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Principles of meta-sur
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Wave picture
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< Any component works by re-arranging the wavefront of the incoming waves

<+ Meta- atoms locally control exit phase and amplitude

-~ Target phase
gl
_._'_'_'_’—ﬂ"_'_'— - '_*-\-h‘
|
. 'd_f-f-r"R\R:-g'rJIi.-':-:r! phase H

=52

< Full control of wavefront
»Any profile can be reproduced

mapping

>Including difficult shapes: aspheric lenses, arrays
»Functionalize: spectral, polarization, dispersion, multiplexing

HER. . . .

Phase difference vs. rectangle rotation
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System model Meta-atom design Component Design Analysis
* Ray tracing e Full wave Target matching * Physical Optics
e Analytical nm scale mm scale » Efficiency & PSF
Ideal Wavefront
oM wavefront

% Ray-tracing %* Full wave calculation < Propagation optics
s* Maxwell solver (RCWA)
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structure to speed

LPA calculates uses
an approximated
up calculation
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> Pitch adjusted to Nyquist sampling

Other aspects:
> Phase discretization levels
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Component design: advance
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Component: advanced = A 00

Full wave ‘ground truth’ LPA error map *  ODA error map i
abs(MEEP - LPA) (rmse:0.5) abs(MEEP - ODA1) (rmse:0.28)

Overlapping Domain and Local Field Analysis improve meta-surface calculation accuracy
and are faster than full wave calculation

Calculation time* Memory usage Max. diameter
Standard LPA 1 minute <1Gb 15000 pm
LFA 2 minutes <1Gb 1363 um
ODA 2.5 minutes 8Gb 120pum™* *10um diameter metalens
Core i9, 64Gb RAM PC
Benchmark (meep) 6 hours 32Gb 10um ** Time limited to 24h calculation




LWIR system —= 4 FlanOpsim

<+ Specific challenges of LWIR range:
Few transparent materials

Weak signal - Large aperture needed
Availability of raw material

Expensive materials

vV V V V

<+ Wavelength range 8-12um

<« Additional constraint reduce nr. of lenses
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Dispersion corrected Single wavelength

<+ Meta-surface offer control on material dispersion design
<+ Dispersion engineering -> controlling phase and phase [ [
dispersion v
l Group delay (1st ortder) Achromatic metalens  Diffractive metalens
v
do(r) d*p(r)
o, ) = @.(r) + ——=Ak + —— Ak?* +

Group delay dispersion (2nd order)

< Extract phase and slope per structure

—m— MetaCell simulation data
150 1 Dispersion fit

100 m
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z . i N . Z (um)
Extracted dispersion Wang, S. et al. A broadband achromatic metalens

150 in the visible. Nat. Nanotechnol. 13, 227-232
0.609 0.0‘10 O.dll 0.0‘12 0.613 0.0‘14 (2018).

k(1/nm)
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% Maximum dispersion in dielectric meta- Literature devices within bounds of theoretical formula*
atom {]].] iz = - . .
n n e . S
AD = Zﬂh( ;olre . ;l:d) La0ol \ ﬂ“*-.ﬂ___; Large Aberrations |
. . . R .
< Bandwidth, size and function are connec e
w100 3
2T > > :
o)== (V2 +f2-f) :
A T 10} 3
AD ¢
Rﬁmx < ) " 1k 3
’ Aw (m — NAZ 1) |
* 0.05 0. Il 0 [J_!Ia[] 1
/ / I MA/ nj
Application parameters Design parameters: AD
> Bandwidth > Materials: index contrast
> Diameter > Structure: Height + aspect ratio *F. Presutti and F. Monticone, "Focusing on Bandwidth:

> Spatial frequency, NA > Complexity: multi-layers Achromatic Metalens Limits," Optica 7, (2020).)
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Maximum Radius (um)

—NIR laser + Si

e T e
LWlR - Ge b i - o e .| -.;- e .- -.- -.- ; .-..-
—C-band + Si ‘/4""'“'j

—MWIR4Si
» ldeal target application

» Narrow spectrum

» Small diameters

» High index contrast

> Low NA / high F#

» Which platforms have highest
potential for dispersion
engineered design?

> IR:Si, Ge
1 2 3 4 5 > Visible: TiO2, SiN, GaN
f##(-) > Height assumed = A

Dispersion engineering size limit for different applications
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=

< Maximum dispersion in dielectric
meta-atom

AD = 27h (ncore . nclad>

=
=]

—l—LWIR - Ge

=
]

A4 A,
< Bandwidth, size and function are
connected™

=
-l

D_max(mm)
= =
L ah

F=3

AD ¢

Rﬂmx £ 1 ) 03 Monticone limit
Aw (W —\/NE 1) B For f#=1,12
< Achromatic flat surfaces have a limitin
diameter oo e me s e e
> Only small sizes <1mm can be
achieved

*F. Presutti and F. Monticone, "Focusing on Bandwidth:
Achromatic Metalens Limits," Optica 7, (2020).)



Meta + Refractive hybric — 7% PlanOpSim

Enlightened Planar Optics
WWW PLANOPSIM.COM

Example
FOCAL LEMNGTH = 37.3Z2 Na = O.5715

12.1

Classical hybrid solution
> Combine meta/diffractive lens with refractive

K/
0’0

—\47 Refractive surface

pr=t-t 1
ft fR fM
AP = P(A1) — P(A2) = nz-nl M-412_,
R fOAO

+~ Achromatic hybrid when

FIELD FOIMTS

AL
0 0707 1deg e 2+ fodo = —a K
S deg ‘ _a: n
Tdeal o
WAVELEMGTHS -
" M pm)  Weight . . . . .
vl 8 + Hybrid design chromatic correction over wide
LI N spectrum

. Example LWIR 8-12 um

o 18 % e 72 o0
SPATIAL FREQUENCY (CYCLES/MM)

MTF T9FE Exormple
DIFFRACTION MODULATION TRAWSFER FUNCTIONS

Perainck L
2T Hav 24
PR i




System design result — 7 PlanOpsSim

Ex<amge 1 =

/ Silicon meta-surace

< Configuration meets specification
iIn multiple iterations
» Several lens materials

8 > Germanium and Silicon
metasurface

= <+ Performance near diffraction limit
I < Optimized via ray tracing
Bovrdeg  Te > Meta-surface as polynomial
ol » Constant phase vs. Wavelength
¢ mﬁﬁfw T.,'fmm |G6 refractive
1 0 1
2 12 1
3 8 1
0 ool ey Braesy ® Common assumption in ray tracing but not accurate in meta-
AGRA ODULATION Rl o EET surfaces or diffractive optical elements




Wavefront profiles —= 4 FlanOpsim

% Phase vs. radius for various
configurations

<+ Meta-surface acts as a corrector with
limited optical power

Total phase (waves) Total phase (rad.)

IG6 hybrid

Ge hybrid

ad |

Phase (r

Radius{mm)



Meta-atom design — / FlanOpSim

Structuresin library

P .
e <+ Meta-atom shapes for LWIR library
N Tw, < Simualtion in PlanOpSim Meta-cell (RCWA)
Wou % Large parameter sweep
o > Several weeks to perform sweep
2R
R
Material Si +Ge
Ge/Si Unit Cell P 1-3um
Air Shape parameters 4 shapes
Height 3-12um

Wavelngth 8-12um



Sample result

55784

441,81

Lr,

=
-

\ f"'l'—

.'. 10

aug( )

;‘h"'" "‘M
- ﬂ "'

., #

* %

Germanium

~—

K/ Y/ Y/
L X4 L X4 L X4

7/
0%®

@(°) at 10um

Feightium)

023
phase(deg.) at 10

O0an|

m

#oericdiumi

w45

Deita_phildeg.]
e
i
-

.52

A

—

PlanOpSim

Enlightened Planar Optics
WWW PLANOPSIM.COM

(-)

1594

!!!!!!

“eiae
-y
e Yy
KR

Tave

. ;:‘?‘J}
-“
- \“l-.-
[] "-
X
Silicon
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Phase and phase dispersion
Sample for H = 10, P=2.3um
Si and Ge produce 0-360° phase coverage

Ge library allows phase coverage at constant dispersion
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Meta-atom selection

phase(deq.)
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800 4

600 1

200 |
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Phase dispersion for selectef family

o~ Phase for element 0
—o— Phase for element 1
—e— Phase for element 2
~e— Phase for element 3
—o— Phase for element 4
~&~ Phase for element S
@~ Phase for element 6
—o— Phase for element 7
—&~ Phase for element 8
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—&—~ Phase for element 15
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% Selected meta-atoms

21
Q= Tneffd

<+ Wavefront requirement (from ray -tracing)

O = ) A"+ C()

-

Choosing C so that it matches the slope present in our meta-atoms

< Similar performance possible with lower n
metarials if height is increased
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Wavefront matching = /A PlanOpSim

case Mg)E_Si_flp12_constrained_RMR - Target phase (rad.) case MoOE_Si_flp12_constrained_RMR

-

- MOE phase (rad.) case MOE_Séi_flp12_constrained_RMR - square error (-) RMSE= 0.37
S 3

1.0
2000 /. 2 2000 2 2000
0.8
1 1
4000 4000 4000
£ . 3 i) 0.6
2 2 0 2
> > >
6000 6000 6000
-1 0.4
-1
8000 =3 8000 8000 02
-2
\
10000 - i 10000 = 10000
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
. X(um) . x(um) x(um}
cas% MOE_Si_f1p12_constrained_RMR - Amplitude (-)
1.84 34
2000 1.83 24
1.82
" 14
4000 ar
-~ 1.81 B
E = o ——— Target phase
.1 9 MOE phase
' 1.80 ©
6000 T
-1
; 1.79
8000 178 —24
’ 1.77 -3 /\
10000 T T T T T T T T
0 2000 4000 6000 8000 10000 —-10000-7500 —5000 —2500 0 2500 5000 7500 10000
x{pm) x{um)

< Meta-atom position matched to waveprofile
< Least squares match to multi-wavelength profiles
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Spectral wavefront error

Wavefront error vs. wl for MOE_Si_f1p12_constrained_RMR

Wavefront error vs. wl for MOE_Ge_f1pl2_constrained_RMR_config_v2

~o~ ANSE versus target 12 - —8— RMSE versus target
.| a0° .
o Germanium .
- Silicon
= € 1.0 -
—_— [=]
8 © o
ﬁ:e © %
5 Width ~3,5um = 5
= w  +
m:‘ %) E 0.8
H = =
o
m .IE . ~
g o6 Width ~1,5um
g
(1]
=
0.4
034 170 1 T L L} L L T T T
80 85 9.0 95 100 105 11.0 115 12.0

wl(pm)

<+ Meta-atoms with dispersion control result in a lower error vs. Wavelength

< Withoot dispersion control the error rises from the design wavelength towards
the edge of the spectrum



How does it compare to [
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% Phasefront replication also possible with a
Diffractive optical element

< Comparison of wavefront error over spectrum

Design Average wavefront error
RMSE (-)

o 66
Si 12p.m 1,02

DOE (16 level) 0,703

<+ Lens system and wavefront re-optimized for
each case

< Dispersion controlled library results in a lower
error over spectrum, single wavelength design
results in worse average error




Sensitivity analysis

Sensitivity to height for Ge F1.12 H12um

—a— avg AMSE(-)
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Sensitivity to lateral shape for Ge F1.12 H12um
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—e— avg RMSE(-)

Steepness
angle !:.

Sensitivity to sidewall angle for Ge F1.12 H12um

=0.2 0.0 o2 o4 o6
4 Sidewall{=)

=0.4

< Sensitivity analysis versus sidewall, lateral
size and height

<+ Sidewall angle is the most critical parameter
> Overetch is worse than underetch
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radius modified missing structure

Steepness angle

N
4
L 4

+ 4

o
v

o=

Focusing Efficiency(-) .
- 0.7

= -

R

[ 929 + Most designs work with nominal structure

« Effect of manufacturing error
> Monte Carlo 25’230 metalenses simulated

0.4 in this plot
> Systematic errors can be compensated in

0.3 design
+ Integrate DFM into design process

>Needs to be integrated into an out-of-
0 the box solution

o
[
(&)}

Fraction removed(-)
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angular analysis (f: 0.75; wafer 325; a:8; square_pinhole_back: None) ;
angular analysis (f: 750; wafer 0.325; a:8)
W lculati R '
ave caiculation aytrace calculation
1077
i
10-° ! 107 4
1
— 10711 //'ﬁ )
E { 0 . . % 1078 4 E — incident (wl: 8.5)
3 . . 2 incident (wl: 9.5)
3 =
e ; 0.47% strav light / sianal 0,0% stray light / signal = e
] o —— incident (wl: 11.5)
1079 4 —— incident (wl: 12.5)
101 —— incident (wl: 13.5)
emitted on 0.5 x 0.5 mm compenent
| [ emitted on 0.5 x 0.5 mm component —— total: 9.54167292e-07 W (=10.7%)
10771 —— total: 6.893932802468798e-11 W (=6.93%) 1010 4 total: 0.0 W (=0.0%)
—— total: 3.2712821127599783e-13 W (=0.47%) 0 20 0 50 50
T v T T T angle of incidence [°]
0 20 40 60 80
angle of incidence [°]

¢ Diffractive effects are one of the main loss and aberation mechanisms in
metasurfaces
*» Impact is application specific
<+ Wave based calculation of multiple meta-surface systems Plane wave incidence vs. incidence angle
» Higher order diffraction 0° 10° 25°
> Aperture diffraction Pt
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angular analysis (f: 0.9; wafer 325; a:4; square_pinhole_back: None)

angular analysis (f: 0.9; wafer 325; a:4; square_pinhole_back: None)

! ]
1077 1 i -10% (UnderetCh) 10-7 1 E NOMINAL
! !
191 i 10~ i
i i
z 107 ?\’- \ < 10-11 /f \
;:_? 10-13 é 5o 5 /\
10715 4 1015 1
10-17 1 — emitted on 0.5 x 0.5 mm component B —— emitted on 0.5 x 0.5 mm component
— total: 6.328572433922361e-11 W (=6.36%) 107171 ___ total: 6.65204368765769€-11 W (=6.68%)
—— total: 1.4530486992338722e-12 W (=2.3%) —— total: 2.986477994792593e-13 W (=0.45%) |
0 20 o 60 80 0 20 40 60 80
angle of incidence [°] angle of incidence [°]
angular analysis (f: 0.9; wafer 325; a:4; square_pinhole_back: None)
: % Combination: multi-surface + nano-structure tolerancing
10-7 1 1 + o . . . .
| +10% (overetch) % Guides fabircation process to higher robustness
10-° : D i i
, % Stray light/signal
= 1071
2 .
X Nominal 0.45% (x 1.00)
= 10°13
+10% height 0.69% (x 1.53)
10715
10-17 ] —— emitted on 0.5 x 0.5 mm component _1 0% he|g ht 23% (X 5 1 1 )
—— total: 6.312707849686754e-11 W (=6.34%)
—— total: 4.363368111505132e-13 W (=0.69%)
0 20 a0 60 80

angle of incidence [°]
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» Hybrid meta-lens system deisgn for LWIR

<+ Meta-surfaces for 8-12um range in Silicon and Germanium
<+ Wavefront error over spectrum below equivalent DOE design
<+ Meta-atoms are most sensitive to sidewall angle in microfabrication

< Future work: quantifying effect of wavefront error on system performance
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