Modes and Effects Analysis (FMEA) is a noetlfior reliability analysis trying to assess anehitify existing failure
modes of a system. When applying Standards methodnaponent level, the failure mode rate is consideas a constant.
Furthermore, its value is an estimation dependirth® database used or extracted from few expetsnd&ine more realistic
approach proposed by FIDES group is based on ilitljgirediction models but considering one meckaminvolved time to
time. They have shown that the failure mode rateotsa constant but depend on mission profile dard. The FIDES tool
developed is considering failure rate as stresemidgnt and can be expressed by COX models.

When multiple failure mechanisms co-exist the Séddnd FIDES methodology must be revisited.

We present a case study on application for Autoreaind Aerospace. It affords series of numericpliegtion supported
by experiments for study cases on a FinFET teclyyolsssuming HCI (Hot Carrier Injection) , BTI (Bid®mperature
Instability) and EM (Electro-Migration) as majoriltae mechanisms. It is shown how the activatiorrgy is related to the
stress and temperature applied and proof activagimergy can no-longer be considered as constaekttapolate some
experiment under high stress to nominal missionaijm.

In a second paragraph, we give highlights (advantagd drawbacks compared to existing Standards (M)Tadd
recommendations when implementing a true case sindpRAM IC DDR3. In particular how to consider acence of
multiple failure mechanisms on a component useccugerational real harsh environment profiles. ther Aerospace
Electronics reliability, we relate a pragmatic apation of MTOL based on J. Bernstein approach. fgitegliction of a system
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reliability can be described using a linear masaiution.

In the last paragraph, we develop the PrognosilafeaModel (PFM) background.
How to build a methodology to forecast the relidpibf a device, board or system in harsh operatimggditions?
What are the clues and the evidences to answeeatlyrand objectively if there is a risk or notdperate a new
technology, in a repeatable, safe and precise sisglyocess?
How to automatize such a method in order to redwmoertainty and avoid influence of many expert fp@ss or even
give to the single expert the right to come badhkisoanalysis later in years and to improve it lisezof new evidence of data?
How to discriminate the concepts of constant vs-cmmstant rates when people are locking a pragratidion to
assess the risk of failure during the entire miséife of an equipment, a product or a component?

A reliability risk analysis of the lifetime of ateetronic device, versus the mission profile of final product is defined as
a dedicated Prognostic Failure Model (PFM) guidelinhe method proposes four levels, depending ermdta and service
available from the manufacturer. Level 1 is thepast to implement, and level 4 is the utmost caxpl



II. COMPONENT HEALTH MONITORING - A CASE STUDY FORAUTOMOTIVE AND AEROSPACE APPLICATION .

A. Context and particular issues for Automotive aplien using emerging technologies :

Several end-user Industries and Institutions amy wautious to perform lifetest conditions as cl@sethe nominal
conditions. Automotive OEMSs last year began demamdiat electronics components last 18 years véth failures. If we
consider a car manufacturer reporting about 7,@d@iconductor devices in its high-end models, arndrits out about 4,000
cars every day, then failure in the range of ommeear million equals 24 defective cars per day. &wther one is which uses
about half as many electronic components but matwkes 10,000 cars every day, that equates to fedtdes cars.

“Normally it takes five to six years before you kmdf there is a problem,” said Jim McLeish, seniprality/reliability
consultant manager at DFR Solutions. “With 5SnmrtmZechnology, there is no experience. We don'tvkadnat the variation
will be.” The use of 10/7nm chips in automotive Bggtions is making test more challenging. Theeatot more transistors
in each area. That requires higher test coveragkadot of testers are in the beginning phaseiofjing technology up to an
acceptable level.

It is not always clear what is a killer defect amlaiat is not. Some latent defects may never caulsees, while others that
are less obvious can develop into more seriougsssmder various environmental conditions or exeesslectrical surge
current. As shown in Figure 1V.4.a below, thisis example of an MMIC MESFET technology in mid-1980] where micro-
particles were generated during integration of Midpacitor manufacturing. Based upon inputs fromoguners, the failure
rate was estimated to be about 200 defectives flgymudevices. At that rate, we would have expdaes0% chance of seeing
three capacitor failures in the 15,000 devices texe life tested between 1985 and 1995 — but \@endt experience any
(probability was not helping us). Over the coursevo years, the particle density had been redbyettie MMIC manufacturer
by almost two orders of magnitude (see figure Ib).4- still without generating a single acceleratgdhbility test failure! The
size of these micro-defects ranges below 1 um demmit considering the dielectric thickness of @ as a conformal
deposition process, some of them generated eallydashort circuits while a small portion remaims latent defects. Safe
operating conditions were demonstrated and valilthecause we conducted 100% screening applyingnmoaxivoltage
(destroying Killer defects) prior to release desiter a high-reliability application.
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Figure 1V-4.a: Capacitor with a microparticle (1
pum diameter) on bottom electrode (Courtds
Alcatel Espace: Serma Technologigeq
Constructional Analysis repdit30]).

Figure 1V-4.b: Defects and Failure Rates of Cajas[t70]

Current predictive reliability model tools suchM#_, 217" or FIDES are based on Arrhenius' law which exmeibe
lifetime to failure (Time-To-Failure or TTF) as arfction of an invariable activation energy and terafure. It considers only
one failure mechanism and temperature as a ma@gssstThese tools are limited to predicting thestamt failure rate.

The TTF assessment depends if we consider failleehamisms either related to random failure or tarot failure
mecanisms. For emerging DSM technology based ommatric scale the TTF calculation strongly dependssuch
overlapping properties between random and weareghanisms as we will see in the next paragraphvBldped. In addition
to this confusion, the activation energy is natug tconstant in the range of temperature and nmnidsasing condition applied
as we will illustrate in paragraph C.

A predictive reliability paradigm should consideese limitations and propose how to handle:

The multi-failure mechanisms which can occur sisrdtously either at random or at end of life

e Assign correct activation energy values to randochwaearout failure mechanisms

« Express activation energy in term of temperatuce@erating biasing condition ranges

« Deduce extrapolation of TTF under validated hypséise(be careful to design accelerating stress tionsliin
adequation with true operating mission profile (emgtigate and validate the representativenessadfiré
mechanisms activated under high stress).

During environmental tests, we need to demonsthatithe probability of failure of a part is lebkamh a given value, which
leads showing with n tests, that the mean of teestance (particular quantile) has (at least) @mivalue. With n tests, the
average should be demonstrated to be within aicextafidence interval with a given level of corditte.
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B. Predictive Reliability and Health monitoring mettodolgy concept for immature technologies :

The lifetime of a component and thus of an eledtroard, is quantified using a constant randonufairate X). This law
of probability applies to rare events or a situatichere the manifestation of an event occurs ramgoner time with a low
probability. The reliability estimation problem tg out to be different if we consider a productjscts to a degradation
process that can be quantified over time and ortwai“criterion of acceptability” can be set. Itlien possible to track the
evolution of this drift during stress tests, in ertb evaluate the forecast reliability of the protl or during its operational life,
to know its state of health from day to day, andgtimate its remaining potential.

In Reliability Standards the MTTF is related todam mechanisms which are supposed to reach sduarethe weraout
MTTF. This is mainly because the considered teatgiek are rather mature and the applied missiesstonditions are low
enough to push the limits of the wearout events.

Nevertheless, new technologies, and innovative corapts (by definition less mature), have showniptesshorter life-
time occurrence [68].

Consequently, in parallel to the constant failwate revaluation, it must be verified that the wetuafua component will
occur far after the lifetime determined by randaiiufe law. So, the concern to predict reliabildgd implement health
monitoring on emergent technologies need to anskertricky issue discrimination between random avehrout failure
mechanisms. It is not easy and the simplest wagskothe component manufacturer to help quantifyirege parameters.
Sometime, manufacturers may provide informationualioe life-time and generally based on cumulafaikires observed
during burn-in and qualification test sequencesigiered rather as Random defects).

The definition of MTTF (either Random or Wearowwbiecoming a major issue and must be well discatethas each of
them assess its own value. Several major hypothmesssbe described and considered:

« Failure mechanisms are based on Physics of F4iRoE) models in terms of failure rate (FR) and Aeding Factors
(AF) compared to a reference set of stress comdgitio

» The Standard Model of Accelerated Life applies Wwhassumes that only the scale parameter of thabiltly distribution
is modified by the level of stress and that thepshaf the failure distribution remains unchangecbading to the following
relationship and as shown in figure V-1:

Rstress(t) = Rmission (AF - 1) Eq. V-1
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90% o N —
- test \ mission
70% + ‘ \ AF = tmission/ Crest
g 60% - R(tiese) =R(tmission) \ '
2 50%
S 40% - v \
30% : \
9 |
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Figure V.1: Standard Model of Accelerated Life.

» The modeling approach assumes the same physicalamiems can cause early “random” fails and intcimgarout, but
act on different parts of a strength distributierg( abnormal/defective sites [71]).

» Wearout assessments are expressed in terms of tairfalure” or “failure fraction” due to any orlatompeting PoF
mechanisms if occurring simultaneously (see fongda NBTI, HCI, TDDB and EM on Si DSM technologi€ailure models
are characterized by the instantaneous failuredratited by the bathtub curve. It is a simple amghgrehensive description of
how failure distributions are observed during agein
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» Random failure rate are expressed in FailuresimeTiFITs). Mathematically, wearout failure ratescéo increase with
time and are characterized by Weibull distributianith shape paramete> 1 while random failure rates are defined to be
constant with time, characterized by the exponédisribution (the exponential distribution is pegial case of the Weibull
distribution, in which the Weibull slope is one), @ecreasing in time for infant mortality, charazed by a Weibulp < 1
[72].

 Mitigating measures and drift parameter criteria dach failure type may also differ. Wearout canntiederated by
limiting exposure to fatigue environments, but thiay not help prevent random failures.

* Both random and wearout failures are describedifigrent Weibull shapes parameters need to be combsince these
differences limit the usefulness of a single, camehdimetric. Nevertheless, both metrics must beidered in competition for
new emerging COTS devices due to their nanoscalmgties and low voltage biasing range.

« If random phenomena are existing only, reliabitign be estimated using the chi-squared distribut®a function of the
cumulative operation and the number of failureseobsd.

« If wear phenomena exist, it is necessary to adfiesteliability or accelerated degradation modeffithe operating time
hypotheses or the degradation levels observedis tsing the maximum likelihood method.

« It is important to consider if high level acceledtest conditions far away from the use conditit@y may lead to the
activation of different failure mechanism becadsgrtorder rank can be altered (see for example r@3tly activated at low
temperature compared to EM activated at high teatpe). More details are given in the methodologgatdibed in chapter
Aerospace Electronics Reliability: Practical Ajpplion of MTOL.

It becomes necessary to describe a process flasdess the wearout time-to-failure a componentchieve before the
end of lifetime of the product using it. This tasl managing and implementing document history (retef experiment,
heritage) and store it to assess the risk a neveelavill bring to a future equipment in constructiand design. This method
is based on data and models available about a ggebmology, so it won't give a confident lifetim&écomponent, only a level
of risk that the lifetime is too close to produéttime.

Questions raised in this chapter will address seeng specific aspects:

How to build a methodology to forecast the relidpibf a device, card, or system in its harsh ofpegecondition? Forecast
and not predict because predict is something ikata “crystal ball”.

What are the clues and the evidence to answeratlyreend objectively if there is a risk or not tpevate a new technology,
in a repeatable, safe and precise analysis process?

How to automatize such a method in order to redwmoertainty and avoid influence of many expert fp@ss or even give
to the single expert the right to come back toamalysis later in years and to improve it becadisew evidence of data?

Prognostic Failure Methodology (PFM)

Current reliability predictive standards such as2t7 [8] or FIDES [66] quality guideline are based be Arrhenius and
Eyring laws which express random failure rate dredtime to failure (TTF) as a function of a constactivation energy and
power law of stressor parameters. These toolsvevatcelerated tests aiming to quantify the lifeetito-failure characteristics
of a product, equipment, system, electronic cara @vmponent under specific environmental operatorglitions as labelled
“Mission Profiles”. They are focused to predict tunstant Failure Rate (FR) associated to eaalréaihechanism.

Confusion may exist as failure rate of a given na@i$m can be associated to two concepts:

« either the end of life or so-called wearout regidthe Bathtub plot considering the failure ratbysdefinition a
non-constant failure rate process,

< the random failure rate period where the deviceteumission profile or equivalent accelerated testy fail
randomly but are still related to a single failonechanism. Because of the exponential law, the-to¥failure is
simply deduced as the inverse failure rate.

The two kind of TTF must be considered and quatifiGenerally, the wearout is supposed to occar than the TTF
deduced from constant FR.

Today, the advanced microprocessor PMOS or NMOEHEIntechnologies continue to shrink with very narnoode
dimension and process variability close to the afieg voltage limits, that the early wearout haeem confirmed since a
decade by Boeing [68] or Thales [73] (see figurg)V.
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Figure V.1: Extract of L. Condra et al. Figure V.2: Bathtub plot evolution (ref [73]).
presentation at National Software and Complex
Electronic Hardware Standardization conference|i
2005 (ref [68]).

Indeed, as noted by [73] if most publications agmesay that wear-out failures occur more and npoegnaturely and
reduce strongly the useful life, it is more difficto distinguish how the failure rate behaviorheWolve in the next years. The
authors mentioned from all recent studies and patitins on Deep Sub-Micron components state atte@adacts e.g. on one
side, an expansion of the early life and on themwside, a shortening of the useful life.

Failure rates evolves as shown in figure V.2: dtodit curve describing the relative failure rateanfentire population of
devices over time.

The lifetime of a component or of an electronicdgas quantified using a constant random failute K&). This law of
probability applies to rare events or a situatidmere the manifestation of an event occurs randawéyr time with a low
probability. The reliability estimation problem ng out to be different if we consider a productjscis to a degradation
process that can be quantified over time and ortwhicriterion of acceptability can be set. Ithisrt possible to follow the
evolution of this drift during stress tests, in @rdb evaluate the forecast reliability of the protl or during its operational life,
to know its state of health from day to day, tamate its remaining potential and act in conseqgaenc

Saying this, how to discriminate these conceptsigant vs non-constant rates) when people arerigciipragmatic
solution to assess the risk of failure during thére mission life of an equipment, a product @oanponent?

To answer this question requires to elaborate laréarisk analysis methodology as preliminary staite a guideline
proposed by GIFAS (Groupement des Industries Fisegaldéronautiques et Spatiales) [74]. This docundescribes a
method for selecting digital components to enshag the reliability of these components is compeatitith the requirements
in aeronautics and aerospace environments. Guédadire provided to assess the long-term relialafi§OTS semiconductors
components in such applications. Those guidelinaisigapply during the electronic design phase wélacting electronic
components and assessing the application religbllitfocuses on the intrinsic wearout of DSM CO%$&miconductor
components processed in below 90 nm and puts aditids time, packaging wearout and random failneghanisms. In this
view, Physics of failure (PoF) is at the hearthaf &pproach.

To address this demand, a reliability risk analgsithe lifetime of an electronic device, versus thission profile of the
final product is defined as a special guidelineusnent named Prognostic Failure Methodology (PFM).

The general overview method is shown Figure V.3e€&Hoops are drawn from the most general to th&t mhetailed. The
external ring start from the Technology under asialyhow the Design at system level is defined?at@the constraints and
stress environment?, for which applications?, venatthe criteria associated to the failure modesvemat are the End of Life
(EOL) prediction or maintenance requirements. Edef is then detailed through data processing segseand 4 risk’s levels
are defined and depend on the reliability and dekigpwledge the manufacturer can share with the 0% goal isn't to
calculate the failure rate of a component, butsgeas the level of risk of the lifetime being saothan the mission duration
of COTS electronic component, under its nhominalir@mment.

Reliability concerns can be seen and analyzed dirapto the level of knowledge and parameter (digneaor indicator)
measurements:
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a) either from a pure statistical point of view whepapulation of devices is described by catastrofdilares
counted at random in a stochastic process (norfistothe past is taken into account). In this cesestant
failure rateA. is defined based achi? test and number of hour.components (e.g. numbdewtes multiplied
by duration of the observation). Qeis expressed in FIT (Failure in Time or numbefailfire in 10° hrs).

b) or from signature parameters drift measured andadigg when time elapse thus considering historthef
degradation induced by stress

As pointed out by M. Nikulin et al. from chapteoBref. [75] it is natural to consider that a compat experiences a wear
effect characterized by a growing monotonous faikate. The contributing link between degradatiod particular types of
failure can be quantified by two considerations:

« the failure occurs when the degradation exceedthtkshold limit,
< the failure has an instant risk function that dejseon the history of component degradation.

The corresponding mathematic, supporting thesekiwds of observation (random or wearout degradgtiare quite
different and gives distinctive time to failure iestions. On one way the constant failure rddeallow to calculate one
equivalent Time-To-Failure (TTF) as the inverselgfvhile the other way is to characterize the stafadure mechanism
occurrence by analyzing series of test experim@mtier various condition of stress (assumed reptathem to accelerate the
same failure mechanisms as the one existing unglminal use of a device). In this case the parandiéirpopulation is
described by appropriate statistical models (Wéikdidgnormal, Beta function or Gamma functions,) eteach model is
represented by a quantile value parameter timedotr failure criteria which is in general definedtlae time for half of the
population to fail (the most usual one). This tileenotedtso,. Depending on the mathematical model applied tHg Mis
calculated according to the following expression:

[oe]

oot-f(t)-dt =f R(t) - dt

MTTF = E(t) = f
0 Eq. II-2

0

WhereE(t) is the mean expected value of the variable t.eRefchapter V for f(t) and R(t) definitions. Fam exponential
distribution
R(t) = et
(©) Eq. II-3
And 1V.1 reduces to:

(o]
—Act 1
MTTF = e Mt dt = A_
0 ¢ Eq. -4
It is also easy to demonstrate the expression of Bfbr a lognormal distributiontspe, = €, p the location parameter and
othe scale parameter) is given by:
0.2
MTTF =t ez
50% Eq. II-5

The failure rate for an EOL mechanism is typicalyon-constant failure rate increasing with timd #ren decreasing
when the lot population reduce to zero: this isdse by definition the failure rate is the rationter of failed devices divided
by the number of remaining sound devices. Thignailuces when the remaining population.

Consequently, in parallel to the constant failuate revaluation, it must be verified that the weafua component will
occur far after the lifetime of the final produdtwehich it is apart.

Sometime manufacturers provide information aboatlitetime, but unfortunately, they often not conmiate on this
subject. The methodology describes a process fimgsess the wearout time-to-failure of a compocemechieve before the
end of lifetime of the product using it. This methie based on data and models available aboutdtamy) so it won't give a
confident lifetime of component, only a level cdkithat the lifetime is too close to product lifed.
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The method proposes four levels as defined in [@8hending on the data and service available flmmianufacturer.
Level 1 is the simplest to implement, and leves the most complex:
Level 1: the Original Component manufacturer (OQMjvides the assessment of the lifetime of its peddusing the

mission profile the Original Equipment Manufactu(&EM) proposes.

Level 2: the OCM gives means and tools to asseskfétime, with data or mathematics physic mod&lsen the OEM
compute and assess the time-to-failure of the mtogloder the mission environment.

Level 3: the OCM declines any information relatedlata on the reliability models of its producteem the OEM must
assess the lifetime, based on component technsldgldiography, manufacturing analysis and Phg$iEailure models.

Level 4: the product COTS is not mature enoughranckliability data is existing or very few not cmtidated. The OEM
must perform accelerating lifetest sequence antuatian program to construct reliability models addntify Physics of

Failure and characterize failure mechanisms.
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C. Prognostic Failure Model (PFM) level 3: Reliabiliprediction applied to DSM technologies in harskissnment

This chapter gives an overview on how to conduetRhognostic Failure Model (PFM) methodology apptie@ a specific
industrial case.

The goal is to assess the reliability of one congpbifrom industry and qualitatively assess the tasknplement such new
technologies in Aeronautic or Space mission if 3@ years application. Let's take the followingagple of a component
based on advanced 3D technologies as three gateSOM@-ETs (FF) designed at 20nm nodes and is dedita SDRAM
Memory. The proposed study is on:

+ DDR3 MICRON which contains Synchronous DRAM (SDRA#Mith Le= Lhom = 20nm (FF20)

The final objective is to determine the reliabildf/such a component with respect to wearout meshemand hard failure
probability in the context of avionics and spaceliations,i.e. under high constraints environments and missiarfilps.
These harsh constraints arise from the technolagparpeters themselves, as the components may bedpiacboost
configurations depending on the supply voltagedtfomre processor), operation frequency and bé tetnsmission.

The accent is done on how to validate or improtechnical expertise in the calculations of worstecdegradation modeled
under each mechanism, which may be involved in @alstrial components and the corresponding Lifetvalue associated
with the most relevant failure with respect to timized FInFET technology, and to the use case@&hory and FPGA
circuits.

A synthetized view on how we can clarify some cqder a comprehensive harmonization of existirlgbdity model of
failure mechanism and associated failure mode itiefin

« Internal electrical stresses labelle®tressor parameters are responsible of the wearout failure rate (Weigreater
than 1). They are only of four types of applied andosed stress conditions: they are voltage, ntirdissipated power
and input signal or ESD/EOS/EMC energies and caeither static, dynamic, transient or surge. Theycuantified
with respect to their level of stress applied corafao their level of burnout instantaneous failomede. But for sake
of standardization and normalization they are kuhiby the maximum values allowed by the technology.

« When device operates undexternal stress (thermal management constraints, packaging arehdsg constraints,
atmosphere contaminants, radiations environmesuis}; stressor parameters level are modified withaet to their
maximum burnout and breakdown limits thus accelegatearout failures compared to temperature aasifg stress
in the absence of external environment.

< Failure modes of interest areslectrical or mechanical signatures related to failure mechanisms observed and are
Predictor parameters. Such parameters can be measured as absolutealté of electrical parameter or as relative
percentage of drift.

e Constant failure rate (Random) are caused by random defects and random everasEditlure rate is modeled by a
Weibull shape parameter close to 1 which is eqaivatio an exponential distribution law.

« Lot-to-lot production variation (respectively device-to-device) and performanesgeision from a single manufacturing
lot (respectively device) will affect the burnoirits, inducing in return a change of percentagstadss applied on a
given lot (device). Statistic dispersion will affdlce time to failure on similar way (producing $ane statistical effect).
Such dispersion at lot and device level will impida Remaining Useful Life (RUL) for some part bétpopulation.

« Infant mortality failure population are caused by “defects” and correlatitls defect-related yield loss. They are
reduced by improved quality manufacturing and byeging.

Stressor definition and normalization
In a similar way considering a population of degiseibmitted to heating will only degrade contindpusp to malfunction
and failure. But when superposing high (or low) pemature and adequate stressors, the time-to-daifisuch alike population
will reduce. The term “stressors” here is definsdlze electrical factors applied to the device mfaern. Stressors are all
limited by technology boundaries defined by thenout values of each related electrical parameteafd@lown voltage, current
overstress and burnout, power burnout, input sigmefstress). These stressors can be normalizedesgpect to their burnout
limits and strains are weighted as percentageeziatown limits. The main hypotheses, verified byesiments on electronic
devices and population of similar devices, are:
i. the physical instantaneous degradation phenomentodiectrical stress above the limits is obseatehy temperature
and depend of the active zone temperature of thieelender test (Sze, S. M [56])
ii. the relative drift of a predictor parameter is adiion of time (for example square root for diffusimechanisms) and
relate to a failure mechanism activated by tempeeaand biasing.
iii. For a biasing set higher and close to the breakdawit, the two failure mechanisms (e.g. the difeus and the
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instantaneous catastrophic ones) are in competitimhoccurred simultaneously; for sake of simpliditis assumed
they are progressively and linearly combined fropuee diffusion mechanism at nominal biasing taueeburnout at
high bias (voltage or current of power dissipation)

Predictor definition
As mentioned previously, an electrical predictorgpaetepis defined as the electrical signature (failure gjaaf a failure

mechanism of interest. Such a parameter can beafiaad with respect to its initial value at timeraeas a relative drift
AEplEpo (in %). Figure 4 is a schematic drawing showinw lppedictors are defined and change when stressdlapse. The
predictor relative drift shown is an example ofumttmeasurements performed on microwave transistbes submitted to
steady state aging testing [58]. The predictoramhesingle device is normalized with respect tanitsal measurement (mean
value) and the failure criteria was 20% drift ree@hSo, the drawing is set to consider failed dzs/for all drift greater than
20%.

Predictor drift AE,/E,, (%)
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Figure VI.1: Schematic drawing showing how predistare defined and varies when stress time elapse

We have defined a special industry case applicatiimthe aim:

1 To validate the degradation models firstly ideetifion the basics of provided data in the modelamg de-
processing analysis (Constructional Analysis - @k)each component. Description of the models aathfut the
present cases about TDDB, HCI, BTl and EM in otdesto a ranking of the Wearout mechanisms as difumc
of the operation mode and in relation to the CAvjmeasly done which has given details of the strreduy
dimensions and type of materials.

2 To relate the Physics of Failure (PoF) to these pmments considering their own parameters by giving
necessary details coming from recent referencejsitification in correlation to technological dafizen by the
manufacturers. Summary will be given in tables wébpect to selected mechanisms, pointing outeghsitivity
and worst-case accelerating values. The goaldetermine a generic structure of elementary Finfg&iisistors
in terms of dimensions and materials as an "ingziaschitecture” which will help to select the weakpoints (at
front end first) about lifetime calculations accogito the operation mode.
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3 To understand the data previously published andedo elaborate a strategy of data exploitatiorthey
justification of the different acceleration factansAC mode versus DC mode. Validation of the medet avionic
and space applications using their respective onigsiofile. And if it's possible, to extend the uéts of the study
by giving new recommendations for design rulesiedrout by the manufacturers.

Therefore, we study in a first part the validitytioé development focusing on the distinct accalamategradation modeling,
consider the most adapted framework based on retmrglopments in the literature obtained on thenntsgradation
mechanisms. In a second time we correlated thistpahe FINFET technologies and their own speitifis for the use case,
which will concentrate on the extraction of sensitparameters with the help of the accessible fiata the manufacturers.
Hence, the first part deal with the validity of tbleosen accelerated models with respect to puldlisésults about Wearout
and failure mechanisms that are still in progrefk the continuous scaling of the CMOS technology.

1) Component selection
As the ultimate goal is to select a componetit wégards to searched functionality and theirllefgerformance, the risk
that the lifetime of a component does not compligk the lifetime of a product (regarding its m@siprofile) becomes highly
probable with shrinking the device geometry, desides and biasing condition applied. The testetrelogies are developed
from recent FinFET 20nm and 16nm processing dewedop, but they have distinct application schemenTlit is necessary
to consider the main differences about the gersgplication type and extract the main parametedsogreration conditions
given by the manufacturer that are involved inwle&arout damage.

2) Construction Analysis principle with Prognostic kae Model (PFM)

The principle of cutting the Prognostic Failure Mb@PFM) methodology in sub sections between lévahd level 4 is
relevant considering the low level of knowledge may have from the manufacturers. The difficultyindeed about the
correlation to the limited results published on newrFET structures with the theoretical accelerataws, which may be
applied to these 3D devices pointing out the gawrdespondences and limitations of the techniquess i§ also linked to the
type of devices (N-channel vs. P-Channel), then&hoif channel length @ / Lnom), and the processing flow (Dummy gate,
Replacement metal gate, Trench isolations for ttte gnd for lateral isolations) that may continlypebange with respect to
the trade-off between performance and reliabili§][done by the manufacturer.

Many aspects are treated in detail in the wholgRostic Failure Model (PFM) methodology and the@ple of lifetime
calculation considering realistic mission profilat accounts for on/off phases standby phase aadfiimaintenance. For
example, to express the TDDB, the known referemcelaration factor, the temperature, electric fizhdl device geometry
acceleration factors can be determined separdtbiy.is a rule of thumb that will give us the teology quality and resistance
under a given degradation mechanism, considerimgfflective temperature. However, we have too numgmown parameters
from the technology side, that are confusing therdeination of an accurate lifetime value for aggivdevice and functionality.
That is why a sort of shortcut is implemented idesrto simplify the lifetime extractions for all gleanisms that need to be
selected in order of importance for memory appiica{DDR3L).

Consequently, we propose lifetime extractions béisgttbn the selection of the mandatory elemeedgiired for an accurate
analysis of reliability by predictive calculatioapplied to these recent technologies,based on 3D FinFETs 20nm down to
16nm. This can be categorized by numerical calicratof a minimum, typical and maximum reliabilggrameter extractions
in states of dimensions, voltage, temperaturevtiabe related in a first step to uncertaintiesiaug from processing quality
and technological spread in designing FF at suofedsions. Indeed, this architecture is often okthiny a simple shrink
from previous CMOS nodes, as we do not know thepidcess flow. For example, in some CMOS produE&MC has
derived its 16nm FIinFET (FF16) CMOS from the shiifikhe previous 20nm node for Xilinx. That's winetpresented results
have the finality to be compared to the measuresteps (Fig. IV.3) within a simplified building ik framework (similar to
level 4) in order to validate the PFM approach Whgbecoming strongly complex with the large nuntdifeparameters and
failure mechanisms (FEOL/BEOL) with the range otentainties extracted from the CA step. This exgavhy we can
propose a 3-loop methodology that can be derivaad fPFM flow, where for step 1 in Fig. V1.2, thesmdnsional uncertainties
can be straightly transferred to lifetime margime® one knows the nominal supply voltaged)/and boost conditions in
speed (Mpmay between core and 10s.
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Figure VI.2: Schematics of the main steps involiethe Reliability determination of DDR3 (FF20) aR&GA (FF16)
CMOS technology nodes.

Hence, this study is primarily devoted to the atlon of stepl and step 2, according to the tpskgiously cited above
(work plan) in coordination to IRT results and thassible comparison later to measurements perfoahHRIT (step 3) under
realistic temperature and cycles conditions. itnigortant to see that the Prognostic Failure M@BEIM) approach and lifetime
determination for components requires this comparistep, which can bring good calculation accurdupugh the
temperature dependence and supply voltage acdeterat

3) Degradation mode monitoring

As the applications requiring zero failures likerdgpace, Vehicles, Implantable Medical deviceis iteeded to take into
account the reliability assurance of the future thesbased on the transitioning from Time-To-Fa&lmmodeling to degradation
modeling. The Gibbs free energy model presentechapter 1V is a method for reaching a lower potrdnd describing
degradation physics. Because of Thermodynamic (&irst law of Energy Conservation, Second law dfr&py as description
of disorder of isolated systems tends to increaitle thme. The Gibbs Potential report change in Bl and change in
Entropy, and so degradation will always lower thields Potential because all forces on electrons/sftomiecules are derived
from gradients [77]. Degradation models commonlkyduare power-law or exponential or logarithmic las of concern of
NBTI, this mechanism has been a persistent relfploibncern for Silicon ICs since mid-1960s. A mwiof studies of various
aspects of NBTI degradation have been reported By Mam et al. [78]. The Reaction-Diffusion (R—f@ymulation of NBTI
degradation, assumes that NBTI arises due to hedistad breaking of Si-H bonds at the Si/SiO2. MAam discussion
addresses a careful analysis of the absolute \afluiene-exponent n, and resolved that diffusionH# molecule would
consistently interpret experimental data regardjogsi-saturation, frequency-insensitive degradatioth n = 1/6 exponent
with “no-delay” measurements. Yet he considered, t'instead of absolute values of n, the groupstwdies who focused on
variation of n as a function of temperature (detead by standard delay-based measurement) reachedtiaely different
conclusion [79]: that the transport of H-specidigpersive and most likely specie is H+(proton}, idg. The classic exponent
of n = 1/4 is the signature of NBTI degradation basedvide variety of experimental results. But it islikknown that Nr
(the fraction of Si—H bonds broken at timaue to NBTI stress) generated during the streasgbf the degradation recovers
as soon as the stress is removed: NBTI is a sekaling process.
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Considering, interface trap generation with strésse for different models of Hydrogen diffusion,etrRD model
summarizing interface trap generation in all thgimees of stress phase is shown in fig. V1.3 frod][8nd also plotted the
various cases of resulting power laws. The exalktevaf the slope depends on the underlying mechanfsHydrogen flow
inside oxide and the mechanism of reaction.

n=1/2 ;H*drift
n=1/3 ;H," drift

n=1/4 ; Hdiffusion
n=1/6 ; H diffusion

N, (Log Scale)

Time (Log Scale)

Figure VI.3:Interface trap generation with stress time foredight models of Hydrogen diffusion

In a paper published in Microelectronics Reliagijaurnal in 2018, titled “Controversial issuesniegative bias temperature
instability” J.H. Stathis et al; [28] concludedfeifent approaches to the fundamental study of N&itlirally lead to different
conclusionsThere is still no consensus on the basic physibegative Bias Temperature Instability. Two compuethodels,
Reaction-Diffusion and Defect-Centric, currentlg ¥or dominance. The differences appear fundameoted model holds
that NBTI is a diffusion-limited process and thbestholds that it is reaction-limited. Basic issussdisagreement were
summarized, and the main controversial aspectadf enodel were reviewed and contrasted
Broadly speaking, the critiques of these two modatsbe summarized thusly:

(1) While the Reaction Diffusion (RD) model can nany successfully describe a large variety of olesd data over a
broad set of experimental conditions, the validityhe underlying physical interpretation is questd because the model
parameters conflict with established literatureldrin Si/SiO2 systems;

(2) The Defect-Centric (DC) model has a strong ®asiphysics, supported by microscopic measureofetiscrete defects,
but until recently it has paid scant attention téeirface state generation, and the ability to coefgnsively describe NBTI
stress data over a broad set of process and st@sditions is questioned.

There is a need to be selective with respect tdegjradation mechanisms (assumed here to be daddibthe constant
failure rate mechanisms) that can be involvedafrtnt end and back end. Generally, FEOL relighikquires mainly TDDB,
BTI, HC and EM at first level of metallization (Mbut may also consider also cosmic rays (CR) thnahg gate reaching
active channel and S/D regions. BEOL Reliabilitalgsis generally focus on interconnect stacks logho Electromigration
(EM), stress migration/voiding (SM/SV), thermal rhaaical stability, low K dielectric breakdown (TDDBNnd chip/package
interactions (CPI), while cross talk and Electrogdatic Compatibility (EMC) can have also a net ictpéor a given
packaging.

We focus in this present work on FEOL. Till now)yofew works deals with interactions between degt&sh mechanisms,
considering that each progressive degradation edrebted separately, leading to a direct simpliiin that the wearout issue
of a system (MTTF) examined by a steady stateritate fsg9 that can be considered as a generic failureAater device
"I" expressed as a function of its own acceleratamois AF) depending on voltage, temperature, quality (Velitg) and
active surface with:

/]SSi = /]G.AFv.AFT.AFQ. AFs Eq V-6

leading to the sum of a total failure rdtd TF = 1/Asg with:
Ass = Zp Yit1 My Assg Eq. II-7
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Wheren; is the quantity of device"; N the total number of devices the environmental factors which can be related to
mission profile {oi/tor). Our goal is to determine the component religbiggarding its generic reliability criterion basen a
(simplified) generic structure extracted from thBR8 and FPGA components.

a) TDDB modeling
Time-Dependent Dielectric Breakdown (TDDBYlielectrics is one of the more important failurectmanisms for digital
circuits as the scaling of metal-oxide-silicon dielffect transistors (MOSFETS) is become a figdrmerit for performance
gain with miniaturization. For this reason, Phydiesed models for TDDB and Physics of Failure (Ro€&lude many different
approach through gate-oxide thinning with fielddshsnodels [81], current-based models [82], or akination of field and
current-based models [83], and as well, as a velfagver law acceleration model [84] [85] and muiliration H release
(MVHR) model [86].

The Prognostic Failure Model (PFM) developmentfDDB study at FEOL is well organized taking intacaant the most
important parameters that are primarily involvedlifetime determination and pointing out the diface between use
condition and accelerated stress conditions. Getetences are chosen throughout the historical TxiBeling, giving a
clear picture of the recent trends used for lifetiextrapolation. For practical use of TDDB caldolat the way by which slope
Weibull plot (9) is obtained as well as the level of confidencisat= 77 factor extracted from publication, can bring aaier
level of accuracy depending on the used publicatidie difficulty arises from the lack of recentopcations on FInNFET
TDDB coming from foundries as TSMC, Intel, and Sans Even if the last published models are notreteas for example
the clustering [87] and filamentary modeling [88ht leads to bi-modal distributiong {ariation with Toy), these recent
modeling bring more accuracy for high level of marile, non-Poisson area scaling. This is explaibgdon-uniform
distribution of defects (deviating from Weibull ssdics) between interfacial layer mode and bulldexoehavior that result in
a change of slope and related level of confidehmughn factor variation, that leads to saturating behawidFy influence.
As we want accuracy towards small supply voltagal@@n, we can indeed remain on the E model forsoibject of interests,
especially for TDDB.

One focus is to determine the lifetime margiDPB) with typical, min and max values (that canrbtated to voltage
conditions between derating and boost) we can thdas proposed by Prognostic Failure Model (PFMpose the most
severe lifetime criterion as the E-model (thermaeteal) which is most restrictive with respect to direct acceleration with
oxide field (exponential law), and is satisfactprdbplied to low field and long term. The 1/E moidedather straightly related
to the injected (gate tunneling) current at highdj and was historically used in thicker gate-exMIOSFET Tox > 5nm),
leading to a direct determination tgf in relation to the Anode Hole Injection (AHI) nfemism that puts the back-injected
holes into the modeling (NMOS device).
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S L0E+134 ——— 1/E - Model
> 10E+11 -
E 1.0E+09
S 108407 |
< 106405
I 1.0E+03 -

1.0E+01 -

1.0E-01 : :

0 5 10 15

Electric Field : E (MV/cm)

Fig. V1.4 : Comparison of different TDDB accelemtimodeling [89].

However, withTo thinning (< 3.5nm), the charge at breakdowgd)Qs strongly reduced due to direct tunneling lepgka
currents. That's why some works turned out to adivoltage dependence either as an exponentigP@jw[86], or a power
law in gate-voltage [91] known as anode H releasdeting. Therefore, one can indeed prefer the Eahaslis remains more
restrictive for lifetime estimation in productspesially devoted to avionics and space.
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Moreover, with the reduction of supply voltageny results have shown that hard breakdown (HB@W the gate-oxide
field has a reduced probability to occur, and thlaén it may occur (coming also from a triggeringfiefd spikes or to the
correlation to other failure mechanisms as ESD, &WMirst metallization level M1), this would firgtduce a soft breakdown
(SBD) that can reach HBD, but it still maintains flanctionality particularly in ring oscillator digital cells, showing that the
first breakdown event does not necessarily spelitimediate failure of the entire CMOS applicatigg).

This points out that HBD may be more closehatet to BEOL reliability and the scaling challengéshinning ILD for
metallization with the use of the Low-K that hasb® examined as a function of type of material (3H) and its level of
porosity, the mechanical weaknesses as crackitgmdgation that lower the TDDB breakdown strengihg also the critical
spacing rules for metallizatidvlx to Mx+1 level. All these mechanisms with scaling can hetvenger effect for failure analysis
due to resistance variation with material qualigyafn boundary, surface scattering, and increasieef/ Cu volume ratio).

That's a reason why HBD for FEOL and core usavg supply voltage is not relevant applied dingd¢t the device from
Mo, but rather applied to 10 with larger supply vgkaln a way, the more we have on current, the mereneet dissipation
process and hot spots that link us to FEOL religbissues at the M1 level with ILD and Low-K thsaffer from smaller
critical field conditions to trigger eventually HBID gate-drain overlap region of a biased device.

NMQOS
" 4 22nm PI\J:EO?_ ¢ 22nm
\ E+06
Rty N { ® 32nm * ®32nm
— . il 1.E+05 -
g 1E+05 + \‘I g 1ea0 | i &
w B, -'\\\ :' | NN §
£ 1E0r % . é i 16403 ¢ S
L N 1E402 £
1.F+03 - é &
1.E+01 §
1.E+02 i 1.E+00 | | .
1.4 1.5 16 17 1.8 19 1.8 19 2 21 22 23 24 25
Stress Voltage [V] Stress Voltage [V]
Fig.VL.5 : NMOS and PMOS TDDB in 22nm FIinFET shoambetter improved with respect to 32nm that maydsel for

DDR3 [93]

An example can be obtained with the E-modeéd2nm FinFET that can be used for DDR3, comparisdiowWing the
exponential law in figure VI.5 a and b data givemmf INTEL [93].

In this case we can extract directly the exponélatia parameter (equivalent to E-model) usuallyresged asxp(4Eoy) if
one wants to retain the restrictive evaluationecidin. The practical use is to plot the resultsregped as a function of the
stressing gate voltage VGS, @&s = (Ve — ¢ns- 2¢)/Eot (Vs — Virnt0.2)/Eor which shows th& TFgp at low field is obtained
as:

TTFgp = 4; - e VVe. e—i_? . elln(-Ln(1-F))/p] Eq. V-8
NMOS PMOS:
y=345V1 y=328V1
Ean=0.6eV Eap=0.6 €V

Where the last exponential factor is to mitigate time to breakdown value by the distribution fiorect We find also the
power law inVg that can be useful but for different technologynirFinFETSs as in Bulk Si and standard CMOS compiznen
[91], [94].

b) HC modeling

HC modeling may be applied in an adapted wayingETs depending on the supply voltage rang@in, Voomay and
the chosen accelerated conditions (10% to 35% Wegs) that can be observed from the last referencakisriopic [95], as
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devices operate at Low voltage operation:
- Vpoma= 1.5V down,Vopmin=1.28V for DDR3L core memory
- Vopma= 0.9V down ,Vppmin=0.75V for FPGA core memory
- Vobma= 2V for Output drivers for HP 10 banks of the FPGA

As we depend on the accessible data of FF Retyalfidr 16nm and 20nm CMOS nodes, one can choosedltage

dependence, drain current dependence or both tehkgling the gate-length acceleration factor, wihendata are available.
For the voltage condition of periphery NMOS deviegth longer gate-length (Leff= 0.1um), common H&eatmination

can be done as this corresponds to planar CMOSuithikthin SiO2 gate-oxide (1.5nm), neglecting gussible use of SION
in this stack. Then in this later, one may consitierstandard HC lifetime as by using a Takeda [8I6t where this useful
modeling links the dominant (permanent) degradatimthanism (herélNit) to the maximum lateral fieldE{1ax) with the
measurement of Impact lonizatid)(rate, which is directly proportional tés(dlps). This is generally done as a function of
the stressing condition (which is maximum in the te&hsient during operation for the DC/AC trangtarction) corresponding
to the maximum of HC rat&/gs = Vbd/2). It results that the lifetime expressedraqlsugdWe) is equivalent tar - exp(A/(\s -
Vbsa)) Where the most common approximation gives the Idiegh form as7 - exp(B/\dg), if one does not know the exact
value ofVry is saturation (including DIBL effects [97]). Thisodeling is referred as the Lucky Electron modé&) where
if one can have the datalef,s andlps we have the classical relationship:

Thos _ (’Sﬂ)_ml o L-g¢- (In;s) : ('Sﬂ)_ml Eq. VII-9

Wg Ips ™, Wg Ips

That we call Mode 1M1) pour "high voltage” condition, i.&/pp = 2.5V (Le= 0.254m). For voltage withlox> 5nm, i.e. with
thick gate-oxide where charge trapping occurs. kdiom Tox thickness, high-field assisted charge detrappirglifies
trapping efficiency and kinetics, while in thindttrathin insulatorSox < 3.2nm tunneling effects largely increase, maddy
the classical HC scenario because of slow traps.nWst use thé/l, modeling taking into account the electron-electron
scattering (EES) [98] [99] for medium voltages, whin our case, we consider the low voltage modefielated to the
multivibrational excitation of SiH bonds at theérface of the dielectric and silicon, as shownigVA.6 in Si bulk.

vbs ¢, . ('Sﬂ)_mz o L=oq. (,D_S)z : ('Sﬂ)_mz Eq. V-10

Wg Ips ™, Wg Ips

R Cs+ [(VDS — hw)%5 - ('D_S)]f_g ('Eerni) =C}- [(Vns)a3/2 . (IDVS)]a3 . e(‘%) Eq. V-11
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Fig. VI.6: ModeMs in C40 under CC damage according to equ. V1.6 for a lageof data in PMOS and NMOS. Tiie
degradation dependence givgs 9.4 and 17.4, witlEs, Vo= 7.5102¢ and 610, respectively. Same lifetime criterion 10%
Alpsa FWD and various stressingp that can be used for the long channel Peri CO®latd from transistors in inter blocks

(Fig from ref [99]).

24



To summarize the different parameter extractioMitOS and PMOS under mode M3 with relation VI.4A46. We have
put the needed values of the degradation moddhifigable 1l for the complete lifetime modelling lealson degradation rate
between mod&l; andMs.

Degradation Modes NMOS PMOS

m (M=) 2.7 1.3

a1 1 1

a 2.5 3

as 17 - 20 9-12
Eem(eV) 0.22-0.26 0.22-0.26

Table VI.I: Summary of the parameter in the fuitlime modeling in Silicon bulk planar technologésa function of VDD
range and Thick to medium and ultra-thin gate-oxi@s].

LP NMOS W =10um, T =1.7nm Si-Bulk NMOS T =1.7nm, V., V__ Var.
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Fig. VI.7: Low voltage HC lifetime as a function of the drive current (a) when the channel length is reduced (b) when
the channel width is reduced. This can offer the basics of comparison for standard CMOS (Peri CMOS) of the
DDR3L component.

One has to point out that a recent publicatibH© damage in FInFETs [100] has shown that our Vmltage modeling
(M3) is clearly followed for 14nm n-FinFETs, withesy similar process as HfO2/TiN gate stack wher@n-ETs were
fabricated by 14nm technology with a gate-last pssowith thermal (IL) oxide (SiO2) with thicknedslam. The TiN layers
were deposited by ALD as work function metal (WHsers. The sizes of the FInFET used in were W=rirddand ls= 60
nm and 14 nm. The authors found a slope -23.4\(E&p-d) for Ls= 14nm (W = 154 nm) according to the low energy range
for NMOS device lifetime in mode 3, where MVE isndimant.
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Fig.VI.8: Up left, comparison of degradation kinetics betwekC, PBT, and HC+PBT (VG > VD). Up right the lifee vs. 1D
dependence as a function of VG. Down left, combibiéetime plot in under M3 mode between EES [98} &MVE [95]. Down
right Lifetime as a funtion of long channel and gtathannel showing the phonons number dependeb@é] [

This graph (down, right) [100] will be used for laxsltage HC for FF 16nm as well as for FinFET 20asrthe stressing

voltage has been used down te % Vpp = 1.5V, (DD3R) and ¥Wp= 0.9V to 0.85V in FPGA as a function @flenabling the
process constant extraction Ci required for lifetimodeling ad extraction.

c) BTI Modeling

BTI degradation is most of the time analyzed in P3@nder negative gate-voltage (NBT) as this repiteshe worst
issues in CMOS technologies compared to smalleradgaminder positive gate-voltage PBT.
Among several modified approaches, three modelBTohave historically been developed through tedbgy scaling:

- The Reaction limited model with dispersive bondalsieg energies [83] and uncoupled (hole) trappivag is [N]
dependent from interface trapgs\;t) [101] this later being sensitive to H2/D2 anneals

- The composite Reaction Diffusion (RD) modeling [§002]

- The Stochastic Reaction Diffusion (RD) model [98proved with two stage model and triple well tréinsis [103]
with volatile defects [104]

The general way is to simplify the approach bgvel of damage for the threshold voltage reldted Lifetime defined at
NVt = 50mV with the permanent and recoverable contidbs. This corresponds to the static degradatienhanism under
NBT accelerated by the vertical field (no chanratiers), meaning that NBT damage is involved waithermanent part and
a recoverable paddVm (ts) = AV, p + AV, r  If we consider the Huard modeling for total dgmawe have the permanent
(4ANit) and recoverable pario: hole trapping and slow traps) as a function okticonstant for capture and emission, stress
and recovering time:
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AD; = AD, + ADy Eq.V.12.a

Eqp
ADp =K, V& -td-e T’ Eq. V.12.b
ts'T —Eu—'R
ADp = K- VE - Ln (1+7522) - e™ k7 Eq. V.12.c
trRTc

Grasser has a full (atomistic) description butlatieely similar dependence for the recoverablda papressed as [103]
[104] AVt (t) = P + R with R = R(1+B.(1 / t5)%).

Let us simplifies the approach to the main rol¢hef permanent damage that is involved at long teronder to determine
the NBT impact by the use of the compact modelsThican be first considered as a power law for TTR.Vc™ or else
similarly to the TDDB as following an exponentiald TTFO exp(-B’.Ex) O exp(-B.Vs) with the usual thermal factor exp(-
EJKT). If one considers the shift as the power lavAV+y = A t" (n= 1/4 for K, n= 1/6 for H, n= 1/5 as a typical value
retained for a mix of both contribution), the pestior A =AV4. ts" can be normalized to the reached critedfi= 0.05V
(or AlIDsat= 10%), leading at 125°C to:

1/ Eq
TTFypr = A; - (ﬁ) " e BVG .o kT Eq. V.13
with:
core 10
n = 0.16 (core\Vr= 50mV) n=0.15 AIDsa= 10%)
A =1.4818,B=12, A =5.0210,B=4.6

With apparent activations:
Ea = 0.35t0 0.25 eV (Si Bulk)
E.= 0.6 eV (FDSOI)
Es= 0.15 eV (FinFETS)
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Fig.V1.9: Device lifetime versus stress voltages apddE 18 and 34 nm fin-width SOI FInFETs (blank syrn®)as well as 5-
and 10-nm fin-width body-tied FinFETSs (filled synibpat 125 C substrate temperature. The gray synepoésents the body-
tied FinFET with 0.2-V substrate bias. With minubstrate bias, the quasi-floated body effect imshd82]
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Finally, many types of FINFET structures exist agnd the parameters very strongly technology degemnéesults from
Lee [82]. Fig. VI.9 shows the device lifetime aBiaction of stress voltages and of 18 and 34 nawiiith SOl FInFETs as
well as 5 and 10nm fin-width body-tied FInFETs 261 C substrate temperature. Both SOI and bodyHieHETSs show that
the lifetime is more seriously degraded with a oner fin. The slope of the predicted body-tied FEHifetime is steeper
than that of the SOI FinFET. This implies that boaly tied FINFET used in DDR3 is more robust to N&ress than is the
SOl FIinFET. A body-tied FINFET shows a smaller NBIEgradation that becomes more effective due tqptheence of
grounded substrate.

With the principle of Quasi-Static (QS) transfe®]dinverter waveform can be used in Fig.VI.10riolide the Off-mode
phases as it represents a general form of digilagion. With the QS scheme, the results of pre/gections have evidenced
the high \be conditions required to observe Off mode degradatiocontrast to CHC damage which needs smaligravid
much reduced & in MOSFETs [105] [106]. Hence Off-mode damage banincluded in the full modeling for digital
operation. This is performed by completing the Am®n-state lifetimerén) developed here for NMOS and PMOS by the
Off-state contributionsrre) in two phases i =1hve=0 + lhsusvt Useful for any pulse waveform shapes. Deviceitlifet
extraction €) is then deduced for all stressing conditions $suaning that all degradation modes compete in lphtahding
to a general device lifetime modeling expressed by:

R =7=Si—+ fro;F,,- Eq. V.14
o= O (%)al ' (%Z)ml +G (%)az ' (;ﬁ)mz TS (%)as e Eq. V.15.a
o = o (f2)™ 4 ¢ - () (’;‘7“5”)% Eq. V.15.b

where C1 (SVE), C2 (EES) and C3 (MVE), C4(Off-sta@5(Sub-\f) are all the subsequent constants determineckin th
respective dominant mode. This modeling has bekdated for various Tox= 5nm, 3.2nm and 1.7nm, uradkrge set of
voltages conditions (VGS, VDS), temperatures andcgegeometries in both NMOSFET and IO PMOSFET.

Delay —=
Vi = Vg ~—=~ 3 T
HC2-3 g TOETER
;' ’
/ U

NMOS HCI[

Fig.VI.10: Inverter-like pulse waveform used for the DC-A@risfer of each accelerating degradation ratesréetmode
energy modeling devoted to core and IO CMOS notles.Off-mode phases are included both in NMOS ad®8B for the
use of QS device lifetime extrapolation [99].

4) Risk analysis method applied to DDR3 — FF20 (Maaiufieer A).

This Part copes with the memory analysis propogedlldnufacturer A for data storage as a SDRAM cirpubcessed on
a 20nm FinFET (FF20) technology. The first sections to determine the sensitive parameters tha Aawaccelerating effect
on Wearout and Failure modes. Section 2 will prepbg extraction of a generic structure from ClAe(B&.VI1.1 step 1B) at
the front end while Section 3 concerns the lifetide¢ermination using the chosen accelerated fatheehanisms (Fig.VI.1
Steps 2A-2B) according to the referred modelingnfidterature and the mission profile (MP) detailadpart 1. Finally, a
strategy of data exploitation will be given in sent4 with respect to AC operation.
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a) Section 1: Extraction of the sensitive Technologrameters

This technology is developed from recent FinFEDhm and 16nm processing developments, but theg beginally
distinct application scheme. Thus, it is necessargonsider the main differences about the gerapplication type of the
mentioned component and extract the main paramateroperation conditions given by the manufacttirat are involved
in the Wearout damage. That will offer the fundarmatnparameters required for the lifetime modeling.

DD3R-FF20 General Temperature and Supply Voltage Céracteristics

The DDR3 is a Synchronized dynamic random-acoessiory (DRAM) by an external clock so the centjpération
type is related to DRAM semiconductor memory fumting that can run at faster speeds than conveitbRAM. So the
synchronization is done at double rate linked ®léading (CK) and falling edge (CK#) of the clanicle, where this memory
type is volatile which means that when once thegya® removed, or a supply voltage brought by dégglametallization is
fallen down, it loses all data.

The component DDR3 is referred from Manufactdrend means part under analysis has a data fateed as 1866 for
a density of 4 Gb (4x1Gb) and the memory is in 8DIDR3L SDRAM with 256Mb x 16. The package congeiie balls 8x14
mm FBGA.

The aimed applications are automotive markeh vi@mperature range -40°€ TC < 120°C and for industrial
(commercial) market with TC = -40°C to 95°C. TGhe maximum temperature measured at the centbegiackage. The
junction temperature is given by the data shebet@Automotive) as [a 4Gb_DDR3L]:

T aunction (°C) SLOW TYPICAL FAST
Commercie 11C 50 -4C
Automotive 12C 50 -4C

Automotive Uk 14( 50 -4C

The timing cycle time for SDRAM 1866 isc = 1.07ns with programmable CAS (READ) latency CL3=corresponding
to a frequencyac = 934 MHz.

The given supply voltages a¥gom= 1.35V withVppmin = 1.283V and/ppmax= 1.425V which is backward compatible to
Vpp= 1.5V 75mV application with DDR3 SDRAM. The same suppbitages are supplied for internal logi¥bt) and for
the data bus 10 pin driver¥dpg).

This allows to extract the spice netlists for audtire constraints as [4Gb_DDRS3L]:

LIB Data rate Process Die Cap Vop Temperature
*SLOW_1066_AAT 1066-1866 Weak Maximum 1.283V 120°C
Mbps
*TYP_1066_AAT 1066-1866 Typical Typical 1.350V 50°C
Mbps
*FAST_1066_AAT 1066-1866 Strong Minimum 1.425V -40°C
Mbps

The main block to be considered is the memory arnvéth sense amplifier and with 10 gating with mésdics and column
decoder. As we want to pick up a generic structapresentative of DDR3 unitary cell, we first haweextract the main
elements helped by CA of the double data rate spmdus RAMs (burst mode) which achieve high-spgestation.

DD3R-FF20 Structural Characteristics

The General way of operation of DRAM block to DRAII is illustrated in Fig.VI.11 where a row decodelects the
word line (WL)x of the row in which the addressed word (or calllpcated. The row decoder is also known as arcrds.
A column decoder selects the bit line (BL) selewy; of the column, in which the addressed word (ol) éelocated. Address
buffers connected to the address inputs drivedtveand column decoders. A sense amplifier detbetsdntents of the selected
cell via the complementary bit linegsdnd its complement, and data bus lines and itptament.
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Fig. VI.11: lllustration of the DRAM block as a matrix of elentary cells and the potential charge interadiigtwveen storage
capacitors and active transistor.

DRAM cell is generally fabricated with trench cajaxs in planar technology but rather with stack8D) capacitors for
higher density RAM. Here, DDR3-FF20 component imposed by an innovative three-dimensional cellcstme such as
trench and stacked which makes its realizationiplesgith much higher density DRAM cells up to 4 .Gfither trench or
stacked structure, capacitance had to be boosthdwtincreasing projected area (or even decredisangrea) with increasing
DRAM density.

From CA report it is important to identify and dmgjuish the different element:

» Vertical capacitors are localized between M2 anly Rxyers. Capacitor top electrodes contact eabbrab form a
common top plate. This top plate is composed of Ti.

» Below this common top plate, vertical capacitorsns¢o have a doubled structure. They are formeduggessive
concentric tubes of SiTi top electrode (inner tyZeP dielectric, Ti intermediate electrode (intemiate tube), Zre
dielectric, and Ti bottom electrode (outside tulid)e intermediate electrode is connected to asiaglive area. A
de-processing has been performed to confirm thiblkbol structure capacitor.

* Inside memory table, metal M1 cubes are used taexdrcapacitor intermediate electrodes to transttive areas.
Metal M1 cubes are made with W deposited on Co @\/C

» Dielectric ILDO is a SiO single layer (SiO) suppdsessimilated to Si©

» Poly layer is localized below capacitors. Poly $irmee covered by two silicides (SiW on SiTi) arildC cap. Inside
memory table, the minimum (drawn) Poly length isaswged atgc= 20nm.

* Inside memory table, Poly cubes are used to coruagacitor intermediates electrodes to transisitiveaareas.

* Inside memory table, an unusual metal MO layerésent below Poly layer. Metal MO is made with VWaksted on
a bottom Ti barrier.

Generic DRAM cell for DDR3L-FF20
From the CA analysis, the DRAM cell exhibits a 3iusture with capacitance storage on top and 3bsistors at the

bottom (Fig. VI.12) controlled by MO lines whichige bit line (BL) on their drains, and Poly lindsat drive word line (WL)
on their gates. The example Fig. VI.11 gives a DR&dM but here with trench capacitor storage. Belysd nm only stacked-
capacitor memories are manufactured. Hence, ircase, the capacitor seems to be a double-sidettleylcapacitor with a
Ti top plate M2 electrode and a Ti bottom electramiPoly gate. This has to be examined in detailigh-K dielectric (ZrQ)
is used in order to increase the stored chargebdapa
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Fig. VI.12: Analysis in DRAM cell structure. (a) The schematdf a DRAM cell with the storage capacitors (Gatoa SAC
Bit line Word line Gate). (b) Equivalent circuit thife DRAM cell structure, (c) The sample structame scheme of the DRAM
structure [107].

Vertical storage capacity
In order to produce a dynamic random access me@@mm DRAM or less, the most important concern réigg
operation is to reduce the leakage current degmadat the capacitor using high-k dielectrics ehaied by removing external
impurities of boron and hydrogen without any chaimgthe structure or materials of the capacitor.at\deems to be clear is
that the storage capacitor (Fig. VI.12).

2) exhibits a double-sided capacitor at that dinmensStacked capacitor DRAMs are built from twirlgemeaning that
two cells share the same bit line contacts. Trezaghacitor areas (8%bit) are therefore usually larger in area thamcstd-
capacitor cells (6 #bit), with F being the half pitch (in our cafe= 21 nm). Because of the use of vertical pillangistors
(VPT) (drain stacked on top of source Fig. VI.1@parated by the channel length) a single memotyaceh is expected to
reduce to 4 #hit.
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Fig. VI1.13: Double-sided charge capacitor referred as croayacitor for DRAM cells [ [108] source VreugdentAISML
semiconductors]

We show in Fig.VI.13 an example which was use®(t3) in a 25nm DRAM technology [108].This capaciepresents
a capacitance value of 17 fF, which is built framo tcylinders. The inner and outer cylinder représespectively 6F and 11
fF of storage capacitance. This tri-layer High-K é@tic ZAZ (Fig. 4) has been processed as a stackapnium - Aluminum
- Zirconium oxides giving a thickness td of arohdm. We have the same kind of structure cell irR3Pexcepted that only
one material is used for the High-K.
From CA extraction there is only a single disliecmaterial ZrO(2) identified as the High-K dietdc:
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- we have a heighti= 882nm and Si mesh of heidit 615nm
- inner coax tube is in SiTi
- High-K in ZrO, with dielectric constardgr= 40 (to 45) forTe= 6 (to 9nm), respectively

This simplifies the structure in DDR3L as:
- the inner coax Si/Ti with thickness 18.42nm (fol&tmeter=22R,)
- the successive tubes of ZrO / Ti/ ZrO with thickses 6.14nm / 6.14 nm / 6.70nm
- the inner electrode and the outside electrode@rreaxted to the common top plate.

T __Top plate Ti (GND) to M2

: Zroz @

Intermediate tub Ti
/

Outer tube SiTi

Innertube SiTi

bottom plate Si Tito M1

Fig. VI.14: Schematics of the double-sided capacitor for DBH3-20.

This tubular cell capacitance is known as much malpeist in terms of process variability. One disatage of the cell is
its larger capacitor area, but its aspect ratt3stimes smaller, allowing faster DRAM operatidhis crown capacitor cell is
used since 2015 for the 20 nm node DRAM cell in 3&Rd DDR3L.

For our HK thickness range, the dielectric cons@izirconium oxide (ZrO2) is around 45 to 35 degieg on its
amorphous phase, or between 30 and 20 as a drystaliase when it is mixed as in ZAZ. Below a thiegs of 5 nm its value
dramatically reduces with thickness. CA gives ax11o 6.7nm thickness. We will choose a mediumeahu= 40.

The cylinder capacitance G = 27z &.& .H / Ln(R/Ry) taking into accountr = 40, the heightd andR; andR; = 15.3 nm
measured from the CA. This giv€s = 1.96fF for the inner capacitance. For the outer capapitave haves, = 7.23fF. Then,
for the double charge (parallel) capacitance, we hae: = 9.19fF.

The bottom of the storage capacitor is connecteldg@ell transistors thanks to M1 cubes. One elskD1 in SiO2, M1
level with WCo, then silicide and Poly/SiO then 1@@te Oxide and active + STI in the shape as "SdddEET". This means
that the 3D FF has been rotated by 180° givinghaarse gate control with respect to the Fin origftetween S/D.

3D céll analysis of DDR3L
In the DDR3L mode of operation, DDR3 bus ratesii®eng at 1.5GHz (800-1600MHz) at a maximum of 1.9Ve

bandwidth of DDR3 is doubled compared to DDR2, withmajor speed change of the DRAM core, i.e. theory cell array.

To achieve this double bandwidth, DDR3 uses a fmefef eight words instead of a four-word prefeimhDDR2. This means
that for every single read or write operation, @ltof eight words are accessed in parallel (shbwthe parallel Fins) in the
DRAM core to enable the high data rate at the fater.
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Thanks to CA study, the 3D core cell has been ifledtshowing that this technology uses FinFETshvBuried Word
Line. The active in the cell matrix area is disotéed of 30°shift vs. Bit Line and Word Line. Eaattive block is isolated

from the adjacent one with STI oxide.
On each active island, two Buried Word Lines arseobed, two capacitor contacts and a single ceBitdline contact

Pictures as shown in the schematic Fig. VI.15.

Capacitor tubes Top GND

WL Wi+l

Capa
cell
WL WL+1

Cap cont

Bit Line

Blgaut Cap cont +1 ™ TX+1

Buried Word Lines (Fin FET transistors) " BL
-

TEM lamella

Fig.VI1.15: Schematics of the cell structure synthesis obthirom TEM lamella axis [Report RCA_0123] showthg
double sided capacitors and paired transistorsexiad to WL and WL+1.

With decreasing DRAM cell size, a recessed chaamal transistor (RCAT) has been proposed to oveecthe short
channel effect (SCE) of conventional MOSFETs witdmnar channels. To use the fabrication processlgitypof planar cell
array transistor, a vertical transistor, RCAT stiue was given in stack capacitor cells. The besicept of the RCAT is to
increase the effective lengthef) by recessing the channel from silicon surface.cBannel doping density can be reduced,
thereby reducing S/D resistance of memory cellsistar, and enhancing carrier mobility, in additiornthe main advantage
of reduced leakage.

Although the recessed channel of RCAT has imgaahort channel effect (SCE), RCAT suffers from tlsiving current
and V4 sensitivity due to the shape of the bottom cowfethe recessed channel [107]. To solve these pnatl a saddle
FINFET (S-FinFET) has been proposed with a tri-gfad¢ wraps both the recessed channel surfaceharglde surface [109],
[110] as shown Fig. VI.16. S-FInFET not only exlsbexcellent short channel effect characteristicd, also maintains
excellent subthreshold swing (SS), high lon, aratigeconstany/ .

Silicon Film _.-=~ !
Thickness |

A

Buried
Insulator :
Thickness |
A i

Recessed
_vDepth

Fig.VI1.16: (a) 3D schematic of FRinFET; (b) Crosssectional view across the gate; (c) Cresstional view of the thin body.

The gate wraps three surfaces of the recessed ehamilarly to a FInNFET. The buried insulator el is used with
SiO; below the storage node. The buried insulator isepated from the shallow trench isolation (STigioa. X; of the
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source/drain (S/D) is located 112 nm from the tarfece of the S/D region with a Gaussian profilee peak concentration of
the Gaussian S/D doping profile is IL&° cn3, the uniform body doping concentration i8®&7 cm 3. [109].

Extraction of the Generic structure for DD3RL
The complete analysis of the SDRAM array showstthafull cell matrix is very complex in design amacessing at that

level of integration and memory density. A lot afcertainties still remain although the CA study lbasught a lot of
improvements and helps in determination of the neatdi materials and dimensions. This leads usnpl#ly the approach to
a generic (simpler) digital cell based on the Chelisioning. As the objective is to consider a giensructural device at
which a Reliability methodology can be applied,dieg to the determination of an "intrinsic reliatyil examination with

failure ratedg, we shall consider that the cell is composed hiyedaN-channel transistor very similar to FinFETsapped

around the Recessed channel, with buried WL coerddotthe gates of the FInFETs and BL connectédeidgcommon) drain
to reach the required drivability of the cell.

_dielectric

Aspect Ratio=H/D = 80-100

M3 (plioal)

~—__ Channel

Cell region Peri CMOS region ‘ Stopper

FinFET (3D)

Fig.VI.17: Equivalent 3D cylindrical stacked memory cellZBnm DRAM technology proposed here for DDR3L SDRAM
and extractions of 3D FinFET (DRAM) and planar (PEMOS [108].

Fig.VI.17 shows a schematics of matrix 3D cellldd DRAM with paired transistors and double-sidelihdyical (coax)
capacitors (22nm node). In periphery CMOS regiote(face area) we have inter-block area betweennMiter block and
MO in memory cells, with standard planar transist@olated by STI) with poly gates and thickeregaxide [Tox = 2.8nm).

Consequently, we propose that for DDR3L, the genglructures can be chosen as a memory point cadpufsN-
channel FINFET with its advanced processing (RO&tessed channel, saddle FinFET) and storage tapeei and the other
case of standard planar transistors. This will f@ywo points of examinations:

- One with very short channel representing the woase reliability with respect to FEOL at the lengththe
technology nodeTp, partLer= 16nm).
- Another one with relaxed design rules for PeriphéOS with planar process (poly gate and STI isofgtat
longer device length_g= 102hm).
The CA study parameters can be summarized in lihe below with a summary of the physical procesaipeters obtained
for memory cell and peri standard CMOS:

Device type WXL drawn Lnom Left Tox=EOT | Voo (V) min/ Typ. / Max

FinFET in SDRAM (3D) 33x37nm 20nm 16nm 2.8nm 1.283/1.35/1.425 (1.5V)
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Std Peri CMOS (Planar) NA 130nm | 102nm 1.5nm 1.283 1.35/1.425 (1.5V)

Note that for the FInFET, we can check the rulavidth whereWesr = 2 Hrin + Wrin to determine the effective channel
width with respect to the drawn width, and if wealtserve multi Fins in parallel into the picturese have to account for an
effective width adVert = [2 Hrin + Wrin] - Nrin that would give for a supposétin = 50nm

West = [2-50nm + 33nm] =133nm per fin.

Reliability study for DD3RL

We study in this section the SDRAM Reliability undbe worst case of aging, that we analyze thrahghReliability
under TDDB, HC and NBTI in a first step and the @ports about that device. We have to use the Hirdifbensions for
DRAM cell at nominalL,om and a single effectiviéer , i.e. for one Fin width, extracted from the DP# tore N-channel
FINFET of the memory cell.

TDDB Reliability

The TDDB Reliability of the core cell can be detéred by the 22nm results from the literature onilsinFinFET from
other foundries (INTEL) where the dimensions areywdose to DDR3 dimensions [93] (fin HeigHt-34nm the fin width
Wsi~8nmthe gate length is drawn at 30nm, and gate gifcim, HKMG stack). Ramey indicates that the thrisholtage of
FF isVru = Vru(planar) — 0.1V in that case. The TDDB modelinglasie by the E-model which is the most restrictiMee
exponential dependence gives the following paramedeally required for TDDB, but the lack of a nefiece areaXs) and
TDDB distribution in the published results [93] &d®theAFac factor evaluation. As we know the area scalingti@hship if
one knows the beta value of the distribution giving

1
TTF _ (A¢ /g
BDl/TTFBD — ( Z/AGl) Eqg. V.16

2

where the Weibull parametgr range from 1.1to 1.7.
So with this assumption, we found that using forREOFF withLe= 20nmat typical 1.35V and maximum 1.5V operation,
the direct extrapolation from the results Fig.\ide: TTFsp 7 A . exp(Ve) . exp(-E/KT).

Trops [ exp (Y E) model NMOS PMOS
Vpp=1.35V 5.22 1®s = 165 years 6.65 18 = 2.1 10 years
Vpp=15 V 2.58 10s = 0.81 years 4.21 0= 1.33 18 years

This shows (with the afore mentioned assumption) the DDR3 at typical value of 1.35V is well ababe lifetime
criterion for PMOS with no TDDB sensitivity, butdiNMOS exhibits a larger acceleration factor Withy that puts the boost
condition atVppmax= 1.5V the most sensitive factor with respect to TDDB.

HC Reliability
As stated before, the difficulty in extrapolatidgiefime data is that we don’t know yet the proagsgendent constant value
Ci which differs from batch to batch and from silidoulk to FiInFET CMOS node. What can be done fisstp determine the
lifetime value fromlon performance from the single transistor or fromark of (idealized) identical geometry as becaldse
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current per device is much smaller in this FF 2@motess, that has to be analyzed for its typicalinal supply voltag&/op
=1.35V and (a) for EOT= 2.8 nm and for (ky/.130nm (L = 102nm) for EOT= 1.5nm.

(a) Short channel Lc = 20nm from the memory point

A first direct evaluation could be done by considgrthe average current delivered by the memorglbDDR3 — 1866
giving 12mA / 16 banks = 750uA per bank as row adsing denoted by A[n:0] is for 4Gb: n = 14 (x16).

This leads to a level of nominal current @t 750uA/umfor lifetime calculation (Fig. VI.7) agic = Ci (Vps®® - Ipg)?43
which provides the relationship f@; calculation This may be related directly to th@erkmental lifetime plot of the (close)
14nm FF node giving a DC lifetime [100] as a fuantof :

lon (uA/um): |Dsat (VDD,VDD) /Weff Eq V.17

This makes the nomingd, as the reference value givitig = 99.751A01001A Due to the quadratic dependence\égs(
— Vrn)?, the value ofps(Vop2) can be obtained assuming identiga), increasingvos (with negligible Drain Induced Barrier
Lowering effect if \bp is increased by 150mV) as:

Ipsat{Voo1) / Ibsatz (Vop2) = (Voba-Vrr1) (Vopz-Vrhz)? = (Vop1/Voo2)? |, giving :
I psaz =l psas (Vop1) (Vop2/Vop1)? = 1.291 bsa (Vopi)
thus leading to a 30% increase,

Wesr = 0.133 pum per fin Ipsat (Vo) * Vop?® Lifetime (s)
lon= 750uA/um, Vpp1= 1.35V

IDsat1 = 100 A, Vppi= 1.35V 1.16-104 1.33-10%
IDsarz = 129p4A  Vppo= 1.50 V 1.58-104 3.24-1014

This very large lifetime value for DC serves indasathat the HC do not seem to be an issue atlsuctoltage and small
dimensions.

If now one considers two and four fins width in gkl for example in an inverter, results will beickly changed but the
power law adon (1 Fin) =* Ipsat= lon - Wett - Nrin translate the results with respect to the x-caoatsi;

West = 0.133 um, Inverter x2Fins Ipsat (Vob) * Vop®® Lifetime (s)
lon= 750pA/um, Vpp1= 1.35V

IDsan = 200 UA, Vbpi= 1.35v 2.320-10* 1.46-101
IDsatz = 258uA  Vpp2=1.50 V 3.159-10* 2.662-108
Wesr = 0.133 pum, Inverter x4 Fins Ipsat (Vop) X Vpp®® Lifetime (s)
lon= 750uA/um, Vpp1= 1.35V

IDsa = 400 PA, Vppi= 1.35V 4.647-10* 1.03-10°
IDsar = 516 PA Vppo= 1.50 V 6.319-10+ 2.46-107?
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Fig.VI.18: Summary of the HC (DC) Lifetime in DDR3 as a ftion of the number of Fins for NMOS inverter side f
equivalent N-channel FinFET transistor.

Then it is clear that the FF 20nm technology idtkeh in the number of Fin for the current drivatyiloptimization as the
lifetime strongly decreases as a function of 2 lpieisdevice foWpp=1.5V (< 10 years) and for both supply voltage if oné pu

4 Fins in parallel.

As these last cases would correspond to theafasdigital inverter it can be translated totéal AC operation condition,
taking into account the time for pull-up (and pidiwn) of the equivalent stage as a function of ah(FO).

Vb9

Fig. VI.19: (a) CMOS inverter operation schematics as a funaifdv/in, Vour and its load capacitance CL (b) Signals applied
to the inverteNMoy: = f(Vin) related to the distinct bias region where HC toa€involved (i) for NMOS transistor whevig=
Ves,nandVour = Vps,nWhile (i) for PMOS transistor where we haVes p= Vin - Vbop etVops,p= Vour - Vop due to the inverted
potential reference for the PMOS source With= Vs = Vpp. [111]
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Fig. V1.20: Function age defined age(t) = t / rin 40nmNMOS inverter as a function of FO= 1 to 16 (a) Fer
500ps(b) fort;= 100ps(c) NAF, PAF (Full, red) v, with FO variable in core inverters showing a NA&Rd PAF) fall
down witht,. [111]

M3 mode effect is enhanced during the transieotidjin the Age increase when tr is reduced from 5@f®80ps. A similar
AC behavior has been demonstrated in PMOSFETs [dd ipth CHC N- and P- MOSFETSs worst-case deg@uhtis moved
to the highVep region. This transfer to our AC condition allowsdefine HC design guidelines due to the assignsnafimhain
degradation in M2 to M3 modes, that can be mergéd3 only for low voltage operation. The reductafNAF (PAF) factors
which are defined here as a function of AC-DC tiiaetorsNAF= NTFfac with NTF = X, / (fac.t;) wherex, is the proportion
of the CHC to CCC damage in the rising transieat,Wwith Thot,n = tr / X, andThot,p= tr / % With the corresponding relationships
looking at Fig. VI1.19b:

TF=24¢ = 1 o NTF= " qnd PTF = =2 Eg. V.18.a
THot fAC( r'f/XNp> factr factr
Thoe (NMOS) = <= and Tyo, (PMOS) = = Eq. V.19.b
N P

which are defined at shortef and larger Fan Out (FO), in relation to the lariggract of M3 mode showing a trade-off to
optimize between frequendy, t, t and the FO.
We can simply M3 duration to the input signahei between/ty and0.9-Vpp overx factor that can be obtained as for
FO= 1 we have; = 0.03Tac = 32ps in order to be closer to real AC stressing camnfigions at the device level. Then the
effective (M3) damaging mode could be simplifiedt&+t, /2 duration enables to calculate the NTF (DC-AC)dadfiving:

NTF =1.07ns/ (0.932ps /2) =74.3Q 75 for typical estimate
This consequently relax the AC lifetime for 2 Foase, aV/pp= 1.5V which becomes higher than the lifetime criterit@ (
years) as we may apply:
Tac = NTF- 1oc

But the 4 Fins case remains below the 10 yeatintiéecriterion independently &fpp.

(b) Long channel LG = 130 nm from standard Peri CMOS

Same approach is applied to DC lifetime evaluaiiohec= 130nm(Les= 102nm with thinner gate oxid&OT = 1.5nnM
that can be considered as a “long channel” behaviibrrespect to the one withs= 16nmif we know the current value.
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In that case the Lifetime slope exponent Fig. Vé8uces to -20 till -17.9 [100] but would deviaterh the M3 mode due
to long channel dependence and smaller HC damage fer this thin EOT. Then, as we do not know megito, (LA/pLmM) nor
channel width for the Peri CMOS, we can apply adsad Lifetime technique coming from the classkd@lin order to include
the acceleratinfjc dependence which is sensitive for that Long chiacese, as well as for 10 devices which operatésghter
voltages.

Indeed assuming a time power law for the reduactif thelon current(dipsa: = 10% FWD=4) the normalized failure
criterion followsdpsa = A t" where exponent= 0.4, we can express the Lifetime :

THe, Long = Ci (A / 0.1)Yn - Lg™ - exp(B(1/Vos — 1/Vop))

Calculated folLg= 130nm, m= 10.7, Ci= 1.810° years = 5.708.0"? s, B = 80 (Long channel),p¥= 1.35V (Typical) to
maximumVps= 1.5V, giving :
Tnc = 5.03 years in DC
As a consequence, the pull-up of a block (deviesjghed with the FF 20nm DDR3 would result in an|&&ime at :

Tac = NTF - 7oc = 75 - 5.03 years = 377 years (AC)

This shows that with a lot of assumptions, the dad lifetime (AC) value might satisfy in any cdke 10 years lifetime
for inter block standard NMOS transistor of the SIMRcell at Vpp = 1.35Vto 1.5V(Typical to maximum value). With the
same assumed frequency for operation and shape @uise for FO = 1, this leads to AC lifetime fex= 130nmat 1.35V,
Thc = 377years in AC flpsa= 10%).

NBT Reliability
Very few results show quantitative TTF under NBTdedor FinFETs. Most of results are on SOl FinFEASwe have
body-tied FInFETs for DDR3 component, we can useatceleration modeling presented in section Bi@ {H.8) with the
normalization trick with respect to the lifetimaterion (AVry = 50m\). Using eq. VI.9:

1
TTFypr = A; - (OAE) I g6 . o2 Eq. V.20
with:
core 10
n = 0.16 (cordVy= 50mV) n= 0.156/Dsa= 10%)
Ai=1.481G,B=12, Ai=5.0210,B=4.6

With apparent activations:
Ea=0.25 to 0.35 eV (Si Bulk)
E.=0.55 to 0.65 eV (FDSOI)
E.=0.151t0 0.20 eV (FInFETS)

We have supposed from CA that the width of a sifkdles 10nm leading tds = [2. Hrin + Wrin] effective width:
Wert(per Fin) =[2 x 45 + 10] = 100 nm.

Results of [82] do not exhibit NBTI issu&=% 125°C as the extrapolated lifetime for FInNFET (Bodiee)Tper Fin width
shows for:

For Wetr=5nmVpp=1.35V =  mer=2-10'% = 634 years
For Wei= 5nmVpp=15V = et = 4-10% = 126 years
For Weg = 10nm = TneT > 210'% independently of b (1.5V or 1.35V)

This arises from the much smaller vertical fielsh@divion for the DDR3 FF 20nm as we have
Eox Nppma){ EOT = 1.5/2.8107 = 5.35 MV/cm
down the minimum value giving

39



Eox NVppmin/ EOT = 1.35/2.8.07 = 4.8 MV/cm

In conclusion, from the investigations shown, weehshown that DDR3 does not exhibit large damagelaration factor
for the typicalVpp= 1.35V operation if one bases the calculation of a sifgle-ET with one Fin. For all three damage
mechanisms no issue is found neither about HC, TDDBNBTI at that (knowledge) of right design margind accessible
technological parameters at the minimum lengtheffettive width (16nm, 133nm).

The transfer from typicaVpp = 1.35Vt0 Vooma= 1.5V shows an increased sensitivity to TDDB in thatrgety of
NMOS FinFETs where the lifetime is reduced to O/8ar.

Moreover, the design of a digital cell emphasitteat the number of Fins has to be limited (wltht tcurrent analysis of
CA results) to a number of 2, as the increas¥pata= 1.5V (corresponding to the boost condition) makes appeldC
sensitivity for 2 Fins and more largely for 4 Findere the HC criterion is not fulfilled anymore my (manufacturer) supply
voltage conditions down tdpp= 1.35V (Typical value).

In conclusion we have shortly described our wonkotied to a quick analysis in the context of thegRastic Failure Model
(PFM) methodology. We have projected a simplifiehfework analysis.

The much larger effects have been observedeiHtd voltage at low voltage as it is a current elniphenomenon. Hence
the effective width per Fin and the number of Fémibits a threshold (x4) as it has a strong impecHC device to cell
Lifetime value between 1.35V and the boost conditi®1.5V in the DDR3 component [106], [112]. Th€ lissue is shifted
as a larger number of Fins (x6) in FPGA by the cedusupply voltage between 0.9V and 0.85V fronmhiilgl performance to
typical operating condition.

With respect to classical TDDB and NBTI behasjdhe only analyzed results from the literaturendbevidence a large
Lifetime reduction through these failure mechanistesve are at much lower oxide fields. Accent Hss been pointed out
by the width dependence and the larger differemteden the accelerating range and the field fogeisahis is explained by
the low voltage in the use condition, particulddy FPGA in the range 0.9V to 0.85V and the enldrggide field condition
from the accelerated (stressing) voltage rangeSBRRAM for 1.35V up to 1.5V.

I1l. AEROSPACEELECTRONICSRELIABILITY : PRACTICAL APPLICATION OFMTOL.

We present a method for predicting the failure,ratel thus the reliability of an electronic systeynsumming the failure
rate of each known failure mechanism. We use a eting acceleration factor methodology by combintihg physics of
failure for each mechanism with their effects asesbded by High/Low temperature and High/Low voltagesses. Our method
assumes that lifetime of each of its failure medéras follows constant rate distribution and eaclkemaism is independently
accelerated by the stress factors, which inclugle fiequency, current, and other factors that eartered into a reliability
model. The overall failure rate also follows an @xential distribution and is described in the seadd=IT (Failure uniIT or
Failure in Time). The method combines mathematiwadels for known failure mechanism and solves teienultaneously at
a multiplicity of accelerated life tests to find@ansistent set of weighting factors for each meidmanThe result of solving the
system of equations is a more accurate and a usimubination for each system model by proportiGuahmation of each of
the contributing failure mechanisms.

To this day, the users of our most sophisticatedtednic systems that include opto-electronic, phiat MEMS device,
etc. are expected to rely on a simple reliabilajue (FIT) published by the supplier. The FIT isedlmined today in the product
qualification process by use of High-TemperatureeiGtress Life (HTOL) or other tests, depending o product. The
manufacturer reports a zero-failure result fromgiven conditions of the single-point test and wsesgle-mechanism model
to fit an expected MTTF at the operator's use coo. The zero-failure qualification is well knovas a very expensive
exercise that provides nearly no useful informatiéns a result, designers often rely on HALT tegtamd on handbooks such
as Fides, Telecordia or Mil Handbook 217 to estenthe failure rate of their products, knowing fu#ll that these approaches
act as guidelines rather than as a reliable prieditbol. Furthermore, with zero failure required the “pass” criterion as well
as the poor correlation of expensive HTOL datast and field failures, there is no communicationtfie designers to utilize
this knowledge in order to build in reliability t trade it off with performance. Prediction is meally the goal of these tests,
however current practice is to assign an expectidré rate, FIT, based only on this test evemé presumed acceleration
factor is not correct.
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This paradigm seems unfortunate since the manuéstof our electronic equipment actually put agoeal of effort and
spend so much money and excellent personnel resotoclearn and study each failure mechanism. Tedgproach to
reliability takes the intimate knowledge of theldiag@ mechanisms and then not communicate this keagd downstream to
the users, usually for fear that perhaps the maatethe probabilistic interpretation will not beateed. Hence, known and
already characterized mechanisms that could le&alltoe are left out of the communication. Thiaves the final, sterilized,
gualification test as the only available assessmenthich the user can rely. Everyone recognizasttte resulting calculation
is far from being a reliable value to predict amythabout the life. Worse than that, it makes ajokthe reliability prediction
process and has led to confusion at all levetdsti makes a joke of the very excellent and hantkwbthe reliability engineers
who evaluate the failure probabilities and the ulyiteg physics.

New emerging methods of reliability prediction, lunting Probabilistic Design for Reliability, Physiof Failure, No-
MTBF and other tools are being developed. Theséhodst take many variables into consideration anét ktothe failure
distribution as well as multiple mechanisms andrtimeractions. There are new campaigns, and t¢alhrow away the
handbooks, all of them, without at least apprewgathe theoretical underpinnings that may stilvakd. Then we are left with
the other debate of making deterministic assessnamsus probabilistic models for reliability. Hovee, without the proper
communication between manufacturer and user, wia ag the question if making predictions for relidy is possible when
models are used in disconnection from the actuadypsts.

Here, we address the pros and cons of variousqtivegliapproaches using the common language of feaifuTime or
Failure unlIT (FIT). We will evaluate the goal ofhdiing MTBF and evaluate the wisdom of various apphes to reliability
prediction. Our goal is reliability prediction balsen the system environment including space, mjlitmd commercial. It is
our intent to show that the era of confidence ifabdity prediction has arrived and that we camfact, make reasonable
reliability predictions. There is a major valuehafving consistent reliability metrics and offer coobmication between levels
of manufacturing and practical ways that upstreamdets can be used by downstream users to makeffestive reliability
predictions.

We have found that a practical means of separaliectronic device failure mechanisms at the sydeml. We tested
FPGA'’s with a large range of frequency operatiod tested them at extremely high and low temperatwi¢h voltages
ranging from nominal to more than 2 times nomir@tages. The result is the ability to completelstidiguish the influences
of hot carrier injection (HCI), Electromigration N, Bias temperature instability (BTIl) and time @aplent dielectric
breakdown (TDDB). Our result shows that a meanihgiiability prediction can be made by a summatidistinct intrinsic
failure mechanisms as measured at the system [Elelresult of our work will be a system qualificat protocol that can
actually predict the failure in time (FIT) with auch greater accuracy than a standard high temperatdow temperature
overstress life qualification.

Chip and packaged system reliability is still meadiby a Failure unIT (FIT). The FIT is a ratefided as the number of
expected device failures per billion part hoursFIA is assigned for each component multiplied s/ number of devices in
a system for an approximation of the expected systdiability. The semiconductor industry providas expected FIT for
every product that is sold based on operation withé specified conditions of voltage, frequenaathdissipation and etc.
Hence, a system reliability model is a predictiénihe expected mean time between failures (MTBF)afo entire system as
the sum of the FIT rates for every component.

Failures in terms of an acceleration factor, AF, as

FIT = #failures

=—-10° Eq.49-
#tested-hours-Ap

where #failures and #tested are the number of Hetilizres that occurred as a fraction of the totaiber of units subjected
to an accelerated test. The acceleration factbr,must be supplied by the manufacturer since tmdy know the failure
mechanisms that are being accelerated in the HighpErature Operating Life (HTOL) and it is gengrathsed on a company
proprietary variant of the 2t Approach for accelerated life testing. The tas of reliability modeling, therefore, is to cheos
an appropriate value for AF based on the physigh@fdominant failure mechanisms that would ocauthi field for the
device.

1) Standard HTOL
The standard high temperature operating life (HT@ualification test is usually performed as thalfiqualification step
of a semiconductor manufacturing process. Thedmssists of stressing some number of parts, ysaalbut 100, for an
extended time, usually 1000 hours, at an accetratitage and temperature. Two features shed dwutite accuracy of this
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procedure. One feature is the lack of sufficieatistical data and the second is that companiesrgty present zero failures
results for their qualification tests and hencessitheir parts under relatively low stress letetpuarantee zero failures during
gualification testing.

Unfortunately, with zero failures no statisticatalé acquired. Another feature is their calculatié the acceleration factor
AF. If the qualification test results in zero fais, which allows the assumption (with only 60%faence!) that no more
than Y% a failure occurred during the acceleratst This would result, based on the example parsiein a reported FIT =
5000/AF, which can be almost any value from lessith FIT to more than 500 FIT, depending on theditmms and model
used for the voltage and temperature acceleration.

The accepted approach for measuring FIT would lasomrably correct if there were only a single dominfilure
mechanism that is excited equally by either voltageemperature. Additionally, this same mecharisthe only one that is
accelerated by the burn-in or accelerated test.ekample, electromigration is known to follow Bl&lequation and is
accelerated by increased stress current in a witgydncreased temperature of the device. If, h@remultiple failure
mechanisms are responsible for device failured) &iture mechanism should be modeled as an indalitelement” in the
system and the component survival is modeled asuhéval probability of all the “elements” as anfition of time [113].

2) Multiple Mechanisms

If multiple failure mechanisms, instead of a singlechanism, are assumed to be time-independenindedendent of
each other, FIT (constant failure rate approxinmgt&hould be a reasonable approximation for réaliigld failures. Under
the assumption of multiple failure mechanisms, ewilltbe accelerated differently depending on thggics that is responsible
for each mechanism. If, however, an HTOL testdgfgrmed at an arbitrary voltage and temperatureoeleration based
only on a single failure mechanism, then only thathanism will be accelerated. In that instandechvis generally true for
most devices, the reported FIT (especially one dase zero failures) will be meaningless with respecother failure
mechanisms.

Whereas the failure rate qualification has not owpd over the years, the semiconductor industryerstanding of
reliability physics of semiconductor devices hagaated enormously. Every known failure mechanssoiwell understood
and the processes are so tightly controlled tleatiednic components are designed to perform wiabkaeable life and with no
single dominant failure mechanism. Standard HT&its generally reveal multiple failure mechanismnsngdy testing, which
would suggest also that no single failure mechamismald dominate the FIT rate in the field. Therefdn order to make a
more accurate model for FIT, a preferable approkionashould be that all failures are equally likalyd the resulting overall
failure distribution resembles constant failureenatocess that is consistent with the mil-handb&tk,rate approach.

The acceleration of a single failure mechaniskh is a highly non-linear function of temperature /andvoltage. The
temperature acceleration facté 1) and voltage acceleration factéH_v) can be calculated separately and is the subject
of most studies of reliability physics. The totalceleration factor of a failure mechanishfevi du to different stress
combinations is the product of the accelerationdfiacof temperature and voltage (in the exampleeasan exponential law,
but coul be a Power law or a linear law),

1 1

T<m‘fef)] . o1 (Vrer—Vuse)] Eqg. V-50

A, (Tref V.
AFgy, =M=AFL‘T'AFL'V =

AFM(TuseVuse)

This acceleration factor model is widely used as thdustry standard for device qualification. Hoeevit only
approximates a single dielectric breakdown typtaidfire mechanism and does not correctly predietatceleration of other
mechanisms.

To be even approximately accurate, however, eleitrdevices should be considered to have seveilardamodes
degrading simultaneously. Each mechanism ‘compeitigls the others to cause an eventual failure. Where than one
mechanism exists in a system, then the relativelaxtion of each one must be defined and averaigie applied condition.
Every potential failure mechanism should be idédifand its uniquéFeyvi should then be calculated for each mechanism at
a given temperature and voltage so the FIT ratebeampproximated for each mechanism separatelgn e final FIT will
be the sum of the failure rates per mechanisns dedcribed by:

FITiota = FIT1 + FIT2+ ...+ FIT; Eg. V.51

whereby each mechanism leads to an expected faihitgger mechanisnkIT;. Unfortunately, again, individual failure
mechanisms are not uniformly accelerated by a stah®#iTOL test, and the manufacturer is forced tadeh@ single
acceleration factor that cannot be combined wighkifiown physics of failure models.
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3) Acceleration Factor

The qualification of device reliability, as repaitby a FIT rate, must be based on an acceleragictorf which represents
the failure model for the tested device. If weuass that there is no failure analysis (FA) of tlegides after the HTOL test,
or that the manufacturer will not report FA resutighe customer, then a model should be madéhéoatceleration factor,
AF, based on a combination of competing mechanisitgs will be explained by way of example. Supptizsere are two
identifiable, constant rate competing failure mofiEsssume an exponential distribution). One failaale is accelerated only
by temperature. We denote its failure ratedas 1(T) . The other failure mode is only accelerated bjtage, and the
corresponding failure rate is denotediag (V).

By performing the acceleration tests for tempermtmd voltage separately, we can get the failuesraf both failure
modes at their corresponding stress conditionsn Tweecan calculate the acceleration factor of teelmanism&M,; (for i= 1,
and 2). If for the first failure mechanisiml we havedem 1(Tusd, Arm_1(Trer), @nd for the second failure mechanis, we
haveAsm 2(Vusd, Arm_2(Vrer), then the temperature acceleration factor fotehgperature at any givanis:

}LFMl(Tuse'V) AFMZ(Tuse'V)

= = < . -
AFlT(V) Aeny (Trep V) and AFZT(V) Aeay Trep V) Tuse < Trer Eq. V-52
and the voltage acceleration factor at any givés:
AFMyse (T Vuse) AFMyse (TVuse)
AFlv(T) = ——use - and AFZV(T) = ——use - Vu5e< Vref Eq V'53

AFMyef(TVref) ’ AFMyef(TVref)

The system acceleration factor between the stedsmd use conditions ¢Trer, Vier) and(Tuse Vuse iS:

AF _ AFM 1 (Tuseeref) +AFM2 (Tref:Vuse)

= Eq. V-54
AFMl(Tref:Vref)+)LFM2(Tref:Vref) q
The above equation can be transformed to the foligwvo expressions:
AF = AF11(V)'AFM1(Trevaref)‘l'AFlv(T)'AFMz(Tref:Vref) Eq56.b
AFMl(Tref-Vref)‘FlFMz(Tref'Vref)
Or
_ ArM 4 (TuseVuse) +ArM , (Tuse, Vuse)
AF = ArM1(TuseVuse)  Arm,(TuseVuse) Eq. V-55.a
AF1p(V) ' AF1y(T)
These two equations can be simplified based oeréifft assumptions.
WhenAi(Tret, Vier) = A2(Tret, Vier), (i.€. equal probability at-ref condition), e:58.b gives:
AFy (V) +AFy (T
AF = M Eq. V-56

2

Therefore, unless the temperature and voltagerefudly chosen so thakF andAFy, are very close, within a factor of
about 2, then one acceleration factor will overwh#ie failures at the accelerated conditions. [8iyi whenAi(Tuse Vusd =
A2(Tuse Vusd, then AF will take this form:

AF = ——2% Eq. V-57

AF17(V) A1y ()

and the acceleration factor applied to at-use ¢mmdi will be dominated by the individual factortiwithe smallest
acceleration. In either situation, the acceleraéstl does not accurately reflect the correct priigoiof acceleration factors
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based on the understood physics of failure mectremis

This discussion can be generalized to incorporitg@t®ns with more than two failure modes. Suppas#gevice has n
independent failure mechanisms, dngd; represents thigh failure mode at reference conditidise represents thigh failure
mode at use condition, then the total accelerddotor AF can be expressed. If the device is designed tleafiailure modes
have equal frequency of occurrence during the aaditions:

(81500 S2user =1 Sjuse) = Ai(slref’ SZref' ""Sjref) 'AFigjﬂ(Sl) for § =S, to S stressors
(8101 S2,y50r 1S

Juse

) = Ai(S1,.p SZref' ""Sjref) 'AFisjﬂ (S2) fori = 1 ton'" failure mechanism

Eq. V.58

The system acceleration factor between the steéséd use conditions (1 _rer, S _ref, --., B_re) ANA(S1_use S _use ---» D_usd
reduces to:

— Al(sluse'SZuse""'Siuse)"—AZ(S1use'Szuse""'sjuse)+"'+An(51use'52use'""Spuse)
AF = Eq.V-59

ll(Sluse,Szuse ..... Siuse) /12(Sluse,Szuse,...,sl'use)+...+lz(51use,52use ..... Siuse)

AFiSjil(Sl)) AFiS]_xZ(Sz) AFiS]_xp(Sp)
For /11 (Sluse’szuse’ ’Sjuse) = 2'2 (Sluse’SZuse’ ’Sjuse) == An(sluse’szuse’ e Spuse) = A(Sluse’szuse’ ’Spuse)’ the
AF factor become:

AF = nA(S1yseS2user Sjuse) — o n . EqV'60

1 1 1 LzlAFiiji(si)

A(S1yseS2userSjuse)” + +-+
” 2 Jusel | AF; S AF; S AF; S
szxl( 1)) 1S1.$2( 2) LSj::p( p)

From these relations, it is clear that only if decation factors for each mode are almost equalAF: ~ AR, the total
acceleration factor will bAF = AF1 = AF», and certainly not the product of the two (asiigently the model used by industry).
If, however, the acceleration of one failure maglmiuch greater than the second, the standard HKillatgon (Eq. V-50) could
be incorrect by many orders of magnitude.

Due to the exponential nature of acceleration fagsoa function of V or T, if only a single paraereis changed, then it is
not likely for more than one mechanism to be acagédel significantly compared to the others for given V and T. As we
will see in the next section, at least 4 mechanisimsuld be considered. Also, the various voltagd semperature
dependencies must be considered in order to mal@sonable reliability model for electron devicedntil now, the
assumption of equal failure probability at-use dtiads is used since it is the most conservatiygragch assuming the correct
proportionality cannot be determined.

4) Proportionality Matrix Solution

The basic method for solving the system of equatismescribed in the paper from Bernstein [1] asidg the suggestion
of a Sum-of-failure-rate method as described in BECStandard JEP122G as published in a more receit iy Bernstein
[114]. The matrix method forms the basis for thizrkv It is clear that the manufacturers of eledc@omponents recognize
the importance of combining failure mechanisms sum-of-failure-rates method. Also, the formula éach mechanism is
well studied and published.

The matrix approach we use to model useful lifeufairate (FIT) for components in electronic asskslby assuming
each component is composed of multiple sub-compsntam example; a certain percentage is effegtiviely-oscillator, static
SRAM, DRAM, etc. Each type of circuit, based andperation, can be seen to affect the potenéabststate (defect related)
failure mechanisms differently based on the acatderenvironment, for example: Electromigrationf-Barrier, NBTI, etc.
Each mechanism is known to have its own accelerdtiotor with voltage, temperature, frequency, egcletc. Each sub-
component will be modeled to approximate the redatikelihood of each mechanism per sub-compon&hen, each
component can be seen as a matrix of sub-comporeemis with its own relative weight for each pokesibhechanism.

Hence, the standard system reliability FIT can loglehed using traditional 21 Type of algorithms and adapted to known

system reliability tools, however, instead of timegteach component as individuals, we propose itigagach complex
component as a series system of sub-componentswétdcits own reliability matrix.
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The prediction of a system reliability can be dist using a linear matrix solution. Although umtitlay, the methodology
was consolidated on microelectronic device failmechanism, it applies directly to additional medbias including thermal
and mechanical stresses due to wafer bonding anahgrfailure mechanism that can be modelled by iphysf failure,
including wide bandgap semiconductors and evenggsng failures.

Whereas each intrinsic mechanism is known to hafferent statistical distributions, the combinatiof distributions
becomes, at the ensemble level, approximately anhsate as demonstrated by R.F. Drenick [17]tdrtHeorem, Drenick
suggests and justifies the summation of failure egtproach also as explained in the JEDEC handbook.

The mechanism matrix is described in Table V-2 hgaev of the matrix describes various operatingditions under which
the system is tested. Each experimgtig, operated with its unique voltage, frequenay mperature. The “results” column,
FITi is the average time when the failure occurs utiteexperimental condition, which is associatedhsitpre-determined
failure point. The example studied uses 10% perémte degradation as the failure point, howeverraagonable value will
work as long as it is consistent with the applimatiThe resulEIT; is a failure ratel) and measured d€°/MTTF.

HCI BTI EM Results
Vi, f1, T1 X-A1 Y-B1 Z:Cy FIT.
Vo, f2, T2 X-Az Y-B: Z-C FIT,
V3, fa, Ts X-As Y B3 Z:Cs3 FITs

Table V-2: M-TOL matrix used to solve models witle@sured times to fail [115]

Let’'s assume each mechanism (A—C) affects thersytatearly with its own acceleration factakK) for a given frequency.
The Acceleration factor formulas are in Table VEach equation is calculated with the experimergabli¢ion of each result

on the right-hand side.

Hot carrier _ _f vV —E“ZC’-(%—%)
injection AiE AFver =70 (V_o) e b
Negative bias (Ve _M.(L_L)
.= = e¥ri(Ve—Veo) . k \Tg T

temperature Bi = AFnem = e e 0 tac
instability

igrati M _Eagm (1 1
Electromigration C. = AFey :fi' (VK) o F (TO Tac)

0 0

Table V-3: The equations for the acceleration fictoatrix [115]

Then the matrix is solved to find a set of congaRt, shown here aX—Z across the whole matrix that matches the
experimental results with calculated accelerataeidrs. This linear matrix is solved by multiplyitige inverse matrixAF?,
with lambda at each condition, as shown in Tablé. \I'he solution gives the coefficients (X—2Z), whitlake up the relative
contribution of each failure mechanism on the syste

AF P A
—_— —
A; By Cq] [X A4
A; B, C|-|Y|= /12]
A3 B3 C3 Z 13

(AFIP) = Q) - (P)=(AF)*- ()

Table V-4: Matrix solution [115].

In this matrix, the 3 left-hand columns describe Woltage, temperature and frequency used forc¢belerated test. The
normalized relative acceleration factor based erfaéhmulae for each failure mechanism is givenaaheof the 3 columns that
follow. The 2 right-hand columns show the measddapolated failure rate and the calculation basethe matrix solution.
These values are extrapolated failure rates gbtbeuct after the accelerated test. This matrikhéle a unique solution that
will fit the percentages of each mechanidt) (ith the measured failure rate, FIT. We foundmftuence of TDDB for these
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experiments so we did not include them in the maso we had only 3 equations solved with 3 meakEi€ rates.

An absolute FIT value is determined in the next lmged on the Mean time to fail. This allows calilton of the final
results in operation. The column line is the expedtIT (failures per billion part-hours) at thogditions. By substituting
these percentages into the matrix, the true a@earfactors are determined for not only the tstendition but also for any
extrapolated condition.

A failure mechanism matrix can be solved at anyegiget of conditions, i.e. voltage, temperature faeguency, as a
percentage at each stressed operating conditierg th a unique proportion of each mechanism fgivan set of stressed
conditions that will result in the given time toilfaFor example, the matrix shown in Table V-1 slsothe calculated
acceleration factor for each mechanism contributm@n eventual failure. The columns are normalitedheir relative
calculated contribution out of 100% including dlide; EM, HCI and NBTI. A calculated reliability e is shown in Figure
V-6 showing the full range of expected FIT versesnperature for any set of operational conditiorsashin Table V-6.

The 45 nm technology shows frequency related effattboth low temperatures (below 5°C) due to Ha@l at high
temperatures. It is observed the high voltage @@sl.2 V) enhance the effect of frequency whictupedthe overall HCI
contribution at low frequency. The dominant failtmechanism at medium ambient temperature (range 1@°C to 150°C)
is related to NBTI while EM failure mechanism isher observed at high temperature.

Calculated
2.4 -20 500 0.00% 100.00% 0.00% 8.00E+04 8.00E+04
1.2 140 500 100.00% 0.00% 0.00% 5.40E-01 5.40E-01
2.4 160 0.02 0.58% 3.40% 96.02% 1.78E-02 1.78E-02
3 0 500 0.00% 81.16% 18.84% 3.45E+07 3.43E+07
2.4 173 500 35.19% 61.50% 3.31% 1.76E+01 1.73E+01
2.4 160 500 14.56% 85.34% 0.10% 1.50E+01 1.77E+01
3 0 0.20 0.00% 0.02% 99.98% 6.37E+06 6.47E+06

Table V-5. Test Results showing proportions of failure mecérasifor given V,T and F compared with the
calculated as well as the measured failure rateTjFl

Volt | T°C | F(MHz) EM HCI NBTI Calculated FIT
1.1 30 0.02 99.76% 0.24% 0.00% 2.87E-10
1.2 70 500 100.00% 0.00% 0.00% 9.88E-04
1.5 80 500 98.58% 1.42% 0.00% 3.00E-03

2| -50 500 0.00% 100.00% 0.00% 3.12E+03
1.8 | 125 500 98.23% 1.77% 0.00% 1.86E-01
2| 150 0.02 96.20% 3.80% 0.00% 5.16E-05

Table V-6. Calculated FIT based on the solved matrix for tgpicse conditions.
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seeees 1.5V 0.5GHZ == 1.5V 0.1GHZ = == 1.5V 2GHz
e «2V1GHz = == 17V 1GHz

100
VA

Temp °C

Figure V-5. FIT versus Temperature for various voltages anguieacies.

The unique solution that solves all 3 equation& Wik 3 extrapolated acceleration factors givesragmtage contribution
for each of the failure mechanisms. We report #liability as FIT, which is 18MTTF for each condition. The percentages
for each mechanism are shown, based on the relaiveibutions that were extrapolated from the jdg/sf failure equations
normalized to the measured FIT of each test.

The most important result from our study is thatdilomigration and HCI are the most dominant failarechanisms
throughout the useful range of device operatioris Thsurprising since the standard HTOL test ersjziea only TDDB and
BTI since those are most accelerated by high veleayl temperature, however under use conditioattrer two are most
important. Furthermore, it is important to see #tatery low temperature and high frequency, H@&hémost important failure
mechanism and this could have very important inagilims for satellite and low-temperature militapphcations. Fortunately,
very low FIT values are found, and reliability mnfidently predicted.

We present here a simple and accurate way to canthi physics of failure equations for reliabilgyediction from
accelerated life testing. We show that a matrixeppgh allows the reliability physics equations &ofib proportionally to the
results of monitored accelerated life testing idesrto extrapolate failure rate one would expewgkgiactual operating
parameters. This methodology can be extended tadecaadiation effects, frequency and even packpgimd solder joint
effects to give a complete system reliability ewdilon framework. This matrix gives a very cost-effee way to predict
reliability based on the Physics of Failure usimgy@ tests as compared to the normal single-masheapproach.
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IV. CONCLUSION

In this book chapter we presented how basic coscequt be applied to high reliability applicationemhusing COTS
devices or new emerging technologies in harsh enment conditions.

A short State of the Art was developed in firstggaaph presenting DSM and GaN Technologies overeieweep scale
integrated technology down to 3 nm and last devatagts on GaN on Si power switch technologies.

Multiple failure mechanisms and Physics of degriadiah semiconductors may occur in a single s¢inoé-to-failure data
Physics of Healthy and associated Thermodynamiaefimy and mathematical approach are completed.

Some case studies application for Automotive andogmace are presented. It affords series of nualesigplication
supported by experiments for study cases on a HinE&hnology assuming HCI, BTl and EM as majoruial mechanisms.
It is shown how the activation energy is relatedht® stress and temperature applied. It is obvibasactivation energy can
no-longer be considered as constant to extrapstatee experiment under high stress to nominal nrisgeration profile.

It is examined and shown that the equivalent atitimaenergy is increasing with temperature and elsing with increase
of electrical stress condition (named stressors).

Some exercise based on PFM level 3 is proposetiufimmotive application, starting from componenesgbn, performing
technology analysis sometimes supported by Cortginat Analysis, established failure rate modekniified and adjusted
from the literature and provided by the Manufaature

Related to the Aerospace and Automotive Electromliability and a Practical application of MTOLd®d on J. Bernstein
approach, the prediction of a system reliabilitgdéscribed using a linear matrix solution.

48



[1]
(2]
[3]
[4]
[5]
[6]
[7]

(8]
[9]

(10]
(11]
(12]
(13]

(14]
(15]

(16]
(17]

(18]

(19]
(20]

(21]
[22]
(23]

(24]
(25]

(26]
(27]

(28]

V. BIBLIOGRAPHY

M. White and J. B. Bernstein, "Microelectronics Bbllity: Physics-ofFailure Based Modeling and Lifetir
Evaluation,"JPL Publication 0-5, Jet Propulsion Laboratory/California Instituté ®echnologyFebruary 2008

National Academy ofsciences, "Panel on Reliability Growth methods Bafense; Reliability Growth: Enhanci
Defense System Reliability,” The National Acadeniesss, Washington, DC. ISBN ¢-0-30¢-314749, 2008

P. Lall, M. Pecht and E. B. Hakim, Influence of Tmerdure on Microelectronics and System Reliability cBdRator
NY: CRC Press, 199

DoD, "MIL-HDBK- 217, Military Handbook for Reliability predictionf &lectronic Equipement,” Washington, L
USA, 1991, Decembe

JEDEC, "JEDEC JEP-122G Failureebhanisms and Models for Semiconductor DevicesPEIE Solid Stat
Technology Association, Arlington, 20:

J. B. Bernstein, M. Gabbay and O. Delly, "RelighiliMatrix Solution to Multiple Mechanism Predictid
Microelectronics Reliability Journz vol. 54, pp. 295-2955, 2014

Robustness Group ZVEI, Handbook for Robustnessigéin of Automotive Electrical/Electronic Modulégankfur
am Main, June 201.

QUANTERION, «Handbook of 217Plus Reliability Pretitttt Models,»QUANTERION Solution Inc2015.

T. S. Q. &. R. Publication
"http://www.triquint.com/shared/pubs/processes/Midviillimeter Wave_Reliability Overview.pdf," [Onlé&j.

J. Berthon, D. Regis and G. Hubert, "Utilisatiors dmmposants DSM dans le contexte aéronautiquel9ém:
Congrés de Maitrise des Risques et Sireté de Fomamer, Dijon, 23-23 Oct. 2014

S. Arrhenius, "Arrhenius, Ueber den Einfluss desnddépharischen Kohlensdurengehalts auf die Tempedat
Erdoberflache,Proceedings of the Royal Swedish Academy of Sgivol. 22, no. 1, 189¢

L. Boltzmann, "Boltzmann, The Second Law of Theryraamics. Populare Schriften,"ltssay 3, Address to a Forn
Meeting of the Imperial Academy of Scie, 1886.

M. Evans and M. Polanyi, "Inertia and driving formeechemical reaction,Faraday Society (London) Trangpl. 34,
pp. 11-29, 1938

E. Wigner, "The transition state methoFaraday Society (London) Trarvol. 34, pp. 2-41, 1938

S. Glasstone, K. J. Laider and H. Eyring, The themfrrate processs: the kinetics of chemical reactviscosity
diffusion and electrochemical phenomena., New Ybtk:Graw-Hill, 1941.

G. Hammond, "A correlation of Reaction RateJ. Am. Chen Soc.vol. 77, pp. 33-338, 1955

R. Drenick, «Mathematical Aspects of the ReliapiRroblem,»Journal of the Society for Industrial and Appl
Mathematicsvol. 8, n‘%11, pp. 12-149, 1960

E. Snow, A. Grove, B. Deal and C. Sah, "lon TramsBbenomena in Insulating Filmg,"Appl. Physyol. 36, p. 1664
1965.

N. Sedyakin, "On one physical principle in reli#lyitheory (in Russian),Techn. Cyberneticpp. 8(-87, 1966

D. Cox, "Regression Models and Life-Table®urnal of the Royal Statistical Society. Serigd/Bthodological), Vo
34, No. 2. (1972), ppvol. 34, no. 2, pp. 1&220, 1972

H. Eyring, S. Lin and S. Lin, Basic Chemical Kimsti New York - Chichester - Brisband eronto: John Willey é
Sons, 198C

J. McPherson and D. Baglee, "Acceleration factorgHin gate oxide stressing?toc. 23rd Annual IEEE IRP9, 1,
1985.

J. W. McPherson, Reliability Physics and EnginegerinTime-tofailure modeling; 3rd Edition, Plano (TX) US
Springer Nature Switzerland AG, 20:

E. Suhir, "Probabilistic Design for ReliabilityChipScale Reviewvol. 14, no. 6, 201(

E. Suhir, "Predicted Reliability of Aerospace Etedics: Application of Two Advanced ConceptfEE Aerospac
Conference2-9 March 2013

D. Jin and J. Del Alamo, "Impact of high-power steon dynamic On-resistance of highlatge GaN HEMTs
Microelectronics Reliability Journavol. 52, pp. 287-2879, 2012

G. Meneghesso, M. Meneghini, A. Tazzoli, N. RonghiStocco, A. Chini and E. Zanoni, "Reliabilitysises of Galliur
Nitride HEMTSs," International Journal of Microwave and Wireless firologiesvol. 2, no. 1, pp. 350, 2010

J. Stathis, S. Mahapatra and T. Grasser, "Conts@léssues in negative bias temperature instgfilicroelectronict
Reliability Journalvol. 81, pp. 24-251, 2018

49



[29] J. Black, "Black, Electromigration - A brief survend some recent resulté§EE, Trans. Electron Device¥pls. ED-
16, p. 388, 196¢

[30] "RDF 2000 (UTE C 80-810, IEC-62380-TR Ed.1)," [O@w]. Available: http://www.ute-fr.com/La-normaligat/UTE-
anc-standardisatio

[31] SIEMENS AG, SN29500, Reliability and Quality Spémtions Failure Ras of Components, Siemens Techr
Liaison and Standardisation, 19t

[32] V. Huard, F. Cacho and X. Federspiel, "Technologpling and reliability challenges in the multicana," IRPS,16-
18 April 2012.

[33] R. Quay, Gallium Nitride Electronics, Berlin Heitdekg: Springer Series in Materials Sciences, 2

[34] J. Bernstein and A. Bensoussan, "Reliability Prgoiicwith MTOL, proposed to IEEE System Qualificati for
Reliability," Transaction on Deviceand Material Reliability (TDMR)2016.

[35] INTEL, "VDSM lIssues and Design Methodology," Inkéicroelectronics Services, January 2(

[36] C. Lee, B. Welch and W. Fleming, "Reliability of Ge/Pt and AuGe/Ni ohmic contacts on GaAdgctronics Letter:
vol. 17, pp. 40-408, 1981

[37] M. Delaney, T. Wiltsey, M. Chiang and K. Yu, "Rddibity of 0.25um GaAs MESFET MMIC Process: Results
Accelerated Lifetests and Hydrogen Exposure GaAs Reliability Worksh¢, Philadelphia, PA, USA, 199

[38] K. Decker, "GaAs MMIC Hydrogen Degradation Study, GaAs Reliability Worksh¢, Philadelphia, PA, USA, 19¢

[39] A.Bensoussan, P. Cov&ll. Roesch and T. Rubalcava, "Reliability of a GARIC process based on 0.5pum Au/Pc
gate MESFETSs," ii32nd Annual Proceeding Reliability Physics, If, San Jose (CA), April 199

[40] J. Scotten, "fforum/content/8022-lithovision-20X¥sconductor-technology-trends-their-impéittography.html,
SemiWiki.com, 24 Feb 2019. [Online]. Available:gst//www.semiwiki.com. [Accessed 28 Feb 20

[41] M.  Lapedus, ‘"/big-trouble-at-3nm/," Semienginagtcom, 21 June 2018. [Online]. Availat
https://semiengineering.com. [Accessed 28 FebrRai@]

[42] T. Ueda, "Reliability issues in GaN and SiC powevides," inlEEE International Reliability Physics Sympos
(IRPS, Waikoloa, Hawaii, USA, 201

[43] M. Meneghini and et al., "Normally-off GaN-HEMTs thip-type gate: Ofttate degradation, forward gate stress
ESD failure,"Microelectronics reliability Journalvol. 58, pp. 17-184, 2016

[44] G. Meneghesso, G. Verzellesi, F. DanesirR&mpazzo, F. Zanon, M. Meneghini and E. ZanoniliaR#ity of GaN
High-Electron-Mobility Transistors: State of thet/and Perspectives|EEE Transactions on device and mater
reliability,, vol. 8, no. 2, pp. 3:-343, 2008

[45] Y. Wu, C.-Y. Chen and J. Del Alamo, "Temperatureederated degradation of GaN HEMTs under higlwver stres:
activation energy of dra-current degradation.,” JEDEC Solid State Technology Associg, 2014.

[46] S. Wamock and J. Del Alamo, "OFF-state TDDB in higiitage GaN MIS-HEMTSs," itEEE International Reliabilit
Physics Symposium (IRF, Monterey, CA, USA, 201’

[47] A. Guo and J. Del Alamo, "Positive-bias temperatmstability (PBTI) of GaN MOSFETSs," itEEE Internationa
Reliability Physics Symposii, Monterey, CA, USA, 201t

[48] M. Meneghini, G. Meneghesso and E. Zanoni, Powéi Bavices Materials, Applications and Reliability, Sprinc
Power Electronics and Power Systems, Series editH. Chow, A. M. Stankovic, D. Hill., 201

[49] B. Agarwala and al., "Dependence of Electromigrafitduced Failure Time on Length and Width of Almmim Thin-
Film Conductors,'J. Appl. Phys.vol. 41, p. 3954, 197(

[50] JEDEC,"JESD2:-A108 HTOL Temperature, bias, and operating life)y 2017. [Online]. Available: www.jedec.o
[51] K. Decker, "GaAs MMIC Hydrogen Degradation Study, GaAs Reliability Worksh¢, Philadelphia, PA, USA, 19¢

[52] S. Kayali, G.Ponchak and R. Shaw, "“GaAs MMIC Reliability Assuca Guidelines for Space Applications," .
Publication, Vol 9-25, Pasadena, CA, 19

[53] M. Meneghini, G. Meneghesso and E. Zanoni, Powét Bavices - Materials, Applications and Reliabili§pringer,
Power Electronics and Power Systems, Series editéts Chow, A. M. Stankovic, D. Hill., 201

[54] G. Meneghesso, G. Verzellesi, F. Danesin, F. Rampdz Zanon, M. Meneghini and E. Zanoni, "Religpibf GaN
High-Electron-Mobility Transistors: State of thetfand Perspectives]JEEE TRANSACTIONS ON DEVICE A
MATERIALS RELIABILITYvol. 8, no. 2, pp. 3:-343, 2008

[55] A. K. M. C. a. M. M. H. Yunm, "Entropic Approach tdeasure Damage with Applications to FatiguArinua
Reliability anc Maintainability Symposium (RAMS), Reno, Nop. 1-6, 2018.

[56] J. McPherson, R. Khamankar and A. Shanware, "Camgadary model for intrinsic TDDB in SiO2 dielecsijt J.
Semiconductor Sci. Technowol. 15, p. 462, 200(

[57] J. McPherson, "Sess dependent activation enercProc. IEEE 24th IEEE IRPp. 12, 1986

50



[58] A. Bensoussan and E. Suhir, "Design-for-Reliabi{llyR) of Aerospace Electronics: attributes andlleinges,"|EEE
Aerospace Conferenc2-9 March 2013

[59] S. Zhurkov, "Kinetic Concept of the Strength ofi8s]" Int. J. of Fracture Mechanicwvol. 1, no. 4, 196&

[60] D.Coxand D. Oakes, Analysis of Survival Data, ok 21 Chapman & Hall/CRC Monographs on Statigtiégplied
Probability, CRC Pres- 208 pages, 198¢

[61] J. W. PcPherson, "Future of Reliability Testin@€an Zero Failures become reality"," BEREF 2019Toulouse
September 201¢

[62] L. Pierrat, «Estimation and validation of predietireliability - Technical Report LIC-VAL/PTSWALEO Powertrair
Thermal Systems (Internal report stu- LJ-CONSULTING, 2017

[63] D. Delaux, «Fiablité Appliquée pour I'Industrie,aléo PTS (internal report), 20.

[64] L. Pierrat et D. Delaux, «Analytical improvementtbe Stres$Strength Method by considering a realistic stre
distribution.,» che:2013 ARS, Euroy, Berlin (Ge), 2013

[65] E. Sperling, "https://semiengineering.com/gaps-gedn-automotiveest/," Semiconductor Engineering, 05 I
2019. [Online]. Available: https://semiengineercmm. [Accessed 08 May 201

[66] FIDES_Guide, "Reliability Methodology for ElectranBystems, DGA," 20(.
[67] P. A. Tobias and D. C. Trindade, Applied Reliagili8rd Ed.), Boca Raton, FL: CRC Press, 2(

[68] L. Condra, G. Horan and B. Scofield, "As Semicoridu®evices Shrink so do their Reliability and ltifees," ir
National Software and Airboe Electronic Hardware. Standardization Confere, Denver (CO), 200t

[69] GIFAS, «Guide for the selection of Deep Sub-Mic(@8M) for aeronautic equipment - Semiconductorstiliie -
GIFAS/2015/5022,» Groupement Industries Francaisgenautiques eSpatiales, Paris, 20:

[70] W. Roesch, «Volume & Quality Impacts on Reliabiliy New Game for GaAs,» ch&zaAs REL Workshoiseattle
Washington, 200(C

[71] L. Bechtold, D. Redman et B. Tawfellows, «Semicartdureliability using random and wearout failuredels,» che
Reliability and Maintainability Symposium (RANM, Colarado Spring, CO, USA, 201

[72] VITA, «Physics of Failure Reliability PredictiorVITA (June) 2011,» ANSI/VITA 51.-2011, June 201

[73] D. Regis, J. Berthon, G. Hubert and M. Gatti, "D®dliability concerns - impact on safety assessrémtSAE
International J. Aerospace, Vol 7, issL, Cincinnati, September 201

[74] W. G. Components, "Guide for the selection of D&epMicron (DSM) for Aeronautic equipmentSemiconductc
lifetime," in Réf : GIFAS/2015/50:, Paris, 201&

[75] M. Nikulin, L. Gerville-Reache and V. Couallier,afistique des essais accélérés, Paris: Larpisiermes Scienc
2007.

[76] H. H. Randomson, Y. Zhang, X. He, H. Cui, J. LiXiang, J. Liu, S. Gu and G. Wang, "The ChallengfeAdvance
CMOS Process from 2D to 3DApplied Sciences (www.mdpi.com/journal/applsvol. 7, pp. -32, 2007

[77] J. Mc Pherson, "Tutorial ESREF 2019: Future ofatdlity testing - Can Zero failures become realityi@ ESREF
European Symposium on Reliability of Electron Des, Toulouse (France), 201

[78] M. Alam, H. Kufluoglu, D. Varghese and S. Mahapatfacomprehensive model for PMOS NBTI degradatidacen
progress, Microelectronics Reliabilityvol. 47, pp. 85-862, 2007

[79] B. Kaczer, V. Arkhipov, M. Jurczak and G. GroesemreK'Negative biatemperature instability (NBTI) in SiO2 a
SiON gate dielectrics understood through disc-controlled kinetics, Microelectron Eng.vol. 80, pp. 12-125, 200=

[80] M. Alam, "Ch. 8: NBTI TIME DEPENDENCE: STRESS PHASHE Course Purdue Uni.

[81] J. W. McPherson, R. B. Khamankar and A. Shanwérepimplementary moleculanodel (including field and currer
for TDDB in SiO2 dielectrics,,Microelectronics Reliabilityvol. 40, pp. 159-1597, 2000

[82] H. Lee, C.-H. Lee, D. Park and Y.-K. Choi, "A StudfyNegative-Bias Temperature Instability of SOddody-Tied
FinFETSs,"IEEE Electron Device Lettervol. 26, no. 5, pp. 3--328, 2005

[83] V. Huard, M. Denais and C. Parthasarathy, "NBTI rddgtion: From physical mechanisms to modelling,"
Microelectronics Reliabilityvol. 46, pp. -23, 2005

[84] P. Nicollian, M. Rodder, D. Grider, P. Chen, R. \da¢ and S. Hattangady, "Low Voltage Stress-Indicsakage-
Current in Ultrathin Gate Oxides," ilRPS, 37th Annual International Reliability Physi8gmposiumSan Dieg
(USA), 1999.

[85] P. Nicollian, "Physics of trap generation and eleat breakdown in ultrdhin SiO2 and SiON gate dielectric materie
University of Twente, Twente, Netherlands, 2(

[86] G. Ribes, S. Bruyere, D. Roy, M. Denais, J. RouR&thasarathy, V. Huard and G. Ghitbau'New extensive MVH]
breakdown models," iIRPS, San Jose, (CA), 200

51



[87] E. Wu, B. Li, J. Stathis, R. Achanta, R. FilippidaR. McLaughlin, "A Time-Dependent Clustering Modiel Non-
Uniform Dielectric Breakdown," ilEEE International Electron evices Meetin, 2013.

[88] S. Blonkowski, "Filamentary model of dielectric Bkelown,"Journal of Applied Physicvol. 107, 2010

[89] J. McPherson, "Time dependent dielectric breakdplysics - Models revisitedMicroelectronics Reliability Journe
vol. 52, pp. 175-1760, 2012

[90] F. Monsieur, E. Vincent, D. Roy, S. Bruyere, J.a¢dilil, G. Pananakakis and G. Ghibaudo, "A Thordughkstigatior
of Progressive Breakdown in Ultthin Oxides. Physical Understanding and Applicatfon Industrial Reliability
Assessment.," iIRPS, Dallas (Tx), 2002

[91] E. Wu and J. Sune, "Power-law voltage acceleratidnkey element for ultrahin gate oxide reliability,
Microelectronics Reliability Journavol. 45, pp. 180-1834, 2005

[92] B. Kaczer, R. Degraeve, P. Roussel and G. Groeseané&ate oxide breakdown in FET devices and disclirorn
nanoscale physics to syst-level reliability," Microelectronics Reliability Journavol. 47, pp. 55-566, 2007

[93] S. Ramey, A. Ashutosh, J. Clifford, M. HattendakfHicks, R. James, Rahman, V. Sharma, A. St Amour anc
Wiegand, "Intrinsic Transistor Reliability Improvemts from 22nm Tri-Gate Technology," IRPS Anahiem (CA)
2013.

[94] M. Saliva, F. Cacho, C. Ndiaye, V. Huard, D. Anght,Bravaix and L. Anghel, "Impact of gatide breakdown i
logic gates from 28nm FDSOI CMOS technology,IRPS, Monterey (CA), 201&

[95] A. Bravaix, V. Huard, F. Cacho, X. Federspiel andRoy, Chapter book : Hd@arrier Degradation in Decananom
CMOS Nodes: From an Energy-Driven to a Unified @atrDegradation Modeling by a Multiplearrier Degradatic
Process, Wien (Austria): Springer, 20

[96] E. Takeda and N. Suzuki, "An empirical model fovide degradation due to hot-carrier injectiol5EE Elect. De\
Lett.,Vols. EDL-4,no. 4, pp. 11-113, 1983

[97] A. K. Singh and J. Samanta, "Different PhysicakEfé in UDSM MOSFET for Delay & Power EstimationR&view,'
in IEEE Students’ Conference on Electrical, Electreraeid Computer Scier, Bhopal, India, 201z

[98] S. Rauch and G. La Rosa, "The Energy Driven PamadigNMOSFET Hot Carrier Effects,” ilRPS San Jose (CA
2005.

[99] A. Bravaix, C. Guérin, D. Goguenheim, V. Huard Ry, C. Besset, S. Renard and Y. Mamy Randriamif,State
Incorporation into the 3 energy mode Device LifetiModeling for advanced 40nm CMOS node,TR#PS San Jos
(CA), 2010.

[100] K.-C. Chang, J.-C. Liao, T.-C. Chang, C.-H. Yeh,YCLin, F.-Y. Jin, Y.-S. Lin, F.-M. Ciou, W.-C. thg, Y.H. Lin,
Chen-Hsin Lien, O. Cheng, C.-T. Huang and a. Y.Md, "Abnorma Relationship Between Hot Carrier Str
Degradation and Body Current in High-k Metal Gat¢he 14-nm Node |[EEE ELECTRON DEVICE LETTER®&)I.
40, no. 4, pp. 4¢-501, 2019

[101] V. Huard, "Two independent components modelindgVegative Bias Temperature Instability,"IRPS San Jose (CA
2010.

[102] S. Mahapatra and S. Rashmi, "On the Universalitjdof Carrier Degradation: Multiple Probes, VaridDperating
Regimes, and Different MOSFET ArchitecturesEE Transactions on Electron Devicesl. 65, no. 8, pp. 3088-
3094, August 201¢

[103] T. Grasser, Hot Carrier degradation in semicondui#eices, Springer, 201

[104] T. Grasser, K. Rott, H. Reisinger, P.-J. Wagner3aks, F. Schanovsky, M. Waltl, M. Toledaogque and B. Kacze
"Advanced characterization of oxide traps: dynamc time-dependent defect spectroscopy,|IRPS, Apr. 2013,

[105] C. Guerin, V. Huard and A. Bravaix, "The Energy\2mn Hot-Carrier Degradation modes on nMOSFETEEE
Transactions on Device and Materials Reliabilvol. 7, no. 2, pp. 22235, June 007.

[106] A. Bravaix, "Part I- FRAME Analysis IR-ISEN," Internal report IR™- ISEN, Toulouse, September 2C

[107] C. Shin, K. Kim, J. Kim, W. Ko, Y. Yang, S. Lee, 8. Jun and Y. S. Kim, "Fast, exact, and destructive diagnos
of contact failures in nano-scale semiconductoiicgeusing conductive AFM,Scientific Reportsyol. 3, no. Article
number: 2088, p. DOI: 10.1038/srep02088, 2(

[108] H. J. Veendrick, Nanometer CMOS ICs - From basicA3ICs, Heeze, The Netherlands: Springam, 2817 (secor
ed.).

[109]Y. K. Kim, J. S. Lee, G. Kim, T. Park, H. J. Kim, P. Cho, Y. J. Park and M. J. Lee, "Partial IsofafType Saddle-
FINFET -Pi-FInNFET - for Saddle FinFET Sub-30 nm DRACell Transistors," Electronics 2019, no.
doi:10.3390/electronics8010008, p. www.mcom/journal/electronics, 201

[110] G. Crupi, D. M.-P. Schreurs, P.-Raskin and A. Caddemi, "A comprehensive reviawnicrowave FINFET modelir
for progressing beyond the state of éSolid-State Electronicsvol. 80, pp. 8-95, 2013

52



[111] A. Bravaix, C. Guerin, V. Huard, D. Roy, J. Rouwdds. Vincent, "HotCarrier Acceleration Factors for Low Pov
Management in DC-AC stressed 40nm NMOS node at Higghperature,” iIREEE International Reliability Physi
Symposium (IRPS) Prg, Anaheim (CA) 2009.

[112] A. Bravaix, "Part :- FPGA FF16 Reliability Analysi- ISEN," Internal report IR™- ISEN, Toulouse, September 2C

[113]J. Bernstein, M. Gurfinkel, X. Li, Walters, J., $hapira and M. Talmor, "Electronic circuits religlgi modelling,"
Microelectronics Reliabilityvol. 46, pp. 195-1979, 2006

[114] J. Bernstein, Reliability prediction from Bi-in - Data Fit to Reliability models, ELSEVIER, 201

[115]J. B. Bernstein, M. Gabbay et O. Delly, «ReliapiliMatrix Solution to Multiple Mechanism Predictioi
Microelectronics Reliability Journavol. 54, pp. 295-2955, 2014

[116] BELLCORE, SF-332, Reliability Prediction Procedure for Electmfiquipment, BELLCORE Telcordia, 201
[117] "PRISM now 217Plus (TM) RIA(- The Reliability Analysis Center," [Online]. Availbb http://www.theriac.ori

[118] C. Liu, H.-S. Sagong, H. ik, S. Choo, H. Lee and Y. Kim, "Systematical stwdyl4 nm FinFET Reliability: fror
device level stress to product HTOL,"IRPS, Monterey (CA), 201E

[119] JESD85, Methods for calculating failure rates iitsiof FITs, JEDEC Publication, JEDEC ¢d State Technolog

[120] J. Srinivasan and S. V. Adce, "The case for miaioigectural awareness of Ifetime reliability,” Tedtal report UIUC
CS n° UIUCDC-R-200:-2391, 200t

[121] A. Bensoussan, A. Durier and J. Bernstein, "M-STORM NEW APPROACH TO MODEL ELECTRONIC!
COMPONENTS RELIABILITY," in Automotive Power Electronics (APE 20, Paris (France), 201

[122] J. Bernstein, "Reliability Prediction for Aerospdgelectronics,” irlEEE Aerospace Conferer, Big Sky (MN), 2015
[123] A. Bravaix, "Part - DDR3 FF20 Reliability Analysi- ISEN," Internal report IR- ISEN, Toulouse, September 2C

[124] C. Creveling, "Increasing the reliability of elemic equipment by the use of redundant circulsgc. IRE,vol. 44,
pp. 50¢515, 1956

[125] B. Dhillon and S. Rayapati, "A method to evaluai@bility of three-state device networllicroelectronics Redibility
Journal,vol. 26, pp. 52-554, 1986

[126] M. Nikulin, V. Couallier and L. GervillReache, "Accelerated Life and Degradation ModeReéfiability and Safety
An Engineering Perspective," IBA 2961, Statistique Mathematique et ses Applinatiniv. Bordeaux2Bordeaux
France

[127] E. Takeda and N. Suzuki, "An empirical model fovide degrada- tion due to hot-carrier injectiolEEE Electror
Device Lett.Vols. EDL-4, pp. 11-113, 1983

[128] D. Verkest, "/cadence_blogs_8/b/breakfast-bytesgfiosec2,” IMEC Roadmap - Cadence Breakfast Byteg8-Pos
from Paul McLellan, 7 June 2018. [Online]. Availabhttps://community.cadence.com/. [Accessed 28uzei 2019]

[129] N. Loubet and et al., "Stacked Nanosheet Gate-Adlufrd Transistor to Enable Scaling Beyond FinFETLY5," in
Symposium on VLSI Technology Digest of TechnicpéR, Kyoto, Japan, 201

[130] Serma Technologies, «Alcatel Espace Internal faitureysis report EL 4103,» Toulouse, March 1¢

53



