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Overview

m Extensions to established physical verification flows:
— Chip-Package Co-design
— Expanding from IC to Assembly-Level PDKs

m Design for Test and 3D

m The Known-Unknowns (aka "I know I can calculate this — but, do I

really need to do it?")

— Parasitic Extraction

— Sahara: Thermal Analysis
— Glacier: Stress Effects

— Electromigration

m Summary
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Design and Verification Challenges for
High-density Advanced Packaging (HDAP)

2.5D/3D multi-substrate/device architectures

e Connectivity & interface planning across substrate
boundariec

e Assembly level verificatior, and electrical extraction/analysis

Physical implementation of new technologies
e Shrinking feature sizes and new geometries
e Increasing pin counts on aevices and overall design

Final sian-off and verification
¢ LVS/LVL on both final assembly and individual substrates
e Assembly level electrical and thermal performance
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2.5D /3D Technologies are Part Silicon Part Package with
Different Design Methodologies and Characteristics

« Gerber output » GDSII output

« Windows based tools + Linux based tools
Design drives manufacturing » Manufacturing drives design (PDKSs)
Non-Manhattan shapes « Manhattan based shapes

« Organic RDL layers + Silicon RDL layers
 Built-in DRC checks performed » Separate verification (DRC)
within design database performed on mfg. output

OSATs & Substrate Silicon
Manufacturers Foundries

Organic Substrates Si/Glass Interposers

=)

Substrate Design Rules Silicon Design Rules

- I o
- I L

100um 10um ~8-5um Tum 100nm 10nm
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Mentor Solutions for Advanced
Packaging and Co-Design

IC Layout

Verification
(Si Interposer) o

Tanner® Calibre®

L-Edit® Tessent
Nitro Questa®

ICanalyst™

HyperLynx

Sign-dff DRC

Packaging &
Co-Design

Xpedition®
Package
Integrator

Electrical,
Thermal
Modeling &
Analysis

_%/Packag
e Layoutri

HyperLynx Xpedition®

FIoOTHERM
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Package Sign-Off: Calibre 3DSTACK

m Manufacturing DRC
— Package checks
— Die-Package checks

N — Process independent
Sins ( Calibre 3DSTACK — Curve sensitive

Assembly
Rules

Assembly
Descript

—
Chip 2 Layout Assembly

S Assemble GDS

m Signal Integrity
— (CSV, AIF, Spice,

Package

Verilog
" — LVS through package
stz 350 Assembly — Package level PEX
Netlist ‘-‘.‘ Netlister Source Netlist
: \ . -
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Physical Verification Checks
O Phy5|cal Checks (DRC)

Geometric overlap constraints
— Center to center alignment
— Grid and spacing constraints
— User defined checks from SVRF/TVF

m Logic Checks (LVS)

— Identify mismatch connections
— Pad label checks
— Layout ports not in the source

m Location Checks
— Verify every location for each electrical pin
— Associated with package netlists (aif, spreadsheet)
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3DSTACK Success Story

m Leti proceeded to final 3D verifications before
sending INTACT.gds to the ST fab

— 65nm Interposer

— Black box: chiplet to interposer
connections successfully validated

— White box: chiplet to chiplet connections
found isolated and shorted bumps

m Customer experience
— Avoided the tape out of a bad design
— Would have lost 4 of the functionality

— Would have lost months of
schedule and $$$

= Now a mandatory step!

@ELEC.
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TSMC/Mentor InFO Design Kit

Specialized functionality in a comprehensive flow

aaaaaaaa

nnnnnn

Export 0ODE for HLORC Yoids
Add/Remove VYoids

InFO specific PDK and
templates

Produces the unique
geometries necessary for
InFO manufacturing

Automated stress relief
features — mesh pads, zig-
zag, and graduated degassing

Fast optimized GDS output
with accurate representation
of non-Manhattan geometries

Comprehensive LVS/LVL
assembly level verification
using Calibre 3DSTACK with
real-time_Xpedition integration
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TSMC Certified InFO Design and Verification Flow
InFO_S & InFO_POP Certified

Final Sign-off \
( Source Netlist (LVS)

Xpedition Packaging S alibre 3D-Stack

> Sign-off verification
Design Kit

Calibre *
Results

Substrate Package
Integrator Designer t - \ ™\

Connectivity Constraints, H L D R C

planning & routing, and
optimization, and plane generation In-process DRC

library generation

‘ - Windows platform support
y In'deS|gn DRC e sign-off
-
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DESIGN FOR TEST AND 3D



Overview

m Extensions to established physical verification flows:
— Chip-Package Co-design
— Expanding from IC to Assembly-Level PDKs

m Design for Test and 3D

m The Known-Unknowns (aka "I know I can calculate this — but, do I

really need to do it?")

— Parasitic Extraction

— Sahara: Thermal Analysis
— Glacier: Stress Effects

— Electromigration

m Summary
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Test Solutions for 2.5/3D

m Key requirements for 3D testing
— High quality test for known good die
= tornal RAN — Test access to die in package

([E0 OO0 e ntaracs m Plug-and-play Hierarchical DFT is
ﬂ_ critical for efficient implementation

I .
R inttc | oo JEDEC — Allows complete DFT signoff at core level
core ssT__ K — o — Seamless DFT integration at Chip and
o compression Py .
logic ‘ Chip-stack level

i — Eliminates redundant test generation
, By Scan b — Enabled by widely used IJTAG and

z i Pattern Retargeting solutions for SoC
tiihe = ¥—— —— =% » Solutions and TSMC CoWoS reference

flow available
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Pre-bonding Test

Interposer 3D
“memory_die” “logic_die_1” “logic_die_2"
N =~ L

I | E—

R e S B S S -

“si_interposer”
Boundary scan cell

I
Ll'l'l'l'l'l'l'l'l'l'l'l'l'l'l—
I -
e = = =] [ Bndry scan m Die Level Test —

——

I I 5%
i core i coTni:;sion '“[_EE_ o Compression ATPG
DT il e BIST (memory, logic)

Bl I0 Wrap & Contactless |l
IO Test

o "3y e Bidi JTAG for each die
DaEtZ V, &12" 10
<L e Leakage check and

- n verify bidi operation

work TAP Interface -

Bidi boundary scan cell Fail T Pass

|
Menlor
A Siemens Business

15 Tessent 3D Test, REP



Post-bonding Test: Logic-to-Logic

Interposer

“memory_die”

“logic_die_1"

“logic_die_2"

g s

“si_interposer”

Bndry Scan

BIST

N

"
compression 35T
m logic [~ -

3D

Interconnect Test

0

e IEEE 1149.1 approach

o Test TSVs/interposer —
open & short

Bndry Scan

BIST

core ——— D e
: logic
- L oy
Package 10 Scan switch network

16 Tessent 3D Test, REP

Pattern Retargeting

e Die level patterns
retargeted to package

TAP Interface
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Post-bonding Test: Logic-to-RAM

Interposer

“memory_die” “logic_die_1"

— N

\\ 5 lli

Si_interposer

3D

“logic_die_2" ( )

/A

External RAM

[Too |:||:J|:||:|| dec interface

SN

S J )

= External RAM Test S—

e Based on Tessent
MemoryBIST

e Random data memory BIST

"~

-Co-re =Compression TAF
logic
S
\\
Bndry Scan N
BIST
CO re compression TAP
0= DDEEG | logic

Package 10

17 Tessent 3D Test, REP

TAP Interface

m Logic to RAM Interconnect G

e Control JEDEC cells in RAM die

e Control logic for JEDEC on top
logic die
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THE KNOWN-UNKNOWNS



Overview

m The Known-Unknowns (aka “I know I can calculate this — but, do I

really need to do it?")

— Parasitic Extraction

— Sahara: Thermal Analysis
— Glacier: Stress Effects

— Electromigration
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Extraction of TSVs and TSV to RDL couplings

Mentor — Georgia Tech joint Project

December 2016.

Analyze, Model and Extract TSV to interconnect extraction eI

Significant impact of TSV to RDL coupling on the design parameters

TABLE I
TSV-TO-WIRE COUPLING FULL-CHIP IMPACT.

Is TSV-to-wire included? no yes
Longest path delay (ns) 448 5.08 (+13.4%)
Total power on TSV net (mW) 0303 0356 (+17.6%)
Total net switching power (mW) 2.42 2.50 (+3.3%)
Total noise on TSV net (V) 32.5 T8.2 (+1048)

Proposed methodology to reduce the impact of TSV to RDL coupling
— Keep out zone
— Guard ring

guard ring ——

Yarui Peng, Taigon Song, Dusan Petranovic and Sung Kyu Lim, "On Accurate Full-Chip Extraction and Optimization of
TSV-to-TSV Coupling Elements in 3D ICs," IEEE International Conference on Computer-Aided Design, 2013.

Yarui Peng, Taigon Song, Dusan Petranovic, and Sung Kyu Lim, "Silicon Effect-aware Full-chip Extraction and Mitigation
of TSV-to-TSV Coupling," IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems, Vol. 33, No.
12, pp. 1900-1913, 2014.

Yarui Peng, Dusan Petranovic, and Sung Kyu Lim, "Fast and Accurate Full-chip Extraction and Optimization of TSV-to-Wire
Coupling," ACM Design Automation Conference, 2014.

Yarui Peng, Dusan Petranovic, and Sung Kyu Lim, "Multi-TSV and E-Field Sharing Aware Full-chip Extraction and Mitigation
of TSV-to-wire Coupling," IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems, Vol. 34, No.
12, pp. 1964-1976, 2015
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Wafer-on-Wafer (WoW) and Fan-Out Wafer-Level-
Packaging Cooperation with Georgia Tech

m Parasitic extraction in Face-2-Face bonded dies
— Mentor joint work with Georgia Tech and Qualcomm
— Inter-die capacitance becomes important when die-to-die distance is small,
in face-to-face (F2F) bonded structures with direct copper bonding
— In-Context extraction methodology proposed

[ Yarui Peng, Taigon Song, Dusan Petranovic, and Sung Kyu Lim, "Full-chip Inter-die Parasitic

Extraction in Face-to-Face-Bonded 3D ICs," IEEE International Conference on Computer-Aided
Design, 2015.

m FO WLP: Extraction of die-package interaction
— Analyze impact of capacitive and inductive couplings between the dies and
package on the system design parameters
— Inductive couplings might be more significant
— Methodology to extract the couplings proposed

[ Yarui Peng, Dusan Petranovic, and Sung Kyu Lim, “Die-to package RCLM Extraction and Signal

Integrity Co-Analysis for Fan-out Wafer-Level-Packaging," submitted for Design Automation
Conference, 2017.
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Thermal Simulation with Die Thermal Model

Die Power 3D IC Die thermal ]
Map File(s) Configuration File mdel

e ________

1. FloTHERM model )(

Mentor Graphics J

FlIoTHERM
2. Heat distribution k

i Project Sahara

Thermal

(MG s e
- — ¥ N s ]
i 3D IC Assembly || Thermal Results o Thermal Results |
i View Database(s) | " | Reports/SPICE netlist i
| | '
i ! : 3 * i
| 2 | EI

i e Calibre RVE] i i [ SP.ICE{tltl’_l‘llng J i
| DESIGNrev Mentor Graphics | | | Seron |
| Results EZwave | SPICE/timing |
| Viewing .| Simulation |
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Effective Thermal Properties Extraction

m Accounts for non-uniform thermal properties in

o

the die
— Metallization

Property Extraction
Configuration file

Layer sequence, direction,
thickness, thermal properties,
binning size

GDS/OASIS/
LEF-DEF

Project
Sahara

Exl yl x2 y2 conductivityX conductivityY conductivityZ sp
-0.012 -0.012 0.068 0.068 53.6244 37.9144 9.18284 883.059 3440.04
0.068 -0.012 0.148 0.068 57.1182 36.8679 8.62616 867.516 3617.92
0.148 -0.012 0.228 0.068 54.8823 35.6601 8.12566 873.568 3552.74
0.228 -0.012 0.308 0.068 55.8526 36.4761 8.24333 871.979 3568.75
0.308 -0.012 0.388 0.068 55.5287 36.3251 8.24898 873.341 3553.54
0.388 -0.012 0.4

0.468 -0.012 0.548 0.068

0.548 -0.012 0.628 0.068

0.628 -0.012 0.708 0.068

0.708 -0.012 0.788 0.068

0.788 -0.012 0.868 0.068

0.868 -0.012 0.948 0.068

0.948 -0.012 1.028 0.068

1.028 -0.012 1.108 0.068

1.108 -0.012 1.188 0.068

1.188 -0.012 1.268 0.068

1.268 -0.012 1.348 0.068

1.348 -0.012 1.428 0.068

1.428 -0.012 1.508 0.068

Thermal Properties
File

- heat conductivity,

heat capacity, density
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Calibre in TSMC Reference Flow

‘h—

FOR IMMEI
For more infor
Gene Forte
Mentor Graphit
503.685.1193

gene forte@m.

o Proven low-cost, low-risk path {
° Trusted verification and signoff

o Increased OSAT business efficie

MentorGra
° Launches with Amkor as first Of

Mentor, a Siemens business, today 4
WILSONVIL] to help drive ecosystem capabilities
fan-out wafer-level packaging (FOW
IC physical des| osaTs to provide fabless companieg
new CoWoST™| packaging solutions that require a nf
- somgmntpesad® | 55 its first OSAT Alliance member.

Chamber E

o

Physical Implementation

Cross-die bump mapping

TSV/ubump and back-side metal routing
Cu-pillar Bump Implementation

Custom Design
Supportdie-stack configure file and bump file
Schematic-driven design support TSV feed-thru

DFT
Pre-bonding - Die Level Testing (Logic, Memory)
Pre-bonding - 10 Wrap Test
Post-boning - Interconnect Testing
Post-boning — Pattern Retargeting (Die to Stack)

Reliability
Static/transientdie-stack thermal simulation

Physical Verification
Inter-die DRC/LVS support
LVS for double-side bumps (DEF/GDS)

RC Extraction
RCX fordouble-side bumps (DEF/GDS)
TSV-to-TSV coupling RCX for STA/spice
TSV subcktreplacementforRLC-model

SPICE timing analysis
Multi-technology SPICE Simulation

Gm[ Mentor OSAT Alliance Program Streamlines IC ngh Den5|ty
Advanced Packagi=="==t==—==st

ez 0dbm =fen ncsfem e

Property

Olympus-SOC

Calibre 3DSTACK/EloTHERM.

upen innovation riatrorm "
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3DNOC: Thermal Analysis with Sahara &
Correlation

« 3D Thermal Simulation of the 3D Stack = — —  |m@) g J
— Using Calibre® thermal analysis prototype s aack Sahmen
— New feature to visualize measurement data | Resis

ARM1176

.

30 Thermal Analysis
(Calibre® thermal analysis prototype)

3DNOC Thermal Model

3DNOC Circuit , with 2 layers :
8 Heaters (up to 8 Watts)

« 7 Thermal Sensors per die \
(1°C accuracy after calibration) c i >
B o

Simulation < Measurement correlation: 'i W S R—

- 2% error for steady state analysis sl i

- Similar time constant for transient . Top_de ,

analysls, e e 3DNOC Thermal Maps
[P. Vivet et al., in ISSCC'16] Thermal impact of a 370 Watt/cm? Hotspot (bottom & top dies)
q; [JELEC 15°C difference between bottom & top dies | 11252015 | 4
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Project Glacier - Technology

m Developed a prototype that will analyze layout for
unexpected CPI stresses and impact on device

performance
— Floor Planning
— Course and detailed drill down

m Rationale for development
— CPI mechanical stress effect on MOSFET/FInFET characteristics

— Stress generated by warpage of thin dies, TSV and solder bump-induced stresses

— New CPI stresses have a global character and penetrate long
distances

— Traditional FEA-based tools cannot help due to the long range
analysis needed

— Empirical models cannot handle the wide range of variations

— Large keep out regions are too expensive to die area

m Verified in multiple customer test cases

Restricted © 2017 Mentor Graphics Corporation Menlaro
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Project Glacier - Customer Results

m Customer benchmark: (Design - N28, 7.5mm x 5.7mm)

Flow Tool Flow Runtime (# CPUS) Memory requirement (MB)
LEF/DEF Flow Coarse Screening. 11 min. (4) 312
(averaged metal densities)
Coarse Screening 4 hrs (4) 8,722
GDS/Oasis Flow Detailed Analysis on
(0.3 mm x 1 mm) 5 hrs (4) 2,006
Mentor Glacier TCAD
0000000
| ] @0 ® @ © NMOS MULUO
m Glacier: 66060 o
©o 00000
— TCAD accuracy le@ ©® ©® —
— Full chip capacity ©odo00 @O
0B TOOO

R R N
e e e
DO e

___________
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Electromigration Assessment

Industry wide accepted electromigration (EM) assessment methodology is based on
decomposition of interconnect metal grid on the individual segments and assessing them

individually with the calibrated Black’s equation. ﬂ H
jUSE a EA( 1 1 j} > O 5O )

MTFE .. = MTE : exps — —
VeE TESTL Jrest j { Ke \Tuse  Trest H H

It results a very little margin between the designed in current densities and that allowed by EM
design rules, which makes a chip design sign off as very difficult task.

1
: . MTFE n E 1 1
Juse = Jrest| T | EXp——= -
10years Nkg \ Tuse Trest

This problem is caused by the inaccurate and oversimplified nature of EM models used by
existing tools, mainly due to ignoring the material flow between branches as well as the mesh
structure of modern power grids characterized by an inherent redundancy.

This calls for significant over-design. We found that the pessimism is
very high: grids that must survive 10 years, are being designed to
survive ~ 40 years. It leads to overuse of metal area, leaving little
room for signal routing, which makes EM signoff extremely difficult in
modern designs, thus increasing design complexity and design time.

Traditional empirical .models are no longer sufficient and Restricted © 2017 Mentor Graphics Corporation Menlor '
we need better physical models.
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IR-Drop Degradation = EM Failure

= As an alternative to the current EM assessment methodology Mentor had developed the EM
mesh model to account for the redundancy and material flow between mesh segments.

= Key feature: Grid is deemed to fail when the voltage drop at any grid node exceeds a user
specification, not when the first line fails.

= Major function of the p/g grid is delivering voltage (V44 and V..) to every gate. EM induced
resistance degradation can affect this functionality.

= Voiding induced increase in the resistance of p/g segments is responsible for IR-drop increase,
which can result a parametric failure.

1.655

1651

1.645-

Voltage ()
P
=N

o 1635F

Nod
>
(5]

16251

1,621

EM indyced voltage degradation in IBMPG power net

voltage, TTF

.

Reaches

h inimum nucleation
time, b deg

eginto degradate

—

Reaches threshold |

=
=]
=
=
=
=
=
=]
=]
=1
=]
=

. . . \ . . .
2 14 16 18 20 22 24 26
Simulation Time (yrs)

28

Initial (left) and final (right) IR drop distributions in 32 nm test-chip.

= The EDA tool-prototype for fast and scalable EM checking in on-chip power grids
including 3D IC is available: Project Denali.
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EM Assessment for 3d IC Test-Structure

= As an example we can consider the EM assessment performed on LETI 3D IC test-
structure with the standard Black’s model and Mentor’s Denali approaches.

i LETI TSV test—structure for up- and down-stream currents

?65 07 I'75 FB[ + |l')
1| | = o™
TS\ I TSV2 TQ\ TSV4

FEA results for up-stream configuration showing
(a) initial current distribution, (b) first TSV
failure, (c) current distribution after failure of two
TSVs, and (d) the circuit failure. A color map in
(b) and (d) corresponds to the value of
hydrostatic stress: yellow is zero, the darker red
means higher tensile.

600

400
=

200

Q

(a) Stress in tree 1: n11~ ni3

Denali’s (finite-difference)
based simulation results for
downstream case: (a) stress
evolution in M1 tree, and (b)
resistance vs. time.

nl3 nld nll 15

. —t=0 |
|==t=20 | e 10
——t=60 3
: | ——t=6238| ® 5
rrerenn, X e — 1769 |
0

o 10 [+] 200 400 &00
X um time,; s

TTF summary
Atomic flow
Black’s Finite-difference, Experiment,
Model a.u. a.u.
DOWN 204 463 204
0] 204 592 1711 749
UP / DOWN 1.0 2.9 3.7 3.7

Black’s model determines TTF at weakest branch, which is |dent|cal

for both current directions: it fai
upstream case.
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SUMMARY



Summary

= The multiple 2.5D-3D flavors bring new challenges to package
and IC designers

m Physical Verification activities such as Design Rule Checking
and Layout Vs Schematics have been naturally extended and
have been encapsulated in Assembly Development Kits

m Design for Test IC methodologies are well established for
memory-on-logic. Ready for test for logic-on-logic

m Multiple physical effects that are been impacted by the smaller
dimensions between multiple dice and interposers (such as
variations on R/C/L, impact of stress on carrier mobility,
thermal variations, electro-migration) can be accurately
modeled and with the required performance —

— if and how they will impact design flows and activities is
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