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Pollution of water q«% i

Pollution source of groundwater and seawater

nitrate herbicide hydrocarbons
pesticide Pharmaceutical products toxic heavy metal
nitrogen compounds bacteria, virus radioactive substances

Rapid growth of the population, the development of industry and agriculture
significant decrease in the quality of air, water and soils.

—

Environmental Context : Detecting and monitoring pollution in water bodies
is a necessity for our current societies

03/12/2024 The project has received funding from the European Union’s Horizon Europe Framework Programme under grant agreement No 101092723.




Monitoring water bodies quality and the
evaluation of remediation

European issues concerning the development

of innovative environmental multisensors

1. Develop of modular multisensory device integrating interchangeable
sensors that can be manufactured in accordance with green principles.

2. Achieve real-time monitoring of multiple potential organic contaminants
in various water body forms , including rivers, lakes, and oceans especially
in case of accidental pollution

3. Automated in situ multivariate analysis of contaminants in various water
body forms and wastewater treatment plants

03/12/2024
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Innovative environmental multi-sensing for waterBody quAlity | bﬂ,.@-;l@ﬁo_
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Sensor based on infrared spectroscopy 'T‘%w

IR

Mid-infrared range — Detection of bio-chemical molecules

Mid-infrared range contains the absorption bands related to the vibrations of organic molecules :
functional group region (> 1500 cm™?) and fingerprint region (<1500 cm™, > 6.7 um)

Wavelength (um)
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Atmospheric < >

80 | windows

Atmospheric
transmission (%)

Functional group OHNH NO GG [NO [ CGC

spectral fingerprint El BN &

security
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Sensor based on infrared spectroscopy 'f%"

EIEN

|dentification and quantification of (bio)-chemical molecules have interdisciplinary significance,
spanning areas such as security, health, environmental monitoring

R @zgfx -
sarin
mustard O

? aromatics
’ t aluemz TATP gglucose

7 ' 9 ' 1 13 | 15
Wavelength (um)
The challenge for mid-infrared sensors lies in the transition from benchtop to microchip.

Fully integrated sensor

Increasing scientific interest : mid-infrared photonic circuits for optical sensing applications.
Significant progress : optical sources (QCL, supercontinuum sources) and mid IR detectors

03/12/2024 The project has received funding from the European Union’s Horizon Europe Framework Programme under grant agreement No 101092723.




Optical IR Sensor for water monitoring -:o%’.om

D25

* Challenge: Monitoring Accidental pollution and wastewater remediation

* Impact: Affects microbial and aquatic flora, leading to health and environmental problems.

Importance of Monitoring Organic Compounds
* Monitoring organic compounds in water is crucial for ensuring public safety.

* A series of techniques (like GC-MS) whose accuracy and analysis speed vary, mainly on laboratory scale.

Challenges in Real-World Applications
* Difficulty identifying specific molecules in mixtures
* Sensitivity and selectivity problems in environmental samples

* Need for reusable and renewable sensors to avoid fouling..
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Material Selection ‘f‘%"l
Integrated optical circuits offer several advantages, such as lower manufacturing costs and é":'
compact packaging, but require Mid-IR transparent materials

Chalcogenide Glasses

broad transmission range (Vis-IR)

high refractive index (2-3)

high non-linear refractive index
photosensitivity

selenium shaping ability (fiber, thin film)
s 78.09 Te

sulfur tellurium
32.06 127.60

phase change materials
ability to be rare earth doped

Based on Ge, As, Sb, Ga, In, Si, P

03/12/2024 The project has received funding from the European Union’s Horizon Europe Framework Programme under grant agreement No 101092723.




Material Selection

Chalcogenide Glasses

Arsenic-containing chalcogenides
would be unacceptable
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Chalcogenide glasses synthesis

Chalcogenide Glasses Synthesis

(GeSe,) 00, (Sb,S€3),

Glass system

Refractive index

cutting
polishing

-~

o
8

target @50mm

Wavelength (nm)
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Chalcogenide thin films .f%

Elaboration of chalcogenide sputtered thin films

RF magnetron sputtering
control of composmon and thlckness good homog_enelty

80 mm
/))
_‘ prism ZnSe

Si substrate BK7 substrate

03/12/2024 The project has received funding from the European Union’s Horizon Europe Framework Programme under grant agreement No 101092723.




Chalcogenide thin films -:«%“.

Characterization of sputtered thin films

Experimental Design Allowing fast optimization of chalcogenide film deposition

Doehlert design Determine the influence of deposition parameters
response surface To develop an optical integrated system with appropriate characteristics
methodology
Characterization/Response
Parameters Chemical composition T o ot Lo
RF power Bandgap energy LB o
Ar pressure NIR and MIR refractive index . | ”
Deposition time Deposition rate 2 TR
Roughness I |

Baudet, E., Experimental design approach for deposition optimization of RF sputtered chalcogenide thin films devoted to environmental optical sensors. Scientific Reports 2017, 7 (1).

03/12/2024 The project has received funding from the European Union’s Horizon Europe Framework Programme under grant agreement No 101092723.




Chalcogenide thin films T%'a
(GeSe,) ;g0 (Sb,Ses), (GeSe,)oq.. (Sb,Se,). - l@b

cladding layer quiding layer .
=x =10 ax =50 cladding layer quiding layer
-2.5<AGe<3.5 0.7 <AGe < 3.5 =x=10 °x=50
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To allow Mid-IR propagation in optical waveguide

Thick layer deposition To reduce optical losses

-> low surface roughness required
Deposition parameters set
— no compositional drift
— even with extended deposition time
high Ar pressure + intermediate RF power
—> composition close to target composition

Ar pressure is the most influential factor

Surface roughness decreases for
a short time deposition and intermediate RF power

Baudet, E., Experimental design approach for deposition optimization of RF sputtered chalcogenide thin films devoted to environmental optical sensors. Scientific Reports 2017, 7 (1).
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Chalcogenide thin films Omsc;
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Amorphous Structure versus Ar Pressure

Raman and XPS sputtered films analysis

Presence in films of defects
(Ge-Ge, Sb-Sb(Ge))

— -
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Structure of thin film closer to bulk

11 Ge,Sb, Se,, 001 — “"W glass at higher pressure ([GeSe,,]

1 éO 2(I}Cl 2é0 300 350 150 200 300 350 .
Wavenumber [cm”] Vaverimbors () tetrahedra, [SbSe; ;] pyramids)

1- Baudet, E. et al, Structural analysis of RF sputtered Ge-Sb-Se thin films by Raman and X-ray photoelectron spectroscopies. J. Non-Cryst. Solids 2016, 444, 64-72.
2- Baudet, E. et al, X-ray photoelectron spectroscopy analysis of Ge—Sb—Se pulsed laser deposited thin films J. Am. Ceram. Soc. 2018, 101 (8), 3347-3356

The project has received funding from the European Union’s Horizon Europe Framework Programme under grant agreement No 101092723.
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Elaboration of MIR structure -t%omf
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Micro-patterning of chalcogenide «

| .{ %
UV Exposition (A=365 nm)

MIR optical waveguide "h°t°“”;;§fkph‘c\iiii
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Photosensitive Resist

Objective Guiding layer
. . . Confinement layer
Fabrication of Photonic
Integrated Circuit PIC Si
o 1 1 Chalcogenide Induction, Development CHF; plasma Removing
stra Ight sidewalls sputtered thin films insolation UV Etchaing (RIE) resist with O,
o [ow roughness plasma

optimization of experimental parameters
(power, gas nature, gas flow...)
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Undoped ChG

Doped ChG

L. Bodiou, etal, Carbon dioxide mid-infrared sensing based on Dy3+-doped chalcogenide waveguide photoluminescence, Opt. Lett. 48(5) (2023) 1128-1131
E. Delcourt, et al, Self-phase modulation and four-wave mixing in a chalcogenide ridge waveguide, Optical Materials Express 10(6) (2020) 1440-1450.

Gutierrez-Arroyo, A. et al, Optical characterization at 7.7 um of an integrated platform based on Chg waveguides for sensing applications in the mid-infrared. Opt. Express 2016, 24 (20), 23109
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Microscope Mid-IR
objective Detector

Mid-IR tunable ] chalcogenide

Broadly tunable QCL sources covering
A=3.9-4.7 um (QCL1) ' .

A=6.9-9um (QCL2, QCL3, QCL4)  Top view fiber-waveguide light coupling  propagation losses in Mid-IR of Se, on Se, waveguide
Cutback method
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~5 dB/cm losses from A =4 to 4.4 um

Transparency up to 9 um
Losses increase induced by the fluorine-based etching
Min losses = 2.5 dB/cm atA = 7.5 um

Top view sample IFoton 30.0kY x6.00k S&
Chg waveguide
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Sensing: Liquid sensing experiments -:%omf
D38,

Sensing platform

Acetonitrile diluted

= in Ethanol =  in Water
= 3
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PDMS fluidic cells are bounded to control the interaction length

03/12/2024 The project has received funding from the European Union’s Horizon Europe Framework Programme under grant agreement No 101092723.




Sensing: Liquid sensing experiments

Peak of absorption at A = 4,28 um

Acetonitrile diluted in Ethanol Acetonitrile diluted in Water
1.100 1.100
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©
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Sensing: Liquid sensing experiments s
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Isopropanol diluted in Acetonitrile

El
& 403 Fixed wavelength at A = 7,46 pum
- 094 Wavelength scan |- v
o .
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* interaction length: 5.8 mm
* LoD: 610 ppm
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Functionalisation of chalcogenide transducer ':%-*""*“

Detection of organic molecules requires - .l'@:'
hydrophobic material coating onto the waveguide surface

Objectives [N Attenu§t|on of water signal
> Extraction of the analyte from polluted water

Attenuated Total Reflectance (ATR)
l Flow : 3mL/min I

PIB film

ZnSe Prism

InfraRed Detector
source

03/12/2024 The project has received funding from the European Union’s Horizon Europe Framework Programme under grant agreement No 101092723.




Functionalisation of chalcogenide transducer “’Ba"-‘

Detection of organic molecules requires o J‘é‘:.
hydrophobic material coating onto the waveguide surface

Objectives [N Attenuz.atlon of water signal
o Extraction of the analyte from polluted water

Flow Flow

Polyisobutylene (PIB)

HsC CHa
n

- Optimization of polymer deposition parameters on ZnSe prism Contact angle measurement
a UNIVERSITY ) close to expected value (100-110°)
“1fremer OF PARDUBICE —> Decrease of water absorption

03/12/2024 The project has received funding from the European Union’s Horizon Europe Framework Programme under grant agreement No 101092723.




Regeneration of PIB film to extend its life cycle (ﬁo'p o

Water Flow ,fva'l :.

9

Importance of Reusability

*Minimizes environmental impact
and extends sensor life cycle.

*Contrasts with single-use sensors
in health and pharmacology.




Functionalisation of chalcogenide transducer

Aromatic Hydrocarbon Detection

benzene - toluene - xylenes
Range 40 ppb — 100 ppm

oRele o Re

Benzene Toluene Ortho-xylene Meta-xylene

quickly detected
simultaneously

Absorbance
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M. Baillieul'et al., Surface Functionalization with Polymer Membrane or SEIRA Interface to Improve the Sensitivity of
Chalcogenide-Based Infrared Sensors Dedicated to the Detection of Organic Molecules, Acs Omega 7(51) (2022) 47840-47850.
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Digs
Aromatic Hydrocarbon Detection

(=]
A \%4}
-

Water spiked with benzene
ATR-FTIR flow cell using PIB film deposited Y

(11.48 ppm), toluene (0.76 ppm),
on GeSbhSe: ZnSe prism ortho-(3.08 ppm), meta-(6.04

ppm), and para-xylenes (11.88
ppm) for different time
enrichment (from 0 to 90 min).

o
(o]
®
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(]
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1

m-xylene@767

benzene@674
o-xylene@741

0.03 %
Rapid and s plex and natural water 7 {I | 5
* All hydrocarbons detected after 10 min enrichment 001
* Wavenumbers of peak are in agreement with previous results 0.00 1 —

! I I ! |
700 750 800
Baillieul, M. et al, Toward Chalcogenide Platform Infrared Sensor Dedicated to the In Situ Detection of Aromatic Wavenumber (cm’")
Hydrocarbons in Natural Waters via an Attenuated Total Reflection Spectroscopy Study. Sensors 2021, 21 (7), 2449.
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Sensor based on infrared spectroscopy -c«%w

PIC Evanescent wave Spectroscopy

i ,'_;r.r N
_ Evanescent Polymer

Detector

Polymer 2o ’ "' & ‘_Eanescent

Detect .
erector Propagation of the MIR The evanescent wave detects
light - pollutant molecules that diffuse on

in the waveguide the surface of the waveguide

Transfer to
Selenide
waveguide

PIB or EPco on ZnSe prism PIB on chalcogenide MIR sensor PDMS microfluidic device grafted onto the microstructured
for ATR FTIR spectroscopy for Evanescent wave spectroscopy chalcogenide substrate and PIB polymer coating filled with water

03/12/2024 The project has received funding from the European Union’s Horizon Europe Framework Programme under grant agreement No 101092723.




Conclusion and Perspecti e Hesron -:%m,

europe Do

Photodetector Chg Transducer

MIR microsensor based  petectin
on chalcogenides > LOD 250 ppb // 26 ppb
platform

-> natural and complex waters (e
Surface Functionalization
Hydrophobic polymer
-> increase sensitivity
icro-patterning and Light injection
Ridge waveguide
-> IR light confinement

MIR structure
Refractive index contrast

-> IR light propagation

Thin Films
RF magnetron sputtering

-> appropriate experimental parameters
Chalcogenide Glasses
GeShSe

- large transmission range
-> high refractive index

O|mr .. A\ Argotech l '

(@ SCIRPE S

’—-—— e Group Wastewater treatment
SCIRPE | for rural communities




Acknowledgements -:@am.
M JoETEN
Module 1 : Mid-IR sensor

Funding bodies -\|\|//- Rennes Material Sc:ences & Phott:t:‘c:“'
horizon N University sc'e'”'ﬁﬁiﬁ'é'ﬂ’éﬁﬁﬁi @n
Jro Pe Academic Partners Companies Partners

@

mr . A\ Argotech

Q@ Ai[eZe] microLIQUID
brg DUISBURG PHOTONICS

UMONS Cedre @ SCRE

tttttttttttttttttttttttt

University of Mons SCIRPE | for rural communities

alll

French Research Agency




Acknowledgements «Ons:.
: [N

R. Chahal?, R. Kadar Ismail®¢, C. Boussard-Pledel?, A. Benardais?
S. Meziani?, A.Hammouti®, J. Lemaitre®, L. Bodiou® et J. Charrier®
aUniv Rennes, CNRS, ISCR - UMR 6226, Rennes, France,

b Univ Rennes, CNRS, Institut FOTON - UMR 6082, Laani.nn F‘P —

R. Courson€, K. Boukerma¢, O. Fauvarque® IH‘H‘Q
Ifremer, RDT, F-29280 Plouzané, France

M. Vrazeld3, M. Bouska® P. Némec¢

d Dept. of graphic arts and photophysics,

Faculty of chemical technology, Pardubice University
Pardubice, Czech Republic

W. Giraud', S. Le Flochf, P. Michelg, K. Michel®
¢ BRGM, Orléans, france, f CEDRE, Brest, France, 8SCIRPE, Sainte Foy les Lyon, France
G. Maisonh, M. Carras”, K. Milczarek’, W. Kotkowski'

h Mirsense, Campus Eiffel, Orsay, France,
'VIGO, Ozarow Mazowiecki, Poland In green PhD Students

03/12/2024 The project has received funding from the European Union’s Horizon Europe Framework Programme under grant agreement No 101092723.




e

g

e-mail : virginie.nazabal@univ-rennes.fr

The project has received funding from the European Union’s Horizon Europe Framework Programme under grant
agreement No 101092723.

UK participants are supported by UKRI grant number 10062902.

Views and opinions expressed in this communication are those of the author(s) only and do not necessarily reflect those
of the European Union or UKRI. Neither the European Union nor UKRI can be held responsible for them.



	�����Verres de chalcogénures �et microcapteurs environnementaux
	�����
	Diapositive numéro 3
	Diapositive numéro 4
	Horizon Europe – IBAIA project
	Diapositive numéro 6
	Diapositive numéro 7
	Diapositive numéro 8
	Diapositive numéro 9
	Diapositive numéro 10
	Diapositive numéro 11
	Diapositive numéro 12
	Diapositive numéro 13
	Diapositive numéro 14
	Diapositive numéro 15
	Diapositive numéro 16
	Diapositive numéro 17
	Diapositive numéro 18
	Diapositive numéro 19
	Diapositive numéro 20
	Diapositive numéro 21
	Diapositive numéro 22
	Diapositive numéro 23
	Diapositive numéro 24
	Diapositive numéro 25
	Diapositive numéro 26
	Diapositive numéro 27
	Diapositive numéro 28
	Diapositive numéro 29
	Diapositive numéro 30
	Diapositive numéro 31
	Diapositive numéro 32

