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Heterogeneous Integration: SysMoore (‘More than Moore’) ‘\3}
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Heterogenous integration ~”
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] Electronic (Passive/Active)/Photonic/MEMS/Sensor devices
1 Digital; Analog; Logic; Memory; Power; RF

J System, Package (Chiplets) and Wafer levels, including Interconnects and Substrates
1 2.5D and 3D Packaging technologies

Optics Engine Optics Enging
Swilch Chip

o https://eps.ieee.org/images/files/HIR_2019/
— HIR1 _ch09_photonics.pdf

DRAM
Through- % Nana-FPGA
silicon-vias _. .
- o
Reconfigurable

nanophotonic network
L3 caches

¢ Inter-core nanphotonic

networks

FinFET based many-core
processrs

Photonic switching devices and SIP concepts

Photonics applications:
5@, loT, Data Centers, Automotive (LIDAR), Aerospace and Defense

Source: 2020 ISSC
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HIR Technical Working Groups

HI for Market Applications
*  Mobile
* loT
* Medical, Health & Wearables
* Automotive
* High Performance Computing & Data Center
* Aerospace & Defense

Heterogeneous Integration Components
* Single Chip and Multi Chip Packaging
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. Integrated Photonics

* Integrated Power Electronics
*  MEMS & Sensor integration
* RF and Analog Mixed Signal
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Cross Cutting topics

Materials & Emerging Research Materials

Emerging Research Devices
Interconnect

Test

Supply Chain

Security

Thermal Management

Integration Processes

SiP
3D +2.5D
WHLP (fan in and fan out)

Design & Reliability

Co-Design

Modeling and Simulation
Reliabiliti-l
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Reliability is a cross-cutting TWG: Cross-TWG interactions
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Life Cycle
Reliability | Life Cycle ] o Manufacturing for Qualification for Sustaining for Supply ¥ .
.. Design for Reliability e e e ] Economics
Targets | Conditions Reliability Reliability Reliability Chain
& Cost
Mobile; l1oT; MHW; Mobile; l1oT; MHW; Mobile; l1oT; MHW; Mobile; 1oT; MHW;
Applications Automotive; HPC; Automotive; HPC; Automotive; HPC; Automotive; HPC;
Aerospace Aerospace Aerospace Aerospace
Electromigration;
Materials; Co-Design
and Simulation; SCMCI;
Package WLP; 2.5D/3D; WLP; 2.5D/3D; WLP; 2.5D/3D; WLP; 2.5D/3D; Supply No TWGs
Inte ratgion Interconnects; SIP; Interconnects; SIP; Interconnects; SIP; Interconnects; SIP; [Chain TWG yet ??
s Photonics; SCMCI; Test SCMCI SCMCI; Security
MEMS/Sensors; Power;
RF/Analog; Test
Photonics;
. Photonics; Photonics; i
SiP MEMS/Sensors;
Technologies MEMS/Sensors; Power; | MEMS/Sensors; Power; Power: RF/Analog;
g RF/Analog; Test RF/Analog; Test T &
Security
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Integrated photonics: Challenges & solutions .

INTEGRATION ROADMAP

https://eps.ieee.org/images/files/HIR_2019/HIR1_ch09_photonics.pdf

Difficult Challenges Potential Solutions

* Physical density of bandwidth * Single-mode WDM fibers

* Thermal management * New materials; multiple temp zones

* Test access for SiP, 3D & * BIST, continuous test while running,
Heterogeneous integration intelligent redundancy & self-repair

* Photonic Switching to the package <+ WDM mux-demux on chip

* Cost * High-volume production and a
strong and competitive supply chain
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Upcoming challenges/solutions in integrated photonics &
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https://eps.ieee.org/images/files/HIR_2019/HIR1_chO9_photonics.pdf

— QD on Gaks 1
QD on GaAsSi001) [b]'
:l '”:'
}_- I}E
Fiber  Fomude N
- £ __
\"_1-
tlm 113] 121]:]' 1253 I'!III 1350 1400
Filer g Fiber Warveldength (nmj
Plasmonic Laser W. Zhu et al. *“”‘*
’ Quantum Dot Laser S. Chen et al.

NIST Science Advances (2017) , i

Vol. 25, No. 5 | 6 Mar 2017 | OPTICS EXPRESS 4632

Fhotonic layer
on interposer

Courtesy of Xilinx, TSMC. .-unl-m Cu pillars Solder connection

Plasmonic Communication J. Leuthold et al.
Electronic/Photonic Interposer

Optics & Photonics News(2013), pp. 28-35.
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HI System Reliability @

Prognostics and Health Management Fusion of bottom-up physics TR RoADAP
and top-down Al approaches

Al-based Degradation Analysis
Condition Monitoring Machine Learning, Deep Learning

. Sensors Feature Extraction
Anomaly De 3 ; 3
P':_ ;ln“ur: ¢ Design/ Ma.tebl:i;tl;' Process . + tilnitttu 'uTit variattmn Dﬂm-aﬂﬂl}rn'::ﬁ ﬁnﬂmﬂj}' D¢t¢cu0ﬂ
Use / Accelerated Test Sl Neural Net Diagnostics
condition variability “Micro Defects” e
Fusion
S Proznostics
Stress Strength Reliabi htj" REI]]E‘.I[[]]]]E
* 1er1 H E
Digital Twins TTsefin] Life
. . Life Consumption I Reliability Physics | RP-based
Owerstress Mechanisms Monitoring : (RP) Models Damage
e n
USHEL' SONSOTS I . dT | Acceumulation
Canarics ; Expected Future | Estimation
v Use Conditions
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Electrical

Radiation

Chemical = . | — )
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Reliable HI Systems: Approach

Top down:
Artificial Intelligence

and Machine Learning

Hazard Rate Curve

(Bathtub Curve)

Bottom up:
Reliability Physics

Failure Distribution

QIEEE  Brotonics
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Reliability Assurance Activities

Design/ Material/ Process

variability
Use / Accelerated Test
condition variability

Stress

mfg)
“Micro Defects”

Strength

Fraction Failing — A ‘Reliability’ Figure of Merit

Unit to unit variation
{material, geometry,

Society

Multi-physics/multi-scale HI systems
require holistic cradle-to-grave
methodology

Reliability Life Cycle
Targets Conditions

Design for

Reliability

Manufacturing
for Reliability

Knowledge
based Testing for
Qualification

Product Health
Management

/psemi

Supply chain

Integration
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Reliability functions in product lifecycle e

—l Y

Development/

Proof of Concept Technical Feasibility Design Product Quat HV Production PHM
» New Siand Packaging * Usﬁge_f‘_tress conditions " Design * Optimize assembly ~ ® Early failure = Monitor the
Technology * Reliability targets Verification process and rate health of
Understanding " Custtc:-r?wler engageme.nt " |mplement materials * Reliability products in
* Feature/performance ) RE|IabI|!t‘{/CP|/BLR Risks reliability " Reliability monitoring field
= Reliability data Evaluan?n _ solutions in the hardware/dynamic = Solye field » Adapt voltage
collection * Test Vehicle Design and design flow vector/models reliability to
* Anticipate new failure Carners” | " Review and " Stress based fails compensate
modes/mechanisms " Eng Uenﬂc..atu:.nr? LoiE assess any Qualification * Track field aging
» |dentify Reliability : EE:WEFdRE"E"b'hW [;ET'g" violations/trade = Knowledge based failure rate » Replace failed
Risks/FMEA Ji€ and aging mode offs ualification :
« 1P Reliability q interconnect
* Soft : T
oI errors Design for Reliability
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Designing for reliability: Reliability-physics process

INPUTS

Hardware
configuration

architecture

materials, geometry,

Life Cycle Loading

Operational Loads
Power dissipation,

voltage, current,

frequency, duty cycle

Environmental
Loads

Temperature, relative
humidity, pressure, shock.
The life cycle includes

transportation,

storage, handling and
Application environments

& IEEE Eghemgies‘

Reliability Margins
Design margins for relevant
failure mechanisms due to

Multiphysics “Stress” Analysis
Stresses at failure sites
e Electrical
eThermal
e Mechanical — Vibration & shock
e Diffusion
e Thermo-hygro-mechanical

estress margin for overstress
mechanisms
e life margin for wearout
e Electromagnetic & Quantum fields mechanisms
Aggregation to the System Level

Reliability block diagrams
Monte Carlo simulations

Bayesian updates with field/test data (if any)

Sensitivity Analysis
Sensitivity of the product durability to changes in:
application, design, manufacturing window, life-
cycle support methodologies
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OUTPUTS

stresses at each failure site:

Ranking of
potential
failure
mechanisms

and sites

Design
tradeoffs

Risk mitigation
solutions

Accelerated
test conditions

Reliability
Assessment

Health
Prognostics
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HI systems: CPI challenges - | ‘\3}

Thincore HETEROGENEOUS

L CPlissues are increasing with newer Si nodes O et e THETEROGENEOUS
U Device and packaging reliability were treated separately in old nodes '

O Advanced Si with low k, CPI requires co-development of device and
package

U Low k and Ultra low k introduction
U Fragile and poor adhesion

U Build up substrate
O High CTE and warpage

I ’ |
L Pb free or Cu pillar interconnect Chiplet ) 20

O Higher modulus e b

pilch 20pm pitch 40pm

U Complex die

O Bie die size Active Interposer 1|:P;||.|:1.I 8.0

& N M N |
O Higher power Package / ROS

Substrate I:_::J-I:::an
S Lt

L Bump on trace

-8
=

L More advanced packaging induced board-chip-package interaction
O WLP
i M A P N T

U 2.5D/3D °9 0 15 20 25 30 35 40 45 50
0 Big FCBGA Nominal Dielectric Constant, k

IEEE . _ = FLECTRONICS ”ECTRON
+photonics / L W=
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Multi-scale and multi-physics CPI flow

Package-scale simulation (FEA)
Input: geometry; material properties;
smeared mechanical properties for RDLs,
Silicon/TSV bulk, interconnect.

Output: field of
components on the die faces.

displacemen

Die-scale simulation (FEA)
Input: geometry; field of
displacements on the die faces;
coordinate-dependent mechanical
properties for RDLs, Silicon/TSV bulk,
interconnect.

Output: Distribution of the strain . A e
components across device layer.
Layout-scale w/feature-scale
resolution (compact model):
Input: GDS; distribution of the strain
components across device layer.
Output: Transistor-to-transistor
variation in stress components
@ IEEE “photonics /psemi £ sesnancs
; » , =) PACKAGING
£ iﬂ SOCIETY
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Package scale

Package simmilations
(FEA)

Package tech file

Die scale

TSV induced stress
{compact model)

Bump effect
(compact model)

Feature scale

Composite interconnect
layers (compact model)

Transistors layout effect
(compact model)

|
Design (GDSIL OASIS
Design tech file

Stress and strain

components (per fransistor);
mobility shift

Source: Mentor Graphics
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Physics-based modeling simulation and co-design <
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Device/Chip
Si, WBG
SoC, Digital, RF, Analogue
Opto, Mixed Signal
Transistors, Gates, etc
FEOL, BEOL
Scale: nn-um

Package
SiP, 3DIC, BGA, Fip-Chip
WLP (Fan-in, Fan-out)
Interposers, TSV's
Solders, TIM, Wirebonds
Scale: um-cm

Board/System
Ph sics/scale 7/ Organic, Ceramic, etc
Y . o e Market Applications
1 . loT & Wearable
MOdEl Ilng and o / Sub-Systems, Enclosures Mobile Devices
= 3 IPAD, Radar, Lighting, etc
Slmulatlon S HPC & Data Centers

Medical & Health
Automotive
Aerospace & Defense

Source: HIR; Modelling and Simulation TWG
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Modes/Mechanisms/Models for degradation & failure N4
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HI Packaging: An overview of 3D IC stresses and reliability @
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Impact of Flip Chip Impact of TSV/uBump
Package on 3D chip- on top die
stack (CPI) * Built-in stress
eStress induced by Cu- eStress varies as function of
pillars on low-K e Impact of 3D-SIC
eStress induced by i P . .
overmold, laminates CTE Die 2 bonding Pn dles'
mismatch | *Stress during bonding
. IS Bl aia waaalR AR e *Stress due to underfill
CTE mismatch
-_-' = = .::::;:_::"::;;:::::;"j?::::;;:h_'l':;:;..':iiji.“.:: :'.'..;:_::... .
0007 \OOU0O, 000
Impact of die thinning Impact of TSV on
eReleases stress bottom die
«Strength of die *Built-in stress
.. eStress varies as
Stress/strain can lead to ':”"Ct"’” of temperature
e mechanical failures due to

delamination, peel, fatigue, ...
e electrical impact due to
parameter shifts, increased variability, EM,...

Multi-scale

Source: IMEC
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CBPI-induced degradation and failure modes
CPl-induced MEOL/BEOL failure modes

SHE- mduced FEOI failure mades

-Reliability Via material, Silicon crystal - Mobility change
EM Ruie reduced Gieafing 1 process orientation, P/N e
£ - Circumferential

compression

Source: Xilinx, T
IRPS 2016

Impact of JHE

' BTI, HCI, & TDDB
‘ LT reduced

3 ,_.»“”-,,r‘

¥ p,u.nuuq.m.uu-u

[ ep———
PiRba e HuNR

Heat transfer
from FinFET to metal

Bias Temperature
Instability

Hot carrier Injection

Insulation liner
material and
thickness

TSV pitch,
diameter

Performance shifting due to TSV stress

Time-Dependent
- IMEC, VLS| 2010

Dielectric

TSV extrusion and de-laminaton
- Tezzaron, RTI 2009
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Microbumps:

* Material anisotropy
* Length-scale effects

Meditek, 2017 IRPS

,,,,,,,,,

- e Source: IBM

— Cracnkﬂj'—"—
el Circular crack on BEOL

DOl.org/10.1557/mrs.2015.29 k=—u=s
DOI:10.1016/j.scriptamat.2020.01.005

@ Concentrated on die edge B

: IEEE : e - : ELECTRONICS
@IEEE #thtGSHQlcﬁt? /_’ semi @Eﬂ%ﬁﬁmq

Ni

Sglder IMC

CusSns
SnAg solder

CueSns

Copper Tin
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Influence of manufacturing quality on reliability
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Degradation
& Abnormalities

Forward RQ effect

Manufacturing
ystem Reliability

RMS

Maintenance
optimization

Quality oriented
reliability and
maintenance
optimization

—~— —

— s —

Backward QR
feedback

Improving availability

~
~

Reliability
optimizations

Quality

Variations

Forward QR effect

Manufacturing

P ]'I ’
Process Quality QALY

improvement

!

Reliability oriented
quality control

— -—

Backward RQ
feedback

Decreasing variations

Quality control
measures

Manufacturing
Defects

Product
Production
Reliability

R P

man

Reliability
testings

DOI: 10.1080/14783363.2016.1224086

INTEGRATION ROADMAP

Design/ Material/ Process
variability

Use [ Accelerated Test

condition variability

Unit to unit variation
{material, geometry,
mfg)

“Micro Defects”

_-"_

e

4

Defects
Screening

Stress Strength

Reliability testing
considering quality
loss

Fraction Failing — A ‘Reliability’ Figure of Merit

Top Chip :
(Memory) f’ i

Process metrology poses
significant challenge for
HI Systems

Screening out
ufacturing defects

-

T e
S
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Qualification and testing: Reliability validation/verification ...

INTEGRATION ROADMAP

I
I = L
B

Extreme Extre.melusages/ Latest tech nodes
environments lifetime
Diverse New failure modes Wide range of Rel Innovative EA/E] Stochalstlc
components tests modeling
Field Telemetry Reliability Physics e DAL Al (230t
optimizations loop

Multi-physics methods to Qualification testing Data feedback loop with Integrated PHM - Self-

quantify ‘stress’ and needs to be Customized, Digital Twins to validate cognizant, intelligent,

‘strength’ distributions at Knowledge-based and failure characteristics and bio-mimetic hardware
potential sites of failure Innovative run virtual experiments to ‘age with grace’

_Source: Sahasrabudhe (Intel)
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Reliability Challenges: Future Outlook ~”

HETEROGENEOUS
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Applications

Reliability | Life Cycle Design for Manufacturing for Qualification for |Sustainment fo Supply
Targets |Conditions| Reliability Reliability Reliability Reliability Chain
Mobile
\oT 1-5 Years:
Medical, ::::':1:;3:““‘““ Multi-physics fusion approaches for reliability assurance

HPC & Data Centers * Bottom-up Reliability Physics based approaches, tools, infrastructure

Aerospace and Defense

WLP [FO/FI) * Top-down Machine Learning & Al based approaches, tools, infrastructure

2.5D and 3D integration 5-10 Years:

Wafer Singulatiun and Thinning |

Chip-package interactions (CPI) Fusion approaches for co-design (based on ‘digital twins’) and life-cycle PHM of

Package Integration Interconnects (TSV8s, pbumps, next_gen robust HI Systems
wirebonds, Flip Chip solder joints)
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Microelectronics > 10 nm 10-15 Years:
Microelectronics <10 nm . . c q q q
Photonics & optics Fusion approaches for intelligent, adaptive, reconfigurable products with
Technologies MEMS and sensors integrated autonomous life-cycle management capability
Power electronics e Int ” t |f q t t
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Reliability assurance activities
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Current members of reliability TWG:

Abhijit Dasgupta, Univ of Maryland; dasgupta@umd.edu

Richard Rao, Marvell; richardrao@marvell.com

Shubhada Sahasrabudhe, Intel; shubhada.h.sahasrabudhe@intel.com
Willem D. van Driel; Signify; willem.van.driel@signify.com
Przemyslaw J. Gromala; Bosch; Przemyslawlakub.Gromala@de.bosch.com
Hualiang Shi; Lyft; hualiang.shi@gmail.com

Albert Wang; Univ of California Riverside, aw@ece.ucr.edu

Pradeep Lall; Auburn University; lallpra@auburn.edu

Bo Ericsson, Ericsson, bo.e.eriksson@ericsson.com

10 Siva Shivashankar, Google, rsivasankar@google.com

11. SAAB rep
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