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Two-Dimensional Meta-Gratings Modeling and Design
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We demonstrate the design of 2D
meta-gratings as large-angle beam
splitters and how to further
optimization with the rigorous Fourier
modal method (FMM, also known as
RCWA) and parametric optimization
algorithm.




Design Task

How to design diffractive beam splitters 7
that work beyond paraxial condition, =
especially with good uniformity and I

zeroth-order diffraction under control?

input beam
wavelength 940nm

beam splitting grating
- splitting into 3x 3 spots
- period 2x2um

~60°




Phase-Only Transmission Design (IFTA)

With differently random phase distributions
as starting points, IFTA calculates different

possible design results.
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Metasurface Building Block / Unit Cell

unit cell
dimension

U=400nm

N\

d

1.5

n=

H=465nm
e |

nanopillar height
J

single nanopillar as the

building block of the metasurface

nanopillar
diameter

selected
| parameter range |

"~ “1
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Phase Distribution = Metasurface Structure

phase-only transmission
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Evaluation of Initial Metasurface Design

metasurface structure
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Parametric Optimization

initial structure

R o S downhill simplex optimization with FMM/RCWA for grating analysis
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Parametric Optimization

initial structure
R o S downhill simplex optimization with FMM/RCWA for grating analysis
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Evaluation of Optimized Metasurface Design

metasurface structure
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Meta-Grating Design — Initial Structure (for Comparison)
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Brief Instruction on Workflow in VirtualLab Fusion



Step 1: Unit Cell Analysis

E=l 2: Rayleigh coefficient Ex T[0; 0] of Grating Ord... | = || B |[s5m|
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Vary the pillar diameter and obtain the
phase-diameter characteristic curve.

Note that the phase value is wrapped
within [-pi, +pi], and it may contain certain
dips.

In this case, one can find a smooth phase

function that covers 2pi range, and that will
be used for constructing the meta-grating.

In case of irregular phase behavior, one
can regularize it as shown in the blazed
meta-grating example.
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Step 2: Select Valid Pillar Diameter Range
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(This step is very similar to the 1D grating case)
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Step 3: Define Diameter — Phase Mapping Relation

E= 7: Add Constant (4:) E=n EER(Cx™
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(This step is very similar to the 1D grating case)
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Step 4: Calculate Phase-Only Transmission

|L 9 D\Onelrivel.. \Step_04 Phase-Only Transmission Design_[FTA_400nm Pixel .dp

Specfiication  Design = Analysis
Input Field
veengh

(®) Constant Input Field

Arbitrary Input Field Set STHOW
Transmission
Sampling Points | 5| x | 5|
Sampling Distance | -I-Dﬂnml x | -I-Dﬂnml
Type of .
Tr;:smissinn Continuous Phase-Only ~
Number of 1
Quantization Levels
Output Field Requirements
Desired Output Field Set Shorwe
Optimization Region Set Show

[] Sample Optimization Region from Desired Output Field
Allow Phase Freedom
Allow Scale Freedom

Limit Scale Factor Accerding =
U to Goal Efficiency 100%

Propagation

Type of Propagation Far Field (Angular Spectrum) w
Propagation Distance Im

Embed Frame \width l:l

Pixelation Factor
Simulate Pixelation Exactly

Output Plane Sampling

Sampling Points b
Sampling Distance 28034 x 28.034
Field Size 1807 x 180
Use Angular Coordinates
Limit Stray Light
Maximum Relative Intensity 10%
of Stray Light
[ Limit Feature Size
Minimum Feature Size 1pm
Maximum Stray Light Intensity
for Higher Frequencies %

|L 9: D:\OneDlrivel..\5tep_04_Phase-Only Transmission Design_IFTA_400nm Pixel .dp™

Specffication  Design  Analysis
Design Method | terative Fourier Transform Algorithm Approach ~ Transmission Set Show
Design Steps Number of lterations

Generate Initial Transmission

Method | Backward Propagated Desired Output Figld (Re ~

Signal Phase Synthesis

[] Soft Introduction of Transmission Constraint

I

Transmission

Logaing

SNR Optimization for Phase-Only [] Omit Final Transmission Projection
Transmissien [] Seft Introduction of Transmission Constraint
Soft Quantization 100 [] Create Transmission Animation i
SNR Optimization for Quantized 5000 [] Create Output Field Animation T

[] Show Final Transmission and Cutput Field

th
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Step 5: From Phase Profile to Structure
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Step 6: Load Meta-Grating Structre in FMM Simulation

Edit Stack *

Define pillar position

JETINITI

I deviations here
Index | z-Distance | z-Position Interface Subseguent Medium Com
Plane Interface CYfnder Fillars [20_ . . Parameters
= 7 8 | o s Load the pillar diameter .
2 465nm  465nm Plane Interface | Air in Hopeecsnsqus M Enter your commen |nf0rma,t|0n here SidewallSlopefngle | 5‘D»|
el ' RoundedEdgeReadasTop | 0mm|
FillarHeight | 465m| ° RoundedEdgeRadiusBottom 0|
PitchX | 400 rm| FillarPositionDeviationX \
< PitchY ~s 400 rm| PillarFPositionDeviationY
Validity: @ |: PillarDiameters PillarMaterial: "ConstantindexMaterial” |5 Load | | / Edit | | O, View |
e DiameterDefinitionMode of] EmbedMaterial: “Air" [Soad || ZEdt | [Quview ||
Stack Period is Independent from Interface/Mef : 50°
| SideWallSlopeAngle | |
Stack Period x [ | RoundedEdgeRsdivsTop | Omm|
W
| (=
R
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Step 7a: Optimization of Pillar Height

Select and specify the constraints which shall be considered during optimization.

‘wieight | Constraint Type | Value 1 | Value 2 | Start Value Contribution

[ =
[
1]

Constraint Hest |Constraint Name

Walue #7
Value #8
Value #3
Walue #10

34

Meta-Grating | Stack #2 (Fillar | [~ 1|Range 0mm 1m 465 nm :
Value #1: O Mumerical Data Array
Walue #2: 2| Target Value 1 0. 79269 329 .
Value I3 % oot Diagram Table Value at x-Coordinate
Grating Value #4: ]
Analysis Value #5: | 1| Target Value 0 0.28611 13
[Customized) | Value #6: [~ 3| Target Value 0 017627 35 7]
#2301
O
L]
O
L]

Tools 5§ « Target Function Value 0.26102 Upd

30

|<Back || Next:=||sm

28

Value #5: Unifarmity Error (P\V) [%]
3z

¥, 10 15 20 A5 30 A5 40 45

Simulation Step
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Step 7b: Optimization of Pillar Diameters

|L 3: D:\OneDrivel.. \5Step_07b_Meta-Grating Rigerous Analysis_Optimizing Pillar Diameters.opt

Constraint Specihicabions

Select and specify the constraints which shall be considered during optimization.
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Constraint Type | Value 1 | Value 2 | Start Value

Range
Range
Range
Range
Range
Range
Range
Range
Range
Range
Range
Range
Range
Range
Range

1E-07| 36E07| 211E07
1E07| 36E07| 23807
1E-07| 3.6E07 24E-07
1E07| 3.6E07 21E07
1E-07| 36E07| 202E07
1E07| 36E07| 207E07
1E-07| 36E07| 251E07
1E07| 3.6E07 1.43E-07
1E-07| 3.6E07 1.87E-07
1E07| 3.6E07 1.96E-07
1E-07| 36E07| 205E07
1E07| 3.6E07 1.95E-07
1E-07| 3.6E07 1.75E-07
1E07| 3.6E07 1.76E-07
1E-07| 3.6E07 1.98E-07

Target Function Value
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Step 7c: Optimization of Pillar Positions

|L 8: D:N\OneDrive\..\5Step_07c_Meta-Grating Rigorous Analysis_Optimizing Pillar Positions.opt

Constraint Specihicabions
Select and specify the constraints which shall be considered during optimization.
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Tools iff
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Step 7d: Optimization of All Parameters

|L 17: DAOneDrive\..\5tep_07d_Meta-Grating Rigorous Analysis_Optimizing All Parameters.opt E\@ H 21: Separate Transition Point Preview of Layer 1 E\@
Constraint Specihicabions Mumerical Data Array
Select and specify the constraints which shall be considered during optimization. Diagram  Table Value at by)
- Amplitude of "Refractive Indices”
Constraint Host |Constraint Name| Use | Weight | Constraint Type | Value 1 | Value 2 | Start Value Contribution H 18: Value £5% Unifurmity Error (PV) of Grating Ana|y5i5 -
Stack #2 (Pillar 1| Range 425nm| S00nm|  465nm 0 : 5.8
Stack #2 (Pillar 1| Range 1E-07| 36E-07| 211607 0 Numerical Da
Stack #2 (Pillar 1| Range 1E07| 36E07| 23BE07 ( Oi
: . lagram i
Stack #2 (Pillar 1| Range 1E-07| 36607  24E07 0 g Table | Value at x-Loordinate
Stack #2 (Fillar 1| Range 1E-07| 36E07 2107 ( —
Stack #2 (Fillar 1| Range 1E-07| 36E-07| 202E-07 ( 54001
Mer Grafing Stack #2 (Pillar 1| Range 1E07| 36E07| 207E07 ( — '
Splitter #1 Stack #2 (Pillar 1|Range 1E-07 | 36E-07 2B51E-07 0 3__\,
Stack #2 (Pillar 1| Range 1E07| 3.6E07 1.43E-07 ( <=
Stack #2 (Fillar 1| Range 1E-07| 3.6E-07 1.87E07 ( 2
Stack #2 (Pillar 1| Range 1E07| 3.6E07 1.96E-07 ( 5
Stack #2 (Pillar 1|Range 1E-07| 36E-07 2.05E-07 0 = 1.0003
Stack #2 (Pillar 1| Range 1E07| 3.6E07 1.95E-07 ( .
Stack #2 (Fillar 1| Range 1E-07| 3.6E-07 1.75E-07 ( %ﬁ
T — = e BT - g X [pm]
Tools 5§ « Target Function Value 0.26102 Upd L= g g
E optimized structure
< Back Mext = Shof L
g
@
E
K ol

100 200 300 400 S00 e00 T00 800 g00

Simulation Step
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“Binary” Design Example



Step 1~3: Analysis of Single Pillar

* The procedure on finding proper pillar diameters is
the same as in the previous example, and thus will
not be repeated here.
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Step 4: Calculate Phase-Only (3-Level) Transmission

|L 8: D:\OneDlrivel..\5tep_04_Phase-Only Transmission Design_IFTA_400nm Pixel.dp

Specification  Design  Analysis
Input Field
Wavelength

(® Constant Input Field

Arbitrary Input Field Set SHOW
Transmission
Sampling Points | 5| x | 5|
Sampling Distance | -H}Dnml x | -H}Dnml
Type of :
e Cuantized Phase-Only ~
Number of 3
Quantization Levels
Output Field Requirements
Desired Output Field Set Show
Optimization Region Set Show

[] Sample Optimization Region from Desired Output Field
Allow Phase Freedom

Allow Scale Freedom

Limit Scale Factor According

L to Goal Efficiency 100%

Propagation

Type of Propagation Far Field (Angular Spectrum) |
Propagation Distance Tm

Embed Frame ‘width l:l

Pixelation Factor
Simulate Pixelation Exactly

Output Plane Sampling

Sampling Points b
Sampling Distance 28034 x 28.034
Field Size 1807 x 180)
Use Angular Coordinates
Limit Stray Light
Maximum Relative Intensity 0%
of Stray Light
[] Limit Feature Size
Minimum Feature Size 1m
Maximum Stray Light Intensity
for Higher Freguencies 0%

|L 8: D:\OneDlrivel..\5tep_04_Phase-Only Transmission Design_IFTA_400nm Pixel.dp

(o] & el

Specffication  Design  Analysis
Design Method | terative Fourier Transform Algorithm Approach ~ Transmission Set Show
Design Steps Number of lterations
(Generate Initial Transmission Method | Backward Propagated Desired Output Field (Ri ~
Signal Phase Synthesis [] Soft Introduction of Transmission Constraint
SR Optimization for Phase-Only [] Omit Final Transmission Projection
J - -
Transmission ljl [] Soft Introduction of Transmission Constraint
Soft Quantization [] Create Transmission Animation o
SNR Optimization for Quantized Create Qutput Field Animation Antons
Transmissicn O o
[] Show Final Transmission and Cutput Field
Logaing
Enable
O Logging

th
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Step 5: From Phase Profile to Structure

H & Inversed Function

Mumerical Data Array

(=[5 [l

Diagram | Table
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Diagram Table Value at (xy)
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Step_05_Calculate Pillar Diameters from Phase Profile_2D Regular Array.cs
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Step 6: Load Meta-Grating Structre in FMM Simulation

Edit Stack *

Define pillar position

JETINITI

I deviations here
Index | z-Distance | z-Position Interface Subseguent Medium Com
Plane Interface CYfnder Fillars [20_ . . Parameters
= 7 8 | o s Load the pillar diameter .
2 465nm  465nm Plane Interface | Air in Hopeecsnsqus M Enter your commen |nf0rma,t|0n here SidewallSlopefngle | 5‘D»|
el ' RoundedEdgeReadasTop | 0mm|
FillarHeight | 465m| ° RoundedEdgeRadiusBottom 0|
PitchX | 400 rm| FillarPositionDeviationX \
< PitchY ~s 400 rm| PillarFPositionDeviationY
Validity: @ |: PillarDiameters PillarMaterial: "ConstantindexMaterial” |5 Load | | / Edit | | O, View |
e DiameterDefinitionMode of] EmbedMaterial: “Air" [Soad || ZEdt | [Quview ||
Stack Period is Independent from Interface/Mef : 50°
| SideWallSlopeAngle | |
Stack Period x [ | RoundedEdgeRsdivsTop | Omm|
W
| (=
R
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Step 7a: Optimization of Pillar Height

Select and specify the constraints which shall be considered during optimization.

‘wieight | Constraint Type | Value 1 | Value 2 | Start Value Contribution

=
12
[ ]

Constraint Host (Constraint Name

Metz-Grating | Stack #2 (Pillar | [] 1|Range 450 nm| 420 nm 465 nm :
Value £1: O] MNumerical Data Array
Value #2: | 1| Target Value 1 0.74415 34 . 2
Value #3. 0 Diagram Table Value at x-Coordinate
Grating Value #4: |
Analysis Value #5: [+] 1.33| Target Value 0 022244 34
(Customized) | Value #6: [~ 3| Target Value 0 0.14178 314 — ™M
#e0 Value #7. Il E i
Value #8: | <
Value #3 Il & .
Value #10 | S
|
|-
L
£ — |
Tools i Target Function Value 0.19157 Upd E ™
2
<Back | MNext> || Shl| 5 o
Q
L
H
a
=
(=]
$ 2
I I I I I I I I ) I I I I I

5 10 15 20 25 30 35 40 45 50 55 60 65 7O

Simulation Step
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Step 7b: Optimization of Pillar Diameters

0:AOneDrive\..\Step_07b_Meta-Grating Rigorous Analysis_Optimizing Pillar Diameters.op =N E=n ==

Constraint Specifhicabions
e A= Not very effective on the optimization
Constraint Host [Constraint Name| Use | Weight | Constraint Type | Value 1 | Value 2 | Start Value Contribution B= 76 Value £% Uniformi r (PVY of Grating Analysis (Customized) £201 vs, Simulati... =::: x
Optical Setup | Global 1| Range 100nm| 330 nm 184 nm - ; ==
Parameter Global 1|Range 100 nm| 230 nm 208 nm Mumerical Data Array

Walue #1: ! i

Value £2: 1| Target Value 1 074475 e Diagram Table Value at x-Coordinate

Value #3:

Value #4:

Grating
Analysis Walue #5:
[Customized) |Value #6
Walue #7
Value #8
Value #3
Walue #10

1.33 | Target Value 0 0.22244 34
Target Value 0 0.14178 314

)

80

OO0ORROOR ORIE

Tools §§ Target Function Value 0.19157 Upd

< Back || Mext = || Shq

‘ %
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Step 7c: Optimization of Pillar Positions

|L 2% D:\OneDrive\..\5tep_07c_Meta-Grating Rigorous Analysis_Optimizing Pillar Positions.opt
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Step 7d: Optimization of All Parameters

|L 34: D\OneDrive\..\5tep_07d_Meta-Grating Rigorous Analysis_Optimizing All Parameters.opt E\@ H 38: Separate Transition Point Preview of Layer 1 E\@
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Appendix: How to Use LightTransSolutions.dll?

Make a copy of

LightTransSolutions.dll

Paste it into the installation location of
VirtualLab Fusion, e.qg.,

C:\Program Files\Wyrowski
Photonics\VirtualLab Fusion (7.5.0)

#~

Mame

o S e m o e

. devDept.Geemetry.v12.dll
| devDept.Geometry.w12xml

devDept.Graphics.Shaders.w12.dll
devDept.Graphics.Win.v12.dll
devDept.Graphics.Winw12xml
hasp_net_windows.dll
KellermanSoftware. Themed-Wizard.dll
LightTransSelutiens.dll
LightTransSolutions.pdb
MathLibrary.dll
Microsoft.Solver.Foundation.dll
NMath.dll

Merthwoods.Ga.dll
VirtualLab.Programming.dll
VirtualLab.Programming.xml
VirtualLabAPl.dll
VirtualLabAP| xml
Kceed.Compression.v3.0.dll
Kceed.FileSystem.v3.0.dll

Keeed Zip.v5.0.dIl
ZOSAPI_MetHelper.dll

Status
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2019-0
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2019-08-
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a2
2019-03-22

I Q27T 77
2019-03-22 22:

w

2019-03-22 22:
2 F-Un-28 el

[irs]

0160237 77
2019-03-22 22

Application extension
XML Document
Application extension
Application extension
XML Document
Application extension
Application extension
Application extension
Pragram Debug Database
Application extension
Application extension
Application extension
Application extension
Application extension
XML Document
Application extension
XML Document
Application extension
Application extension
Application extension

Application extension

W

32



Document Information

title
document code
version

VL version used for
simulations

category
further reading

Two-Dimensional Meta-Gratings Modeling and Design
Demo.15
1.0

VirtualLab Fusion Summer Release 2019 (7.6.1.18)

Demo

33



