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Foreword: Fresnel by themes

ELECTROMAGNETISME
METAMATERIAUX

* Modeéles et en élec (An:

micro-onde, Nouvelles approches d'homogénéisation, Etude des eﬂelsde la
dispersion, Non-linéarités spatiales)

* Méthodes numériques (Méthode intégrale de volume et forces optiques,
Méthode des éléments finis, Méthode intégrale de surface, Méthode Monte
Carlo et milieux diffusants)

* Réseaux de diffraction et fibres micro-structurées (Analyse deffets
physiques, Fltres & résonance de mode guide, Fibres optiques micro-structu-
rées, Conception de composants optiques)

°Mé riaux, invisibilité et pi tamatériaux en optique

et 3 en iq Protectior
hydrodynamique et sismique, Chaleur et mimétisme, Application des métama-
tériaux au bio-médical)

NANOPHOTONIQUE
COMPOSANTS OPTIQUES

aux échelles

1Aspe(l5 fondamentaux de la mécanique quantique, Emission exaltée par des
nanoantennes, Contréle nano-optique de la directvité dem\ssmn)

* Ther e
de lumitre et thermoplasmonique, Théories mu\upolawreselmoda\es Nano-
photonique sur particules diélectriques)

* Couches minces optiques (Filtres optiques interférentiels a hautes
performances, Composants et concepts innovants, Métrologie extréme et
diffusion lumineuse, nouveaux instruments et procédés)

* Interaction laser-matiére aux forts flux (Etude des processus
physiques de l'nteraction laser-matiére aux forts flux, Composants optiques
pour lasers de puissance, Procédés laser)

TRAITEMENT DE LINFORMATION
ONDES ALEATOIRES

* Polarisation et cohérence optique (Milieux désordonnés et
aléatoires, Optique statistique, Instrumentation...)
* Télécommunications et traitement d'antenne (Réseaux de
capteurs, Systémes de communication optique sans fil, Cryptographie
quantique.

 Traitements et modéles pour la Télédétection (Interactions onde
/surface océanique, Imagerie hyper-spectrale, Imagerie SAR polarimétrique
etinter-férométrique, Imagerie sous-marine...)

« Eléments méthodologiques pour image et le signal
multi-dimensionnel (Segmentation et poursuite pour les images
bruitées, Biométrie et reconnaissance de gestes, Imagerie médicale,
Segmentation ultra-rapide...)

IMAGERIE AVANCEE
VIVANT

© Instrumentation (Techniques de microscopie optave, Fibres optiques

pourlas en
6 )

. ion numérique diffractive

opti ph

pticue,
quantitative, Microscopie de fluorescence a llumination structure, Imageris
X cohérente, Caractérisation multiéchelle)
« Etude du magerie des tissus, Imagerie des structures biolo-
giques & léchelle cellulaire, Imagerie quantitative de phase et de tempéra-
ture en milieu cellulaire, Nouvelles sondes moléculaires et inorganiques
pour limagerie biologique)
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Foreword: Picking an appropriate model

homogeneous &, 1, . araxial ) . .
. 9 — H Electromagnetism paraxe Beam/Fourier Optics — Ray Optics
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QOutline

Introductory example: Miniaturization of CMOS color sensors and spectral filtering
Finite element modeling

Demo!

Selected applications

If I have some time left. ..
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Drastic reduction of the pixel pitch in CMOS “cheap” sensors

300 000 3 000 000
6 um 1.75 ym
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Drastic reduction of the pixel pitch in CMOS “cheap” sensors

300 000 3 000 000
6 um

\___ 1.40 ym coming soon}/
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Constitutive elements of a complete camera

Postprocessing
correction of
optical and

electrical i
noise and bias  ;

Incident
daylight

Infrared filter

Cut view (SEM
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Constitutive elements of a complete camera

Photodiode Bayer pattern
matrix

P g :
correction of
optical and
electrical
noise and bias

I
Cut view (SEM) of two neighbouring pixels

CMOS sensor

Incident
daylight

Lens

Infrared filter

Transmission

o
by

07

o
o

o
@

o
©

02

Blue Filter
Green Filter
Red Filter

/
/

.
\
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Constitutive elements of a complete camera

. Photodiode Bayer pattern

; matrix Microlenses

Postprocessing
correction of
optical and

electrical i
noise and bias  ;

Incident
daylight

Infrared filter

IR

Socket CMOS Chip IR Filter Box
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Constitutive elements of a complete camera

Photodiode Bayer pattern ~
! matrix Microlenses

Postprocessing
correction of
optical and

electrical i
noise and bias  ;

Cut view (SEM

\

Infrared filter

Incident
daylight
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CMOS imagers: A complex diffraction gratings.

OPTICAL and technological issues

m Reduction of pixel pitch = transverse dimensions.
m Unchanged thickness:

Unavoidable consequences of the miniaturization

Modeling issues

m Rising of diffraction
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Unavoidable consequences of the miniaturization
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Unavoidable consequences of the miniaturization

CMOS imagers: A complex diffraction gratings.

OPTICAL and technological issues

m Reduction of pixel pitch = transverse dimensions.
m Unchanged thickness:

B absorbing color resins & 50% of the stack thickness
B Transmission spectral profile set by thickness
m Temperature resist

W Filters far from the photodiode

Example’

"Catrysse et al., J. Opt. Soc. Am. A 20(12), 2003

Modeling issues

m Rising of diffraction

B Snell-Descartes lows no longer valid

Requires a very flexible and general method.
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Subwavelength filtering in the visible range.

Independently from CMOS imagers domain

Some bibliographical leads on 0-order diffractive spectral filtering
independent from incident polarization, angle, in the visible
frequency range:

m Crossed-gratings made of cylindrical m Crossed-gratings made of cylindrical
holes ! in a thin silver layer annular apertures 2 in a thin silver
layer
Ag

Air |
Ag.\|

\

m Bandpass spectral profile with a 90%
transmission at A = 700nm

Transmission (ARBITRARY UNITS )

"Barnes et al., Nature, 424, 2003
2Pouijet et al., Opt. Lett., 32(20), 2007
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Application to a CMOS pixel

m Looking for resonant phenomena inside a 3D complex
structure

m Requires a model able to represent closely both the geometry
and constitutive materials of the pixel pixel

m A 2D step is essential.
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Part 2

Introductory example: Miniaturization of CMOS color sensors and spectral filtering

Finite element modeling

Demo!

Selected applications

If I have some time left. ..

10/34
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A diffracted field formulation of the FEM
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A diffracted field formulation of the FEM

Superstrate

My & 4

Grooves

Find the unique (E, H) solution of:
curl E =i o (L H

culH=—iwé&€EE

11/34
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A diffracted field formulation of the FEM
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Nriskin
A diffracted field formulation of the FEM

div(p(x,y) grade) + k2 e(x,y) e =0 div(py (y) grader) + kG &1 (y) ey =0

11/34
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A diffracted field formulation of the FEM

div(u(x,y) grade?) + k2 €(x,y)e? =0 (1) div(pi(y) gradel) + ki ei(y)ef =0 (2)
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A diffracted field formulation of the FEM

| J

div(u(x,y) grade?) + k2 €(x,y)e? =0 (1) div(pi(y) gradel) + ki ei(y)ef =0 (2)

e =e—e=e"—ef (3)

11/34



Nriskin
A diffracted field formulation of the FEM

| 1l

div(u(x,y) grade?) + k2 €(x,y)e? =0 (1) div(pi(y) gradel) + ki ei(y)ef =0 (2)

edi=e—e =¢"—¢6 (3)

(1)~ (2) = div(u(x.) aradeg) +kF €(x.y) ef =[S0uy)]

11/34
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A diffracted field formulation of the FEM

av(i(x.y) oradef) + K €(x.y) of =
is localized in ~ and only depends on:
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A diffracted field formulation of the FEM
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A diffracted field formulation of the FEM

div(u(x,y) graded) + k5 £(x,y) e = S(xy)
is localized in ~ and only depends on:
n ef (known)

m Properties of the diffractive element.

m  Properties of the g"’ layer.

11/34
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Sum up of the principle of removal of “infinite” issues — Computational Domain

"Demésy et al., Optics Express 15, 2007
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Sum up of the principle of removal of “infinite” issues — Computational Domain

il

feiad
m Infinity of periods + quasi-periodicity of the incident plane wave
Quasi- (or Bloch) conditions

I

"Demésy et al., Optics Express 15, 2007
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i

feiad
m Infinity of periods + quasi-periodicity of the incident plane wave
Quasi- (or Bloch) conditions

m Infinite Substrate/Superstrate

3

"Demésy et al., Optics Express 15, 2007
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Sum up of the principle of removal of “infinite” issues — Computational Domain

«elod

1

m Infinity of periods + quasi-periodicity of the incident plane wave
Quasi- (or Bloch) conditions

m Infinite Substrate/Superstrate

m Plane wave sources at infinity

sources

"Demésy et al., Optics Express 15, 2007

12/34



INSTITUT
‘ FRESNEL

Sum up of the principle of removal of “infinite” issues — Computational Domain

feiad

.

Infinity of periods + quasi-periodicity of the incident plane wave
Quasi- (or Bloch) conditions

m Infinite Substrate/Superstrate

3

m Plane wave sources at infinity

sources
Meshing of the structure: 2™ order nodal elements
Weak form associated to equation (3)

Solving thanks to a direct solver adapted to sparse matrix (MUMPS)

"Demésy et al., Optics Express 15, 2007
12/34
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Weak formulation and discrete problem

m For example, let us consider nodal elements (first order = circus big top) built on a
triangular mesh m with its set of nodes is denoted N.
m Projection of the field eg on this (non-orthogonal) basis:

e?m(xv}’) = Zaili(xa.y)

iEN
m “Weak form” of the problem:

Rue(el.e)=— /(uVez) Ve’—l—koeeze/dﬂ—l—/ ' (uVed) - npds (1)

m eJ, solution of the radiation problem, is therefore the element of L?(curl, d, k) of
quasiperiodic functions (i.e. such that u(x,y) = u(x,y)e™™ with
ug(x,y) = ug(x+d,y), a d-periodic function of H'(div)) on Q such that:

Ve’ € H'(div,d, k), %p,g(eg,e/) =—Zy—p,e—e (e, ¢). @

m According to the Galerkin formulation, we choose the set of basis function A; as set of
weight function €', which leads to a final algebraic system of the form:

Oy
A : = bwhere Alis a sparse matrix.

Qn

13/34
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Energetic considerations

Diffraction Efficiencies — Losses — Energy Balance

Arbitrary geometry: an example of edge detection

g.’Dg

14/34
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Energetic considerations

Diffraction Efficiencies — Losses — Energy Balance

Studied configuration: TM case, oblique incidence, strong losses
A =633 nm

€=20+20i

€=225

14/34



INSTITUT
VFRESNEL

Energetic considerations

Diffraction Efficiencies — Losses — Energy Balance

eo(x,y) = exp(i(ox+ B5Py))

2\

, Incident plane wave

14/34
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Energetic considerations

Diffraction Efficiencies — Losses — Energy Balance

ei(x,y) = eo(x,y)
_ rexp(—iB%Py) for y>0
+exp(i0tx) { texp(iB*Py)  for y <0

9(9[61] , Total field solution of the ancillary problem (plane diopter)

14/34
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Energetic considerations

Diffraction Efficiencies — Losses — Energy Balance

ed(x,y) = exp(iax) {

EKe[e;j] , Field “diffracted” by the plane diopter

rexp(—if**y)
texp(i**y)

for
for

y>0
y<o0

14/34
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Energetic considerations

Diffraction Efficiencies — Losses — Energy Balance

S(va) = kg (gsmurf - gair) exp(ax+ﬁsupy)
+kg (Esmurf - Ea,',) rexp(ax o ,BSUpy)

div(u(x,y) graded) + k2 e(x,y) ef =

, FEM-calculated field or radiated field

14/34
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Energetic considerations

Diffraction Efficiencies — Losses — Energy Balance

10

10

-15

10
log(|e5)
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Energetic considerations

Diffraction Efficiencies — Losses — Energy Balance

(11 1
1))

, Diffracted field

14/34
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Energetic considerations

Diffraction Efficiencies — Losses — Energy Balance

Ryi= i b H
® Api= i gy for Ye >

d/2 )
"‘ —d/2

| Reflected propagative orders: | Ry = 0.1138 |and
Ry = 0.1846

<

i

Q=

, Diffracted field

14/34
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Energetic considerations

Diffraction Efficiencies — Losses — Energy Balance

, Total field
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Energetic considerations

Diffraction Efficiencies — Losses — Energy Balance

a7

, Total field

nT,= tn;ﬁ—",% for y. <0
d/2 . -
m = 13/ e(x,yc) e (@x=Byve) gy

m Transmitted propagative orders: | 7o — 0.0704 |and
Ty = 0.0711

14/34
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Energetic considerations

Diffraction Efficiencies — Losses — Energy Balance

m Losses: %/ w& e” le(x,y)|? dxdy
smurf

—g— m Losses (in fraction of incident energy) : | Q = 0.5601

=
Q

14/34
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Energetic considerations

Diffraction Efficiencies — Losses — Energy Balance

Energy Balance:

0.1138
0.1846
0.0704
0.0711
0.5601
1.0001

R+T+Q=(Ro+R)+(To+T)+Q=

I+ + + +

14/34
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“Quantum” efficiency in the case of a semi-conductor substrate

A grating on a n™" /p junction

Studied configuration: semi-conductor substrate

m abrupt junction
e=1 m unilateral junction
m conversion efficiency ~ 1

€=20+20i

- number of electrons participating to the photo-current
silicon QE =

number of incident photons

15/34
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“Quantum” efficiency in the case of a semi-conductor substrate

A grating on a n™" /p junction

os
Yop
Space Yep
charge 2
zone S
Yoot

m abrupt junction
m unilateral junction

m conversion efficiency ~ 1

—div(Smoy(x,y,4)) dxdy

d/2
/ n-Sydx
—d/2

d/2 Yiop
~/—d/2 ~/}’bm

QE(A) =

norm of Poynting vector
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Demo!

https://gitlab.onelab.info/doc/models/tree/master/DiffractionGratings/

16/34
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Aluminum color filters

Hf—»E
k

215 nm
==

300 nm

215 nm

 S—
-Ih : =160 -

300 nm

HT—»E
k

215nm

300 nm

h =210 nm

Let us map |H,|?(x,y,A) vs Too(A)

17/34
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Aluminum color filters
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Aluminum color filters

——h=130nm
——h =160nm
——h=210nm

400 500 600 700 800
A (nm)

17/34
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Later...

Frequency selective reflective surface with silver nano-particles

Fab
Structure

i
~theow

Design - “optimization”

0

0.6/

.
Y50 100 150 500 550

600 650 00 750 800
Wavelength (nm)

Reflection efficiency of the specular ordrer (N.U.)

1
. Brilé, G. Demésy, A.-L. Fehrembach, B. Gralak, E. Popov, G. Tayeb, M. Grangier, D. Barat, H. Bertin, P. Gogol, and B. Dagens, “Design of metallic nanoparticle gratings for filtering properties in the visible
spectrum’, Appl. Opt. 54, 010359 (2015).

18/34



INSTITUT
‘ FRESNEL

“Metasurfaces”. ..

Sub-wavelength phase control

1 r=D/2

-

constant phase line

convergence

region
lens 9

19/34
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“Metasurfaces”. ..

Sub-wavelength phase control

e
-
~
,//
n
= X
#
r
z
h:
—da he
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e (hm)

“Metasurfaces”. ..

Sub-wavelength phase control

T™ case TE case

I\

200

150
£
£
o
100
50
200 400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600
h; (nm) h, (nm)

0.995

0.981

0.967

0.953

0.939

0.925

0.911

0.807

0.883

0.869

19/34
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“Metasurfaces”. . .

Sub-wavelength phase co

T™ case TE case 180

144

108

e (hm)
e (nm)

-108

-144

-180

600 800 1000 1200 1400 1600
h, (nm) h, (nm)

800 1000 1200 1400 1600

19/34
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“Metasurfaces”. ..

Sub-wavelength phase control

- T
0 A
T
v
314 3.14 lz_x
— —
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“Metasurfaces”. ..

Sub-wavelength phase control

A)

) 00 WINiiN1

OO 1 e
14 T

-3.14 3.14 A

[ - \LN
B)

| f=
| | =
- HIHEN -
= —==3
r e |
I S|
I p—
o [ - ————— - |
- ——— — S — e ——

=

-154 165

F<
=
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Conclusion

Solving Maxwell’'s equations in small but open boxes.

Applications for filtering.

... We are also calculating mode. ..

20/34
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The eigenvalue problem

2D p-polarization case: H = H,(x, y)z and E = E(x,y) = Ex(x,y)x+ E,(x,y)y

We are looking for non trivial solution of the source-free Helmholtz equation:
_ _ 2
n Z3P(E) :=&(x,0) "cur (U, 'curE) = (2)°E

m i.e. the eigenvalues @, and associated eigenvectors E, of the operator ffD

m _Z3P(E) depends of @ we are looking for!

Two possible solutions:

m Physical linearization: construction of an augmented system where auxiliary fields are
added to (E,H)

m Numerical linearization 2

Y. Brilé, B. Gralak, and G. Demésy, “Calculation and analysis of the complex band structure of dispersive and
dissipative two-dimensional photonic crystals”, J. Opt. Soc. Am. B 33, 691-702 (2016)
2J. E. Roman, C. Campos, E. Romero and A. Tomas. SLEPc Users Manual. Tech. Rep. DSIC-11/24/02 - Revision 3.7,

Universitat Politécnica de Valéncia, 2016.
21/34
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Toy example: the “bi-Drudy Bi-box”

&(w) — — &(0)

Q4 Q2

y.
1) O =Q U, z(g_,x

Dispersion relation: Semi—analytical transcendental equation

m s-polarization: 31( )tan[B1(a),,)a]—|— G ( )tan[Bg(a),,)a] =0
m p-polarization: l‘: ((w:; tan[Bi(wn)a] + 82(((0:)) tan[Bz(wn)a] =0

With B; and B, two complex functions of @ :

2 2

o, ¢
Bilwn) =/ &(on) = =~ with j€{1,2}, @)
where g € N* for s-polarization and g € N for p-polarization.

22/34
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Toy example: the “bi-Drudy Bi-box”

w2
£°°_w2+yi2)—w§: &(0) —p — e(0)=2

Wpa
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Toy example: the “bi-Drudy Bi-box”
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Toy example: the “bi-Drudy Bi-box”
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Resonances in frequency dispersive media (ANR RESONANCE)

with F. Zolla, A. Nicolet and B. Gralak (PI: P. Lalanne, LP2N)

w2

Dispersion relation of a grating made of a Drude metal: & (®) = €. — w(Tj_,y)

: Absorption
05 = ey (b) { ke =0.007/d
o ke = 0.057/d

ke = 0407 /d

ke = 0.607/d

ke = 0.757/d

04

S
=

0.2
Rayleigh
anomaly
ke =0.007/d
ke =0057/d
ke = 0.407/d
ke =0607/d
k= 0.757/d

Re{2rc/i}
e ke =0.007/d

ke =0057/d

ke =0407/d

Ky = 0.607/d

= ke =0757/d

e
By

e
o

“raction of incident energy

d =4825nm,

h=130nm] I, cod 0.1

W =347.50m

@ = e

o
w(w + iyw)

0 - : -
450 500 550 600 650 700 750 800 850 900
A (nm)

G. Demésy et al. https://arxiv.org/abs/1802.02363v1
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Resonances in frequency dispersive media (ANR RESONANCE)

with F. Zolla, A. Nicolet and B. Gralak (PI: P. Lalanne, LP2N)

2
Dispersion relation of a grating made of a Drude metal: & (®) = €. — w(Tj_,.y)
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G. Demésy et al. https://arxiv.org/abs/1802.02363v1
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V FRESNEL Structured waveguides (ANR LOUISE)

with G. Renversez (PI: V. Nazabal, Institut des Sciences Chimiques de Rennes)

A leaky mode. .. as an incident field for a scattering problem.
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Oscillating particle

Mauricio Garcia-Vergara’s PhD

Oscillating charge: A multiharmonic problem
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Other examples (scattering)

\_Nith B. Stousu
With N. Bonod + UTT

soni

Re{E} (logscale) and Cross sections (A.U.) for 6 =30° and A=820nm
1 THRIRRTHInan

A

600 700 800 900 1000
A (nm)

€ _scat_onsphere_cart N3 - real part:

A trimer in a photoresist.

ACS Photonics, 2018, 5 (3),

pp 918-928

T matrix of an arbitrary scatterer. GNU Model.

https://arxiv.org/abs/1802.00596v2
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Metallic grating academical case

Comparison to the results of a independent modal method (FMM)

Ny RM RIE
4 0.7336765  0.8532342
6 0.7371302  0.8456592
8 0.7347466  0.8482817
10 0.7333739  0.8500710
12 0.7346569  0.8494844
14 0.7341944  0.8483238
16 0.7342714  0.8484774
Result given by Granet et al 0.7342789  0.8484781

'G. Granet, J. Opt. Soc. Am. A, 16(10), 1999.
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Part 3

Introductory example: Miniaturization of CMOS color sensors and spectral filtering

Finite element modeling

Demo!

Selected applications

If I have some time left. ..

28/34



INSTITUT
‘ FRESNEL

Test Structures presentation

Top view

photo-sensitive zone

wrloge

Cross-sectional view

Photodiode with embedded grating

Same photodiode, without any grating

Dielectric

Silicon

Free space

Resin

Dielectric
stack

Silicon
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Optical measurement bench

positioning
camera

hole
+

polarizer optical fiber
Reference channel . ]

monochromator
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Photodiode toped with a dielectric multilayered stack

= Calculated
Measured

0.2
400 450 500 550 600 650 700 750
A (nm)

m Very good agreement without any adjustment parameter, provided the precise knowing of:

m The thickness of each layer (SEM views of cross-sections)
m The dispersion of each material (ellipsometric measurements)

m Validates both:

m the use of the measured £(A ), on which is based the ancillary problem,
m the validity of the approximation of QE calculation.

31/34



INSTITUT
‘ FRESNEL

Photodiode with an embedded copper grating

T™M CASE TE CASE

0.4
« Calculated 04 « Calculated
12 ——Measured Measured
0.3 03
& 02
0.1
B o
3
0

450 500 550 650 700 750

600
A (nm)

"Demésy et al., Optical Engineering 48, p.058002 (may 2009)
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Photodiode with an embedded copper grating

TM CASE .

TE CASE

035
--- no Ta/TaN -~-- no Ta/TaN I
: . calculated
03 ‘ » with Ta/TaN 03— with Ta/TaN ( ) H \‘
. A . ;
! 1 \
0.25 k1 H 0.25 ! \
A 1
. ' h
wo02f Yoo ) 0.2 '
o AN A & /
0.15 v N 0.15 !
- \ )
N '
0.1 (P! 0.1 '
\ /
0.05 005
0 0 ==’
450 500 550 600 650 700 750

"Demésy et al., Optical Engineering 48, p.058002 (may 2009)
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Energy balance — TE case — A = 720nm

--- no Ta/TaN
—— with Ta/TaN

TE case

With Ta/TaN barrier Without Ta/TaN barrier
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Field maps — TE case — A = 720nm

With Ta/TaN barrier Without Ta/TaN barrier
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