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Abstract

Many stakeholders in systems development are unaware of the unknowns.
Making and using virtual and physical models helps to validate assumptions, to
calibrate the understanding, and to identify uncertainties and unknowns. A major
risk is that some stakeholders think that they can afford to skip the laborous phase
of trial, error, trouble shoot, and validation. It is an old wisdom that it is less costly
to fail early than to fail late. We will use two cases from the semiconductor industry

for illustration.
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The Final Conclusion

Early investments in

test rigs, prototypes, virtual models, and simulations

save a lot of money
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Semiconductor Economics
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- :

3%

electronics sales: 902.4 G$

17%\ T
semiconductor sales 151.7 G$

1997 15(VK T equipment sales 22.3 G$

economic data
16% \é wafer stepper sales 3.6 G$

A
Save Money by Investing In Models version: 0.1 “Io
A A t 20, 2025
4 Gerrit Muller SMIMsZ?#iISEconomics pEWSMIy



Semiconductor IC manufacturing

wafer fab (front end) back end factory
logistics & advanced corr;\zutil?g & logistics & advanced COT\EUﬁEg &
automation | | Process || networking automation | | Process | | networking
control infrastructure control infrastructure
SN L8 s L VN RN
' i~ mask — u i~
mask — r metrology " r metrology
be fre | te e e te |t te | te 44
empty i 1l wafer LI ]| copper Is | i -
wafer stepper wafer printer ICs
[ [ [ [ B W|th Iji l I — [ [ [ [ Iji
E E t E I t 3 $ t E
power power
ch(I-z_mictaIs case 1 ch(Ia_mictaIs case 2
climate climate
infrastructure "‘1997-1999 infrastructure "‘2008-2010
2 2

power, chemicals
consumables, waste

power, chemicals
consumables, waste

Save Money by Investing In Models
5 Gerrit Muller

version: 0.1
August 20, 2025

SMIMwaferFabs

S
l ; J Powered by industry
and academia



Moore’s law
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What is a waferstepper

source
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From stepping to scanning
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Key specifications waferstepper

Imaging alignment

line
width

130 nm

45 nm overlay

critical
10 nm .. .
dimension
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Overlay budget (1999)
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Everything influences overlay
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Integration of Overlay

test models for
critical functions

scanning stage

build core
machine

stages, lens,
alignment, level
sensor,
Illumination

run manual
sequence

load wafer,
align, focus,
dose setting,
and many more

expose

process wafer
measure overlay

blood, sweat, and tears
trouble shooting
and learning
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Typical Concurrent Product Creation Process
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Integration Takes Place in a Bottom-up Fashion

integrate zlfplT
test
component
subsystem
System functior\
product
context

A
Save Money by Investing In Models version: 0.1
. A t 20, 2025
17 Gerrit Muller O SiNTievels l llo ESI



Costs of Encountered Problems

problem at
customer

high cost

loss of IC WIP

repair of IC WIP

loss of IC production

medium cost

delay of IC delivery

delay of equipment

loss of IC market share

problem in
development

obsolesence

contractual penalties

repair of WIP

loss of market share

redesign (NRE)

less margin

new problems
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Cost Related Milestones

manufacturing

< ship and install

start logistics and
start
volume production
at customer

order long lead
items

<

\/ < start sales

3. 5. 6.
engineering mtegratlon field product operational
& test monitoring lifecycle
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The Conclusion

Introduction to semiconductor domain
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Case 2 Replisaurus Copper Printer

—

courtesy Replisaurus
www.replisaurus.com
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Example of printed copper structures

courtesy Replisaurus
www.replisaurus.com
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ECPR technology replaces 6 process steps by 1 step

ECPR - ElectroChemical Pattern Replication

3 process steps

;ﬁji:*

Seed Layer ECPR Seed Layer
Deposition  Deposition Etch

Conventional lithography based metallization
8 process steps

""""

YyYy

= M HEHE

Seed Layer Photoresist Exposure  Photoresist  Descum
Deposition Coat Develop (plasma clean)

-

courtesy Replisaurus
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Decomposition in sub systems
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%3 - control hatches
n S vision
g § control @ZUBA
chamber @ @vision camera @ Etalllg,
—O optics I Mscoop @ ventilation
3 stage
bottom chuck stage | | stage | iG] air flow
Fluidic electronics (@baseeframe * granite contamination
subsystem infrastructure AT e evacuation
frame
Sensors
@ measurement
frame
machine
@ control
proces
power @ "remote”
supply electronics rack
back side view front side view Integrating
i version: 0.1
Save Money by Investing In Models August 20, 2025 TNO ESI

24 Gerrit Muller REPLIsubsystemsAll ‘
Cnd Seademia ™



Ca. 2 days per quarter used for simple models

1. Cl d — g
ose doors torint = o prepare™ tp.align + tchamber(thickness) + t; finalize

2. Align tai _
= tprepare = Tclose doors T tmove to proximity
3. Move to proximity
t tfinalize = tmove to unload + Topen doors
4. Process chamber

5. Move substrate unloading

- _ :
202 lon tprint — 1:p,overhead'l' Ciranster"thickness
. Open doors

note: original diagram was annotated with actual performance figures
for confidentiality reasons these numbers have been removed
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Continuous Modeling and Learning

300mm ECPR tools. Can be configured with 200 or 300mm Kkits.

poOmm ECPR tools >

Case: Metal Printer >

2006
R&D 1.0

200mm hydraulic non-
aligned tool for
chamber & process
development

2007
REX 1.0

e
E = |- £
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First aligned
ECPR dev. tool.
200/300mm
compatible.

2008
R&D 2.0

44 ) ndl
Integrated ECPR
control. Non-
aligned,
Footprint,
confinement

2009

RI

Production oriented
print module. Cycle
time, overlay,
confinement & foot-
print focus.

010

First integrated tool
prefill = clean- print -
seed etch.

courtesy Replisaurus
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What We Teach:

functional decomposition

physical decomposition

modularity

Interface management

seperation of concerns

low coupling between components/functions
high cohesion within components/functions

SMART (Specific, Measurable, ...)

traceability
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Root Cause is Often Elsewhere

Physical decomposition -
| | |

( j | -

B ciure
A . root
cause

Functional decomposition

[} A
A A A A B &
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unknown or unexpected relation
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“Nothing has been changed..”

test result: system fails

Physical decomposnlm Functional degmposmﬁPQ
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Monitoring Performance Targets

Weekly design meetings
Bi monthly design reviews

Half year milestones

at most 6 months

time—»

)
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Phasing of Models

functional test rias I evelopment alpha
models g P P test model tool
physical
production 1%
test model delivery
> CAD models space, construction >
virtual > FEM models  strength, dynamics e.g. vibrations, heat/temperatur>
> system models throughput, resource utilization, cost, power, reliability>
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Modeling Space

level of
abstraction
. . .. collection
highly simplified of napkins
] single function
understanding
calibration
. validation
exploration
finite hardware
element in the
very detailed model loop prototype
- from virtual
internals only @‘? § ,@‘? to physical
S S &
. » ) Q
typical conditions &
<
S
extreme conditions o
amount of
context
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Conclusion from Semiconductor Cases

semiconductor domain conclusions
performance increase in semiconductor equipment is amazing
"bleeding edge": unforeseen, unknown, uncertain = normal
failing late = very costly

failing early = learning very fast

lessons for other domains

other domains with increasing innovation rate (decreasing time-to-
market) will get more unforeseen, unknown, uncertain issues

failing early is always better than failing late
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The Final Conclusion

Early investments in

test rigs, prototypes, virtual models, and simulations

save a lot of money
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