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Digital Twins for Semiconductor Manufacturing Requires Partnerships

NSTC Funding one Digital Twin Manufacturing Institute at $285 million over
5 years as consortium of universities and companies from US Chip Act

Rockwell and NVIDIA provide process automation tools, and DT models of
factories with the Industrial Metaverse: Emulate3D, FactoryTalk, Omniverse

MSFT and AWS provide 10T connections and compute on the cloud for
data-analytics based Digital Twins: AzureTwin, AWS Twinmaker

Equipment and Foundry companies like Applied Materials, Lam Research and
TSMC can create Digital Twin models of their equipment, e.g. Applied Twin

Ansys, PTC, Autodesk, etc. could provide simulation-based digital twins and
hybrid (Al plus physics) digital twins
Ansys is one of the 8 founding members of the digital twin consortium

\nsys [\ AUTODESK D& L

£® GEDigita . =" Microsoft MERIRCr e |

Semi Digital Twin ECO Partners

@) ARPLEDR
intel.
@ Roclowent

aws

D ptc

||||||
AEE EEAEENE AREN

\\\\\

NVIDIA

B% Microsoft

»4 AUTODESK

\nsys


https://www.nist.gov/news-events/news/2024/05/chips-america-announces-285-million-funding-opportunity-digital-twin-and-0
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SoC/3DIC Manufacturing Process Overview

From Wafer to
Semiconductor

% - FEOL/BEOL @

o STEP 1: Ingot Production o STEP 2: Wafer Slicing o STEP 3: Wafer Lapping  STEP 4: Photoresist Layer STEP 5: Exposure STEP 6: Development
(Silicon Casting/Solidification) (Wire Saw Slicing <1 mm)  (Thin Out and Polish) (Highly Sensitive to Light) (Project Mask pattern (Dissolve Exposed Areas)

- fer — with i
Process Steps 4 - 11 Repeat for 2.5D/3D ICs i D e wih i)

(Wafer grinding for both sndes Surface & Edge)
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Frontend of Line (FEOL) and BEOL
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» STEP 11: 3D Chip Structure/Hybrid Bonding + STEP 10: CMP or l%ine Grinding c STEP 9: Metal Fill o STEP 8: Coat/Thin Film STEP 7: Etching/Doping/Strip Resist
CMOS image sensors, memory as well as (Polishing)’ : (Interconnect or Metal Layer) (Barrier Layer, Dielectric, (Depends on Layer Type; here

3DIC ] Spacer, ... et)) Etching)

o STEP 12: Back Grinding - (C MP for stress relief after back grinding)
& Dicing before Grinding S,
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o STEP 13: Wafer Cutting v" STEP 14: IC Packaging v" STEP 15: PCB Multi-scale Reliability Test
(Separate Individual Chips) (Reflow Soldering/Chip Assembly) (Stress, Thermal, Shock, EM, Cycling, Fatigue, etc )
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Film Forming - PECVD

* Engineering Goals

Uniform flow and temperature distribution for accuracy of film
thickness across wafer

Prevents particle generation defects in the chamber

Predict non-uniformity of process results due to manufacturing
equipment

* Multiphysics Solutions

Chemkin Pro: reaction mechanisms, material properties, etc.

EMA3D and Fluent solvers: Species transport, surface reaction
considering the particle physics effect for plasma dynamics

Multiphsysics simulation with ROMs considering time-domain
electrodynamics, electromagnetics, particle in cells (PIC) and CFD

Native GPU-enabled fast CFD and mechanical solvers

* Benefits

Improve product quality and yield rate by optimizing design of
equipment and process

- Save engineering cost and reduce rework
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Vapor phase growth
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3DHI Process Simulation — CMP and Hybrid Bonding

( CMP analysis followed by adhesion between layers (e.g. Hybrid Bonding ) simulation is in a pressing

need
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“Integrated Process-mechanical Stress Analysis of 2.5D/3D ICs with Two Types of Interconnections in Advanced Packaging”, B. Ren, N. Chang, et al., IIRW, 2023
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Two-scale Drop Shocy
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ML-based Multiscale Framework for Solder Joints Reliability

O Incompressible Smoothed Particle Galerkin (ISPG) Method and Two-scale Co-simulation (TSC) were
developed in LS-DYNA to meet this need.

Manufacturing-informed Multi-scale Framework

Chip-Scale Solder Reflow Simulation Two-scale Dynamic Shock Wave Simulation
by ISPG Technolo;_;y by TSC Technology
/ Solder Reflow & Packaging \ Drop and Shock Tests \
. |
b amtSssses ﬁml

Linking Chip- and System-Scale
in Drop Shock Simulation

Wei H., Wu CT, Hu W., Su TH., et al. (2023). “Machine Learning-based Multi-scale Simulation of Composite Materials with Applications to
Electronics Drop Tests”, Journal of Engineering Mechanics.
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\ Single Solder Reflow

A
Reflow of 2000 Solder Balls
>
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Semiconductor Manufacturing Process Overview

Coating Photoresist
ili . E ;
Silicon Crystal Oxidation Application xpc:sure Wafer Dicing PCB Modeling
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Overview of Digital Twin

s A
* Temperature visualized at desired locations with virtual sensors on the Digital Twin
° Ansys physics-based Digital Twins virtuaIIy * Internal physics observed during operation for condition monitoring & predictive maintenance
emulate production line equipment with fidelity Data used for
. . . equipment and
and synchronize the virtual and physical systems controls design
to address challenges arising in the production = :
line —p
. Y,

¢ Digital Twin benefits Co. The Digital Twin predicts conditions a few or a few dozen minutes ahead and instantly sends )
Predictive and prescriptive maintenance adjustments to the PLC for optimum operation

«  Equipment and operation optimization Fac'lllt'ates restarts .after small trgublgs and addresses long-term events such as environmental
. . variations and equipment deterioration
e System construction and troubleshooting ,

Sensor data Sensor data

. . . ﬁ [ | I 1 !
* Challenges expected in production lines ’
* Shorten the line startup period S o <71 W
* Improve the yield rate = L
* Trace the causes of defect and manage data : _
»  Operate efficiently and autonomously Physical equipment loT platform Digital Twin
Adjustments sent to the heater PLC * Near-future temperature prediction
* |deal heater adjustment parameters are
determined based on this prediction
(N L/
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Digital Twin Challenge: Accuracy, Time & Cost

@
Data-Driven
Modeling
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. 1

Modeling L

Design & simulation information
not readily available / usable

Difficult to accurately model the
as-operated performance of equipment

Model Development
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Large volumes of process
data required for training

Model Development

X
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Lacking ability to incorporate
available data into models

Insufficient accuracy,
limited by observed data

Long, expensive time scales
to develop & deploy
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Ansys Digital Twin Architecture

1. Hybrid Calibration = Most accurate Twin
2. Bestin class ROM capabilities = Easy Reuse

Twin Builder & TwinAl 3. Unique runtime model = Easy Scalability

o 4. Open architecture = Faster adoption
System Model : }
Q . | |
H ‘Q + b + / | Deployer _
_ — o b " Twin Model for Services Hybrid :
Existing System i cloud/edge Python Analytlcs i
Libraries : deployment integration, Pre- .Fu5|o.n . :
: built agents, DTDL Hybrid Callbre?tlon :
A B ! Export, Linux Data Int.egra.tlon, |
| CD ! compilation Auto-calibration, ... | |;
ROM Extraction : I
Capabilities Dynamic Static  LTI/LPV " FMU for simulation |
__.workflows
Twin Deployer
FMI/FMU

< (@) [=] I D fockust, BE WS @ pic

=

Validated Ansys Physics Test Data, 3rd Party Software Open Ecosystems and Key Announced Partners
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Reduced Order Models (ROM) in Hybrid Digital Twin

» ROMs are compact, auto-generated representations of full-3D models that are useful

for data-driven learning & engineering design

Fluent CFD Simulation:
3 hours on 12 cores

- ROMs are usually compute and license intensive to create but fast once built
ROMs have well-defined inputs and outputs (electrical ports, parameters, etc)
ROMs match the steady-state and/or dynamic responses of the original model,
within specified tolerance
Benefits
dimension 10 —10° * Reuse: Easily and automatically generate accurate & validated component models
solution time ~seconds / minutes

* Process Compression: Simulate accurate models in 1/10t to 1/100 of the time

System Verification and Optimization: Perform rapid design optimization and tradeoff
analysis at system level

projection-based reduced-order model

high-fidelity physics-based simulation

= 1-E-r
+

ROM Simulation

dimension 10* - 10°
~seconds

solution time ~minutes / hours / days

1 Train: Solve PDEs to generate training data (snapshots) .
2 |dentify structure: Compute a low-dimensional basis

3 Reduce: Project PDE model onto the low-dimensional subspace $ INCREASED PHYSICS USAGE

ROM Generation WOFkﬂOW ROM Type Training Data ROM Extraction Consumption | Ease of Use Complexity
Generation Format
3D Solvers Type of Data [Source
Required Tools ROM Technique[Tools
TRAINING = 0 No
DATA SIMULATION ROM ROM
P cha e EXTRACTION CONSUMPTION Response Parameter Lookup table + |OSL, FMU for Scalars, Integrated end-to- |[states/steady-
. FMU Surface Sweep/DoE  |All/Any |interpolation [MC, TB [Twin for Fields |end workflow state only
T::«/f;ga NM;g,f@/f”O Linear or
D Mech, [State-space weakly non-
~HOURS/DAYS Tein LTI/LPV/State- |Response to |CFD and [Model with TB, FMU for Scalars, [Mostly integrated. |linear and
space ROMs [step inputs |[EM Interpolation |Fluent [Twin for Fields |Manual transfers. |stateful
Response to
various input FMU for Scalars, [Experience needed [Non-linear and
DynaROM waveforms  |All/Any |Nonlinear ODE [TB Twin for Fields [to generate training |stateful

* All ROMs can be exported as FMUs for use in other tools for scalar inputs and outputs

OSL : optiSLang MC : Model Center TB : Twin Builder FMU : Functional Mockup Unit

* ROMs with field inputs/outputs are exported in a proprietary Ansys format (Twin)

\nsys



Enabling ML-augmented Hybrid Digital Twin

Coexistence

Physics
Model

Physics

Simulation
Enhancing Data

Virtual
Sensor

Physics
Model

Physics

Physics
Model

Data Enhancing

. . Full Integration
Simulation &

Hybrid
Physics/Data
Model

Inference

Physics

Engineering
Knowledge

N [ y b
p(m|d) = p(d|lm)p(m)

Learned Behavior

Sensor Data Physics

20

=== Costly function

Sampled points
10/ o Cheap function
Fusion model

M. Adams et al. - Hybrid Digital Twins: A Primer on Combining Physics Based and Data Analytics Approaches - IEEE Computer Society, 2022
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Auto-ML Framework Needed for System Technology Co-optimization

Get Data Train Model Improve Adaptive Meta-Model of Optimal Prognosis (AMOP) for scalar values:
* Objective measure of prognosis quality = Coefficient of Prognosis (CoP)

Determination of relevant parameter subspace

Determination of optimal approximation model

Clean, Prepare Test Data * Approximation of solver output by fast surrogate model without over-fitting

& Manipulate Data ) ) .
* Evaluation of variable sensitivities

Calculate forecast
quality using CoP
(Coefficient of Prognosis)

Coefficients of Prognosis (using MoP) The winner is s spproximation of areencel - LNVEStigate response by Generate
= full model: CoP = 89 % Coefficient of Prognosis = 89 % . com et| n meta—
' T i "3 MOP | response based on Design of peting
| I T BT ' ' models
,‘ INPUT: depth e ' (Meta-Model of Prognosis) Experiments (DOE) sampling
994 . [ P
I 0.992 — w2 } . | =
‘ i o . o 2 -3 . {
;"3..,“ INPUT: height 1 j 09% ) 35, "\ l10 | s
“E’ ‘ 34 % 0.988 : :\ 8
s : 0986 | IN\_e, A, [e 2000
: i ’ 0.984 i NRE : g
gng | INPUT: thickness | . \ - A, | < 1500 % ::
e ‘ 0.980 * o\ — b2 \Eoh o
‘ : 0.979 : L4 i : g
- INPUT: radius 4 . o 500
| 8% [ B :
L 3 3 %; e
‘ L L > 1 . s
0 20 40 60 80 — 0 o o 108 1
CoP [%] of OUTPUT: difference 2 3 s 53%(-;3 Y 0.9‘5“ o,
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ANSYS Digital Twin for Manufacturing Process
Cloud @

loT Platform (Azure, PTC, SAP, ...) — Digital Twin Platform
Sensor data Inpl_ll_t from rfal afsset " . L Rest API R
-Heater power -lemperature tTrom thermometer . .
_Temperature from _Heater OUtpUt..... EXperlment / FIE'd data
thermometer : |
> Analytics > Digital Twin Fusion |7 & & & Fusion
: Manager < (Runtime) I Y
Phy5|cal System Twin S | |Component
N ' Virtual sensor data Deployment 19 = | ROM
' -Temperature on the objects
-Standard deviations... System model for \
manufacturing process
e.g. Transient temperature
loT prediction for each parts
Application L\_\_/\ﬂ

1

I

I .

' . FTRT O —

I — c —_— — _/,'. A

I 'i\ ' = = l— - , i

Ll vwmess IPEIHIDGE B 2 s F [ [ o g~ 127 : = )0

dification ———— == N A e ,
-Modification - Real-Time visualization o R / i :'L" S riggl{l]i%r:?etgﬂia\é
Maintenance - Optimized operation & design Training set by CAE

- Predictive maintenance
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Digital Twin for Thermal Issue in Data Center

Challenge

* The growing energy consumption in data center is a serious issue. Effective cooling of
the data center is a key factor to reduce it, because over 30 % of the energy
consumption is from the cooling system.

* Digital Twin operations in real-time for thermal-flow distribution help the optimal
operations.

Solution

* Quick training data creation with various operating conditions for Static ROM & LPV
ROM by 3D CFD on AEDT Icepak.

* Validated ROM in Twin Builder can be exported via Twin Deployer to visualize the
temperature fields and the point variables as virtual sensors with dynamics. PyTwin
helps its deployment.

Benefits

* Digital Twin of data center offers:
v'Real-time visualization to identify thermal issues.
v Immediate alerts for swift operator response.
v'"What-if analysis for strategy development and scenario planning.

* Digital Twin enables the optimal operations, reduction of energy consumption and risk
management for Data center.

18 ©2024 ANSYS, Inc.

3D thermal flow simulations

Model creation & validation

o veemancmsmame et st 3 oo s i |

Twin Deployment & real time visualization

Physical Assets vs Digital Twin
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optiSLang Workflows + 3D ROMs for Virtual Digital Twin (@ntinental

3D ROM function as a virtual twin in a browser-based app
Able to extract 3D field-data (temperature) out of Icepak Pros and cons of Test and Simulation
Prediction quality of 3D field-data is checked and sufficient

= Real Product use = Parametric modelling
Receive real-time measurements (5-8 thermocouples) R " e e
and fit/predict to whole corresponding temperature 8 é\/ ¢ High resouton
distribution in 4 seconds ® Physical modification of the \> S
Wide audience of laboratory workers can benefit N e P

Enables rapid assessment on demand immediately
A robust optimal design can be found early in the process

The Digital Twin combines the advantages of test and simulation, eliminating their disadvantages.

Workflow
Comparison IR Picture & Digital Twin

Test Setup Simulation

Model

L | N

- v
{ : [
eanaril ")
Test Setup - IR Picture Digital Twin Result

Thermal Digital Twin & Virtual Build: A new approach of understanding systems, Laura Lindner, Continental GmbH, WOST2023,
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Emerging Model-based Digital Twins with On-chip and System
Monitoring Solution (e.g. proteanTecs, Moortec/Synopsys, and PDF)

Proteus-Agents
Design Stage

\I’ISYS Multiphysics Simulation Signoff

v 4
: L::ﬁ(‘::‘h :\( = 7 A
' Mg Pl Y 3

LT vf : -~ PMH

Proteus-Platform BN gy
Production & Lifetime L T
" - :

Embedding Agents for Process Classification, Design * Agents feed deep data to platform s New! \
Profiling plus measuring Margin, Workload, Voltage 1

Integrity, Clock Integrity, Noise Modulation, Local
Temperature and Thermal Gradients

* Machine learning algorithms and data analytics New!
* Insights & Alerts

Key benefits for the application-specific reliability monitoring and digital twins

* Model-based digital twins for application-specific reliability such as _ o
aging/wear-out prediction for predictive maintenance with Lifetime Electronics Monitoring

* Can root-cause PI/SI/Tl issues during testing/field w/ multi-physics simulation

* Provide on-chip agents feedback on the design with application-specific reliability information

* Optimal locations of on-chip agents can be provided by multi-physics simulation solutions for
Thermal/DvD/Workload/Timing, etc.

©2024 ANSYS, Inc.
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Integration with Nvidia Omniverse for Digital Twin Deployment

* Digital Twins runtimes can be executed with Omniverse

- Input values defined through constant, time series, or streamed from real world

* Results, including 3D ROM visualization can be rendered in Omniverse, and combined with other
capabilities of the platform with scene definition, AR/VR, and cloud deployment/streaming, etc.
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Summary

A robust Hybrid Digital Twin solution is needed that combines the benefits of physics-
based simulation with data-based ML techniques to create accurate, evolving
representations of real-world assets

Multiphysics simulation is key to Digital Twin implementations, providing critical
capabilities such as virtual sensors, what-if analysis, causality and failure mode analysis

Hybrid digital twin enables the reuse of existing simulation models (via ROMs,
optiSLang, and customized ML solutions), typically created during product design, and
makes them fit-for-use during manufacturing operations in combination with
measurement data

ML-augmented Hybrid Digital Twins can be used for Semiconductor Manufacturing
real-world use cases
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