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Metrology and Inspection Challenges — Background

Applied Materials Israel Main Tasks in MADEIn4

Summary
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Golden Era for Semiconductors — Demand and Drivers

New Era of

GROWTH.

Machines creating

MORE DATA

than Humans

3 Applied Materials External Use SEMI Webinar: Next Generation Inspection and Metrology Solutions, 15 September 2022 @ ﬁETEHEB



Metrology and Inspection — Time to Market Acceleration

Mask Etch

-
Metrology | Inspection

Mask Defect
Detection

- “Time is money?”
This is HOW MUCH...

At DRAM fab one week At 3nm logic fab,
downtime equals ~2% one week of downtime

annual revenue plus ASP results in $25 million cost.
erosion.

4 Applied Materials External Use SEMI Webinar: Next Generation Inspection and Metrology Solutions, 15 September 2022 @n QETEHEE



Process Diagnostics and Control
We are the fab’s eyes

We work in the forefront of technology to provide the wafer fab industry with " Detect & Classity
Patterning Control and Defect Control cutting edge solutions NSRS

= Characterize
Metrology and Inspection enables chip manufacturers see clearly into their
process and accelerate time to market of their most advanced technologies

—
e —
o ——

| 4 ?;f—

N N

Patterning Control
Minimize deviations of
structures that SHOULD
exist.on the wafer

Defect Control [~ [FFEE] & S
Killer defects should : _ < . L7y €5 N
NOT exist on the wafer ' : ) Process stability

Yield enhancement
and control

beeesossens
P P99 99w Es
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There are Many Metrology and Inspection Challenges

Design Rule Shrink

* Denser
features
imaging

« Smaller
defects
become killers

High Aspect Ratio

ey

* Metrology

« Complex
geometries, challenges
trenches, due to HAR
sidewalls geometry
* New materials  Buried defects
* No line of
sight
PSS Y VWa—

Process Marginality

EUV Lithography

 Systematic * New mask
defects technology

* Insufficient » Sensitivity
metrology requirements
coverage

@ HERHER.



Process Control — Metrology and Defectivity

Process window

~

Target

7 | Applied Materials External Use  SEMI Webinar: Next Generation Inspection and Metrology Solutions, 15 September 2022 @ ﬁAﬁ"EHEIPS@



Controlling Mean and Mean Variation of a Parameter

Process window
A

~
7

Variability implication — circuit performance example

" I i Mean to I
I r_: target I
| I |
| |
| i | . g
| ! | ; +«—— Higher
| 1 | ! average
: : : ! speed
I , I i
1 ! I i
: , : Slowest I
orange i
: ! : Slowest E i
I 1 I blue l 1
I | i N, |
' : - | -
: 1 : Rt Slowest Typical Fastest
1 i I 244 36 transistor 36
: : . Wafer ' Greg Yeric, [EDM 2015
: : : Uniformity
1
| |
| : |
: ! ; Circuit performance is gated by the
: | : slowest transistor
I I - - g
: : i Lower transistor variability
' ! L = higher device performance
Yield Loss Target Yield Loss
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Maintaining Process Window

Process window
A

~
-

e
%ad
Q VJ I‘ )
Yield Loss Target Yield Loss
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Process Steps Introduce Variations Across the Wafer

@ HERHER.



From Statistical Sampling to Massive, Across-wafer Sampling

Statistical sampling Massive metrology and inspection

@ HERHER.



From Statistical Sampling to Massive Sampling

@ HERHER.



From Statistical Sampling to Massive Sampling

@ HERHER.



From Statistical Sampling to Massive Sampling

@ HERHER.



From Statistical Sampling to Massive Sampling

@ HERHER.



From Statistical Sampling to Massive Sampling

Massive sampling reveals hidden information
(E[FEREE



Massive Sampling Reveals Process-Induced Issues

Sparse sampling

@ HERHER.



Massive Sampling Reveals Process-Induced Issues

Sparse sampling Massive sampling
reveals process
signature

@ HERHER.
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Massive Sampling Reveals Process-Induced Issues

Sparse sampling Massive sampling
reveals process
signature
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Massive Sampling Reveals Process-Induced Issues

Process signature helps

identify process issue
Shortens time to root cause from
days to minutes

Sparse sampling Massive sampling
reveals process
signature

@l ARERER.



The Value of Time-to-Market

Time to output / yield
= Higher rev / profit

N

R&D Transfer / ramp High-volume
acceleration acceleration manufacturing acceleration

Reducing the area
between the curves is
worth $Bs

Time

Shorter Time-to-Market is worth $billions to customers and the technology ecosystem

@l ARERER.



Applied Materials Israel Main Tasks in MADEiIn4

= Optical wafer inspection

» Improve optical wafer inspection sensitivity to keep up with the shrinking size of killer defects and
provide new information, while improving throughput and productivity - new optics, high-

performance computing and system design

= Ebeam wafer inspection

» Improve ebeam wafer inspection sensitivity to keep up with the shrinking size of killer defects and
provide new information and expand the application space, while improving throughput for massive

across-wafer scanning - new column, modules and system design

@ HERHER.



Applied’'s Main Collaborations in MADEIn4

Qll ¥riai:.

AR

Brightfield image
processing / data handling

2 inec

Advanced Wafers

nm
B it

Stage and positioning Brightfield optical inspection

ICT

GHBAIY

A Siemens Business

New /improved metrology through Ebeam inspection and metrology
cross-tools Machine Learning analysis

@l ARERER.
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Optical Wafer Inspection — Adaptive Wavefront Control
Higher sensitivity and matching

Hlumination kaser module

b |

\.4[ -

| | Ootics

“‘ﬂ 2 Distorted
wavefront

HE -

High contrast

High wavefront error Low wavefront error

“ -0 -0 -0

Wavefront control On-tool optical imaging
Qll SRERAR.



Optical Wafer Inspection — Automatic Laser Beam Parameters Control
Higher sensitivity, repeatability, stability productivity and matching

Shortterm  Longterm
o.'.. . -< .'o... o. B l Feedback
I" 0. ... ..0. ...

Beam
Sampling

@
)
n
£
®
@
@

Maintenance

Motiva o Adaptive scheme and convergence

Spot size (X) vs. time — pre- and post ABC Spot size (¥) vs. time — pre- and post ABC

Defect

$
; g

calibration

On-tool performance On-tool performance

@ HERHER.



Optical Wafer Inspection — Flexible Optics Modes

Higher sensitivity and productivity

Overall similar or higher sensitivity and higher
throughput on all analyzed defect types

Defects Captured

Higher sensitivity &
throughput

New mode Higher sensitivity

Tests performed on the imec Mont Blanc wafer,
with advanced forksheet device designs

@ HERHER.



Optical Wafer Inspection — High Performance Computing System
Higher productivity and flexibility AR

= Main challenges
» Wafer image acquisition: high data rate data acquisition channel, with incoming data rate of ~10’s of GB/s
» Execution of parallel computer vision algorithms and advanced deep learning algorithms
» Massive real-time processing power to support complex algorithms

Massive data communication with advanced periphery systems

Huge storage volume

Scalable architecture to support future algorithms and computing technology — HW and SW

Environmental:

— Power consumption and heat dissipation limitations, high reliability requirements
— Fab noise restrictions and limitations

— Computing system cabinets footprint limitations

» Highly efficient cost/performance computing

@ HERHER.



High Performance Computing System

ATROONRNE

* Development methodology
» Use of off-the-shelf core components (HW and SW, including open source) to accelerate development time

* The system development required optimization of:
» HW and SW architecture
» Processing dispatching
» Load balancing

= Solutions include
» Use of a tailored server architecture for the specific Use-case
» Use of accelerator/GPU for the specific Use-case
» Design of data acquisition path from the detectors with off-the-shelf components

@ HERHER.



High Performance Computing System

nPRODRIVE

TECHNOLOGIES

Large memory DDR4
Optic >
interface

Acquisition Processing
High — CPU multiple Storage

4 @
S =
69 g resolution/BW cores + up 4GPU
&

Metrology /' /" SEICHEREE
Inspection \\_

Solution
Tool

Unique SW-Infra structure management

Cabinet customized infra-structure High data rate data grab module developed by PRODRIVE

4 | q
X ‘.!1 ‘ P
Existing 7~ Advanced New
Image Processing System o =
Image Processing Systerg Special
Fast Ethemnet Cabinet+Grabber

interf !
HIEHScs interface

‘
B Pl Curent gt el Nt Beght Pkt D fhurence

Dot 83 dvipert 2004 / 1006

End-to-end defects detection on programmed wafer

@l ARERER.



LETI DSA Wafer — Optical Wafer Inspection

Objectives: detect DSA process related defects, with focus on small defects

Defects of Interest

Defect count

FOV 0.5um

FOV 1ym

@ HERHER.



New Metrology Information — Across-tools ML Analysis

Objectives: provide massive raw data to validate a Machine Learning algorithm developed by
MADEIn4 partner (Mentor Graphics) to provide new metrology information through analysis of data

acquired by various inspection and metrology tools
GMBAI

A Siemens Business

Layer Name
Metallization M2
Metallization M1
litho M1

etch M1

litho M2

etch M2

litho V1

etch DD V1

litho V1 Defect maps

© 00 N O 0o M W N P B

10 etch DD V1

A set of imec wafers was used for collecting raw inspection
and metrology data using various metrology techniques m
developed by MADEINn4 partners

@l ARERER.



Ebeam Wafer Inspection
Higher sensitivity and productivity

New key modules include new column developed by ICT, with new electron emitter and improved detectors

System developments including electronics and controls, motion control, algorithms and new enclosure

i
-.‘C'("“ “l

New column by ICT

Higher throughput and better imaging was enabled by the new column and by the improved detection

Expanded application space enabled by the new development

A new detector was developed for improved performance, enabling
= New imaging information to be extracted from the target

= Higher throughput at new working points

Baseline imaging Improved imaging

@l ARERER.



New Metrology Information — Across-tools ML Analysis

Objectives: provide data to validate a Machine Learning algorithm developed by MADEINn4 partner
(Mentor Graphics) to provide new metrology information through analysis of data acquired by

various inspection and metrology tools from same wafers

‘ Layer Name \

Cross wafers ebeam inspection defect density maps

A set of imec wafers were used for collecting raw
inspection and metrology data several metrology m

techniques developed by several partners

@ HERHER.



Summary

» Applied Materials Israel developed, as part of MADEINn4, optical and ebeam wafer
iInspection platforms to address the metrology and inspection challenges of advanced
semiconductor manufacturing: higher sensitivity, higher productivity and new metrology
Information

= Sensitivity productivity and new metrology information developments were made possible
through multiple module-level developments as well as system-level designs

= Sensitivity and productivity were demonstrated on E
advanced wafers @l H5ERAR.

; X leti
» Developments were made through collaboration with =~ _umec
multiple MADEIN4 partners

Brightfield image
processing / data handling

12T nanomorion m
A Johnson Electric Company

Stage and positioning Brightfield optical inspection

ICT

New /improved metrology through Ebeam inspection and metrology
cross-tools Machine Learning analysis

@l ARERER.
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Agenda for this presentation

1. Key challenges and objectives for metrology
2. Metrology platform improvements
Several examples

3. Metrology platforms for Industry 4

4. Conclusions
M ADSind
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1. Key challenges and objectives for Metrology
Platform developments in MADEINn4

Main challenge: Key objectives:

Higher complexity Develop and qualify new platforms
And Higher productivity

* High-productivity metrology and inspection
tools for semiconductor and automotive
industry (Booster 1)

* Ready for “industry 4” CPS:

(3D) complexity

* Higher data rates (acquisition, processing)
* Providing link for smart use of data to improve the
M ADEin4 over-all productivity
... AND productivity (Booster 2)

M ADSind

3 Proprietary Thermo Fisher 15 September 2022



ThermoFisher
2. MADEIN4 metrology platform improvements

Excitation Response

o : Marginai \ography e bon e o
sfr A 1) «
< - | Q

ey <o Inspection

- sl ?Jiiwn?!ier.a.s “uried moroosy | rewiemens Optical — ' A Metrology

become - Noline of sight  defects Xray Defects
2z § 8 =
Metrology challenges by more complex Throughput challenge at higher resolution:
chip production smaller interaction volume, less signal
Examples: Higher tool productivity (Booster 1):
« Faster wafer inspection & metrology by » Better sources

Ebeam and BF (previous presentation) » Better detectors

« Multi-channel integrated OCD metrology * New modalities

« Faster Scanning Probe Metrology tool « Improved sample handling

« Faster TEM analysis workflow « Enhanced automation

« Smaller (sw) overheads

M ADNir4
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2. Metrology platform improvements (example 1)

Multi-Channel Integrated Metrology

World-Leading IM Performance

Stand-alone performance in Integrated
Metrology form factor

I
World's first IM with both oblique and normal L—
Incidence spectral Information

Stand-alone level performance: accuracy,
sensitivity, parameters de-correlation

Algo: dedicated modeling and ML package
Multiple use-cases

R&D and pilot

Complex CMP & etch layers

Ultra-thin film -

Residue detection

M ADNir4



2. Metrology platform improvements (example 2)

N NEARFIELD
INSTRUMENTS

I Offers Value Metrology I

High Aspect Ratio FinFet

gl

Depthinm)

of High-aspect ratio Deep

Reproducibiny
Trench Depth metrology, 156pm 1o

—o— Depth, 018% RSD

BUSES

Number of repeated frarmes (-)

Offers High
Througput

LR

Very high bandwidth of each
Miniaturized SPM (40x higher
than existing automated systems)

Surface Metrology: QUADRA

40X =
Oher >
mm ) \ .
- " A Ta
g A
g|----------- L B T
3 e ‘{ *\
- 1¢ \
& v S
3 :
Frequency (Hz)

QUADRA: 4x Mini-SPMs
operating in parallel

Lx NS PMs working in paraiel

Very high MAM, while
maintaining imaging performance |

Number of Move-Acquire-Measure cycles per hour

QUADRA

AlMy | ¢

Navigation Reproducibility (nm)

- —— -s‘-,ﬂ.,&' — -_.'_,“.’ > og—Be

M ADSir4



ThermoFisher

2. Metrology platform improvements (example 3):
TEM Workflow for fast HV local atomic-scale metrology

TEM workflow:
* Preparing tiny lamella from a wafer

ExSolve WTP

» Analyzing cross-sections in TEM

« Sample handling challenges
« Standarization

Automation challenges:

. . \ Fiducials e Form-factor
° D ﬁ t t / I I l I Automated lamella Automated lamella o + Location of fiducials « Is 3mm circle the reference?
I e re n u eS I O n S S a e S carrier transfer Standard 1 carrier transfer » Fiducial shape (alignment . g * What is the preferred/ideal
e o~ requirements) lamella carrier formfactor for
£ A -~ o o o s I automatic handling and
® M y T E M I I l d A - r - | TEM lamella zone reception in the various
an O e S et —O - & —l P ﬁx\ + Constraint area for workflow tools (FIB, TEM,
il Manual TEM rod / o lamella reception cleaner, storage cassette,
i i ; ; LAMELLA I Joad / unload / v \ai etc.)?
/ h
TEM imaging, STEM imaging, d, CARRIER o Lt
Manual Tray transport | | N
\

metrology, inspection, EDX e e I

compositional analysis lq-w e

F 4 Materials ‘
T (g  Carrier & foil material choices
S S @ —

3 TRAY (7 w T G Identification Carrier handling area
- - [ i A | * Location of carrier identifier  Area reserved for handling
* R flexibil yf m — > Temro : o cartiet : | '
etal n I n g eXI I It O r C u Sto e r Standard 2 Automated lamella LType Iof identification ::2; :;rgp:ziglael ﬁ?,',’;f; with

. iy
carrier transfer i |

M ACSi4
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ThermoFisher

2. (example 3): TEM workflow Smart Automation

Getting Started 3 STEM images at 100 nm [iiJ

Sample Type Mode STEM v

s 3D NAND planar Number of images 3
Acquire images for logic Acquire images for 3D NAND

samples planar samples Field of view

Vertical alignment
Grid Type

Center every N units

Carbon film grid Half-moon grid
@ Acquire images for samples on Acquire images for samples on
carbon film grids half-moon grids

Metrology type

Imaging Parameters
Acquisition Type

Binning
100nm

Final images Training images
I Acquire images using a trained Acquire images for model

Camera lengths
model training

l Dwell time 5 ps

Y Y Y Jigh resolution imaging &
Find TEM positions and final TEM imaging Find STEM positions and final STEM imaging EDS Maps and profiles

° A u to m at e d S et - u p Of expe rl m e ntS . STEM metrology OFSilicon NW dimensions (height) .

Powered by Machine Learning |

o
@
RIBUTION

« Automated acquisition
TEM / STEM /EDS

» Targeted use cases: logic, DRAM, U
3D NAND SII;ICON NANOWIRE HEIGHT(%\)

FREQUENCY
3

=)
=

CUMMULATIY

o
()

M ADNir4

Proprietary Thermo Fisher 15 September 2022



3. Metrology platforms for Industry 4.0
Metrology platforms as Cyber Physical Systems

Industrial maturity in Industry 4.0 according the Acatech standard

Digitalisation Autonomous CPS

Enhancing productivity by

making tools smart; ready for
X Industry 4.0 (Booster 2)

’53 QConnectivity

QQuaIity monitor

How can an autonomous response be achieved?

What will happen?

Value

Why is it happening?

What is happening?

| W QSmart acquisition - -
q QL e © smart tool set-up -— —
Computerisation i Connectivity Visibility Transparency T:g.;cﬂt'ze Adaptability o Pred ICtlve tOOI avalla bl I |ty

GAdaptive tool readiness g

Figure 5: Stages in the Industrie 4.0 development path (source: FIR e. V. at RWTH Aachen University)

M ADSind
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3. Tool Readiness

- Enables high quality data and automation robustness
« Maintains 18 critical tool alignments on a daily or weekly basis
« Automated alignments reduce dependency on operator skKill

10

VALID ALIGNMENTS:

STEM : Process Navigation
TEM - STE ¢ (LM-STEM to STEM)

Final Device Centering
(TEM Magnification Shift)

STEM-TEM :

TEM : Final Image Quality
(Diffraction Shift)

Tool readiness alignment check

Proprietary Thermo Fisher 15 September 2022

Incorrect Alignment

Alignment needed

ThermoFisher

SCIENTIFIC

~ Check

Run Job

status
, Tool \
Readiness Moasure
Report + Validate

N

Alignment complete

M ACSi4
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ThermoFisher

Automated S/TEM Metrology workflow

Getting Started Electron beam Electron beam

° th .
Automated 4t gen automatic S/ITEM

SITEM « Smart Automation powered by ML

=== == ="

Smart Automation Smart Alignment

« Smart Align Feature powered by ML

* <0.75% metrology accuracy

Consistent

data * Tool readiness
* Image quality monitoring @

Mag calibration Tool readiness Image quality metrics

VvV R B Y w’v'vvjv'@'@

* High volume TEM data

. i 3 Vrhe v e e e e e ey

High volume s b

BExEr Y 3 1 R

SITEM « Connected workflows EeH L
reference |
data « Statistically relevant S/ITEM reference
data
Workflow High volume TEM reference data

M ADKir4
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4. Conclusions on metrology platform developments
1. Enhance productivity AND address higher complexity

2. Significant metrology platform improvements reached Iin
MADEINn4 project

Examples:

- In-line integrated multi-channel OCD yields extra info and faster
- multi-head SPM improves speed 100x

- automated TEM metrology yields atomic-scale HV data quickly

3. Metrology platform as CPS is ready to be part of
Industry 4.0 Data driven FAB

MADEi4

13  Proprietary Thermo Fisher | 15 September 2022



* X % )
e Soamr faos
gk

Metrology and characterization innovations meeting the new
Industry 4.0 challenges in the semiconductor industry

Thank you for your attention

Acknowledgements:

 inputs from NOVA and NFI
 MADEIn4 coordinator, SEMI-EU
« Thermo Fisher colleagues
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M ADEin4

Outline

Differences between Machine Learning for Social Media and Semiconductor Manufacturing

Leveraging ML models across multiple applications
Single Process Monitoring
Multiple Process Sequence
Preventive Maintenance

Page 2 Siemens EDA | MADEin4 SEMI Webinar SI E M E N S



M ADEin4

Differences between Machine Learning for Social Media and Semiconductor
Manufacturing

Social Media Semiconductor

Number of measurements per user 102 Number of measurements per wafer 103
Number of users per month 107 Wafers per month 10°
Human Behavioral based Physics based
Leads to narrow and deep data matrices Leads to wide and shallow data matrices

Page 3 Siemens EDA | MADEin4 SEMI Webinar SI E M E N S



M ADEin4

Single Process Example: Chemical Vapor Deposition process
Quantifying the benefit of incorporating design features (Stefan Schueler et al)

18.00%

16.00%

14.00%

12.00%

10.00%

8.00%

6.00%

4.00%

2.00%

0.00%

Mean Absolute Error Percentage for Three

Representative Products

No Design Info

Design ID

mHigh ®mMed mLow

Design Extraction

00012

0.0010

0.0008

0.0006

0.0004

00002 o

0.0000

The more it is known about the interactions of
different products with the process, the better
the equipment (in this case a CVD tool) can be
better characterized, enabling virtual metrology
to be performed not only for previously observed
products but for new products as well.

Stefan Schueler, C. H. (2021). Virtual metrology: how to build the bridge between the different data sources. Proceedings Volume 11611, Metrology, Inspection, and Process Control for Semiconductor Manufacturing. SPIE.

SIEMENS




M ADEin4

Single Process Example: Chemical Vapor Deposition process
ldentifying root causes of abnormal conditions

00012 o
0.0010 o
0.0008

0.0006

Machine Learning techniques like
SHAPIey analysis permit the R
determination of the main contributors 00002
to abnormal conditions when members
of the tails of the distribution are

0.0000 T T T T T T

analyzed. 598 vats ¥ Brmpled PP SBBles

Metro 1, \ Metro 1
H H Process Param 1, | Process Param 1
The ?fjfeCtS Ieadmg tO IOW Or_. hlgh Design Param 1: \‘.'." | Process Param 3 [ 1
conditions are not necessarily the _ Metro2 Wy Design Param 2 - .|/
. Design Param 2 WA Process Param 4 H

same between populations. Metro 3 W Metro 2 |

Metro 4 iy

HI
| Process Param 5 'I|'
W

Process Param 2- il Design Param 1 | |
‘Il | |

This knowledge can serve to assist
Automatic Process Control systems
during manufacture.

OTHER
OTHER

I | SIEMENS




Feature Engineering for Preventive Maintenance (electro plating tool)

Raw input data

5000 A
2500 4

—+— parameterl '

Feature engineering to create state features

0,

100 -

50 A )
0_

—— parameter3 |

500+
250 |
0 1

—+— parameter5

501
0

—— parameter7

5000 4

4000 |

3000
fled

—— parameter9

—— parameterll

|

LU

N
N

5000 4
4000 —— parameter49
3000 4 -
L =
5000 4
4000 - —+— parameter51
3000 | s e -
1500
1000 4
—— parameter82
500 A J

Page 6

50 100 150 200 250
duration

Siemens EDA | MADEin4 SEMI Webinar

absolute error s o

absolute error

absolute error

absolute error

M ADEin4

Test

i B

After Maintenance

|
; v-'-a\w
1

2019-01 2019-03 2019-05

failure

Analysis of
multiple signals
are analyzed to
determine possible
failure conditions.

2019-11 2020-01 2020-03

In the simplest case,
one variable can
explain the observed
behavior

SIEMENS



M ADEin4
Feature Engineering for Preventive Maintenance (Chemical Vapor Deposition Tool )

Raw input data

w00

Feature engineering

Tensor representation of the
dynamic variations of observed — .
metrics are used as the input to a
trigger model which identifies L
conditions that will require a
preventive maintenance.

2330

Page 7 Siemens EDA | MADEin4 SEMI Webinar SI E M E N S



M ADEin4

Model lifecycle (continuous updating)

data2

Model B 1 training
Model B 2 training

Train

<
0
Q
o)
(@]
o
3
©
QD
—
(%))
o)
>

Model B n training
Model Al

Model B3

Model certification
Model A1 Model B3
Predict

S

data2

Page 8 SIEMENS



Model lifecycle (continuous updating): Back end of line example

Target Label Pre MADEin4 Post MADEin4 Pre MADEin4 Post MADEin4 Pre MADEin4 Post MADEin4

Metro A from Process A

Metro C from Process E

Metro A from Process F

Metro C from Process F

ETEST

0.473 + 0.052

-0.216 + 0.172

0.599 +0.074

-0.309 + 0.100

-0.322 + 0.251

0.473 + 0.052

-0.211 + 0.169

0.670 +0.022

-0.294 + 0.108

0.384 + 0.036

Process analysis discovers metrology steps that contribute the
most to explaining Electrical test data.

Pre-MADEIn4 indicates state of the art methodology related to

virtual metrology

Post-MADEINn4 indicates results of using design, metrology
and process information of previous process steps to generate

a full view of the wafer history.

Score shown is a measure of the percentage of the variability
explained by the model, along with a confidence interval.

0.474 +0.027

-0.087 + 0.063

0.424 +0.117

0.001 + 0.001

0.082 +0.199

0.474 +0.027

-0.042 + 0.042

0.601 + 0.086

0.001 + 0.001

0.574 +0.012

Pre MADEin4

A 7

77

m== Experimentally measured point

o

=

Composite wafer view across all process steps

Trained in 11 products

0.472 +0.023

0.641 +0.011

0.771 + 0.066

0.880 + 0.015

0.212 + 0.256

0.472 +0.023

0.646 + 0.007

0.829 + 0.007

0.884 +0.018

0.768 £+ 0.006

Post MADEin4

A 2

77

=== Experimentally measured point

Virtually measured point

ST T

Y
Composite wafer view across all process steps

Process Param 1
Spatial 1

Spatial 2

Metro A (Process A)
Metro C (Process E)
Metro A (Process F)
Metro C (Process F)

OTHER

M ADEin4

|

—0.6

| l
\

¢

tat st aabae v e v ta et b ler el _Lll.l.].ll.l..l.l.l_.l.lll.l.

LARARARAAARARRRARARARARRSRSIRARARARARENRIRIRG

—04 —02 oo oz oa 0.6 o8 1o
SHAP value (impact on model output)
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M ADEin4

Model lifecycle (continuous updating): Back end of line example
mean absolute error reduction

Mean Absolute Error [probe units]

I R I

Metro A from Process A 17.960 + 1.027 17.960 + 1.027 20.610 + 0.696 20.610 + 0.696

11 Product training

Pre MADEin4 Post MADEin4

15.932 £ 0.276

15.932 £ 0.276

Metro C from Process E

1.110 + 0.089 1.107 £ 0.089 1.327+0.036 1.307 +£0.025 0.787 £ 0.010 0.783 £ 0.009
Metro A from Process F 0.645 % 0.050 0.600 + 0.026 1.112+0.102 0.940 £ 0.103 0.523 + 0.057 0.467 + 0.009
Metro C from Process F 5.534 +0.352 5.512+0.368 7.585 + 0.097 7.564 + 0.106 1.670 + 0.053 1.624 +0.087
ETEST 0.519 + 0.056 0.321+0.008 0.429 + 0.052 0.261 + 0.004 0.354 + 0.063 0.185 + 0.003
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Thickness Modeling: VERY Low-sample conditions (per wafer)

LOT2:

D02

D03

D04

D05

D06

D07

D08

D09

D10

D11

D12

O
=

D14

D15

e

()]

D17

M ADEin4

D18 D19 D20 D21

INSP 2

M2-M1 (OVL & TIS)

V1-M1(OVL&TIS)

-_Iw—

V1-M2 (OVL & TIS)

LOT2:

D02

D03

D04

D05

D06

D07

D08

D09

D10

D11

D12

D14

D15

)]

D17

D18 D19 D20 D21

INSP 1

Litho M1 [PW]

Etch M1 [PW]

Metallization M1 [POR]

Litho M2 [PW]

I -# I

Etch M2 [PW]

Metallization M2 [POR]

Litho V1 [PW V1]

Etch DD V1 [PW V1]

Litho V1 [PGD OVL]

Etch DD V1[PGD OVL]

LOT2:

D02

D03

D04

D05

D06

D07

D08

D09

D10

D11

D12

O
=4

D14

D15

D17

D18 D19 D20 D21

ocb

OCD post Litho (resist CD & resist height)

OCD Post Etch (TRENCH & CD)

N b-

LOT2:

D02

D03

D04

D05

D06

D07

D08

D09

D10

D11

D12

O
=4

D14

D15

D17

D18 D19 D20 D21

THK

M1 Metal

==

M1 Litho

M1 Etch

M2 Metal

M2 Litho

M2 Etch

PGD Litho

PGD Etch

Via Litho

Via Etch
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M ADEin4

Incorporating Inspection measurements to improve thickness prediction

Slot (Wafer) Metrology Mean Absolute Error and relative improvement on Thk measurement
Spatial only Thk+Insp 1 Thk+Insp2| Thk+Insp1+Insp2
I_AVG_Cu_pad1l 28.186 5.05% 4.56% 4.09%
I_AVG_Ti_padl 10.7517 25.51% 33.66% 31.27%
|_AVG_Cu_pad4 33.1282 -11.08% -9.75% -6.52%
I_AVG_Ti_pad4 9.449 -9.95% -7.96% -11.37%
D14 I_AVG_Cu_pad7 127.5466 -6.22% -5.76% -5.67%
I_AVG_Ti_pad7 7.2792 1.41% 6.53% 5.32%
I_AVG_Cu_pad15 113.6475 -0.27% 1.75% -5.90%
I_AVG_Ti_pad15 7.4108 -11.46% -1.02% -3.07%

Mean Absolute Error and relative improvement on Thk measurement

Slot (Wafer) Metrology -

Spatial only Thk +Insp 1 Thk+Insp2( Thk+Insp1+Insp2
I_AVG_Cu_pad1l 27.2433 6.68% 1.13% 1.65%
I_AVG_Ti_pad1 2.4454 -11.15% -3.03% -6.88%
I_AVG_Cu_pad4 35.7732 -9.01% -8.49% -11.10%
I_AVG_Ti_pad4 2.2587 -11.09% -2.67% -7.75%
D15 I_AVG_Cu_pad7 130.0169 -10.70% -5.77% -6.94%
I_AVG_Ti_pad7 2.5341 -0.29% 6.60% 7.06%
I_AVG_Cu_pad15 109.6425 -5.40% -4.64% -0.43%
I_AVG_Ti_pad15 2.8265 -2.34% -1.54% -6.46%

Some thickness values improve while
others degrade.

However, improvement or degradation
on the model quality under low-sample
conditions is an indication that other
effects may be present that need to be
accounted for.
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M ADEin4

Electrical Test Modeling: Small Sample conditions (21 wafer lot)

LOT1: D02 D03 D04 D05 D06 D07 D08 D09 D10 D11 D12 D13 D14 D15 D16 D17 D18 D19 D20 D21
Stack Ellipsometry Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv
M1 post-Litho CDSEM v v v \Y \Y
M1 ADI (asymmetry and shifts) v v v v v v v v v v v v v v v v v v v v
M1 pOSt'EtCh CDSEM Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv
Ml post CMP Scatterometry \"2 Vv \"2 \ \"2 \ \"2 A\ \"2 A\ \"2 A\ \2 \"2 \2 \" A\ \" \ \"2
IMEC M1 post CMP (asymmetry and shifts) M M v v v v \ v \ v \ v \Y \ \% v v v v v
Mz post-Litho CDSEM \"2 \2 \"2 \2 \2 Vv \"2 \2 \2 \ \2 Vv \2 \"2 \2 \"2 \2 \"2 \2 \2
MZ pOSt‘EtCh CDSEM \"2 A\ \" A\ \" A\ \"2 A\ A\ A\ A\ A\ A\ \" A\ \" A\ \"2 A\ \"2
V1 post-l_itho CDSEM Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv
V1 pOSt‘EtCh CDSEM \"2 \ \2 \ \2 \ \2 A\ \2 \" \2 \"2 Vv \"2 Vv \"2
Overlay measurements M1, M2, V1 v v v v \% \ \% \ \% \% \% \% \% \ v v
Electrical measurements v \ v \Y v \Y% v \ v \ v v v v v v

Most wafers are measured using every available metrology at every
process step.

This permits the learning across multiple wafers within the lot.
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M ADEin4

Electrical Test Modeling: Improvements in ETEST characterization

Electrical Target Pre-MADEIin4 [Post-MADEIn4| Error Reduction
ETEST 1 0.00444 0.00421 5.18% . - . .
ETEST 2 > 99781 174279 21.80% Some electrical targets exhibit no benefit, while most
ETEST 3 5 35082 43712 18 31% electrical tests see a reduction in the mean absolute error
ETEST 4 66.96937 63.16391 5.68% for all samples
ETEST 5 64.37485 59.98278 6.82%
ETEST 6 53.30767 49.9263 6.34% ) . o .
ETEST 7 50.8815 18 86645 3.96% The explain ability analysis identifies measurements and
ETEST 8 147.55088 148.18903 -0.43% process steps contributing the most to process
ETESTO 113.61041 115.0878 -1.30% characterization of the electrical response of the
ETEST 10 0.00536 0.0054 -0.75% )
ETEST 11 0.48307 0.4765 1.36% manufacturing process
ETEST 12 5.71922 5.32819 6.84%
ETEST 13 4.42041 3.88363 12.14%

ETEST1 | ETEST2 | ETEST3 | ETEST4 | ETESTS | ETEST6 | ETEST7 | ETEST8 | ETEST9 | ETEST10 | ETEST11 | ETEST12 | ETEST13

Stack Ellipsometry ke
M1 post-Litho CDSEM
M1 ADI (asymmetry and shifts) v v v v v v v v v v v v v
M1 post-Etch CDSEM b ke E v
M1 post CMP Scatterometry v v v v v
M1 post CMP (asymmetry and shifts) ke E ke Et ke E
M2 post-Litho CDSEM ke Ed .
M2 post-Etch CDSEM v v v v v
V1 post-Litho CDSEM v v
V1 post-Etch CDSEM v v v
Overlay measurements M1, M2, V1 v v v v v
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M ADEin4

Electrical Test Modeling: Large Sample Size conditions (Thousands of wafers)

|

|

defines probes

+ma|++++w++++4+*++t+|++11t“+f4++’r'rh'}’m++

Mean Absolute Error
Probes and Targets Pre-MADEin4 [ Post-MADEiIn4 | error Reduction

Thickness measurement for process A 15.932 + 0.276

Overlay measurement for process B

0.787 £ 0.010
CD Measurement for process C 0.523 + 0.057
CD Measurement for process D 1.670 + 0.053
Electrical TEST 0.354 + 0.063

Full process analysis

(intermediate inline
measurements that
contribute the most to
final target accuracy)

15.932 £ 0.276

0.783 + 0.009

0.467 + 0.009

1.624 + 0.087

0.185 + 0.003

0.00%

0.51%

10.71%

2.75%

47.74%

Benefit of Design features aids in intermediate probes,
which in turn reduce the uncertainty of the predictions.

However, the major benefit is found in the application of
the cross-metrology technique which enables full stack
characterization.

Pre-MADEIn4 Post-MADEIn4
2 2 ‘s Py e

w== Experimentally measured point = Experimentaly measured point

a2 ﬁ
-~ VWorvcaa

A= =

[ J i )

Composite wafer view across all process steps
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Outline

e MADEIN4 project

e Improvement of DoE procedures

e Developments on metrology tools

e Advancement on Process Control

e Predictions on maintenance

e Data Interoperability for Predictive Maintenance

e Conclusions and Opportunities
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MADEIN4 Consortium

Number of consortium members: 47. Countries involved:10
Start date: April 1, 2019. Duration: 36 months + 6 months extension
Total effort: person months: 10,503 (875 person years)

Coordinator — AMIL

llan Englard - Primary contact
Gerold Alberga - Coordination support

Work Packages Leaders

llan Englard - AMIL - WP1
Rudi De Ruyter - IMEC - WP2

ENAZLER.  ankema

DITEST

Frank de Jong - FEI (THERMO FISHER) - WP3
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MADEIn4 WP5: Industry 4.0 digitization of manufacturing

Task 5.1 - Digitization of ECS (Electronic

Components and Systems) manufacturing (ST-I,
CNR, POLITO, MELLANOX, MENTOR, TNO, PTB,
SEMIL, EXCILLUM)

@

Consiglio Nazionale
delle Ricerche

kys

life, augmeanted

innqvation
for life

Task 5.2 - Digitization of Automotive

manufacturing (ECA-ITALY, COMAU, POLITO, AVL,
BRIL, NM, TOWER, TUD, DITEST, VIF)

fliba

FCA

@l f” ’ ’lllﬂlﬂl/#l
FIAT CHRYSLER AUTOMOBILES ™ v
covau

TONERJegl

The Global Speciolty Foundry Leader DITEST

Brillianetor

ECSEL Joint Undertaking

Electronic Components and Systems for European Leadership

N

Measurements, data

and joint case studies

-

WP1 Wp2 WP3 WP4 WPS5 WP6
Management Requirements, Metrology Industry 4.0 Industry 4.0 Standards,
samples and platform predictive yield and digitization of dissemination
Industry 4.0 pilot developments tools performance manufacturing and
line infrastructure for enhanced pilot line for for enhanced exploitation
productivity enhanced productivity
productivity
(AMIL) (IMEC) (THERMO) (MENTOR) (sTim) (TNO)
T1.1 T2.1 T3.1 _y T4l . T5. T6.1
Administration Metrology Metrology for _ | - —— wredictive Digitization of Metrology
and financial co- requirements Semicondu ctory, Yield for Semiconductor standards
ordination (IMEC) manufacturing emiconductor and manufacturing (PTB)
(AMIL) (THERMO) Automotive (sT1T)
‘ \manufacturing
T1.2 T2.2 / “(MENTOR) " ¢ 16.2
Project Design and T3.2 ke | | N e EE = T5.2 Industry 4.0
management fabrication of Metrology for B '**L.Z“ 4 Digitization of standards
and Technical metrology samples Automotive Predictive tools Automotive (comaAU)
co-ordination (IMEC) manufacturing performances and manufacturing
(AMIL) (AvL) availability for (FCA)
Semiconductor and T6.3
T1.3 T2.3 Automotive Dissemination
Communication Industry 4.0 pilot — manu c}ring and
management line operation and (THERMO) exploitation
(AMIL) Cost Of Ownership (SEMI EU)
(AMIL) T4.3
T1.4 Computing
Risk platforms for fast
management data acquisition and
(AMIL) analytics
(PRODRIVE)
A Y
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https://www.industriaitaliana.it/wp-content/uploads/2018/04/ST_R2_1.jpg

WP5: Collaboration and Interaction with other WPs

Y NEARFIELD
WP?2 WP5 WP6 INSTRUMENTS
Contribution on /»semi EIB
Metrology Survey . Inec
‘ 'I; All Metrology
\ Brillianetor Companies

PVA€ TePla

innovation
for life

QEZD

Mellanox
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MADEIN4 WP5: Industry 4.0 digitization of manufacturing

Work Package 5: main objectives

« Adaptation and implementation of MADEIn4 solutions in automated manufacturing lines characterized by:
 large volume of global production

» already achieved high level of efficiency
» lots' management aiming at the products' development or products' customization

 The goal is to increase yield of the entire production process (Semiconductor and Automaotive), integrating

the use of loT methods: innovative metrology tools, control/implementation tools and advanced
calculation/simulation methods.

\/ECSEL Joint Undertaking Siide 7



MADEIn4 WP5.1: Digitization of Semiconductor Manufacturing

« Task 5.1.1 Improvement of the Design of Experiments (DoE) procedures for manufacturing process

optimization
 Use case 1: SiC trench plasma etching process
« Use case 2: Laser annealing of Ni-SiC systems for back-junction formation

 Use case 3: Thermal curing after Cu Electrochemical Deposition as back-end process

« Task 5.1.2 Acceleration of the operating protocols for the process control

« Use case 4: In-line Contamination monitoring by of X-ray spectroscopy on Silicon Carbide substrate

« Use case 5: Virtual Metrology to eliminate test wafers measurements on electroplating deposition of Cupper

« Task 5.1.3 Data analytics for predictions of the power production line

« Use case 6: Predictive Maintenance of the ECD equipment for Cu deposition
« Use case 7: Predictive Maintenance of Chemical Oxide Deposition (CDO)

equipment for oxide deposition

\/ECSEL Joint Undertaking Slide 8




Improvement of DoE procedures
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Improvement of the Design of Experiments (DoE)

HT = 10004V 2pm Signel A= inLens  Date 17 Sep 2018
= 52mm Mag= 250KX 60.00 pm B cockmmge

UC2 SiC-Ni Silicide laser UC3 Thick Cu Electroplating

L A\ J

UC1 SiC Trench plasma
etching process setup formation process set up deposition process set up

Design of Experiments (DoE) speed-up by integrating real experiments (R-DoE) and non-destructive
characterization of processed samples, as virtual DoE (V-DoE)

The final goal, lain in the validation of the simulation result, with a minimal use of R-DoE and the possible
expansion in a very large number of conditions with affordable use of CPU resources,

thanks to V-DoE approach has been fully achieved.

\/EﬁﬁEt::z:r:g9:*5:2?5::2 s o




UC1 - SIC trench plasma etching process

CNR developed simulation codes, based on Monte Carlo method and realized V-DoE. Further characterizations of
processed samples were included to integrate ST's measurements.

No-resist residual after the etch

Resist residual in
the pre-process
structure

Hypothesis of the
initial mask stucture:
Simple rectangular
elements

RIE-lag

‘ Accurate predictions: SiC+hard mask evolution during plasma exposition

ST-1 and CNR demonstrate virtual DOE improvement for plasma etching of SiC by
simulating several process conditions and target was reached by decreasing the
number of physical iteration by factor of 10.

N\ S
2
s s " . o B
ECSEL Joint Undertaking - ¥ ,
\/ e Side 11
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UC2 - Laser annealing of Ni-SIC systems for back-junction
formation

3x 3.8J/cm?2 STEM

Combined Virtual and Real DoE procedure extended in the multi-pulse
conditions in collaboration with UPB

Low Rs is achieved with no evidence of transition to the low resistivity
NiSi phase

Mixture of Ni-rich silicides and C-clusters

No residual of Ni-Si alloy (with high resistivity) and increased uniformity
are the critical features for the optimal conditions

VECSEL Joint Undertaking Slide 12
Electronic Components and Systems for European Leadership



UC3 - Thermal curing after Cu Electrochemical Deposition as
back-end process

2 cycles

80 4

60 -

40 4

20 4

rpage

wa
o

-20 4

—40 4

—-60 4

50 100 150 200 250

Elastic bahaviour Densification elasto-plastic transition

Understanding of the warpage behavior in term of a transition to Preisach elastoplastic approach
The same local stress field is can be transferred from small sample to the wafer scale to understand global deformation
Combined Virtual and Real DoE study to find optimal thermal cycle condition in term of microstructure and warpage control
KPI achieved by integration of V-DoE and R-DoE:

» Destructive analysis rate: 10% of the trials

* V-DoE can be expanded in a x100 conditions (DoE points) with respect the R-DoE points

considered in the validation in about 500h of computation

ECSEL J0|nt Underta kln lite, ougmented Consiglio Nazionale
Electronic Components and Systems for European Leadership delle Ricerche
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Improvement of the DoE procedures

Code Accuracy > 95% (UC1,UC2,UC3) © Verified, considering also experimental intrinsic variability
of the processes

Very limited number of samples which are subjected © OK. The number of distroyed samples/wafers for the code
destructive characterization analyses (UC1,UC2,UC3) validation is very low

DoE Complexity ~100 trials (UC1,UC2,UC3); Destructive © © V-DoE can be expanded in a x100 conditions (DoE
analysis rate: 50% of the trials. (UC1), Destructive analysis points) with respect the R-DoE points considered in
rate: 5% of the trials. (UC2), Destructive analysis rate: 10% the validation in about 100h, 300h, 500h of

of the trials (UC3) computation for the UC1, UC2, UC3 respectively

\/553;?Et:f::‘:ii9:*5:2?5:22 e



Developments on metrology tools
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Acceleration of the operating protocols for the process control

AgKa
source

SiC Wafers

Beam
monitoring

., " system @ ‘Y_’

Consiglio Naziondle e, augmented
delle Ricerche

<)
BRUKER
(<)

3IPIB

Proof of Concept: first laboratory prototype

Realization and testing of high precision laboratory prototype employing a high brilliance
(~108 photons/sec) low convergence (~ 0.3 deg) monochromatic Cu Ka source with
significant acquisition time reduction and higher sensitivity.
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Advancement on Process Control
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Current (Amps)
Power Supply
EL WAFER

Each partner developed own algorithm, after evaluating several methods and approaches and above
all sharing ideas and results. These algorithms will allow to add virtual measurements to all wafers
belonging to the same lot, finally to reduce the sampling frequency

Consigl lio Nazional le MellallOX

Ly @ M LTS
ECSEL Joint Undertaking Hto.augmened i .
Electronic Components and Systems for European Leadership delle Ricerche |de 18



Virtual metrology to eliminate test wafers measurements on
electroplating deposition of copper

Trials on test set

Input files

Polito

Red Hat7.3 Mentor

256GB RAM

Mellanox

preparation

Configuration files
customization

72 CPUs (2 cores)
1GPU

32Gb RAM
Intel Xeon Gold 5218 CPU @
2 30GHz (4 processors)

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

Performance analysis

Output analysis

Industrialization
phase

Define business
needs with final users

Setup Production
eny, based on
runtime estimated
resource usage

In the implementation phase different
architecture are got ready in demo
environment

Prediction accuracy is under evaluation for
each software

Significant information are collected regarding
architecture efficiency also

Slide 19




Predictions on maintenance

~ 4 ECSEL Joint Undertaking .
Electronic Components and Systems for European Leadership s“de 20



Predictive virtual processes, metrology and maintenance In
power device manufacturing

(o)
(]
0
O
o
()]
%)

>

UCG6 predictive maintenance of the ECD UCY predictive maintenance of Chemical Oxide
equipment for Cu deposition Deposition (CDO) equipment for oxide deposition

Predictive Maintenance (PdM) is accomplished through acquiring relevant equipment and factory data and
applying an equipment degradation model to predict the equipment’s remaining useful life (RUL).

ISMI International SEMATECH Manufacturing Initiative Technology Transfer #10105119A-TR

Slide 21
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Predictive maintenance of the ECD equipment for Cu
deposition

Copper Electroplating Deposition Equipment Copper Electrodeposition chamber details, showing
wafer holding mechanism by pins.

Use case 6

Slide 22
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Predictive maintenance of the ECD equipment for Cu
deposition

C 0 © 1220013803 6 Boeom
O HomePageAcoud. @ AVCP-SmantC6 () AccedaOfficed. [1] CassaRBM2 @ Universa
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Predictive maintenance of Chemical Oxide Deposition (CDO)
equipment for oxide deposition

Chamber/process securization

— Electrical signals
e /Nata collection |—| APC system l— ﬁ:’z(r:ameters
r_/ Gas Panel (simplified) \ rﬁapping)
Interceptor Cpﬁgr_(;imp ied)
I LFM ‘ — L_I
Y
Pumping
line
. PUMP
e | Heater Jacket
. container
Centura platform (Ieft), PI’OdUCGI‘ platform (I‘Ight) (outside tool) FDC. In‘terceptor' robustness,
LFM settings Vaporization test
9 e
‘1’_ (Stabilization test)

The CVD (Chemical Vapor Deposition) process includes a mixture of TEOS (Si(OC,H;), liquid
precursor) and helium (vapor carrier).

The Injection Valve that controls the TEOS flow, is one of the most critical part of the system, as
clogs with time, resulting in a flow reduction.

VECSEL Joint Undertaking ‘,[ @

innovation
for life

Mellanox Slide 24




Predictive maintenance of Chemical Oxide Deposition (CDO)
equipment for oxide deposition

Pressure

manometer

InjectorValve

P

InjectorValve Injector|Valve

P P

Algorithms are capable to catch these
clogs and TEOS flow reduction in
advance

The algorithms are running in demo
environment for tuning accuracy and
standardize the output’s format

Preliminary results are promising to
introduce PdM
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Data Interoperability for Predictive

Maintenance
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Synergies: Data Interoperability for Predictive Maintenance

« Two real case study are selected and shared between IPPON and AVL.:

— To demonstrate the data interoperability between two different domain and to overcome the state of art
paradigm that bound each solution in its product domain

— As preliminary step before starting an effective cross fertilization, Partners discovered some hidden
assumptions and specific approaches used in the two different domains

— Both approaches were analyzed, and confirmed the effective room for cross fertilization and exploitation

The Epsilon® 2000
World’s first production
single wafer epi reactor

Ippon AVL
Semiconductors Automotive

Domain Domain

Engine Test bench

FCA

FIAT CHRYSLER AUTOMOBILES
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Conclusions and Opportunities

Open discussion among partners discovered some hidden
assumptions and specific approaches used in the different
domains

A . EI n 4 Sharing ideas and computing on real production data
CO n S O rtl u m New advanced solutions developed and implemented in

semiconductor manufacturing to speed up new products

MetrOI()gy Advances for — qcléi[:féﬁagevr;]:rnsiii;nprove equipment availability by reducing the
D|g|t|zed ECS mdustry 4.0

Embed VM for improving quality data analysis and optimizing
process control

New reusable approaches

for investigating innovative processes
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Metrology

L dustry 4.0
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TERMINOLOGY: Industrial Revolution

INDUSTRY 3.0
INDUSTRY 2.0 Automation,
INDUSTRY 1.0 computers and

Mass production, electronics

Mechanization, assembly line,
steam power, electrical energy
weaving loom

INDUSTRY 4.0

Cyber physical
systems, internet of
things (loT),
networks

—

Level of complexity

1784 1870 1969

Consortium confidential

Today
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TERMINOLOGY: Cyber-physical Systems (CPS)

The interaction of
physical and
computing, including
embedded

intelligence at all
levels

Consortium confidential

Control

Intelligence mechanisms
Sy stam enginearing
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Data collection — The new “OILl”

1 2 3 \Oﬁq

Data analysis by tailor-
made algorithms

Data collected and Sensors are added to Constant dg \“P:‘

pushed to the cloud industrial computers for O@

» <
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INFORMATION =
DATA + CONTEXT
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CONTEXT (crossing) the chasm

DATA _[1]L}Lobeobsserie | [[|INFORMATION
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