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Benefits of Metalenses

 Classic Optical Lens « Metalens
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Ref: Aiello, Maxwell D., et al.
"Achromatic varifocal
metalens for the visible
spectrum." ACS

Photonics 6.10 (2019): 2432-
2440.
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Existing Metalens Design Approaches
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Design Procedure
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2. Unwrapped phase

Python API
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7. Layout via Python script

--for given position, find the phase required,

and determine the size of nano-cell
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3. Flip axis
— xxx.set_arrays(f.x) in RSoft
Python API
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4. Choose D range
— Manufacturable

- >360° phase shift

5. Target lens
-- From phase profile
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C. Xu, M. Novak, D. Herrmann, L-C. Hu, E. Heller, and M. Banhl, “Effective Approach for Design and

Simulation of Metalens Structures”, META’2019

Chen, W.T., Zhu, A. Y., & Capasso, F. (2020). Flat optics with dispersion-engineered
metasurfaces. Nature Reviews Materials, 5(8), 604-620.
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« Semi-automatic multi-domain &2 grAl
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— metalensE HiX[SIY] ol 2 £ TQ
Synopsys general design flow
1. Build Libraries 2. Build Metalens 3. Simulation
CODE V Optimizer:
Generates desired
Lens phase
ggassest‘;rr?]ﬂleéffé?mﬂ:ﬁge 7 profile library Verification:
speg;ﬁmtio?w Simulate the built metalens,
Layout: by suitable approach
Based on required phase, L FullWAVE FDTD
designer picks suitable meta- BeamPROP FFT-BPM
atoms to form the metalens BeamPROP FD-BPM
RSoft Simulator: gggg ¥ g‘%";’acmg
For chosen meta-atom Meta-atom
and design variable, — libra
FullWAVE, DiffractMOD ry

creates transfer function

40844

Shrestha, Sajan, et al. Lrghr Sctence
& Applications 7.1 (2018): 1

M. Novak, B. Stone, and C. Xu“Combined optimization, modelng and simulation techniques for non-
traditional, next generation optics,” Proc. SPIE 11875, Computational Optics 2021
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A New Metalens Design Approach

MetaOptic Designer

Fully automated tool with inverse design capability
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MetaOptic Designer Overview
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MetaOptic Designer Overview
Optimization Algorithm

Optical system containing metalenses Single metalens

Image Plane
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Ref: Aiello, Maxwell D., et al. "Achromatic varifocal metalens for the visible

spectrum.” ACS Photonics 6.10 (2019): 2432-2440.
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. . . EEf BSDF Generation Utility x
MetaOptic Designer Overview | ...
Min b ax Step Size Use List
M etas u rface C h aracte rl Z atl O n Wavelength: |u:|efau|t |defau|t |u:|efau|t -
Phi: |0 |90 |45 r
F Theta: |D |45 |45 r
Incident
m eta Su rfa ce 0'” I:H _o:-_l' _%_EI'E R CWA EEE Ha ! Reflection Sirn Windows Elugter Opticgs Output Prefis:
£ Mormal H SE:\:aI T Cluster Options Output Prefix
FDTD2 A=l BSDF (Bidirectional & s | | o |25 || L P
: e : © Hide | i s — |
Scattering Distribution Function e
S8 HUSHH E451ots. Al g e i
1 Low [0
B S D F G e n e rat | O n U tl I |t | Transmission pm:.ma.;hm VMM F;:::eale 0 e p:::z m'lgu. zwsh_
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Geometry (1 Period)
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700 - Biug 15470n
BSDF2t TH =210]| CHot Y42 Feldt= ol Bast g 07
g 5004 - - Redi=B50nm_ |
OR2HH 4~ = 2H01 CHAl DH2HE =X 0( 2+, Of2fst £ 400
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Phase (vs Width)
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MetaOptic Designer Overview

Inputs and Outputs

« AFRRHS
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« MetaOptic Designer & 2t metasurfacel| 22| 0o~ E

:++ MetaOptic Designer CAD - [achromat_fov.mcd]
File Help

2H 9

Optical System | Test Cases | Options I Advanced |

=8OR ==

# singlet

# doublet

<

#database=../bsdfs/Si3N4_circle_nanolib_normal_bsdf_data length=Leff size=Size shi

database=../bsdfs/Si3N4_circ|e_nanolib_normal_bsdf_data length=L size=Size shape=
database=../bsdfs/Si3N4_circle_nanolib_normal_bsdf_data length=L size=Size shape=

>

Lens Type: IBSDF Database v| Length: [100 Size: 40
Database: I Shape: |Cilc|e v Add Lens
Output Prefix:
Symbols... | Help | W Run

l

[
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Design Example 1: Achromatic Metalens
Problem description
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Chen, W. T., Zhu, A. Y., Sisler, J., Bharwani, Z., & Capasso, F. (2019). A
0 100 200 broadband achromatic polarization-insensitive metalens consisting of
anisotropic nanostructures. Nature communications, 10(1), 1-7.
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Design Example 1: Achromatic Metalens

Automated inverse design Simulation Re_sults

Red i=0.65um

—_
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Optical System Test Cases I Options I Advanced I

Einc=[--type=planewave --w=D --shape=circle] Ides=[--type=airy] lambda=LamG
Einc=[--type=planewave --w=D --shape=circle] Ides=[--type=airy] lambda=LamR we

dod

Einc=[--type=planewave --w=D --shape=circle] Ides=[--type=airy] lambda=LamB ‘

Convergence

100 5
3 Shape

Power

Total

107

- - —
-10 10 0

MetaOptic Designer= & 2ot FDTDQP T Areh

™
10

Metric

10° _ OptImIZEd |ayOUt ?Edj—ll-% X-”_g_
S e T - ZI FDTD A|E3|0| ML 2k 4A|7H 28 ( ~100G RAM, 16-

core computer)
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Design Example 2: Fisheye Metalens

Problem description

« meta-atom2| 2[4 X2 210 et BHS o 2XP} Q= metalenss ESH QA T2 O} M E
H meta-atom?} =

* metalense= £AIE 4t
o OO IlAI
Lo — —/

X

Phase Shift (degree

T T T T
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MNormalized Pillar Diameter
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y  Focal plane 100 nm

I —

— 'I d = F sin(8)
1700 nm
N — sio,
— I focal distance. f
800 nm 800 nm

Metalens

|I,:- -
p(r) = —ﬁn Il[x + ;-g.ir!{ﬂ:,:]f 4 }r?l + @y

Quadratic Quadratic Quadratic Quadratic

Liu, Yang, et al. "Silicon-based broadband metalens for wide-
angle optical beam steering.” 2021 IEEE 17th International
Conference on Group IV Photonics (GFP). IEEE, 2021.
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Design Example 2: Fisheye Metalens

Automated inverse design

« 9 case (0°-80°@10°)2] 5' , MetaOptic Designer= = E£0|A

12 2ol o] C|AtelE Hs

#£ MetaOptic Designer CAD - [FishEyeSine2.mcd]
Eile Help

BN RN

2 H 9

Optical System Test Cases | Options | Advanced |

# theta=0 phi=0 in air - Normal incident
# theta=0 phi=10 in air
# theta=0 phi=20 in air

[¢ theta=0 phi=30 in air

€

Einc=[--type=planewave --theta=Theta --phi=Phi0] Ides=[--type=airy --xo
Einc=[--type=planewave --theta=Theta --phi=Phi1] Ides=[--type=airy --xo
Einc=[--type=planewave --theta=Theta --phi=Phi2] Ides=[--type=airy --xo

Einc=[--type=planewave --theta=Theta --phi=Phi3] Ides=[--type=airy --xo

=X0 --yo=0
=X1 --yo=0
=X2 --yo=0

=X3 --yo=0
¥ W

Lens configuration
«  D=40pm

« f=10um Ve
« ©=0°-80° -
« Circular symmetry y

Y synorsys

Y,=f sin6

__________________

Optimized results FDTD validation

g=0° B=0°

MetaOptic Designer= A2t FDTDL}
QA ATIE M B
+  2IFDTD AlIZ20|d2 2F 0.5A12t A2

(~250G RAM, 16-core computer)

© 2022 Synopsys, Inc.
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Design Example 3: Large FOV and Achromatic Metalens
Problem description

o ZAAR XL OAHAXI Ol 2 SI2t0] DS TIQ
2diRs FHM A2 S0l 2R 28 « QBN O 2 Ct= metasurface AR

400

g { —445nm

Back-side “agg{ —532nm

metalens \ i» | ——660nm

(I ) — e— T T 0 RN %360 s s T
Substrate é 3401
(44

320

o

) Front-side / 10 20
Red @30° Green @30° Blue @30° metalens Incident angle (degree)

Kim, C., Kim, S. J., & Lee, B. (2020). Doublet metalens design for
high numerical aperture and simultaneous correction of chromatic and
monochromatic aberrations. Optics Express, 28(12), 18059-18076.

[=) =© = © = co Mo o
« Tt metasurfaceQ 2 PAHAXIQL 2 512t2 D& OLES}Y|
A= e ™o

Y synorsys © 2022 Synopsys, Inc.
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Design Example 3: Large FOV and Achromatic Metalens

Automated inverse design

« =St meta-atom 2t0|E2{2|E AtE3t= 27HQ| metasurface MetaOptic Designer = 6-core = EE£0|A & 12742 case

(39H2 T 91 4202) ARl CHel OF 12 L2 A|x{stel 22 A

oo |

“++ MetaOptic Designer CAD - [Small.mcd]
File Help

¥ @

Optical System Test Cases I Options | Advanced I

# phi=0 A
Einc=[--type=planewave --phi=A0] Ides=[--type=airy --x0=X0] lambda=LamB weight:
Einc=[--type=planewave --phi=A0] Ides=[--type=airy --x0=X0] lambda=LamG weight
Einc=[--type=planewave --phi=A0] Ides=[--type=airy --x0=X0] lambda=LamR weight

# phi=10

Einc=[--type=planewave --phi=A1] Ides=[--type=airy --xo=X1] lambda=LamB weight:
Einc=[--type=planewave --phi=A1] Ides=[--type=airy --x0=X1] lambda=LamG weight
Einc=[--type=planewave --phi=A1] Ides=[--type=airy --x0=X1] lambda=LamR weight

v
< >

Configuration
' D=40pm

Meta-atom

A=400nm
H=650nm
Ag=620nm .
. Ag=540nm
Ag=480nm

Circular symmetry

Optimized design

2nd Surface

1st Surface

© 2022 Synopsys, Inc. 15



Design Example 3: Large FOV and Achromatic Metalens
Optimization results and FUllWAVE FDTD validation

» 3x4=12 cases: 3 wavelengths (RGB) and 4 different angles (0°, 10°, 20°, 30°)
» High order at 40°

30 H
29 1

Optimization 2s-
Results 27

MetaOptic Desigher=

YLt FDTDRL RAreh AntE

AlS

2t FDTD Alg2i0|M2 2k 33,5
A2t AQ (~500G RAM, 16-
core computer)

FDTD
Results

22 R 2 24P TE LRI 7 8 9 10 11 12 137 8 9 10 11 12 137 8 9 10 11 12 13

Y synorsys ©2022 Synopsys, Inc. 16



Design Example 3: Large FOV and Achromatic Metalens
0.5mm x 0.5mm doublets with 0.3mm separation

« 20|02 L 2742] metasurface0| ZX of 2508 72| meta- i

atom =X, | X3t= 15719] H|AE cased| CH8H 2F 13A[2F ]

A2 (0.75G RAM,16-core computer)

600 -

BUNLSEUNUSURLSURLIUCLBIE BIUNLE S S B S I R R B R R I R I I L M L R I L L
48 50 52 54 56 99 102 105 147 150 153 189 192 195 198

600 - : : ] .
590 - ]

TTTTTTTTTTT M T T T T T T T T T T DT T T T T T T T T T T T T T M T T T T T T T T T A S SR B LA
2 0 2 4 48 50 52 54 56 99 102 105 147 150 153 189 192 195 198 4 -2 0 2 4 48 50 52 54 56 99 102 105 147 150 153 189 192 195 198

590

610

4 -
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Design Example 4: Logo Display

« IHA 2|0 & MetaOptic Designer= metasurfaceZ %|&3s}sH0
X|JEl O|0|X|E HA| 2t

“+: MetaOptic Designer CAD - [logo.mcd]
File Help
2 EH Y

Optical System Test Cases I Options I Advanced |

| Einc=[--type=planewave] Ides=synopsys-logo.dat lambda=0.5

Configuration Desired

Optiémizeéd |

‘"._.v__v__J'.__

-80 60 -40 -20 0 20 40 60 820

a0

60

40

20

-20

-40

-60

-80

-80 -60 -40 -20 0 20 40 60

a0

© 2022 Synopsys, Inc.

18



Design Example 5: Polarization Conversion (I)

Background

* A nano-fin is polarization dependent

- X QY HE UL MR CHE A X A

N Ruria

YAl 22 EE QIS

geometric (Pancharatnam-Berry) phase2t gt

— IR /291

—
42 nano-finQ2 ALY E

REERE

800
700-]
600 -
s00] i
s00d ¢

3004

Phase Shift (degree)

2004

= hol &

— geometric phase?} nO|H =& ™2HLCP)o| L&

Ha(RCP)LZ

Y synorsys

%

« 2 meta-atomQ| 2| 2= E XFotMH fld M 813 2
=] (m] 290
—

— O o
'O 2 FLot0] CHE fIX[of| 2HE St Tt
7

(a) Collimating lens " QWP@4S.“
5 e
. 0 :&"f‘ 0 Mueller, J. B., Rubin, N.
= A., Devlin, R. C.,
Fiber;;::rpled "'P Metasurface Groever, B., & Capasso,
F. (2017). Physical
Collimating lens QWP @135 review letters, 118(11),

113901.

Fiber-coupled \
laser Lp

« metalensE AA|6ta{Dd BF2 XA} A4S THO

© 2022 Synopsys, Inc.

19



Design Example 5: Polarization Conversion (Il)

Display different images () — Automated inverse design by MetaOptic Designer
Desired Optimized Output

IVI eta_ato m Cat RCP QOutput
2.0 20 10 0] 5.233
K 7 40 - I 40 4 I
% 30 30 - -
E ] 20 | 20 _ ]
) ] ] £
} -I 10 _I 10 : _I
% i 0 ] N 0 ] ; ‘. 2 II- : -
=10 H -10
D ] ]
B -20 -20
; |
-30 H -30
K J
. . B % -40 ) 40 -
Optimized Layout e s — - ____ _____ o0
. o ) el o 50 -40 -30 -20 -10 0 10 20 30 40 50 -50 -40 -30 -20 10 0 10 20 30 40 50
Rotation Angle Distribution RCP
g e e e e e e Dog LCP Output
180.0 5°£ 20 50+ 10 507
I ”'UE I 40 -] _I 40
y 3°E K 30 30
1 206 1 20 ] 20 i
Il N Rt R 5. |
DE 7 0 . 0 - ;Es': i .E -
1 104 ] b T
q i -10 -10 e
<0 E 20 20 g
‘SDE i Il =R 30
Ay 0.0 ‘4[]{ . -40 -40
'50|'|'|'| T |' T T T 1 "1 - EUEJ_, \+} 0.0 ] 0.0 1 o0
-50 -40 -30 -20 <10 0 10 20 30 40 50 50 jﬁgﬁ’lﬁﬁffﬁqfé‘aﬂ?uﬁrm T T T T i e e e
-50 -40 -30 -20 10 0 10 20 30 40 50 -50 -40 -30 -20 -10 0 10 20 30 40 50
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Design Example 5: Polarization Conversion (Il)
Display different images (ll) — Automated inverse design by MetaOptic Designer

Input Desired Optimized Output
Meta‘atom éAAAAAALE&PAAAAAA,% Image (LCP incidence)

X

\

Optimized Layout

{Juuuuuuuuuuuuu

_ET\(_‘ll‘_u\r'_\l(_h.u | N W, i PO Y Tonli o W

60 -40 -20 0 20 40 60

Image (RCP incidence)

@AA%%AJ&EAAA%A%

o

7‘]‘1:‘1‘\'['I'I‘I'I'I‘I‘I‘W'\'[
60 -40 -20 0 20 40 60
X (um)

mﬂmn/—hmhmrﬂmnr—hmh
o

-60 -40 -20 0 20 40 60

- S‘/HUPS‘/S © 2022 Synopsys, Inc. 21



Design Example 5: Polarization Conversion (lll)
Focus on different positions — automated inverse design

Input Desired Optimized Output
Meta-atom LEP Input RCP Image RCP Output
] 2. ] 10 104 50.77
‘ ' I N
i|
qu o] 20
40 010 40 o PR
il LCP Image LCP Output
10 10 50.64
|R I
0
00 4] 0.0
a0 T T T

Y synorsys ©2022 Synopsys, Inc. 22



MetaOptic Designer Tips and Tricks
Weight

S o = o1 o o o P Y= =0 o ola =
« 2} TFEfOf CHSH RQI2 Ch20f S TR Chsh of 0f24 & . O{212 AQ0|| Of B2 JFEX|E H0fsl0i of 2USH A2
o ols = —1\= -+ = o =2 [
AS. Yt 2|12 213Kl (=1)8 AFEotH £X| g2 ZHHE 44 “ts
HEe A ol
2T AMAO
' MetaOptic Designer CAD - [RGB_Pillar0.mcd] | [==] “A ' MetaOptic Designer CAD - [RGB_Pillar.mcd] I = (=] ‘
File Help File Help
ERCIKY D H 9
Optical System Test Cases I Options I Advanced I Optical System Test Cases I Options I Advanced |
Einc=[--type=planewave --w=D --shape=circle] Ides=[--type=airy] lambda=LamB type=planewave --w=D --shape=circle] Ides=[--type=airy] lambda=LamB
Einc=[--type=planewave --w=D --shape=circle] Ides=[--type=airy] lambda=LamG type=planewave --w=D --shape=circle] Ides=[--type=airy] lambda=LamG
Einc=[--type=planewave --w=D --shape=circle] Ides=[--type=airy] lambda=LamR type=planewave --w=D --shape=circle] Ides=[--type=airy] lambda=LamR weight=2.0
Red 1=0.65um Green 1=0.55um Blue i=0.45um Red %=0.65pm Green x=0.55um Blue »=0.45um

20 | _

—y

LI | U
-10 0 10

T
10
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MetaOptic Designher Summary
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SYNOPSYS

Silicon to Software"

Thank You

To request a free evaluation, please contact:
optics@synopsys.com




