
Integrating Metalens Modeling into Multiscale System 
Simulations



Metalenses Belong to the Category of Flat Lenses
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Introduction



Multiscale Optical Modeling and Design Software

Thousands of licenses 
sold worldwide

USA
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Simulation and Design of Flat Lenses using VirtualLab Fusion
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Simulation and Design of Flat Lenses using VirtualLab Fusion

This article offers you 
• a range 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
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Multiscale Optical Simulation



Metalenses

P. Lalanne et al., J. Opt. Soc. 
Am. A 16, 1143-1156 (1999). 

M. Khorasaninejad et al., 
Science 352, 1190-1194 (2016). 
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Metalenses: Historical Background and Assessment 

… with 220 references
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Multiscale Simulation

Physical Optics
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Multiscale Simulation with VirtualLab Fusion

Lenses

Gratings

Prisms, 
Plates &  
Cubes

Micro & 
Nano 

Structures

Fibers

Detector

Source

Platform for 
Multiscale 
Simulaton

Method #1

Method #2

Method #3

Method #4

Method #5
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Geometrical Optics for Electromagnetic Fields

Physical Optics
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Geometrical Optics for Electromagnetic Fields

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.”

Citation from page 125

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

Physical Optics
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Multiscale Simulation with VirtualLab Fusion

Physical Optics
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Modeling Scenario: Wafer Inspection System

inspection objective 
• NA = 0.9
• effective focal length 2 mm
• back focal length 750 µm

input field
• fundamental Gaussian
• wavelength 266.08 nm
• full divergence angle 

0.075°
• circularly polarized

image

?

micro-structured wafer

beam splitter

imaging lens
• Newport SPX031AR.10 
• effective focal length 500 mm
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Rays Derived from Multiscale Simulation

Ray 
Results 
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Multiscale Simulation: Focal Spot on Wafer Structure

410nm
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Image Generation through Multiscale Simulation

Wafer structure 
in focus
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Image Generation through Multiscale Simulation

Wafer 
structure 1µm 
before focus
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Image Generation through Multiscale Simulation

Wafer 
structure 2µm 
before focus

Siumlation time: seconds
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Interoperable Simulation Model for Metalenses

Physical Optics
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Application Potential of Flat Lenses



Some Basic Observations

Example
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Some Basic Observations

Flat lens

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

the system's length.
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Some Basic Observations

Example
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Some Basic Observations

Example
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Some Basic Observations

… …

28



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

It is crucial to integrate flat lens technology 
into lens design workflows to fully 

comprehend and utilize their capabilities. 

Imaging

Illumination

90° X 70°
Diagonal: 114°
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Interoperable Simulation Model for Metalenses



The Importance of the Wavefront Phase
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The Importance of the Wavefront Phase: Geometrical Optics
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The Importance of the Wavefront Phase: Physical Optics
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The Importance of the Wavefront Phase: Physical Optics

= +
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The Optical Path Length (OPL)

Optical path between surfaces.  
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Effect of a Flat Lens on the Wavefront Phase 

Replace surface by flat lens
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Effect of a Flat Lens on the Wavefront Phase 
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Effect of a Flat Lens on the Wavefront Phase 
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Effect of a Flat Lens on the Wavefront Phase 
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Effect of a Flat Lens on the Wavefront Phase 
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Evaluating Matrix M 

Rotated nanofins

Pillars with varying widths
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Creating a Neural Network for Modeling and Design

Generated
by chatGPT
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Creating a Neural Network for Modeling and Design

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

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

- 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 
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Effect of a Flat Lens on the Input Field: Examples 
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Effect of a Flat Lens on the Input Field: Examples 
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Effect of a Flat Lens on the Input Field: Examples 
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Selecting a Candidate for Wavefront Phase Response
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Selecting a Candidate for Wavefront Phase Response

Strong polarization 
dependency. 
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Selecting a Candidate for Wavefront Phase Response

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

Structure of metacell 

Simulation model 
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Simulating Metacells Using Periodic Cell Approximation (PCA)

Metacell grating 
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Mode Decomposition as a Foundation for Modeling and Design

Structure of metacell 

Simulation model (PCA)

Training of 
neural network 
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Mode Decomposition as a Foundation for Modeling and Design

Structure of metacell 

Simulation model (PCA)

Training of 
neural network 
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Using a Trained Neural Network for Modeling

Structure of metacell 

Simulation model (PCA)
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From Candidate to Final Wavefront Phase Response 

= +

71



From Candidate to Final Wavefront Phase Response 

= +
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Design of Metalenses



Using a Trained Neural Network for Designing a Metalens

Structure of metacell 

Simulation model (PCA)

Select one of the 
modes for design 

Neural network
performs design 

Export fabrication 
data, e.g., GSDII
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Simulation and Design of Metalenses

Structure of metacell 

Simulation model (PCA)

Select one of the 
modes for design 

Neural network
performs design 

Export fabrication 
data, e.g., GSDII

Structure of metacell 

Simulation model (PCA)
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Design Examples and Simulations



Focusing with Pillar-Type Metalens

Focusing metalens
• focal length: 7mm
• diameter: 3mm
• nanostructure: pillars 
• number of cells: 7501 x 7501
• design time: 2s

Plane incident wave
• 3 mm x 3 mm diameter
• wavelength: 940 nm

detector

7mm

GDSII
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Rays Derived from Multiscale Simulation

Focusing metalens
• focal length: 7mm
• diameter: 3mm
• nanostructure: pillars 
• number of cells: 7501 x 7501
• design time: 2s

Plane incident wave
• 3 mm x 3 mm diameter
• wavelength: 940 nm

detector

7mm

GDSII
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Magnitudes of Focal Point Obtained from Multiscale Simulation

0° Linear Polarization

Simulation time ~ 20s
(7501 x 7501 cells)Detector
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Irradiance of Focal Point Obtained from Multiscale Simulation

0° Linear Polarization

Efficiency (PCA) 
~ 93.5%

Detector
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Magnitudes of Focal Point Obtained from Multiscale Simulation

45° Linear Polarization

Simulation time ~ 20s
(7501 x 7501 cells)Detector
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Irradiance of Focal Point Obtained from Multiscale Simulation

45° Linear Polarization

Detector
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Rays Derived from Multiscale Simulation

Focusing metalens
• focal length: 7mm
• diameter: 3mm
• nanostructure: pillars 
• number of cells: 7501 x 7501
• design time: 2s

Plane incident wave
• 3 mm x 3 mm diameter
• alpha: 10°
• wavelength: 940 nm

detector

7mm

GDSII

83



Obtained Wavefront Phase Response of Metalens

0° Linear Polarization

Detector
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Dot Diagram Derived from Multiscale Simulation

0° Linear Polarization

Detector
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0° Linear Polarization

Simulation time ~ 20s
(7501 x 7501 cells)

Magnitudes Obtained from Multiscale Simulation
Detector
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Irradiance from Multiscale Simulation

0° Linear Polarization

Efficiency (PCA) 
~ 88.1%

Detector
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Irradiance and Dot Diagram from Multiscale Simulation

0° Linear Polarization

Detector
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Focusing with Nanofin-Type Metalens

detector

7mm

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

GDSII

Plane incident wave
• 3 mm x 3 mm diameter
• wavelength: 532 nm
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Rays Derived from Multiscale Simulation

detector

7mm

Plane incident wave
• 3 mm x 3 mm diameter
• wavelength: 532 nm

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

GDSII

Right Circular Polarization
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Magnitudes Behind Metalens

Right Circular Polarization

Moire effect!

Detector
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Magnitudes Behind Metalens

Right Circular Polarization

Detector

Efficiency (PCA) 
~ 89.4 %
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Right Circular Polarization

Simulation time ~ 27s
(9233 x 9233 cells)

Magnitudes Obtained from Multiscale Simulation

Detector
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Irradiance of Focal Point Obtained from Multiscale Simulation

Irradiance

Right Circular Polarization

Detector
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Rays Derived from Multiscale Simulation

7mm

Right Circular Polarization

GDSII
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Rays Derived from Multiscale Simulation

7mm

Left Circular Polarization

GDSII
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Irradiance Obtained from Multiscale Simulation

Left Circular Polarization
Detector
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Beam Expander with Aspherical Lens

Plane incident wave
• 1 mm x 1 mm diameter
• wavelength: 940 nm
• linearly polarized detector

Spherical lens
• diameter: 1.5mm
• focal length: -2.5mm

10 mm

Collimation lens
• diameter: 4.8mm
• first surface: planar
• second surface: aspherical

Rays derived from 
multiscale simulation
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Beam Expander with Pillar-Type Metalens

detector
10 mm

Collimation metalens
• diameter: 4.8mm
• nanostructure: pillars
• number of cells: 12001 x 12001
• design time: 7s

Plane incident wave
• 1 mm x 1 mm diameter
• wavelength: 940 nm
• linearly polarized

Spherical lens
• diameter: 1.5mm
• focal length: -2.5mm

Rays derived from 
multiscale simulationGDSII
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Irradiance Obtained from Multiscale Simulation

0° Linear Polarization

Simulation time ~ 51s
(12001 x 12001cells)

Efficiency (PCA) 
~ 91.2%

Detector
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Vectorial PSF Obtained from Multiscale Simulation 

0° Linear Polarization

Simulation time ~ 57s
(12001 x 12001cells)

Detector
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Polarization-Controlled Bifocal System

Plane incident wave
• 2 mm x 2 mm diameter
• wavelength: 532 nm

Focusing lens
• focal length: 2mm

detector

1mm

1.92mm

Focusing metalens 
• focal length: 60mm
• diameter: 2mm 
• number of cells: 6153 x 6153
• design time: 2s
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Rays for Spherical Lens 

Right Circular Polarization

Metalens

Here

Spherical aberrations 
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Left Circular Polarization

Metalens
Rays for Spherical Lens 

Here

Spherical aberrations 
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Right Circular Polarization

Metalens

Efficiency (PCA)  
~ 92.2%

Irradiances for Aspherical Lens 

Simulation time ~ 17s
(6153 x 6153 cells)

4E04

0

4E04

0

[W/m²] [W/m²]
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Irradiances for Aspherical Lens 

Right Circular Polarization

Metalens

Simulation time ~ 17s
(6153 x 6153 cells)

4E04

0

0.5

0

[W/m²] [W/m²]

Efficiency (PCA)  
~ 92.2%
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Irradiances for Aspherical Lens 

Left Circular Polarization

Metalens

Simulation time ~ 17s
(6153 x 6153 cells)

4E04

0

4E04

0

[W/m²] [W/m²]
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Irradiances for Aspherical Lens 
Metalens

45° Linear Polarization

Simulation time ~ 35 s
(6153 x 6153)

2E04

0

2E04

0

[W/m²] [W/m²]
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Metalens with Encoded Phase Dislocation
Metalens

45° Linear Polarization

Simulation time ~ 35 s
(6153 x 6153)

Efficiency ~ 92.1%

0 0

[W/m²] [W/m²]
1E04 1E04
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Limitations of the PCA Simulation Model and its 
Further Developments



Constraints of the PCA Simulation Model

Metacell grating 
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Constraints of the PCA Simulation Model
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Local Metagrating Approximation (LMGA)

One period of a local 
metagrating. 
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Local Metagrating Approximation (LMGA)
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Local Metagrating Approximation (LMGA)

Simulated by FMM
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Analysis of Metagratings with PCA and FMM

Period/
Lambda

NA of 
Lens

Efficiency of  
Desired Order Reflected light Transmitted 

orders 
(FMM)PCA FMM PCA 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

1D Plot

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

Period/
Lambda

NA of 
Lens

Efficiency of  
Desired Order Reflected light Transmitted 

orders 
(FMM)PCA FMM PCA FMM

10.6 0.094 95.9 % 94.4 % 4.1 % 3.8 % 1.8 %

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
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Analysis of Metagratings with PCA and FMM

1D Plot

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

Period/
Lambda

NA of 
Lens

Efficiency of  
Desired Order Reflected light Transmitted 

orders 
(FMM)PCA FMM PCA FMM

10.6 0.094 95.9 % 94.4 % 4.1 % 3.8 % 1.8 %

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
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Analysis of Metagratings with PCA and FMM

1D Plot

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

Period/
Lambda

NA of 
Lens

Efficiency of  
Desired Order Reflected light Transmitted 

orders 
(FMM)PCA FMM PCA FMM

10.6 0.094 95.9 % 94.4 % 4.1 % 3.8 % 1.8 %

5.3 0.189 95.9 % 92.6 % 4.1 % 4.4 % 3 %

3.2 0.313

2.9 0.345

2.1 0.476

1.3 0.769

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

1D Plot

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

One period of the 
metagrating

Period/
Lambda

NA of 
Lens

Efficiency of  
Desired Order Reflected light Transmitted 

orders 
(FMM)PCA FMM PCA FMM

10.6 0.094 95.9 % 94.4 % 4.1 % 3.8 % 1.8 %

5.3 0.189 95.9 % 92.6 % 4.1 % 4.4 % 3 %

3.2 0.313

2.9 0.345

2.1 0.476

1.3 0.769
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Analysis of Metagratings with PCA and FMM

1D Plot

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

Period/
Lambda

NA of 
Lens

Efficiency of  
Desired Order Reflected light Transmitted 

orders 
(FMM)PCA FMM PCA FMM

10.6 0.094 95.9 % 94.4 % 4.1 % 3.8 % 1.8 %

5.3 0.189 95.9 % 92.6 % 4.1 % 4.4 % 3 %

3.2 0.313 95.9 % 86.7 % 4.1 % 8.5 % 4.8 %

2.9 0.345

2.1 0.476

1.3 0.769

One period of the 
metagrating

121



Analysis of Metagratings with PCA and FMM

1D Plot

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

One period of the 
metagrating

Period/
Lambda

NA of 
Lens

Efficiency of  
Desired Order Reflected light Transmitted 

orders 
(FMM)PCA FMM PCA FMM

10.6 0.094 95.9 % 94.4 % 4.1 % 3.8 % 1.8 %

5.3 0.189 95.9 % 92.6 % 4.1 % 4.4 % 3 %

3.2 0.313 95.9 % 86.7 % 4.1 % 8.5 % 4.8 %

2.9 0.345

2.1 0.476

1.3 0.769
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Analysis of Metagratings with PCA and FMM

1D Plot

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

Period/
Lambda

NA of 
Lens

Efficiency of  
Desired Order Reflected light Transmitted 

orders 
(FMM)PCA FMM PCA FMM

10.6 0.094 95.9 % 94.4 % 4.1 % 3.8 % 1.8 %

5.3 0.189 95.9 % 92.6 % 4.1 % 4.4 % 3 %

3.2 0.313 95.9 % 86.7 % 4.1 % 8.5 % 4.8 %

2.9 0.345 95.9 % 87.6 % 4.1 % 7.5 % 4.9 %

2.1 0.476

1.3 0.769

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

1D Plot

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

One period of the 
metagrating

Period/
Lambda

NA of 
Lens

Efficiency of  
Desired Order Reflected light Transmitted 

orders 
(FMM)PCA FMM PCA FMM

10.6 0.094 95.9 % 94.4 % 4.1 % 3.8 % 1.8 %

5.3 0.189 95.9 % 92.6 % 4.1 % 4.4 % 3 %

3.2 0.313 95.9 % 86.7 % 4.1 % 8.5 % 4.8 %

2.9 0.345 95.9 % 87.6 % 4.1 % 7.5 % 4.9 %

2.1 0.476

1.3 0.769
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Analysis of Metagratings with PCA and FMM

1D Plot

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

Period/
Lambda

NA of 
Lens

Efficiency of  
Desired Order Reflected light Transmitted 

orders 
(FMM)PCA FMM PCA FMM

10.6 0.094 95.9 % 94.4 % 4.1 % 3.8 % 1.8 %

5.3 0.189 95.9 % 92.6 % 4.1 % 4.4 % 3 %

3.2 0.313 95.9 % 86.7 % 4.1 % 8.5 % 4.8 %

2.9 0.345 95.9 % 87.6 % 4.1 % 7.5 % 4.9 %

2.1 0.476 95.9 % 82.2 % 4.1 % 12.3 % 5.5 % 

1.3 0.769

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

1D Plot

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

Period/
Lambda

NA of 
Lens

Efficiency of  
Desired Order Reflected light Transmitted 

orders 
(FMM)PCA FMM PCA FMM

10.6 0.094 95.9 % 94.4 % 4.1 % 3.8 % 1.8 %

5.3 0.189 95.9 % 92.6 % 4.1 % 4.4 % 3 %

3.2 0.313 95.9 % 86.7 % 4.1 % 8.5 % 4.8 %

2.9 0.345 95.9 % 87.6 % 4.1 % 7.5 % 4.9 %

2.1 0.476 95.9 % 82.2 % 4.1 % 12.3 % 5.5 % 

1.3 0.769

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

1D Plot

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

Period/
Lambda

NA of 
Lens

Efficiency of  
Desired Order Reflected light Transmitted 

orders 
(FMM)PCA FMM PCA FMM

10.6 0.094 95.9 % 94.4 % 4.1 % 3.8 % 1.8 %

5.3 0.189 95.9 % 92.6 % 4.1 % 4.4 % 3 %

3.2 0.313 95.9 % 86.7 % 4.1 % 8.5 % 4.8 %

2.9 0.345 95.9 % 87.6 % 4.1 % 7.5 % 4.9 %

2.1 0.476 95.9 % 82.2 % 4.1 % 12.3 % 5.5 % 

1.3 0.769 95.9 % 16.5 % 4.1 % 59.9 % 23.6 %

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

1D Plot

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

One period of the 
metagrating

Period/
Lambda

NA of 
Lens

Efficiency of  
Desired Order Reflected light Transmitted 

orders 
(FMM)PCA FMM PCA FMM

10.6 0.094 95.9 % 94.4 % 4.1 % 3.8 % 1.8 %

5.3 0.189 95.9 % 92.6 % 4.1 % 4.4 % 3 %

3.2 0.313 95.9 % 86.7 % 4.1 % 8.5 % 4.8 %

2.9 0.345 95.9 % 87.6 % 4.1 % 7.5 % 4.9 %

2.1 0.476 95.9 % 82.2 % 4.1 % 12.3 % 5.5 % 

1.3 0.769 95.9 % 16.5 % 4.1 % 59.9 % 23.6 %
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Analysis of Metagratings with PCA and FMM

1D Plot

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

Period/
Lambda

NA of 
Lens

Efficiency of  
Desired Order Reflected light Transmitted 

orders 
(FMM)PCA FMM PCA FMM

10.6 0.094 95.9 % 94.4 % 4.1 % 3.8 % 1.8 %

5.3 0.189 95.9 % 92.6 % 4.1 % 4.4 % 3 %

3.2 0.313 95.9 % 86.7 % 4.1 % 8.5 % 4.8 %

2.9 0.345 95.9 % 87.6 % 4.1 % 7.5 % 4.9 %

2.1 0.476 95.9 % 82.2 % 4.1 % 12.3 % 5.5 % 

1.3 0.769 95.9 % 76.6 % 4.1 % 19.6 % 3.8 %

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

Period/
Lambda

NA of 
Lens

Efficiency of  
Desired Order Reflected light Transmitted 

orders 
(FMM)PCA FMM PCA FMM

10.6 0.094 95.9 % 94.4 % 4.1 % 3.8 % 1.8 %

5.3 0.189 95.9 % 92.6 % 4.1 % 4.4 % 3 %

3.2 0.313 95.9 % 86.7 % 4.1 % 8.5 % 4.8 %

2.9 0.345 95.9 % 87.6 % 4.1 % 7.5 % 4.9 %

2.1 0.476 95.9 % 82.2 % 4.1 % 12.3 % 5.5 % 

1.3 0.769 95.9 % 76.6 % 4.1 % 19.6 % 3.8 %

Resonance domain; 
typically not suitable for 

lens design
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Using a Trained Neural Network for Modeling

Structure of metacell 

Simulation model (PCA)
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Using a Trained Neural Network for Modeling

Structure of metacell 
Simulation models: 
PCA and LMGA
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“Roughness” of Metalenses



“Roughness” of Metalenses

Metagrating 

Metacell grating 
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“Roughness” of Metalenses

Metagrating 

Metacell grating 
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Field Decomposition, FMM/PML, and Distributed Computing 

Metasurface
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Field Decomposition, FMM/PML, and Distributed Computing 

Subfields
Simulation with FMM and  
Perfect Matched Layer (PML)

Simulation result for 
entire metalens 

Illuminate metalens 
with subfields 

Distribute FMM/PML 
subfield simulations over a 
computer network.
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Conclusion 



Summary
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