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Abstract

A course in Systems Engineering that can be taught in a few hours. It uses a case
to set the stage and to show what SE principles and methods can be applied.
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Solar Cell Wafer Fab
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Metallization Cell

wafer DOSt-
measure metallization
handler \\ Orocess
5 wafers transport wafers
: In out ]
pre- .
metallization measure
Process
metallization cell
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Value Chain

consumers

_— S~

retailers energy providers

\ /

solar energy system (panel+)

f

solar cell manufacturer (fab)

?

metallization cell (system integrator)

metallization process

7 f ™~

pre- and post-process wafer handler measurement

f

parts, e.g.:
engines, belts,
sensors, controller,
control software

S
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Trends of past Decades

2000< 2000-2010 >2010
transportation manual semi-manual automated
operation manual remote automated
process control expert statistical advanced
process complexity medium medium-high high
contamination and climate| strict stricter very strict
microclimates

technology chemical, mechanical much more
disciplines dominant electronical, software

number of people

: tens hundreds

in development

integration loosely tight; also at fab
rate of change years months

S
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Key Drivers and Parameters

solar cell manufacturer (fab) yield
A productivity
cost per wafer

metallization cell (system integrator) | process quality

metallization process thrp ughput
reliability
A cost of operation
wafer handler speed of operation
avoid contamination
reliability

avoid wafer damage

A
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Process and Organization

case introduction
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Typical SE processes

SE process

and organization at

large system integrators
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——
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Phase Gate Process

0. 1.
feasibility definition system englneerlng mtegratlon f|eId
design & test monitoring

sales

logistics
production
service

development & engineering: marketing, project management, design

S
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Magic Words

define objectives analvze and mitigate risks

feaS|b|I|ty definition system engineering mtegration fleld
design & test monitoring

sales

logistics
production
service

development & engineering: marketing, project management, design

S
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Phased Project Approach

feaS|b|I|ty defmltlon system engmeerlng mtegratlon fleld
design & test monitoring

needs

specification

]
M

.

1 .

verification [. ﬂ .
-

design

engineering ﬂ .
. : most information information is stable
_ core information : :
Legend: E : [. 50% ﬂ available in . enough to use
in draft .
concept heavier change control
full under development preparing or updating work
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V-Model

\ /
needs validation
N\ y 4
specification verification
N\ y 4
system design system test
AN /
subsystem design subsystem test
AN /
component design component test
\ /
component realization
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More Magic Words

\ verification y
needs of result against validation
_ N specification 4
reg uirements specification verification
T . ] \ \ ™ "1 7
Speci |C_at|on as Input to the system design system test
design, documented \ \ y
SMART subsystem design subsystem test
S UG, ISR UEDIE, : omponer:design compgnent test
Acceptable, Realistic,
Traceable |‘\ S ./.
component realization
: . : V
requirements engineering
the flow down of the requirements through the V.
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Simplified Process View

customer

supplying business

strategy

process

customer oriented (sales,
service, production) process

<
<
)
AN

product creation
process

people, process and technology
management process

|
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Simplified Process; Money and Feedback

customer

supplying business ng N7
S8
strategy Short t
customer oriented erm,;
process @
<
S

product creation

people, process and technology

|
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Simplified process diagram for project business

policy and | N project

planning contract | €Xecution | sysiems
A

systems architecting/| products or
engineering| components

» deployment

product creation

A
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Product Creation

|
case introduction

l—l
SE process
I ; Zoom in at development
product creation . .
; and engineering
SE in case
l—l
SE techniques
I
life cycle
—
summary
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Decomposition of the Product Creation Process

Product Creation Process

|
Operational

Management

budget
time

— planning

- progress control

resource
management

— risk management

— project log

specification

Design
Control

technical

— needs
what is needed

— specification
what will be realized

— design
how to realize
— verification

meeting specs
following design

— engineering
how to produce
and to maintain

I
Marketing

profitability
saleability

——customer input
——customer expectations
—-commercial structure
—product pricing

— market introduction

—introduction at customer

—feedback
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Operational Organization of the PCP

operational technical commercial
i . ' folio l
gentlre portfqllo Sitiale port .
ortfolio operational architect marketing
P manager manager
A A A
: ' _ family
‘product family famil -
el operational ar :rr::lté ot marketing
Y manager manager
; A A A
§Sing|e (single product)
: oroject product product
gproduct eader architect manager
. ) e
| subsystem subsystem
SHBSYSIEHES  project architect

.................................................. H ..................... H

module

developers
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Prime Responsibilities of the Operational Leader

Specification

Quality

Resources Time

A
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Operational Teams

Sales
Manager

Quality Logistics

Assurance

Application
Manager

Operational Support
project manager)

e e aner vy ) Subsyse
Analyst 9 Proj Operational
Leaders

Architect

Test Engineer

Subsystem
Service Technology- Architects Manufacturing
Specific
Architects

Development
support
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Role of SE in the Case

0
case Introduction

%
SE process
|
product creation
—
SE in case What does SE contribute in this case?
%
SE techniques
|
life cycle
—
summary
Short | duction C inS Enqi ' version: 0 ~
22ort nt(rg)erl'{i(;tll\(zsne?urse In Systems Engineering SICSME%{)%%%O%,E TNOES|

i
aaaaaaaaaaa



From Engineering Disciplines to System Qualities

Systems Engineering: responsible for customer key drivers
and key performance parameters of system

<process guality

<throughput

<re|iabi|ity

mechanical
engineering

mechatronics

electrical
engineering

optics

measurements

<

<

embedded

control

software
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More Magic Words

Systems Engineering: responsible for customer key drivers
and key performance parameters of system

<process qua Systems Engineering is multi-disciplinary
and is responsible for Integration of the

throughput =4 :
< s parts. It takes a NOIISLIC perspective.
<reliabi|ity <
2
(7)) c
— S ®)) [eh) @))
© c c c c o C
O = o — = O =
c O = T O o © Qo
C O S L o " > T 35 S D
ccll £ ||E]|| & o [[@8||Sc
(&) (&) &) — @® o) =
e 2| @ ||22| B e [|E5||5 2
E o = O O o = O O O O
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Stakeholders, Needs, Concerns

consumers

/

S~

retailers

energy providers

S~

/

solar energy system (panel+)

!

solar cell manufacturer (fab)

!

metallization cell (system integrator)

metallization process

P f

™~

stakeholders

everyone with a stake in the
system, e.g.

decision makers,managers,
sales, service, purchasing,
engineers, operators,
cleaners, regulation,
standards, quality assurance,

pre- and post-process wafer handler

measurement

i

parts, e.g.

engines, belts,
sensors, controller,
control software

stakeholders have

needs and concerns

Short Introduction Course in Systems Engineering
25 Gerrit Muller

version: 0
March 4, 2026 E I
SCSEstakeholders powered by indust

and academia




Suppliers involved in Wafer Handler

system
project manager
systems engineer

metallization cell (system integrator)

service
trouble shoot and
maintenance

wafer handler
segment leader

manufacturing
system assembly
and test

'

i

system design
mechanical eng.

wafer handler

assembly and test

software eng.

PCB manufacturing
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and Even More Magic Words

metallization cell (system integrator)

system
project manager
systems engineer

service
trouble shoot and
maintenance

wafer handler
segment leader

manufacturing

system assemb
and test

'

!

Systems Engineering and
Engineering are reponsible

for development of the

wafer handler supply chain
system design
y : J assembly and test
mechanical eng.
software eng. PCB manufacturing
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Partnering is a Strategic Choice

Y

Own value /70/0

Core P \QJZ}&
%/

Critical for final e

Key performance \

Commodit
Base Y

Total Product

make outsource buy refer customer
to 3rd party

Partnering
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Systems Engineering Techniques

]
case introduction

 —
SE process
I
product creation
#
SE in case
l—| . i
; typical techniques used
SE techniques yp que
I by systems engineers
life cycle
—
summary
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Engineering

engineering knowledge = =P parts data base e EE.
system specification == =¥ production procedures production
engineering
system design = =3P qualification procedures el
source data =9 =P system documentation quality
assurance
lifecycle
support
> 5 5 3 3 >
Kknow- doc
ledge DB CAD SCM ERP PDM
DB
canned past specification mechanical source resource product
experience and design  electrical code planning, data
documents design management e.g. SAP management
database
Short Introduction Course in Systems Engineerin version: 0 -
30 Gerrit Muller ’ Imesny s o TNOESI

and academia



Example Physical Decomposition

ZUBA covers and
%3 control hatches
= vision
g § control @ZUBA
chamber @ @vision camera @ cabling
optics I Mscoop @ ventilation
—® stage
bottom chuck stage | | stage | control 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
. . . . ion- 0 —
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Partitioning is Applied Recursively

system
subsystem .. atomic sub subsystem
1 system k n
subsub subsub subsub subsub subsub atomic
o subsub
system A system B system N system P system Q system Z
atomic . atomic|/atomic . atomic||atomic . atomic|/atomic . atomic||atomic . atomic
part part part part part part part part part part
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Decoupling via Interfaces

control
Interface
power e.g. CAN
interface H

- part

part e.g. pressure
e.g. pipe ::I and flow
regulator

part

::I e.g. pipe

hydrocarbon 1

1

interface mechanical

mounting interface

Y]
other part with

same interfaces

can replace
original

1 [ 1

|_I_l_|
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Simplistic Functional SubSea Example

sensor
measure data control
sensor :
signals pressure, ——>» pressure, —> settings
temp, flow temp, flow
transport to
increase top-side
well
pressure hydro
carbons
hydrocarbons revent regulate combine separate
y — P =P flow and =P multiple == gas, oll,
from well blow-outs t
pressure streams water, sand water
sand
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Quantification

Size

Weight

Cost

Reliability

Throughput

Response time

Accuracy

2.4m *0./m * 1.3m

1450 Kg

30000 NoK

MTBF 4000 hr

3000 I/hr

0.1s

+/- 0.1%

many characteristics
of a system, function or part
can be guantified

Note that quantities
have a unit
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More and More Magic Words

Partitioning facilitates the organization, logistics, production, and service

Interfaces are used to decouple

Functional models explain how the system and parts operate

Quantification helps to achieve fact-based decision making

A
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Example Technical Budget

off axis pos. off axis
meas. Sensor
accuracy —» repro
4nm 7% 3 nm
global stage Al. blue align
alignment pos. meas. sensor
—> e ———
accuracy accuracy —» repro
6 nm 4 nm > 3nm
reticle lens ds_ysiem - — interferometer
: adjustmen .
15 nm - matching STy - Stability
25 nm D (e 1 nm
process matched single stage position » frame
overlay — machine —+» machine —+ overlay —> accuracy » stability
80 nm 60 nm 30 nm 12 nm 7 nm 2.5 nm tracking
—» error WS
rocess . .
derp))endency matchlng stage grid alignment tracking 2 nm
- sensor - accuracy (> accuracy Ly repro Ly error X, Y —
5 nm S nm S nm S nm 2.5 nm tracking
Ly error RS
metrology tracking 1nm
Ly stability Ly error phi
5 nm 75 nrad
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Even More Magic Words

. - off axis pos. off axis
Models facilitate anal VSIS and meas. Sensor
accuracy —» repro
] 4nm “»  3mm
hel In Un I Nain
€ip to obtain U de Sta d g" hal stage Al. blue align
ment pos. meas. sensor
I I h " racy | accuracy = *  repro
INS1gnt, and overview 4 -l 3
- m nm nm
reticule lens adsj)tjz?ranne]nt —» interferometer
15 nm - matching STy - Stability
25 nm D (e 1 nm
process matched single stage position » frame
overlay — machine —+» machine —+ overlay —> accuracy » stability
80 nm 60 nm 30 nm 12 nm 7 nm 2.5 nm tracking
—» error WS
derp))r;)r(]:(:esrs]cy matching stage grid alignment tracking 2 nm
- sensor - accuracy (» accuracy > repro Ly error X, Y —
= o 5 nm S nm S nm 2.5 nm tracking
Ly error RS
metrology tracking 1nm
Ly stability Ly error phi
5 nm 75 nrad
version: 0
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Example of A3 overview

A3 architecture overview of the Metal Printer (all numbers have been removed for competitive sensitivity)

throughput in minutes | per wafer
back-end factory W remacion
Jogistics & || 2dvanced computing &
auamaion | B e e sl aer ] |2 seed sputer 1
CU—m = =1 |3 metal print t
mask——~ [ wafer |
=m§l§; 4. seed etch 1
\;vafer fag dual layer only
ront en : = spin coated
( ) Wa'fer printer | ICs polymer | F_F1 1| |5. coat/develop dielectrics 3.4
with [ wafer |
ICs B m=.=| 6. exposure or CMP for polymer vias | 1.2
power, chemicals | _{ chemicals }_ REX [ wafer |
consumables, waste climate
infrastructure ‘7. E-test ‘
back-end factory: systems and process model process steps  throughput
clean
master clean wafer — 7 pmmmome- 3
1 T
prefill clean prealign robot - =T - ! C
metal wafer i
grinter prealign i
. kA&:ﬁl
, clean
Q =) master
® © robot prefill
master wafer wafer i S
FOUP FOUP FOUP P
T T T
0 100b 200b
metal printing cell T :
P 9 metal printing time-line
metal printing cell: systems and performance model

author Gerr
version 0.1
date last update

it Muller scope system and supersystem

status preliminary draft

August 3, 2010

Document meta-information

pattern quality

pattern
resolution
accuracy overlay CETIEE L
and climate

cost per layer —

design enabling v
e.g. CD, separation X-section control uptime partial graph
many nodes
early delivery and connections
Vs reliability high MTBF are not shown
volume production
throughput ‘ system cost

environmental

operational
costs

electric power
clean water

I

integral costs

impact

‘ waste disposal water, air, ...

customer key drivers

min. line width
overlay
throughput
MTBF

aum wafer size 200, 300 mm
b um power x kW

¢ WPH clean room class

dhr floor vibration class

key performance parameters

Customer key-drivers and Key Performance Parameters

optics stage
control

2UBA
control

covers and
hatches

vision ©)
control ZUBA

’ 1. Close doors

t

print

= tp.prepe\re"' t (thickness) + t

p,align i tchamber p.finalize

metal printer subsystems

metal printer subsystems, functions, and cycle time model

chamber () @pvision | | camera @ R ’2' Align ta\liun‘ t =t +t
prepare ~ ‘close doors ‘move to proximity
(g optics iscoop e @ ventilation -
bottom chuck’ stage [ T S | control air flow ’ 3. Move to proximity
: X § — =1 +t
@ _ Fluidic (9 Electronics ;s;e’:{:;; granite ‘ @ contamination ’4‘ Process tchamber ‘ tflnallze move to unload open doors
Lo @ sensors
measurement 5. Move substrate unloading position .
frame t. =t +C *thickness
e 6. Open doors print p,overhead transfer
.@ control e b 1 s
pmces@ note: original diagram was annotated with actual performance figures
power @ "remote" for confidentiality reasons these numbers have been removed
supply electronics rack
i i i i integrating metal printer ) )
metal printer back side metal printer front side subsystems functional flow formula print cycle time
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Life Cycle

i
case Introduction

 —
SE process
I
product creation
#
SE in case
—_—
SE techniques
: | the impact of life cycle
Iife cycle on engineering
—
summary
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Product Related Life Cycles

> Individual systems

)

> service

)

> system > upgrades and options

>disposal>

production production
system upgrades and options
sales sales

)
)

system upgrades and options
creation creation
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Product Life Cycle Management Process

customer

supplying business ﬂ

strategy

process

\\/ét creation
process

people, process and technology
management process

S
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System Life Cycle

@{\@ O S
: -
S S s
& s £
N = )
ISR R B -
N4 c & 2
(@)
(@R
-

maintenance

dispose

changes, e.qg.

accounts
procedures
Short Introduction Course in Systems Engineering version: 0
. March 4, 2026
43 Gerrit Muller MALCsystzél;ﬁLifeCycle m ESI

and academia



Multiple Life Cycles

solar cell oneration
manufacturer (fab) P
o feasibility production
metallization cell : :
(system integrator) system |system design Integrate sales upgrades
definition and test service
A A A
spec roto | “°PO7 | volume
I P nent
2
wafer handler 2. |design production
(0]
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Summary

I
case Introduction

l—I
SE process

product creation

—— ]

SE In case

l—l
SE techniques

life cycle
—

all magic words summary

beyond introduction
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All Magic Words

objectives supply chain
risk (analysis. mitigation) partitioning
requirements (endineering, management) interfaces
SMART functional
verification fact based
multi-disciplinary model
integration analysis
holistic understanding
stakeholders Insight
needs and concerns overview
life cycle
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HiBu Master in Systems Engineering

6 mandatory courses

SDOE 625/SEFS Fundamentals of Systems
Engineering

SDOE 650/SEDS System Architecture &
Design

SDOE 612/SEPM Project Management of
Complex Systems

SDOE 605/SESI System Integration

SERP Reflective Practice

SDOE 800/SETH Master Project

and elective courses
SDOE 640/SESL System Supportability and

Logistics

SDOE 684/SEST Systems Thinking

SDOE 680, SYS681, SDOE645, SDOE 678,
SDOE 660

SEMA System Modelling & Analysis

SESA Advanced System Architecting

SEPD Product Design

Stevens Institute of

Technology
Hoboken, NJ, USA

SECE Control/Signal Engineering

Systems Engineering
Hagskolen i Buskerud
Postboks 235

SERE Robust Engineering

3603 Kongsberg, Norway

Control Engineering, Product design,
Embedded Systems courses
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Some Links

HiBu Systems Engineering information
http://www.hibu.no/studietilbud/ingeniorutdanning/master_systems_engineering/
HiBu course dates
http://www.hibu.no/studietilbud/ingeniorutdanning/master systems_ engineering/
enkeltkurs/

HiBu Se master information at Gaudi site
http://www.gaudisite.nl/BUCmasterSE.html

these slides nhttp://www.gaudisite.nl/ShortIntroCourseSESlides.pdf

Gaudi website Systems Architecting nttp://www.gaudisite.n1/
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