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HIGH-PERFORMANCE VISION SYSTEMS

421/11/2024

AI-based Inspection

§ Vision + Computation + AI  
Combination of model-based and 
data-driven learning

§ Semantic segmentation

Inline Computational Imaging

§ Simultaneous 2D & 3D Imaging
§ High-performance algorithms for 

3D reconstruction and image 
enhancements

High-speed Sensing

§ High-performance camera and 
illumination concepts and systems

§ High-speed sensing concepts

RESEARCH FIELDS



PROBLEM STATEMENT

5Christian Kapeller – Forum Bildverarbeitung 2020



VISUAL INSPECTION
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IMAGE PROCESSING
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Contrast Enhancement

Noise Reduction



IMAGE PROCESSING
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Blur

Lights and Shadows

Sharpen



IMAGE PROCESSING
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Histogram 
Equalization



FEATURES DETECTION
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Edge

LineBlob

Corner



VISUAL INSPECTION
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MACHINE VISION
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Accuracy and precision Speed Efficiency

Improved quality Safe and stable Cost reduction



CLASSIC MACHINE VISION LIMITATIONS
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AI & Machine Learning
Performance

Classic Machine Vision

Amount of Data



ARTIFICIAL INTELLIGENCE
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Warren McCulloch and Walter Pitts 
A Logical Calculus of Ideas Immanent in Nervous Activity (1943)
à Describing the with a mathematical model the behavior of biological neurons

Frank Rosenblatt 
The Perceptron - a perceiving and recognizing automaton (1957) 
1st computational use of a Neuron (perceptron)

THE PIONEERS OF AI
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Neuron Perceptron

https://www.bibsonomy.org/bibtex/13e8e0d06f376f3eb95af89d5a2f15957/schaul
https://blogs.umass.edu/brain-wars/files/2016/03/rosenblatt-1957.pdf


• Geoffrey E. Hinton (1986)

THE FATHER OF AI
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ARTIFICIAL NEURAL NETWORK
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Connection Activation



ARTIFICIAL NEURAL NETWORK
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Lateral geniculate nucleus



HOW DOES IT LEARN?
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TYPES OF LEARNING
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• CPU
• GPU
• TPU
• Outsourcing clusters

HARDWARE ACCELERATION
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Fully-connected networks 

ANN ARCHITECTURES
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Recurrent neural networks 

ANN ARCHITECTURES
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Convolutional networks 

ANN ARCHITECTURES
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Auto-encoders 

ANN ARCHITECTURES
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Generative Adversarial Networks 

ANN ARCHITECTURES
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Transformers

ANN ARCHITECTURES
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HOW TO CHOOSE?
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Fully-connected
networks

Convolutional
networks

Recurrent
networks

Transformers

Rule of thumb:
• classification and regression tasks, FCN
• Visual and spatial data CNN, 
• time series and text RCN or Transformers 



HOW IS IT USED? 3BELIEVE
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Agglomerations Cracks Cavities Blade trails



CRACK DETECTION ON STEEL BILLTES | CHALLENGE

3021/11/2024

Cracks Ø 3-40 µm

Standard Image



CRACK DETECTION ON STEEL BILLETS | SOLUTION

The solution combines
§ modern AI approaches with the
§ costomized ICI technology (Inline Photometry) and
Ø enables for robust and reliable crack detection.

21.11.24 31

Standard 
Image

ICI | Photometric Stereo Deep Leaning



PLATFORM ZERO PRODUCTION OF THIN FILM 
PHOTOVOLTAICS

32



• First test sets of Kesterite sampels

CLUSTER ANALYSIS
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• Large Language Models
• Human language recognition and interpretation
• Chat bots
• Sentiment analysis
• Online search

• Vision Language Models
• Text-to-image and Image-to-text interpretation
• Semantic analysis

• Segment Anything Model

NEW FRONTIERS

34

https://segment-anything.com/


EXAMPLES OF WHAT AI CAN ACHIEVE

35https://ourworldindata.org/brief-history-of-ai

https://ourworldindata.org/brief-history-of-ai


FUTURE PERSPECTIVE

36https://ourworldindata.org/brief-history-of-ai

• AI researcher Ajeya Cotra:
AI system could match that of the human brain. The idea is that, at this point, the 
AI system would match the capabilities of a human brain. 50% probability that such 
“transformative AI” will be developed by the year 2040, less than two decades from 
now.

• Hinton 2023: expresses concerns about the rapid progress of AI, considerable change 
to society. 

• Unclear what happens if that happens, how smart will it be, how much influence can it 
develop, how manipulative can it be?

• These things need to be regulated especially self-improving AI Systems

https://ourworldindata.org/brief-history-of-ai


CONCLUSION
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https://www.marketresearchfuture.com/

It WORKS!
But regulations are needed



THANK YOU
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SUNPLUGGED
UPSCALING OF ADVANCED NANO-AND 
MICROTECHNOLOGIES FOR THE PRODUCTION 
OF MADE-TO-MEASURE PHOTOVOLTAICS

NEXTGEN 2024 Palma de Mallorca– 9/Sep/2024

Andreas Zimmermann– Sunplugged GmbH
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Outline
• The idea and the setting
• Our technologies 
• Some challenges in the 

upscaling process
• Platform-Zero as enabler for 

the production of made-to-
measure photovoltaic 
modules

2



Economies of scale, standardisation has led to enormous cost 
reduction and market expansion
Silicon solar cells are the work horse of the industry
New photovoltaic technologies are emerging (e.g. Tandem, Perovskites,…)

Industrial exploitation is happening on the fringes in niche applications

Photovoltaics today 



There´s a lot more space 
in between..

Internet of Things
Mobile Devices

Automotive
Lighting/Infrastructure
Building Integration

The power of integration…



Sunplug your life

Monoscribe - Inkjet-printed interconnection for thin-film 
photovoltaics 5



Flexible thin-film photovoltaics

Upscaling of advanced nano-and microtechnologies for the production of 6

Pliable film for 
easy integration

Economic roll-to-roll 
production

Total freedom in 
module layout



The three pillars of Sunplugged´s made-to-
measure PV foil
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SunP CIGS Process
Pure metals enable 
low production costs
Good adhesion of CIGS 
Good controllability due to 
sputtering of metallic precursors
Homogeneity over web width

Printed interconnection
Full freedom of module design
Output voltage is determined 
by number of scribes per given 
area
Reduced interconnection losses
Deferred process on soiar cell

Glass/Steel Substrate
sustains high temperatures
deposition processes (>550 C)
Mechanically robust, yet pliable
Acts as backside barrier against 
water vapour.
Alkali metal source



The interconnection
8

Serial interconnection of solar cells is needed
to obtain a certain voltage
Defines main characteristics of the final PV
product like voltage, size, shape

Mission:
Conceptualise and develop a serial
interconnection that allows the production of
photovoltaic modules with varying voltages,
sizes and shapes ”on the fly”



Deferred interconnection utilizes laser and 
printing techniques

Monoscribe - Inkjet-printed interconnection for thin-film photovoltaics 9

Material removal only from top side after entire layer stack has been 
deposited

“on-the-fly“ definition of 
geometry and voltage by laser 
scribing/printing combination

Base material: highly 
efficient R2R-produced 

CIGS solar cell



Step 1: Laser process

Monoscribe - Inkjet-printed interconnection for thin-film photovoltaics 10

Laser grooves of different depths are cut into layer stack using a 
short-pulse laser
• P1: Material is divided into individual cells
• P2: Exposure of back contact
• P3: separation of front contact

P1



Step 2: Printing of dielectric ink

Monoscribe - Inkjet-printed interconnection for thin-film photovoltaics 11

• “Isolating” laser groove is filled with dielectric ink 
my means of inkjet printing

Dielectric ink



Step 3: Serial interconnection by printing 
silver ink

Monoscribe - Inkjet-printed interconnection for thin-film photovoltaics 12

“Back contact” laser groove is filled with conductive ink by means of inkjet 
printing or dispensing
Back contact of “left” cell is electrically connected to front
contact of “right” cell



Number of cells 
defines module 

voltage

Advantages of the printed interconnection

13

Total freedom in design
Variable module voltage, size,geometry
Simplified Module Assembly –e.g U-shape
Location of junction boxes
Additional printing process



The solar cell
14

Mission:
Develop a high efficient solar cell on a
flexible substrate

Enable the printed interconnection
High efficiency potential
Lightweight
Thin
Flexible for integrated applications
Cost-effective Roll-to-Roll production



Flexible thin-film photovoltaics
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Back contact:
molybdenum

Absorber: 
CI(G)S

Front contact

Buffer layer: CdS

Substrate

Sunplugged‘s solar cell based on Copper indium gallium diselenide
(CIGS)

Thickness of 
thin film: 3µm

High Efficiency
Stable
Energy Yield



The choice between two processes 
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Sequential CIGS Process
Precursor CIG plus selenisation

our first approach together with an 
Austrian equipment manufacturer

(2012-14)

Hybrid Sputtering/Evaporation process developed 
on lab-scale together with Uni Bicocca Milan

From 2015 onwards on
On polyimid foils



The principle of our CI(G)S process

17



Hybrid Evaporation/Sputtering Process

18

300 mm



Upscaling of CIGS process was a nightmare

19

	
Complete breakage of foil during R2R run Selenium poisoning of 

targets
Gallium melting 
during process

“Dirty“ Process Data,etc ….



Some milestones

Novel R2R CIGS process is now 
stable and works

CIS Solar Cells with 11,8 ´% Efficiency 
(Autumn 2017)

CIGS Solar Cells with 12,4% Efficiency 
(Spring 2019)

CIGS Solar Cells with 14,7% in Roll-
to-Roll (Summer 2021)

Ordered vacancy crystal  phases 
on top of the CI(G)S layer



Micro cracks still occured on polymer 
substrates

21



…so one more thing:

Develop a novel flexible 
substrate that sustains high-
temperatures and 

can be used together with 
the printed interconnection



Glass-like barriere coating on steel foils

23

Thin and flexible glass-like layer on thin steel foil 
Application by spray-coating, R2R-coating or slot-
coating for mass production

Corrosion protection and iron ion diffusion 
barrier

Optionally alkali supplying layer for increasing the 
solar efficiency of CI(G)S

Coating Material developed by INM Saarbrücken
Sodium-silicate sol-gel system “NaSi” 
Potassium-silicate sol-gel system “KSi”
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Flexible dielectric substrate

Si
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4,4µm

Thickness can be controlled 

by  varying vfoil

Multilayer structure 

Pinhole-free

Fully flexible due to alkali addition
SEM Cross-section single layer

Thin Monolayer Bi-Layer

1,4 µm 5 µm



Issues, like large scale adhesion..
The origin of large-scale poor adhesion lies in
the incompatibility of CTE between Mo and
the passivation layer

Material
Passivation 

layer
Molybdenu

m
Titanium Chromium

Mean CTE (10-6/°C) ∼ 9 - 10 4,8 8,4 6,2

A metallic interlayer (Ti) has been introduced
to compensate for the large difference
between CTE values of the passivation layer
and Mo back-contact

large 
difference
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Na:K = 1:1Only K
500°C

525°C

550°C

..and other defects were finally solved

This project has received funding from the European Union’s Horizon Europe 
research and innovation programme under grant agreement No 101122288

VP1578_SolM_adhesion and Na diffusion on sunplugged (CK,CAK,NW)

816.07.2024 C.A. Kaufmann - HZB

PVD-B2735 PVD-B2737

Deposition Temperatures 400°/650°C Deposition Temperatures 300°/630°C
glass/Mo@PVcomB

If delamination happens early in 
process, CIGS is deposited in 
crater

Optimisation of recipe Defect-reduced large scale CIGS
Solar cells 
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Process monitoring platform configuration

AI system
(I) 

The importance of defect-free layers for PV 
modules
Every defect and inhomogeneity adds up and increases the Cell-to-Module gap in
efficiency
Serial interconnection demands uniform solar cell material
The bigger the underlying solar cell the more “risk” of defects, resistivity losses
Propagation of defects



The upscaling
28

Mission:

Upscaling of all processes to Roll-to-
Roll production (500 mm for cell 
and 250 mm for interconnection)

Achieve an annual pilot production 
capacity: of 5 Mwpeak
(average >14 % module efficiency)

Production yield >90%
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Slot dye coating of SiOx Gel Sputtering of back contacts

Formation of absorption layer

Sputtering Buffer & Front Contact

R2R Laser Scribing & Inkjet Printing

R2R Application of conductive circuits

R2R Back-End

M
od

ul
e 

Pr
od

uc
tio

n

R2R Substrate Production R2R CIGS Production R2R Interconnection

Completion of 5 MWpeak in progress

Hardware and process 
know-how is constantly evolving

Process data is monitored

However for full production 
inline process monitoring of 
Device properties is crucial
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Slot dye coating of SiOx Gel Sputtering of back contacts

Formation of absorption layer

Sputtering Buffer & Front Contact

R2R Laser Scribing & Inkjet Printing

R2R Application of conductive circuits

R2R Back-End

M
od

ul
e 

Pr
od

uc
tio

n

R2R Substrate Production R2R CIGS Production R2R Interconnection

Crying need for „in-line“ quality control

Platform-ZERO

AI system
Data 

Management

Advanced 
Sensor Station

Advanced 
Sensor Station

Advanced 
Sensor Station

Advanced 
Sensor Station

Advanced 
Sensor Station
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AI system
(I) 

Integration all along the process chain

17

III. SUNPLUGGED

III.1. INITIALLY FORESEEN SENSORS AND STAGES

WP5 Platform implementation and installation of demonstrators:
Task 5.1, Task 5.2 & Task 5.3

Adv-SS (Process) Sample type Inspection techniques Leading partner
Adv-SS Su1 

(Dielectric coating)

Coated steel foil (roll)

Visual AIT

Adv-SS Su2 
(Absorber synthesis)

LIBS LENZ

Raman

IRECReflectance

Reflectance imaging

PhotoLuminiscence
HZB

PL imaging

Visual inspection AIT

Adv-SS Su3 
(ZnOS buffer + TCO 

deposition)

Raman

IRECReflectance

Reflectance imaging

PhotoLuminiscence

HZBPL imaging

Time-Resolved PL

Impedance

UPO
External Quantum 

Efficiency

Current-Voltage IV

Visual inspection AIT

Adv-SS Su4 
(Monoscribe 

interconnection)

Current-Voltage IV
UPO

ElectroLuminiscence

Visual inspection AIT

Print inspection
For every line element in the aligned model the 
image is inspected in small segments. From the 
grey level profile in each segment the width of the 
line in this segment is calculated. If the width 
exceeds user defined limits a “Bulge” or 
“Thinning” Defect is generated. If no line is found 
in the segment an “Interruption” Defect is 
generated.

Surface inspection:

Inside this ROI the surface is then inspected for 
excessive paste, smears and other defects. 
Again, these defects can be classified into 
different categories in a later step.

Depending on the characteristics of the defects 
we can use the different colour channels for 
detection. Some types of defect may have a 
better contrast in the saturation image while 
others are best detectable in the intensity image.
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• Better understanding of material properties, processes – what is noise and what 
is important 
• Making the processes „knowable“ and reproducible
• Integrate automated feedback loops for automated process control. 
• For instance fully automated selenium flux and adjustment of sputtering 

parameters in CIGS process due to inline data 

Platform Zero 32

Expected outcome



• Reducing defects and inhomogeneities is crucial for production
• Sometimes it´s just simple things but small details matter
• Data is crucial for upscaling and continuous improvement
• Delicate processes can be controlled by active feedback loops
• Inline process monitoring and active control loops are key for 

reproducibility, high process yields and low scrap rate.

With the modular tool set  developed in Platform Zero viable 
manufacturing of novel PV materials is achievable!

Platform Zero 33

Summary



Platform ZERO 
From Laboratory to Industry

Régis Decorme
Davide Quaggiotto

9 September 2024
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From Research to Market

R2M Solution
Founded

2012

2

N
ex
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20
24

People
130

5 branches

Research
100+

R&D projects

Funds raised
23.2 M

Client technology 
Development

Funds raised
395 M

Total R&D 
Portfolio

First time EU
50+

Organizations

About us
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R2M Solution

Our Branches
Italy

R2M Solution S.r.l.
Via F.lli Cuzio 42

27100 Pavia, Italy
P.IVA: IT04998380879

Spain
R2M Solution Spain, S.L.

Calle Villablanca 85
28032 Madrid, España

VAT: ES B87348470

France
R2M Solution SAS

Les Galeries de Beaumon
06330 Roquefort-les-Pins, France

VAT: FR11828579367

United Kingdom
R2M Solution ltd.

Flat 4, 74 Holland Park
London, W11 3SL

VAT: GB259731081
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Real Estate
Digitalization
Sustainability

Smart Grid and Local Energy 
Communities 

(R2M Energy - ESCO)

Innovation
Innovative 
Products & 

Services

Sustainability 
Consulting

From Research to Market

Our Journey
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R2M Solution

Innovation portfolio 
(Examples)
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R2M Solution

Innovative products
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R2M Solution
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R2M Solution

Maximising the impacts of 
Platform-ZERO research: our 

Dissemination, Exploitation and 
Communication (DEC) strategy

Co-funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not necessarily reflect those of the European 
Union or European Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.

N
ex

tG
en

20
24



R2
M

 S
ol

ut
io

n

9

R2M Italian branch serves as the Platform-ZERO 
innovation manager, while R2M French branch serves 
also as communication and dissemination manager. 

It will develop a tailored strategy to ensure maximum 
success of project impact by performing Dissemination, 
Exploitation and Communication (DEC) actions in line 

with the methodologies, results and outcomes 
generated in the project.
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R2M Solution
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R2M Solution
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R2M Solution
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Dissemination, exploitation and communication (DEC) of the project results

DEC Strategy, roadmap and KPIs
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Development of the "Dissemination & Communication strategy, roadmap, and KPIs"
Key Stakeholder groups and main messages

Dissemination, exploitation and communication (DEC) of the project results
N

ex
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en
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24
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KPI
Stage 1. target

M1-M12
Actual performance

M18
Stage 2. target
M13-M36

Stage 3. target
M37-M48

Cumulative target

Public website
N° of views 500 Around 1000 5000 4500 10000
Social media posts (posted both on Twitter and Linkedin)
N° of posts 5 Over 30 25 20 50
Peer-reviewed papers (T7.1)

N° of papers -
3 published

2 about to be released
2 10 12

Clustering workshops with sister R&I project (T7.3)

N° of
workshops - 1 in progress 1 1 2

National and international press releases (T7.1)

N° of press
releases 1 1 released

2nd in preparation 2 2 5

Presentations of scientific research at conferences (T7.1)

N° of
presentations 1 10 8 6 15

Industrial fairs (T7.1)

N° of
attendance - 5 5 5 10

Training for industry and SMEs (T7.2)

N° of trainings - 1 4 3 7

DEC KPIs and targets

Dissemination, exploitation and communication (DEC) of the project results
N
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24
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DEC multipliers

Dissemination, exploitation and communication (DEC) of the project results
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Social media
• Regular posts to 

promote project partners, 
events, publications, 
milestones, etc.

• The EC, Hadea and EFFRA 
are always tagged.

Dissemination, exploitation and communication (DEC) of the project results
N
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Project Website: Regular posts (over 30 during the first reporting period) published in the News section

Dissemination, exploitation and communication (DEC) of the project results
N
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en
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24
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DEC toolkit:
• Various materials translated in local 

language (EN, CA, ES, DE and FR).
• Updated according to the needs of 

project partners.

Dissemination, exploitation and communication (DEC) of the project results
N
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24
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2 promotional videos
• One general introduction
• One on the technical concept (animation)

1 2

Dissemination, exploitation and communication (DEC) of the project results
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Press releases

Dissemination, exploitation and communication (DEC) of the project results
N
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Articles: 9 released in various magazines and news portals

Dissemination, exploitation and communication (DEC) of the project results
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Articles: 9 released in various magazines and news portals

Dissemination, exploitation and communication (DEC) of the project results
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Articles: 9 released in various magazines and news portals

Dissemination, exploitation and communication (DEC) of the project results
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Journal Papers

Dissemination, exploitation and communication (DEC) of the project results
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Industrial fairs 

Dissemination, exploitation and communication (DEC) of the project results
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Industrial fairs:

Dissemination, exploitation and communication (DEC) of the project results
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Industrial fairs:

Dissemination, exploitation and communication (DEC) of the project results
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Presentations in events: targeting very diverse stakeholders, from students to scientific & professional audience

Dissemination, exploitation and communication (DEC) of the project results
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Presentations in events: targeting very diverse stakeholders, from students to scientific & professional audience

Dissemination, exploitation and communication (DEC) of the project results
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Presentations in events:

Dissemination, exploitation and communication (DEC) of the project results
N
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Presentations in events:

Dissemination, exploitation and communication (DEC) of the project results
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Presentations in events:

Dissemination, exploitation and communication (DEC) of the project results
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EFFRA Portal

Platform-ZERO info and results updated on the EFFRA Reporting Portal

Dissemination, exploitation and communication (DEC) of the project results
N
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Dissemination, exploitation and communication (DEC) of the project results
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1. Clustering workshop scheduled for September

2. Start of collaboration in the 4ZDM cluster

“Advanced manufacturing of new-generation 
renewable plants”

With the participation of:
- ENGINE
- SuperTandem
- SEAMLESS-PV

To work on a joint white paper about existing and
new standards concerning the use of AI in zero-
defect manufacturing

Dissemination, exploitation and communication (DEC) of the project results
N
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Dissemination, exploitation and communication (DEC) of the project results

Key Exploitable Results (KERs): exploitation strategy
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Basic concepts: Exploitation of results

Participants receiving European Union funding must use their best efforts to 
take measures aiming at ensuring the exploitation of their results up to four 
years after the project, either directly or indirectly by a third party (through 
transfer or licensing). This means that participants must take steps to make 
sure the results they owned are used: 
1. in further research activities other than those covered by the project concerned,
2. in developing, creating and marketing products or processes, 
3. in creating and providing services, or 
4. in standardisation activities.
The use of the Horizon Results Platform becomes mandatory, if one year after 
the end of the action, key exploitable results are not exploited.
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R2M Solution
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R2M Solution
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R2M Solution
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R2M Solution
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R2M Solution
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European IP Helpdesk

● Your Guide to Intellectual Property Management in Horizon Europe
● Successful valorisation of knowledge and research results in Horizon Europe
● Your guide to IP in Horizon 2020
● e-learning: IP Basics
● Webinar: Dissemination & Exploitation in Horizon Europe

https://intellectual-property-helpdesk.ec.europa.eu/publications/your-guide-intellectual-property-management-horizon-europe_en
https://op.europa.eu/en/publication-detail/-/publication/ca9e23d5-aa5b-11ec-83e1-01aa75ed71a1/language-en/format-PDF/source-253824310
https://op.europa.eu/en/publication-detail/-/publication/e20da012-ec16-11e9-9c4e-01aa75ed71a1/language-en/format-PDF/source-164620712
https://intellectual-property-helpdesk.ec.europa.eu/regional-helpdesks/european-ip-helpdesk/europe-e-learning_en
https://www.youtube.com/watch?v=gyXlYDkXQ2E
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R2M Solution

An example 
of EU Research transfer 

to the Market in the PV sector
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ONYX SOLAR:
WORLD LEADER ON PHOTOVOLTAIC GLASS 
FOR BUILDINGS
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PV TECHNOLOGIES
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Photo: Verres en silicium cristallin, teinte bleue, Miami, USA
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PV FLOOR

Photo: Verres en silicium cristallin, boutique, Californie
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Government of Monaco

Réhabilitation d’un bâtiment 
à usage de bureaux du 
gouvernement 
Direction du travail / 
Inspection du travail / Service 
de l’emploi

• Verrière en toiture
• 50 m2
• Technologie silicium cristallin 
• Différentes dimensions de 

modules , la plupart  avec 
chambre argon

• Puissance installée: 5,5 kWc
• Installateur mécanique et 

électrique: La fonderie de 
Monaco
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Lou Calen, Var, France

Hôtel Lou Calen
• 104m2
• Silicium amorphe en plusieurs

degrés de transparence et en
couleur (style Mondrian)

• Structure: Ferronerie Cassien / 
Solar Structure

• Electricité: Ocsun
• Photos: Hervé Fabré

photography
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Thank you !

www.r2msolution.com

regis.decorme@r2msolution.com

T.: +33 6 81 47 55 40

54

/r2m-solution

@R2MSolution
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FROM LIGHT TO DECISIONS: 
THE JOURNEY OF IMAGE FORMATION IN PIXELS

Filip Hendrichovsky, Laurin Ginner



AIT AUSTRIAN INSTITUTE OF TECHNOLOGY

2

AIT Austrian Institute of Technology
Nuclear 

Engineering 
Seibersdorf 

GmbH

Seibersdorf 
Labor GmbH

Energy Health & 
Bioresources Digital Safety & Security Vision, Automation & 

Control 

AIT Austrian Institute of Technology

Transport 
Technologies

Technology 
Experience

Innovation Systems & 
Policy

EMPLOYEES
1.465



CENTER FOR VISION, AUTOMATION & CONTROL

321/11/2024

Automation & Control 
Institute
TU Wien

Univ.-Prof. Andreas Kugi

School of Engineering
Human-Robot-Interaction 

Lab
Tufts University, Boston

Univ.-Prof. Matthias Scheutz

Vision, Automation & Control 
DI Andreas Vrabl

 

Center for Technology 
Experience

Univ.-Prof. Manfred Tscheligi

Assistive & Autonomous Systems
Dr. Gruber

Complex Dynamical Systems
Dr. Glück

High-Performance Vision Systems
Dr. Clabian

Vision, Automation & Control 
DI Andreas Vrabl

 



HIGH-PERFORMANCE VISION SYSTEMS

421/11/2024

AI-based Inspection

§ Vision + Computation + AI  
Combination of model-based and 
data-driven learning

§ Semantic segmentation

Inline Computational Imaging

§ Simultaneous 2D & 3D Imaging
§ High-performance algorithms for 

3D reconstruction and image 
enhancements

High-speed Sensing

§ High-performance camera and 
illumination concepts and systems

§ High-speed sensing concepts

RESEARCH FIELDS



• 𝛻×(𝛻×𝐸) = 𝛻×(− !"
!#
)

LIGHT
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ELECTROMAGNETIC SPECTRUM



THE HUMAN EYE



COLOR PERCEPTION



Pinhole camera

CAMERA MODEL
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• 'View from the Window at Le Gras’ by N. Niepce (1826)

THE FIRST IMAGE
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THE PHOTOELECTRIC EFFECT

• Albert Einstein, 1905



IMAGE SENSOR
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Bit value



DIGITAL IMAGE
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DIGITAL IMAGE
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IMAGE

15



• Bayer pattern (U.S. Patent No. 3,971,065)

RGB IMAGE
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AREA SENSORS
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LINE SENSOR
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CHARGE-COUPLED DEVICE (CCD)
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COMPLEMENTARY 
METAL-OXIDE-SEMICONDUCTOR (CMOS)

20

CCD CMOS



PERSPECTIVE PROJECTIONS 
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Entocentric:

Hypercentric:

Telecentric:



PINHOLE CAMERA MODEL

22

𝑝 = 𝐾 𝑅 𝑡 𝑃

𝑢
𝑣
1
=

𝑠𝑓$ 0 𝑐$
0 𝑠𝑓% 𝑐%
0 0 1

𝑟&&
𝑟'&
𝑟(&

𝑟&'
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𝑟&(
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𝑟((
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𝑋
𝑌
𝑍
1

𝑝 – projection point

𝐾 – camera intrinsics

𝑅 – camera rotation

𝑡 – camera translation

𝑃 – projected point

[𝑅|𝑡] – camera extrinsics

Camera Plane

Object

Projection center



CAMERA CALIBRATION
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CAMERA CALIBRATION

24
Image distortion

Calibration images

Image correction



• What do we want to do with cameras?
• measurements
• visual inspection
• quality control
• navigation
• …

CAMERA USAGE

25



STEREO MATCHING
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STEREO MATCHING
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DISPARITY MAP
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AIT INLINE COMPUTATIONAL IMAGING:
SOFTWARE FOR DIFFERENT SENSORS

+
ICI Sensor System
Single Camera/Sensor
Technology for Inline 
Light Field Capture with
Standard Hardware

ICI Software Modules
Generic Computational 
Imaging Library for 
2D/3D Imaging Tasks



• Area scan light field imaging [Traxler et al. 2021, submitted]

transport direction

Area Scan Camera Standard industrial camera

Illumination

Linear transport stage

Objects

INLINE COMPUTATIONAL IMAGING
INTRODUCING OUR NEW SYSTEM



ANIMATION @50µm



ALGORITHMIC FRAMEWORK
Details of how area-scan ICI works



INLINE LIGHTFIELD ACQUISITION 

Full image sequence
Reshuffle into 4 different image 
subsequences



PHOTOMETRIC STEREO
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𝜌 …𝑎𝑙𝑏𝑒𝑑𝑜 - reflectance	independent	of	light
𝐼! …𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑖𝑒𝑠, 𝑘"# 𝑙𝑖𝑔ℎ𝑡
𝑙! … 𝑙𝑖𝑔ℎ𝑡 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛
𝑛 …𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑛𝑜𝑟𝑚𝑎𝑙

𝐼! = 𝜌𝑛 ⋅ 𝑙!
𝐼" = 𝜌𝑛 ⋅ 𝑙"
𝐼# = 𝜌𝑛 ⋅ 𝑙#

𝐼&

𝑙&
𝑛
𝜌

𝐼!
𝐼"
𝐼#

= 𝜌𝑛 ⋅
𝑙!$

𝑙"$

𝑙#$

Image Formation under the Lambertian assumption

Surfaces normal recovery from images

𝜌𝑁 = 𝑀 = 𝐿!"𝐼

𝐼 = 𝜌𝑁 ⋅ 𝐿

N =
𝑀
𝜌𝜌 = | 𝑀 |"

Surface normalsAlbedo

[Woodham1980]

PHOTOMETRIC STEREO



Light Dome
• Sampling: 10-20 µm/px
• Illumination: 32 light directions
• Field of view: ca. 6-12 x 4-8 cm

ACQUISITION SYSTEMS AT AIT

36



Bar Lights
• Sampling: 4.8 µm/px
• Illumination: 4 bar light directions
• Field of view: ca. 26 x 17 mm

ACQUISITION SYSTEMS AT AIT
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Microscopy Dome
• Sampling: 0.7 µm/px
• Illumination: 6 light directions
• Field of view: ca. 1.6 x 1.25 cm

ACQUISITION SYSTEMS AT AIT

38



HIGH-PERFORMANCE VISION SYSTEMS
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Ball grid arrays

Security print / OVD



THANK YOU

40



BASICS FOURIER OPTICS



BASICS FOURIER OPTICS
• How does the light (EM-wave) propagate through space?

|E|
φ

𝑬 $ 𝒆!𝒊𝝋



BASICS FOURIER OPTICS

𝐴 𝑥$, 𝑦$, 𝑓 = 𝑒!%&' $ 𝑒
!"($%²'(%²)

*+ 	 ⇒	 𝐴 = 1

• The far-field approximation (Fraunhofer approximation) is also 
true for the back focal plane of a focusing lens 

𝐸 𝑥$, 𝑦$ = 𝐴 𝑥$, 𝑦$, 𝑓 $

	 1
!(

)(

𝐸(𝑥, 𝑦) $ 𝑒!%*+(-$.%-(/)	𝑑𝑥𝑑𝑦

𝐸 𝑥$, 𝑦$ = 𝐴(𝑥$, 𝑦$, 𝑓) $ ℱ(𝐸(𝑥, 𝑦))



BASICS FOURIER OPTICS – IMAGING 
SYSTEMS

• Imaging: A simple light microscope can be modeled as 4-f setup (ℱ - ℱ)&)

𝐺%23(𝑘., 𝑘/) = 𝐻(𝑘., 𝑘/) $ 𝐺456 (𝑘., 𝑘/)

NA

𝑔%23(𝑥, 𝑦) = ℎ(𝑥, 𝑦)⨂𝐺456 (𝑥, 𝑦)
↑ ℱ ↑ ℱ ↑ ℱ

𝑯 𝒌𝒙, 𝒌𝒚
= transfer function

This holds for the 
eclectic field 

amplitude

𝑰 𝒙$, 𝒚$ = |𝑬 𝒙$, 𝒚$ |²



BASICS FOURIER OPTICS – IMAGING 
SYSTEMS

• Imaging
Example:

Guoan Zheng; „Fourier Ptychographic Imaging: A Matlab Tutorial“; 2016

𝑯 𝒌𝒙, 𝒌𝒚
= transfer function



• Transfer function 𝐻(𝑘$, 𝑘%) – Aperture function
• Simples case: a real valued function 1=transitive, 0=blocks light
• In a perfectly focused aberration free system parallel wavefront (zero/constant phase) 

in the Fourier plane 

BASICS FOURIER OPTICS – IMAGING SYSTEMS

𝐻(𝑘., 𝑘/)



COMPLEX TRANSFER FUNCTION
|𝐻|(𝑘., 𝑘/) $ 𝑒%9(&$,&()Transmittance Phase delay



• Until now coherent imaging

• Incoherent Imaging:
• Non coherent superposition of E in the image plane à no interference of E-field à

simple sum of intensities I

• Because of 

• Incoherent imaging is not linear in the Fourier domain
à linearity in Fourier Domain is necessary for FP

𝐼 𝑥$, 𝑦$ = |𝐸 𝑥$, 𝑦$ |²

BASICS FOURIER OPTICS
COHERENT VS. INCOHERENT IMAGING



Optoelectronic characterization:
IV Curves, Quantum Efficiency and Impedance Spectroscopy 

and correlation with performance parameters

2024-09-09Renán Escalante



Platform-Zero Concept

Process 1 Process 2 Process 3 Process 4 Process 5

Adv-SS 5Adv-SS 4Adv-SS 3Adv-SS 2Adv-SS 1

Renán Escalante

Feeding

Co-funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not 
necessarily reflect those of the European Union or European Health and Digital Executive Agency (HADEA). Neither 
the European Union nor the granting authority can be held responsible for them



Platform-Zero Concept



Platform-Zero Multimodal Concept
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Platform-Zero Multimodal Concept

Feeding Output
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Energy Conversion Nanomaterials & Devices Group

Energy 
Conversion 

Nanomaterials 
&

Devices
Group

Dr. Juan Anta
Dr. Paul Pistor
Dr. Gerko Oskam
Dr. Clara Aranda Alonso
Dr. Renán Escalante Quijano
M. Beatriz Heredia Cervera
M. Patricia Sánchez Fernández
M. Juan Carlos Expósito Gálvez
M. Mahmoud Nabil Mahmoud
M. Pablo Romero

Renán Escalante
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What does the group do?

raescqui1@upo.es

UPO
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What does the group do?

raescqui1@upo.es

UPO
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Where are we?

Renán Escalante
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Where are we?

Renán Escalante

Spain
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Where are we?

Renán Escalante

Seville
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Where are we?

Renán Escalante

UPO
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Where are we?
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LEDMOF - Measurements
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LEDMOF - Measurements
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LEDMOF - Measurements
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LEDMOF - Measurements
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Platform-Zero Concept



Optoelectronic Characterization Techniques

IV Curves

EIS

EQE
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Small Perturbation Techniques – Impedance Spectroscopy

Renán Escalante

The idea is to separate processes occurring at different time scales and 
loading conditions, and to simplify the kinetics (small perturbation à first 
order kinetics)

Transport time Recombination time
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voltage

cu
rre
nt

∆𝑉

∆𝐽

VDC

Linearity
The applied AC amplitude must be 
small enough so that the response of 
the cell can be assumed to be linear

Stability
The overall state of the system 
should not change during the 
acquisition of the data

Causality
The measured AC response of the 
system must be directly correlated 
to the applied AC stimulus

Normally, the first and the third conditions are met by tuning the perturbation:

Voltage amplitude (EIS) or illumination step (IMVS/IMPS)
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• in-situ technique
• Relatively simple equipment needed
• non-destructive (but beware!)
• Does not drive the system away from 

equilibrium/steady-state
• Makes it possible to distinguish 

individual processes

Study of the variation of total impedance of an electrically active 
system with the frequency of a small-amplitude AC perturbation

• Individual processes can appear 
overlapped

• Interpretation can be difficult
• Relies on the availability of a model 

(equivalent circuit) with physical basis

Advantages Drawbacks
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• in-situ technique
• Relatively simple equipment needed
• non-destructive (but beware!)
• Does not drive the system away from 

equilibrium/steady-state
• Makes it possible to distinguish 

individual processes

Study of the variation of total impedance of an electrically active 
system with the frequency of a small-amplitude AC perturbation

• Individual processes can appear 
overlapped

• Interpretation can be difficult
• Relies on the availability of a model 

(equivalent circuit) with physical basis

Advantages Drawbacks

1. Fix a voltage (DC) bias: V
2. Fix a voltage perturbation: ∆V
3. Scan different frequencies

(from high to low)(10−1−106 Hz)
4. Collect results
5. Analyze data
6. Interpret data (the tricky part!)

Most popular protocol: 



Small Perturbation Techniques – Impedance Spectroscopy

Renán Escalante

Impedance of simple circuit elements

Ideal resistor Z(ω) = ! "
#(")

= R Independent of frequency
R

Ideal capacitor I= !"
!#
= 𝐶 !$

!#𝑄 = 𝐶𝑉

V(ω) = ∆Vexp(𝑗𝜔𝑡)
I(ω) = ∆Iexp(𝑗𝜔𝑡 − 𝜑)

Z = |𝑍| exp 𝑗𝜑
Z(ω) = ! "

#(")
= !
"#$

Inversely proportional to frequency

C
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Impedance of simple circuit elements

Z(ω) = ! "
#(")

= R
Independent of frequency

R
𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔 𝐾𝑖𝑟𝑐ℎℎ𝑜𝑓𝑓%𝑠 𝑙𝑎𝑤𝑠:

Z(ω) = ! "
#(")

= !
"#$

Inversely proportional to frequency

C

Combination of circuit elements

Z1 Z2 𝑍 = 𝑍( + 𝑍)

Impedance in series:

Impedance in paralell:

Z1

Z2

1
𝑍 =

1
𝑍(
+
1
𝑍)
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Impedance of simple circuit elements

Z(ω) = ! "
#(")

= R
Independent of frequency

R

Z(ω) = ! "
#(")

= !
"#$

Inversely proportional to frequency

C

Impedance of a resistor-capacitor element (RC element)

𝑍*+ =
1
𝑅 + 𝑗𝜔𝐶

,(

𝑍*+ =
𝑅

1 + 𝜔𝑅𝐶 ) − 𝑗
𝜔𝑅)𝐶

1 + 𝜔𝑅𝐶 )

𝑅𝑒 𝑍*+ −
𝑅
2

)
+ 𝐼𝑚[𝑍*+]) =

𝑅
2

)

Im
ag

in
ar

y
pa

rt

Real partR/2

𝜔 → 0

𝜔 → ∞

R

C
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Impedance of simple circuit elements

Z(ω) = ! "
#(")

= R
Independent of frequency

R

Z(ω) = ! "
#(")

= !
"#$

Inversely proportional to frequency

C

Impedance of a resistor-capacitor element 
(RC element)

𝑍*+ =
1
𝑅 + 𝑗𝜔𝐶

,(

R

C

Time constant and characteristic frequency of a RC element

𝜏%(s) = 𝑅(Ω)𝐶(F)

Response to a small voltage perturbation

V t = 𝑉-(1 − exp
.
*+

)



Small Perturbation Techniques – Impedance Spectroscopy

Renán Escalante

Impedance of simple circuit elements

Z(ω) = ! "
#(")

= R
Independent of frequency

R

Z(ω) = ! "
#(")

= !
"#$

Inversely proportional to frequency

C

Impedance of a resistor-capacitor element 
(RC element)

𝑍*+ =
1
𝑅 + 𝑗𝜔𝐶

,(
R

C

𝜏%(s) = 𝑅(Ω)𝐶(F)

Z(ω) = / 0
1(0)

= ∆/567(0.)
∆8567(0.9')

→ 𝑍 exp 𝑖𝜑 = 𝑍′(𝜔) − 𝑖𝑍′′(𝜔)

Rser

R C

𝑍./ = 𝑅𝑠𝑒𝑟 +
1
𝑅
+ 𝑖𝜔𝐶

01



Is it useful?
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• 2C perovskite composition
• Cs0.10FA0.90PbI2.855Br0.145

• X% = molar% compared to Pb
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Special session: 

From Laboratory to Industry
Revolutionizing Photovoltaics with New 

Advanced Monitoring Approaches

Monday 9th September 2024

AI-based process 

monitoring for 

achieving zero-defect 

manufacturing in the 

PV industry 

(Platform ZERO)

Victor Izquierdo-Roca



Motivation: Complex fabrication of TF-PV devices
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CBD:
Carriers 
separation 
stack

Sputtering:
Front 
Transparent 
contact stack

Sputtering:
Absorber 
precursor

Annealing:
Light Absorber 
synthesis

Annealing:
System 
stabilization

Scribing:
Devices 
discretization 

Sputtering:
Metallic Back 
contact

Glass Substrate

PV device

Complex fabrication process involving: 
7 processes with >100 controllable parameters

Back Contact terminal 

5x5 cm2 sample 
#196 3x3mm2 Test-cell

Complex device (6 layers) 

with strong interaction between them 

EXEMPLE KESTERIE CASE



Motivation: Complex fabrication of TF-PV devices
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Deviated Process𝑃𝐶𝐸 =
𝐽𝑠𝑐 · 𝑉𝑜𝑐 · 𝐹𝐹

𝐿𝑖𝑔ℎ𝑡 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

QUESTION:

Which is the origin of the 
fluctuations? 
Can we do something?

𝑃𝐶𝐸 =
𝑃ℎ𝑜𝑡𝑜𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟

𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟

The performance of PV devices is defined as…
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When reproducing the fabrication process…..

… intrinsic deviations appear which  
difficult the technology research
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EXEMPLE KESTERIE CASE
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Technology 
Optimization 
strategies

Which is the 
technological 
limitation?

ML Training 
data 70%  

Structured database

Data 
fusion 

Data 
conditioning 

Database 
splitting

ML Model 
Testing data 30%  

AI semi-
supervised 

classification 
algorithm 

PCA Algorithm 
Unsupervised

dimension reduction

LDA Algorithm 
Supervised

dimension reduction

≈10000D

20D

2D

PV 
Technology 
limitation 

Descriptors (data signal)

Characterization 
techniques 

Data acquisition 
Automatization

Labels (Target)

Creation of 
classification criterion

Relevant device 
parameters 

descriptors 
validation 

Research and knowledge generation

research in 
relevant properties 

/ process steps

Identification of 
significant 
features 

Enric Grau-Luque, et al 
Accelerating the Development of Thin Film Photovoltaic Technologies: An Artificial 
Intelligence Assisted Methodology Using Spectroscopic and Optoelectronic Techniques,
Small Methods (2024) 2301573/17.

Motivation: Complex fabrication of TF-PV devices

EXEMPLE KESTERIE CASE
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Motivation: Complex fabrication of TF-PV devices

EXEMPLE KESTERIE CASE

RESEARCH

Deviation managed 

by lack of control 

over the TCO and 

CdS deposition.

CONCLUSION

PROBLEM

Use it to find 

more details
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Complex products: multi-process manufacturing, multi 

layers, with complex compounds materials with low tolerance 

to deviations

Product competitiveness requires 

- High yield and quality production

Batteries, PV, electrodes, optoelectronics, 

smart/functionalization coatings, plastics, etc…

Productions involves

- Highly complex technology 

equipment

- High value materials  

PV production can be 

highly automated and is 

Industry 4.0 ready. 

This pushes the industry to high levels of 

automation compatible with Industry 4.0

Thin films (I.e. CIGS) Crystalline Silicon

Multi-nano

layers device 

structure

Module 

technology

Main 

properties 

Market size BIPV (16.6 B$) Solar farms (61.4 B$)

PV industry

High performance High integrability 
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Production 

efficiency

Product quality R&D actions for product and 

process development and 

optimization  

Identification of process 

deviations origin 

Is
s

u
e

s

Move to first-time-

right production 

model 

Minimize production 

deviations & improve 

production parameters 

Advanced production 

control beyond standard 

process parameters 

monitoring

Fast development without 

impact on production 

C
h

a
ll

e
n

g
e

s

Environmental: reduction of production waste and reduction of high value materials use and energy consumption.  

Economic: increase the production eff (cost reduction) and improve the materials/devices quality. 

Solve these issues

Process monitoring and control helps surpass these challenges

How
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Technology 
Optimization 
strategies

Which is the 
technological 
limitation?

ML Training 
data 70%  

Structured database

Data 
fusion 

Data 
conditioning 

Database 
splitting

ML Model 
Testing data 30%  

AI semi-
supervised 

classification 
algorithm 

PCA Algorithm 
Unsupervised

dimension reduction

LDA Algorithm 
Supervised

dimension reduction

≈10000D

20D

2D

PV 
Technology 
limitation 

Descriptors (data signal)

Characterization 
techniques 

Data acquisition 
Automatization

Labels (Target)

Creation of 
classification criterion

Relevant device 
parameters 

descriptors 
validation 

Research and knowledge generation

research in 
relevant properties 

/ process steps

Identification of 
significant 
features 

Enric Grau-Luque, et al 
Accelerating the Development of Thin Film Photovoltaic Technologies: An Artificial 
Intelligence Assisted Methodology Using Spectroscopic and Optoelectronic Techniques,
Small Methods (2024) 2301573/17.

Motivation: Transference From Laboratory to Industry 



Project concept
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Current 

implemented 

at-line
Laboratory characterization: detailed materials morphology and performance characterization  

Significant delays lead to slow feedback to the production line.

Fabrication parameters: pressure, temperature, process times, concentration, atmosferes, etc… Process 

inspection 

Composition Vision 

inspection 

Composition 

reflectance 

Vision 

inspection 

Device 

performance 

Current 

implemented 

In-line

Materials 

inspection 

No complete inspection of the fabricated materials.
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Customizable AI-based in-line process monitoring 

platform for achieving zero-defect manufacturing 

in the PV industry (Platform-ZERO)

2023 start a HE project focused on developing  this 

platform

➔ Consortium: 11 partners (6 counties) 

5 companies (metrology, Inovation and PV industry)

6 Research centers

➔ Budget: 10M€ budget

➔ Duration: 4 years 1st January 2023 – 31st December 2027

➔ Validations (TRL 7): 4 demosites in industrial environment 

Objective: develop and validate in real conditions a customizable spectroscopic and 

vision based process monitoring platform for PV industry  



Project concept
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In-line

Current 

implemented 

at-line
Laboratory characterization: detailed materials morphology and performance inspection  

Materials 

inspection 

Adaptation and Integration of laboratory at-line inspection in-line

(spectroscopic, imaging, optoelectronic characterization)

Fabrication parameters: pressure, temperature, process times, concentration, atmosferes, etc… Process 

inspection 



Project concept
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In-line

Materials 

inspection 

Adaptation and Integration of laboratory at-line inspection in-line

(spectroscopic, imaging, optoelectronic characterization)

Automatization of sensors operation and manufacturing the ADV-SS 

Manage and storage the data, and system control 

Data processing a prediction ➔ interaction with the production 

Fabrication parameters: pressure, temperature, process times, concentration, atmosferes, etc… Process 

inspection 



Project concept
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Platform development

14

Future full Integration in 

production

(Commercial exploitation)

Development and validation in the project 



Platform development
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Based in:

➔ And artificial intelligence that 
process and propose decision 
making 

➔ Big data-base to manage the 
information

➔ Control unit that centralize the 
information 

➔Multiples multisensory station 
after each production steps

This allow the fast detection and correction of production deviations 
➔ reducing production defects and waste

Flexible holistic process monitoring and control platform 



FUTURE industrial transference
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Full integration in Platform-

Zero pilot lines  New PV technologies

Silicon 

Organics

Etc.

Batteries

General Smart coatings

Functional materials 

Etc.

Smart sorting in recycling



Project concept
Pilot-lines where demonstrate the process monitoring platform 
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Pilot Line

Pilot line objective
Technology Demonstration 

/ optimization

Technology 

Demonstration/ 

optimization

Production Production

Products Oxide based smart coating High eff CIGSe PV Customizable CIGSe PV
Customizable Perovskite 

PV

Product Image 

Production process Discontinued (batch) Sheet-to-Sheet (StS) Roll-To-Roll (RtR) Front end of Line (FEOL)

Different type of industries in terms of:

PV products, Production methods, materials fabrication, and samples 

transference 

Demonstration of suitability of Platform-Zero process 

monitoring platform 

Research Pilot-line (Laboratory to Industry) Industrial Pilot-line 
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The methodology successfully achieve the S&T objectives is based on four project development phases:

Identification of 

requirement 

Development of the 

components 

Implementation of 

the PMC systems 

PMC Testing 

and validation 

TRL7

Intermediate

Objective
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Compact modular 

Lab-industrial 

Sensors 

DB

1st set of reference 
samples 

AI

DB

AI

1st generation  

Database 

creation

1st generation 

AI system 

Multiplexed 

sensor  Adv-SS stations 

design and 

implementation  

Laboratory sensors 

characterization 

1st and 2nd set of 
reference samples 

2nd generation  

Database creation

2nd generation of 

optimized AI system 

Adv-SS control Data acquisition 

control 

DB 
System 

S
p

e
c
if
ic

a
ti
o

n
s
 (

P
H

A
S

E
-1

)
PHASE-2 components 

development 

PHASE-3 Installation 

PHASE-4 Validation

Methodology
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First operative system

TEST system for 5x5 cm2:

1. RAMAN 633nm

2. SPECTRAL 

PHOTOLUMIISCENCE 

3. VISION/ REFLECTANCE 

IMAGING

4. SPECTRAL REFLECTANCE

Update for December

➢ Electrolumincence

➢ IV

➢ Discret EQE

➢ Raman/PL 405 and 532 nm

Upscale to 15x15 cm2 samples

Automatic X-Y Sample Translation System"

Validation of Industrial Sensors ➔ Application to Accelerated Research



THANK YOU

@PLATFORMZERO_EUPLATFORM-ZERO WWW.PLATFORM-ZERO-PROJECT.EU

Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do 
not necessarily reflect those of the European Union or European Health and Digital Executive Agency (HADEA). 

Neither the European Union nor the granting authority can be held responsible for them.

Contacts for additional information and collaboration

Steven Ortiz jsortiz@irec.cat Maxim Guc mguc@irec.cat Victor Izquierdo vizquierdo@irec.cat

Customizable AI-based in-line process monitoring platform for achieving zero-defect 

manufacturing in the PV industry (Platform-ZERO)
January 2023 – December 2026
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Reading Photons – Spectroscopic 
Characterization for Process Monitoring 
Methodologies Development 
 
Dr. Maxim Guc

Ramón y Cajal 2022
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• Type of spectroscopies
• Parameters of a spectroscopic signal
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Introduction 

Spectroscopy is the field of study that measures and interprets electromagnetic spectra.

The main result is dependence of intensity of an electromagnetic wave from energy (mostly).

In
te

ns
ity

(a
rb

.u
., 

ct
s/

s,
 …

)

Energy
(eV, Hz, cm-1, nm, …)

3

What is spectroscopy?



Introduction 

Type of spectroscopies

Elemental
analysis

Reactivity
analysis

Chemical
bond type

Molecular
orientation

Molecular
connectivity

4

Mossbauer
X-ray absorption

X-ray fluorescence
X-ray photoelectron

Auger electron UV/Vis absorption
UV/Vis transmission

UV/Vis reflection
Luminescence

Raman

IR transmission
IR reflection

Electron spin resonance
Nuclear magnetic resonance

Raman



Introduction 

Type of spectroscopies

In
te

ns
ity

(a
rb

.u
., 

ct
s/

s,
 …

)
Energy

(eV, Hz, cm-1, nm, …)

Spectrally resolved signal

5

IREC’s standard techniques:
- X-ray fluorescence 

mapping
- Multiwavelength Raman

mapping, low temperature, anti-Stokes, polarized
- Multiwavelength Photoluminescence

steady-state, mapping, low temperature
- UV/Vis Transmittance

mapping spectral, imaging
- UV/Vis Reflectance

mapping spectral, imaging
- Electroluminescence

spectral, imaging
- Thermography

imaging



Introduction 

Parameters of a spectroscopic signal
Spectrally resolved signal

WHAT:

1 Intensity

2 Energy

How much signal of the light with the 
specific energy we get

Absolute Relative

At which energy the 
signal was detected

3 Shape

How signal looks like

FWHM Asymmetry Slope

4 Integrated intensity

What spectral range 
defines the signal

Intensity * Shape

6



Introduction 

Parameters of a spectroscopic signal
Spectrally resolved signal

HOW:

1 Intensity

2 Energy

3 Shape
4 Integrated intensity

Decompose to individual 
peaks/bands:

Fitting with Lorentzian, 
Gaussian, Voigt, … functions

Calculating global/local maximum

Calculating position of 
global/local maximum

Calculating difference between 
positions at X% of the global/local 

maximum

Integrating intensity in the 
defined spectral range

7
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Development of a process monitoring methodology 
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General approach

Fabrication of 
reference sets of 

samples

Combined 
characterization Database

Data analysis:
analytic + 

AI

Identification of 
quality control 

parameters

Process 
monitoring 

methodologies
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General approach
Fabrication of 

reference sets of 
samples

Combined 
characterization Database

Data analysis:
analytic + 

AI

Identification of 
quality control 

parameters

Process 
monitoring 

methodologies

Clear variation of a 
property

1) Combinatorial samples
2) Samples with non-desired
variations
3) Samples with standard
fabrication conditions and with
controlled deviations
4) Complete devices
or stopped after specific
process

Requirements for combined techniques:
 Non-destructive
 Mappings by robotization and/or

XYZ stages

 Reasonable measurement time
 Compatible measurement area
 Automation of data processing

Combination of different measurement techniques

*R. Fonoll-Rubio et.al., Solar RRL 6 
(2022) 2200235.
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General approach
Fabrication of 

reference sets of 
samples

Combined 
characterization Database

Data analysis:
analytic + 

AI

Identification of 
quality control 

parameters

Process 
monitoring 

methodologies

Combination of different measurement techniques
Clear variation of a 

property
1) Combinatorial samples
2) Samples with non-desired
variations
3) Samples with standard
fabrication conditions and with
controlled deviations
4) Complete devices
or stopped after specific
process

*R. Fonoll-Rubio et.al., Solar RRL 6 
(2022) 2200235.

IREC’s combined characterization platform
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General approach
Fabrication of 

reference sets of 
samples

Combined 
characterization Database

Data analysis:
analytic + 

AI

Identification of 
quality control 

parameters

Process 
monitoring 

methodologies

Find specific spectra features or use AI for data classificationCoherent database

Object in data file
Sample[X].Position[x,y].Technique[t].

Pixel[xp,yp]

t=0 - Visual sub-image 
t=1 – Raman spectra
t=2 – Reflectance spectra
….

Methodologies

An
al

yt
ic

al

Machine 
learning
Machine 
learning

AI
-b

as
ed

As

Aref
𝑞௧ =෍ 𝐴௦ 𝑥 − 𝐴௥௘௙(𝑥)

௫

75 nm

Continuous

Discreet

*E. Grau-Luque et.al., Small Methods (2024) 2301573. *E. Grau-Luque et.al., Progress in Photovoltaics 30 (2022) 229.
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Examples

No RbF-treatment RbF-treatment at 490°C

RbF-treatment at 520°C RbF-treatment at 540°C

Monitoring the RbF-PDT on the surface of Cu(In,Ga)Se2

~150 × 4 solar cells

300ºC 490ºC 520ºC 540ºC

13
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(Rb-free)

 Mean ± 1 SD
 Min~Max
 Median Line
 Mean
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V
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lex = 632.8 nm

A150-165

A238-260
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R
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e
 Q

Y
 (

ct
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Energy (eV)

 300ºC (Rb-free)
 490ºC
 520ºC
 540ºC

lex = 632.8 nm 1.13 eV

Raman and PL under 632.8 nm

IV of each cell

DATABASE

~600 IV data
+

~2400 Raman 
spectra

+
~2400 PL spectra

*R. Fonoll-Rubio et al., Adv. Energy Mater. 12 (2022) 2103163

5 mm
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Examples
Monitoring the RbF-PDT on the surface of Cu(In,Ga)Se2

150 200 250 300

A205-233

ACIGSe
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Raman shift (cm-1)

 490ºC
 540ºC
 Difference

lex = 632.8 nm(a)

A150-165

A238-260

x5

0.9 1.0 1.1 1.2 1.3
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1.14 eV

R
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Energy (eV)
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 490ºC
 520ºC
 540ºC

(a) lex = 632.8 nm 1.13 eV

*R. Fonoll-Rubio et al., Adv. Energy Mater. 12 (2022) 2103163



Development of a process monitoring methodology 

15

Examples
Monitoring the RbF-PDT on the surface of Cu(In,Ga)Se2

*R. Fonoll-Rubio et al., Adv. Energy Mater. 12 (2022) 2103163
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Examples
Monitoring the RbF-PDT on the surface of Cu(In,Ga)Se2

 Raman 
 PL 

 RbF PDT temperature

Descriptors

Target

*R. Fonoll-Rubio et al., Adv. Energy Mater. 12 (2022) 2103163

-8 -6 -4 -2 0 2 4 6 8 10

-4

-2

0

2

4

6

Train Test
  300°C (Rb-free)
  490°C
  520°C
  540°C

D
2
a

D1a

300°C

490°C
520 °C

540°C
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Examples
Monitoring the RbF-PDT on the surface of Cu(In,Ga)Se2

Device structure
SLG (3mm)/Mo/CIGS/CdS/i-ZnO/AZO/Ni-Al Grid

Device fabrication

 30x30 cm2 STS In-line Co-evaporation of 
Cu(In,Ga)Se2 on Molybdenum Glass substrates

 in-situ PDT with RbF (controlled by RbF-PDT 
source temperature)

Measurement conditions
 Concomitant measurement of Raman and PL spectra
 Assessment of PDT quality in 30x30 cm2 sample in 5 min
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Examples
Assessment of crystallographic orientation in Sb2S3

10 20 30 40 50 60 70 80 90
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800400
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 Sb2S3 (Crystal)
200

*V. Rotaru et al., iScience 27 (2024) 109619

Materials properties are 
different along and cross to 

ribbons orientation

Sb2S3 single crystalline mineral

XRD diffractogram of the 
biggest surface
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Examples
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Multiwavelength Raman Low temperature Raman DFT calculations

*V. Rotaru et al., iScience 27 (2024) 109619

Assessment of crystallographic orientation in Sb2S3
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Examples

100 150 200 250 300 350 400
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Sb2S3 [Crystal]
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 Experimental (Crystal)

a [°]

𝛼ᇱ = −16.80 + sinିଵ(0.97 × 5.00 × 𝐴 − 1.66)

*V. Rotaru et al., iScience 27 (2024) 109619

Assessment of crystallographic orientation in Sb2S3



Conclusions 

21

Fabrication of 
reference sets of 

samples

Combined 
characterization Database

Data analysis:
analytic + 

AI

Identification of 
quality control 

parameters

Process 
monitoring 

methodologies

Clear variation 
of a property

Combination of 
different 

measurement 
techniques

Coherent 
database

Find specific spectra features that 
correlates with the varied property or 

use AI for data classification
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Customizable AI-based in-line process monitoring platform for achieving zero-defect 
manufacturing in the PV industry (Platform-ZERO)
January 2023 – December 2026 http://www.platform-zero-project.eu/

Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not necessarily reflect 
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authority can be held responsible for them.
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