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Context

Thermal imaging is still a growing market

...even more than expected TRECERENEE
o RESEARCH THERMAL IMAGING MARKET SIZE, 2022 T0 2032 [USD BILLION)
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\ a Source: www.precedenceresearch.com

Progressive improvement and miniaturization of detectors, electronics and optics

Need for cheaper, more efficient materials
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Thermal imaging .

Based on the detection ¢/

transmission
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Monochromatic luminescence energy

» Needs for materials transparent in these IR bands
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ntroduction to GRIN

Single Crystalline Ge

Chalcogenide glasses

* Expensive
* Needs diamond grinding * Transparent from 800nm-16um
* Cheaper
* Shaping by molding at T>Tg (lenses,
fibers..)

* Synthesis in silica tubes

Polycrystalline ZnSe * Weaker mechanical properties

* Synthesized by CVD
* Shaped by mechanical grinding

GASIR1® (Ge,,As,,Sesg)
glass lenses, UMICORE
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Crystallization

Introduction to GRIN
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ntroduction to GRIN

| Rawoloments g Sealing under

vacuum

Se Ge

Ga/ Sb Alkali halide

\_ v

Glass synthesis
Melting-quenching technique

Alternative technigue:
Mechanical milling/Flash sintering
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Introduction to GRIN

Classical Lenses . i) .

- Homogeneous refractive index v, ———Ji et
L . . // \\

- Optical power is given by curved surfaces = E
- Combination of multiple lenses to obtain high-quality image "
Main drawback : size of the optical system in case of compact equipment

./' —

| =

| = e —

=
\ \ \
\ I

\ 7.50 mm

_ _ Conventional, homogeneous SWIR-LWIR optical design
GASIR® Lenses Optical device

Boyd, A. M. Optical design of athermal, multispectral, radial GRIN lenses.
(International Society for Optics and Photonics, 2017).
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Introduction to GRIN

7. min
l —

System composed of homogeneous materials System composed of GRIN materials and
and aspherical surfaces (green) aspherical surfaces (green)

OBJECTIVE

Q Reduction of the SWAP(Size and Weight &
Power) for the IR optical systems

Journées Verre 2025, Roscoff, 6 Novembre 2025 8




Introduction to GRIN

GRIN Lenses

- Refractive index varies spatially
- Focus light by changing the refractive index of the lenses

- @Giving more freedom for the optical design such as simple shape
- correct efficiently thermal and chromatic aberrations

Advantages :

- Reducing number of lenses in the optical device
- Lowering size, weight, and cost of the camera

n

A flat GRIN lens focuses light by changing the refractive . . .
index Multispectral GRIN lens optical design
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Introduction to GRIN

2 main types of GRIN used in chalcogenide glasses:

Axial Gradient Radial Gradient

Several manufacturing techniques :
- T h erma | p 0| | N g [Lepicard, A. et al. Long-lived monolithic micro-optics for multispectral GRIN applications. Sci. Rep. 8, 7388 (2018)]

. . [Kang, M. et al. Refractive index patterning of infrared glass ceramics through laser-induced vitrification. Opt. Mater.
- Laser irradiation gyyess 8 27222733 (2018)]
[Gibson, D. et al. IR GRIN optics: design and fabrication. in Advanced Optics

- Inter-diffusion between different layers of glasses %, s anpications: UV throuah LR 1 10187, 1018108, 2017)]

1/ Controlled crystallization

Our methods to develop radial GRIN: .
- 2/ lonic exchange
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ntroduction to GRIN Crystallization

Why controlled crystallization ?

Crystals created in the glass can induce a variation of the refractive index

Create a bulk glass-ceramics where the two states coexist :
- Glassy matrix

B Crystals Refractive % Residual
index Glass
A A

n

glass-ceramics —f —

ngh . Glass ngh .
crystallization crystallization
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Crystallization

First approach:

Determination of the variation of refractive index during crystallization

% Ga
0y 100

Study of the ternary system : Ge - Ga - Se

20 80

40 60

» 80 GeSe,- 20 Ga,Se,

60

Wm
80/\/W\20
[ [ -
Method used for controlled crystallization: mOW .

1. Synthesis of the glass by melt/quenching method wse oo W %0810 o

2. Crystallization in ventilated furnace at T > T, (usually Tg+30°C)
L. Calvez, Comptes Rendus Physique, 18, 2017
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Crystallization

Annealing time — - Good IR transmission (MWIR and LWIR) until 48 hours

Tg+30°C : 380°C
@Tg - 2 crystals phases are generated and observed by XRD

] . ————— e and 32| hours, diffraction peaks at
l///" 20 = 28°/4 et 56°
3 ] — iEase — Crystal pha.se Ga,Se;
> "ﬂﬁll ‘ === 8Rh \
g - /] —3%h  After 48 hours,\yeneration of new crystal phase
= [l =480 \ith diffraction pRaks at 26 = 15, 25° et 32 °
freosioriimeptiial = Sh -
‘ N ey > Crystal pgse GeSe,
O P Y O

20 25 30 35 40 45 50 55 B0 66 705 %989210 12 14 16 18
20 () Wavelength (um)

13
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Crystallization

Generation of crystals within Variation of the refractive index measured
the glassy matrix by Metricon (M-line technique)

@ 1.311 and 1.551 pym

2,450 T T T T T T g T g T u T u T
2,445 -
ey - Significant variation of the refractive index (+ 0.032)
w 2,435 _
o - between the base glass and glass-ceramics 32h
c 2,430 - )
S as » Corresponding to Ga,Se; phase
= ’ 7
g 2,420 1
& 2,415-
2410_ nat1,311 pm Th . .
S nat 1,551 um - en, decrease of the index after 48h of annealing
s > Generation of GeSe, phase
2,400 ———T — T

0 10 20 30 40 50 60 70 80
Annealing time (hours)
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ntroduction to GRIN Crystallization

Challenges to tackle
Create a heterogeneous bulk glass-ceramics with: Refractive
- Nanopatrticles (for transparency) neex

- Highest rate of crystals on the edge
- Still amorphous in the center n

glass-ceramics _|

glass -

ng.h . Glass ng.h .
crystallization crystallization
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How to induce a gradient of crystallization ?

m) Use of a tower to draw fibers! Base glass
O Lttt L Heat
Annular furnace : Small heating zone - >\ =
Inhomogeneity of the temperature Annular
Furnace

Create a gradient of crystallization

Create a Gradient of Refractive INdex | v

motion

=) Need to control several parameters : temperature, motion of the bulk, He flow
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Crystallization

Use of glass rods of 8cm long and 10mm diameter

80 — T T T T T T 1 D I R R R S R
1 —— Center of the sample (c)
—— Edge of the sample (a)
— Ga,_Se, crystals
5 s
E —— Center of the sample (c) E
F 20- —— Edge/center of the sample (b)
' —— Edge of the sample (a) ‘ ‘
10 -
0 - — T r T T T T T T T T j ! j ! j ! j . j ! —t
0 2 4 6 8 10 12 35 40 45 50 55 60
Wavelength (um) 20 (°)
- Rayleigh scatterings attesting presence of - Difference between edge and border of the
crystals sample
- Crystals slightly affect LWIR transparency - Peaks associated to Ga,Se, crystals phase
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Density and crystals size

- ditonegenous) aEsivigy degree

of crystallization

St Ga)geg @ReBRM&St 250 nm
structure in sample center

SEM Images performed at
different place in glass-ceramics

C.

Journées Verre 2025, Roscoff, 6 Novembre 2025



Observation through IR camera

Grid

|

I IR Camera
I 8—-12um

|

IR Source B&RINIass

Base glass Glass-ceramic with
Radial GRIN

- Deformation of the grid image placed behind glass-ceramic with radial crystallization

- Highlighting Gradient Refractive Index induced by creation of crystals in base glass
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Measure An of the GRIN through Wavefront analyzer at 10.6 um

5,04 - - 96016 2,415
- 80000 24107
T 500- 70000 — e
£ < £ L
= - 60000 £ £ 2,400+
£ 0,00- -50000 § O 2395/
= 40000 g § 2390
g -2,00- 30000 £ £
° - 20000 r 7%
- 10000 2,380-
5'04 -0 2,375 z T z T z T z T u T u
. -5,04 -2,00 0,00 2,00 5,04 -6 -4 -2 0 2 4 6
Radial GRIN Coordinate x (mm) Coordinate x (mm)
Wavefront delay Profil Index calculated
An =0.03+2.103 Corresponding to bulk crystallization :
measure - = =" An = 0032

Difficulty to perfectly reproduce the process _ _
E. Lavanant, Optical Materials Express Vol. 10 (4), 2020
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y lonic excha nge

ntroduction to GRIN

GRIN lenses prepared by
lonic exchange In
chalcohalide glasses

7
L ]




THE GLASS ) @ \

v High T,
v" High rate of alkaline
v' 8-12 um : transparent

!

(72 GeSe, - 28 Ga,Se;),s (Nal),s

j‘( T, =300°C
! 25% o

¢ Nal

THE BATH

v' Lowest Tm possible
v" Highest rate of alkaline

!

60 KNO,/ 40 NaNO,
T_=240°C

At T, <T<T,

Immersion of the glass Glass after Slice of the glass
Base glass . . . . g g
in the alkali bath immersion after immersion
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ntroduction to GRIN

DIFFUSION PROFIL of K* INSIDE THE GLASS (EDS)

%Atomique K

0,9

0.8
50,71

£05-
. 5] |
G 0,4-
EhehS
0,31

T0°C

lonic exchange

—— 30 days
—— 41 days
—— 63 days

S ] 20

- ——1h
|——3h
|——6h
| ——16h
|——24h
- ——48h

250°C

K (at%)

— 17 days
——— 30 days

_ ———>50days| |
63 days

O = N W &~ O OO0 N 0
ERES R IR TR S SR R B
o =2 N W B~ O 00 N @
R T T SR S S

"\._.—-—'-'——_"l
05 10 15 20 25 30
Distance (mm)

T T T 0,0 | T T T T T T T I T I T T T T T
0 200 41 2 4 6 8 10 12 14 16 18
Dis Wavenumber (um)

=
o

800 800 1000

ce (um)

) Limitation due to Nal crystallization

\ No pollution by O from nitrate bath
\ 2mm of diffusion reached for 40 days at 250°C

10mm
sample
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An AS FUNCTION OF THE WAVELENGTH

Measure on the base glasses An as fonction of the wavelength
2,26 0,046
2,24 Nal,s 0,044 Te. .
' 50:30 0,042 b
2,22- ” .
I 25 0,04 °
2.201 0,038 |
c 2,18~ 0,036 o
2 16- 0,034 1 .
| 0,032
2,14 - py
- 0,03
2,121 0 2 4 6 8 10 12 14 16 18
210 Wavelength (um)

0 2 4 6 8 10 12 14 16 18
Wavelength (um) Expected Anof 4.10¢ @8-12um
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lonic exchange

IR GRIN LENSES OBTAINED BY IONIC EXCHANGE

¢ Infrared camera observation I_Ii Diffusion and index profil
| d | : ; : 3 / .
7 - —11days| [ [%200
6. ~ ——21days /7 2,205
- ——40 days -2,210
38 | 2,215 x
& 2,220 2
< 3- 2,225
5 24 2,230
3557 1] , 2,235
4 - -
0 -2,240

00 05 10 15 20 2.5 3.0 3.5 4.0
Distance (mm)
) Refractive index gradient is coherent with the diffusion profil

\ An max of - 4’ 5.10-2 ’ convergent profil e C. Foumentin et al, Scientific Reports, vol.11, 2021
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ntroduction to GRIN ) lonic exchange

Ag* ION EXCHANGE : a two step ‘solid-solid’ process

AN AN o NN NN RN RN

- (.;‘.

AN AL AL AL AL AL LSS A LAY

A LS LS LSS LSS LSS LIS A SLLSS,

"
IS LSS LSS AL AL A S AL AL AL AL,
AT A A AT AT A S TS AT SS TS TS

AN,

Glass rod recovered Thermal treatment for Anneali T=T Radial GRIN lens
by nitrates powder Exchange @ T<T - atee nnealing @ T=Tg obtained after cutting

AUALAALUURRUANAAR UL NN NS

R OOMPOGITION(0,72GeSe,- 0,28Ga,Ses)-s (Na|)25J

B NIRAIES80 KNO, 20 AgNO, J

J) TEVPERAILRE E : 250°C
A:310°C

Journées Verre 2025, Roscoff, 6 Novembre 2025 26




lonic exchange

E:3hA:6h 2D s f Wavefront analysis (Phasics)

—————— —— 230 | 0,1800
E:3hA:24h
0,1440
AR AR R R R EEEFETTEY | 01260
0,1080
0,09000
0,07200
0,05400
0,03600
0,01800
0,000
- Cracks
- Ag metallic ring
» An max measured = 1,8.101
ONERA

» Polynomial profil of gradient T

> GIaSS presents CraCkS on the edges C. Fourmentin et al., Adv. Funct. Mater., 2312275, 2024
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» Development of controlled crystallisation

<.> process

* Influence of cristallisation on An o GM

« GRIN lens with An up to 4.102 S —— il

=

2,200

2,205
12,210
12,215
2220 2
12,225
2,230
2,235
2,240

* |lonic exchange process Na*/K*
(® * Maximum diffusion depth : 2 mm (40 days)
« Convergente GRIN lens of 4 mm diameter with An = 4,5.10-2

K (at%)

o =~ N W Hh OO N 0
P S T S S

— 1mm

 lonic exchange process Ag*/Na*
« Divergente GRIN lenses with An up to 1.107

@
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PRINCIPLE OF IONIC EXCHANGE

During ionic exchange After ionic exchange

3 N9 ® 3 | Double migration :

@ » &—Alkaline ions from the glass to the bath

¥ 99 4¢ —>Alkaline ions from the bath to the glass
ﬁfﬁu

o e
Variation of the chemical Vaariation of the refractive
composition e index

Journées Verre 2025, Roscoff, 6 Novembre 2025 30




Conclusion

_é Chemical analysis by EDS measurements

123 47567 8 9 101112 1314 15 16 17 J8 1920 3

AN

Q%ives us the atomical percent of each elements in the
glass along a line of dots
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Introduction Crystallization

Base
glass (0Oh)

Heat treatment at 290°C (Tg+30°C), growing time ——> 487h

100
T o A PSR SRR

CsCl crystals
(100nm)

——0hour
—3H
—7H
e 23 H
——31H
——73H
——144H
246 H

TransmiAsion (%)

Wavwelength (um)

- Shift of the beginning of transmission by scatterings
S _ » No changes of refractive index after crystallization
- Excellent transmission in the infrared up to 11,5 pm

Applied the process on 80 GeSe, - 20 Ga,Se; to obtain radial crystallization
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Radial GRIN

Measure An of the glass-ceramic through Wavefront analyzer at 10.6 um

2= - 96016 2,415
- 80000 2’410'_
€ 200- | 70000 — S 24051
£ = £ @
- - 60000 ?.-C" < 2,400
o £ 0,00- -50000  § O 2,305
T - Attt % g 2,390 ]
g -2,00- 130000 2 % _
° - 20000 OB 8
GRIN - - 10000 2,380-
Wavefront -5,04 - == . | . - -0 2’375' SR S S SO S SN SO S S S
analyser 5,04  -2,00 0,00 2,00 504 6 -4 2 0 2 4 6
Coordinate x (mm) Coordinate x (mm)
Wavefront delay Profil Index calculated
An =0.03+2.103 Corresponding to homogeneous crystallization :
measure -~ - = An = 0,032
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: Homogeneous :
Introduction crystallization Conclusion

:,k Index profile estimation by synthesis of different compositions

2,25 ;
g e n=f(K at%)
- - - - Linear Fit : y=-0,00567x+2,241
2242, 7 Fre— e T e e
[ Na* E 2234 E\\\i ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
5 g
K* ‘ 2224 i-\--\ ---------- e
®
Itz S 2214 e
measurement _ R
@ 1 ,551 Hm 2204 ........... ........... ........... ........... ........... ....... \‘\\ .......
0 1 2 3 4 5 6 7 8
2. (72 GeSe, - 28 Ga,Se;);5 (Nalj /5 )os K (at%)
3. (72 G6862 - 28 Gazse3)75 (Nalo’s )25
4. (72 GeSe, - 28 Ga,Se3)75 (Nalyos  )os N An max =-4,5.102

5. (72 GeSe, - 28 Ga,Se;3)s ( )ys
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Context p Introduction to GRIN Crystallization

» Development of abrasion-resistant IR optics

12 -

-
o

Log Viscosity (Poise)
(o0}

Glass

. 400 410 420 430 440 450
Glass-ceramic
Temperature (°C)

Nanoparticules of (5nm), Thermo-mechanical properties
aggregate (100nm)
Phase separation

Combination between
strongly enhanced crystallization and shaping must be

well controlled
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