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Metalenses Belong to the Category of Flat Lenses
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Multiscale Optical Modeling and Design Software
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Simulation and Design of Flat Lenses using VirtualLab Fusion

. N * VirtualLab Fusion is a multiscale simulation
fE o platform that serves a broad spectrum of
applications.

* In this paper, we demonstrate the features
of VirtualLab Fusion associated with flat
lenses, which are planned for release in
2025.

« We aim to address various tasks and
challenges faced in software development
when integrating flat lenses into lens sys-
tem design and modeling.
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Simulation and Design of Flat Lenses using VirtualLab Fusion

This article offers you

« arange of mathematical concepts,
« a wealth of insights, and

« example simulations and designs.
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Simulation and Design of Flat Lenses using VirtualLab Fusion

Our objective is to equip you with robust soft-
ware tools that enable you to investigate the
significance and utilization of flat lens technol-
ogy in your endeavors.
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Multiscale Optical Simulation



Metalenses

- » Metasurfaces employ nanostructures with
L : a high refractive index, commonly known
i as meta-atoms or metacells, arranged on a
- substrate that has a lower refractive index.

« This approach has been recognized for a
while, but it has recently gained renewed
Interest.

T

g ' P. Lalanne et al., J. Opt. Soc. M. Khorasaninejad et al.,
Am. A 16, 1143-1156 (1999). Science 352, 1190-1194 (2016).
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Metalenses: Historical Background and Assessment

Recommened for an initial insightful read

2017

Laser Photonics Rev. 11, No. 3, 1600295 (2017)/DOI 10.1002/ipor.201600295

sretaraErar

Abstract The so-called ‘flat optics’ that shape the amplitude
and phase of light with high spatial resolution are presently re-
"H‘!‘ ceiving considerable attention. Numerous journal publications
seemingly offer hope for for ultra-flat

I with high efficiency, high numerical aperture, P HEoEHE
tion. .. We temperate by the current =
status of metalenses against their historical background, as-
sessing the technical and scientific challenges recently solved 5
and critically identifying those that still stand in the way.
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Metalenses at visible wavelengths: past, present,
perspectives
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Multiscale Simulation

« Given that metasurfaces are composed of
nanostructures, it is clear that a geometri-
cal optics approach is unsuitable.

 Instead, it is necessary to utilize electro-
magnetic field theory based on Maxwell's
equations, commonly known as physical
optics.

Physical Optics

E, H
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Multiscale Simulation with VirtualLab Fusion

- Given that metasurfaces are composed of
Platform for nanostructures, it is clear that a geometri-

Multiscale cal optics approach is unsuitable.
Simulaton

 Instead, it is necessary to utilize electro-
magnetic field theory based on Maxwell’s
equations, commonly known as physical
optics.

Nano Method #3
Structures '

* Modeling optical systems across different
scales requires the integration of diverse

Method #4

Mo simulation models within a unified physical
Plotes & optics framework.
Cubes ’
k | / « This is the approach that we take with our
VirtualLab Fusion software.
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Geometrical Optics for Electromagnetic Fields

Physical Optics

E. H

Geometrical Optics
for rays
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Geometrical Optics for Electromagnetic Fields

We follow Max Born’s
and Emil Wolf’s advice!

Physical Optics We need to identify that part
of physical optics, which deals
with the “geometrical laws
relating to the propagation

of the 'amplitude vectors'E
and H.”

Principles of

/| Geometrical Optics Optics

\ forFields E.H !

\ /
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Multiscale Simulation with VirtualLab Fusion

» By employing our unified approach for mul-
tiscale simulation, we can seamlessly link
the geometrical optics modeling of a tra-
ditional lens surface with the sophisticated
simulation model for a metalens.

Physical Optics

* This leads to unparalleled speed in multi-
scale simulation when utilizing VirtualLab
Fusion.

[ ] Mscan
| Geometrical Optics | et
for Fields E, H

\ /
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Modeling Scenario: Wafer Inspection System

micro-structured wafer

90nm , 90nm  90nm ,  140nm
1]

imaging lens
| | _

soon]| [ N - Newport SPX031AR.10

100nm 125nm « effective focal length 500mm

é_

beam splitter

input field
inspection objective - fundamental Gaussian {
* NA=0.9 * wavelength 266.08nm
+ effective focal length 2mm =« full divergence angle
» back focal length 750 um 0.075°

* circularly polarized ,?

image
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Rays Derived from Multiscale Simulation

B 7: D:\OneDrive -..\System_3Dcut.rays
3D View
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Physical Optics
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Ray
Results
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Multiscale Simulation: Focal Spot on Wafer Structure

3.2335

1.6168
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Image Generation through Multiscale Simulation

Wafer structure
in focus

Y [mm]

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
X [mm]
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Image Generation through Multiscale Simulation

Wafer
structure 1um
before focus
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Image Generation through Multiscale Simulation

Wafer
structure 2um
before focus

Y [mm]

Siumlation time: seconds

-1 -0.8 -0.6 -0.4 -0.2

0
X [mm]

0.2 0.4 0.6 0.8

1
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Interoperable Simulation Model for Metalenses

* The primary challenge in integrating metal-
enses into the multi-scale modeling frame-
work of VirtualLab Fusion is creating a
metalens simulation model that can seam-
lessly interact with the simulation models
of other components, such as traditional
lenses.

Physical Optics

Platform for
Multi-Scale
Simulaton

, 4
Ly \

! Geometrical Optics *
for Fields E, H

\ /
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Application Potential of Flat Lenses



Some Basic Observations

Example

Height profile h(z, y) of surface

Wavelength: 532 nm

Refractive indexes: n =1.5and n’ =1
Lens radius: 10 mm

Object position: 2°° = —50 mm

Image position: z'™ = 100 mm

Lateral position: y°® = 0mm

24



Some Basic Observations

\_

A flat lens does not alter the
distances to the object and image
planes, hence it does not reduce

the system's length.

J
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Some Basic Observations

Example

Height profile h(z, y) of surface

Wavelength: 532 nm

Refractive indexes: n =1.5and n’ =1
Lens radius: 10 mm

Object position: 2°° = —50 mm

Image position: z'™ = 100 mm

Lateral position: y°® = 0mm
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Some Basic Observations

Example

Height profile h(z, y) of surface

I
-10

Wavelength: 532 nm

Refractive indexes: n =1.5and n’ =1
Lens radius: 10 mm

Object position: 2°° = —50 mm

Image position: z'™ = 100 mm

Lateral positions: y°" = Oand.mm
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Some Basic Observations

* A single surface cannot accurately image
multiple object points.

» Therefore, adding more surfaces to correct
aberrations is crucial.

» There is no evidence to suggest that flat
lenses eliminate this requirement.
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Beam Expander Scenario

* The use of two lenses is necessary.

» The degree of beam expansion is governed
by the distance d between the lenses and
their numerical apertures.

 Flattening the lenses does not change that
outcome.
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Insights on the Capabilities of Flat Lenses

Flat lenses reduce both the thickness and
weight of the lenses.

The thin design of flat lenses allows for
more possibilities in reducing the distance
between lens surfaces.

The fabrication methods for flat lenses vary
from those for traditional lenses, which may
offer benefits in specific scenarios.

Flat lenses could provide new opportunities
for switchable lenses.

Replacing thick lens surfaces with flat sur-
faces changes the aberration dynamics in
the system, which may enhance aberration
correction possibilities based on the partic-
ular scenario.
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Insights on the Capabilities of Flat Lenses
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Insights on the Capabilities of Flat Lenses
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v
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Insights on the Capabilities of Flat Lenses

Flat lenses reduce both the thickness and
weight of the lenses.

The thin design of flat lenses allows for
more possibilities in reducing the distance
between lens surfaces.

The fabrication methods for flat lenses vary
from those for traditional lenses, which may
offer benefits in specific scenarios.

Flat lenses could provide new opportunities
for switchable lenses.

Replacing thick lens surfaces with flat sur-
faces changes the aberration dynamics in
the system, which may enhance aberration
correction possibilities based on the partic-
ular scenario.

 Employing diffractive lenses, which ex-

hibit strong and opposing chromatic aber-
rations, to counteract the chromatic aber-
rations of smooth lens surfaces serves as
a well-documented instance of this poten-
tial.

Some characteristics of flat lenses, such
as its polarization-sensitive function, may
be considered beneficial or detrimental de-
pending on their use.

There is no evidence to suggest that flat
lenses, including metalenses, reduce the
total length of the system or the number
of lens surfaces in optical systems be-
yond what is possible with aspherical and
freeform surfaces.
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Insights on the Capabilities of Flat Lenses

Flat lenses reduce both the thickness and
weight of the lenses.

The thin design of flat lenses allows for
more possibilities in reducing the distance
between lens surfaces.

The fabrication methods for flat lenses vary
from those for traditional lenses, which may
offer benefits in specific scenarios.

Flat lenses could provide new opportunities
for switchable lenses.

Replacing thick lens surfaces with flat sur-
faces changes the aberration dynamics in
the system, which may enhance aberration
correction possibilities based on the partic-
ular scenario.

« Employing diffractive lenses, which ex-

hibit strong and opposing chromatic aber-
rations, to counteract the chromatic aber-
rations of smooth lens surfaces serves as
a well-documented instance of this poten-
tial.

Some characteristics of flat lenses, such
as its polarization-sensitive function, may
be considered beneficial or detrimental de-
pending on their use.

There is no evidence to suggest that flat
lenses, including metalenses, reduce the
total length of the system or the number
of lens surfaces in optical systems be-
yond what is possible with aspherical and
freeform surfaces.

...............
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Insights on the Capabilities of Flat Lenses

Flat lenses reduce both the thickness and
weight of the lenses.
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Insights on the Capabilities of Flat Lenses

Flat lenses reduce both the thickness and
weight of the lenses.

The thin design of flat lenses allows for
more possibilities in reducing the distance
between lens surfaces.

The fabrication methods for flat lenses vary
from those for traditional lenses, which may
offer benefits in specific scenarios.

Flat lenses could provide new opportunities
for switchable lenses.

Replacing thick lens surfaces with flat sur-
faces changes the aberration dynamics in
the system, which may enhance aberration
correction possibilities based on the partic-
ular scenario.

The slim profile of flat lenses is the key
factor in their potential for miniaturization
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Integrating Flat Lenses into Lens Design Workflows

(. Ultimately, flat lenses offer a notable and intriguing )

addition to the array of tools for optical design.
« The usefulness of flat lenses changes significantly
\ based on the context of their application. y

- Imaging

It is crucial to integrate flat lens technology
into lens design workflows to fully
comprehend and utilize their capabilities.

[llumination

~1

Result radiant intensity

.DH 90°X70°
=+ . - - Diagonal: 114°
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Interoperable Simulation Model for Metalenses



The Importance of the Wavefront Phase

* Lens systems convert wavefronts originating
from object points into wavefronts that create
the image points.

1 Converting wavefront phases
e J wav P i > « Wavefronts are mathematically represented

/ \ / / by their corresponding phase function (r),
which we call the wavefront phase.

« The wavefront phase is of pivotal importance
in both the design and simulation of lens sys-
tems.
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The Importance of the Wavefront Phase: Geometrical Optics

* In geometrical optics, the wavefront phase is

directly connected to the local ray direction
vector § through the equation
1 Converting wavefront phases v(
> 5, (r) — {Vﬂp}(r)
VAN o) =

where | represents the x and y components,
and s, is determined by ||§|| = 1.
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The Importance of the Wavefront Phase: Physical Optics

1 Converting wavefront phases v( >

SN/

* In physical optics, the wavefront phase retains its

crucial significance.

* It is now integrated into the electric field vector

E(r) through

E(r) = U(r) expli(r)]

with
Ue(r) := |E¢(r)| expliarg Uy (r)]

for the components ¢ = z, y, z.

In multi-scale physical optics simulations, v is uti-
lized as a continuous and smooth phase that is
shared across all components.

The electric field components can possess exira
phases arg Uy, such as a vortex associated with
an angular momentum beam.
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The Importance of the Wavefront Phase: Physical Optics

N /) N

Converting wavefront phases ) (

SN/

>

* In physical optics, the wavefront phase retains its

crucial significance.

* It is now integrated into the electric field vector

E(r) through

E(r) = U(r) explio(r)]

with
Ue(r) := |E¢(r)| expliarg Uy (r)]

for the components ¢ = z, y, z.

In multi-scale physical optics simulations, v is uti-
lized as a continuous and smooth phase that is
shared across all components.

The electric field components can possess exira
phases arg Uy, such as a vortex associated with
an angular momentum beam.
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The Optical Path Length (OPL)

» Conventional lenses modify the wavefront

phase through the optical path length (OPL)
between their surfaces.

The phase is derived from the OPL through

~

« This outcome is equally valid in the realm of
Optical path between surfaces. ] physical optics.

* The resulting phase is continuous and not
expressed as modulo 27w, meaning it is un-
wrapped.

« The variation in the wavefront phase ¢ is inde-
pendent of the polarization of the electric field!
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Effect of a Flat Lens on the Wavefront Phase

Replace surface by flat lens

x
N

-

~

VY
A
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Effect of a Flat Lens on the Wavefront Phase

 The influence of the flat lens on the field at

: : any location on its planar surface can be char-
U™ expliy'™] ] acterized by

Eil’l —

E" = ME",

\ \ \ with E, = (E,, E,) and the quadratic matrix
M. M
M = xrx wy> .
y NNDA (i %

Eout Uout exp 1wout ]
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Effect of a Flat Lens on the Wavefront Phase

 The influence of the flat lens on the field at

- : any location on its planar surface can be char-
U™ expliy'™] ] acterized by

Eil’l —

Eout _ MEin,

\ \ \ with the quadratic matrix
M. M.
M = xrx a:y> .
A NNPA (i 3

Eout Uout exp 1wout ]
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Effect of a Flat Lens on the Wavefront Phase

* The influence of the flat lens on the field at
- : any location on its planar surface can be char-
U™ expliy'™] ] acterized by

Eil’l —

Eout _ MEin,

\ \ \ with the quadratic matrix
M M
M = rx my) .
A NNDA (o 3

E°" = U™ expl[iyy™™] ] « The values of the matrix M can be obtained
using any suitable simulation model of the flat
lens surface.
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Effect of a Flat Lens on the Wavefront Phase

- The wavefront phase '* of the incoming field,
) . can be explicitly separated from the matrix
U™ expliy'™] ] multiplication, leading to the expression

Eil’l —

Eout — Uout eXp[inUt] — (M Uin) exp[izbin] .

where | >
wout — ¢1n + \IJ
/ \ / / * The phase V represents the change of the in-

put wavefront phase due to the flat lens.
Eout Uout exp 1wou‘c ]

 In the case of flat lenses, the phase ¥ is not
determined by an OPL between lens surfaces,
but rather must be derived from the matrix ef-
fect on the input field, represented as MU ™.
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Evaluating Matrix M

_\Navel_engt_h A of Local direction Pillars with varying widths
incoming light. vector 3 (p). | .

=

Structure parameter vector p,
such as width, height, and rotation angle.
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Creating a Neural Network for Modeling and Design

Generated
by chatGPT ~

In mathematical terms, the dependencies of
the matrix are represented by M(p; 3™, \).

All matrix elements M(p; 5'*, \) are evaluated
over the parameter space for a selected type
of metacell structure, the relevant direction do-
main, and the specified wavelength range.

These matrix values function as nodes within
a neural network, connecting the parameter
space, the directional domain, and the wave-
length spectrum.

This neural network serves as the irreplace-
able cornerstone for identifying an appropri-
ate wavefront phase response ¥, and it estab-
lishes the most effective methods for modeling
and design.
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Creating a Neural Network for Modeling and Design

Generated
by chatGPT ~

It is important to note that this network only
needs to be computed once for each type of
metacell structure.

Employing advanced modeling methods on a
typical laptop, the time required to set up the
neural network varies from a few hours to sev-
eral days, depending on the number of nodes
involved.

VirtualLab Fusion supports distributed com-
puting, which allows for an almost linear de-
crease in computation time with the addition
of more clients.

In summary, the network computation is not a
practical limitation.
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Effect of a Flat Lens on the Input Field: Examples

« Given a particular U™, the network supplies
the magnitudes

{M(p; 8")U™} |and [{M(p; 8")U™} |

v

and the phases

arg {M(p; .§in)Uin}m and arg {M(p; §in)Uin}y :

Generated -~ t
by chatGPT ~
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Effect of a Flat Lens on the Input Field: Examples

H=465nm

nanopillar height

Refractive index: 3.8 @ 940 nm
Period: 400 nm

Height: 465 nm

Shape: circular

Diameter: 45 nm - 270 nm

Refractive index: 2.43 @ 532 nm
Period: 325 nm

Height: 600 nm

Shape: rectangular

Size: 250 nm x 95 nm

Rotation angle: 0° - 180°
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Effect of a Flat Lens on the Input Field: Examples

/

M(p; 3™, X)

* Input field vector:

Example specifications:

U™ =(1,1)7

« Input direction: 8 =0

Magnitudes [{M(p)U™} | and ’{M(p)Uin}u|

Pumanics Data ity Bsditat:

Ciagan Tanle  Wwer.

Amplitide of (M LY
04 08 (1}

|

Pamamical Dita iy st

Rotation Angle [162 7]
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Effect of a Flat Lens on the Input Field: Examples

/

M(p; 3™, X)

* Input field vector:

Example specifications:

U™ =(1,1)"

« Input direction direction: 3™ = 0

Phases arg {M(p)Uin}w and arg {M(p)Uin}y

1M-“ T .-r"ﬁ-wa ;: . .. S| E
Furancs Dats ey Fouditat,
g drate
—_— MU
—_— — MUy
-
4
5
£°
2
g
)=
— 06 007 008 015 0 L . .
»
meter of i

Phases arg {M(p)Uin}x and arg {M(p)Uin}

y_

T — e |
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Effect of a Flat Lens on the Input Field: Examples

/

M(p; 3™, X)

* Input field vector:

Example specifications:

U™ =(1,i

)T

« Input direction direction: 3™

0

Magnitudes [{M(p)U™} |and [{M(p)U™} |

10 Evaatd Ranptrsen o 1 = (1§ - ST 8 W)
Faarenicn Cwa ey Baaditat

Amplitide of (M LY
04 08 (1}
I
I

Magnitudes [{M(p)U™} | and ]{M(p)Uin}y|
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Effect of a Flat Lens on the Input Field: Examples

M(p; 3™, X)

Example specifications:

+ Input field vector:|U™ = (1,1)T

« Input direction direction: 3™ = 0

H=465nm

nanopillar height

®

:

£

Phases arg {M(p)Uin}w and arg {M(p)Uin}y

Hemerical Data Array

Equidistare)

(— mu)
|— (MU);

[ T

\

Phases arg {M(p)Uin}w and arg {M(p)Uin}y

= 81: Evaluated Response for U = (1 V/m: 1- expl1.5708:) V/m) F=nn~=)
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Selecting a Candidate for Wavefront Phase Response

v

« We must choose a suitable candidate ¥4 for
the wavefront phase response and extract it
from the outcome of the matrix multiplication
M(p; )U™.

» As a result, we obtain the residual phase com-
ponents

Adpy(p) = arg {M(p; ") U™}, — v
where ¢ = x, y.

* The suitability of a candidate is measured by a
single metric, denoted as o2.
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Selecting a Candidate for Wavefront Phase Response

Values for the metric o2

¥ = arg {M(p) Uin}Z

for{ =x,y L Y z Y
o2 forU™ = (1,1)T 0 0 [2.9 2.9]
o® for U™ = (1,1)" 0 0 to.04 0.04J

Strong polarization
dependency.
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Selecting a Candidate for Wavefront Phase Response

* This outcome shows that choosing the wave-

, front phase candidate ¥*¢ as the z- or y-
s A component from M(p; 5™) U™ is inadequate
. for designing and modeling metalenses in se-

. rious software development.
\ * We propose a technique for the design and

simulation of metalenses that fully leverages
. the capabilities of the established neural net-
M(p; 8™, \) work.

Generated -~ t
by chatGPT ~
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Mode Decomposition as a Foundation for Modeling and Design

- N0
unit cell D AN
extent N
400nm w >
T
LBV, et =
nanopillar height @»

Structure of metacell

Simulation model

Y
Matrix values M(p; 3™, \)

66



Simulating Metacells Using Periodic Cell Approximation (PCA)

« Given that each meta-atom is surrounded by
neighboring meta-atoms, the matrix analysis
is conducted not on a single, isolated meta-
atom, but rather on a meta-atom that is repli-
cated periodically.

H
1t
Y
iql e
* TH

= A ' « This leads to the formation of a sub-
= wavelength grating, where the metacell serves
BN rrcptr as the periodic unit for analysis.
| ‘ } - The analysis of this metacell grating employs
- e the Fourier Modal Method (FMM), also known
00000000000 as RCWA.
00000000000
2833833922  We call thls_ eff_ectlve technique the Periodic
4444977 1o Cell Approximation (PCA).
00000000000
00000000000
00000000000
00000000000
Metacell grating
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Mode Decomposition as a Foundation for Modeling and Design

Simulation model (PCA)

. N0
unit el D N
extent \\
400nm w N y
T
Franopillar height Q >
<

Structure of metacell

Matrix values M(p; 3™, \)

|

Training of
neural network

Orthogonal vector basis
W1 and WQ

Wavefront phase candidates
\I,%d. and \Ifgd

{ \
Orthogonal vector basis Wavefront phase candidates
W, and W, ved gnd wgd-
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Mode Decomposition as a Foundation for Modeling and Design

L=
d @

nanopillar height

x N0
unit cel D “
extent .
400nm | =
T

Structure of metacell

Simulation model (PCA)

Y
Matrix values M(p; 3™, \)

Training of
neural network

Orthogonal vector basis
W1 and WQ

Wavefront phase candidates
\I’%d' and \Ifgd
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Using a Trained Neural Network for Modeling

x N0
unit cel D N\
extent \\
400nm w .

:
|t L g
3
\

o Orthogonal vector basis
Structure of metacell W, and W

Simulation model (PCA)

Wavefront phase candidates

| \I,gd and \Ifgd

Matrix values M(p; 3™, \) - -

E™ = U™ exp[iy)™] E°" = U™ exp[i{y™ + U1 }] + U™ exp[i{yp™ + Vs }]
VWA VW el T = U el 4 Wi =y =
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From Candidate to Final Wavefront Phase Response

* The phase \y;?-d-(p) is not yet in the form of a + We refer to this operation as © and obtain
wavefront phase, since it is in the form of 27-
modulo. (@{xp;-d-mod 27r}(p)> = U,(p)+AV,(p; ©) mod 27 .

* In addition, it may include some contribu-
tions which do not belong to a smooth wave-

Journal of the
front phase, e.g., because they cannot be un- Optical Society
Wl’apped ||ke a phase VOI”[eX. of America OPTICS, IMAGE SCIENCE, AND VISION
Wavefront phase representation by Zernike and
* Thus, in a final step the phase ¥$(p) is un- spline models: a comparison

IRFAN BADAR,"2* CHRISTIAN HELLMANN,?® AND FRANK WYROWSKI'

wrapped and filtered.

e (z,y)mod 27 W, (p; ©) mod 27

31 Modity Phase 25) feloss

[E=3En =)

[ 2416 [ 216
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From Candidate to Final Wavefront Phase Response

* The phase q;;;-d-(p) is not yet in the form of a + We refer to this operation as © and obtain
wavefront phase, since it is in the form of 27-
modulo. (6{\D§'d'mod 2r} (p)) — U, (p)+AY,(p; ©) mod 27 .

* In addition, it may include some contribu-
tions which do not belong to a smooth wave-
front phase, e.g., because they cannot be un-
wrapped like a phase vortex.

* This leads to the output field in form of
E(p) = U™ (p) expliv'(p) + ¥ (p)],

» Thus, in a final step the phase ¥4 (p) is un- W(i)tlﬁ the SiTOOth and unwrapped phase
wrapped and filtered. Pt (p) = " (p) + ¥(p) and

U™ (p) =
[(MW;)_|(p) ; exp[iAt; . (p) +iAT;(p; ©)]
Vi(p) | -

d.
e (2, y)mod 27

31 Moy Phase 25) =0
Eecric el (- Doman Equdstant

explidd, (p) +iAT;(p; O)]
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Design of Metalenses



Using a Trained Neural Network for Designing a Metalens

N0

unit cel D N
extent AN
400nm | w - >

T

i =

Fhanopillar height Q @

N

Structure of metacell

Simulation model (PCA)

|

Matrix values M(p; 3™, \)

\

Orthogonal vector basis
W1 and WQ

Wavefront phase candidates
\I,%d. and \Ifgd

Select one of the
modes for design

[ > Specify ¥(p) >

Neural network
performs design

Export fabrication
data, e.g., GSDII

e .
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S

imulation and Design of Metalenses

\

: N et Orthogonal vector basis -

Structure of metacell ; W, and W, Structure of metacell

Simulation model (PCA) : : ) Simulation model (PCA)
) - Wavefront phase candidates \
! . NN Wsd- and wgd- , ! .
Matrix values M(p; 8™, A) e - Matrix values M(p; §™, \)
E™ = U™ expligh™)] E™M =™ exp[i{ﬂ‘l’i” + 0 H+ U™ exp[i{'@‘;i“ + Uy }] Select one of the
_ {V-linwl + Vz_;inWQ} L!Xp[iEJill] :> — Uout exp[i{?,r"/'in + ‘I’}] . If‘lﬁ _ ‘DZ — modes for design

Orthogonal vector basis
W1 and W)

Wavefront phase candidates
g4 and w5t

)

* The simulation and design techniques are
incorporated into our proprietary VirtualLab
Fusion software.

« These advanced techniques are planned to
be released to the public in the upcoming
2024 software updates.

I:> Specify ¥(p) I:>

Vi rhﬁl'.a] Labrusion

Neural network
performs design

Export fabrication =~ - -~~~ 7
data, e.g., GSDII
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Design Examples and Simulations



Focusing with Pillar-Type Metalens

Q0002 Focusing metalens
 Gooece . focal length: 7
; - BDDD D ocal lengin: /mm
© s DDYODY « diameter: 3mm
R gg%%  nanostructure: pillars
GDSIl . ... . 222 * number of cells: 7501 x 7501

design time: 2s

detector
Plane incident wave

* 3mm x 3mm diameter
« wavelength: 940nm

/mm

A
v
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Rays Derived from Multiscale Simulation

Qo222 Focusing metalens
Q0000 D . focal lenath: 7
Y YYY ocal length: 7mm
- DDDDD  diameter: 3mm
R gg%%  nanostructure: pillars
GDSIl . ... . 222 * number of cells: 7501 x 7501

 design time: 2s

detector

Plane incident wave
e 3mm X 3mm diameter
« wavelength: 940nm

/mm

A
v
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Magnitudes of Focal Point Obtained from Multiscale Simulation

Detector

0° Linear Polarization

-

Electric Feld («-Domain, Equidistar)

[EREE

Magnitude |E,(p)]

Bl 37 Field in Focal P

=S o 5

Diagram Table  Value at eyl

Amplitude of “Ex-Component” [kV/m]

0.93..

0.46...

Simulation time ~ 20s
(7501 x 7501 cells)

Magnitude |E,(p)|

(=] 2 =)

Diagram Table  Value at eyl

Amplitude of "Ey-Component” [kV/m]

0.93...

0.46...
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Irradiance of Focal Point Obtained from Multiscale Simulation

Efficiency (PCA)

Detector

Irradiance FE.(p)
nsg:lrradiancein Fecal Plane E@

Radiometric Data {Irradiance)

Irradiance [mW/mm?]

0° Linear Polarization

[EREE

Electric Feld («-Domain, Equidistar)
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Magnitudes of Focal Point Obtained from Multiscale Simulation

Detector

45° Linear Polarization

B 30 5o

Electric Feld («-Domain, Equidistar)

[EREE

Magnitude |E,(p)]

H 43: Field in Focal Plane
in, Equidistant)

=S o 5

Diagram Table  Value at eyl

Amplitude of “Ex-Component” [kV/m]

Simulation time ~ 20s
(7501 x 7501 cells)

Magnitude |E,(p)|

=l 43: Field in Focal Plane
i uidistant)

(=] 2 =)

Diagram Table  Value at eyl
Amplitude of "Ey-Component” [kV/m]

0.66

0.33
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Irradiance of Focal Point Obtained from Multiscale Simulation

Detector

Irradiance E.(p)

n 89: Irradiance in Focal Plane E@
Radiometric Data {Irradiance)

Irradiance [mW/mm?]

45° Linear Polarization

B 3550 [EREE

Electric Feld («-Domain, Equidistar)
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Rays Derived from Multiscale Simulation

Qo222 Focusing metalens
Q0000 D . focal lenath: 7
Ry Yy Y O.Ca engin: /mm
- DDDDD  diameter: 3mm
R gg%%  nanostructure: pillars
GDSIl . ... . 222 * number of cells: 7501 x 7501

detector

 design time: 2s

Plane incident wave

* 3mm X 3mm diameter
e alpha: 10°
» wavelength: 940nm
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Obtained Wavefront Phase Response of Metalens

Detector

yyyyyyyyyyyyyyy

Electric Feld («-Domain, Equidistar)

Wavefront Phase Response ¥(p)

B, 68: Wavefront after Metalens =]
MNumerical Data Array (Equidistant) )
m le Value at [xy)
Wavefront Phase [1E4 rad]
-2.40...
=257
=
15 -1 -0.5 0 0.5 1 1.5 B Und.
X [mm]
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Dot Diagram Derived from Multiscale Simulation

Detector

W

yyyyyyyyyyyyyyy

Electric Feld («-Domain, Equidistar)

n 81: Dot Diagram in Focal Plane E@
Positions, Directions & Wavefront Phase
S
u
=
O
*
. 3
L] L ]
: «f]
Lo
Ig‘ L]
.
L ]
’ -
u
=
S
&
T T T T T
-0.1 -0.05 0 0.05 0.1
[mm]
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Magnitudes Obtained from Multiscale Simulation

0° Linear Polarization

-

Electric Feld («-Domain, Equidistar)

[EREE

Detector

Magnitude |E,(p)]

H 80: Field in Focal Plane

in, Equidistant)

=S o 5

Diagram Table  Value at eyl

¥ [mm]

-0.05

X [mm]

Amplitude of “Ex-Component” [kV/m]

0.05

0.22

0.11

Simulation time ~ 20s
(7501 x 7501 cells)

Magnitude |E,(p)|

= 20: Field in Focal Plane

i uidistant)

(=] 2 =)

¥ [mm]

0.05

-0,05

Diagram Table  Value at eyl
Amplitude of "Ey-Component” [kV/m]

-0.05

X [mm]

0.05

[1 0.22

0.11
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Irradiance from Multiscale Simulation

Efficiency (PCA) Detector

~ 88.1% @

i R ; P Irradiance FE.(p)
Z = & 94: Irradiance in Focal Plane - - - E@
/ Radiometric Data (Irradiance)

/ Irradiance [W/m?]
———— 55
/
/
[
325

¥ [mm]
0

0° Linear Polarization

B [EREE

Electric Feld («-Domain, Equidistar)

-0.05

-0.05 0 0.05

X [mm]
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Irradiance and Dot Diagram from Multiscale Simulation

Detector

Irradiance E.(p) w/ Superimposed Dot Plot
B3 94: Inadiance in Focal Plane = =R 5

Radiometric Data {Irradiance)

Irradiance [W,/m?]

65

0.05

32.5

¥ [mm]
0

0° Linear Polarization

B [EREE

Electric Feld («-Domain, Equidistar)

-0.05

-0.05 0 0.05

X [mm]
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Focusing with Nanofin-Type Metalens

Focusing metalens
« focal length: 7mm
» diameter: 3mm
ey e A g A * nanostructure: nanofins
GDSll masmwmaaas « number of cells: 9233 x 9233
 design time: 3s

Plane incident wave
* 3mm X 3mm diameter
« wavelength: 532nm

/mm

detector

v
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Rays Derived from Multiscale Simulation

Focusing metalens

 focal length: 7mm
diameter: 3mm
nanostructure: nanofins
number of cells: 9233 x 9233
design time: 3s

GDSlI

Plane incident wave
* 3mm X 3mm diameter
« wavelength: 532nm

detector

Right Circular Polarization

(ESSEeR =

/mm

v
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Magnitudes Behind Metalens

Right C

@ Detector

B 106:Source

ircular Polarization

=R

Magnitude |E,(p)]

Magnitude |E,(p)|

H 109: Field after Metalens

Electric Field (x-Domain, Equidistant)

=S o 5

Diagram Table

¥ [mm]

Value at [x,y}
Amplitude of "Ex-Component” [V/m]

0.84...

(=] 2 ==

= 109: Field after Metalens
Electric Field (x-Domain, Equidistant)

Diagram Table  Walue at fxy)
Amplitude of “Ey-Component” [V/m]

0.85...

Moire effect!

042.
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Magnitudes |{M(p)U™} | and |{M(p)Ui“}y|

T T ——r——— =

Magnitudes Behind Metalens mzgmmmsenzommmsoe

@ Detector S |

..................

=3 ‘ 1 ] 0.84...

Magnitude |E,(p)] P

= 109: Field after Metalens

Electric Field {x-Domain, Equidistant)

Diagram Table  Value at [xy)

E o {
= 0.42..
>_

Amplitude of "Ex-Component” [V/m]

Right Circular Polarization

e S
E
=
0.70... e T T T T T T T 0
094 096 0.98 1 1.02 1.04 1.06
X [mm]

T , , Efficiency (PCA)
: ~89.4 %
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Magnitudes Obtained from Multiscale Simulation

Right Circular Pola

rization

B

=R

Detector
|

Magnitude |E,(p)]

=2 114 Field in Focal Plane =x Fon |
Electric Field (x-Domain, Equidistant)
Diagram Table  Value at fxy)
Amplitude of “Ex-Component” [kV/m]
M 1.1
u
5 = 0.55
>
L
0
B 0 5
X [pm]

Simulation time ~ 27s

(9233 x 9233 cells)

Magnitude |E,(p)|

=i 114 Field in Focal Plane [E=H BSR4

Electric Field x-Domain, Equidistant)

Diagram Table  Value at (xy)

Amplitude of "Ey-Component” [kV/m]

[ 1.1
u
E = 0.55
~
e
0

X [um]
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Irradiance of Focal Point Obtained from Multiscale Simulation

Detector
n 113: Irradiance in Focal Plane E@
Radiometric Data {Irradiance)
I Irradiance [mW/mm?]
(] 3.3
. . . . E
Right Circular Polarization | e
B 105 Source Pleraton ’ (E=3E=n ) e - =]
I O
Y
. I

Irradiance
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Rays Derived from Multiscale Simulation

GDSII

Right Circular Polarization

B 108 Source Potimzmien

- ]

0.35.

mm

A
v
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Rays Derived from Multiscale Simulation

GDSII

Left Circular Polarization

B, 124 Source Polarztion =R
Field pcDomain Equditant

mm

A
v
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Irradiance Obtained from Multiscale Simulation

Irradiance FE.(p)
n 132: Irradiance in "Focal” Plane E@

Radiometric Data {Irradiance)

Irradiance [mW/m?]

0.33
. . . =
Left Circular Polarization ﬁ E © 0.165
| Demctor i
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Beam Expander with Aspherical Lens

Collimation lens multiscale simulation

» diameter: 4.8mm
« first surface: planar
» second surface: aspherical

[ Rays derived from ]

Spherical lens
* diameter: 1.5mm

« focal IengtM

Plane incident wave

* 1Tmm x 1mm diameter
» wavelength: 940nm

* linearly polarized

]

detector

10 mm

A
\ 4
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Beam Expander with Pillar-Type Metalens

[ Rays derived from ]

- DDQD ; .
oo oos e diameter: 4.8mm

- - DQVVQOD . o
S 0ODDD nanostructure: pillars

- 2222  number of cells: 12001 x 12001

°c e DQODQD . .
ooooo vow e« design time: 7s

Spherical lens
e diameter: 1.5mm

Plane incident wave i
* 1'mm x 1mm diameter i
- wavelength: 940nm i

* linearly polarized detector

10 mm

A
\ 4
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Irradiance Obtained from Multiscale Simulation

Efficiency (PCA)

~ 91.2% Simulation time ~ 51s
(12001 x 12001cells)

— B

K
ﬁ Irradiance E.(p)
& 152: Irradiance after Metalens - - =R E=E

Detector

2.4

0° Linear Polarization

5 34 Source Polarza oo

Electric Feld (+-Domain Equidistant)
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Vectorial PSF Obtained from Multiscale Simulation

Simulation time ~ 57s
(12001 x 12001cells)

)

Detector Energy Density w.(p)
n 116: Vectorial PSF Calculation : : EI@
Radiant Energy Density [1E-8 J/m?]
0° Linear Polarization
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Polarization-Controlled Bifocal System

Focusing metalens

« focal length: 60mm Focusing lens

« diameter: 2mm  focal length: 2mm
* number of cells: 6153 x 6153
 design time: 2s

detector

Plane incident wave
e 2mm X 2mm diameter
« wavelength: 532nm

Tmm

A
\
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Rays for Spherical Lens

Right Circular Polarization

= 68: Source Polari

ization

folE =

0.3535

Jo fams

Metalens

AN

Spherical aberrations
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Rays for Spherical Lens

Here

Left Circular Polarization | _ _
e = Spherical aberrations

BOT Table  Makot 81 Gyl
Ay

| 98 ||
| 990
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Irradiances for Aspherical Lens

Metalens

Efficiency (PCA)

~ 92.2%

-

Right Circular Polarization

- 68: Source Polarization

folE =

0.3535

n 230: Detector 1

Radiometric Data (Irradiance)

[W/m?]

Y [um]

3 231: Detector 2

Radiometric Data (Irradiance)

Simulation time ~ 17s
(6153 x 6153 cells)

[W/m?]
4E04
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Irradiances for Aspherical Lens

Metalens

Efficiency (PCA)

-

Right Circular Polarization

folE =

0.3535

~ 92.2%

n 230: Detector 1

Radiometric Data (Irradiance)

(=N == 3 23 Detector 2
Radiometric Data (Irradiance)

[W/m?]

Y [um]

Simulation time ~ 17s

[W/m?]
0.5

(6153 x 6153 cells)

106




Irradiances for Aspherical Lens

Metalens

b

Left Circular Polarization

\

3 235: Detector 2

n 234: Detector 1

Radiometric Data (Irradiance)

Radiometric Data (Irradiance)

[W/m?]

Bl &7 Seurce Pelarization

Y [mm]

Simulation time ~ 17s
(6153 x 6153 cells)

[W/m?]
4E04
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Irradiances for Aspherical Lens

Metalens

&

45° Linear Polarization

folE =

n 254: Detector 1

Radiometric Data (Irradiance)

[W/m?]

Y [um]

X [pm]

0

Simulation time ~35s |
(6153 x 6153)

3 255: Detector 2

Radiometric Data (Irradiance)

[W/m?]
2E04
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Metalens with Encoded Phase Dislocation

|
Efficiency ~ 92.1%

Metalens

45° Linear Polarization

- 65: Source Polarization =R ECE

8 256: Detector 1

[W/m?]

X [pm]

0

Simulation time ~35s |
(6153 x 6153)

3 257: Detector 2

Radiometric Data (Irradiance)

[W/m?]
1E04
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Limitations of the PCA Simulation Model and its
Further Developments



Constraints of the PCA Simulation Model

e « In the Periodic Cell Approximation (PCA), it is
o i assumed that neighboring metacells are iden-
tical.

 Practically, each metacell is encircled by addi-
£ tional metacells, which differ in structural pa-
! R ' rameters to varying degrees, thus interrupting
B e the periodic condition to some extent.

pari
=]
t13]

Eiﬁhr H ar . . . . .
: e « This situation particularly arises when a cycle
- of the lens zones is completed, causing the
_ structural parameters to revert to their initial
Kranopitarheight | values.

00000000000

$3533sss55s - in discontinuities i

22222222228 . ThIS. results in dlscontlr)umes in thg structure,

00000802800 leading to the production of additional stray

000000000F% : : ;

00000000000 light, a phenomenon also well-recognized in

00000000008 diffractive lenses

00000000000 )

Metacell grating
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Constraints of the PCA Simulation Model

e * In the Periodic Cell Approximation (PCA), it is
e assumed that neighboring metacells are iden-
e tical.

* Practically, each metacell is encircled by addi-

tional metacells, which differ in structural pa-
T i :: rameters to varying degrees, thus interrupting
B the periodic condition to some extent.

T
Peemay # v
B e aes TH

amaer « This situation particularly arises when a cycle
- of the lens zones is completed, causing the
structural parameters to revert to their initial

~ h=1317nm

anopitar eigrt values.

nanopillar height

 This results in discontinuities in the structure,
leading to the production of additional stray
light, a phenomenon also well-recognized in
diffractive lenses.
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Local Metagrating Approximation (LMGA)

* Thus, the challenge lies in effectively integrat-
ing the neighboring metacell in a simulation
model to more precisely represent the struc-
tural discontinuities.

it

 We propose using a local metagrating ap-
;i o proximation, akin to the modeling of diffractive
e ol lenses.

T 3t
3
Peemay # v
B e aes TH

 (E tational efficiency but also distinguishes the

_ stray light from the desired light in additional
ot orders.

nanopillar height

] amaer * This method not only provides high compu-

* These extra orders have clearly defined wave-
front phases, allowing them to propagate
through the lens system together with the in-

One period of a local tended light.

metagrating.
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Local Metagrating Approximation (LMGA)

Thus, the challenge lies in effectively integrat-
ing the neighboring metacell in a simulation
model to more precisely represent the struc-
tural discontinuities.

We propose using a local metagrating ap-
proximation, akin to the modeling of diffractive
lenses.

This method not only provides high compu-
tational efficiency but also distinguishes the
stray light from the desired light in additional
orders.

These extra orders have clearly defined wave-
front phases, allowing them to propagate
through the lens system together with the in-
tended light.
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Local Metagrating Approximation (LMGA)

* The rigorous Fourier Modal Method (FMM),
also known as RCWA, is employed for ana-
lyzing the local gratings.

» The differences in results between PCA and
LMGA can be systematically analyzed by gen-
erating metagratings with PCA and subse-
quently simulating them using both FMM and
PCA for comparison.

Simulated by FMM

nanopillar
diameter

cell

p=790.5nm

h=1317nm |

nanopillar height !

A S
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Analysis of Metagratings with PCA and FMM

period | NAof | pasencras | Reflectediight | Transmited
rambda - bens PCA | FMM | PCA | FMM (FMM)
10.6 0.094
5.3 0.189
3.2 0.313
2.9 0.345
2.1 0.476
1.3 0.769

One period of the

metagrating

Phase response obtained after one
period of metagrating when analyzed
using PCA/FMM:
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Analysis of Metagratings with PCA and FMM

Efficiency of : Transmitted Phase response obtained after one
Period/ | NAof | DesiredOrder | REfl€cted light : P :
orders period of metagrating when analyzed
Lambda Lens :
PCA | FMM PCA | FMM (FMM) using PCA:
Phase of “Ex-Component” [rad]
3.14
5.3 0.189 i
E
3.2 0.313 - ’
2.9 0.345 | .
2.1 0.476
1.3 0.769

Phase

One period of the
metagrating

lllll
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Analysis of Metagratings with PCA and FMM

Period/
Lambda

NA of
Lens

Efficiency of

Desired Order

Reflected light

PCA

FMM

PCA

FMM

Transmitted
orders
(FMM)

5.3 0.189
3.2 0.313
2.9 0.345
2.1 0.476
1.3 0.769

One period of the

metagrating

lllll

0.1

Y [um]
0

-01

Phase response obtained after one
period of metagrating when analyzed

using FMM:

Phase of “Component Ex” [rad]

3.1407

-3.1176
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Analysis of Metagratings with PCA and FMM

Period/ | NA of DEef:i?eedn(c)):'o‘l)efr Reflected light Tra:;,'g:tsted
~ambda Lens PCA | FMM PCA | FMM (FMM)
10.6 0094 | 959% | 944% | 41% | 3.8% 1.8 %
959% 926% 41% 44%
3.2 0.313
2.9 0.345
2.1 0.476
1.3 0.769

One period of the

metagrating

L BN B BN BE R BN B BN
® o O 080 0 0
[ 2 BN BE BN BN BN BN B
® 0080800

Phase response obtained after one
period of metagrating when analyzed
using PCA:

Phase of “Ex-Component” [rad]

Y [um]
0 01

-01

3.1298

-3.1312

-2 -1.5 -1 -0.5 0 0.5 1 1.5
X [um]
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Analysis of Metagratings with PCA and FMM

Period/ | NA of DEef:i?eedn(c)):'o‘l)efr Reflected light Tra:;,'g:tsted
~ambda Lens PCA | FMM PCA | FMM (FMM)
10.6 0094 | 959% | 944% | 41% | 3.8% 1.8 %
959% 926% 41% 44%
3.2 0.313
2.9 0.345
2.1 0.476
1.3 0.769

One period of the

metagrating

L BN B BN BE R BN B BN
® o O 080 0 0
[ 2 BN BE BN BN BN BN B
® 0080800

Y [m]

Phase

Phase response obtained after one
period of metagrating when analyzed
using FMM:

Phase of “Component Ex” [rad]

3.1115

-3.1395

-2 1.5 -1 0.5 0 0.5 1 1.5
[pm]
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Analysis of Metagratings with PCA and FMM

Efficiency of : Transmitted Phase response obtained after one
Period/ NA of Desired Order Reflected light _ P :
Lambda Lens orders period of metagrating when analyzed
PCA | FMM | PCA | FMM (FMM) using PCA:
106 0094 959 % 944 % 41 % 38 % 18 OA) Phase of “Ex-Component” [rad]
3.14
5.3 0.189 959% | 926% | 4.1 % 4.4 % 3%

o 01

Y [um]

-01

-3.1291

2.9 0.345

2.1 0.476

1.3 0.769

One period of the
metagrating —

1.2 -1 08 -06 -04 -02 0 02 04 06 08 1 1.2
X [um]

T o
=}
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Analysis of Metagratings with PCA and FMM

Efficiency of ' Transmitted
Period/ NA of Desired Order Reflected light i
Lambda Lens
PCA FMM PCA FMM (FMM)
10.6 0.094 959% [ 944% | 41 % 3.8% 1.8 %
5.3 0.189 959% [ 926 % | 41 % 4.4 % 3%

2.9 0.345
2.1 0.476
1.3 0.769

One period of the

metagrating

1 0. 0
B

Y [um]
0 01

-01

Phase response obtained after one
period of metagrating when analyzed
using FMM:

Phase of “Component Ex” [rad]

3.1207

-3.1409

Phase

08 06 04 -02 0 02 04 06 08 1 1.2 14

[um]
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Analysis of Metagratings with PCA and FMM

Efficiency of

Reflected light

Transmitted

Period/ NA of Desired Order orders
Lambda Lens
PCA FMM PCA FMM (FMM)
10.6 0.094 959% [ 944% | 41 % 3.8% 1.8 %
5.3 0.189 959% [ 926 % | 41 % 4.4 % 3%
3.2 0.313 959% | 86.7% | 41 % 8.5% 4.8 %

2.1

0.476

1.3

0.769

One period of the

metagrating

X [pm]

Y [um]

Phase response obtained after one
period of metagrating when analyzed
using PCA:

Phase of “Ex-Component” [rad]

3.1348

0.1

-01

-3.1362

1.2 -1 08 -06 04 02 0 02 04 06 08 1 12
X[um]

@ 1D Plot
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Analysis of Metagratings with PCA and FMM

Efficiency of

Reflected light

Transmitted

Period/ NA of Desired Order orders
Lambda Lens
PCA FMM PCA FMM (FMM)
10.6 0.094 959% [ 944% | 41 % 3.8% 1.8 %
5.3 0.189 959% [ 926 % | 41 % 4.4 % 3%
3.2 0.313 959% | 86.7% | 41 % 8.5% 4.8 %

2.1

0.476

1.3

0.769

One period of the

metagrating

X [um)

Y [um]

Phase

Phase response obtained after one
period of metagrating when analyzed
using FMM:

Phase of “Component Ex” [rad]

3.1266

0.1

-01

-3.1332

1.2 -1 -08 -06 04 02 0 02 04 06 08 1 12
[um]

@ 1D Plot
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Analysis of Metagratings with PCA and FMM

Efficiency of

Reflected light

Transmitted

Period/ NA of Desired Order orders
Lambda Lens
PCA FMM PCA FMM (FMM)
10.6 0.094 959% [ 944% | 41 % 3.8% 1.8 %
5.3 0.189 959% [ 926 % | 41 % 4.4 % 3%
3.2 0.313 959% | 86.7% | 41 % 8.5% 4.8 %
2.9 0.345 959% | 876% | 41 % 7.5% 4.9 %

1.3

0.769

One period of the

metagrating

Y [um]

Phase

0.1

-01

Phase response obtained after one
period of metagrating when analyzed
using PCA:

Phase of “Ex-Component” [rad]

3.1297

-3.1294
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Analysis of Metagratings with PCA and FMM

Efficiency of

Reflected light

Transmitted

Period/ NA of Desired Order orders
Lambda Lens
PCA FMM PCA FMM (FMM)
10.6 0.094 959% [ 944% | 41 % 3.8% 1.8 %
5.3 0.189 959% [ 926 % | 41 % 4.4 % 3%
3.2 0.313 959% | 86.7% | 41 % 8.5% 4.8 %
2.9 0.345 959% | 876% | 41 % 7.5% 4.9 %

1.3

0.769

One period of the

metagrating

Y [um]

Phase

Phase response obtained after one
period of metagrating when analyzed
using FMM:

Phase of “Component Ex” [rad]

3.1107

-3.1241

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
X [um]




Analysis of Metagratings with PCA and FMM

Period/ o Efficiency of Reflected light | Transmitted Phase response obtained after one
ot | Desired Order orders period of metagrating when analyzed
PCA | FMM PCA | FMM (FMM) using PCA:
106 0094 959 % 944 % 41 % 38 % 18 OA) Phase of “Ex-Component” [rad] : i
5.3 0189 | 95.9% |926% | 41% | 4.4% 3% :
3.2 0.313 959% | 86.7% | 4.1% 8.5 % 4.8 % § N ’
2.9 0.345 959% | 87.6% | 41 % 7.5 % 4.9 % | 3.1292

-0.5 -04 -03 -0.2 -01 0 01 02 03 04 05

2.1 0476 | 959% | 822% | 41% | 123 % 5.5% X [um]

-0.5 -0.4 03 -02 -0.1 0 0.1 0.2 0.3 0.4 0.5
X [um]

One period of the
metagrating
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Analysis of Metagratings with PCA and FMM

Efficiency of : ' Phase response obtained after one
Period/ | NAOf | Desired Order | Reflectedlight | Transmitted e ot -y
Lambda Lens orders period o metagrating when analyze
PCA | FMM | PCA | FMM (FMM) using FMM:
106 0094 959 % 944 % 41 % 38 % 18 OA) Phase of “Component Ex" [rad]
5.3 0189 | 959% | 926% | 4.1 % 4.4 % 3% =
3.2 0313 | 959% | 86.7% | 4.1 % 8.5 % 4.8 % ;? N e
2.9 0345 | 959% | 87.6% | 41 % 7.5 % 4.9 % | 2387
05 -04 -03 -0.2 -01 0. 02 03 04 05
2.1 0.476 959% | 822% | 41% | 123 % 5.5 % X [um]

236 % J L 1D Plot

One period of the / \

metagrating Lt XIp=)

Phase

128



Analysis of Metagratings with PCA and FMM

Efficiency of : .
Period/ NAof | DesiredOrder | Reflected light Tra:rzr::;ted
Lambda Lens
PCA FMM PCA FMM (FMM)
10.6 0.094 | 959% | 944% | 41% | 3.8% 1.8 %
5.3 0189 | 959% | 926% | 41% | 4.4% 3%
3.2 0313 | 959% | 86.7% | 41% | 85% 4.8 %
2.9 0345 | 959% | 876% | 41% | 7.5% 4.9 %
2.1 0476 | 959% | 822% | 41% | 12.3% 5.5 %

One period of the

metagrating

Y [pm]

Phase

0.1

-0.1

Phase response obtained after one
period of metagrating when analyzed
using FMM:

Phase of “Component Ey” [rad]

3.1347

-3.139
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Analysis of Metagratings with PCA and FMM: Summary

Period! | NAof | Desired Order | Refected light fransmitied

tambda | Lens PCA | FMM | PCA | FMM (FMM)
10.6 0094 | 959% | 944% | 41% | 3.8% 1.8 %
5.3 0189 | 959% | 926% | 41% | 44% 3%
3.2 0313 | 959% | 86.7% | 41% | 85% 4.8 %
2.9 0345 | 959% | 87.6% | 41% | 75% 4.9 %
2.1 0476 | 959% | 822% | 41% | 12.3% 5.5 %
1.3\ 0769 [959% | 76.6% | 4.1% | 19.6% 3.8 %

T

Resonance domain;
typically not suitable for

lens design

« The PCA offers high precision in
phase modeling and design outside
of the resonance domain of local
gratings.

 PCA is unable to forecast the emer-
gence of stray light in higher-order
reflections and transmissions.

 The Local Metagrating Approxima-
tion (LMGA) can achieve this.

p=790.5nm hid
1

h=1317nm

- —————

nanopillar height
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Using a Trained Neural Network for Modeling

x N0
unit cel D N\
extent \\
400nm w .

:
|t L g
3
\

o Orthogonal vector basis
Structure of metacell W, and W

Simulation model (PCA)

Wavefront phase candidates

| \I,gd and \Ifgd

Matrix values M(p; 3™, \) - -

E™ = U™ exp[iy)™] E°" = U™ exp[i{y™ + U1 }] + U™ exp[i{yp™ + Vs }]
VWA VW el T = U el 4 Wi =y =
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Using a Trained Neural Network for Modeling

N0

unit cel D N
extent \\
400nm w N y

T

o O

Fnanopillar height Q >

<

rth nal r i
Structure of metacell Orthogonal vector basis

W1 and WQ
Simulation models:

PCA and LMGA Wavefront phase candidates

Y
Matrix values M(p; 8=, \)

| - |

E™ = U™ exp[iy)™] E°" = U™ exp[i{y™ + U1 }] + U™ exp[i{yp™ + Vs }]
VWA VW el T = U el 4 Wi =y =

\I,%d. and \Ifgd
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“Roughness” of Metalenses



“Roughness” of Metalenses
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Metagrating

Combining the PCA and LMGA simulation
models with the neural network approach pro-
vides an excellent trade-off between precision
and efficiency for simulating flat lenses in lens
systems.

Nevertheless, they do not completely consider
the specific grid arrangement of the metacells.

From a modeling standpoint, this phenomenon
results in a slight increase in stray light, which
can be interpreted as a consequence of the
metalens’s intrinsic "roughness."

This intrinsic "roughness" plays a similar role
in metalens modeling as modeling the rough-
ness and other defects of lens surfaces.

134



“Roughness” of Metalenses
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Metagrating

Combining the PCA and LMGA simulation
models with the neural network approach pro-
vides an excellent trade-off between precision
and efficiency for simulating flat lenses in lens
systems.

Nevertheless, they do not completely consider
the specific grid arrangement of the metacells.

From a modeling standpoint, this phenomenon
results in a slight increase in stray light, which
can be interpreted as a consequence of the
metalens’s intrinsic "roughness."

This intrinsic "roughness"” plays a similar role
in metalens modeling as modeling the rough-
ness and other defects of lens surfaces.
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Field Decomposition, FMM/PML, and Distributed Computing

Metasurface
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Field Decomposition, FMM/PML, and Distributed Computing

llluminate metalens Distribute FMM/PML
with subfields subfield simulations over a
computer network.

Subfields

:> Simulation with FMM and
Perfect Matched Layer (PML)

Simulation result for
entire metalens
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Conclusion



Summary

* Flat lenses represent a significant and fas-
cinating enhancement to the toolkit available
for optical design, particularly in the fields of

imaging and illumination. L
« Ultimately, it is essential to incorporate flat lens
technology into lens design workflows to fully
. . . [#
grasp and take advantage of their potential. i e _
Structure of metacell a;tlhgggn;gector basis
° In th'S yeal”S fOFthCOmlng SOftwal’e UpdateS, \ glcr)n:;t:jorljlillnéiels Wavefront phase candidates
. . . \I/%d' nd \I,(2:.d4
we will be incorporating the flat lens technolo- Miarix values Mi(p: 5. i

gies showcased in this webinar, allowing you
to use them directly.
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