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Connecting Optical Technologies / Maxwell Solvers

Problem:

Application of a single field solver, e.qg.

FEM or FDTD, to the entire system:
Unrealistic numerical effort

Solution:
« Decomposition of system and

application of regional field solvers.

* |nterconnection of different solvers
and so to solve the complete
system.

nonlinear free

crystals & components space prisms,
anisotropic plates,
components cubes, ...
waveguides lenses &
& fibers ~ freeforms
tt ) apertures &
scatterer Field boundaries

Solver
diffusers ( \ gratings
diffractive diffractive,
beam Fresnel, meta
splitters lenses
SLM &  icro lens & HOE, CGH,

adaptive  greoform DOE
components arrays
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Introduction to This Course

In modern optical systems gratings can be found in various applications, such as wavelength
seperation, lightguide coupling, phase and / or polarization manipulation. The modeling and
design of gratings are therefore drawing interests. We demonstrate how grating analysis can be
done in VirtualLab Fusion by covering the following topics.

How to construct grating structures

Modeling and design of surface-relief gratings

Analysis of polarization-dependent effects and optimization
Properties of holographic volume gratings

Investigation of two-dimensional periodic structures, like nanopillars

A series of special features and tools for grating analysis will be shown with examples, for
example, the Grating Order Analyser and Field Inside Analyzer.

LightTrans International



Field Tracing Technologies — Gratings

Aim of this course:

to be able to construct customized crystals & o e sf;:ﬁe orisms,
grating structure; companents cubes, .

to know grating modeling waveguides lenses &

. & fibers freeforms
technologies; ~ ,
to use helpful tools for grating scatterer - Field ‘ boundaries

investigation and analysis; ' Solvers
: diffusers ratin

and, by applying the above to solve ( \ gratings

practical problems. _ diffractive diffractive,

beam Fresnel, meta

splitters lenses
SLM&  icro lens & HOE, CGH,

adaptive  gooform DOE
components arrays
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Introduction

 How to construct grating structures

« Modeling and design of surface-relief gratings

« Analysis of polarization-dependent effects and optimization

* Properties of holographic volume gratings

 Investigation of two-dimensional periodic structures, like nanopillars
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This Use Case Shows ...

« How to configure grating structures in Grating Toolbox by using interfaces,
e.g..
— rectangular grating interface
— transition point list interface
— sawtooth grating interface
— sinusoidal grating interface

 How to change advanced options & inspect defined structure before
calculation.

11 LightTrans International



Grating Toolbox Initialization

* Initialization
- Start =
Grating =
General Grating Light Path Diagram
« note: For usage of special type of
grating, e.g. with rectangular shape,
the specific light path diagram can
be chosen directly.

‘_H ﬂ w W About V

gl
Grating Laser Lighting Waveguide = = cerse

Resonataor = 0 Update
2D Gratings
[ General Grating Light Path Diagram ]

Rectangular Grating Light Path Diagram
Sawtooth Grating Light Path Diagram
Sinusoidal Grating Light Path Diagram
Triangular Grating Light Path Diagram
Wolume Grating Light Path Diagram
Programmable Grating Light Path Diagram
Sampled Grating Light Path Diagram
Transition Point List Grating Light Path Diagram
3D Gratings

General Grating Light Path Diagram

Fillar Grating Light Path Diagram

LLGA Results

EE‘ LLGA Results Generator

12
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Grating Structure Settings

* First, the thickness and the material
of the substrate (Base Block) have
to be defined.

 In VirtualLab grating structures are
defined in a so called stack.

o Stacks can be attached to either
one or both sides of the substrate.

[_:J __________ D}j E:ﬂ

s F——
Stack Base Block Base Block Stack Stacks Base Block

* For example, a stack on the first
interface is chosen.

= 2: Light Path View (D\user\..\DOELPD #1)*

- Grating Order Analyzer
- Field Inside Component An
- Programmable Grating Ang

£Solid 7 Boundaries

(=[]
=

Raw Data Detector

( Base Block

;r
= ._"f Load

EBase Block Medium

Edit General Gratlng‘D

Fused Silica in Homogeneous Medium

& Edit

10mm

-
Position /
Orientation X
Thickness
\
@ { Stacks
Structure /
Function Catalog Entry

Use Stack on First Interface

Rectangular Grating
3:3 5 Load 7 Edit

\ | o rotation about z-Ais

[] Use Stack on Second Interface

Tools i«

= —
600
X:0m
Y:0m
Z:0m

. Raw Data Detector
5,

=l

601
X¥:0m
Y:0m
Z:0m
E
A

Preview Wavelength

532 nm
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Stack Editor

In the Stack Editor interfaces can

be added or inserted from catalog.
« The catalog of VirtualLab provides

several types of interfaces. All of
them can be used to define a
grating.

Edit Stack

Index | z-Distance | z-Position

{

Validity: @ [

Period

Interface

Subsequent Medium Com

Add o || Insert || Delete

Stack Periodis | Independent from Interface/Media Period

Stack Period

%]
L] [l ] 95w o [ [

10 pm

| oK || Cancel || Help |
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Rectangular Grating Interface

One possible interface is the rectangular
grating interface.

This type of interface is appropriate for the
configuration of simple binary structures.

In this example, a grating made of silver is
on a glass substrate.

For this purpose, an additional plane
interface was added in order to separate
the grating structure from base block.

In the view of the stack editor, different
materials are indicated by other colors
based on their index of refraction (dark
means higher).

Edit Stack *
LY
[&]
o
(a]
@
wn
1]
o
Fd |
X
Index | z-Distance | z-Position Interface Subsequent Medium Com
1 0 mm 0 mm Flane Interface Silver-Ag_(1957+1585 Enter your commen
5 - Rectangular Grating.. || &ir in Homogeneous... E
2 u it
B 7 @] = 2 Q nter your commen
£ >
Validity: @ Add Insert Delete
Period
Stack Period is Dependent from the Period of Interface ~ | with Index |2 =
Stack Penod 10 pm
GHl| [ |Teols 5§« oK Cancel Help
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Rectangular Grating Interface

Please note: the order of the interfaces is
always counted from the surface of the
substrate.

The selected interface is highlighted red in the
view.

Further, the medium in front of the grating
(means behind last interface) can not be
defined here. It is automatically taken from the
material in front of the grating component.

This material can be changed in the Light Path

- i
Alr in Homogeneous Mediu... R
0 |ldeal Plane Wave = = C\. 1 | General Grating 2D None QOn
1 |General Grating 2D T Air in Hopaooaoagus Medi ...

< >
Simulation Engine | Classic Field Tracing V| | P Got |

Edit Stack
Y
[&]
i)
[ad]
1))
w
1]
o
z |
X
Index | z—DishnDe| z-Position | Interface | Subsequent Medium | Com
1 0 mm 0 mm Flane Interface Silver-Ag_(1997+1985 Enter your commen

Rectangular Grating... | &r in Homogeneous...
B 7 B / Qh Enter your commen

£ >
Validity: @ Add || Inset || Delete |
Period
Stack Pericdis | Dependent from the Period of Inteface | with Index |2 B
Stack Period 10 pm
B =
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Rectangular Grating Interface

The Stack Period allows to control
the period of the whole
configuration.

This period is also taken for the
periodic boundary conditions of the
FMM algorithm.

In case of simple grating structures,
it is recommended to choose the
option Dependent from Period of
Interface and select the proper
index of the periodic interface.

Edit Stack *
LY
[&]
o
(a]
@
wn
1]
o
Fd |
X
Index | z-Distance | z-Position Interface Subsequent Medium Com
1 0 mm 0 mm Flane Interface Silver-Ag_(1957+1585 Enter your commen
5 - Rectangular Grating.. || &ir in Homogeneous... E
Fa =} s
B 7 @] = 2 Q nter your commen
£ >
Validity: @ Add Insert Delete
Period
Stack Period is Dependent from the Period of Interface ~ | with Index |2 =
Stack Penod 10 pm
GHl| [ |Teols 5§« oK Cancel Help
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Rectangular Grating Interface Parameters

« The rectangular grating interface is
defined by the following parameters
— slit width (absolute or relative)
— grating period
— modulation depth
« Alateral shift and rotation can be
set optionally.

"
X - ____>
Period Optical Axis
slit width |
L ——

Modulation Depth

Edit Rectangular Grating Interface

Structure  Height Discontinuities  Scaling of Elementary Interface  Periodization

rSpeciaI Rectangular Grating Walues )
Common Grating Values

Extension

Grating Period Modulation Depth

y

Position

Lateral Shif Rotation Angle
G0 |l Tools i~ Validity: @ Caneel Help

18
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Advanced Options & Information

Edit General Grating 2D

* In the propagation menu several advanced

. \ Propagation Methods ~ Advanced Settings
options are available.
. ) Goometry | Component Propagation Fourier Madal Method w |
« The propagation method tab allows to edit Comse || - —
the accuracy settings of the FMM algorithm. /@ | Poeirirece - (Sack __ [FesdSiean
. . Position / =
» Either the numbers of considered total Orierioion || | 5| ey [ 52 s
orders or evanescent orders can be set. @
» This might be useful, if metallic gratings Funcien S
are ConSidered' $ gr:::i::ff;’;:f:ﬁnnﬂrders
. . . . ion Mumber of Evanescent Orders
* In contrast, in case of dielectric gratings, _H: ® (Considering Al Fropageing Orders)
the default setting will be sufficient. Number of Evanescent Orcers | 0[]
Ok | | Cancel | | Help |
To0ls i -
Preview Wavelength | 532 nm OK || Cancel |  Help |
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Advanced Options & Information

. . Edit General Grating 2D x
The Ad\{anced Seftings tab prow_c!es ot s ()
information about the decomposition of the ;@. Loy Decampestion
structure. || O :
« The Layer Decomposition and Transition /@ R
Point Decomposition settings can be used Grenior
to adjust the discretization of the structure. @ e -
. . Transttion Point Decomposition
The default settings are appropriate for Sl || @ auomatc
H Accuracy Factor 1
nearly all grating structures. 3| o
* Further, information about the number of Propagatr
layers and transition points are provided. . —
« The Decomposition Preview button e
provides a depiction of the structure data et e
which are used for the FMM calculation. e resss o —
The refractive index is illustrated by a color ”"‘”“t
Preview Wavelength 532 nm Cancel Help
scale. |
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Transition Point List Interface

Another type of interface which can
be used for the configuration of
gratings is the transition point list
interface.

This interface allows to configure a
structure based on height values for
different positions inside the period.

« Again, a plane interface is used to

separate the grating material or
medium from the one of the
substrate.

Edit Stack

g ._._N‘LBase Block| |7

Index | z-Distance | z-Position | Interface

| Subsequent Medium |

1 0 mm 0 mm Flane Interface

Silicon{amorphous])-a- Enter your commen

{

Transition Paint List.. |[&r in Homogeneous...
1M0pm |10 pm ﬁ 7 @ E 7 Qh Enter your commen

>

Validity: @ Add || Inset || Delete |
Period
Stack Periodis | Dependent from the Period of Inteface | with Index
Stack Penod 10 pm
OK || Camcel || Hep |
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Transition Point List Parameters

« The transition point list interface is

defined by a list which contains the
data of x-positions and heights.

The Upper Limit has to be set to a
value larger than half of the desired
grating period, but is set
automatically in case of periodic
structures.

Edit Transition Point List Interface

Structure ' Height Discontinuities ~ Scaling of Elementary Inteface  Periodization

Inwert Heights Shift Positions

Inner Definition Area [l
Size and Shape

Shape (® Rectangular () Elliptic

Size | 0| x| 10 ym

Effect on Field Outside of Defintion Area

Position of Sumounding Interface Plane

Specification Mode i |
Boundary Minimum -
0 pm

z-Position -1

@ | [T -

Set Data Array
Show Data Array
=# Add Datum

] Mew Data Set

Interpolation Method
Constant Interval  ~

Upper Limit

23
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Transition Point List Parameters

The period of this interface has to
be set in the Periodization tab.

Here, the periods in x- and y-
direction can be defined.

The settings of the inner and outer
definition area can be neglected in
this case, because the extension of
the interface is already truncated by
the periodic boundary conditions.

Edit Transition Point List Interface

Structure  Height Discontinuities  Scaling of Elementary Intefface Periodgzation

Use Periodization

== x
Outer Defintion Area [
Size and Shape
Shape (® Rectangular () Elliptic
Size | Wm| x | 30 |

Effect on Field Outside of Definttion Area

Position of Sumounding Interface Plane

Specification Mode A
Boundary Minimum w
z-Position -1 pm

Edit Inner Definition Area

™ R

Validity: @

Cancel Help

24
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Advanced Options & Information

« Again, the data of the decomposed
structure can be adjusted and
iInvestigated on the advanced
settings tab page.

Peried: 10 pm
Thickness of First Stack: 10 pm; Thickness of Base Block: 10mm

Note: Coordinates are shifted by half a period.
Diagram  Table of Transtion Points

Tools iff - Real Part of Refractive Indices

~ 4.4271..

2.7137...

X [um]

1.0002...

Z [pm]

o

Edit General Grating 2D

Geometry /
Channels

b

Position /
Orientation

Structure /
Function

E o

Propagation

Propagation Methods

Layer Decomposition

(@) Automatic
Accuracy Factor
() Manual

Mumber of Layers (First Stack)

Overall Thickness

Transttion Point Decomposition

(® Automatic
Accuracy Factor

() Manual

Period 10 pm

Information

37 propagating orders (for perpendicular incident).
87 diffraction orders are used for calculation.

Total number of layers: 21

inimum transition point distance: 200 nm

Remove Redundant Data

nnn

Ul nm

Decompasition
Preview

Preview Wavelength | 532 nm 0K

Cancel Help
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Sinusoidal Grating Interface



Sinusoidal Grating Interface

« Another type of interface which can
be used for the configuration of o
gratings is the sinusoidal grating o
interface. ;ET

« This interface allows to configure e — —
gratings with a smooth shape of a R 5 | e ——
sinusoidal function.

 If a single interface is used to
describe the grating structure, the . >
materials are chosen automatically: s N N =

— material of ridges: material of substrate Stack Periodis | Dependentfrom the Period of Inteface | with Index ||
- material of grooves: material in front of ke =
grating il ] Ok | [ Cowel || Heo

27 LightTrans International



Sinusoidal Grating Interface Parameters

— The sinusoidal grating interface is also
defined by the following parameters:
 grating period
* modulation depth
— A lateral shift and rotation can be set
optionally.

— As this is a grating interface (likewise to
the rectangular and sawtooth one) no
periodization has to be chosen.

Edit Sinusoidal Grating Interface X

Structure  Height Discontinuities ~ Scaling of Elementary Intefface  Periodization

Common Grating Values

Extension

Grating Penicd Modulation Depth

Position

Lateral Shift 0mm|  Rotation Angle
)
Period Optical Axis
|

Modulation Depth

G |l Toos iiv Validity: @ Cancel Help

28
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Sinusoidal Grating Interface Parameters

The sinusoidal grating interface is
also defined by the following
parameters:

— grating period

— modulation depth
A lateral shift and rotation can be
set optionally.

As this is a grating interface
(likewise to the rectangular and
sawtooth one) no periodization has
to be chosen.

Edit Sinusoidal Grating Interface X

Structure  Height Discortinuities  Scaling of Elementary Intefface  Periodization

Common Grating Values

Extension

Grating Penicd Modulation Depth

Position

Latera St Rotaton Anle

R | |Tools 5§« validity: @ Cancel Help

29
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Advanced Options & Information

« Again, the data of the decomposed

structure can be adjusted and

iInvestigated
settings tab.

in the advanced

Decomposition Preview X

Peried: 10 pm
Thickness of First Stack: 1000 nm; Thickness of Base Block: 10 mm

Note: Coordinates are shifted by half a period.
Diagram  Table of Transtion Points

Tools §f«

Real Part of Refractive Indices

- 1.4611...
E
= 1.2306...
=
b 1.0002...
01 02 03 04 05 06 07 08 09
z [pm
£ >
o

Edit General Grating 2D

Geometry /
Channels

b

Position /
Ornientation

Structure /
Function

E o

Propagation

Propagation Methods

Layer Decomposition

(@) Automatic
Accuracy Factor
() Manual

Mumber of Layers (First Stack)

Overall Thickness

Transttion Point Decomposition

(® Automatic
Accuracy Factor

() Manual

Period 10 pm

Information

37 propagating orders (for perpendicular incident).
87 diffraction orders are used for calculation.

Total number of layers: 21

inimum transition point distance: 200 nm

Remove Redundant Data

nnn

Ul nm

Decompaosition
Preview

Preview Wavelength |

532 nm 0K

Cancel Help
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Advanced Options & Information

Edit General Grating 2D x

 If the number of layers is increased
(e.g. by a factor of 2), the Lyer Dconpeston

Err (@) Automatic
discretization becomes less rough e P :
- () Manual
Mumber of Layers (First Stack)
Position /
Ornientation
Peried: 10 pm
Thickness of First Stack: 1000 nm; Thickness of Base Block: 10 mm @ Transition Poirt Decompos'rtion
Note: Coordinates are shifted by half a peried. Structure /! @ Automatic
Function
Diagram  Table of Transition Paints Accuracy Factor 1
Tools i - Real Part of Refractive Indices O Manuzl
~ 1.4611...
Propagation
\
Period 10 pm
E
= 1.2306...
x Information
37 propagating orders (for perpendicular incident).
87 diffraction orders are used for calculation.
Total number of layers: 41
nimum transition point distance: 200 nm
v 1.0002... =
Decomposition

01 02 03 04 05 06 07 08 09 [] Remave Redundant Data

' ' ' ’ ' : ' : ' Preview
Z [pm]
< >

= Preview Wavelength | 532 nm Cancel Help
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Sawtooth Grating Interface



Sawtooth Grating Interface

Another type of interface which can
be used for the configuration of
gratings is the sawtooth grating
interface.

This interface allows to configure
gratings with blazed structure.

If a single interface is used to

describe the grating structure, the
materials are chosen automatically:
— material of ridges: material of substrate

— material of grooves: material in front of
grating

Edit Stack *
A
Q
O
m
QD
wn
O
m
Fd |
X
Index | z-Distance | z-Position Interface Subsequent Medium Com
N Sawtooth Grating Int_..[|&r in Homogeneous... =
: it
B 7 @ = 7 9 T YOour Commen
£ >
Validity: @ Add Insert Delete
Period
Stack Period is Dependent from the Period of Interface ~ | with Index |1
Stack Penod 10 pm
GHl| [ |Teols 5§« oK Cancel Help
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Sawtooth Grating Interface Parameters

The sawtooth grating interface is also
defined by the following parameters:

— grating period
— modulation depth

Further, the direction of the blaze can be
adjusted by setting the inclination.

A lateral shift and rotation can be set
optionally.

As this is a grating interface (likewise to
the rectangular and sinusoidal one) no
periodization has to be chosen.

Edit Sawtooth Grating Interface *

Structure  Height Discontinuties  Scaling of Elementary Interface  Periodization

Special Sawtooth Grating Values

Inclination (®) Height Increases with x () Height Decreases with x

Common Grating Values
Extension

Grating Period Modulation Depth

Position

Lateral Shif Rotation Angle

Optical Axis

Period

N‘

- b

Modulation Depth

B8 e |Tools i~ Validity: @ Cancel Help
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Advanced Options & Information

« Again, the data of the decomposed

structure can be adjusted and

iInvestigated in the advanced

settings.

Decomposition Preview X

Pericd: 10 pm
Thickness of First Stack: 9999998353 nm; Thickness of Base Block: 10 mm

Mote: Coordinates are shifted by half a period.
Diagram  Table of Transition Points

Tools i - Real Part of Refractive Indices

-~ 1.4611...
E
= 1.2306...
=
he 1.0002...
0.1 02 03 04 05 g6 07 08 09
Z[pm
£ >
o

Edit General Grating 2D

Geometry /
Channels

b

Position /
Ornientation

Structure /
Function

E o

Propagation

Propagation Methods

Layer Decomposition

(@) Automatic
Accuracy Factor
() Manual

Mumber of Layers (First Stack)

Overall Thickness

Transttion Point Decomposition

(® Automatic
Accuracy Factor

() Manual

Period 10 pm

Information

37 propagating orders (for perpendicular incident).
87 diffraction orders are used for calculation.

Total number of layers: 21

inimum transition point distance: 200 nm

Remove Redundant Data

999 9958353 nm

bl e e e

Decompaosition
Preview

Preview Wavelength | 532 nm OK

Cancel Help
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Remark on the Position of the Detector



Remark on the Detector Position

° In V”'tuaILab the detector |S Iocated = ;:Light Path Edito;(D:\user\...\UseCase.ConfigurationGrating.UsingIntefaces_Sawﬁé
. . l':.' e rs | |[~am a rs | oggin §
subsequent to the substrate in air by ‘ oG Puth | oy Detocior | EEH® Araiyzaes | S Loggen
d efa u I t ' fndex Tvpe B EIeC::ne! Medum fndex e E:fmm:?
« This is necessary if the grating is included oowm Gine e T B
In a complex optical setup. ?
* However, the perfect plane and parallel < *;
substrate may cause some interference ) oot g
effects, which not occur in reality. )
. . . = 1: Light Path Editor (D:\user\...\UseCase.Con urationGrating.UsingIntefaces_Sawﬁ)
« Thus, for calculation of just grating o bty | B Dotoctors | 590 Alpees| E toagima | |
efﬁmenmgs .|t is appropriate to set the S— e
detector inside the substrate material index Tee Crommel o | idex e |
. . . . 0 | Ideal Plane \Wave Air in Hologeneous Medi . 1 | General Grating 2D E‘
(likewise to most of grating evaluation 1| Gererl Graing 20 i T )
software). ?
* This avoids the undesired influence of : )
. ools iy - imulation nginel5
those interference effects. (B E
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Document Information

title Configuration of Grating Structures by Using Interfaces
version 1.1
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This Use Case Shows ...

« How to configure grating structures in Grating Toolbox by using special
media, e.g.:
— slanted grating medium
— volume grating medium

 How to change advanced options & inspect defined structure before
calculation.
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Grating Toolbox Initialization

* Initialization
- Start =
Grating =
General Grating Light Path Diagram
« note: For usage of special type of
grating, e.g. slanted grating or
volume grating, the specific light
path diagram can be chosen
directly.

e B B H T

gl
Grating Laser Lighting Waveguide = = cerse

Resonataor = 0 Update
2D Gratings
[ General Grating Light Path Diagram ]

Rectangular Grating Light Path Diagram
Sawtooth Grating Light Path Diagram
Sinusoidal Grating Light Path Diagram
Triangular Grating Light Path Diagram

Wolume Grating Light Path Diagram
Programmable Grating Light Path Diagram
Sampled Grating Light Path Diagram

Transition Point List Grating Light Path Diagram
3D Gratings

General Grating Light Path Diagram

Fillar Grating Light Path Diagram
LLGA Results
EE‘ LLGA Results Generator

41
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Grating Structure Settings

= 2: Light Path View (D:\user\..\DOE.LPD #1)* = e

 First, the thickness and the material o, =

Programmable Grating Anz

of the substrate (Base Block) have Felen e el Ploneove Gonere Grsing 20
to be defined. R DN

Xi0m
Y:0m AN Y:0m

* In VirtualLab grating structures are l \

Edit Ge

defined in a so called stack. B =

nnnnnnnn

Fused Silica in Homogeneous Medium

« Stacks can be attached to either b

—
(] Position /
Orientation
one or potn siaes o e substrate. | | T L -
L]
@ [ Stacks )
Structure / Use Stack on First Interface [] Use Stack on Second Interface
- - M ' TrM - |l |l Function
Catalog Ent ry
Rectangular Grating Stack
s D e I B v [ ] e e - - - - - - < > —
= j Load # Edit Q, View = rd Q 1
Propagation
—_ —_ - No rotation about z-feds v | | Mo rotation about 2+ Pocis
‘7-’ \ S

Sta'il: Base Block Base Block Stack StaCEr__B;se Block Bj"‘J

* For example, a stack on the first
interface is chosen.
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Stack Editor

« In the Stack Editor interfaces and media
can be added or inserted from catalog.

* In order to define a grating by a special
medium, two plane interfaces have to be
added, which act as boundaries.

—

-- Aspherical Interface
- Combined Inteface
i a

-- Sampled Interface

-~ Sawtooth Grating Interface

- Sinusoidal Grating Interface
-- Transition Point List Interface
-- Triangular Grating Irterface
- Zemike Standard Interface

%'z

Z-Extension

s i ] i m]

[ Fiter by x|

Eg] [2] B [Tools | 2 Show Preview [ok ]| cencel | Hep |

Edit Stack

Index | z-Distance | z-Position

{

Interface Subsequent Medium Com

Sk P

>
Validity: € | Add | Inset | Dol
Period
Stack Periodis | Independent from Interface/Media Period
[ oKk | (Cancel || Help |
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Stack Editor

 The medium between the two plane

interfaces can be either homogenous or

modulated.

« By using a latter one complex grating
structures, like slanted gratings, can be
described very efficiently.

Definition Type | Templstes ~
+~ Airin Homogeneous Medium
- Apesture: Medium

- Fiber Medium
i~ GRIN Medium

- Medium with Inclusions

i~ Pillar Medium {z-Independent)

- Programmable Medium ez Modulated)
- Sampled Medium {xy-Modulated)

-~ Volume Grating Medium

[Fiter by x|

alsx o =] 1 v

Edit Stack

| Ok | Cecel || Hep |

Index | z-Distance | z-Position Interface Subsequent Medium

Flane Interface Air in Homogeneous...

E d Base Block

5 / s 7 Q
MWpm  10pm Flane Interface i eneous M Enter your commen

{

Validity: @ Add | | Insert | | Delete
Period

Stack Periodis | Independent from Interface/Media Perod |

Stack Penod 10 pm
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Coated Slanted Grating Medium

In the catalog category “Templates” the
Slanted Grating Medium can be found.

This type of medium enables the use of
slanted grating structures either with or
without an additional coating.

In this example, a grating made of fused
silica with a coating consisting of
chromium is located on a glass substrate.

In the view of the stack editor, different
materials are indicated by other colors
based on their index of refraction (dark
means higher).

A
Q
O
m
QD
wn
O
m
Fd |
X

]
=
E

Subsequent Medium
Flane Interface Slanted Grating Med ..

> 1 Omm Omm
i = 7 = 7 Q

Adr in Homogeneous M Enter your commen

Index | z-Distance | z-Position Interface

Enter your commen

2 105pm 105 pm Flane Interface

L4 >

Validity: @ Add Insert Delete
Period

Stack Period is w | with Index |1 =

Dependent from the Perod of Medium

Stack Penod 10 pm

GHl| [ |Teols 5§« oK Cancel Help
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Coated Slanted Grating Medium

Please note: the order of the interfaces is
always counted from the surface of the
substrate.

The selected interface is highlighted red in the
view.

Further, the medium in front of the grating
(means behind last interface) can not be
defined here. It is automatically taken from the
material in front of the grating component.

This material can be changed in the Optical
Setup Editor.

=] 5: Light Path Editer (Light Path Diagram £5) [ ]
a N _
D»Q{' Path ‘ .¢EI D i e A g Logging
Start Element Target Element Linkage
Index Type Channel Medium Irndlex Type Fropagation Method On'OF
T 1N HOMOogeneouUs Medil~ i
0 |Ideal Plane Wave - ﬁ p Q 1 | General Grating 2D None On
1 |General Grating 2D T Air in ---'~ Medi
It

< >
Simulation Engine | Classic Field Tracing v [pca |

Edit Stack

. | Base Block

Index | z-Distance | z-Position |

Interface

| Subsequent Medium | Com

1 0 mm 0 mm

{

Flane Interface

Slanted Grating Mediu Enter your commen

Plane Interface

= 7 &

Air in Homogeneous...

E 7 9

Validity: @ Add || Inset || Delete |
Period
Stack Periodis | Dependent from the Period of Medium v | with Index |1 K
Stack Penod 10 pm
OK || Camcel || Hep |
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Coated Slanted Grating Medium

The Stack Period allows to control the
period of the whole configuration.

This period is also taken for the periodic
boundary conditions of the FMM algorithm.

In case of simple grating structures, it is
recommended to choose the option
Dependent from Period of Medium and
select the proper index of the periodic
medium.

Further, the distance between both
interfaces is controlled by the grating
height, automatically.

A
Q
O
m
QD
wn
O
m
Fd |
X

]
=
E

Index | z-Distance | z-Position Interface Subsequent Medium

, 1 i i Flane Interface Slanted Grating Med ..
0 mn 0 mn B 2 @ B 7 Q

2 105pm 105 pm

Enter your commen

Flane Interface Adr in Homogeneous M Enter your commen

L4 >

Validity: @ Add Insert Delete
(" Period

Stack Period is Dependent from the Period of Medium ~ | with Index |1 =

Stack Penod 10 pm

.

GHl| [ |Teols 5§« oK Cancel Help
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Coated Slanted Grating Medium Parameters

The slanted grating is defined by the
following parameters:

grating material (material of ridges)

material of grooves

fill factor (ether referring to top or bottom)
z-extension (grating height along z-direction)
slant angle of side walls (left and right)
material of coating

thickness of coating for each side individually
grating period

embedding material
groove ridge
L width  ,  width

Edit Slanted Grating Medium

Basic Parameters  Scaling  Periodization
Grating Material
Name |FusedSiIica q
|Catalog Material V| ralir=;
State of Matter Solid -
Groove Material
MName |Air q
Catalog Material v |2 S
State of Matter (Gas or Vacuum =
Fill Factor 50 %| Refers to_. @) Bottom () Top
Slant Angle Left 40°| |= | Slant Angle Right -
pr— .
Apply Coating
Coating Material
Name |Chrnmium Q,
Catalog Material ARV 4RI
State of Matter Solid o
Coating Thickness
1
Cancel Help
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Coated Slanted Grating Medium Parameters

» As this grating is based on a

medium definition type, the grating (o —

period has to be set in the S

periodization tab. e
eNa[=] Cancel
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Advanced Options & Information

Edit General Grating 2D

* In the propagation menu several advanced

. . Propagation Methods ~ Advanced Settings
options are available.
. ] Geometry | Component Propagation Fourier Madal Method v| |/.En:it |
« The propagation method tab allows to edit cremes — _ —
the accuracy settings of the FMM algorithm. /@ | Poeirirece - |Sack___ [FeesdSiiegin Homegen-
. . Position / =
» Either the numbers of considered total Orienigion || | 5| ey | %% ol A
orders or evanescent orders can be set. @
1 1 1 H H Structure / curier Modal Metho
« This might be useful, if metallic gratings Functon b
are ConSidered' $ ;r:::;:}f}?;:;ﬁnnﬂrdem
. . . . ion Mumber of Evanescent Orders
* |In contrast, in case of dielectric gratings, [Ew ® (Considering All ropagating Orcers)
the default setting will be sufficient. B Ee
Ok | | Cancel | | Help |
To0ls i -
Preview Wavelength | 532 rm OK || Cancel |  Help |
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Advanced Options & Information

Edit General Grating 2D x

ﬁ Propagation Methods

 The Advanced Settings tab provides
information about the decomposition of the

Layer Decomposition

structure. T || 1
« The Layer Decomposition and Transition /g R
Point Decomposition settings can be used Grenior
to adjust the discretization of the structure. @ e e
The default settings are appropriate for o) || @
nearly all grating structures. 3 = :
* Further, information about the number of
layers and transition points are provided. o o
* The Decomposition Preview button e
provides a depiction of the structure data ol g = Coesin
which are used for the FMM calculation. e S
The refractive index is illustrated by a color ”""""”t
scale. Preview Wiavelength | %20 Concel | | Heb
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Advanced Options & Information

The decomposition preview of the defined
coated slanted grating.

VirtualLab suggests a discretization in 51
layers (1 layer is representing the

substrate)

Peried: 10 pm
Thickness of First Stack: 10.5 pm; Thickness of Base Block: 10 mm
Note: Coordinates are shifted by half a period
Diagram  Table of Transtion Poirts
Tools i - Real Part of Refractive Indices
~ 2.9788..
o
w
E
= 1.9895...
>
~
o~
£ 1.0002...
0.002 0.004 0.006 0.008 0.01
Z [mm]
£ >
o

Edit General Grating 2D

Geometry /
Channels

b

Position /
Ornientation

Structure /
Function

Propagation

Propagation Methods

Layer Decomposition

(@) Automatic

Accuracy Factor 1

() Manual

Mumber of Layers (First Stack)

Owverall Thickness 0.5 pum

Transttion Point Decomposition

(® Automatic

Accuracy Factor 1

() Manual

Period 10 pm

Information

37 propagating orders (for perpendicular incident).
87 diffraction orders are used for calculation.

Total number of layers: 51
imum transition point distance: 200 nm
Remove Redundant Data i dozsiiie i

Preview Wavelength |

532 nm | Cancel
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Advanced Options & Information

If the numbers of layers and transition
points are increased (e.g. by a factor of 2),
the discretization becomes less rough.
(because a medium is sampled both
values have to be increased)

Decomposition Preview X

Pericd: 10 pm
Thickness of First Stack: 10.5 pm; Thickness of Base Block: 10 mm
Mote: Coordinates are shifted by half a period.
Diagram  Table of Transition Poirts
Tools iff - Real Part of Refractive Indices
- 2.9788...
oo
w
E
= 1.98095...
>
-
o™
R 1.0002...
0.002 0.004 0.006 0.008 0.01
Z [mm]
£ >
a

Edit General Grating 2D x

Propagation Methods  Advanced Settings

Geometry /
Channels

Layer Decomposition

I

Position /
Ornientation

(@) Automatic

Accuracy Factor 2

() Manual

Mumber of Layers (First Stack)

Owverall Thickness 0.5 pum

@

Structure /
Function

E o

Propagation

Transttion Point Decomposition

(® Automatic

Accuracy Factor

Total number of layers: 101
inimum transition point distance: 100 nm
Remove Redundant Data i

() Manual

Period 10 pm

Information

37 propagating orders (for perpendicular incident).
87 diffraction orders are used for calculation.

Preview

Preview Wavelength |

532 nm | 0K Cancel Help
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Volume Grating Medium



Volume Grating Medium

- -
- Another type of medium which can —
be used for the configuration of o
gratings is the volume grating o
. (4]
medium. ET
« This interface allows to configure a —_— —
modulations of the refractive index, | o o [ R o
WhiCh WaS e.g. generated by 2 105 pm 0.5 pm Flane Interface Adr in Homogeneous M Enter your commen
holographic exposure.
« Again, two plane interfaces are g >
used as boundaries of the medium. T A ] [T [Tosie
GHl| [ |Teols 5§« oK Cancel Help
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Volume Grating Medium Parameters

i i
* In order to describe volume grating e X

Basic Parameters  Scaling  Periodization

VirtualLab simulates the interference —
pattern of a certain number on impinging Neme [Acrylic a
WaveS Catalog Material v| |2

State of Matter Solid

« First, a holographic medium has to be
chosen, that provides the initial index of

Interferogram  Index Modulation

. Directions are defined in (®) Vacuum () Helographic Material
refraction.
Representation of Direction Cartesian Angles ~
d Fu rther, the periOd and Orientation Of the No. | Power Factor | Alpha | Alpha (Quant.) | Dir. | Wavelength (Vacuum) | Wavelength (Medium)
index modulation are controlled by the 1
angle of incidence (alpha) and wavelength
of reference and signal wave. ‘ _ ’
Append Edit Delete
 Moreover, by introducing a quantized k- Tes P Dicion | o
. . . Ines k space discretization
space respectively incidence angle, the S Pt Do € T
. tructure Fenod z-Direction: 5.7 m
numerical effort can be reduced ”
significantly. al oK | [ Concel | [ Help
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Volume Grating Medium Parameters

Edit Velurne Grating Medium

* The resulting period of the volume bk P | Sy | P
grating can be found either in the Holagaphc Vel

MName |.Eu:ry|ic

Edit Stack

setting or stack dialog. Coteg ot 7

State of Matter Solid

Interferogram  Index Modulation

Directions are defined in (®) Vacuum () Helographic Material

Representation of Direction |Cartesian Angles ~ |

No. | Power Factor | Alpha | Alpha (Quant ) | Dir. | Wavelength (Vacuum) | Wavelength (Medium)
40° IETHITF » 532 nm 355 8411042 nm
iy o -+ 3558411042 nm

Index | z-Distance | z-Position Interface Subsequent Medium
Plane Interface Wolume Grating Med...

= 7 & E 72 Q

Plane Interface

E .| Base Block

2 105pm 105pm Air in Homogeneous M Enter your commen

| Append | | Edit | Delete |
< >
Test Period x-Direction | 10 um
Validity: @ Add || Inset || Delete | (defines k space discretization)
Period —
o ] Structure Period x-Direction: 833.3333333 nm
Stack Periodis | Dependentfrom the Perod of Medium | with Index |1 EH Structure Period z-Dirsction: 3716248314 ym
Stack Period 8333333333 nm

ok || camcel || b | i N = JJ B ]
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Advanced Options & Information

Again, the data of the decomposed
structure can be adjusted and
iInvestigated on the advanced
settings tab page.

Decomposition Preview X

Period: 833.3333333 nm
Thickness of First Stack: 10.5 pm; Thickness of Base Block: 10 mm
Note: Coordinates are shifted by half a period
Diagram  Table of Transtion Poirts
Tools i - Real Part of Refractive Indices
= r 15
i
L=}
E
= = 1.25
= L=}
e
f=3
1
0.002 0.004 0.006 0.008 0.01
Z [mm]
£ >
o

Edit General Grating 2D

Geometry /
Channels

B

Position /
Orientation

Structure /
Function

Propagation

Remove Redundant Data

Propagation Methods

Layer Decomposition
(@) Automatic

Accuracy Factor
() Manual

Mumber of Layers (First Stack)

Overall Thickness

Transttion Point Decomposition
(® Automatic

Accuracy Factor
() Manual

Period 833.3333333 nm

Information

3 propagating orders (for perpendicular incident).
53 diffraction orders are used for calculation.

Total number of layers: 52

inimum transition point distance: 16.66666667 nm

Decompasition
Preview

Preview Wavelength |

532 nm 0K

Cancel Help

58

LightTrans International




Advanced Options & Information

If the numbers of layers and transition
points are increased (e.g. by a factor of 2),
the discretization becomes smoother, at
the expense of an increased numerical

effort.

Decomposition Preview X

Period: 833.3333333 nm
Thickness of First Stack: 10.5 pm; Thickness of Base Block: 10 mm
Mote: Coordinates are shifted by half a period.
Diagram  Table of Transition Points
Tools ff « Real Part of Refractive Indices
= ' 15
=
o
E
= g 1.25
= =
o
o
1
0.002 0.004 0.006 0.008 0.01
Z [mm]
£ >
a

Edit General Grating 2D x

Geometry /
Channels

B

Position /
Orientation

Structure /
Function

E o

Propagation

Propagation Methods  Advanced Settings

Layer Decomposition

(@) Automatic
Accuracy Factor

() Manual
Mumber of Layers (First Stack)

Overall Thickness

Transttion Point Decomposition
(® Automatic
Accuracy Factor

() Manual

Period 10 pm

Information

37 propagating orders (for perpendicular incident).
87 diffraction orders are used for calculation.

Total number of layers: 101

inimum transition point distance: 100 nm

Remove Redundant Data Dﬁﬂﬁrl';lvpiﬁiﬁnn
Preview Wavelength | 532 nm oK Cancel Help
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Remark on the Position of the Detector



Remark on the Detector Position

° In V”'tuaILab the detector |S Iocated = ;:Light Path Edito;(D:\user\...\UseCase.ConfigurationGrating.UsingIntefaces_Sawﬁé
. . l':.' e rs | |[~am a rs | oggin §
subsequent to the substrate in air by ‘ oG Puth | oy Detocior | EEH® Araiyzaes | S Loggen
d efa u I t ' fndex Tvpe B EIeC::ne! Medum fndex e E:fmm:?
« This is necessary if the grating is included oowm Gine e T B
In a complex optical setup. ?
* However, the perfect plane and parallel < *;
substrate may cause some interference ) oot g
effects, which not occur in reality. )
. . . = 1: Light Path Editor (D:\user\...\UseCase.Con urationGrating.UsingIntefaces_Sawﬁ)
« Thus, for calculation of just grating o bty | B Dotoctors | 590 Alpees| E toagima | |
efﬁmenmgs .|t is appropriate to set the S— e
detector inside the substrate material index Tee Crommel o | idex e |
. . . . 0 | Ideal Plane \Wave Air in Hologeneous Medi . 1 | General Grating 2D E‘
(likewise to most of grating evaluation 1| Gererl Graing 20 i T )
software). ?
* This avoids the undesired influence of : )
. ools iy - imulation nginel5
those interference effects. (B E
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Document Information

title Configuration of Grating Structures by Using Special Media
document code GRT.0005

version 1.1

toolbox(es) Grating Toolbox

VL version used for 74.0.49

simulations

category Feature Use Case

further reading - Configuration of Grating Structures by Using Interfaces

- Rigorous Simulation of Holographic Generated Volume Grating
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Grating Specification

Edit Stack

<&

r; JBase Block|

Index z-Distance | z-Position Interface Subsequent Medium
Sinusoidal Grating Inte Silicon_Dioxide-Si02- Enter your comn
2 107.31nm 107.31nm Sinusoidal Grating Inte Titanium_Dioxide-TiO. Enter your comn
3 69392nm 1767 nm  Sinusoidal Grating Inte Silicon_Dioxide-Si02- Enter your comn
4 10731 nm 28401 nm Sinusoidal Grating Inte Titanium_Dioxide-TiO. Enter your comn
5 69.392nm 3534nm  Sinusoidal Grating Inte Silicon_Dioxide-Si02- Enter your comn
& 10731 nm 46072 nm Sinusocidal Grating Inte Titanium_Dioxide-TiO. Enter your comn
7 69.392nm 53011 nm Sinusoidal Grating Inte Silicon_Dioxide-Si02- Enter your comn
2 10731 nm 63742nm Sinusoidal Grating Inte Titanium_Dioxide-TiO. Enter your comn
< >
Validity: @ Add Insert Delete
Period
Stack Period is Independent from Interfface/Media Period M
Stack Period 2 um
&) [id] [Toos i Concel | [ Help

For the demonstration of the
Grating Order Analyzer for 1D
gratings we use a sinusoidal
grating with HR coating.

The grating parameters can be
specified within the stack that can
be accessed in the edit dialog of
the grating component.
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Grating Order Analyzer Settings

« After the grating structure has been

defined you can configure the
Grating Order Analyzer.

Various output options can be
specified.

This is done through the edit dialog
of the analyzer which is opened by

double clicking it element in the
optical setup view.

4 Optical Setup View #3 (C:\Users\...\Grating Order Analyzer.Ipd)* o[-
- Grating Order Analyzer S TR h
-~ Field Inside Component Analyzer: FM Inusaidal arating wi
.. Programmable Grating Analyzer Ideal Pi_ang\- Wave HR Coating Raw Data Detector
" Polarization Analyzer ) ;
L) L)' >
0 1 600
Z0mm Z0mm
. Raw Data Detector
Grating Order Analyzer :
\ 4 601
/ 800 Z0mm
double =
click -
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General Settings

* In the General tab, you can select whether
— transmission and/or reflection shall be analyzed.
 In addition you can specify whether you would like to
s evaluate the summed transmission, absorption and
e reflection values, and whether you would like to show

Polar Diagram in x-z-Plane

a polar diagram.
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Single Orders Settings

e "« Inthe Single Orders tab you can select whether
s V information for single orders shall be logged.
x v  This option is very helpful if you would like to use the
e parameter run or the parametric optimization of
VirtualLab Fusion to analyze and optimize the grating
S o for specific orders.

[[] Wave Vector Components  [_| Positions

Efficiencies

Rayleigh Coefficients
b Ex L Ey =
OTE ™™
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Single Orders Settings

Edit Grating Order Analyzer

General Single Orders
Order Selection Strategy

Selection Strategy  Order Range

X

Minimum Order | 1] =

Maximum Order |

Coordinates
Spherical Angles

[] Wave Vector Components || Positions

Efficiencies
Rayleigh Coefficients
Ex LIEy

[[] Cartesian Angles

Parameter

Description

Order Selection
Strategy

Coordinates

The user can define which order shall be evaluated. The user
can define whether to analyze All orders, analyze only those
orders which have an efficiency Above a Given Threshold or
calculate only orders in a manually defined Order Range.
Depending on the selection strategy the user has to define
additional parameters.

Logging of the coordinates of the orders is also supported. The
user can specify whether to show the coordinates in Spherical
Angles, Cartesian Angles, Wave Vector Components or
Positions. For the Position calculation a z-distance between the
grating and the screen has to be specified.

e - Efficiencies The user can select whether efficiencies shall be logged.
Rayleigh In addition it is possible to log the Rayleigh coefficients. The
s L T Coefficients user can select to show the coefficient E,, E,, E,, TE or TM.
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Outputs in Detector Tab

Date/Time Detector Sub - Detector Result
12 Overall Reflection Efficiency 46.719 %
1 . Overall Transmission Efficiency 53.281 %
03/24/2019 09:11:50 Grating Order Analyzer #300 S — = f
10 Overall Reflection and Transmission Efficiency 100 %
9 Absorption 0%
8 Spherical Angle Theta R[-1; 0] 18.44°
7 Spherical Angle Phi R[-1; 0] 0°
& Efficiency R[-1: 0] 15446 %
5 S Grating Order Analyzer #300 Rayleigh coefficient Ex R[-1; 0] 121.05 exp(-1.695- i) m\Vim
4 sl (Results for Individual Orders) Spherical Angle Theta R[0; 0] 0
3 Spherical Angle Phi R[O; 0] 0*
2 Efficiency R[D; 0] 29348 %
1 Rayleigh coefficient Ex R[0; 0] 541.74 - exp(-0.11644 - i) mVim

[UESEELCC  Detector Results

 If the Grating Order Analyzer is processed within the Optical Setup, the single
order output values are logged into the detector results tab.

 These values are also available in the parameter run and the parametric
optimization.
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Outputs in Polar Diagram

11 6: Polar Diagram - Grating Order Analyzer #800 | = || & @
Diagram  Table

« The polar diagram output of the Grating Order
Analyzer plots the efficiencies of both the reflected
and the transmitted orders versus the angles in the x-
z-plane.

It also provides a table of all angles and efficiencies
of the displayed orders.

— Tra_r-srr.ittec Orders === Reflected Orders

= |ncident \Wave
T+3 40.63%° 17.76 %
T+4 60.271° 36834 %
R-3 71.612°| 0.80371 %
R-2 39.244° 6.3375 %
R-1 18.44° 1.5446 7%
RO 0 29348 %
R+1 -18.44° 1.5446 %
R+2 -39.244° 6.3375 %
R+3 -71.612°| 0.80371 %
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Polar Diagram Settings

rrremm——— You can zoom into the polar diagram with the mouse
wheel, the Property Browser and the ribbon.

* You can configure which orders are shown by right-
clicking on the diagram.

Select Diffraction Orders to Show X
T o Ordrto S veo
Incident Wave [] Transmitted Orders Reflected Orders v General
Window Size 400, 420
v y-Axis
Minimum Angle 71.6121 Maximum Angle 71.612° g
| ] Mesximum 2% %

w— Transmitted Orders === Reflected Orders 2 z
m— |ncident Wave s
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Outputs in Order Collection

#§2 5: Reflection Result - Grating Order Analyzer #3...| — || &

Grating Efficiencies

Diagram  Table

Order # Y [1E-6)
0 05 1

-0.5

-1

Efficiency [%6]

15.075

#42 5: Reflection Result - Grating Order Analyzer #8...| — | =

Grating Efficiencies

Diagram Table

Order | Order#X | Order#Y
- 0

-3.0)

(-2.0)
(-1.0)

(0.0)

i 1.0)

SN S =1 S

« The Grating Order Collection object is used to
visualize the calculated grating efficiencies or the
Rayleigh coefficients over different coordinates.

« The user can configure the data that shall be shown
by setting diverse options via the property browser.

72

LightTrans International



Order Collection Settings

5: Reflection Result - Grating Order Analyzer #3800

View Data Amay Selections
v General
Coordinate Type  Order Number
Data to Show Efficiency
v Order Selechion Strategy
Strategy Above Efficiency Threshold
Efficiency Thresholt 1TE-08 %

Coordinate Type
The type of the coordinates.

Option

Description

Coordinate Type

Data to Show

Order Selection
Strategy

This property can be used to define the coordinates over
which the data shall be visualized. Currently the order
collection supports the visualization over Cartesian Angles,
Spherical Angles, Wave Number Vectors and Positions.

It is possible to select the different data values that should be
shown. The user can select to display the efficiency or the
Rayleigh coefficient over the selected coordinate type. For
Rayleigh coefficients E,, E,, E,, TM and TE are supported.

The user can define which order shall be displayed. The user
can define whether to show All, show only orders which have
an efficiency Above a Given Threshold or show only orders
for a manually defined Order Range. Depending on the
selection strategy the user has to define additional
parameters.
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Order Collection Settings

5: Reflection Result - Grating Order Analyzer #3800
Data to Show Data Amay Selections

o ; * In the View tab of the property browser, the user can
s set up additional view parameters.

v Color Lookup Table
Color Lookup Table i W . . . .
S —r —f=y * Most important for the customization of the view are
e —— the color settings.

Format of color scale Standard

v Lakoe = » The user can select the background color for the view
Do 10 as well as the color lookup table that shall be used to
Do oenx define the colors for the displayed data values.

e

X-Axis Range [-3.3: 3.3]
" Desci

Dot Size
The dot size for visualization
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Example of Customized Order Collection Settings

-

R — “$: 5: Reflection Result - Grating Order Analyzer #8...| = | & |[s23m|
Data to ShO'l‘\ View Data J!ﬂH'f Selections Dr{hr Cd'ﬂcﬁﬂﬁ Grﬂﬁl’lﬁ Efﬁﬂiﬂ!dﬁ
v General Diagram  Table
Coordinate Type  Order Number @==sz-——___|
Data to Show : Hficiency @ ======= = ‘--—\—\:—~—‘--.—;\ ————————————————————————— e e e > Eﬁid&ﬂ[‘j [36]
v~ Order Selection Strategy S S
Strategy Above Efficiency Threshold RS \\
Efficiency Threshol: 1E-08 % M . - 29,35
\\ \\
\\ (N
\ \
\ \\
\ AN __ n
\ \\ o o
\\ \\ —
\\ \\\ L
\ \~“~ - -~ —
\ Soa
\\ h ~--_> ® o :?[}._"F:?
\ D
\ =
\ =
\ O 5
X .
\
\
\
\\
AN - 0.8
\
AY
A -2 0 2
Coordinate Type \\
The type of the coordinates. Sseo Order £ X
| settings -
result
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Example of Customized Order Collection Settings

5: Reflection Result - Grating Order Analyzer #3800

Datato Show \View Data Aray Selections

v General
Coordinate Type  Cartesian Angle ® ~<z<--____
Dtz to Show Rayleigh coefficient Ex ;:;,\_\: ZZmes-

v Order Selection Strategy S S
Strategy Above Hficiency Threshold \‘\ *

Efficiency Thresholt 1TE-08 %

Data to Show
\Which kind of data (efficiency, Rayleigh coefficients) is
to be shown.

settings

42 5: Reflection Result - Grating Order Analyzer#ﬂ...| S| |2 H%'

Order Collection Rayleigh Coefficients

Diagram Table

| > Real Part of Rayleigh coefficient Ex [V/m]

L 0.54
—_ 2
g o
iy
LLJ
it
D
st
=
. X o ,145
-—-> = 0.195
=
<L
=
=
tn
=
o L
u 9
o
! -0.15
-50 0 50

Carte;ian Angle Alpha []

S -
-
-~ -
e e e e

result
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Example of Customized Order Collection Settings

- - - ——
5: Reflection Result — Grating Order Analyzer 28...| — | (=) 1%'
5: Reflection Result - Grating Order Analyzer #3800 i : 9 _ lyz _ | |
Datato Show View Data Amay Selections Order Collection Grating Efficiencies
v {General Diagram Table
Coordinate Type  Position ®=sz-——____
Lestance Tm D s S ——— I > Efficiency in a distance of 1 m [9%]
Data to Show Hficiency @ ====—==== "\::"“" e
v Drder Selechon \\\ \\
Strategy Order Range R . 29.35
Minimum Order  (-3; -3) RN .
Maximum Order (3: 3) AN AN
\\ \\
\\ \\
\\ \\
\\ \\\ —
\‘ \\\ - E L _
\ - = 15.075
\\ o~
\
\
\
\
\
\
\
\
AY
\
\\
\ 0.8
\
\
\
\\
General oo
I settings
result
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Visualization of Conical Diffraction

4 e ==  Within the positions and orientation
definition of the grating the user can
define an arbitrary orientation.

 This is done in the Position /

Structure /

R || o Orientation tab within the edit dialog
3:3 n;tatlon efinition Type | Spherical Angles bt =) Of the grating_

Z-Axis Direction Definition

= ) ﬁmf"é;ﬁf, — » For this use case we use Theta =
(e 40° and Phi = 40°.

L} Rotation About Z-Axis

Z-Axis Rotation Angle 0"

Preview \Wavelength 632.8 nm Cancel Help
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Efficiencies vs. Diffraction Order Number

i

2 Pl ies Fouml -G Ol R S “}: 7: Reflection Result - Grating Order Analyzer #8...| — | [= |ﬁ|

Data to Show Bata Away | Salocions Order Collection Grating Efficiencies

v Diagram Table
Coordinate Type  Order Number ]

Data to Show E‘Fi«:lency E-:T.iCiEr"-E:,f [%6]
v Order Selechion Strategy

Strategy Above Hficiency Threshold

Efficiency Thresholt 1TE-08 %

View

Order # Y [1E-6)

=1 0 1 2 3

=

Coordinate Type
The type of the coordinates. Order # X

settings

result
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Efficiencies vs. Diffraction Order Position

7: Reflection Result - Grating Order Analyzer #3800
Data to Show Data Aray Selections

View

W

Coordinate Type Position

Distance Im “45 7: Reflection Result — Grating Order Analyzer #3800 R Ech <™
Data to Show Efficiency Order Collec Grating Efficienci

v Order Selechion Strategy = Eaum - =
Strategy Above Efficiency Threshold Diagram Table

Efficiency Threshol 1E-08 %

Efficiency in a distance of 1 m [%6]

y [m]

Coordinate Type
The type of the coordinates.

result
| settings
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Efficiencies vs. Diffraction Order Cartesian Angle

7: Reflection Result - Grating Order Analyzer #3800
Data to Show Data Aray Selections

View

W
Coordinate Type __Cartesian Angle ] .
Data to Show Hficiency —-E 7: Reflection Result — Grating Order Analyzer 800 | = ”ﬁl
v Order Selection Strategy ; : —
Strategy Abaove Efficiency Threshold Order Collection Grating Efficiencies
Efficiency Threshol: 1E-08 % Diagram Table

Efficiency [%]

*]

Cartesi...

-60 -40 -20 0 20 40 60

Cartesian Angle Alpha [°]

General

result

| settings
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Document Information

title Grating Order Analyzer
document code GRT.0002
version 1.1
toolbox(es) Grating Toolbox
category Feature Use Case
- Analysis of Blazed Grating by Fourier Modal Method
further reading - Optimization of Lightguide Coupling Grating for Single Incidence

Direction
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https://www.lighttrans.com/index.php?id=528
https://www.lighttrans.com/index.php?id=1520

Introduction

« How to construct grating structures

 Modeling and design of surface-relief gratings

« Analysis of polarization-dependent effects and optimization

* Properties of holographic volume gratings

 Investigation of two-dimensional periodic structures, like nanopillars
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@HTTRANS .

Analysis of Blazed Grating by Fourier Modal Method

& Blazed Grating Analysis by FMM ...



Modeling Task

depth
1. 5pm

_ sawtooth
input plane wave grating \ E period
- incident angle (8) 30-50°
- wavelength 450-600nm
- linear polarization along x axis

How to evaluate the
efficiency of a specific
diffraction order?

o/

air
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Results from Single FMM Simulation

& 13: Polar Diagram — Grating Qrder Analyzer #8300
Diagram  Table

+80° -80°

= Transmitted Orders == Reflected Orders Incident \Wave

result table (transmission)

order collection
display of efficiency or other quantity with

respect to e.qg. diffraction order, angle, etc.

polar diagram
used for projected visualization of grating
efficiencies for transmission and reflection

angle efficiency
Oth order -26.107° 6.1579%
1st order 9.6014° 93.266 %
2nd order 50.682° 0.57293%

ke o |3 |[=
Order Collection Grating Efficiencies
Diagram  Table
Efficiency [%6]
— 93.266
L
oz O
il
o 46,92
A
i
=
© 3
0 0.57293
0 0.5 1 1.5 2
Order # X
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Parameter Scanning (1D)

=} 15: Efficiency T[+1; 0] of Grating Order Analyzer #800 (Res... | = || =) |[u5m] E=. 17: Efficiency T[+1; 0] of Grating Order Analyzer #800 (Res... | = || = [jnt3m]
Mumerical Data Array MNumerical Data Array

Diagram Table Value at x-Coordinate Diagram Table Value at x-Coordinate

L

an
R o 3
—_ O -
o (=]
O z
— —
o )
| = c
B = e
2 M
= =
L L

u

=

il T T T T T T T
046 048 05 052 054 056 0.58 32 34 36 38 40 42 44 46 48

Wavelength [ideal Plane Wave #0) [pm] [Spherical Angle Theta]{Sawtcoth Grating #1 | Basal Po... [°]

parameter variation (@ 6=40°) parameter variation (@ 21=532nm)
- wavelength from 450nm to 600nm - incidence angle theta from 30° to 50°
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Parameter Scanning (2D)

E 19: Efficiency T[+1; 0] of Grating Order Analyzer #800 (Res... ! = |i = lﬁ
Numerical Data Array

Diagram Table Value at (xy)

Efficiency T[+1; 0] [36]

Spherical Angle Theta (Saw... [?]

046 048 0.5 052 0.54 056 0.58 0.6
Wavelength (Ideal Plane Wave #0) [pm)

parameter variation
- wavelength from 450nm to 600nm
- incidence angle theta from 30° to 50°

VirtualLab allows to plot the
efficiencies also as 1D multigraphs.

g T Each cur\{e |§ associated with one
incident angle. p
Diagram  Table ~Value at x-Coordindte———
/
T e
‘5
g
=
¥ o
E‘. =
g
2 2
=
i : : : : : : |
0.46 0.48 0.5 0.52 0.54 0.56 0.58
Wavelength (Ideal Plane Wave #0) [pm)
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Document Information

title Analysis of Blazed Grating by Fourier Modal Method
document code GRT.0001
version 1.1
toolbox(es) Grating Toolbox
category Feature Use Case
- Grating Order Analyzer
further reading - Optimization of Lightguide Coupling Grating for Single Incidence

Direction
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https://www.lighttrans.com/index.php?id=593
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@HTTRANS .

Thin-Element Approximation vs. Fourier Modal
Method for Grating Modeling

& FMM vs TEA ...



Modeling Task

input plane wave
wavelength 532nm
either TM or TE
polarization

normal incidence

changing
grating period

>ih k& >ih k&

By varying the period of the blazed grating (with fixed grating depth),
we compare the simulation results from the rigorous FMM calculation
and the approximated TEA calculation.
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-1st Diffraction Order Analysis — FMM vs TEA

d varies from
250nm to 20um

B, 15: -1t Order Difraction Eficency [TM]

Numerical Data Array

Subsets #0, #1 [%]

Diagram Table Value at x-Coordinate

80

60

40

20

T —

| >
TEA prediction
becomes reliable

== Efficiency T[-1; 0] FMM
== Efficiency T[-1; 0] TEA

2 4 6 8 10 12 14 16 18
Grating Period (Sawtooth Grating #1 | Stack #1 (Sawtooth Gr... [um]

T —— ==~

Numerical Data Array

Diagram

Subsets #0, #1 [%)]

Table Value at x-Coordinate

| >
TEA prediction
becomes reliable

== Efficiency T[-1; 0] FMM
== Efficiency T[-1; 0] TEA

2 4 6 8 10 12 14 16 18
Grating Period (Sawtooth Grating #1 | Stack #1 (Sawtooth Gr... [um]
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0th Diffraction Order Analysis — FMM vs TEA

d varies from
250nm to 20um

ETEO&- =

Numerical Data Array

Subsets #0, #1 [%)]

25

Diagram Table Value at x-Coordinate

[<; 29: Oth Order Diffraction Efficiency [TE]

T

75

50

== Efficiency T[0; 0] TEA

== Efficiency T[0; 0] FMMA‘

TEA prediction
becomes reliable

T e
E=8[EoR~~<"

Numerical Data Array

2 6 8 10 12 14 16 18
Grating Period (Sawtooth Grating #1 | Stack #1 (Sawtooth Gr... [um]

4

Subsets #0, #1 [%]

25

75

50

Diagram Table Value at x-Coordinate

T

== Efficiency T[0; 0] FMM
== Efficiency T[0; 0] TEA

TEA prediction
becomes reliable

2
Grating Period (Sawtooth Grating #1 | Stack #1 (Sawtooth Gr... [pm]

2 6 8 10 12 14 16 18
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+1st Diffraction Order Analysis — FMM vs TEA

d varies from
250nm to 20um

=i, 21: +1st Order Diffraction Efficiency [TM] ===
Numerical Data Array
Diagram Table Value at x-Coordinate
- E=. 32: 15t Order Diffraction Efficiency == EoR
- Numerical Data Array
“ Diagram Table ~ Value at x-Coordinate

8

® 2 - o

s E == Efficiency T[+1: 0] FMM o

?-. == Efficiency T[+1: 0] TEA _

§ g

o . - =

a & TEA prediction e E - Efficiency T[+1; 0] FMM

becomes reliable * - Efficiency T[+1: 0] TEA
]
2 .
a 8 TEA prediction
2 4 6 8 10 12 14 16 18 becomes reliable
Grating Period (Sawtooth Grating #1 | Stack #1 (Sawtooth Gr... [um]
2 4 6 8 10 12 14 16 18
Grating Period (Sawtooth Grating #1 | Stack #1 (Sawtooth Gr... [um]
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-1st Diffraction Order Analysis — Polarization Effect

B=: 39: -1st Order Diffraction Efficiency [TM/TE] =N R = . .
e .- Vectorial effects also in
7 .
Dagam Table Value at x Coordiate .-~ TEA calculation?
//,/
= /
i K
e l' : )
- X, 3%: 15t Order Diffraction Efficiency [TM/{E] E=RECR =
£y NurperiEal Data Array
of Diagram  Table Value at xCoordinate | |
# W !
® 1
g o
# o -
8 == Efficiency T[-1; 0] TM FMM -
é o - Efficiency T[-1: 0] TM TEA -il
7 ; . #* . N
= Efficiency T[-1; 0] TE FMM g 2 .- Vectorial effects are
== Efficiency T[-1: 0] TE TEA it - . .
——e———————— E 0 . M simulation.
2 4 6 g 10 12 14 16 18 = 2 -
] . ) 8 == Efficiency T[-1; 0] TM FMM
Grating Period (Sawiooth Grating #1 | Stack #1 (Sawtooth Gr... [um] > :
2 . = Efficiency T[-1; 0] TM TEA
it = Efficiency T[-1: 0] TE FMM
== Efficiency T[-1; 0] TE TEA
0.5 1 15 2 25 3 35
Zoomed reg|0n Grating Period (Sawtooth Grating #1 | Stack #1 (Sawtooth Gr... [um]
< >
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-1st Diffraction Order Analysis — Polarization Effect

E<l 39: -1st Order Diffraction Efficiency [TM/TE]

Bl 44: -1st Order Rayleigh Coefficient [TM/TE]

Numerical Data Array

Numerical Data Array

Diagram

Diagram Table Value at x-Coordinate

=
o

[V/m]

06

04

Amplitude of "Subsets #0, #1,...

£

m

#*

o

*

®

2 e

w .

n == Efficiency T[-1; 0] TH

@

8 == Efficiency T[-1; 0] TN

§ o Efficiency T[-1; 0]
== Efficiency T[-1; 0] TE
== Efficiency T[-1; 0] TH

2 - 6 8 10 12 14 16

Grating Period (Sawtooth Grating #1 | Stack #1 (Sawtooth Gr..,

02

Table Value at xCoordinate ~  __oe=mmTTTTTTTT A
————— R —
. | ; IW
r': L4
‘ | | |'|l 'I
IRV
ﬂ !i': | N
[ 1HN"
| I iR
| Hi
|| \‘ ' d == Rayleigh coefficient Ex T[-1; 0] TM FMM
18| II_ == Rayleigh coefficient Ex T[-1; 0] TM TEA
| I Rayleigh coefficient Ey T[-1; 0] TE FMM
== Rayleigh coefficient Ey T[-1; 0] TE TEA
T T ! T T T T 1 T

2 4 6 8 10 12 14 16 18
Grating Period (Sawtooth Grating #1 | Stack #1 (Sawtooth Gr... [pm]

M~

A
No vectorial effects
considered in TEA

calculation!

Note the relation between Rayleigh
coefficients and diffraction efficiency.
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@HTTRANS .

Using Split-Step Beam Propagation Method for
Grating Simulation



Period = 50 um; Smallest Feature = 4.7410um

-002 -0015 -0.01 -0.005
-0.02 -0015 -001 -0.005

Structure Height Profile Split Step FMM
Amplitude of Ex [V/m] Amplitude of Ex [V/m]
S = S .
o o
5 5
(=] o
=) S
(=] (=]
S 3
= = S =
(=] o
E‘ o j 0:995... E o :
= =
|

0.426...

‘ T L)
0.2 04 06 02 04 06
Z[pm] Z [pm]

1.564

0.995...

0.426...
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Period = 20um; Smallest Feature = 1.8964 um

Structure Height Profile Split Step FMM
Amplitude of Ex [V/m] Amplitude of Ex [V/m]
I..!| E . E -
o
8 ) w0 —)
o
(el
2 0
[=]
<
e <
(=]
8 o
C}' S— —
(=]
£ é £ E
E© 0.981... 3° 0.981...
= . =
5]
S A o 4
S —— —|
3
=3 bl
<
o
8 ©
<
o
8  — (:I) —
<
0.393... 0.393..
0.2 0.4 0.6 0.2 0.4 0.6
Z [um] z [pm]
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Period = 10um; Smallest Feature = 0.9482um

Structure Height Profile Split Step FMM

Amplitude of Ex [V/m] Amplitude of Ex [V/m]

IIIIIIII s B 16108 = P 16108
- | — - |

o «

m -

.
o
| —
| ——
e
- — -
o o
o m
R .
T T
| ——
0.317... 0.317..
0.2 0.4 0.6

0.2 04 06
Z [pm] z [pm]

[V

— =

0.964...

X% [Mm]
0

0.964...

X [pm]
0
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Period = 5uym; Smallest Feature = 0.4741um

Split Step FMM

Amplitude of Ex [V/m]

Structure Height Profile

Amplitude of Ex [V/m]

I..!l - -
5 1.0672 g 1.0672
= =

0.148... 0.148...
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Period = 50 um; Smallest Feature = 4.7410um

( Diffraction efficiencies

Structure Split Step FMM 7 W

Phase of Ex [rad] Phase of Ex [rad]

]

15

Height Profile

INEN

Efficiency (TEA) [%]
10

] (] 3.1416

0.02

5 10 15 20 25 30

Distance from First Point

0.015

o -
=1 —_
£
[Ts] B‘_ u
(=] o -
o in
o =
5 2
%2
o 6..E-06 =
8
2 £
bS] W
S
" -1.5 -1 -0.5 0 0.5 1 1.5
S X [1E6 1/m]
g
u
5 g .
e o =
=
S : -
? >
C
ko)
w u
-3.1416 =
(FN)
Z [um] z [pm] 5 10 15 20 25 30

Distance from First Point
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Period = 20um; Smallest Feature = 1.8964 um

Structure Split Step FMM
Height Profile Phase of Ex [rad]

INEN

15

Phase of Ex [rad]

]
Efficiency (TEA) [%]
10

1

l 3.1416

2 n
o
[=]
2 -
s 5 10 15 20 25 30
e Distance from First Point
<
o -
=}
° £
o o v
[=] o
< ]
o =
32
T v,
Ee 7...E-06 by
o & ¥
o 2
s W
(=]
' -4 -3 -2 -1 0 1 2 3 4
§ X[1E6 1/m]
=
S
S £ 0w
° = 7
=
@ =
< € e
=) Z
' C
o
w [Tp]
-3.1416 =
(FN)
0.2 0.4 0.6 0.2 0.4 0.6 -
5 10 15 20 25 30

Z [um] Z [pm]
Distance from First Point
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Period = 10um; Smallest Feature = 0.9482um

FMM

Phase of Ex [rad]

Split Step

Phase of Ex [rad]

Structure
Height Profile

INEN

‘ [ 3.1416

-1...E-06

X [m]

-3.1416

0.2 0.4 0.6 0.2 0.4 0.6

Z [um] z [um]

Efficiency (TEA) [%]

Efficiency (Split Step) [%]

Efficiency (FMM) [%]

15

10

15

10

15

10

10 15 20

Distance from First Point

04 -02 0 02
X [1E7 1/m]

10 15 20

Distance from First Point

0.4

25 30
0.6 08
25 30
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Period = 5pym; Smallest Feature = 0.4741um

Structure Split Step FMM
Helght PrOﬁIe Phase of Ex [rad)] Phase of Ex [rad]

INEN

(%]

15

Efficiency (TEA)
10

[ 3.1416 1
S
T T T T T T T T T
6 8 10 12

14

Distance from First Point

)
el
3
5 2
£ &
£ 1.E06 3
¢ _% o
E ' T - T - T ' T I T ’ T = T = L] ' I
08 -06 -04 -02 0 0.2 0.4 0.6 0.8
X [1E7 1/m]
£ 0w
.
s
€ o,
> l
C
o
w u =
. 31416 £ |
; r 1, '
02 04 06 02 04 06 1 o 4 | . $ —
2 4 6 g 10 12 14

Z [pm] z [um]
Distance from First Point
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@HTTRANS .

Analysis of Slanted Gratings for Lightguide Coupling

&y Modeling Slanted Grating_...



Modeling Task

How to calculate the diffraction
efficiencies of the coupling grating,
with varying grating parameters?

7 .

n=1.5

slanted grating
- period: 596.92nm
- relative depth
to be varied [ - fill factor
- slant angle

input plane wave
- wavelength: 633nm
- angle of incidence: 45°
- TE polarized
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Diffraction Efficiency vs. Relative Depth

simulation by Fourier modal
method (FMM), also known as
RCWA, in VirtualLab Fusion

80

Q_‘
Efficiency [%)]
40 60

20

c/p =fill factor

Mdgj\\&&“ rﬁ%
0.6 1 1.2 1.4

§ | I I o |
Y
IS

Relative Depth (Depth / Wavelength)

80
P n 60
(%) 40_.
Grating Parameter Value & Unit 2] ‘ \
X relative depth to be varied i Y
| t | 300 0 02 04 06 038 1 1.2 14
l-» z siant angie ¢ i Figure from J. Michael Miller, et al.,
y fill factor c/p 50% Appl. Opt. 36, 5717-5727 (1997)
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Diffraction Efficiency vs. Slant Angle

c/p =fill factor

T

ke

Efficiency [%]

simulation by Fourier modal
method (FMM), also known as
RCWA, in VirtualLab Fusion

-5 -50 -45 -40 -35 -30 -25 -20 -15 -10 -5
Slant Angle [°]

Grating Parameter

Value & Unit

relative depth
slant angle ¢
fill factor c/p

1.05841
to be varied

Figure from J. Michael Miller, et al.,
50% Appl. Opt. 36, 5717-5727 (1997)
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Diffraction Efficiency vs. Fill Factor

c/p =fill factor

L

Efficiency [%]

10 20 30 40

50 60 70
Fill Factor [%]

80

Grating Parameter

Value & Unit

relative depth
slant angle ¢
fill factor c/p

1.0581
-30°
to be varied

90

- simulation by Fourier modal

method (FMM), also known as
RCWA, in VirtualLab Fusion

F geien

~ eg Tl T

1 T 1
0 0.1 020304050607 0809 1

tf

Figure from J. Michael Miller, et al.,
Appl. Opt. 36, 5717-5727 (1997)
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Diffraction Efficiency vs. Varying Incidence Angle

slanted grating
(fixed parameters
taken from reference)

period: 596.92nm ) ) ) . :
relative depth 1.0582 Grating diffraction efficiency is usually

fill factor 50 % sensitive to the angle of incidence.
slant angle -30°

=g
o3}

input plane wave

- wavelength: 633nm

- angle of incidence: 45£10°
- TE polarized

o=
=}

Efficiency [%]
60 70

50

40

J T T T T T T T T T T l
54 52 50 -48 -46  -44 42 -40 -38  -36

Incidence Angle [°]
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Peek into VirtualLab Fusion

Edit Stack

convenient definition
for slanted gratings

Edit Slanted Grating Medium
Basic Parameters  Scaling  Periodization

Grating Material nterface _Sc.bseql.m Medium Com
: ; - nerface Slanted Grating Med .

Name |Nm-Dtsperswe Material (n=1.5) @ ;@ et a

|Ddi'ledbyCmdﬂ Refractive Index v| | 1,5] terface Air in Homogeneous M Enter your commen
State of Matier | Solid v_|

Groove Material

Name |Air

Catalog Material v
State of Matter Gas or Vacuum v

Fill Factor Refers to . @ Bottom () Top
= Eersion
Sotiegotst [ a0 [=] Sotiege i

[ Apply Coating
=] [ Ok ] (Concel || Hep |

Efficiency [%]

Diagram  Table Value at x-Coordinate

04 0.6 08 1
Relative Depth (Depth / Wavelength)

rigorous diffraction efficiency calculation and visualization
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VirtualLab Fusion Technologies

nonlinear free
crystals & components SPace prisms,
anisotropic plates,
components @ cubes, ...
waveguides lenses &
& fibers ~ freeforms
tt Field apertures &
scatterer e boundaries
Solver
diffusers ( @ gratings
diffractive diffractive,
beam Fresnel, meta
splitters lenses
SLM& icro lens & HOE, CGH,
adaptive  goeform DOE
components arrays
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Workflow in VirtualLab Fusion

« Configuration of lightguide coupling grating structure [«
— Advanced Configuration of Slanted Grating [Use Case]

— Configuration of Grating Structures by Using Special Media
[Use Case]

— Configuration of Grating Structures by Using Interfaces [Use e o R
Case] 2 Tyum Numerical Data Array

« Analyze coupling grating diffraction efficiency

— Customized Detector for Lightquide Coupling Grating
Evaluation [Use Case]

« Check efficiency by scanning over specific parameter
— Usage of Parameter Run [Use Case]

Efficiency [%]
40 50 a0 0 a0 a0

T T
-50 -45
Incidence Angle Alpha [7]
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Document Information

title Analysis of Slanted Gratings for Lightguide Coupling
document code GRT.0009

version 2.0

toolbox(es) Grating Toolbox

Wi wossien s o VirtualLab Fusion Summer Release 2019 (7.6.1.18)

simulations
category Application Use Case
further reading - Parametric Optimization and Tolerance Analysis of Slanted Gratings

- Configuration of Grating Structures by Using Special Media
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@HTTRANS .

Parametric Optimization and Tolerance Analysis of
Slanted Gratings

& Slanted Grating_ ...



Modeling Task

episulfide
slant angle material
(p —n / n=1.716 @532nm
—1
S /
. / S TO
input plane wave N\
wavelength 532nm / T,
linearly polaried
along y direction /
&
period { filling factor
d=405nm (fixed) c/d="

3

How to optimize the T,, order diffraction
efficiency, by adjusting the slant angle ¢,
grating depth h, and filling factor ¢/d?

" g

P =

rounded

. slope edges
J deviation

@ = (¢q 4 ®2)/2

In addition, how to evaluate the grating performance
with the slope deviation and the rounded edges due to
the fabrication technique taken into account?
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Parametric Optimization for 1st Order

d=405nm

e
-

initial structure

|

h=500nm

c/d=50%

H 28 Efficiency T[+1; 0] of Grating Order Analyzer #800 vs. Simulation Step EI@

Numerical Data Array

Diagram  Table Walue at x-Coordinate

80

40

T, efficiency [%]

20

3 10 15 20 25 30 33 40 43 30 55 60

optimization setup

Order

Efficiency

+1

11.551%
72.795%
11.551%

parametric optimization — downbhill simplex
method — with rigorous Fourier modal method
(FMM) used for grating efficiency calculation

optimized structure

1

p=34°

c/d=57%

AR

h=324nm

Order Efficiency

-1 3.257%
0 0.365%
+1 93.659%
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Results — Tolerance Analysis

The fabricated slanted gratings often shows K — s e ke
a deviation from the perfect parallel grating Diogram Table _ Vabu at xCoordiate

lines. Such slope deviations should be taken
into account for the tolerance analysis.

Slightly higher efficiency is due to additional
parameters introduced in the tolerance analysis.

a5

0

Efficiency T[+1; 0] [%]
9

- fixed average slant angle

<,0 — (901 + (pz)/z — 340 35 36 37 38 39 40 A1 42 43
- fixed filling factor (average) slant angle ¢, [°]
c/d=57%
- varying ¢, from 34 to 44° Rigorous simulation with Fourier modal method
(FMM), for tolerance analysis over 50 steps, takes
30 seconds.
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Results — Tolerance Analysis

The fabricated slanted gratings often shows = 4: Tolerance Analysis - )
T . MNumerical Data Array
gdewahon from the perfect parallel grating e
lines. The rounded edges should be taken 2
into account for the tolerance analysis. B
& _ | over85%
- ﬁxed average Slant angle : ?_I[} 25 SID 3I5 d"ﬂ 4I5 Sl{} 5'5 GID 6l5
@ = 34° d ed
_ fixed filling factor rounded edge r [nm]
c/d=57% : ) : :
- varying r from 15nm 70nm Rigorous simulation with Integral Method (IM), for

tolerance analysis over 30 steps, takes 9 seconds.

h=324nm
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Peek into VirtualLab Fusion

flexible and easy settings of slanted gratings

Edit Stack

s

parametric optimization of grating parameters

" Slznted Grating_02_Parametric |

- =a|Hos TX
pecifications
‘. the constraints which shall be considered during optimization.
ki e A i X I Constraint Name| Use | Weight | Constrai Typs | Valuo 1 | Va2 | St Vaie Contribution
Basic Parameters Scaling Periodization Stack #1 M | 1|Range 20 % 80 % 50 % 0%
Stack #1 ™ 1 Range 200 nm 1 pm 500 nm 0%
Grating Material Stack #1 M| 1| Range r 40° 0 0%
T e e Name |Nﬂ'l-Dinﬂ'3iW" ol (0=1.716) Efficiency T[+1; 1| Target Value 100 % 11.551 % 100 %
| Defined by Constant Refractive Index v|[ 171
324 nm State of Matier | Sold v]
Groove Matenial
Name |Vacuum @
Target Function Value 0.78233
- Catalog Material v|
_ StmteoiMatier  Gas or Vacuum vl <Bock | MNext> |[ Showr |
Validity: @ Add Gas or Vacuum
Period
Stack Periodis | Dependent from the Period of Medium M faoen Refers 0. @ Boom O Top
-
Stack Period
R 2] Sant e i
[] Apply Coating
Qe [COK ]| Comcel || Hebp |
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Workflow in VirtualLab Fusion

« Construct grating structure

— Configuration of Grating Structures by Using x
Special Media [Use Case]

— Advanced Configuration of Slanted Gratings [Use Case]

« Analyze grating diffraction efficiency
— Grating Order Analyzer [Use Case] i —

=AWALN
« Optimize grating parameters with Parametric
Optimization

« Tolerance analysis with Parameter Run
— Usage of the Parameter Run Document [Use Case]
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VirtualLab Fusion Technologies

<}

WA VA

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...

lenses &
freeforms

apertures &
boundaries

Field

waveguides
& fibers ~
scatterer -

Solver
diffusers ( \G> gratings
diffractive diffractive,

beam Fresnel, meta

splitters lenses
SLM & micro lens & HOE, CGH,
adaptive  gooform DOE
components arrays
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Document Information

title Parametric Optimization and Tolerance Analysis of Slanted Gratings
document code GRT.0007
version 1.2
toolbox(es) Grating Toolbox
VL version used for 26.0.78
simulations
category Application Use Case
- Parametric Optimization and Tolerance Analysis of Slanted Gratings
further reading - Optimization of Lightguide Coupling Grating for Single Incidence
Direction
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@HTTRANS .

Optimization of Binary Grating for Lightguide
Coupling over Desired FOV



Optimization Task

grating efficiencies detector

lightguiding

How to design a binary grating
structure to couple a set of plane
waves into a planar lightguide?

set of plane waves
— field of view (-15..15, -10..10)°
— wavelength 532nm
— linearly polarized along x-axis
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Optimization Workflow

the following optimization
workflow is applied to design a
binary grating for efficient
lightguide coupling

Define the inputs

Perform the simulation

Calculate the outputs

Check the objectives

o bk owbh =

Perform the optimization

depending on the optimization
strategy new input parameters
are defined by the algorithm

in principle this is repeated in a
loop until the objectives are
achieved

127

LightTrans International



Simulation Results and Configuration of the Merit Function

grating efficiencies
detector

variation of the fill factor c¢/p with the slit width ¢ and the period p

> 0.1% to 99.9%

variation of the modulation depth h
» 50nm to 1500nm

Initial Configuration of Grating

to be
varied

fill factor 50.00%
modulation depth | 400.00nm
period 410nm

1st transmitted

operating order

>R <
p=410nm Grating Efficiencies Detector Result h
ar _ 1 Angular Efficiency Plot [%] % Mean Efficiency 10.96%
nee s Uniformity Contrast 89.45%
set of plane -
waves | EE 8 N S | | 2 1 1)
- 2 "] /fa roughly sampled
3 5 ) 1 evaluation of the
] incidence angles
L alonge the period
Incidence Angle Alpha [ is sufficient for the
optimization )
. J
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Optimization Results of optiSLang

OUTPUT : Uniformity_Contrast

OUTPUT : Mean_Efficiency vs. OUTPUT : Uniformity_Contrast, (linear) r =0.375

0.8

0.6

0.4

0.2

0.02

0.04

0.06 0.08
OUTPUT : Mean_Efficiency

0.1

0.12

the optimization results
are plotted as a function
of the merit functions

- mean efficiency

- uniformity contrast

the Pareto front
indicates the optimum
compromise between
the two merit functions
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Advanced Evaluation of the Optimization Results

OUTPUT : Uniformity_Contrast

0.8

» the optimization results at the Pareto front are visualized in a Parallel Coordinates
Plot to investigate the effect of the input parameters (responses) to the output

OUTPUT : Mean_Efficiency vs. OUTPUT : Uniformity_Contrast, (linear) r =0.375

0.6

0.4

0.2

parameters in detalil

* in addition, a cluster analysis decomposes a specific parameter, e.g. the relative slit
width, into a certain number of clusters yielding a better understanding how the input
parameters are correlated to the output parameters

this result is selected as » as aresult, a design is selected, which is the best compromise for a prioritized low
the best compromise uniformity contrast and an acceptable mean efficiency including manufacturable
grating parameters

OUTPUT : Mean_Efficiency vs. OUTPUT : Uniformity_Contrast, (linear) r =0.966

0.8

[m] Modulation_Depth Relative_Slit_Width ' - ~ Mean_Efficiency Uniformity_Contrast ' ' ' [
1.5e-06 99.9 0.133795 0.9?%977 5

\

formity_Contrast

OUTPUT : Uniformit
0.4

.

08 0.1 0.12

. 0.06 0.
i OUTPUT : Mean_Efficiency

(&)
5e-08 0.1 3.19232e-08 0.177635
Parameter Responses
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Analysis of Coupling Efficiency for Optimization Result

fll factor 50.00% - finally, the
modulation depth | 400.00nm optimization result is

analyzed regarding
the coupling efficiency

: using the software
"_lﬁ_\_l\ VirtualLab Fusion

Beta [*]

-15 -10 -5 0 5 10 15
Incidence Angle Alpha [*]
M —— o = 0 s 10 — « asaresult, the
Mean Efficiency 10.96% . .
\_ INITIAL Alpha '] ) Uniformity Contrast 89.45% Unlformlty contrast

was significantly
reduced but to the

fill factor 68.43% cost of the entire
modulation depth | 187.18nm efﬁciency

Beta []

T T T T T T —
-15 -10 -5 0 5 10 15
Incidence Angle Alpha [°]

[0k [ Coed | r ]

e s e s e B Mean Efficiency 3.08%
OPTIMIZED Alpha ] | Uniformity Contrast 28.02%

131 LightTrans International



Peek into VirtualLab Fusion

Export as XML

6!;
i Exports all parameters of the Optical Setup into a XML file.

Fim Create Batch Mode Files

| Creates all files needed to process the Optical Setup via batch files.

4| Export to optiSLang Project

L=

Generates all files necessary to perform system analysis and
optimization using Dynardo optiSLang.

-

[=[@]=]

(- Light Sources
- Coordinate Break
[+)- Components

-- |deal Components
- Camera Detector
-- Detectors

- Analyzers

Lightguide Coupling

=

VirtualLab Fusion is a flexible and customizable
platform of modelling tools to simulate complex
optical setups like e.g. coupling a set of plane
waves into a lightguide

an interconnection to the software optiSLang
provides access to advanced tools for
sensitivity analysis, multiobjective and

P ive Detector multidisciplinary optimization, robustness
LD/'-‘ - evaluation, reliability analysis and robust design
o optimization
Ray Tracing System
Anﬂzer
W |
300 !
%5 1: Optical Setup Editor #1 (D:\OneDrive\..\02_Optimized Rect ing.Ipd) =] = ]
D“'<- Path -\_f:. Detectors ' Analyzers :g‘ Logging =k
Detector Last Optical Setup Hement Linkage
Index Type Index Type Channel Medium Sum Propagation Method On/Off Color
Lightguide Coupling 0| Plane Wave Airin No | Field Tracing Cn —
800/ Detector
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Workflow in VirtualLab Fusion

- Configuration of grating structure =1 -
— Configuration of Grating Structures by o
Using Interfaces [Use Case] 0
— Configuration of Grating Structures by fi
Using Special Media [Use Case] e e Ot

« Evaluation of coupling efficiency

— Customized Detector for Lightquide Coupling
Grating Evaluation [Use Case] or

* Optimization of grating structure

— Grating Optimization in VirtualLab Fusion
Using optiSLang [Use Case]

-0.1
T

_Value 1 Mean

-0.3 " -0.2

OBJ: obj
-0.4
T

-0.5
T

-0.6
T
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@HTTRANS .

Optimization of Slanted Grating for Lightguide
Coupling over Desired FOV



Optimization Task

grating efficiencies detector

lightguiding

How to design a slanted grating
structure to couple a set of plane
waves into a planar lightguide?

set of plane waves
— field of view (-30..30, -15..15)°
— wavelength 532nm
— linearly polarized along x-axis
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Optimization Workflow

the following optimization
workflow is applied to design a
slanted grating for efficient
lightguide coupling:

1.

3.
4.
S.

Define the inputs and their ranges,
start with a reference input
combination

Perform the optimization with
several simulations

calculate the corresponding outputs
Evaluation of the defined objectives
Next iteration with new inputs

the optimization algorithm stops
after certain iterations and/ or
when no more improvement of
the objectives can be achieved

Optimization

evolutionary algorithm

using the software
optiSLang
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Simulation Results and Configuration of the Merit Function

grating efficiencies variation of the fill factor c¢/p with the slit width ¢ and the period p

detector > 0.1% to 99.9% — : : :
Initial Configuration of Grating
- variation of the modulation depth h fill factor 50.00% to be
> 50nm to 1500nm modulation depth | 400.00nm )
slant Angle 40.00° varied
Bl « additionally: variation of the slant angle period 354nm
h > 0°to 50° operating order 1st transmitted

Grating Efficiencies Detector Result A

Angular Efficiency Plot [%] % Mean Efficiency 36.68%
Uniformity Contrast 83.05%

n®" = 1.0

set of plane
waves

10

.
o
o
.

Um'
= J_,_L

0

//a roughly sampled\

evaluation of the

Beta [*]
50

<

o 8T = incidence angles
| L along the period is
Incidence Angle Alpha [7] SUﬂ:ICIGI’]t for the

optimization )
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Optimization Result of optiSLang

solution space of
varying modulation
depth and fill factor

e
o

Uniformity Contrast
o (=
E= v

o3 ( additional solution
0.2 space due to slant
0.1 pt L angle variation

o

0 0.1 0.2 0.3 0.4 0.5 0.6
Mean Efficiency

+ Modulation Depth, Fill Factor & Slant Angle + Modulation Depth & Fill Factor

an evolutionary
optimization algorithm is
applied using the
optimization software
optiSLang

the additional freedom of
the slant angle provides
additional solutions
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Analysis of Coupling Efficiency for Optimization

Results

; Mean Efficiency 58.74% fill factor 70.82%
Lo Uniformity Contrast 89.49% modulation depth | 381.91nm
;05 slant Angle 24.58°
I 73I0 71:0 71I0 (I) 1I0 2I0 3I0
Incidence Angle Alpha [°]
-20 -10 0 10 20
Alpha [7]
[ Mean Efficiency 10.34% ] fill factor 90.00%
- Uniformity Contrast 15.51% modulation depth | 189.64nm
an appropriate solution can ) slant Angle 14.57°
be selected according "
specific constraints T odt . — . — JIEEEL . _ JEE. -
either uniformity contrast or = T T
. . -30 -20 -10 0 10 20 30
mean efficiency might be il incidence Anle Alpha [
prioritized 20 -10 0 10 20 I
Alpha [7]
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Peek into VirtualLab Fusion

Ideal Components Lightguide Coupling ?
..... Eaars Dot Plane Wave Detector : Numerical Data Array
- Detectors l:>p bg Diagram  Table Value at xy)
[+- Analyzers -
- ot Efficiency [%]
X:0m
o » 86.424
Ray Tracing System kit
Analyzer
: &
o = 45.61
L]
o
<
4.7958
-20 -10 0 10
Alpha []
‘Detector Results 7
Date/Time Detector Sub- Detector Result
2 Lightguide Coupling Detector #6801 after Plane \Wave #0 (-) (Field Tracing 2nd Mean 58.739 %
——— 120072018 07:34:24 Generation) Uniformity Error 89.485%
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Workflow in VirtualLab Fusion

« Configuration of grating structure =1 -
— Configuration of Grating Structures by o
Using Special Media [Use Case] 0
— Advanced Configuration of Slanted Gratings fi
[Use Case] B —

« Evaluation of coupling efficiency

— Customized Detector for Lightquide Coupling
Grating Evaluation [Use Case] 2

* Optimization of grating structure

— Grating Optimization in VirtualLab Fusion
Using optiSLang [Use Case]

-0.1
T

_Value 1 Mean

-0.3 " -0.2

OBJ: obj
0.4
T

-0.5
T

-0.6
T
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Introduction

« How to construct grating structures

* Modeling and design of surface-relief gratings, like slanted ones

« Analysis of polarization-dependent effects and optimization

* Properties of holographic volume gratings

 Investigation of two-dimensional periodic structures, like nanopillars
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Ultra-Sparse Dielectric Nano-Wire Grid Polarizers

l& Ultra-Sparse Nanowire ...



Modeling Task

wavelength
(854, 1708nm] reflectance?
A TE with respect to wavelength,
T™ ~, polarization and incident angle,

for different nanowire structures

hI )
i Sk y/h

d=854nm Fd z
Nanowire No. #1 #2 #3
refractive index n 10 7.07 3.16
height h 269nm  270nm  292nm
filling factor F 0.01 0.02 0.1

Parameters are taken from
reference paper: J. W. Yoon
et al., Opt. Express 23,
28849-28856 (2015).
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Parameter Scanning (1D)

Fourier modal method (FMM) simulation in VirtualLab Fusion

E=| 65: Reflectance vs Wavelength (TE)

Numerical Data Array

=N ROR ™)

B} 72 Reflectance vs. Wavelength (TM)

=)

Numerical Data Array

Diagram Table Value at x-Coordinate Diagram  Table Value at x-Coondinate reference results from
= 3 the literature
8 1 8 (a) 0 ./' =
L ] ’
- 21 Z 3 /
| =1 [y
(ORI ql_) S ] m— Nanowire #1 o — .01 100 el
8 8 o | we  Nanowire #2 Z “e== 0.02 50
® 2 G ol b Q |/ ===01 10
O ! = Nanowire #3 c 10 10%
2 (D p £ = —
© o | = Nanowire #1 D < ;8
o m = Nanowire #2 x D H"t_’ 0 1%
o w= Nanowire #3 = % ............... EIIEI.
1 1.1 1.2 1.3 1.4 15 1.6 1.7 1 1.1 1.2 13 1.4 1.5 1.6 1.7 g T P 01% — |
Wavelength (um) Wavelength (um) N
) L LT
ST T 1 1|8." '
Nanowire No. #1— #2 — #3 — “Wavelength (W/A)
refractive index n 10 7.07 3.16
height h 269nm  270nm  292nm
filling factor F 0.01 0.02 0.1
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Parameter Scanning (2D)

Fourier modal method (FMM) simulation in VirtualLab Fusion, for TE polarization

=l 74: Nanowire #1 = |(eE E< 76: Nanowire #3 o[ B =
Numerical Data Array Numerical Data Array
Diagam Table Value at fxy) Diagram  Table Value at (xy)
Efficiency R[O; 0] [%] Efficiency R[0; 0] [%6]
~ 100 = 100
— 2 -
E = E —
2 =,
* g -
Z2 < 2 =
z " = "
5 = 50 5 2 50
3 -
2 =
= £ =
= 5
g~ :
S <
o 0 o 0
20 40 20 40
Rotation #1 (about Y-Axi... [*] Rotation #1 (about Y-Axi... [°]
o~ \
Nanowire No. — #1 #2 #3
refractive index n 10 7.07 3.16
height h 269nm | 270nm | 292nm
filling factor F 0.01 0.02 0.1

Wavelength (L/A)

20

reference results from the literature

()

30 40 500 10 20 30
Angle of incidence (deg.)

1.0
0.9
08
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
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Visualization of Field Inside Grating

Fourier modal method (FMM) simulation in VirtualLab Fusion @1045nm

# Re{E,}

TE

=

—

—=
.

[animation]

e{E,}

™

[animation]

Nanowire No. #1 #2 #3
refractive index n 10 7.07 3.16
height h 269nm  270nm | 292nm
filling factor F 0.01 0.02 | 0.1 )

reference results from the literature

F=0.1,
£ =10
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Peek into VirtualLab Fusion

analysis of diffraction efficiency vs. specific parameter(s)

T2 93: C:\Users\..\Ultra-Sparse Nanowire #3_Reflectance vs Wavelength TE.run

Results
Start the parameter run and analyze its results

b Go!
[/] Use Cached Resulis for Next Run

Detecior ' Subdetector Combined Oulput | 1
\/aried Parameters Wavelength (ldeal Plane W_.| Data Array
Grating Order Analyzer #8 . | Efficiency R[0; 0] Data Array

<

wk Create Output from Selection

=} 76: Nanowire #3

Numerical Data Array

E=N ECh ™

Diagram

two-dimensional diffraction
efficiency analysis

Wavelength (Ideal Plane Wave #0) [um)]

Table Value at (xy)

15 16 17

1.4

1.1 1.2 13

1

09

Efficiency R[0; 0] [%]

20 40
Rotation #1 (about Y-Axi... [°]

100

50

visualization of field inside grating
P Re{E,}

TE

[animation]

DH.H.
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Workflow in VirtualLab Fusion

Construct grating structure

— Configuration of Grating Structures by Using
Interfaces [Use Case]

— Configuration of Grating Structures by Using
Special Media [Use Case]

« Analyze grating diffraction efficiency
— Grating Order Analyzer [Use Case]

Check influence from different parameters with
Parameter Run
— Usage of the Parameter Run Document [Use Case]

Calculate field inside grating structure

ctance vs Wavelength TE.run

E=N HoN ==

Combined Oupt |

Iteration Step
1 2 3 4 5

ane W_ | Data Array B s263om 271250m 27988nm 88851nm.
Data Array 32093% 35446% 38412% 41814% 45745%
Edit Field Inside Component Analyzer: FMM X

Vectorial Component
[[] Ex-Component
[[] Hx-Component

x-z-Region

[[] Ez-Component

[] Hy-Component [] Hz-Component

Number of Periods |

3

z-Range

Sampling

Sampling Points

Whole Component v

x-Direction z-Direction
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VirtualLab Fusion Technologies

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...

lenses &
freeforms

apertures &
boundaries

@ gratings

Field

waveguides
& fibers ~
scatterer -
Solver
diffusers (
diffractive
beam

diffractive,
Fresnel, meta

splitters lenses
SLM& icro lens & HOE, CGH,
adaptive  groaform DOE
components arrays
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Document Information

title Ultra-Sparse Dielectric Nano-Wire Grid Polarizers
document code GRT.0006

version 1.1

toolbox(es) Grating Toolbox

category Application Use Case

- Grating order analyzer
further reading - Rigorous Analysis and Design of Anti-Reflective Moth-Eye Structures
- Rigorous Analysis of Nanopillar Metasurface Building Block
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@HTTRANS .

Investigation of Polarization State of
Diffraction Orders

E Polarization Conversion Grating_...



Overview

The topic of this document is the polarization state of
light, which was diffracted at a periodic
microstructure.

For this purpose, the reflection of the zeroth order is
iInvestigated at an exemplarily binary grating structure
and conical incidence, as depicted in the sketch.

In order to discuss the topic at a particular example,
iIn @ second part a grating configuration and the
corresponding parameters where chosen according
to a work of Passilly et al. (2008).

fused
silica
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Efficiency & Polarization of Diffraction Orders

The efficiency of the particular order (n) represents the relation between the power of the
incoming light and the amount of light of an outgoing diffraction order. It is calculated from the
Rayleigh coefficients.

In case of the Rayleigh coefficients are given in TE/TM, the efficiency can be calculated by
n= |R,?3|2 + |R,T1M|2 for normalized input.

If the Rayleigh coefficients are given along x, y and z, the following equation has to be

. n 2 .
applied: 1 = ——%—— cos Jout [IR,’{I2 + [RY|” + IR,lez], where n;,/ nyy: are the refractive
1n 1n

indices of the superstrate and substrate and 9;,/ 9,,: the incidence and diffraction angles of
the particular order. Further A represents the amplitude of the impinging wave.

This means the coordinate system (CS) of the provided Rayleigh coefficients has to be
regarded. Otherwise it has to be rotated to the appropriate CS. By default R¥, R, RZ are
provided in the CS of the grating.
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Grating Structure Parameters

A grating structure with a rectangular
shape is investigated.

For sake of simplicity the configuration of
the grating is chosen such, that only the
zeroth order in reflection (R,) is
propagating.

Thus, the following grating parameters are
chosen:

— grating period: 250nm

— fill factor: 0.5

— grating height: 200nm

— material n,: fused silica

— material n,: TiO, (from catalog)

Edit Stack

[ Base Block

| z-Distance | z-Position

Interface

| Subsequent Medium | Com

Om Om
Om Om

|v
.l

{

Flane Interface

Rectangular Grating In Air in Homogeneous M Enter your commen

Titanum(|V)_oxide(tet Enter your commen

>

Validity: € Add || Inset || Delete |
Period
Stack Periodis | Dependent from the Period of Inteface | with Index
Stack Penod 250 nm
OK_ ][ Cancel [[ Hep |
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Analysis of Polarization State

+ Now, the grating is illuminated with TE-

polarized light and a variation of the Sem=d| 000 20

anglle Of Conlcal InCIdence ((p) IS Selection Strategy | Above Efficiency Threshold ~

a p pI I ed - Efficiency Threshold 1E-08 %
« As mentioned, the squared amplitudes

of the Rayleigh coefficients will provide

information about the polarization state Coorinates

. [ ] Spherical Angles [] Cartesian Angles
of the particular order.

* |In order to receive the Rayleigh

Order Selection Strategy

[] Wawve Vector Components || Positions

coefficients, please activate the single [ Effciencies
order output in the grating order ke Costiaens

] =5 1By [JE
analyzer and choose the desired - =
coefficients.
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Resulting Polarization States

. 2 2
efficiency n |RGE| |RSM|
2 T 7 fixed at 45°
_ 2 2 w e
£ ° i ° Z
& Total reflection 55 s 7]
5 g efficiency is 100%. == =
2ID 4ID GID SID II 2ID 4ID GID SID ! 2ID 4ID GID SID II
Spherical Angle Phi (Rectangular Grating #1... [*] Spherical Angle Phi (Rectangular Grating #1... [*] Spherical Angle Phi (Rectangular Grating #1... [%]
The Rayleigh coefficients now disclose the polarization information:
. . . 2, 2.,
- In case of non-conical incidence (¢ = 0), |[R{E|™ is 1(V/m)2, whereas [R{M|” is 0.
This means the diffracted light is TE-polarized, entirely.
: . 2 .
- For ¢ = 22° there is a minimum of |R{E|" yielding a value of 0.33(V/m)2and a
: 2 . . :
maximum of [RJ™|” with 0.67 (V/m)2. In this case, 67% of the light are TM
polarized.
- For ¢ > 50° the coefficients are almost constant, and thus the polarization as well.
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Further Example

In the work by Passilly et al. the polarization state of

light diffracted at a subwavelength grating was

iInvestigated and optimized in order to receive a high

conversion between different states.

Thus they compared simulated results with
measurement data of fabricated sample.

Journal of the European Optical Society - Rapid Publications 3, 08oog (2008) WWW.jeos.org

Polarization conversion by dielectric subwavelength
gratings in conical mounting

Nicolas Passillg University of Joensun, Department of Physics and Mathematics, PO. Box 111, FI-80101 Joensin, Fin-

nicolas.passilly@joensuu.} Ia

Petri Karvinen U athematics, PO. Box 111, FI-80101 Joensuu, Fin-
land

Kalle Ventola Ur d Mathematics, PO. Box 111, FI-80101 Joensir, Fin-
land

Pasi Laakkonen U hysics and Mathematics, PO. Box 111, FI-80101 Joensuu, Fin-
land
Nanoc Finland

Jari Turunen Unive and Mathematics, PO. Box 111, FI-80101 Joensuu, Fin-
land

Jani Tervo University of Joensuu, Department of Physics and Mathematics, PO. Box 111, FI-80101 Joensir, Fin-
land

Subwavelength dielectric gratings are examined in total-internal-reflection configuration. It is demonstrated experimentally that such ele-
ments, fabricated in Ti0p, can perform full polarization conversion frem incident TE to TM with nearly 100% efficiency. The dependence
of the polarization conversion on the angle of incidence is analyzed. Rigorous diffraction theory is used to cross check the experimental
results. [DOI: 10.2071/je0s.2008.08009]

Keywords: Diffraction gratings, polarization, form birefringence
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Grating Structure Parameters

 In the cited work, two different fabricated grating grating #1
structured were investigated.

« Caused by the applied fabrication strategy, the
structures exhibit some deviations compared to the
desired binary shape.: under-etching in the substrate
and deviating shapes of ridges.

« Due to missing details about the fabricated structure,
it is simplified for the realization in VirtualLab.

* Nevertheless, if the data is available, the complex
shape of the grating could be analyzed in detail.

grating #2
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Grating #1 Parameters

* The sidewalls are assumed to exhibit a linear slope.
« The under-etched part in the substrate is neglected.

 In order to realize the trapezoidal shape of the grating
ridges, the slanted grating medium was applied.
— grating period: 250nm
- grating height: 660nm I |
— fill factor: 0.75 (bottom)
— angles of sidewalls: £6°
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Grating #1 Results

* |In comparison, both figures exhibit a very |R3M|2
good match, especially the course of the i VirtualLab Fusion
graph.

 There are some small deviations, caused
by the simplification of the grating structure
compared to the reference. The
simplifications were necessary due to the
lack of data of the complex grating
structure. W 7N | . | N\
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Grating #2 Parameters

« The grating is to be assumed to have a rectangular
shape.

« The under-etched part in the substrate is neglected.
« Arectangular grating is sufficient to present such kind
of grating structure.

— grating period: 250nm
— grating height: 490nm

Ed

= T?Base Block | [

.
.
_—
- L] < >
fill factor: 0.5
Validity: (/] Add Insert Delete
- n.: 1.46
1 - - Stack Periodis | Dependent from the Period of Medium | wviith Index 1 =
. 2 08 Stack Period 250 nm
n,: 2.

Bl || |Tools i « 0K Cancel

162 LightTrans International



Grating #2 Results

* |n comparison, both figures show again a |REM|2
very good match, especially the course of 1 VirtualLab Fusion
the graph. z

 There are some small deviations, caused
by the simplification of the grating structure
compared to the reference and the lack of
some grating parameters.
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Document Information

title Investigation of Polarization State of Diffraction Orders
document code GRT.0008

version 1.1

toolbox(es) Grating Toolbox

category Feature Use Case

further reading - Ultra-Sparse Dielectric Nano-Wire Grid Polarizers

- Rigorous Analysis and Design of Anti-Reflective Moth-Eye Structures
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Analysis and Design of Highly Efficient
Polarization Independent Transmission Gratings

E Polarization Independent Grating ...



Design Task

input plane wave A

- wavelength 1060nm
- unpolarized d
(averaging TE and TM)
- Littrow configuration fd -1st order
Oth order
air

reference: T. Clausnitzer, et al., ,Highly efficient polarization
independent transmission gratings for pulse stretching and
compression,“Proc. SPIE 5252, 174-182 (2003)

How to optimized the grating structure parameters
so to maximize the diffraction efficiency of -1st
transmission order, for unpolarized input light?

Parameter Value Range
grating depth h 0.1-10um
? grating period d 550-1350nm
u fill factor f 20-80%
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Rigorous Analysis of Grating Property vs. Parameters



Diffraction Efficiency @ Different Grating Periods
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Considerations on Grating Period Choice

.

Large period leads to higher
diffraction orders in the
substrate, and causes additional

modulation in the efficiency. )

To ensure -15t transmission
order exist (in air) and to
avoid higher diffraction
orders (in substrate), the
grating period follows

A2 <d< 3\ 2n

where n is the refractive
index of the substrate.

1350nm/

period
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=, 27: 1350nm Period [TM]

= EER ==
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Similar analysis can be found in
T. Clausnitzer, et al., Proc. SPIE

5252, 174-182 (2003).
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Polarization-Dependent Diffraction Property

diffraction efficiency analysis for given period 1060nm
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diffraction efficiencies vs. grating depth
(grating period=1060nm, fill factor=50%)

H 19: 1060nm Period, 50% Fill Factor
Mumerical Data Array

(o ][5 ]s]

Parameter Value
grating depth h 0.1-10um
grating period d 1060nm
fill factor f 20-80%
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Polarization-Dependent Diffraction Property

diffraction efficiency analysis for given period 795nm

= 25: 795nm Period [TE]
Numerical Data Array
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analysis of diffraction efficiency
with fixed fill factor 50%
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Polarization-Dependent Diffraction Property

diffraction efficiencies vs. grating depth diffraction efficiencies vs. grating depth
(grating period=1060 nm, fill factor=50%) (grating period=795nm, fill factor=50%)
’ B 19: 1060nm Period, 50% Fill Factar =nE=R =" Bl 25: 795nm Period, 50% Fill Factor =nEch == |
Mumenical Data Lrray Mumerical Data Array
Diagram  Table Value at x-Coordinate Diagram  Table = Value at x-Coordinate
2 | i 2 I AY
: 8 : : B G I
: | I : e g
e | ! § e | ! 4 N
E i ' 2 i ] One could simultaneously
8 i i == Efficiency [TE] S i i - Efficis maX|m|Ze the TE and TM
o NINS | e N v N/~ 9 diffraction efficiencies by
T 12 2 ¢ 5 & 7 2| proper choice of grating
Modulation Depth [pm] Modulation Depth [pm] .
parameters, e.g., perlod,

) _ depth, and fill factor.
When grating period changes from 1060nm to 795nm . J

- the TE peak efficiency position shifts toward right i.e. larger grating depth;
- the TM peak efficiency position shifts toward left i.e. smaller grating depth.
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Grating Design by Parametric Optimization



2D Parametric Optimization with Fixed Period

We use fixed period of 1060nm, with grating depth and fill factor
as variables, and try to optimize the averaged diffraction efficiency.
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99

48.5

The average diffraction efficiency can be
defined as
av 1
" gzi(nTE_*_nTM) ’
and it is to be maximized within the

following parameter range

Parameter Value Range

grating depth h
fill factor f
grating period d

0.5-3.5um
30-70%
1060 nm (fixed)

To keep a relatively low aspect ratio, we
defined a reduced variation range of the
grating depth and fill factor for design.
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2D Parametric Optimization — Design #1

-
- ~s

-

B 23: 10680nm Period [Average TE/TM] =[]
Mumerical Data Array
Diagram Table Value at bey)
Average Efficiency [3a]
- parametric optimization — downhill simplex
E..- E 2: Parametric Optimization - 1 'E“E‘
E Numerical Data Array
= : E Diagram Table Value at xCoordinate L.
= — > optimized parameters
= parameter - ;
N o ﬁ _ ; Parameter Value
% Iy ‘\ .
= = *~:\[ grating depth h 2.22um
,’l Modulation Depth (Re... [pm] EZE: fill factor f 59%
! § grating period d 1060 nm (fixed)
z
initial parameters J 1
l' 30 35 40 45 50 55 60
. Parameter Value / Simulation Step
N /< >
\_{ grating depth h 0.5um |
fill factor f 30% Diffraction efficiency in each optimization step is

calculated using Fourier modal method

grating period d 1060 nm (fixed) (FMM. also known as RCWA)
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2D Parametric Optimization — Design #2

B 23: 10680nm Period [Average TE/TM] =[]
Mumerical Data Array
Diagram Table Value at bey)
Average Efficiency [3a]
. parametric optimization — downhill simplex
- 4 B, 4: Parametric Optimization #2 [rol[ -3 ]
T o c
2= MNumerical Data Array
E : 5 Diagram Table Value at x-Coordinate ) .
E: . optimized parameters
25 parameter = 5
VN | ﬁ ! Parameter Value
—_ O ‘V
L = || grating depth h 2.56um
! 5 5
’Il mModulation De:pth (Re... [um] E S fill factor f 66 %
l o w
i g grating period d 1060 nm (fixed)
o7 The same resulting parameters
[ . .
initial parameters ! can be found in T. Clausnitzer, et
,’r 5 10 15 20 25 30 35 40 45 50 a/., Proc. SPIE 5252, 174-182
\ Parameter Value /’ Simulation Step (2003).
\\4\ grating depth h 3.5um jis
fill factor f 70% Diffraction efficiency in each optimization step is
TR 1060nm (fixed) calculated using Fourier modal method

(FMM, also known as RCWA).

176 LightTrans International



Fabrication Tolerance Analysis — Design #2

Eﬂ & Tolarance Analysis of Design#2

Mumenical Data Lrray

(oo e |

Diagram  Table = Value at fxy)

Average Efficiency [%]

- = Diffraction efficiency
$ within the region around
optimized parameters 2 the design parameters
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Parameter Value 5 ( )(/, PP
- above 95% only)
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fill factor f 66% 4
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:gi
E o
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3D Parametric Optimization with Varying Grating Period

Parameter Value Range Initial Value
grating depth h 0.5-3.5um :"3.5 um |
fill factor f 30-70%  70% parametric optimization — downhill simplex
grating period d 800-1096nm  : 1060 r_1_rr_1_,."~\\ T —— R
\ Mumerical Data Array
\“ Diagram  Table Value at x-Coordinate
N f \\\ - T \\\
\\\ = ER A
‘\g\_( optimized parameters
E = Parameter Value
£ gratingdepth h ~ 2.58um
g" fill factor f 67 %
'.;\'3 s w0 5 2 25 30 2 4 5 s 9rating period d 1024nm
© Simulation Step
d \ / h < 5
5 \ A Diffraction efficiency in each optimization step is
o0- 7096n,77 L= 05> calculated using Fourier modal method
(FMM, also known as RCWA).
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Fabrication Tolerance Analysis

H 3: Tolerance Analysis of 30 Optimized Design E@
Mumerical Data Array
Diagram Table Value at {xy)
Average Efficiency [%6]

_ ] 2 Diffraction efficiency

$ within the region around
optimized parameters 2 the design parameters

3 . .

= efficiency value clipped
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grating period d 1024 nm (fixed) ELE
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Peek into VirtualLab Fusion

intuitive grating parameters specification

Edit Rectangular Grating Interface >

Structure  Height Discontinuities  Scaling of Elementary Interface  Periodization
Special Rectangular Grating Values

special detector for polarization-
related quantity analysis

| ER—— | | 0 Edit Polarization Analyzer *
Analyzed Channel
D::mmon.Eratlng Values ations (® Transmission () Reflection
Bxension fy the constraints which shall be considered during optimization.
Grating Period Modulation Depth Pt
Selection Straty Order Range
Position Constraint Name| Use | \Weight | Constraint Type | Value 1 | Value2 | Start Value Canf on il | e |
) ) Stack #2 1 1|Range 800 nm| 1.096 um 1.06 um
. Omn 0] X Y
Lateral Shit [ 0mn| Rowmionmge [ 0] [P0 = 1 Range 500nm|_ 35um|  35um
Stack #2 1 1|Range 0% 70 % 70% Minimum Order | A1 Ii” | 3E||
Efficiency Bx- ] ]
Polarizatios 2 M Orde 1= |-
Apalyaer 2o01 || Eficiency Ey- | [ sximum Order | H | =)
Average %) 1| Target Value 100 % 32383 %
Output
[+] Efficiency Ex-Direction [ Polarization Contrast
[+] Efficiency Ey-Direction Average Efficiency
[ ] Vary \wavelength gnd/or Incident Angles
Target Funcion Value 0.031034 Update
| < Back || Next> | | Show *
parametric optimization tools with friendly user interface
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Workflow in VirtualLab Fusion

Construct grating structure

— Configuration of Grating Structures by Using
Interfaces [Use Case]

« Analyze grating diffraction efficiency
— Grating Order Analyzer [Use Case]

« Search for initial solutions with Parameter Run
— Usage of the Parameter Run Document [Use Case]

* Find final design with Parametric Optimization

72 Period=1060nm_2DEfficiencyScan.run [r= =]
""""" Its
Iteration Step

etector Combined Ouiput 1 2 3 4

ation Depth (Rectan... | pgig Array V4 100 nm 100 nm 100 nm 100 nm 1

e St Width (Rectan_. | Data Array 7 0%  24286% 28571% 32857% 377
=ncy Ex-Direction Data Array S| 0070309% 011235% 016112% 02129 % 026
-ncy Ey-Direction Data Array /| 0396% 053349% 066353% 0.76335% 0.83¢
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https://www.lighttrans.com/index.php?id=1327
https://www.lighttrans.com/index.php?id=593
https://www.lighttrans.com/index.php?id=1596

VirtualLab Fusion Technologies

air

-1st order

Oth order

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...

lenses &
freeforms

apertures &
boundaries

@ gratings

Field

waveguides
& fibers ~
scatterer -
Solver
diffusers (
diffractive
beam

diffractive,
Fresnel, meta
splitters lenses
SLM& icro lens & HOE, CGH,
adaptive  groaform DOE
components arrays
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Document Information

title

document code
version
toolbox(es)

VL version used for
simulations

category

further reading

Analysis and Design of Highly Efficient Polarization Independent
Transmission Gratings

GRT.0015
1.0
Grating Toolbox

7.5.0.158

Application Use Case

Ultra-Sparse Dielectric Nano-Wire Grid Polarizers

Rigorous Analysis of Nanopillar Metasurface Building Block

Parametric Optimization and Tolerance Analysis of Slanted Gratings
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Introduction

« How to construct grating structures

* Modeling and design of surface-relief gratings, like slanted ones

« Analysis of polarization-dependent effects and optimization

* Properties of holographic volume gratings

 Investigation of two-dimensional periodic structures, like nanopillars
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@HTTRANS .

Rigorous Simulation of Holographic Generated
Volume Grating

& \/olumeGrating ...



Modeling Task

z-period
292.5nm

x-period
507.6nm

-1st order reflection?
-~

holographic volume
grating generated by
two-beam interference
(640um, 59.9° angle)

~ exposure process, with
refractive index
modulation of 0.01
based on fused silica

incident angle
around 60°
(to be varied)

input wavelength
around 640nm
(to be varied)

thickness
70um
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Diffraction Efficiency vs. Wavelength

Efficiency R[-1; 0] [%]

B0

40

20

-1st order reflection

FWHM 3.45nm —> <

-] T T T |
0.635 0.64 0.e45

Wavelength (Ideal Flane Wave #0) [pm]

\4
shift of wavelength dependent
reflection due to locally increased
effective refraction index

292.5nm

rigorous FMM analysis —
for varying wavelength

wu9'20G

-1st order reflection?

<

incident angle
fixed at 59.9°

‘,ﬁ
N

70um

wavelength varying
from 630 to 650nm
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Diffraction Efficiency vs. Angle of Incidence

N -1st order reflection | | 292.5nm
rigorous FMM analysis —
o for varying incident angle
E 3
2 ~
= o
= . o
° o , 3
=T FWHM
5 — < 0.55°
2 -1st order reflection?
5 < angle varying\
from 58.8 to 60.8° 3/ -
1 I T T T L ”:'
-60.5 -60 -50.5 -54

Cartesian Angle Alpha (Volume Grating #1... [7]

‘,ﬁ
N

70um

wavelength
fixed at 644nm
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Document Information

title Rigorous Simulation of Holographic Generated Volume Grating
document code GRT.0003

version 1.1

toolbox(es) Grating Toolbox

category Application Use Case

further reading - Configuration of Grating Structures by Using Special Media
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@HTTRANS .

Using Kogelnik Theory for Volume Holographic

Grating Simulation Soming feature fOf

grating simutaton



Comparing Kogelnik Theory with FMM

120%

Angular spectrum from FMM and Kogelnik’s theory

100%

—Efficiency T+1 from FMM

80%

—Efficiency from Kogelnik

60%

I5° and 55°
1532nm

W\

40%

20%

———_r——ﬂ

-10 -9 -8 7 -6
inversed incident angle\®

-4 -3 -2 -1 0
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Reflection Grating Example

—FMM (n_a=1.3)

—Xkogelnik-adj (n_a=1.3)

----- FMM (n_a=1)

----- kogelnik-adj (n_a=1)

R+1 efficiency
L~
\
]

g==""""= 3 T;" S =t — p } _ . 0%
22,0 -20,0 -18,0 -16,0 -14,0 -12,0 -10,0 -8,0 6,0 -4,0
inversed incident angle
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Introduction

« How to construct grating structures

* Modeling and design of surface-relief gratings, like slanted ones

« Analysis of polarization-dependent effects and optimization

* Properties of holographic volume gratings

* Investigation of two-dimensional periodic structures, like nanopillars
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@HTTRANS .

Rigorous Analysis of Nanopillar Metasurface Building
Block

& TiO2 Nanopillar ...



Modeling Task

f_l/\_\ metalens

parameters from M. Khorasaninejad,
Nano Lett. 2016, 16, 7229-7234

Nanopillars No.  #1 (405nm)  #2 (532nm)  #3 (660nm)

_____ U 180nm 250nm 350nm
~~~~~~~~~~~~ H 400nm 600nm 600nm
™y D (variable) 80-155nm  100-220nm  100-320nm

N
nanopillar
it cell m ID diameter . : :
dir::;'];sn Ul 8 By varying tlf\e.nanopllla.r diameter, the
D metasurface building block is supposed to
§ nanopillar have phase modulation covering 2. How to
R ! H he'ght,| evaluate such nanopillar structure rigorously?
N J

single nanopillar as the
building block of the metasurface
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Nanopillar Analysis vs. Pillar Diameter

nanopillar

#1

E=0 26: Analysis of Nanopillar @405nm
Mumernical Data Array

[= o]

nanopillar #2

nanopillar #3

= 35: Analysis of Nanopillar @532nm

Mumerical Data Array

[ped] 858U

H 41: Analysis of Nanopillar @660nm
Mumernical Data Array

Diagram Table Value at x-Coordinate
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® g X 3 X g
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£ 3 // “ B < 2 //
S = Efficiency '/ 8= Efficiency '/
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lteration Step lteration Step
Nanopillars No.  #1 (405nm)  #2 (532nm)  #3 (660nm)
U 180nm 250nm 350nm

H
D (variable)

400nm
80-155nm

600nm
100-220nm

600nm
100-320nm
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Nanopillar Analysis vs. Pillar Diameter

- The phase modulation covers 2m range, and it
changes almost linearly with pillar diameter,

which enables convenient phase control.

- The transmission efficiency remains above 90%
for varying pillar diameter over the design range.

Nanopillars No.  #1 (405nm) #2 (532nm)  #3 (660nm)

U 180nm 250nm 350nm
H 400nm 600nm 600nm
D (variable) 80-155nm 100-220nm  100-320nm

nanopillar #2

;:.l 35: Analysis of Maneopillar @5332nm

Mumerical Data Array

B=n BN X

Diagram Table Value at x-Coordinate

— E—

L ma
£ g [ =
_ 1}
o / ‘ -
o / =
Y o o
E =t / . o

= - 1
™ | - Efficiency =
== Phase .
J T T T T -

) 10 15 20 25 30

lteration Step
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Appendix: Refractive Index of TiO,

a
3.5 - 1.5
\. 10
° F. N
o n - ® k
s 5
® =
3.0 4 e =
- - LI l.

_ [ | [}

- e B 405nm

- [ ] L o o o e o e

. . 2 3 4 -0.5

B Photon Energy(eV)

. °
25 4 m
~2.43 7 »
oas I ° figure from R. C. Devlin, M.

m ° Khorasaninejad, W.-T. Chen, J. Oh,

Sasssssssssessesssssessssnssesessesssessessesssesessesesseseseeseeseeseeseeeemeeeemeeene - 0.0 F. Capasso, arXiv:1603.02735 (2016)

Wavelength (nm)
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Peek into VirtualLab Fusion

flexible pillar structure definition

Edit Stack *
ﬁ E=. & Analysis of Nanopillar @532nm o[ B ]
D Mumerical Data Array
E Diagram Table = Value at x-Coordinate
o Edit Grating Order Analyzer o
w
[4Y] General  Single Crders © =
m e ’
E—T Order Selection Strategy T A -
= =
X Selection Strategy | Order Range = / =] §
Index | z-Distance | z-Pasition Interface Subsequent Medium Com % s // g
3 1 0 mm 0 mm Plane Interface Mon-Dispersive Materi Enter yvour commen X E / =
2 600nm  &DDnm Programmable Interfac Air in Homoegenecus M Enter your commen Minimum Order | Dl: | o :
S |- amplitude ~
Source Code Editor O x Mazximum Order | Dl = | w— Phase / :
Source Code  Global Parameters  Snippet Help  Advanced Settings 0I1|2 0.1I4 0.1IG 0.1I$ 0.I2
c - - ApertureDiameterX [double] Coordinates - -
5 1 [ ] double height = 0.8; ApertureDiameter [double] . . Diameter (Manopillar @332nm #1 | Stack #1 (Progr... [pm]
g |2 % [double] [] Spherical Angles [] Cartesian Ang
= // convert to radial distance ¥ [double]
& |a double rho = Math.Sgrt(x * x + y * y); Diameter [double] [] Wave Vector Compeonents ] Positions .
|5 | [grerme <o * piamsten Heigh doube] access to full vectorial
6 {
3|7 height - Height; and complex-valued
g8 ¥ Efficiencies . .
S S information
16 return height; Rayleigh Coefficients
b Ex B Ey (e
customized structure LITe LI
via programming
Cancel | [ b
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Workflow in VirtualLab Fusion

« Construct grating structure

s

— Configuration of Grating Structures by Using

Interfaces [Use Case] E

om

— Configuration of Grating Structures by Using @
Special Media [Use Case] @

* Analyze grating diffraction efficiency I———— —
—_ Gratlnq Order Analvzer [Use Case] u 2 GDIT:Im E;Drr[;r:m Pr::a::lablelrﬂerhc m[:r;.;ip;:;::mfn: E:::Z::zzz:

« Check influence from specific parameters with
Parameter Run

< >

— Usage of the Parameter Run Document [Use Case] Vaiy: © 3| [ et | [ e |
Period
Stack Periodis | Dependent fromthe Period of Inteface | with Index
Stack Period 250nm| x 250 nm
][ Caed || Hep
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VirtualLab Fusion Technologies

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...

lenses &
freeforms

apertures &

waveguides
& fibers ~
scatterer -

Field boundaries
T Solver
D diffusers @ gratings

ui 8

D diffractive diffractive,

8 beam Fresnel, meta

N splitters lenses

2 L H q SLM& icro lens & HOE, CGH,

— N g adaptive  greeform DOE

components arrays
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Document Information

title Rigorous Analysis of Nanopillar Metasurface Building Block
document code GRT.0012

version 1.0

toolbox(es) Grating Toolbox

category Application Use Case

- Ultra-Sparse Dielectric Nano-Wire Grid Polarizers
further reading - Investigation of Polarization State of Diffraction Orders
- Rigorous Analysis and Design of Anti-Reflective Moth-Eye Structures
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Rigorous Analysis and Design of Anti-Reflective
Moth-Eye Structures

& AR Moth Eye ...



Design Task

N K
top diameter base diameter
T _ (=period, in this case)

N
L

input plane wave height

- wavelength 532nm
- normal incidence

How to optimize the anti-reflection
moth-eye structural parameters, so
to minimize the reflection from the
air-PMMA interface?

anti-reflection
moth-eye structure
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Scanning over Parameter Space for Initial Solutions

varying from
10to 120nm |,
top diameter

Ibase diameter
fixed at 125nm
T

>
<

reflection="

Arw——

eight

varying from
50 to 500nm

E= 51: Initial Solution Search

Mumerical Data Array

Diagram

TopDiameter (AR Moth-E... [pm]

Table

Walue at (y)

Reflection Efficiency [%]
(calculated by FMM / RCWA)

0.

002 004 006 008 07

/
initial solution #2

1 015 02 025 02 035 04 045 05
Height (AR Moth-Eye #1 | Stack #1 (Stack) | L.. [um]

—> relatively higher
aspect ratio and
maybe not the first
choice for fabrication

\ relatively smaller aspect ratio and
therefore preferable for fabrication

205

LightTrans International



Parametric Optimization for Initial Solution #1

N—— parametric optimization by downhill simplex method

Numerical Data Array

Doram [Tale | Vet (each iteration calculated by FMM / RCWA)

Reflection Efficiency [%]
(calculated by Fourier Modal Method)

' E=. 55: Parametric Optimization =R ﬁ final design #1

Mumerical Data Array

z :
=5
2 S N
§ s Diagram Table Value at x-Coordinate 125nm
z 3 .
5 ° (fixed)
£3 _ N
0 &
L [aN]
T T T T T T "—
0..0101 015 02 025 03 035 04 045 05 4 . 'LI_J
He‘ght (AR Moth-Eye #1 | Stack #1 (Stack) | I... [um] R =
V4 z
4 @
1/ i=
s iy
/ =
~, \/ g
| 1 5]
1 1 a
1 1 =
1 1 §
1 : — s 1YYy L N e e e e e e e e e e e e e ————————
i I T
1 1 Tl
1 1 =
1 1 o
1 1
1 1
1 1
1 1
' i
. i Simulation Step
1 1 . .
i i (logarithmic scale)
H i
1 1
1 1
1 1
1 1
1 1
1 1
\ U
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Performance Analysis of Final Design #1

with , ..
moth-e te reflection efficiency vs. angle
y (at 532nm wavelength)
$ & reflection efficiency vs. wavelength B, 62 Performance Analysis vs. Angle =5 EoR >
QOJQQ (at normal incidence) Numerical Data Array
\Q’ © Diagram Table Value at x-Coordinate
90 P2 59: Performance Analysis vs. Wavelength [ |2 )
§‘U Numerical Data Array == Reflection Efficiency (without Moth-Eye)

§§O Diagram  Table Value ot xCoordinate == Reflection Efficiency (with Moth-Eye)

== Reflection Efficiency (without Moth-Eye)
n J== Reflection Efficiency (with Moth-Eye)

incidence angle

0to 80°

Subsets #0, #1 [%4]

Subsets #0, #1 [%4]

’

] T T T T T T
10 20 30 40 50 70
H—__ .
. o Spherical Angle The
without . . : ; :

- 0.45 0.5 0.55 0.6 0.65 .
moth-eye Wsvelength (o) Design #1 does not suppress

reflection effectively for
incidence over 50°.
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Parametric Optimization for Initial Solution #2

=, 51: Initial Solution Search
Numerical Data Array

Diagram  Table  Value at (cy)

Reflection Efficiency [%]
(calculated by FMM / RCWA)

[] 341

|
initial solution #2

TopDiameter (AR Moth-E... [pm]
002 004 006 008 01 0.,

T T T T T T T
w01 @15 02 025 03 035 04 045 05
Height ()ﬁ Moth-Eye #1 | Stack #1 (Stack) | L. [um]

N i i e e

o

parametric optimization by downhill simplex method

(each iteration calculated by FMM / RCWA)

=i 92: Parametric Optimization
Mumenical Data Array

oo el |

Diagram Table Walue at x-Coordinate

ay. 0. 0.1

¥
\

Cwerall Reflection E1"Ficieﬁ¢‘:;,r [%4]
Q.. 0.

0.

1E-05

5 10 15 20 25 30

Simulation Step

(logarithmic scale)

final design #2

[ ————
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Performance Analysis of Final Design #2

with , ..
moth-e te reflection efficiency vs. angle
y (at 532nm wavelength)
$ & reflection efficiency vs. wavelength E=. 94 Performance Analysis vs. Angle =5 EoR >
QOJQQ (at normal incidence) Numerical Data Array
\Q’ © Diagram Table Value at x-Coordinate
90 P, 80: Performance Analysis vs. Wavelength -2
§‘U Numerical Data Array == Reflection Efficiency (without Moth-Eye)

§§O Diagram  Table Value at xCoordinate == Reflection Efficiency (with Moth-Eye)

== Reflection Efficiency (without Moth-Eye)
| === Reflection Efficiency {with Moth-Eye)

incidence angle

0to 80°

Subsets #0, #1 [%4]

Subsets #0, #1 [%)]

‘ - '\ 1I0 2'{] 3I0 4:0 5I{} I
f .

. = Spherical Angle Theta [°]

without

_ 0.45 0.5 0.55 0.6 0.65 . . .
moth-eye i Despite of the higher aspect ratio,

design #2 suppresses reflection
better for higher incidence angles.
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Peek into VirtualLab Fusion

grating structure editor with preview

Edit Stack X

parametric optimization tools
with flexible variable and merit function definition

Preview for Truncated Cone Grating Interface Constraint Host Constraint Name

Use | Weight | Constraint Type | Value 1 | Value2 | Start Value Contribution
AR Moth-Eye | Stack #1 % 1| Range 300 nm| 400 nm 350 nm 0%
#1 %
o e Slackt:I % 1| Range 30nm| 110nm 70 nm 0%
» 1 _Omm Omm T Grating Order 155 %] 1| Target Value 0% 001108 % 100 %
Analyzer #800
Overall O

<
ity @ Target Function Value 12163E-08
L [ _<Back | Net> || Showr |
oY
Z-BExtension
Extens 1 B 1 L,
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Workflow in VirtualLab Fusion

Construct grating structure

Edit Stack

— Configuration of Grating Structures by Using
Interfaces [Use Case]

— Configuration of Grating Structures by Using
Special Media [Use Case]

« Analyze grating diffraction efficiency =

z-Distance

z-Pos

ition

Interface Subsequent Medium

El N
:e ,_lBase Block|

Truncated Cone Gratir Air in Homogeneous M Enter your co

— Grating Order Analyzer [Use Case]

Search for initial solutions with Parameter Run
— Usage of the Parameter Run Document [Use Case]

Find final design with Parametric Optimization
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VirtualLab Fusion Technologies

anti-reflection
moth-eye structure 3—

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...

Field
Solver

waveguides
& fibers ~
scatterer -

splitters

adaptive

components arrays

diffusers (
diffractive
beam

SLM & icro lens & HOE, CGH,
freeform

lenses &
freeforms

apertures &
boundaries

@ gratings

diffractive,
Fresnel, meta
lenses

DOE
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Document Information

title Rigorous Analysis and Design of Anti-Reflective Moth-Eye Structures
document code GRT.0011
version 1.0
toolbox(es) Grating Toolbox
category Application Use Case

- Parametric Optimization and Tolerance Analysis of Slanted Gratings
further reading - Optimization of Lightguide Coupling Grating for Single Incidence

Direction
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Blazed Meta-Grating Composed of

Square Pillars

=

P. Lalanne, et al., "Blazed binary subwavelength gratings with efficiencies larger
than those of conventional échelette gratings," Opt. Lett. 23, 1081-1083 (1998)

@H TTRANS

Fig. 2. Scanning-electron micrograph of the blazed binary
subwavelength grating. The horizontal period (along the
x axis) 1s 1.9 pum, and the period in the perpendicular
direction (v axis) is equal to the sampling period (380 nm).
The maximum pillar aspect ratio is 4.6.



Building Block / Unit Cell Analysis (Index Matched)

> d k-
pillar N3

di ter (d .
iameter (d) x~

pitch (D)I
X
L.,

1
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Building Block / Unit Cell Analysis (Index Matched)

Mumerical Data Array

transmission amplitude/phase vs. pillar diameter (@633nm)

Diagram Table Walue at xCoordinate

variable o —’_y\
: o= 1 e
[ pillar N2 = E
diameter (d = o
(d) 5 g 7 "3
]
— 0O
— Ly T4
o 5 / =
w $
= L=
= a
& - -
= Efficiency T[O; 0]
== Unwrapped Phase | -
pItCh (D) 0.05 01 0.15 0.2 0.25 0.2 0.25
X 380nm FillarDiameter (Optical Setup Parameter | Global Parameters of Co... [um]
)L) y 4
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Building Block / Unit Cell Analysis (Index Matched)

Figure 1 from P. Lalanne, et al.,
Opt. Lett. 23, 1081-1083 (1998)

7 T T T T T T T T T 25

Mumerical Data Array
Diagram Table Value at x-Coordinate

variable

pillar
diameter (d)

405

Unwrapped Phase [rad)

_1 1 1 1 1 1 1 1 1 1 0
0 01 02 03 04 05 06 07 08 09 1

fill factor
Fig. 1. Crosses, phases of the transmitted zeroth order for T T T T
a 487-nm-thick grating composed of a 380-nm-period array 0.1 0.2 0.3
of square pillars etched in TiOs2. Dotted curves, n values
of all the propagating modes supported by the biperiodic Pillar Diameter [pm]
structure. The uppermost curve (n varies from 1 to 2.3)
corresponds to the grating effective index. Numerical
results were obtained by the modal method of Ref. 10 with
square truncation (17 orders are retained along each axis). . . . .
Solid curve, phases of a plane wave transmitted through a Vlrtua”_ab FUSIOn SImUIatlon
487-nm-thick homogeneous dielectric film whose refractive
index is equal to the n value of the fundamental mode.

pitch (D)
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Building Block / Unit Cell Analysis (Glass Substrate)

[Glass (n=1 .52)]

transmission amplitude/phase vs. pillar diameter (@633nm)

EST: Transmission and Phase vs. Pillar Diameter = | (=] [é]
Mumerical Data Array
Diagram  Table Value at x-Coordinate
- mism ‘
. p—
: mismatch
variable -
—— | 2 E
pillar = E
diameter (¢)] [ 2. :
g ° |== Efficiency TIO; 0] =
E = Unwrapped Phase =
c o o
i e
= o
L O
- =
| N
T T
pltCh (D) 0.05 01 015 0.2 0.25 0.3 0.35
380nm - PillarDiameter (Optical Setup Parameter | Global Parameters of Cou. [um]
X
‘ height (H)
z < )
545nm
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Selection of Unit Cells = Linear Phase

P 36: Phase vs. Pillar Diameter =N E= 5

MNumerical Data Array

Diagram  Table Value at x-Coordinate

variable N - I
pillar g~ . ] i
(gamotr ) D S
i 0.65 G.I1 ' D.‘; 3 ' D.I'E D.IE 3 'D. 3 0. é o
- PillarDiameter (Optical Jetup Parameter|| Global Parngmeters of ling 5. [
/ \ <
N ” # Py #5
pitch (D) d 118nm 179nm 201nm 247nm 293nm
X 380nm - f=d/D 0.31 0.47 0.53 0.65 0.77
, AyY 0.207m 0.697m 0.987 140w 1.73w
height (H)
4 }( >} Selection of pillar diameters follows from P. Lalanne, et al., Opt.
245nm Lett. 23, 1081-1083 (1998)
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Initial Composition of the Blazed Grating

HEHBE ]
. . . - ’_,__—-——-----';_#_1 ---------- #2 - #3 - #4 - #5
HEN I /g,» """"" 118nm’ j’ZQnm’:::’?_anm"" 247nm  293nm
x x = o7 f=dB” 031" 047" 0.53 0.65 0.77
E N T O
et Ny -70.20m -~ 0.697 0.98n 1.401 1.73n
R o W<
z| N 7| e | |
3 EEE 3 - grating performance evaluation
. . . -< _________________ Efficiency
3 ¥ TE-polarization 79.6%
- L — TM-polarization 74.5%
H B B = Average 771%
X B BB X ] Same average efficiency value reported in
H=545n1m P. Lalanne, et al., Opt. Lett. 23, 1081-1083 (1998)
L y D=380nm L 7
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Phase Distribution behind Blazed Meta-Grating

EEE o
~ |
HE B N o
|
8 o | -
> HEE = - directly behind the grating
o (@) = _
= ‘= B 10: Including Evanescent Waves
| 2| - st
Diagram  Table Value at {xy)
. . . - Phase of “Component Ex" [rad]
TS % : g .14
E E N B - [ i
i E 0
-
HEE o
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 25
x HHENE x -
"

‘ k]
y D=380nm

|
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Phase Distribution behind Blazed Meta-Grating

<

|

(€3}
-
3

H H B
=~ - a
) )
glll 3
| - | -
(D) (D)
S N a

MRl IRRNL N

L

directly b

5um behind the grating (evanescent waves damped)

\ E= ©: Excluding Evanescent Waves

[E=% Hom ==

Numerical Data Array

" B< 10: Including Evanes|

Diagram Table Value at (xy)

Phase of “Component Ex" [rad]

0.5

Y [pm]
0

Y [pm

Diagram Table Value at (xy)

S 3,14

o 0

c S : -3.14
250 =5 s gl g5 g s a5 3 2

Phase of "Component Ex" [rad]

X [um]
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Further Optimization of Grating Structure

x

-

period (5D)

N

]

—

\

varying pillar positions
varying pillar diameters
10 variables in total

downhill simplex optimization with FMM/RCWA for grating analysis

E= 63: Parametric Optimization

MNumerical Data Array

RSRESH X5

Average Efficiency [%])

Diagram Table Value at x-Coordinate

50

100 150

Simulation Step

200 250
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Blazed Meta-Grating Design — Initial Structure

-~

=l 61: Blazed Meta-Grating - Initial

MNumenical Data Array

ESR(ESR EX=

Diagram Table Value at {xy)

¥ [Hm]

Amplitude of “Refractive Indices”

X [pm]

1.6501

1.0003

grating performance evaluation

Efficiency

TE-polarization 79.6%
TM-polarization 74.5%
Average 771%
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¥

Blazed Meta-Grating Design — After Optimization

E:'l 58: Blazed Meta-Grating - Optimized

|3
Numencal Data Array
Diagram Table Value at {x.y)
Amplitude of "Refractive Indices”
2.3

— O

= 6501

= =

=

grating performance evaluation

1.0003 Efficiency
L e Tk TE-polarization 88.7%
TM-polarization 88.2%
Average 88.5%
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Field Tracing Technologies — Gratings

Aim of this course:

 to be able to construct customized crystals & o e sf;:ﬁe orisms,
grating structure; companents cubes, .

» to know grating modeling waveguides lenses &
. & fibers freeforms
technologies; ~ ,
* to use helpful tools for grating scatterer - Field ‘ boundaries

investigation and analysis; ' Solvers

: diffusers ratin
* and, by applying the above to solve ( \ gratings
practical problems. _ diffractive diffractive,

beam Fresnel, meta

splitters lenses
SLM&  icro lens & HOE, CGH,

adaptive  gooform DOE
components arrays
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