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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 clarifjrst 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 lite share our perception on the experimentally dmraknt 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 present stasistic 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 opefaiddressing 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 (rallyedtefinition is a 50% lot failure) and we shodkfine rather a MTTF0.1%
for high reliability application. At the same timegtention 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 impletén 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 Physicsadfulfe [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 advantageésieawbacks?

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 cidgeralue to define?

How to deal with multiple stresses?

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

What if multiple failure mechanisms are coexistifig]?

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

How to apply reliability prediction tools to innaowee 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 term 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, automotivegsgace, 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%
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after 30 years in mission operation?

For Reliability prediction purpose do we need tasider Time-To-Failure for each failure mechanisthes for a constant
failure rate based on a Poisson statistic, or fanaut failure mechanism?

What would be the equivalent tothda and corresponding Time-To-Failure if all failureohanisms 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. &dtone (1941) [15], G. Hammond (1955) [16], R. [ckr{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. SUBD13) [24] [25]. Modelling was supported by serié experimental papers
from MIT (D. Jin and Del Alamo) [26], RAC Univ. dflaryland, University of Padova and G. Meneghestasm [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 mdoepredictive reliability. Not leaving aside maattors in this paradigm
development we have to name most representativertsxim the field which have influenced the writinthese chapter J.
Stathis, V. Huard, A. Bravaix, J. Bernstein, M. Mghini, H. Zanoni, E. Wu and J. Sune, P.A. Tobras @.C. Trindade, M.
Nikulin and V. Couallier.

The paradigm of the Transition State Theory (TSayaloped by E. Wigner in 1934 [14] and by M. EvavisPolanyi in
1938 [13] is an approach we can benefit too by tdgphe concept of a unified semiconductor relisbmodel 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. Glasstebal. [15] in 1941. The TST was developed in cisém based on the
Hammond's postulate [16] published in 1955 appiephysical organic chemistry.

Multiple failure mechanisms and Physics of degriadah semiconductors may occur in a single sdinoé-to-failure data
but without obvious points of inflection to helppseate the mechanisms. J. McPherson in his bookditibn of Reliability
Physics and Engineering provides the basics cdlyéiy modelling [23], [22] recalledienerally, materials/devices exist in
metastable states. These states are referred beiag metastable because they are only apparetathies Metastable states
will change/degrade with time. The rate of degrémtabf the materials (and eventual time-to-faildiog 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 Ify&lition of J. McPherson book has provided the nirgints to describe multiple
stressors environment effect including entanglexkecating factor picture as fully detailed in Raiumerical application for
a study case on a FinFET technology assuming theger failure mechanisms defined by the followinghenius reliability
parameters are also detailed.

These mathematics and physic approaches show tewactivation energy is an Eyring model relatedhi® stress and
temperature applied and can no-longer be consider@dconstant to extrapolate some experiment umglerstress 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 bexafithe 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 teperature To and is
increasing with temperature So, under the stress conditiotise failure mechanism model is a non-uniform accetation
mechanism

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

Basics mathematics on serie-parallel systems ikfjatare presented with some approximation consitiens 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 Phy/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. tnbuok, 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 dseapparently 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.qg.,
mechanical stress, electrical stress, electrochehsitress, etc.) and/or elevated temperature”.

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

Keywords— Probabilistic Design-for-Reliability, SHMReliability, PoF, PoH, Transition State Theorytatftics,
Semiconductors, Wide Band Gap, Deep Sub-micror;EIn
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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 biatemperature instabili
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 burnout limit valt
Electromigratiol PDF Probability Density Functic
ElectroStatic Dischar PDfR Probabilistic Degr-for-Reliability
Electrical Overstress PHEMT  Pseudomorphic Higfectron Mobility
Transisto
Equivalent Oxid Thickne: 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 livalue
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 carrier degradatic TDDB  Time Dependent Ditectric Breakdow
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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"As long as mathematical laows refer Lo reatily, they are not absolute, and as
long as they are absolule, they do nol refer lo realily”

Cant que les lois mathématiques renvoient & la 1éalité, clles ne sont pas
absolues, el lant quélles sont absolues, clles ne renvoient pas a la réalilé.”

Discours a I'Académie Scientifique de Prusse, &rid21 Albert Einstein



|. INTRODUCTION

Trending articles and news related to the semicctodundustry are published in various web sitesa Ipaper signed by
Khaveen Jeyaratnam, a specialist in financial amlyaluation and investment research presengfemiconductor Industry
Value Chain and discussed the Top 3 Semiconductoundifies In The World in March 21, 2019
(https://seekingalpha.com/article/4250209-top-3-semiluctor-foundries-wor)d He highlights the semiconductor industry
is experiencing heavy growth in demand from theebo§the fourth wave of technology which includgsotics, artificial
intelligence, nanotechnology, quantum computingtdahnology, the Internet of Things, fifth-genemativireless technologies
(5G), augmented/virtual reality, 3D printing, andtanomous vehicles

The top 4 worldwide semiconductor foundries by rewefor 1H18 are TSMC (56.1% market share), Glohatieries
(9.0%), UMC (8.9%), and Samsung (7.4%). Curren@MC ($32B+) is the number one foundry by a vergéamargin with
GF ($6B+), UMC (>$5B+), Samsung (>$5B+), and SMI&B$) barely visible in the rearview mirror. In Sewii web site
it was mentioned the full year 2018 revenues of TSy technologies represent 9% for the 7-nanormmetde size (25% in
2019), 11% for the 10-nanometer, 23% for the 16/@0emeter, and 63% for the 28-nanometer and b&owthe other side,
GlobalFoundries offer CMOS, FinFET and FD-SOI temlbgies.

Electronics components are made from devices, diofuequipment to complete systems, are fabrichkted materials
and structures that degrade with time under noopetational condition. This is a fundamental consege of the second law
of thermodynamics which cannot be avoided in owysptal world. We cannot afford uncertainty of systebased on various
domains including Aeronautics, More Electrical Aaft, Space, Automotive and autonomous vehiclggnglon hundreds,
thousands and millions of electronic devices périale and employing fleets of thousands. Degradalias been observed
also, to depend on many environment parameters,ibwinsic and extrinsic, as follow due to:

* Packaging and component manufacturing and prodéssgdtions

» Original material and geometry arrangement intaaies/

« Internal and external environment conditions natvsirassors’ so as biasing (voltage, current, power dissipatio
transient, signal level), temperature (low, highnstant, variable), irradiation levels (particlésray, y-ray),
humidity, other pollution gases, etc [23], [5],

We can model failure rates and degradation, assumitependently thermal activation processes arrdratom, until
some critical device parameter can no longer nieetequired specification for proper device or eysfunctionality. Some
parameters (considered as electrical signaturespeaddentified aprecursor of failure occurrence. So, the failure is really
defined when a specific functional parameter itegh” affected to create a malfunction of the syst€he threshold, for an
indicator degradation leading to a final systemapeatric failure or a catastrophic failure dependdh® stressor intensities
(level of stresses with respect to the intringitits supported by a device) and time.

Many statistics and mathematics have been developadthe centuries [11], [12], [13], [21], [23R9] to describe failure
rates and the well-known bathtub curve showingh@smatic of failure rate behavior with time. In thisproach three domains
were traditionally established: Infant MortalityaRdom failure and Wearout Failure [2], [30], [3The common “Time-to-
Failure” parameter (TTF) e.g. the time for a giy@pulation to survive, to have its number of “go@léments be % the
original population [23].

This simplified viewpoint which has drawbacks andfers from some vagueness in the definition ofufai when
considering innovative commercial-off-the-shelf (C&) devices use (Deep Sub-Micron technology nome Isiwer than 20
nm [32] or Wide Band Gap semiconductor based de\ige]):

* Infant mortality, random failures and wearout aemerally based on catastrophic failures observatinrthe field.

When considering parametric failures this may ireddifferent interpretation and results [6] [34]5]3

» Temperature definition is a key parameter which adify the interpretation and the reading of res[8], [36]: for

example temperature can be considered as ambieateror junction.

» Failure criteria definition is observed to be asitwve parameter impacting the TTF [37], [38], [39]

Saying this, broad application of disruptive tedogges in embedded Hi-Rel systems requires alhbdity aspects to be
modeled and quantified in order to predict TTF amgrout Remaining Useful Life (RUL) both impactedrhission profile
of electronic systems.

This chapter will first detail the existing modeispls and methodologies existing for COTS new gingrtechnologies.
We will see why and how the concept of activatmergy is an Eyring model related to the stresstamgberature applied
and the use of an approximated constant activaimrgy can no-longer be considered as a constagttapolate some
experiment under high stress to nominal missiorratjmn profile.

We will present hypotheses, baselines and defirstaf reliability parameters through the prism cdiisition State Theory
(TST) in order to show how the multi-dimensionakss environment can be simply modelled. Religbgitediction is then



supported by the extrapolation of lifetime modedsdd on what we call, Physics of Healthy (PoH). Rotérm of reliability
prediction is the calculation of the statisticallee probability described by physics-based rateesses. The methodology
presented here is a direct application of the Wedtlwn, standard, proportional sum-of-failure-rateisere the rates are
calculated by thermodynamically determined statidfprocesses.

A section will address the Transition State ReligbModel and reliability Physics of Healthy defid as the probability
of a product performing it intended function fogi@en amount of time and mission profile. Basic raghes are recalled so
that engineering designs and materials are detgilednstruct reliability tools as defined by contienal reliability standards.

A last section will focus on system reliability (s and parallel) mathematic recalls and propaggadoximations through
four Lemmas.

L1: A series system constituted midentical and independent elements, each deschipedPOISSON distributiomg)
reliability model can be approximated by a genecplivalent POISSON distribution with parameteisn-

L2: A parallel system constituted ofidentical and independent elements, each deschpedPOISSON distributiom)
reliability model can be approximated by a generalivalent WEIBULL distribution with parametedsand = n with an
error lower than 1% for time operation lower th&@¥@8 MTTF for the example shown.

L3: A parallel system constituted of identical and independent elements, each deschigea reliability WEIBULL
distribution (@, f) model can be approximated by a general equivilEBULL distribution with parametera( £ n) with an
error lower than 1% for time operation lower th&%« MTTF.

L4: In a series-parallel system constitutedh afentical and independent elements, each desdopadeliability POISSON
distribution @), its reliability model can be approximated byemgral equivalent WEIBULL distribution with pararaeté,
L= m) with an error lower than 3% for time operatiower than 50%- MTTF.

The fact that microelectronic devices are manufedun such large quantities with established \wlitg, deviations
(fluctuations) and uncertainties make them thetggigential framework through which all reliabilgyediction and evaluation
should be understood. Existing reliability modelaynsometimes be less accurate for emerging andnatare technologies
because of lack of customer and user’s feedbaokgalthe short product life cycle. The consumerkmtarelies on short life
cycles. Consequently, the very nature of the edaats industry, where so many parts having so matgyacting physical
phenomena, electrical performances, geometricahaatérial parameters, and application design cmditmakes them the
ideal example for reliability evaluation that camdpplied to any other product or industry.

This chapter Part | will prepare the foundatiomtswer three central questions:

1. How to apply reliability prediction tools for innative technologies?

2. What are the hypotheses made of and methodologheimgmted in these tools; and to what extent arg disée to
cover emerging technologies and applications?

3. Prognostic Failure Model (PFM): what could be apmsed guideline to organize all concepts described?



Il. STATE OF THEART RELIABILITY IN DSM AND GAN TECHNOLOGIES ANDPHYSICS OFHEALTHY - THERMODYNAMICS

A. COTS and Emerging technologies in Deep-Sub-Micechriologies: short overview

In a recent synthetic paper published on SemiWikidhoVision 2019 — Semiconductor Technology Tremhd their
impact on Lithography, Scotten Jones [40] presehighlights on NAND scaling with layers, DRAM pehipral scaling and
Logic high performance and loT. Evidence is showrtlee complexity of market push technology in thi ISAND mask
counts and bit density trends. “The transition f@NAND to 3D is enabling the continuation in 8énsity scaling by using
the third dimension (segure 11-1). DRAM scaling is limited by capacitor size andifay physical limits. Logic is continuing
to scale but fundamental limits on 2D shrinks a@ming. Leading edge logic has evolved from pldremsistors to a split
roadmap with FInFET for high performance and thiligs FDSOI for IOT. Longer term gate-all-arouncbis the horizon.”

- Triangles are 2D NAND, diamonds are 3D NAND
100 ¢ - Filled symbols are actuals, empty symbols are forecast
F -Colorindicates company L -
| - Black empty diamonds are generic o S
10 g A.‘<>( ” 1.2x/yr
[ §V
2 i i
] i K A
z f 2
2 r 1.4x/yr
& F
r ‘ﬁIA
[ Blue = Micron/IM
AnA
0.01 ¢ ‘/ Purple = SKHynix
F 1.8x/yr Green = Samsung
r f Orange = Toshiba
I
0001 T 1 L TR 1 1 L T T 1
2000 2005 2010 2015 2020 2025 2030
Year
NAND Bit Density [1]
[1] Strategic Cost Model — 2019 —revision 00 5
Figure II-1 Nand Bit Density (courtesy of IC Knowledge LCC in @miWiki
[40]).

FromFigure 1I-2 extracted from ref [40] we can see that for plaramsistors the effective gate width (Weff) wafirted
by the transistor gate width. For FINFETs the Wisfpends on the width and 2x the height of the ffiith therefore Weff can
only be varied in discrete increments. With GAA Weff is 2x thickness and 2X width.
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Figure 11-2: Logic Gate All Around (GAA) size definition acating to ref{40]).

Leading Edge 2D to 3D Logic Roadmap
N28 N20 N14 N10 N7 N5 [1] N3.5 [1] N2.5[1] N1.75 N1.25 |
Designation [2] 28.1 20.1 14.1 10.1 7.1 5.1 33 21
Device Planar Planar FF EF EF FF HNS/FF HNS
CPP. 128 a0 78 66 57 57/50 45 [4]/48 37 (4]
M2P 90 64 64 44 40 36/28 32/28 26 [5]
Tracks 7.00 9.00 9.00 8.25 6.00 6.00/6.00 | 5.00/5.00 5.00
SDB/DDB SDB SDB SDB DoB DDB SDB/SDB SDB/SDB S0B
126.53/ 216.37/
Density (MTx/mm2) 19.72 30.05 34.68 55.10 96.49 185.46 231.83 323.89
Density improvement [6] 1.52 1.15 1.59 1.75 1.31/1.92 | 1.71/1.25 | 1.50/1.40
Designation [2] [1] Values in red are projected values for Samsung/TSMC. 14.7 3.2 33 34
Device [2] Values are "node” linewidths followed by number of CFET EEET CFET CFET
decks. = = e
il [3] Both companies claim 54nm but 57nm seen in actual {l& = _‘::” 3{ M‘ L ,h‘
M2P ey 64 28 26 [5] 26 [5]
Tracks [4] CPP limit as derived based on Lg, tyyce, and Weg e 6.00 5.00 5.00 5.00
SDB/DDE porjected limits. SDB SDB SOB SDB
Density (MTx/mm2) [5] 1D limit for EUV. . 129.63 386.38 454.57 534.79
Density improvement [6] Intel transistor density metric. 1.34 1.79/1.67 1.18 1.18
Sp G Dp
2 deck :
I C KNOWLEDGE Le 12
Figure 11-3: A roadmap from 2D planar transistorsh@ 28nm and 20nm nodes to FinFETs and then HNS a
eventually stacked 3D CFETSs (r§40]).

From Figure 11-3, for Node 5 (N5) and N3.5 we have specific pragge for Samsung and TSMC. At N2.5 we have a
generic forecast with both companies converged W6 .H

For 3D we have options beginning with a relaxedm4tesign rule CFET with 7 layers as well as mdtetraphically
aggressive 3.2, 3.3 and 3.4 Complementary Tramsi€@-ETs) with 3nm lithography and 2, 3 and 4 tay&he pictures show
an nFET and pFET side by side for a single lay&iogeand then a pFET over and nFET for a 2 layeETCF

According to Scotten Jones it is shown how the Higips to mitigate mask count increases and abotd 80 mask sets.
CFET at a 1.75nm node also helps to control thedjtaphic difficulty by being highly self-aligned.
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3nm: Double whammy
High NA EUV

—~ 7-5nm: At last ... Nanowire FET to g gate length/pitch scaling
@ UV reduce:
- 10-7nm: More trouble EUV reduces cost
io. Multi-patterning cost escalates CMOS optimization §
l‘-ﬂl I4nm: FinFET NCFET
' FinFET device saves the day GeFET
5 ‘ CNT FET
E 20nm: First sign of trouble I T o
ﬁ Double patterning (cost !) | L 2nm
Planar device runs out of steam y -
~ i
S DTEO s :
oo ' hm New compute paradigms
_.o Tnm Neuromorphic computing
10nm Hybrid scaling Compute-in-memory
Less happy scaling era MRAM Nanofabrics
Still doubles but device l4nm VFET-SRAM Cryegenic computing
scaling provides diminishing returns III-Y device for RF, high-speed IO Quantum computing
BEOL switches (2D materials)
Back-side PDN
Active cooling
Happy scaling era
# transistors per area
doubles every two year

for same cost

v

2005 2007 2009 2011 2013 2005 2017 2019 2021 2023 2025

Focus of process technology innovation is

Scale (sub-)system functions

Figure 1I-4 A roadmap from IMEC by D. Verkest (rgf28]).

Traditional device scaling continues but dimensiataling impacts performance too as shown in Edlr4 an extract
from Cadence blog Paul McLellan published in JuBE&2 “Fundamental new devices such as carbon nb@®tr 3D materials
are still far from maturity. So there have beemr¢heras. In the first, the focus was to scale ¢ivicds and wires. In the second,
the focus was reducing the size of basic logicsdglhd the SRAM cell). In the future, the focus ttamove to scaling entire
sub-system functions.”

In another internet link title “Big Trouble at 3nnpublished by Mark Lapedus, Executive Editor fornufacturing at
Semiconductor Engineering, in June'22018 [41], reports Dan Mocuta (director of logitegration and devices at Imec)
words : “the key element is variable widths. You cantrol it better than the variable height ofrg"f

“In a finFET technology, the width of the deviceqgsantized. You can have one fin, two fins, thies br whatever. In
nanosheets (see Figure II-4 and Figure 1I-5), yaveha fixed number of nanosheets on top of eadkr.oBut you can play
with the width. Now, you have access to a continwirdevice widths, which you didn’t have for thaFET,” Mocuta said.
“For example, you want to have an area that dravkd of current. That could be a buffer. Then, yaant to have an SRAM
with a very small footprint. There are differeneds on the chip that can be met.”

Nanosheets are promising, but that isn’'t the oplyom. With a breakthrough, finFETs could extengtdred 5nm. Another
option is to wait until the industry develops atbetransistor. Still another way is to get the éféa of scaling by putting
multiple devices in an advanced package.

For now, gate-all-around technology appears tdbartost practical technology after finFETS.

Modeling such novel transistors to establishingabdlity figures for risk assessment is tremendgpusiallenging. Market
will be driven by system application and Deep Subrbh technology as a “COTS integration plug araypwill require to
implement risk assessment methodology to satisiketaelated to Automotive, Aeronautic, and Spabeng system failures
in normal operation and harsh mission profile ctadiare strictly forbidden for some period of tinNeot clearly yet addressing
the next question related to MTTF or MTBF for systepairs.
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NS stack epitaxy (a)
NS “Fin” patterning & STI (b)

NS “Fin” reveal (c)

Dummy Gate patterning (d)

Spacer & Inner Spacer (e)
Dual SD Epitaxy (f)

Channel Release (g)
RMG (h)
{_2 Air Spacer
{_)Wrap-around contact

MOL/BEOL (i)

Figure 11-5: Stacked nanosheet process sequenceEvdIBM, Samsung Electronics, Global Foundriesf (
[129)).

Having established the hardware is so challengitegknow any system and component in custom or rappdication will
tend to degrade with time when operating under nahar even sometimes extreme conditions. Yet #s¢ feliable technology
will continue to be affected by change in theiriimgic characteristic and performances or due toresic high stress applied.

B. General overview in GaN device failure mechanisms

Normally-Off high power switching AIGaN/GaN-on-Seterojunction transistors are promising for higlai®lity space
application. Nevertheless, such and similar GaKrtetogies suffers well-known failure mode issuestaslied since the last
decade by several authors on gate current leakegeaise or/and current collapse [42], [43], dynaameesistance with
recovery effects [26], strain relaxations and tcdyarging effects [44], [45], TDDB mainly related @aN MIS-HEMTS
structures [46], PBTI of GaN MOSFETSs [47]. From kabhapter on Power GaN Devices M. Meneghini, G. étgresso and
E. Zanoni [48] (Springer Ed. 2017) in chap. 13Nderfl (FBH, Berlin) describes the most relevariftdiffects that limit the
performance of GaN-based power transistors. Detjcadand drift effects on semiconductor devices ediect their
performances either reversibly or definitively. Mdailure mechanisms have been identified and desdrshowing they are
imperative for predicting device performance inl ®estem environment.

The effect of temperature on electronic devicesfiien assessed by extrapolating from acceleratdd & extremely high
temperatures based on the Arrhenius law. This ndathlnown to be not necessarily accurate for jgte, particularly when
stress induced failures are driven by non-thermahachic electrical stresses. Theoretical work inekim theory,
thermodynamics, and statistical mechanics haveldeeée forms that contain exponential forms simt@rArrhenius. It is
observed that the well-known Arrhenius law usuallyes apply, albeit with some modification, withiristing models
describing Physics of Failure. This is known, bamyple, in Black’s law, Coffin-Manson or any apptioca of Eyring’s law.
These include the effect of humidity or the hydmg®isoning or other effects in semiconductors [89], [21], [49], [50],
[51], [52]. When these effects are simultaneoustjvated under multiple stress conditions induceges of different failure
modes and mechanisms, the standard reliabilityigiieel models are questionable.

Hence regarding the Normally-Off eGaN-on-Si hetenejion transistors, a critical concern with su@wrtechnology is
reliability. It is mandatory to study the role @ntperature and biasing stress on the high-poweradation of this type of
technology.

Quite a multitude of drift effects are influencitige performance of power switching devices, redivegching efficiency
and can compromise reliabilityzigure 1I-6: Schematic cross section of an AlIGaN/Gd HEMT at different bias and
trapping conditions (from ref ).extracted from ref [53] as well as Figure 11-7 dfidure 1I-8 summarizes the most important
reversible drift mechanisms observed in GaN tramsisOften the effects described above are caectta each other resulting
in a great variety of device parameter changes.
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AlGaN barrier AlGaN barrier
2DEG WG SEEPEREES
GaN buffer GaN buffer eesee

AlGaN barrier
2DEG 2DEG

AlGaN barrier

GaN buffer

Figure 11-6: Schematic cross section of an AIGaNMG#EMT at different bias and trapping conditionsh ref[53]).

a) Ideal device without any trapping at on-state: ZB&G is fully populated with electrons.
b) Electron trapping in the vicinity of the drain asseaegion: This situation, for example, happens adliately after switching
from off-state to on-state at high drain bias. Pegb electrons (or depleted deep acceptors completglartially deplete the
2DEG and hence impede current flow. If the sourdé@drain access regions are influenced by trepphe on-state resistang
changes. This gives rise to the so-called dynamistate resistance increati®on_dyn
¢) Electron trapping in the vicinity of the gate (undeath the gate) results in a partial depletiothefchannel just underneath the
gate: As these charges aid depleting the chanhelyer gate voltage is necessary to fully turnto# device—the thresholg
voltage shifts to more positive values.
d) Electron trapping at the interface to passivatayet and in the barrier layer: This leads to batitwrashold voltage shift and t
the formation of a virtual gate at the interfaceeoted towards the drai reduction of 2DEG electron concentrati®an_dyn

increase.

@

Negative charges trapped in the source or draiessaegion, will reduce the 2DEG electron dengitylting in an increase
of on-state resistance. Traps confine to regiomeureath the gate and in presence of negative ehaing equilibrium must
be compensated by a positive threshold voltagé sbifaterally threshold voltage can also shifhagative direction if positive
charges are introduced (for example, if electrarseanitted from donor traps).

For GaN RF devices G. Meneghesso [54] degradatonstill be observed on chosen parameters nameltators’
identified as key parameters showing pre-evolutibthe future performance of a device.
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Schottky contact: Charge trapping:
normally stable at 300°C effect of cap,

no gate sinking passivation, surface Ohmic:
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induced trap
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+Trapping at deep

levels

Piezoelectric-
induced
strain and relaxation
trap generation
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Figure 11-7: Schematic cross section of an AIGaNMG#EMT RF transistor, identifying critical areas i
can be subjected to degradation (as pef[5€f)

el Source M2 ' L 2. charge o
6. Gatematal Tt Rt ERSEPESURGPEECEI 5. Thermally induced 2 =% trapping in
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velia
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Figure 11-8: Failure mechanisms recently identifedGaN HEMTs. Mechanisms identified in red (576,

8) are thermally activated mechanisms. Mechanisansd23 are related to the presence of hot elecpsent

at high bias conditions. Mechanisms 1 and 4 (graempeculiar to GaN devices due to the polar and
piezoelectric nature of this semiconductor. (fremhanged from ref27])

C. Physical Reliability models applied to DSM techigylo

In a recent paper published in RAMS 2018 confergitiegl “Entropic Approach to Measure Damage witbphcations to
Fatigue Failure and Structural Reliability” [55],. Munm et al. suggest several entropies as caredidzt proper damage
measurements in fatigue process. The entropic appes are expected to develop in order to appiy theractical reliability
analyses and prognosis. The paradigm of the Trans#ttate Theory (TST) developed by E. Wigner i84.14] and by M.
Evans, M. Polanyi in 1938 [13] is an approach welmanefit if we adapted to the concept of a unifiethiconductor reliability
model. Indeed in the early last century, the TS epaplied to chemistry transformations by H. Eyiiag)], and S. Glasstone
et al. [15] in 1941. The TST was developed in cletmibased on the Hammond's postulate [16] puldishd 955 applied to
physical organic chemistry.

From the 60’s and during the following 40 yearsesal authors report complementary reliability miedzntered around
the mobile-ion (Na+) drift within dielectric [18{p intrinsic mechanism as TDDB [56] for exampldiile in mid-80's, J. W.
McPherson and D.A. Baglee [22], [57] report of strdependent activation energy and develop a dexset&yring model in
order to better understand thermally activatedufailmechanisms (J.W. McPherson, Reliability Phyaitd Engineering —
Time-to-Failure Modeling, S ed., Springer, chapter 9 [23]).

Similarly in 2013, the stress dependent activatinargy model based on Boltzmann-Arrhenius-Zhurkodeh (BAZ) for
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multiple stress proposed by E. Suhir [24], [258][presented a generalization of the principle psgg by S.N. Zhurkov [59]

in 1965 and also D.R. Cox [60], [20] in 1972. Subliggests to consider any type of stress (not mmghanical but also,

electrical or external) as key parameters to matiéyequivalent activation energy of a given falarechanism. In other word,
the activation cannot be considered as a constaatyeter with respect to any type of stress (teatper range, biasing and
signal stress range). We can view this approaemasjuivalent TST concept applied to reliabilitygzigm [25].

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

The Gibbs free energy description of material/dedegradation is illustrated relating from ref [@Bfigure 11-9 and Figure
II-10. Considering the initial state to be a sound dewviefore aging and the final state of a degradedcee(either
catastrophically failed or degraded and not complia the acceptable performance limit of the deyitt is important to note
at this point the reliability model is described fyrameter drift degradation as a function of tame not as random failure
paradigm. In this diagram the net reaction rate dynamic equilibrium between forward and reveesetion meaning the
degradation could be reversible. The net reactiongss is written:

knet = krorwara- kReverse Eq. II-1

With korwara @andkreverse@s function of temperature and stress S applied:

AGE(S,T)
krorwara = exp _T

Eq. II-2

and

AHE(S,T)
kreverse = €xp _T

Eq. I1-3

WhereT is the temperature in Kelvitk the Boltzmann constant, amiz*=(S, T)represents the free energy of activation
associated with the reaction process for the fatwaaction 4H (S, T)represents the change in enthalpy required trz fin
state reached for the reverse reactii.is the entropy change, e.g. the driving force fdegice degradation.

Figure II-9represents the simplified Free Gibbs Energy diadia a reaction activated only by the temperafarea sound
device to a degraded device and vice-versa. Letarae a device placed in an electronic system mieditp implement an
electronic function for a given application. Theatonic function is supposed to fulfil a missiar & given life mission
without failure, meaning without exceeding perfonoa limits defined by the system functionality. dach condition a
degraded device is defined as a device whose dbasdics have changed to a certain extent abareem limit criteria fixed
for the system to function properly. Let's call teal state to be the state the device is forfétilare criteria to reach. So, the
equations IV.1, 2 and 3 describe the probabilig/ttiansition rates are associated to a “Sound détacreach a failure limit.

15



Gibbs Free Energy G

Forward reaction

Reverse reaction

Temperature T=Tp+AT

s

( : )
e (7 AGF*(T)) T~ ( AHﬁ(T))
£ (T) = exp 5T #,(T) = exp\ ——=—=
G s
I N T
:| o/ \ ami(n=an},
AGE(T) = AGRy=/E, \ +AT - AS®
J AHh = E, + Ty AS®
G:‘i:it‘(TO)\E Gir/lj(.'mj "l‘
———————— St T _‘--- “‘
J T-ase \
Ty-AS I | Gfinal (To)
--g-1-------d--- LU S _
AT - AS°® (deg\rrade(}' device)
I \ /

.
.,

Ginar(T)

Considering a single failure mechanism, Fa=cte and
valid for a range of T: 50 Gy (Tg) = Gt (T)

Reaction Coordinate

Figure 11-9: Gibbs Free Energy diagram far

temperature increase applied, e.g. Arrhenius the

activation energy diagram.

Gibbs Free Energy G

Forward reaction

>

Reverse reaction

[5]

ke(S2, Sy, T) = exp (f

AGE(S,. Sy, T))
kT

|
ke (Sy, Sy, T) = exp (—

AHE(S:, Sy, 'r))
k-T

Grs

/
/

Ginit. (S, Sy, ”l~

AGE (54,55, T) = Ex — F(5,.5,) I

AH(S,.5,,T)=0H4(T) — £(5..5,.T)

Gl‘m't.(T)

(Degraded device)
= thml'(sr T)

Reaction Coordinate

£S5 555T)

[(5:5,,T) = h(S., T+ g(8,, T) = v:(T) - Se #v2(T) - 5,
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Figure 1V.3: Example of Maximum rating and Safe @ieg Area plot for a power transistor.

1000

Figure 11-10 is the Gibbs free energy diagram when considemngiple stress conditions and show how they imlaet
diagram. Note that the equivalent activation enet@yk (S, T)is reduced when stresses are applied and can remaeeo for
extreme stress limit. So, a stress current may wctri an instantaneous burnout catastrophic f&ilds a consequence the
energy barrier vanishes because of like a cataffestt and the stress functié(umou) COMpensate exactly the initidG*o =
Ea. at a given temperature T. So the equivalent aiitim energy range from, (the Arrhenius pure thermal valug) 0 for a
current stress range fors’| < lpumoutOr for 0 <'I/Iburnout < 100%.Similarly, we can assume multiple stress to cuneudard
the combination of them may reach the instantaneatastrophic failure when the initial Arrheniugieation energy is fully
compensated. These conditions can be compared wdrsidering current, voltage and power dissipaparameters of a
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transistor defined by their limits called Safe Gyigrg Area as shown in the example given in figuréhe static characteristics
limits related to current (vertical axis), volta@®rizontal axis) and DC or pulsed power dissipatce plotted in log-log scale.
In this case, th&V) curves are limited by the power dissipation calitglif the device (strait lines of the top righdroer of
the figure). The burnout can be reached eitherunidé current or high voltage or high power oversses. The combination
of current and voltage stresses is seen througlpdiaer dissipation parameter: either one or therothn both lead to the
destruction of the device. This paradigm can beetied too byFigure I1-10. It is worst to consider these parameters linsts a
static limits but similarly, dynamic and pulsed ogg@®n can be set.

From figure IV.2 we can observe the enthalpyi(s = 0,T,) is by definition independent of the temperaturgat@mn AT
because the transition staes as well as the final statna is only related to initiallp value. We assume the expression of
the enthalpy is:

AH:(S; = 0,To) = AHy = Eq + Ty - AS° fori=1,n Eq. II-4

Let consider the case to superpose n stress comsl§ii For the simplest case of2 stressor§, andS,,, a generalized
Eyring model was established in ref [57] descriktingrmally activated failure mechanisms in matefddvices under stress
as supported by figure IV.2. The forward reacti@satibed by the Gibbs Free energy (respectivelhatpy for the reverse
reaction) is a function of the generalized st®smnd we set a Taylor Series expansion around (8ing)=(S,, S) expanded
to (limited to F order):

a (Sa's ’ ) a (Sa's ’ )
F(S2Sy2) = (Sa S, €) + 02 (5, = 50) + 2522 (5, = 5)) Eq.11-5

We consider the two infinitely differentiable fuitms AG* (S, S, T) and4H*z (S, S, T)and limited to the Taylor series
expansion linear arour(® S) = (S0, $0):

3(AGH(SxSy.T) 9(AGE(5Sy.T)
AGE(Sx Sy, T) ~ AGE(Sao, Spo. To) + (Tx) *(Sx = Sa0) + (Ty)
Sa0:Sp0 $a0.Spo
(Sy — Spo) Eq.l-6
a(AHE (S.5,.T) a(AHY (S,.5,.T)
AH (S, Sy, T) ~ A (Sao, Spo, To) + %] +(Sx = Sa0) + [%l (S = Sw) Eq.
5a0,5p0 Sa0.5b0
I1-7
According to figure 1 and 2, we observe:

AGE(To) =E, and E,=AH%L, — Ty AS° Eq.11-8
AHY(S,, Sy, T) = Eq + T-AS° =2 £(5,,5,,T) Eq. 11-9
AGH(Sy, Sy T) = Eq— 5 f(85:5,,T) Eq. I1-10
Let's assume simply f(Sx, Sy, T) = h(s,,T)+ g(Sy, T) Eqg. 1I-11
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The factor ¥z is set because we consider the saems devel affecting the entropy on the initiatetaf fig. 1.b and the
enthalpy affecting the final state.

At zero stress the activation energy is converginthe standard Arrhenius thermal activation ena@yve must assume
(see fig. IV.2) f(S=0, S=0) = 0 and then

h($,=0T)=0 ad g(5,=0T)=0 Eq. II-12

According to Eyring law the stress functif{,, S) is defined by :

h(s,,T) =y.(T)-S, HG13
and 9(8,,T) =v(T)-S, Eq. II-14

We assume parameter$T) and j4(T) are defined by a temperature-dependence law dbthe(see [57]:
y1(T)=a¢p+a,-k-T Eq. I-15
¥Y2(T) =byg+by-k-T Eq. II-16

Hence Il.7.d, 8 and 9 combined give  f(Sq0,Sp0. T) = (g + aq - k-T)Sqo+ (bg+ b1 k-T)-S,, EQq. lI-17

From equations IV.7.c we get

a(AG*;(sx,sy,T)) 3(f(5x5y)) 1
[a—sx = ~ s :—E-(a0+a1-k-T) Eq. II-18
Sa0.Sho $a0,5b0
a(AGE(s,,8,,T) a(f(syus
and [(F—"y)] _ [ 2Urses) =—2.(bo+by-k-T) Eq. II-19
as, as, 2
S40.Sho Sa0.Sbo
The partial derivative of IV.7.b with respect$por S gives
a(AH,*;(sx,sy,T)) 3(f(5x.5y)) 1
[a—Sx =~ =% =——-(ap+a; k-T) Eq. 1I-20
Sa0,Sho Sa0.Spo
a( AH}(Sx,Sy,T) a(f(SxS
And [( RWxoy )] =_[M =_l.(b0+b1.k.’]‘) Eq. II-21
Sy sy 2
Sa0.Sho Sa0,Sho

The parametera, a, by, b andAS°must be determined experimentally.
Consequently injecting equations 1V.7, 10 and 1& equations 6.a and 6.b, we obtain:

AGH(Sx Sy T) ~ Eq =5+ (@ + @y k- T) - Sqp =5~ (bo + b1k T) - Spo =5~ (@ +ay "k T) - (S — Sa0) =3~
(bo + b1 k-T) - (Sy = Spo) Eq. I1-22

AH} (S, Sy T) = Eq +T-AS° =~ (ag + @y k" T) S =35 (bo + b1k T) - Spo =5+ (@g +ay k- T) - (S = Sa0) =3~
(bo+ b1 k-T)- (S, — Spo) Eg. II-23

Which reduce to:
AGE(Sy,S,,T) zEa—%-(ao-i-al-k-T)-Sx—%-(bg +by kTS, Eq. 1I-24

AH} (S, Sy, T) = Eq +T - AS® —%- (ap+a; - k-T)-(Sy) —i- (bo+by-k-T)-(S,) Eq. 1I-25
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Let’'s define Sy =xSpn and Sy =v"Spra Eq. 1I-26
and Sao =Xo" 531-1 and SbO =Yo" SBTZ Eq. “'27

whereSsi1 andSsy, are respectively the breakdown or burnout expertaievalues of the two stress parameters considered
for ScandS,. In such a case the stress is defined by the pxges< andy respectively folS, andS, with 0 <x < 100% and O
<y<100%.

AGH

t (S0 Sy T) ~ Eq =3+ (ag+ay kT) - x-Sgr—5- (b + b1 k-T)-y-Spp Eq. I1-28
AHE (S Sy T) ~ Eq + T AS° =2+ (@g + @y "k T) X+ Sppy =5 (bo+ by "k-T) y-Spr,  Eq. 11-29
The net reaction rate under stress conditionsi®bteakdown process from equation 1V.1 become:
a—2(@g+ay ke Ty xS —2(bg+byk-T)y-sp,

< Ea+r-As°-§-(a0+a1-k-T)-x-sm-;-(bO+b1-k-T)-y-sm>
exp| —

kT
Eq. 11-30
Hence, equation 111.16 expresses with a thermah teslated to the activation energy as a functioetfss conditions in a
like-catalyst thermodynamic process and a stress tkepending of the stresses applied in the foamésconclusion as ref
[24)):

_ . _Eaequ(x,y)
kner = Iy (x,y) exp( kT ) Eq. I1-31

. 1 1
with Eaequ(x,y) =Ea—z'ao'x'SBrl—E'bo'y'SBrz Eq. 11-32
and kl(x,y)=k0-exp(%-al-x-SBr1+1/2-b1-y-SB,2) and ko= (l—exp(—%)) Eqg. 1I-33

From these equations we can observedfeivalent activation energy is dependent of the teperature To and is
increasing with temperature So, under the stress conditiott® failure mechanism model is a non-uniform accetation
mechanism

We can also observe the equivalent activation ée®iig based on theonstant Arrhenius activation energyE, of the
mechanism under investigation but modified by #esesf factors related to the stress condition iegpl

Accelerating factor can be expressed consideringeratress conditions. We can simply writeAReconsidering operational
conditions versus reference stress conditions kgoded ‘op’ respectively ‘ref’) as follows:

E, 1 1 Aao'Spr1 [ Xop Xref bo'Sprz2 (Yop Yref
AF(x, Top, X T, =exp|—-=2(—- cexp |2 (22 L)L oxp |[2B2 (222 L) |
( op’ yop' opr*refr yref' ref) 14 k \Top Tref 14 2.k Top Tref 14 2.k Top Tref

exp . Spr1- (xop - xref) + a. Spra (yop - yref) Eq 11-34
2 2

Precautions associated with accelerated testing

The x and y values are assumed to range from egsste.g. x=y=0%) to highest stress (e.g. x=y=108#6) the AF
expression is exact for any range of external stapplied. These theoretical calculations musakert with extreme cautions.
As we use to set the acceleration is supposed teléed to failure physics without changing thgsbs. Indeed, assuming a
single failure mechanism of PoF, the acceleratamgolr calculated for various stress conditions sog@sed, is non-uniform
and the equivalent activation energy is stresstamgberature dependent. This must be verified udfiegbull (or lognormal)
distributions when conducting proper test experitweand observing a single value Bf activation energy parameter
determined within a limited domain of range of tergiure.

Based on failure rate expression the time-to-faifor reference stress accelerated conditions (R&fpared to operational
condition (labelled ‘op’) becomes:

TTFs005 (S Syop .

o Svop Ton) =

Eqf 1 1], Ao Spr1 (Xop  Xrer\| boSgra (Yop _ Yrer
TTFsq0,(Srer) Srers Trer) exP[r(m T_op)] exp[ 2k \Top Trer expl > Top  Tror

a b
- exp 71'5&1 * (Xop — XRer) + 71 Sz (yop - yREp)

Eq. 1I-35

These mathematics and physic approaches show leactivation energy is related to the stress amghéeature applied
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and can no-longer be considered as a constantrapelate some experiment under high stress tomalmiission operation
profile. That's the reason why several end-useusiries and Institutions are very cautious to penftfetest conditions as
close as the nominal conditions because of thegehahactivation energy attributed sometime wroriglyew (or different)

failure mechanism while it is simply explained lne tinteraction of stress and temperature effedchermeasured activation
energy or to a best extend to Eyring law.

One may note the burnout limiSs;1 andSs. are characteristic parameters which may changegiaging. These limits
can drift also during aging time and hence as ttess applie®, or §; (eq. 111.14) this means the x and y percentagesstr
values increase during aging from low stress lewéligh stress level.

The general statement that during useful life Hikife rate is supposed to be constant can be witbeg approaching the
end of life. When devices get closer to the weaogatrrence, it is assumed they degrade fastethaidournout limit reduces
when time elapse. In such a way, the applied stcasmot be considered constant and is reaching-dtighs level
comparatively to initial low stress.

This observation can give some insight to desdnite the failure rate can be considered as non-anhsind hence to
propose a vision on EOL of the bathtub curve.

D. Reliability and probability mathemathics

Reliability is defined as the probability that avibe will function over some period of time, anduaBy is measured in
Failures-In-Time units (FIT units). The FIT is deadefined as the number of expected device &lperl(° parts-hours.

Failure RateX) is calculated by dividing the total number ofidiaés or rejects by the cumulative time of operatio the
HTOL model, the cumulative time of operation isereéd to as Number of Device Hours (NDH):

NDH =D -H - Ag Eq. IV-36
where: D = Number of Devices Tested
H = Test Hours per Device
Ar = Acceleration Factor derived from the Arrhenigsi&ion and or other stressor.

A FIT is assigned to each component multipliedhsynumber of devices in a system as an approximafithe expected
system reliability. For the reliability model of @amtire system, the FIT rates of each componettignsystem are summed
together.

TheFailure Rate {) in FITs (Failures per billion unit-hours) is gives:

# failures
1= f

= W Eq. IV-37
The conventional chi-squared expression for faitate A, is:
2(2n+2,1-a)-10°
A =X @nt2i-a) Eq. IV-38

2:D-H-Ap

2 —
Where Z-22*2179) i the upper confidence value for “n” failures aipgber confidence limity (expressed in %). The value

for 2n + 2 degrees of freedom and the probability;a, can be obtained from a table or calculated usliggosoft Excel
functions.

According to this expression, to demonstrate zailore rate must account either a sample size t gafinity, AF to go
to infinity or test time to go to infinity [61]. Isuch case we get no product to ship the accelgrédictor cannot be infinity
because physically impossible) or test time willl @hen products are too old to ship. Achieving @#ailure rate goal using
reliability testing is impossible.

A practical numerical application from Standard BevQualification from HTOL qualification sequentsads to the
following limitation:

For defect density limits:

let's assume O failures on 92 devices sample §%% (nder tests, a 60% confidence level applied Baisson distribution
is expressed as:

1 1 1 1
F<= (=) == in(==) = 0025 = 25% or 25 000 ppm. B¢-39
Numerical application for a study case on a FinREdhnology assuming 3 major failure mechanismsnédfiby the
following Arrhenius reliability parameters (not adering other type of stressors like voltage orrent for sake of
simplification):
» EM- Electromigration kinetics (Ea=0.75eV (Al-Cu),
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* NBTI kinetics (Ea=0.6eV),
e HCI kinetics (Ea=-0.25eV long channel or +0.25 slebiannel).

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 at46=C ?

In such case, what are the failure rateffor i=EM, NBTI or HCI) in FIT and the correspomdj accelerating factors for
each mechanism?

What are the Time-To-Failure for each failure mexsim considering a constant failure rate based Baisson statistic?

What would be the equivalent tothdias and corresponding Time-To-Failure if all failurechanisms are equally activated?

The hypotheses are summarized in table IV-1.a antksanswers are shown to the questions above ie Tét.b.

Quialification test conditions

Sample Size 130
duration 2000 hrs
nb of hr.comp. 260000 hr.comp.
Tstress for high temp. (EM, BTl and HCI 150 °C
short channel)
Tstress for HCI long channel 0 °C
Tuse 45 °C
k (Boltzmann factor) 8,62E-05 eV/°K
CL 90%

Table IV-1.a: Example of qualification test comalit for a CMOS FIinFET technology with an exampleas$ociated list
of failure mechanisms.

Reliability figures Failure AF Operational| A Poisson MTBF CDF
mechanisms time (in FIT) in (in years) Fpoisson
verified (in | operation | 1/A Poisson| (@t =30
years) ans)
Ea EM 0,75 eV Ea EM 892 204 10 11501 0,26%
Tref=150°C
Ea NBTI 0,6 eV Ea NBTI 229 52 39 2955 1,01%
Tref=150°C
Ea HCI 0,25 eV | Ea HCI 9,6 2,2 920 124 21,48%

(short | (short
channel)| channel)

Tref= 150°C
Ea HCI -0,25 | eV (long EaHCI (long 4,5 1,03 1969 58 40,39%
channel)| channel)
Tref=0°C
A total MTBF equ. CDF
Fpoisson
(@t =30
ans)
2937 39 53,78%

Table 1V-1.b: CMOS FinFET technology reliabilitysessment to predict operational time duration aD&,GMTTF for
various failure mechanisms for CL=90%.

From table 1V-1.a we consider a lot of 130 sampeduto validate a qualification test sequence éisate by Quality
Standards with two kind of lifetest conditions: aatehigh temperature (150°C) to stress EM, BTI B for short channel
transistors and one a low temperature (0°C) strpghcable to long channel based transistors (H&€hanism has a negative
activation energy).
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According to the lifetest sequence duration, thealoer of hours.components is 260,000.

What should be the sample size and duration to detraie a cumulative CDF equal of less than 0.1t 80D years (as
needed in Space application)? Considering all failmechanisms activated simultaneously (accordinglle 1V-1.a), the
answer is summarized in table IV-A.c and it is rieeg to test a 200 Mhrs.comp (or 200,000 partete$dr 1,000 hrs) to
guarantee the 0.1% CDF goal after 30 years at 90%Csuch a case the failure ratga is 3.8 FIT, MTBF is about 29.9
Kyears and th&isson(CDF) after 30 years is as low as the 0.1% goal.

To demonstrate 20000 Sample 2E+08 hr.comp | A | MTBF equ. (in| CDF Fpoisson (@ t
30 vyears for size years) =30 years)
CDF less than
0.1%
10000 hrs 3,82 29898 0,10%

Table 1V-1.b: CMOS FinFET technology. What shoutdthe sample size and duration to demonstrate alative CDF
equal of less than 0.1% after 30 years with 90%CL.

The accelerating factors at 90% confidence levegeabroadly from 892 down to 4.5. The device opegaprojected
lifetime (CL 90%) verified by the qualification es test is projected for the operational appbcatiuration at T=45°C up to
204 years for EM mechanism, 52 years for NBTI,y&ars for Hot HCI and 1 year for Cold HCI mecharssithis shows how
much multiple failure mechanisms can affect the alestrated operating time projection.

Respectively, the failure rate projected in operaissuming a Poisson distribution at 90% CL iessed 10 FIT for EM,
39 FIT for NBTI, 920 FIT for hot HCI, and 1,969 Far Cold HCI. These results are not enough to prgplication reliability
goals.

If supposed disjointed, each failure mechanismdaada wide range of TTF from 1,1501 years for EM55 years for
NBTI, 124 years for Hot HCI and 58 years for Col@IHAgain these figures must be considered froriffarént point of view
to be representative of the theoretical truth.

Because of this large variety of values, we neesbfipose all failure mechanisms EM, BTI and hot (@ equally and
simultaneously activated. So, we need to cumuls# torrespondingeoissondistribution to assess a total equivalent failure
rate. This sum givedia (CL90%)= 2,937 FIT for Poisson distribution at 90% Then the total MTTF is about 39 years for
a Poisson distribution and not as supposed if we itto account the worst case of each failure raeisim.

We have to be careful considering these resultausecthey are first extracted from a single lotingsand a reduced
number of device. The statistic helps to prediat lang a device from such a tested long sequentdeaperational without
any failure (still with 90% confidence level). Tlree A and TTF are expected to be much greater thanalues calculated.
The occurrence of various failure mechanism mustdmsidered with some caution as their activatostiongly dependent
of the conditions of test which can be far from tiperational one’s.

A last comment is that these failures are supptsdzt constant with time (the bottom of the bathtubve) but this is
wrong way to address end of life reliability figuk&e know that the failure mechanisms must be demed as wearout (to the
end of the bathtub curve) and we should take iotwsicleration WEIBULL (or LOGNORMAL respectively) ddiibution to
determine thMITTFRyearoutas 63% lot failure (respectively 50% lot failur&his causes that tHdTTFyearoutiS not the MTTF
deduced from the constant failure rate.

Therefore, Standard HTOL is relatively poor to pcedITTF associated constant failure rate and efve for wearout
modelling as no failure are observed. FurthermbeeMTTF is not a zero-failure guarantee (is a 36€tailure) and we should
define rather MTTHy 19 for high reliability application.

Continuing we can question, how many devices wgaldineed to test to assure that the fraction defeig F< 35 ppm?

Answering such a question need to invoke the “StRasistance” concept. The implementation of thee$S-Resistance”
method usually refers to information called “lumprs. The most basic version of the "Stress-Restgtdmethod calculates
the probability of failure which results from thetéraction between two probability laws. In geneifabny two laws are
explicitly known, the probability of failure can lmalculated by numerical resolution of a convolatintegral. Only a few
particular cases lead to purely analytical solutjomhen the two laws belong to the same statisfagally. Among the most
classic examples, we can cite the interaction batwsirs of counterpart laws, normal or log-normddich allow to obtain
exact analytical solutions as presented by L. Rig62], and D. Delaux. [63]. Nevertheless, assgnuarrect hypotheses,
approximation can be set [64]. At the 60% confidelevel (P=0.6) and with accepting on finding zéefects (x=0) the sample
size (SS) is deduced from various statistical idhstions:

L ) = 26,180 devcies

1-P 1-0.6

Poisson:SS = =+ In (L) -t . ln(
F 35ppm
x2(P.2)]/2 _ [x*(0.62)]/2 _ 1.8326/2

Chi Square: SS = [
F 35 ppm 35 ppm

= 26,180 devices

So above sample size SS>50, little or no differens@bserved in statistical distributions. In fattch situations are not
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entirely realistic, because in general, the lavesilteng from statistical estimates deviate from theoretical laws to which
they are assimilated.

The acceleration factor, AF, is the most problematinsideration. The industry recognizes that ansAfiven only for
each failure mechanism individually by specifictiteg from the manufacturer, and is defined as #tm® ibetween the time it
takes a certain fraction of the devices to faillema certain amount of stress or use conditiond,tlae corresponding time
under more severe stress or use conditions. lcetse of multiple mechanisms, the TTF for each m@shamust be considered
separately for each associated AF per mechanism.

The Time-to-Failure (TF) of each mechanism can bksdefined from the physical models of the medranj which are
described on the JEDEC publication JED-122G [52 @eo ref [23]):

TDDB anode hole injection exponential 1/E model€¢€I& Hu 1985) from Fowler-Nordheim tunnelling curte

Earppp

1
TFrppg, = e Vhox e wr Eq. IV-36
E

=model

TDDB thermoelectrical exponential E model (McPhargoBaglee 1985)

Earppp

TFrppBrmoder = e¥ (M Eox . g™kt Eq. IV-40

TDDB Power Law voltage V-model for hyper-thin Sidlectrics (<40A)

_ n E"-TPDB_
TFTDDBPower lawmodel — BO (T) ’ V:’x e kT Eq IV-41
TDDB exponential B2 model
Earppp
TFrppBg, symeder = Co(T) e~V . e kT Eq. IV-42
Hot Carrier Injection (Takeda 1983)
Isup -N —EaHCI'
AT = f - (7) e kT Eq. IV-43

Negative-Bias Temperature Instability
a  Eanpry

TFygry =Vm-e kT Eq. 11-44
Electromigration (Black 1969)
Eagy
TFgy = Ao U —Jerie) P re kT Eq. IV-45

Stress migration (McPherson & Dunn 1987) due tohraeical stress inducing plastic deformation of mhetth time

SM in Aluminium or Copper interconnects

Eagpm
Creep(voiding)rate = By (Top —T)" e kT Eq. IV-46
Humidity model (HM) exponential reciprocal-humidity
b Eapy
TFHMEXP—TeCiprocal = AO "eRH e kT Eq |V'47
Humidity model (HM) power law humidity model
Eapym
TFuMpower—taw = Ao " RH™™ - e kT Eq. IV-48
Humidity model (HM) exponential humidity model
RH Eaym
— —-a
TFHMpower—laW = AO e e kT Eq 1V-49

Thermal-cycling/Fatigue induced mechanisms
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Coffin-Manson model for low-cycle fatigue

#Cycle — to — Failure = Ay - (Asp)_s Eqg. IV-50
WhereAg;, is the plastic strain range.

Coffin-Manson model for temperature cycling
Ag, o« (AT — ATy)P Eq. IV-51

Failure rates are often expressed in term of failwnits (FITs): EIT = 1 failure in10° device-hours.
TTFis statistical and a distribution of time-to-fagus observed. Life distributions are defined ldase three mathematical
functions:

a) the probability density function for device or st failures(t) which relate the relative frequency of failure to
time,t;

b) the cumulative distribution functioi(t), which gives the summation of failure proportiorthat time.

C) The curve of failure ratd(t)

The instantaneous failure rate, the hazard ratetitmi(t), is the ratio of the number of failures during time periodAt,
for the devices that were healthy at the beginpingsting (operation) to the time periad

__f®
At = os Eq. IV-52

The cumulative probability distribution functionP€) F(t) for the probability of failure is related to theopability density
distribution functiorf(t) as

F(t) = [ f(x) - dx Eq. IV-53

and the reliability functiomR(t), the probability of non-failure is defined as

R(t) =1—-F(t) Eq. IV-54

Probability data obtained when performing acceégtaests can be modeled by various distribution efspdsuch as
exponential law, Weibull law, normal or log-nornaitributions, beta distributions, etc. The mafe tistribution functions
are:

» Exponential

* Normal

e Lognormal

*  Weibull distribution

Exponential distribution summary

Probability density function f(t)=2A1-e*t Eq. IV-55
Cumulative density function: Ft)=1—e*t Eq. IV-56
Instantaneous Failure Rate, hazard rate: At) =1 Eq. IV-57
Significant properties
Mean (average) of MTBF: MTBF = %
Normal distribution summary:
. . . 1 _z.(t—_u)z
Probability density function f@) = oA Eq. IV-58
_L(amm)e
Cumulative density function: F(t) = g-\}ﬁ ' fote z( p ) dx Eq. IV-59
) _1.(t—_ﬂ)2
. wor i
Instantaneous Failure Rate, hazard rate:  A(t) = —= WY Eq. IV-60
_g-\}ﬁ.f()te_i.( o ) dx

Significant Distribution properties
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Median (50% failure): t=tsoy = U

Mean (average): t=u
Location parameter: u
Shape parameter: o

s, estimate of can be calculated as  tsgy, —ti69

Weibull distribution summary:

(t—y)B-1  _(t=x)P
Probability density function f) = %- e ( o ) Eg. IV-61
. . . ~(ery
Cumulative density function: Ft)=1—e \o Eq. IV-62
(t—y)B-1
Instantaneous Failure Rate, hazard rate: At) = % Eq. IV-63

Significant properties

Location parameter (63% failure): tezy, = @

Shape parameter: £

Time-delay parameter g a factor used only when the data do not fit is&ridution, except with the use of a time delay.

Lognormal distribution summary:

1 _l_(lnt—u)z
Probability density function: fi) = vy Eq. IV-64
_L(lnx-p\?
Cumulative density function: F(t) = a-\jﬁ. ft% e z( o ) dx Eq. IV-65
1 (Int—p\?
Instantaneous Failure Rate, hazard rate: A(t) = ——= 1(lnx—u)2 Eq. IV-66
& dx

1 t1 —5
1——— =g 2
g2m fOx

Significant properties

Median (50% failure): t = tgoy = ¥
a2

Mean (average): t=etz

Location parameter: ek

Shape parameter: o

s, estimate off can be calculated as  In %%

t16%
Their schematic representation behaviors are givéigure 1V.4.

When considering devices or system life, threaufailtypes can be distinguished and are commonkesepted by the
bathtub curve (see Fig. IV.7).

Failures that appear during the early period of ponent life and are called early (infantile) fadar They can be explained
through a faulty manufacture and an insufficienalty control in the production. They can be eliatigd by a systematic
screening test. But some component weaknessesasarthrough this filter for several reasons eitierause the screening
stress test conditions are not high enough effet¢tivscreen the latent defects or because thedailiteria set is defined for
eliminating catastrophic failures and some levedrift failures.

Random failures, the second category, can't beirdbed neither by a screening test, nor by an tiose politics
(maintenance). They can be provoked by suddengmliacreases that can strongly influence the compoguality and
reliability. These failures appear erratically, identally, unforeseeably. In paper written in 2009 Ed Sperling, the editor in
chief of Semiconductor Engineering [65], preseraatbmakers’ interviews and as said by Gert Jgrgensee president of
marketing at Delta Microelectronics “You can’t tést the random failures random failures and latafects add their own
challenges. Sperling argue “the problem is worsattomotive due to both the expected lifespan sfesys and the harsh
environmental conditions. True random failuresrare. A stray alpha particle hitting a circuit azaising damage is known
to happen, and the chances of that occurring iser@dth denser circuits and thinner insulation.aSsingle-event upset
affecting 7nm device with FINFETs packed tighthgether is more likely than at 28nm. The same ig fiar random
contaminants, which may affect one part differetiign another. But delineating which failures audytrandom from those
that are not is time-consuming, and that addseécattst and slows down time to market.”
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Wearout failures, the third category, constituteraticator of the component ageing.

Two methods are generally used to make reliakgiiymates: (i) parts counts method and (ii) paress analysis method.
The parts counts method requires less informagenerally that dealing with the quantity of diffeteart types, quality level
of the parts, and the operational environment.

Parts stress analysis requires the greatest anobulatails and is applicable during the later degpases where actual
hardware and circuits are being designed.

Whichever method is used, the objective is to obtaieliability estimate that is expressed aslarfarate. Calculation of
failure rate for an electronic assembly, unit asteyn requires knowledge on the failure rate of gashcontained in the item
of interest. If we assume that the item will falh@n any (all in series) of its parts fail, the diadl rate of the item will equal the
sum of the failure rate of its parts.

Parts count reliability prediction [4], [66]: thaformation needed to use the method is: (i) genmait types (including
complexity of microelectronics) and quantities) fiart quality levels; and (iii) equipment enviroent. The general expression
for equipment failure rate with this method is fliven environmental conditions:

A= N (AG : T[Q)L- Eq. IV-67
Where :

A = total equipment failure rate (in FIT = 1 failuire1l® hrs)

As = generic failure rate for th& generic part

76 = quality factor for thé™" generic part

Ni = quantity ofi'" generic part

n = number of different generic parts.

In Parts stress analysis method, part failure nsodmty with different part types, but their gendoaim is:

Ai =Ap Tp Ty T Ty Eq. IV-68
Where:
As = reference failure rate without environmental stre

7& = environmental factor for accounting for othearthemperature stressors (e.g. external stresisesstbration, humidity,
etc

7% = adjustment factors as for example biasing catt(either static or dynamic or signal stresseis)

76 = quality factor referring to the quality contrapplied during manufacturing, screening, lot agsteaesting before
shipment to user.
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Life Probability density functiof(t) Reliability functionR(t) Hazard Failure Raté(t)
distributions

a

Normal

Exponential

Lognormal

Weibull

Figure 1V.4: Life distribution functions represedtechematically.

One can remark a series of multiplicative facterassuming the effect of each stressor is coumigebendently. This
appears to be somewhat of a contradiction bectweseftects are not really independent, so we egghesfailure ratel(x,y)
from equation IV.1 to IV.3 as:

A= exp (:—‘;) - exp [— %} - exp [—b‘)'zs_k%ﬂ] - exp (_Tal “Spr1 x) - exp (_Tbl - Spra -y) Eqg. IV-69
. 1 as\\ 7t
with do=1= (1 —exp(- 7)) Eq. IV-70
Comparing equation V.4 and V.9, we observeriffiactors can be defined as:
a) the listed in [4] or [66]
e L i)] Eq. IV-71
ﬂ:slop’isEF = exp I:% . SBTI . (.xop - .xREF)] Eq. IV-72
TS sopSipar — EXP [% “Spra* (yop - yREF)] Eq. IV-73
b) the one’s not considered in [4] or [66]



_ Q0'Spr1 (¥op _ XREF _
nslgp;sREF;TovaREF - exp[ 2.k ( Eq IV-74

Top  TRer
_ bySpr2 (Yop _ YREF
TS opSrERTop TREF — €XP [ 2k \Top  Trer Eq. 1I-75

From this, we observe the equivalence with acttahd@rds is uncomplete because of missing termsethelated to
external stressors like environmental (vibratioechanical, radiation, humidity, etc).

E. Sedyakin principle
It would be very useful if one could somehow comeerather complicated dynamical stress pulse, swgre time interval

ti—to, into a rectangular pulse effective stress whidube produce an equivalent amount of material/dediegradation over
this same time interval-tt,.

Sedyakin principle

Assuming an Accelerated Failure Time Model (AFT)g(eonly the time scale is affected under stressphoth cases,
accelerating factors (AF) can apply based on df§d9l Quality Standards define also the similaernction models and
related AF. In 1966, Sedyakin [19] formulated lasnbus physical principle in reliability which statthat for two identical
populations of units functioning under differemessess, andS;, two moment's; andt, are equivalent if the probabilities of
survival until these moments are equal. The Fig\ré show how this principle also relates to theuléng reliability function
R(t) for a population submitted to a step stress camdit(these can be generalized to a superposifivarmus stressors as
temperature, voltage, etc).
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Figure 1V.3: Reliability functiorR(t) as a function of step stress applied and Sedyakigiple.

As presented by J. McPherson in ref [23] in hiskbdmapter 14, and invoking potentially the Sedyakinciple, the time-
to-failure models developed assume that the steesains constant with time until the product fdilssemiconductor products
(transistors, integrated circuits or any activeectic device) the applied signal induce voltagerent and power stresses
changing during operation and are generally frequelependent. So it is convenient to convert dyeah(time-dependent)
stress to an equivalent effective static streshaac mathematics to determine the effective sfgscivesuch that it produce
an equivalent amount of degradation and thus time $eme-to-failure as the dynamical stré@} is developed in ref [23] using
the following concept ofompliance equationfor periodic (period®) dynamical stress and equivalent to power-law Dielehs
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1 P
P f AFe©)£op octive " AL = 1
0 Eqg. 1I-76
Where the accelerating factor for the power-lawnddel is for a yield stres§ieq <£(t):
n
AF _ f(t) - fyield
f(t),feffective - {—' , _é—' ,
effective yield E47I7
Gives:
1
1 (F n n
feffective - S;yield = lﬁ j (f(t) - fyield) ’ dtl
0
Eqg. 1I-78

It is interesting to consider also how to calculie effective static temperature equivalent prepgdsy J. McPherson. He
mentioned that similar to stress, the temperatucé & device is not constant but depend on biasmgff operation, pulse
operation, thermal cycling, as well as on dynangoa applied.

To assess the effective static temperaifufigeive Which produces an equivalent amount of device at#mion versus the
temperature variatiom(t). The compliance equation to determiig.civeOver a time interval oft{ —t,)

1 P
T —+3 AFT(t)fTe ective ’ dt = 1
(tq — tp) —[0 Jrect Eq. 187

I1l. SYSTEM RELIABILITY

A. Series systems

How to estimate the reliability distribution paraews and failure probabilities for complex DSM canpnts operating at
harsh condition as applied during their missiorfifgs?

The newest component technologies deploy transisimring very small gate lengths (less than 10with) new materials,
reduced dimensions, and new technologies. Onceetherging technologies for numerical applicationsiaimn high
environmental constraints for true and real-timegioin profiles are validated, the issue is notcgetpleted.

In Part Il, we have identified CMOS Bulk reliabjlitistribution parameters accounting electricahggnechanisms, such
as high-temperature degradation so-called Negatieositive Thermal Instability (NBTI, PBTI), or d&arriers Injection
(HCI) and the hard or soft breakdown of dielectrates. These mechanisms can cause significantti@asin performance
and software errors that are very important to tjfyaander nominal operating conditions. We needdtermine their impact
on the lifetime of the single sensitive active aoéa device and then to look on how it can degithaeperformance of the
design. It is important to note that most of thesehanisms do not directly lead to a straightfodsfailure but only a gradual
parametric drift of the elementary functions whigiti only induce a failure when the parameters exta critical threshold
strongly dependent on the architecture. For theidant mechanisms in recent technologies, this faitate increases over
time, a characteristic property of Wearout mechasisvioreover, the reliability of the current cinsubften leads to not observe
any failure associated with these mechanisms fdtiration of the tests (a few months), which duesmake it possible to
evaluate the probability of failure beyond the @@lént duration of the test, this probability beligply to increase strongly
then because of the increasing nature of the &ailaie.

How can these probabilities be used to predict taponent DSM system performance? How does thil B&sign
affect reliability? How redundancy design in a D&Rfect the total reliability?

What are the hypotheses to consider a system itétyiabodel like a DSM?

How component failure rate characteristics are rilesd: multiple failure mechanisms superimposededéepnt or
independent, constant (cataleptic failures) vs cmmstant. What if a failure results in an open patim a short circuit path
and what could be such an impact for series odlphsgstem modelling?

This chapter will derive the formula for the relilith of a series system, parallel system or a sexies/parallel system as
fully detailed in ref [67] in Applied Reliability fiird Ed. book from P. Tobias and D. Trindade.

The most commonly used model for system reliabéggumes that the system is made up of n independemponents
which all must operate in order for the systemutaction properly. But this series model is appbpécifically when a single
integrated circuit with several independent failunedes is analogous to a system with several indbpg elementary
constituents. The failure mechanisms are competitiy each other in the sense that the first to ieméailure states causes
the component to fail: the open question is stiltbnsider what a failure state is? Is it for catghic failure or related to a
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failure criteria or performance? As argued by Phi@ie and D. Trindade{lie more general competing risk model where the
failure processes for different mechanisms areimi¢pendent can be very complicated since one knigst how the random
times of failure for different mechanisms are ctatred'.

Assuming the first hypothesis, and tHesiement have a cumulative distribution functio®f} Fi(t), the probability the
serie system fails at time t is the probabilitytthae or more of the n independent components fadleel at time t. In term of
total probability, we consider the product of thEDFs:

Ry (t) = Pr(E) = Pr(Ey, Ey, ..., E) = Pr(E;) - Pr (E3) - ... Pr (E,) = nRi(t)
i=1

Eqg. llI-1
With
R: (t) = e~ Ait
(=e Eq. lll-2
where/; is the failure rate of” component. Hence,
n
GEDNY
i=1 Eqg. IlI-3
If the components have the same reliabiRty meaningl = Ao fori = 1 ton, this becomes:
Ry(t) = Rly = (e™%0t)" = g~mhot Eq. Ill-4

LEMMA : A series system constitutedrofdentical and independent elements, each descopadPOISSON distributiomg)
reliability model can be approximated by a generplivalent POISSON distribution with parametetan-

B. Parallel systems

A system that operate with n elements in paralletises until the last of its element fails considg in this case a failure
mode definition to be an open circuit. We will moinsider the second hypothesis case if the faihode of each element is a
short circuit. In such a case the system with melgs in parallel survives if only one elementdail

Assuming the first hypothesis, and tHesiement have a cumulative distribution functio®f} Fi(t), the probability the
parallel system fails at time t is the probabitityat all the components have failed at time t.eimnt of total probability, we
consider the product of the n CDFs:

E©=][ro
i=1 Eq. III-5

R, 0 =1-] [11-Ri®)]
i=1 Eq. -6
Poisson distribution function:
If the CDF is defined by Poisson or exponentiatribation function, the probability the system &ik.g. one at least of
the n elements fails, is the reliability or probipiof success at time as expressed by equation VII.3

R,()=1- 1_[(1 — e7Mt)
i=1 Eq. llI-7

If A; =Aforanyi=1ton
1 _ _ -At\*

Rp () =1-(1~ ™) Eq. I1I-8
Considering the life mission t is defined by thatphu of the bathtub, far ¢t << 1, and we can approximate the reliability
at timet by:
et~ 1-2-t or Atx 1—e*t Hi-9

and merging equ. VII1.8 with VII.9 gives:
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e \B
R,() ~ 1-(A- O = e @0" = e=(0) Eq. lII-10
The error generated by the approximation of equa#ib.7 is assessed and plotted figure 4 showingaégns VI1.8 and
VII.10 versus parametet-tin unit of MTTF. The error generated by the appneadion is less than 1% fdr-t < 0.3 or in
other word at time lower or equal to 30% of MTTF (fot = 100 FIT and n=3, MTTF=2/= 10 hrs). This error is decreasing
for higher values of n.
As a major fact, such parallel systemroindependent and identical elements having the samstant Poisson failure rate

A (e.g. same equivaleMTTR = MTTF= 1/A for i=1 to n) show an equivalent Weibull distribution for shdrhes t <
30%- MTTF range for a error lower than 1%.

A =100 FIT
equ. 26 forn=3 —equ.28forn=3 —error (%)
100,0% — 100,000%
80,0% 10,000%
& | &
o 60,0% < 1,000% =
v .
oc \ 0
5 e
\ L
40,0% =3 0,100%
20,0% \ 0,010%
==
At (in %/of MTTF)
0,0% £ : T —~——- 0,001%
1% 10% 100% 1000%
Figure V-6: Plot error (in red) as the difference between pfeequation VII.8 and VI1.10 foA=100FIT anch=3.

LEMMA : A parallel system constituted pfidentical and independent elements, each deschpedPOISSON distributio

A
(A) reliability model can be approximated by a gehegaivalent WEIBULL distribution with parametedsand 8= n with an
error lower than 1% for time operation lower th&®¥8MTTF for the example shown.

Weibull distribution function:

The random variable T has a Weibull distributiothwparameters; and/ if the reliability or probability of success atn
tis given by:

()"
Ry, (ta,f;) =e ‘% >0

Eq. -11
Ry, (tay, f) =1— 1_[(1 — ")
i=1 Eq. 1-12
For identical independent elements wesset a andp; = B for anyi = 1 ton, so:
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.an
t

Bi
R ) =1 - [1= @0

Eq. 11I-13
Considering the life mission t is defined by thatphu of the bathtub, far ¢ << 1, and we can get for a parallel system
and short time t:
_(t) NP
Ry t.c) ~ e~ (la) Eq. lll-14
The error generated by the approximation of eqnatih.14 is assessed and plotted figure 5 showiquaéons VI1.13 and
VII.14 versus parametert. The error generated by the approximation istlieas 1% ford - t < 0.3 or in other word at time
t lower or equal to 80% of MTTF (for example= 100 FIT and n=5). This error is decreasing fighkr values of andg.

A =100 FIT, =3 and n=5

-equ. 31 forn=5 ——equ. 32 forn=5 —error (%)
100,0% \ = 100,000%
80,0% \ 10,000%
9
- 60,0% - 1,000% —
o 3 =
i
2
40,0% B 0,100% L
20,0% = 0,010%
At (in % of MTTF)

0,0% " 0,001%
1% 10% 100% 1000%

Figure V-7: Plot error (in red) as the difference betweenagiqn VII.13 and VII1.14 forA=100FIT, =3 and

LEMMA : A parallel system constituted ofidentical and independent elements, each deschpedreliability WEIBULL
distribution (@, f) model can be approximated by a general equivelEBULL distribution with parametera £ n) with an
error lower than 1% for time operation lower th&%« MTTF.

As a major fact and a generalisation point of vieugh parallel system based windependent and identical elements
having the same constant Weibull failure rate patans ¢, ) is shown to be modelled by an equivalent Weibisltributions
with reliability parameteya, 5-n). The error induced by such approximation is estichébe short times t < 80%-MTTF and
range for an error lower than 1% for the examptaashfor A=100FIT, =5 andn=3.

C. Complex systems

Physical configurations in series or parallel do mecessarily indicate the same logic relationeims of reliability. An
integrated circuit (DSM) composed of LUTs conneckedogical paths contains billions of elementatyustures inter-
connected. From a reliability perspective the Luglides multiple transistors in series-parallelfigurations but a LUT is
said to have failed if one or more transistor filSo, the transistors in a LUT are consideredenies from a reliability
perspective.
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There are systems that require more than one coanpdém succeed in order for the entire system tratp. In addition,
the performance of a product is usually measurednhbitiple characteristics. In many applicationsgréhis one critical
characteristic, which describes the dominant desgiad process. This one can be used to charactnazieict reliability. The
failure of a product can be defined in terms off@®nance characteristic or called indicator crogsinspecific threshold.
Figure 6, depicts the relation of degradation ppsieudo-life, and life distribution. The maximurkelihood method should
be used for estimation of distribution paramet@ace the estimates of reliability parameters we usa& a Monte Carlo
simulation to generate a large number of degradgtaihs. The probability of failufé(t) is approximated by the percentage
of simulated degradation paths crossing a spedifiezshold after a stress time applied.

4+ Indicator parameter

Failure criteria

Life distribution

time (A.U.)

-
i

ttts ...t

Figure V-8: Relation of degradation path, pseudo-life, afeldistributions.

When considering catastrophic failure paradigmenegal series system can be observed in a configurgor a DSM
FPGA test structure based on ring oscillator (RIN®3t structure representedriigure V-9.

Logical elementary path (NAND structure)

|
AHCI }'B'ﬂ' }'EM ‘Z'TDDB
NAND RELIABILITY as a SERIES system

—_— A —_—

equ

P> PP

Reliability RINGO = m NAND in series

Figure V-9: Series reliability configuration for DSM RINGQ
catastrophic failure mode modelling. (4 failure mm&gisms and m=
RINGO size defined as number of NAND interconnegted
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Nevertheless, if we consider parametric failure Ima@ésms hypothesis, another representation sheydddposed as shown
in Figure V-9. In such a case a single component with 4 indegr@nmhrametric failure mechanisms (HCI, BIT, EMI@DB)
and occurring simultaneously, is analogous to eserystem. Each failure mechanism ‘competes’ thighothers to cause a
failure and failure rates are additive, mechanisrmiechanism, and so drifts are cumulated. In a RINBucture, a failure is
observed when all NAND fail in a cumulated driftié@ae reaching the failure criteria. In such a gake reliability model is
similar to a parallel system because by definitaly the failure of all components within the systeesults in the failure of
the entire system. In other words, we know a palrallstem succeeds if one or more components aratignal. Considering
a parametric drift failure, the NANDs work togethmending to reach the cumulated parameter drifit land because the
contribution of each failure mechanism is accunadat

PARAMETRIC FAILURE MECHANISMS
Logical elementary path (NAND)
Drift parameter contribution for each failure mechanism

_‘1 Ana H Agn H Ay Hﬂ-mus i__

A equ

NAND RELIABILITY as a PARELLEL system
Cumulated drift contributions < FAILURE CRITERIA

A equ-1

Figure V-10: Series-Parallel reliability configuration for DSM
RINGO parametric failure mode modelling. (m= RINGi2e defined
as number of NAND interconnected).

A reliability of a series-parallel system definadmigure V-10 and fora POISSON distribution function, is written as:

m 4
Rp—sp (t' ai,j,ﬁi,j) =1- 1_[ (1 - He"li't>

j=1 i=1

(Eg. 15)
Consideringm NAND elements in parallel each with 4 types ofifis@ mechanisms in series, we get
m
Ry_s, ) =1~— 1_[ (1 - e—t'Z‘i‘=Mi)
=1 (Eq. 16)
Because all NAND elements are similar, we can write
m
R, o, () =1-[1- e tTka
prse [ ] (Eq. 17)
If Y%, A; -t << 1, e.g. assuming true up to few percent’s oflATwe can approximate the reliability at titiy:
(1-e2ait)" & (¢ i, 2)™ (Eq. 18)
And (Eq17reduces to:
4 m
RP—SP (t) ~1- <t ' Z%’)
=1 (Eg. 19)
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Allowing us to express:

4 m

m B
Rp—sp t)=1- (t ' ZAL') ~ e (ETid)” = e_(t/a)

i—1

Eq(. 20)

as a WEIBULL general equivalent representation wher

4
1
7= Z A and B=m

i=1 Eaq. 21)

which is indeed the number of NANDSs incorporated iRINGO test structure.

LEMMA #04 : In a series-parallel system constituted @fentical and independent elements, each desdoipadeliability
POISSON distribution A), its reliability model can be approximated by engral equivalent WEIBULL distribution wit
parameter & /= m) with an error lower than 3% for time operatiower than 50%-MTTF (see Figure V-11).

A=100FIT
equ. 35 for m=5 -equ. 38 for m=5 —error (%)

100,0% - 100,000%

80,0% 10,000%
=

. 60,0% 1,000%

40,0%

0,100%

20,0% 0,010%

At (in % of MITF
fir o ]’T) A= 0,001%

0,0% !
1% 10% 100% 1000%

Figure V-11: Plot error (in red) as the difference betweert pfo
Eq. 35 and Eq.38 for a POISSON Distribution withiL00 FIT,=m=5.
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IV. CONCLUSION AND PROSPECTIVES

Using emerging microelectronic COTS appear mangldtmachieve today’s product and system performandgth the
drawback of lack of inadequate Quality StandardilwHon’t address in a proper manner the way tdifyuaem in a proper
short period of time. Indeed, in the last end ofXéntury, the introduction of a new component Bpace system required
few years of evaluation and complete qualificati®uach timing was compatible with the technologyletion and the satellite
development and manufacturing phases. Today, Wwétekplosion of satellite constellation and théiors development and
production phase in less than 2 to 3 years, sumhd&tds are not adapted in some case.

To balance this inconvenience, we need to bet@erstand the physics of semiconductors and fatheehanisms in order
to quickly identify and select “reliable COTS” tewilogy and lot screening before to authorize tingglementation in complex
systems. By “reliable COTS” we consider we haveugioinformation consolidated by short time adapgpgeriments to
identify how we can guarantee mission profile astég for Low Earth Orbit satellite (LEO) constgion or long-term
Geostationary Earth Orbit telecommunication sdaéelfame kind of considerations must be fixed baseskill and knowledge
of Physics of devices to draw optimized experimamis deep analyses related to the Automotive ooreartic industries.

A reliability engineer team needs to gather muktils people having valuable knowledge on (not exiae):

» electronic design, to be able to understand howdthaces are biased (DC and digital or analog $syrend
stressed from normal to extreme mission profiledétions,

« semiconductor and assembly process manufactuttiegacterization and metrology technics, to undedsteow
devices are packaged and tested with the aim efmdéte and validate their Safe Operating Area maind to
define sequence of screening for efficient freadtriiutions purging, and their ability to survivperating life
environmental and application conditions,

* physics of semiconductor, physics of new microetett device, induced failure mode and mechanismns t
understand how devices are designed and manufdctaras to determine what are the key electrioad¢sors and
indicators to monitor degradation patterns inflleghdy internal and external stress conditions @etygely
biasing and environmental),

» reliability concepts and modelling, to identify aednsolidate hypotheses of degradation based oessef
experiments (as short as possible) representativaeomission conditions.

In the paradigm of Physics of Failure, people fooasiow a product is failing either catastrophigalt gradually.

In the Physics of Healthy we propose to focus @xctaracterization and physical reliability knovgedf lot devices able
to assure the system mission in operation befdltegda The goal is to provide advices to the equépbrengineer on associated
quality and reliability risks.

The very short development of new technologies theocustom market seized the microelectronic C@mslucts, and
consequently induce a change in the techniquereigdbility application are designed.

This Part | is dedicated to understanding how Polktept can be defined. To do so, we first focusetkscribe two kind
of emerging technologies DSM (very narrow node,sizg. < 10 nm and GaN Power DC switch transista short State of
The Art review. Letting aside the random failure divice, system or equipment breakdowns generaity td handling,
packaging or external overstress, we concentrateeamout mechanisms description taking advantage MtPherson’s book
on Reliability Physics and Engineering implementihg basics of reliability modelling [23], we presed and detailed the
mathematics based on Gibbs Free Energy diagranidesimg reaction with several external stressedieghpnd temperature.
The multi-failure mechanisms are also consideredlaborate a reliability model and to establishetgrating factor multi
stress and multi-mechanism expression based on-agnstant activation energy.

Reliability models were also recalled with resgeatandom failure rate modelling and system religlare presented from
formula of series systems, parallel systems oragaries/parallel system as fully detailed in béakn P. Tobias and D.
Trindade.

Establishing and reminding these preliminary sehathematics, we propose to develop the next Parshow how these
tools can be applied and used experimentally taigrgpre-failure occurrence and elaborate predictigliability SHM
protocols. A set of sequence is described to lwetfietgnostics PoH capability on new COTS devicesubh a series of control
steps also named Prognostics and Health Managd®natoicol. Such protocol can be easily applied lootimew emerging or
existing technologies.
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