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Rough Overview of the 3 Training Days

Day 1
 Modeling and design of periodic structure

« Grating toolbox and Starter toolbox, maybe also part of Diffractive optic
toolbox

Day 2

« Design and analysis tool for diffractive optical elements
« Tolerancing analysis

« Export of fabrication data

Day 3

« Beam shaper design

« (General microstructure analysis




Grating Modeling

 Algorithm of grating modeling in VirtualLab
— Fourier Modal Method (FMM)
— Thin Element Approximation (TEA)
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Rigorous Analysis of Periodic Structures with the
Fourier Modal Method (FMM)

Introduction



Fourier Modal Method

* Rigorous electromagnetic analysis of periodic 2D and 3D structures
« Numerical solution of wave equation for isotropic, linear media

« Analysis of gratings with feature sizes from sub-wavelength to several
wavelength

 Includes multiple reflections and polarization effects
« Parallel computing
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Fourier Modal Method

Rigorous analysis by Fourier Modal Method (FMM).
Different name: Rigorous Couple Wave Analysis (RCWA) method

Main Characteristics
* Analysis of periodic structures with infinite extension.
« Grating illumination by plane wave with infinite extension.

Name Conventions

2D gratings = so-called linear gratings, with a structure modulation in two directions typically X or Y and Z. Here
the structure is periodic along X or Y. Sometimes also called 1D gratings if only the structure in the XY plane is
regarded. - in the future we will plead for 1D periodic gratings

3D gratings = with a structure modulation in all three directions. Then the structure is periodic along X and Y.
Sometimes also called 2D gratings if only the structure in the XY plane is regarded. = 2D periodic gratings

Additionally VirtualLab allows to model and analyze volumen gratings with a perodicity in Z direction.

6 www.LightTrans.com



Fourier Modal Method (VLF7.4.0.49)

« Maximum grating period ~9000 A (2D gratings) and ~50 A x 50 A (3D gratings)*
« Maximum number of orders 18000 (2D gratings) and 135 x 135 (3D gratings)
« Computer requirements for grating simulation with maximum number of orders:
- 150 GB RAM
- >16 CPU cores

* typical maximum periods of dielectric gratings

7 www.LightTrans.com



Fourier Modal Method

» Discretization of grating structure required for FMM.

« Surfaces and inhomogeneous media are decomposed in binary
layers and transition points.

« Transition points indicate a jump of the refractive index within a layer.

 Grating structure is approximated by layers and transition points. -
The more layers and transitions are used the more accurate is the
modeling of the structures.

« Computational time increases linear with number of layers.

8 www.LightTrans.com



Grating Toolbox

BRh o e

m Start Sources Functions Catalogs Windows

D@k 9

New Open Ssve | lightTrans | Calculators | Stater Diffractive
= Solutions - Optics ~

File ‘ Selutions

w 8 About VitualLab

R lmser.  Ligting ﬁ License Information

- N Resonator+  « @ Update Information

* Rigorous analysis of gratings
requires grating toolbox.

 Via ribbon item Grating Toolbox
light path diagrams for rigorous
grating simulations can be
generated.

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
Volume 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

Pillar Grating Light Path Diagram

LLGA Resuits

:ﬁ LLGA Result Generator

www.LightTrans.com



Grating Toolbox

26: Light Path View (Light Path Diagram #25)* = EoR |

watng Oroer Ansbyper —

« LPD contains infinite plane wave and 2D/3D grating components.
 Virtual screens for calculation of reflected/transmitted near field.
« Grating order analyzer for calculation of diffraction efficiency.

* Field inside component analyzer calculates field distribution inside of grating
structure (2D gratings only).




Fourier Modal Method

Propagation Methods l Advanced Settings

Companent Propagation | Fourier Modal Method v {7 e
Interface Stack Medium
Plane Interface Stack Fused Silica in Homoge...
L Fourier Modal Methe Fourier Modal Methe
Plane Interface Stack Standard Air in Homege...
Fourier Modal Meth

Structure / Parameters to Specify
Funct © Number of Diffraction Orders
—_—
® MNumber of Evanescent Orders
$ (Considering All Propagating Orders)
R MNumber of Evanescent Orders

Tools ¥f

Preview WWavelength 0K || Cancel || Helbp

Numerical accuracy of Fourier
Modal Method (FMM) depends on
number of evanescent orders.

Number of orders must be
Increased until required accuracy is
reached.

Rules of thumb:

— Dielectric gratings: >20 evanescent
orders

— Metal gratings: > 200 evanescent
orders
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Fourier Modal Method

FMM requires that the structure is
it e i 5 = decomposed in layers with binary

Propagation Methodsfl Advanced Settings

refractive index jumps.

* Refractive index jumps are called
transition points.

« Accuracy of layer decomposition.
« Accuracy of transition point

decomposition.
+ Summary of numerical parameters.
e ; * Preview of structure decomposed in
layers and transition points.
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Fourier Modal Method

Decomposition Preview “
Period: 2 pm
Thickness of First Stack: 1000 nm; Thickness of Base Block: 1 mm
MNote: Coordinates are shifted by half a peried.
Table of Transition Points
Reszl Part of Refractive Indices
1.4611
1.2307
, , 1.0003
0.2 0.4 0.6 0.8 1
Z [um]
E Close

Decomposition preview diagram
shows discrete refractive index
distribution of grating.

Tools menu allows to:
— Zoom into the region of interest
— Increase the display resolution.
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Fourier Modal Method

Lateral (z-)EBxtension

Minimum z |

Maximum z

Longitudinal fe-)Extension

Minimum x

Maztimum x

Show Wwhole

e

Zoom dialog allows to zoom in the
region of interest.

The region of interest is typically
the micro structured surface on the
left or right side of the substrate.

14
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Fourier Modal Method

The Table of Transition Points shows the
| layers, layer thickness, transition

e points per layer and the refractive
iagrarfl Table of Transtion Points In d eX.

Layer #2 Layer #3 yer
Thickness Thickness chr
50 nm 50 nm 50 nm On
Pasition Refractive Index Pasition Refractive Index Pasition Refractive Index
358.92 nm 1.0003 3234 nm 1.0003 269.95 nm 1.0003
601.08 nm 1.4611 676.6 nm 1.4611 730.05 nm 1.4611
2pm 1.0003 2 pm 1.0003 2pm 1.0003
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Workflow of Modeling Grating

« Configure the grating structure by using the stack
— Surface relief grating, both 1D periodic and 2D periodic
— Volume grating /Holographic volume grating

« Adjust the numerical settings (FMM)
- How many layer numbers are needed
- How many transition points are necessary
— How many diffraction orders are taken into calculation

 Simulation
— Near field calculation

— Diffraction efficiency
— Field inside grating




Thin Element Approximation

= St « In paraxial optics the local deflection at
the surface by refraction is neglected.

« Then just the optical path length is
considered and a phase term

m) =) proportional to the height profile is
obtained. |
Qﬂ_(nlﬂ L na:mt)
nin 70Ut A¢p(p) = h(p) h\

;

Surface between
two media
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Thin Element Approximation

= S « In paraxial optics the local deflection at
the surface by refraction is neglected.
« Then just the optical path length is
considered and a phase term
m) =) proportional to the height profile is
obtained.
e That is the thin element approximation
out (TEA) frequently used in paraxial
optics, e.g. Fourier and laser optics.
/ « Together with Fresnel integral for free-
space propagation the Collins integral

Surface between follows for lens systems.
two media

18 LightTrans International
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Near Field and Efficiency Analysis of Linear
Sinusoidal Grating

Demonstration of basic capabilities for grating analysis with VirtualLab



Abstract

VirtualLab (VL) provides a well guided way to create an optical system for
analyzing desired gratings.

This scenario demonstrates the basic investigation of the near field and the
efficiencies of the transmission diffraction orders created by a linear (peridic in
one direction) sinusoidal grating.

The results of two gratins are compared:
1. with a period distinctly above the wavelength
2. with a period in the range of the wavelength

20 www.LightTrans.com



Task 1 Sinusoidal Grating

Air Fused Silica

10 pm
VS.
1 um

1pum

Rigorous simulation of
efficiency of diffraction
orders and near field

21 www.LightTrans.com



Task 1: Video Part | Configure Grating

Klick the following link to watch the video:

https://youtu.be/ctO9DAMBOk58



https://youtu.be/ct9DAM8Ok58

Task 1: Video Part Il TEA Modeling

Klick the following link to watch the video:

https://youtu.be/em1slL XwmvoU



https://youtu.be/em1sLXwmvoU

Task 1: Video Part lll FMM

Klick the following link to watch the video:

https://youtu.be/UvFVEErgjo



https://youtu.be/UvFvFEhrgjo

Task 1: Video Part IV Compare

Klick the following link to watch the video:

https://youtu.be/ihPpwWWEZHA



https://youtu.be/ihPpwWWEZHA

Results from Grating with Period = 10um

Near Field



Near Field’s Phase Values (period=10um)

Light View | Dora Vew

!

B 35: Virtual Screen #600 after Sinusoid.. | & e

!

IR

» a

Locally Polerged Hamors Feld - Ex

Phase  Joore 1 1% 1)

. -
X
2 0+
0.8 «
4
B /\
L)
=12

Locally Polerged Hamonse Feld - Bx

T T
-4

3 periods of the near field’s sinusoidal phase distribution
with a 2Pi modulus step due to a constant phase offset.
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Near Field’s Amplitude Values (period=10um)

o 35: Virtual Screen #600 after Sinusoidal Grating #1 (T) =

Localy Folaruwsd Heemon: Field - &= Arpitude Zopem 1 (151

« The amplitude of the field varies a bit.
* In arange of about 0.78 to 0.86.




Results from Grating with Period = 10um

Diffraction Orders’ Efficiencies



Order Efficiencies (period=10um)

Differently
Zoomed
Displays

Values in
Tabular
Display

e Tranamitied Orders s Reflacied Orders

T8
7
6
5
T4
73
T2
11
™

Tet
T
T4
Tad
45
To6
Te!
T3
T8
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Order Evaluations (period=10um)

I 4 14: Transmission Result - Grating Order Analyzer #800

Owder Callaction Grating Fhcency

Chtienc

NY[IEG)

rcler

=

| ot 14; Transmission Result - Grating Order Analyzer #800

Oedat Collacton Grating P Cency

Cartesian Angle 8

= e




Results from Grating with Period = 1um

Near Field



Near Field’s Phase Values (period=1um)

- - —
B 9: Virtual Screen #600 after Sinusoida.. | || & -+ | S Virtual Screen #600 after Sinusoidal Grating #1 (T) P ] ]
Light View | Uur Vew Light View | Dot Vew
s [ ]
2
1 -
Sa y
E - =
<
5 il
-
03 -
=3 -
5 7 K 1.5 Ll D SR 1 L L] L L 1 L
12 04 o o4 13
Position [um]| Posmon [um|
2caly Pdarued Hanorse: Rekd - B2 Arpltude  Zose Lacaly Podarued Hanors: Feld - E Pase an
°

Again 3 periods are displayed.

With these small grating structures there is no longer a
sinusoidal phase distribution because of the occurring
resonance effects.
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Near Field’s Amplitude Values (period=1um)

o 9: Virtual Screen #600 after Sinusoidat Grating #1 (T) o | & e

Localy Folaryws Hemon: Feld - &= Arpitude  Zope | @

« The amplitude is also dramatically changed.
« Now it varies from about 0.2 to 1.2.

« This is a typical phenomenon for gratings with a period close to the
wavelength.




Results from Grating with Period = 1um

Diffraction Orders’ Efficiencies



Comments

« Scenarios like this with a wavelength of 532nm and a grating period of 1um,
l.e. a structure in the range of the wavelength, typically ask for a rigorous
analysis which the Fourier Modal Method offers.

« S0 VirtualLab is predestined for such investigations.

« This constellation results in only 3 reflecting and 5 transmitting orders. Thus
the analysis is quite fast.
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Order Efficiencies (period=1um)

Differently
Zoomed
Displays

Values in
Tabular
Display
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Order Evaluations (

period=1pm)

I 10: Transmission Result - Grating Order Analyzer #8600 =) ot
Grating P cercy
‘:u)J Tabde - )

Efcienc
=

| 10: Transmission Result - Grating Order Analyzer #800 (DR ™5™
Grating P Cency
Dagran | Tatke - .

Cartesian Angle 8




Summary

 VirtualLab allows the rigorous simulation of surface gratings.

« With the Grating Toolbox the user gets the rigorous Fourier Modal Method
(FMM) as propagation technigue and very powerful evaluation tools e.g. for
the near field and diffraction efficiencies of the grating orders.

39 www.LightTrans.com
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Configuration of Grating Structures by Using
Interfaces

From this slides on, we try to give further info of configuration of surface relief gratings



Abstract

Edit Stack >

,_._"1 Base Block

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

3 1 Om Om Plane Interface Silicon{amorphous)-a- Enter your commen

2  10pm  10pm Transition Point List In Air in Homogeneous M Enter your commen

£ >

Validity: @ Add || Inset || Delete |
Period
Stack Periodis ~ Dependent from the Period of Interface v | with Index
Stack Period 10 pm
@ [l [Tooe | =

Optical grating structures are widely used for
several applications such as spectrometers,
near-eye display systems, etc. VirtualLab
Fusion provides rigorous analysis of arbitrary
grating structures in an easy way by applying
the Fourier modal method (FMM). In the
Grating Toolbox, the grating structure can be
configured by using various interfaces or/and
media within a stack. The user interface to set
up the geometry of a stack is user friendly and
can be used to generate even more complex
grating structures. In this use case the
configuration of grating structures based on
Interfaces is explained.

41
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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.

42



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.

e B B N =

540
(Grating Laser Lighting Waveguide = = CErsE

* | Resonator - 0 | pdate
2D Gratings

General Grating Light Path Diagram

Rectangular Grating Light Path Diagram

3

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

Pillar Grating Light Path Diagram

LLGA Results

EE‘ LLGA Results Generator

b
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Grating Structure Settings

* First, the thickness and the material

of the substrate (Base Block) have = 3 Lot Path View D\ e \DOELPD #1) o

to be defined. e et =
. . | Edit General Gratingf2D E3
* In VirtualLab grating structures are gy == ‘ )
defined in a so called stack. Gy || -
« Stacks can be attached to either L —
one or both sides of the substrate. @ — || -
Sta'il: _B:}e Block Base Ii;; Stack Sta?;?;:__Ei;se Block B } E
i A

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

44



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.

Index | z-Distance | z-Position

£

Interface

Subsequent Medium Com

Validity: € | add || mset || Dol
Period
Stack Periodis | Independent from Interface/Media Period

Stack Period

10 pm
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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
iInterface 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
(an]
@
wn
(1]
o
Fd |
X
Index | z-Distance | z-Position Interface Subsequent Medium Com
1 0 mm 0 mm Plane Interface Silver-Ag_(1957+1585 Enter your commen
5 - Rectangular Grating.. || &ir in Homogeneous... E
2 u it
B 7 @] = 72 Q nter your commen
£ >
Validity: @ Add Insert Delete
Period
Stack Period is Dependent from the Period of Interface s | with Index |2 =
Stack Period 10 pm
@ [ |Tools 4« 0K 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 Optical
Setup Editor

2 2 Lokt Dath Edter (Lioh Paths Csemrmrnt 25

e | e | v
; ¢
1 | o P ivew |
}

[777 | et Gaseg 20

Sevsdanon Ergre  Clases Fiekd Tong v bt

& 7o .,

Edit Stack

LY

[&]

o

(an]

@

wn

(1]

o
Index | z—Dishnc:e| z-Position | Interface | Subsequent Medium | Com
1 0 mm 0 mm Plane Interface Silver-&g_(1957+1985 Enter your commen

£

Rectangular Grating..

i 7/ 8

Air in Homogeneous... E
nter your commen
E 7 9 ! '

Validity: @ Add || Inset || Delete |
Period

Stack Periodis | Dependent from the Period of Inteface | with Index |2 B
Stack Period 10 pm

B =

a7



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
(an]
@
wn
(1]
o
Fd |
X
Index | z-Distance | z-Position Interface Subsequent Medium Com
1 0 mm 0 mm Plane Interface Silver-Ag_(1957+1585 Enter your commen
5 - Rectangular Grating.. || &ir in Homogeneous... E
2 - o
B 7 @] = 72 Q nter your commen
£ >
Validity: @ Add Insert Delete
Period
Stack Period is Dependent from the Period of Interface s | with Index |2 =
Stack Period 10 pm
@ [ |Tools 4« 0K Cancel Help
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Rectangular Grating Interface Parameters

Edit Rectangular Grating Interface

« The rectangular grating interface is T ———p—— :
defined by the following parameters ————
— slit width (absolute or relative) Foen Grina Ve
—_— gratlng perlod L Gln.ating Period Madulation Depth 4
— modulation depth Lateral Shift Rotation Angle
« Alateral shift and rotation can be
set optionally.
NG
Period | - E);ti;al—lrxls
slit Width |
Modulation Depth Gl = Tools i~ Validity: @ Cancel Help

49



Advanced Options & Information

Edit General Grating 2D

* Inthe 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 [ _ _—
the accuracy settings of the FMM algorithm. /@ areietace - [Sack [ Pl Sies
. . Position / —
» Either the numbers of considered total Onenation || | o Feepeiee (55 frnte
orders or evanescent orders can be set. @
« This might be useful, if metallic gratings Funcieon RSN
. Parameters to Specify
are ConSIdered' $ DNumberﬂfDFi:fFracﬁnnGrders
« In contrast, in case of dielectric gratings, ~_‘P’""“”a“"“ © [Conortonng A Pramomtng Brders)
the defaUIt Settlng WI” be SUﬁICIent. Mumber of Evanescent Orders mg
Ok | | Cancel | | |Help |
Tools G -
Preview Wavelength | 532 nm OK || Cancel | Help
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Advanced Options & Information

. The Adv_anced Settings tab prov[c!es e ()
information about the decomposition of the ;@. Layer Deconpostion
structure. S || O 1
« The Layer Decomposition and Transition B T e
Point Decomposition settings can be used Grenanon
to adjust the discretization of the structure. @ TDP”:“S =
The default settings are appropriate for o) || @
nearly all grating structures. > T ‘
« Further, information about the number of Propagaion \
layers and transition points are provided. | s —
 The Decomposition Preview button o
provides a depiction of the structure data b e
which are used for the FMM calculation. e hest o —
The refractive index is illustrated by a color o t
scale. Proview evclength | s3zm Concel | | Help
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Transition Point List Interface



Transition Point List Interface

« Another type of interface which can

o
be used for the configuration of o
gratings is the transition point list o
. (1)
Interface. @
« This interface allows to configure a T e S —
structure based on height values for ‘il:";iLiimust.. A P E—
. .. . . . 10 pm 10 pm ﬁ 7 Enter your commen
different positions inside the period.
« Again, a plane interface is used to
separate the grating material or . .
medium from the one of the ool | e || Ddse
Su bStrate Stack Periodis | Dependent from the Period of Interface v | with Index
O | [ Coa || Wb
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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 setto 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 Interface  Pe

Invert Heights Shift Positions

Inner Definttion Area [l
Size and Shape

Shape (® Rectangular (O Elliptic

riodization

Set Data Array
Show Data Array
=# Add Datum

1 Mew Data Set

Interpolation Method
Constant Interval  ~

Upper Limit

Size | 0um| x| 10 um

Effect on Field Outside of Definttion Area

Position of Sumounding Interface Plane

Specification Mode A
Boundary Minimum ~
z-Position -10 pm

5 (] e -
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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 Iin
this case, because the extension of
the interface is already truncated by
the periodic boundary conditions.

Edit Transition Point List Interface

Structure  Height Discortinuities  Scaling of Elementary Interfface  Periodjzation
Use Periodization

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

Effect on Field Outside of Defintion Area

Position of Sumounding Interface Plane

. . Def.
Specification Mede A Area
Boundary Minimum R
z-Position -1 pm

Edit Inner Definition Ares

B | |Teols - Validity: @ Cancel Help
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Advanced Options & Information

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

Pencd: 10 um
Thickness of Fiest Stack: 10 um: Thicknesa of Base Slock: 10mm

Note: Cocrdinates are shibed by half a penod
| Diagram  Table of Transtion Ports

‘ Too e Real Part of Refractive Indices
|
|

)
~ 4420

g ERAEY/
=
ba 1.0002.
4 6 8
Z [wm]
< ?
<]

Edit General Grating 2D

Propagation Methods _ﬂd\ranced Settings
Layer Decomposition
Geometry | (® Automatic
Channels
Accuracy Factor 1
() Manual
Mumber of Layers (First Stack)
Position /
Orientation
1 Overall Thickness 1000 nm
@ Transition Point Decomposition
Structure / i
el (® Automatic
Accuracy Factor 1
$ () Manual
Propagation
\
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
Remaove Redundant Data Deoﬁrzvpiﬁi’tinn
Preview Wavelength | 532 nm QK Cancel Help
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Sinusoidal Grating Interface



Sinusoidal Grating Interface

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

This interface allows to configure
gratings with a smooth shape of a
sinusoidal function.

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
@
wn
48]
m
Fd |
X
Index | z-Distance | z-Position Interface Subsequent Medium Com
5 Sinusoidal Grating L. |[&ir in Homogeneous... =
- it
B 7/ @] =/ Q T Your Commen
£ >
Validity: @ Add Insert Delete
Period
Stack Penod is Dependent from the Perod of Interface w | with Index |1
Stack Period 10 pm
@ [ |Tools 4« 0K Cancel Help
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Sinusoidal Grating Interface Parameters

Edit Sinuscidal Grating Interface

— The sinusoidal grating interface is also

Structure | Height Discontinuities  Scaling of Elementary Inteface  Periodization

defined by the following parameters: Common G Ve
- grating period E:{:?:; Period Modulation Depth
* modulation depth Postion
- Alateral shift and rotation can be set R o
optionally.
- As this is a grating interface (likewise to <\"
the rectangular and sawtooth one) no ‘
periodization has to be chosen. i [ B

/\./"

Modulation Depth

8 || Took i~ Validity: @ Caneel Help
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Sinusoidal Grating Interface Parameters

- The sinusoidal grating interface is
also defined by the following E e
parameters: Grating Period Modulation Depth
- grating periOd P"f:t':alsmﬂ Rotation Angle

— 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.

Gl || |Tools 5§~ Validity: @ Cancel Help
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Advanced Options & Information

N Edit General Grating 2D X
 Ag the data of the decomposed
ain, the data of the decompose
structure can be adjusted and e
Geometry | (® Automatic
investigated in the advanced = oo P |
() Manual
Setti n g S tab Mumber of Layers (First Stack)
" Position /
Orientation
Pencd: 10 um
Thickness of Feest Stack: 1000 nm: Thickness of Sase Block: 10 mm @ Transition Point Decomposition
Note: Cocrdinates are shibed by half 2 peniod Structure / @ Automatic
Function
| Diegramt | Table of Transtion Ports Accuracy Factor 1
Too e Real Part of Refractive Indices O Manuzl
; "~ il 14611,
Propagation
\
Period 10 pm
x o 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
[ » 1.0002.. —
Jecomposition
Remaove Redundant Data Preview
< >
=] T Preview Wavelength | 532 nm QK Cancel Help
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Advanced Options & Information

. . Edit General Grating 2D X
« Ifth mber of lay d
e number of layers is increase
(e.g. by a factor of 2), the e
- - ] Geometry | (® Automatic
discretization becomes less rough. = oo o :
() Manual
Mumber of Layers (First Stack)
Position /
Orientation
Pencd: 10 um
Thickness of Feest Stack: 1000 nm: Thickness of Sase Block: 10 mm @ Transition Point Decomposition
Note: Cocrdinates are shibed by half 2 peniod Structure / @ Automatic
Function
| Diegramt | Table of Transtion Ports Accuracy Factor 1
Too e Real Part of Refractive Indices O Manuzl
; "~ il 14611,
Propagation
\
Period 10 pm
x o Information
37 propagating orders (for perpendicular incident).
87 diffraction orders are used for calculation.
Total number of layers: 41
inimum transition point distance: 200 nm
[ » _ . i 1.0002.. -
1 0 3 04 03 08 07 O : Remove Redundant Data Dmprré‘vpiﬁ'?'m
( | » 1
=] T 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
@
wn
48]
m
Fd |
X
Index | z-Distance | z-Position Interface Subsequent Medium Com
5 Sawtooth Grating Int_..[|Air in Homogeneous... E
- it
B 7/ @] = /2 Q nter your commen
£ >
Validity: @ Add Insert Delete
Period
Stack Penod is Dependent from the Perod of Interface w | with Index |1
Stack Period 10 pm
@ [ |Tools 4« 0K 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 Inteface  Perodization
Special Sawtooth Grating Values
Inclination (®) Height Increases with x (") Height Decreases with x
Common Grating Values
Extension
Grating Peried Modulation Depth
Position
Lteral Shif Rotation Angle
] it
Optical Axis
Period
/—\/—
Modulation Depth
Gi| || | Teols 5§~ Validity: & Cancel Help
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Advanced Options & Information

« Again, the data of the decomposed
structure can be adjusted and
Investigated in the advanced
settings.

Pencd: 10 um
Thickness of First Stack: 999 9388353 ant. Thickness of Base Block 10 mm

Note: Cocrdinases are shibed by half a penod

| Diagram  Table of Transtion Ports

Too e Real Part of Refractive Indices
| -
|~ 14001,
3 1.2306...
*
|
v 1.0002...
< >
| o Close

Edit General Grating 2D

Geometry /
Channels

5.

Position /
Orientation

Structure /
Function

E o

Propagation

Propagation Methods

Layer Decomposition

(® Automatic
Accuracy Factor
() Manual

Mumber of Layers (First Stack)

Overall Thuickness

Transition 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

Remaove Redundant Data

999 9958353 nm

b b e e e

Decomposition
Preview

Preview Wavelength |

532 nm 0K

Cancel Help
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Remark on the Position of the Detector



Remark on the Detector Position

In VirtualLab the detector is located
subsequent to the substrate in air by
default.

This is necessary if the grating is included
In a complex optical setup.

However, the perfect plane and parallel
substrate may cause some interference
effects, which not occur in reality.

Thus, for calculation of just grating
efficiencies it is appropriate to set the
detector inside the substrate material
(likewise to most of grating evaluation
software).

This avoids the undesired influence of
those interference effects.

4
= 1: Light Path Editor (D:\user\...\UseCase.ConﬁgurationGrating.UsingIntefaces_Saw@
g
‘ “ﬂ{. Path -'C:_— Detectors @Zﬁ'l Analyzers 3 Logging j
3
Start Element Target Elemaél
lndax Type Channsl Medium lndax Type j?;
0 | ldeal Plane \Wave Air in Homogeneous Medi .. 1 | General Grating 20 3
1 | General Grating 20 T Air in Homogeneous Medi ..

<

o L Rl

o

Eﬁl Tools f

e P

Simulation Engine 3

>

= 1: Light Path Editor (D:\user\..\UseCase.Con urationGrating.UsingIntefaces_Sawﬁ,
r

2

“.{. Path -;::_— Deteciors | |2 @ lyzers 3 Logging }

:

Start Element Target Elemeléjl

Indfex Tipe Channel edfium {ndfex Tipe &

0 |ldeal Plane \Wave Air in Horogeneous Medi 1 | General Grating 20 g‘

1 | General Grating 2D T Fused_Silica in Homogen.. b

5

E

< )
>

-

Gl | |Tools 4

Simulation Engine 3

T T, e P e S S
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@HTTRANS -

(v0.9)

Definition of Customized 2D and 3D Grating
Structures by Stack Concept



Baseblock and Stacks

]

StECEﬁ__Base Block

* A Dbase block of a homogeneous
medium (substrate) can have a
stack of micro structured layers on
each side.

« The stacks consists of a sequence
of optical interfaces and
homogeneous as well as
Inhomogeneous media.
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Stack Configuration

Base Block
Base Block Medium

Fused Silica in Homogeneous

[£5 Load

Thickness

Medium

& Edit

10mm

Use Stack on First Interface
Catalog Entry

Sinuscidal Grating

[ Load ./ Edit

u.lc rotation about z-Ads

Use Stack on Second Interface

Catalog Entry
Fillar Grating

Q, View 7 Edit Q, View

v | | No rotation about z-fuds

=
Stacks Base Block

l Tools i

Preview Wavelength

Stacks can be added for the front
and back surface of the base block.

Stacks can be loaded from the
stack catalog.

Rotation of stack by 180° possible.

Tools menu allows to
— Swap stacks of front and back surface
— Disable second stack

71
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Stack Configuration

« A stack is constructed by a
sequence of predefined or user
defined optical interfaces and

media.
« Homogeneous and inhomogeneous
R oriEmmenes | media can be between the optical
¢ om0 ;m"i;g?;:‘i;ﬁ;“; Ziiil:f‘.ﬁﬁ ierimii:ﬁi Interfaces.

Validity: ~/ Add || Inset || Delete |
Period

Stack Periodis | Dependent from the Period of Interface v| with Index

Stack Period 2um

[QJ (] [Took -] OK || Concel || Heb |
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Stack Co

nfiguration

4

Index z-Distance z-Position Interface
2 10pm  10pm Rectangular Grating In GRIN Medium DiCon L Enter your commer
Triangular Grating Inte Fused_Silica in Homo: Enter your commer
Sawtooth Grating Inter Standard Air in Homog Enter your commer

Subsequent Medium

3 1M0pm  20pm
4 10pm  30pm

£ >

Validity: ~/ Add || Inset || Delete |

Period

Stack Periodis | Dependent from the Period of Interface

O —

Stack Period 2 pum

o] [ Coea |[ 70|

2D view of Stack.
Table contains the sequence of interfaces.

The distances are measured to the previous
Interface on the optical axis.
All VirtualLab surfaces can be used, such as:
— Plane interface
— Conical interface
— Aspherical interface
— Cylindrical interface
- Polynomial interface
- Programmable interface
— Sampled interface
— Combined interface
— Grating interfaces
— Zernike Standard interface
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Stack Configuration

Index z-Distance z-Position Interface Subsequent Medium
» -__SmusodaIGrahnglnt \-BAF10_Schott_20 Er Your C
10pm  10pm Rectangular Grating In GRIN Medium DiCon L Enter your commer
3 1M0pm  20pm Triangular Grating Inte Fused_Silica in Homo: Enter your commer
4 10pm  30pm Sawtooth Grating Inter Standard Air in Homog Enter your commer

] it e ]

OK || Cancel || ‘Help |

Buttons allow to add, insert and
delete surfaces.

Surfaces are add or inserted from
Interface catalog.

Different option for a common stack
period.

Additional tools for manipulation of
stacks.
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General 2D/3D Gratings

Index z-Distance z-Position Interface

10pm  10pm
3 1M0pm  20pm
4 10pm  30pm

Subsequent Medium

> -__S'n@ismdalﬁratnglm \-BAF10_Schatt_20

Rectangular Grating In GRIN Medium DiCon L Enter your commer

Triangular Grating Inte Fused_Silica in Homo: Enter your commer
Sawtooth Grating Inter Standard Air in Homog Enter your commer

Validity: ~/ Add |

| Insert | Delete |

Period

Stack Period is

 Dependent from the Period of Interface

O —

Stack Period 2um

OK || Cancel || ‘Help |

Insert Coating
Insert Stack

Insert coating as a sequence of

surfaces.

Coating thickness varies depending

on surface gradient.

Inserts a stack from stack catalog.
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Applied VirtualLab Techniques and Tools



Sample File

>

Ideal Plane Wave Sinusoidal Grating Virtual Screen
o———-oj i Q
-l
0 1 600
X0m| X0m
Y:0m Y:0m
Z:0m | Z0m
Virtual Screen
601
Grating Order Analyzer xom
=N
800
al

Filename: Coated Sinusoidal Grating.lpd
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Grating Specification

* For the demonstration of the
Grating Order Analyzer for 1D
gratings we use a coated sinusoidal
grating.

* The grating parameters can be

specified within the stack that can

3 R mm 67 St G b Sien Dido 02 v com be accessed in the edit dialog of

4 10731nm 28401 nm Sinusocidal Grating Inte Titamium_Dicxide-Ti0. Enter your conw

._'1 Base Block

>

[
III
-~

5 693%2n0m 25040m  Sinusoidal Grating Inte Silicon_Diaxide-$i02- Enter your comv th t- m t
10731 am 260 77 nm  Sanusondal Grabing Inte Titanium_Dicxide-Ti0. Enter your coms e g ra I n g CO po n e n L
69392 nm 53011 nm  Sinusoidal Grating Inte Silicon_Dicsade-5102- Enter your conv o
< >
Validity: v/ Add Insert Delete

Stack Penod 13 Dependert from the Pedod of interface v with Index 1

Q. ' [Tools f~ 0K Concel Help
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Grating Order Analyzer

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 on the light path
element in the light path view.

i T e e e p e,

J. Grating Order Analyzer

P iy SNPRIRITTS Double
Click

« The options of the analyzer will be
explained in the following slides.
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Grating Order Analyzer

— - » In the General tab page you can
e Single Orders . .
TP b \ select whether transmission and/or
| Do il reflection shall be analyzed.
s:\Z;TransmiSSIon.»‘-\bsorpdon.andReﬁecnon * In addltlon you Can SpeCIfy Whether
i e P v you would like to evaluate the

summed transmission, absorbtion
and reflection values and whether
you would like to show a polar
diagram.

Concel || e
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Grating Order Analyzer

Edit Grating Order Analyzer X

General | Single Orders

] Single Order Output

Order Selection Strategy
Selection Strategy  Order Range

X Y
Minemum Order -1 ] = OI =
Maximum Order O‘C ‘ 0}:
Coordinates
[~] Spherical Angles [7] Cartesian Angles

[] Wave Vector Components [ | Positions

{] Efficiencies

Rayleigh Coefficients

MEx O & (&
(7€ 1™

Concel || e

* In the Single Orders tab you can
select whether information for
single orders shall be logged.

« This option is very helpful if you
would like to use the parameter run
or the parametric optimization of
VirtualLab to analyze and optimize
specific orders of a grating.
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Options for Single Order Output

Parameter Description

Coordinates 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.
Rayleigh In addition it is possible to log the Rayleigh coefficients. The
Coefficients user can select to show the coeffient E,, E,, E,, TE or TM.
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Grating Order Analyzer — Outputs

Dragram | Table

+1: 9 Reflection Result — Grating Order Anabyzer 2800

Diagram  Table

347 100 Dolat Disgram ~ Grating Order Analyzes 300

Grating Order Collection

Polar Diagram

www.LightTrans.com
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Grating Order Analyzer — Outputs

Dwtn/Terw Detecr Sub - Detecks Aozt

14 Sptencal Aogle Theta F) LY vs.
13 Sphenical Angle Py R o
12 Efvasercy Aj 1 G 14
n derphtuce of Reglesgh costiomst Ex I5-1; 0 712¢
0 Gratng Oroer foahyzer 85 Phase of Rayleigh coefficmst Ex PL ) s
prat for inddanl Orer Sphencal Angle Thats A) u
13 o Logle P o
' crency FIU. Gf 2253
€ Fepdtude of Rayleigh coefficms Ex A, 0 o n
o 20e toph coefcemrt Ex X 1883
4 Falacson ERcency 7566
3 Aewults for ind faers) § s o N33
Y O TR AT T
? - et =
1 Absor

 If the Grating Order analyzer is processed within the Light Path diagram 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.




Grating Order Output: Polar Diagram



Polar Diagram

12 P [lagres - Gaesng Order Acweyowr S
ow | Tas

« 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.

|t also provides a table of all angles

and efficiencies of the displayed
orders.
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Configuring the Polar Diagram

* You can zoom into the polar diagram via the mouse wheel, the property
browser and ribbon item.

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

Select Diffraction Orders to Show

[ Incident Wave

Mimmum Angle

[[] Use Swride

| Order’

M

Type of Oedars to Show

7] Transmitied Orders 7] Reflected Orders

30 Maximum Angle _ 33]
0’ 100 %

5297 0.3491 %

2213 3353 %

15.42"| 3301 %
0 730%

1542*] 3301 %

213"| 3353 %

Select All Select None

0K ][ Cos || e

Results in

47 A Poter Duggram —fewtng Order Avabyzee 5300

Tatde

Dayan
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Grating Order Output: Order Collection



Grating Order Collection

« The Grating Order Collection object
. = IS used to visualize the calculated
r 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.
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Setup of Data to Show

ESTES Py * You can specify via the property
. wmm oo browser which data shall be shown
| over which coordinates.

* |n addition the user can select the
order to be shown in the diagram.

* These settings are done on the
Data to Show tab page of the
property browser.

Coordinate Type
The type of the coordinates
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Setup of Data to Show

Option Description

Data to Show 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
coordiante type. For Rayleigh coefficents E,, E,, E,, TM
and TE are supported.
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Setup of Additional View Settings

m:;:’e'l_rm — * In the View tab page of the

- et o property browser the user can set

TS g wan e up additional view parameters.
il * Most important for the

e 0 customization of the view are the

e D color settings.

Yo e e * The user can select the background
color for the view as well as the
color lookup table that shall be
used to define the colors for the
displayed data values.

The dot size for visualizabion
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Example of View Customization

“15 13t Reflection Result — Grating Order Analyzes =800

Dragram

Order # Y [1E6 |

Table

Efficien

~
wy 1%

Order = X

b

Visualization

Property Browser

Datato Show View Data Amay Selections
v General
Coordinate Type Order Number
Data to Show Efficiency
v Order Selection Sirategy
Strategy Above Efficiency Threshold
Efficiency Threshold 1E-08 %
Strategy
Defines how the range of shown orders is determined.
Property Browser [RI0=1E ST |

View Settings

93
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Example of View Customization

Property Browser
Y o4 =]
Rayleigh Coeflicients Datato Show  View Data Aray = Selections
Dagram  Table v
Real Part of Rayleigh coeficient Ez [Vim] Coordinate T','pe Cartesian we
Data to Show Rayleigh coefficient Ez
0.2448 v Urder Selecton Strategy
Strategy Above Efficiency Threshold
= Efficiency Threshold 1E-08 %
@ 0.069408
=
-0,10599
0 o y a0 Strategy
AT - Defines how the range of shown orders is determined.
Cartesian Angle Aipha [*]
e svds ol \irtualLab Explorer |

Visualization View Settings
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Example of View Customization

95

Visualization

The minimum shown order.

Property Browser

Property Browser
Y 34
Grating Effciency Datato Show View Data Amay Selections
Dagram  Tabls v
Effciency [%] Coordinate Type Position
Distance Tm
o 20.639 Data to Show Efficiency
v Urder
@ Strategy Order Range
= Minimum Order (-2; -3)
Maximum Order (3. 3)
) Minimum Order

VirtualLab Explorer |

View Settings
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@HTTRANS -

Task 2

Analysis of Blazed Grating by Fourier Modal Method

This task helps us to review the workflow of using FMM to simulate field propagation
through a grating.



Abstract

The Fourier modal method (FMM) can be used to

[ —— | analyze grating efficiencies rigorously. In VirtualLab
" you can setup your grating system, perform the

rigorous analysis, and present the results in
different format (e.g. grating order collection, single
values, ...). In combination with the parameter run
you can also scan a given parameter space to
investigate the performance of the specified
structure for different configurations. For the
evaluation of the results of the parameter run,
several evaluation tools are available to give you
the best insight in your optical setup.

4
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Modeling Task

Incident plane wave

incident angle (8) 40°

wavelength (1) 932nm
polarization 0° (along x axis)

o/

Sawtooth grating parameters
period 600nm
modulation depth  1.5um
material in front air

material behind fused silica

Efficiency of
first order ?
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Results

B Puhas B = sty Cr e Zoipim #5

£

_z_‘
Order Collection

Grating Efficiencies

Diagram  Table

Order # ¥ [1E-6]

05

Efficiency [96]

== 93.266

n

(=]

o 46.92

o 0.57293
o 0.5 1 1= 2

Order # X

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

Results in transmission:

Angle Efficiency
Oth order -26.107°  6.1579%
15t order 9.6014°  93.266 %
2"d order 50.682° 0.57293%

Order collection
display of efficiency or other quantity with respect to e.g.
diffraction order, angle, etc.
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Results

E=: 17: Efficiency T[+1: 0] of Grating Order Analyzer #800 (Results for Individual Orders) v... | = || = |[meam| Bl 15: Efficiency T[+1: 0] of Grating Order Analyzer #2800 (Results for Individual Orders) v... [ = || & |[nESm]|
Mumerical Data Array Mumerical Data Array
Diagram Table Walue at xCoordinate Diagram Table Walue at xCoordinate
o
o =
=
] .
g
oo -
oo
= |
g
=
=l
= = =
=3 - =
(] (]
2= = = |
ol ST T | =
= =
)y )y
s B 5|3
= =
i i
2 & A
2 =
] = |
=
Lo
= R =
=
32 34 36 38 A0 42 A4 46 A8 0.46 0.48 0.5 0.52 0.54 0.56 0.58
Spherical Angle Theja (Sawtooth Gratirgg #1 | Basal Positioning (Relative]) [°] avelength (ldeal Plane Wawve #0) [pm]

Parameter variation (fixed 1=532nm) Parameter variation (fixed 8=40°)
theta 30°-50° wavelength 450nm - 600nm
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Results

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

Efficiency T[+1; 0] [%]

896,278
= Each curve is associated with one
g incident angle. Y
=
o
5 _=
= 72.981 £
2 .
E £
v ;..
= =3
= -2
: .
z 5
= -3
[=% x o
” — . 49683  §
046 0.48 0.5 0.52 0.54 0.56 0.58 0.6 i @
Wavelength (Ideal Plane Wave #0) [pm] ;;
< e
g )
o 3
Parameter Variation o o om 0w 05 on om om om on ot 0w om o
theta 300 - 500 Wavelength (ideal Plane Wave 20) [um]

wavelength 450nm - 600nm
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Step 1: Configure a Grating (Video)

Klick the following link to watch the video:

https://youtu.be/bOU5SwWM-KOPE

102


https://youtu.be/bOU5wM-kQPE

Step 2: Check the Convergence

Klick the following link to watch the video:

https://youtu.be/a-9u9ttzRLA
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https://youtu.be/a-9u9ttzRLA

Step 3: Simulation of Grating Properties

Klick the following link to watch the video:

https://youtu.be/WGHtnCTWuzk
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https://youtu.be/WGHtnCTWuzk

@HTTRANS -

Task 3

Ultra-Sparse Dielectric Nano-Wire Grid Polarizers

This task is used to review the feature how to show the field inside grating region.



Abstract

Ultra-sparse dielectric nanowire grids show
strongly polarization-dependent properties and
they can be employed as wideband reflectors [J. W.
Yoon et al., Opt. Express 23, 28849-28856 (2015)]. The
polarization-, wavelength-, and angle-dependent
properties of selected nanowire grids are
investigated by using the Fourier modal method
(FMM). Visualization of the interaction between
electric field and the nanowire grids are presented.

106

www.LightTrans.com



Modeling Task

wavelength
(854, 1708nm] reflectance?
/TE with respect to wavelength,
polarization and incident angle,
for different nanowire structures

™ ~,

AT

‘ Wavelength 1.045 um

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
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Results

 Visualization of fields inside a nanowire grid

#3

F=01,
& =10

TE

reference results from J. W. - - - - - -
Yoon et al., Opt. Express 23, FMM simulation in VirtualLab (animation)

28849-28856 (2015)

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
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Task 3: Video

Klick the following link to watch the video:

https://youtu.be/ LfO7443a4c



https://youtu.be/_LfO7443a4c

Visualization of Conical Incidence

This Is a feature which is shown shortly when we simulate
task 1 to 3. Here | give some slides to emphasis that FMM

IS rigorous. Any Iincident direction of input plane wave can
be considered.



Define Conical Incidence

Gecrnwtry
Channels

Posthon !
Orendation

Structure
Funchon

Prepagation

e Wavelength

Basal Postioning  lsglated Postionirg  Postion Inlomation LAbschute)

Postion s Blament’s hout Axse with Raspact to
Reference Element et Piare V)

Reference Dutput Channe!

incination / Rotation

Gnemabcr Definition Type Spherical Angles v i \
i |
Z-Ans Dyection Defintion
ad | Angle/ &as 1 Valye
U heta Sonencal) ~ | 01
Swap o Pre {Sphecca) v | a1
Order
. J
|, Rotation About Z-%0s
'
2-fxis Rotabon Angle | r
n Concel

* On the Position/ Orientation page of
the grating component’s edit dialog
the user can define an arbitrary
orientation of the element. This way
different incident angles can be
simulated.

 For this use case we use Theta =
40° and Phi = 40°.
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Result — Grating Efficiencies over Order Number

Property Browser

+15 5 Reflection Result — Grating Order Anakyzer 2800 o] 5 ]
Grating Eicieney " 7 Datato Show View Data Amay Selections
Dagram  Table v General
Efficiency [%] Coordinate Type Order Number
Data to Show Efficiency
= v Order Selection Sirategy
Strategy Above Efficiency Threshold
A Efficiency Threshold 1E-08 %
" o
% Strategy
Order = X Defines how the range of shown orders is determined.
e svds ol \irtualLab Explorer |
Visualization View Settings
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Result — Grating Efficiencies over Order Position

-
+13 5: Reflection Result — Grating Order Anakyzer 2300

== e )
Granung ERciency
Diagram  Tabls

Efficiency [%]

M 19,734
> ¥
2 2 2 1

x [m]

L! 34766
Visualization

Property Browser

Datato Show View Data Amay Selections

Coordinate Type Position
Distance 1m

Data to Show Efficiency

raer

Strategy Above Efficiency Threshold
Efficiency Threshold 1E-08 %

' Coordinate Type
The type of the coordinates,

Property Browser VirtualLab Explorer |

View Settings
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Result — Grating Efficiencies over Cartesian Angles

Property Browser

'PE&wmw-emmmm ITIT’-
iy By N Datato Show View Data Amay Selections
Diagram  Tabls v sne
Efficiency [%] Cartesian Nde v
Efficiency
9.734 v Uraer S>elecho teq
Strategy Above Efficiency Threshold
Efficiency Threshold 1E-08 %

Cartes. 1"

_ h

60 -40 20 2 2 40

Cartesian Angle Aipha [*]

Ll 34166

' Coordinate Type
The type of the coordinates,

Property Browser VirtualLab Explorer |

Visualization View Settings
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Result — Grating Efficiencies over Spherical Angles

Property Browser

-

+12 5 Reflection Result - Grating Order Anakyzer 800 |5 ]

Graliog ERciansy Datato Show View Data Amay Selections
Dagram  Table v
Efficiency [%] Coordinate Type Spherical Angle
Data to Show Efficiency
19.734 v raer
- Strategy Above Efficiency Threshold
= Efficiency Threshold 1E-08 %

B 576
=
L} 34166
30 40 S0, 60 Coordinate Type
Spherical Angle... ] The type of the coordinates,
Property Browser VirtualLab Explorer |
Visualization View Settings
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Tips & Tricks: Aspect Ratio

13 5 Reflection Result — Grating Order Anabyzer 2800

Dagram  Table

Graung Eciency

Efficiency [%]

R

Free Aspect Ratio

* Depending on the coordinate range
which is displayed it could be
helpful to change the aspect ratio of
the data.

« The aspect ratio can be adapted via
the property browser or via the
corresponding ribbon entry:

%
g 4] %)
Free Aspect  Copy View Copy View
Ratio ~ to Clipboard Settings
oo i
P ;ﬂ lrua 1o Physical Scale LS

%
jlRy Free Aspect Ratio
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@HTTRANS -

Task 4

Rigorous Simulation of Holographic Generated
Volume Grating

This task is used to show how to configure a holographc media, created by two plane
wave.



Abstract

Holographic generated volume gratings, with a
thickness much larger than the wavelength, often

_ . shows a narrow bandwidth around particular
<ofection - wavelength and angle. Following the two-beam
interference exposure process, a volume grating
inside fused silica is generated and simulated with
the rigorous Fourier modal method (FMM) in
VirtualLab. Both the spectral and angular
dependent reflection property of the grating are
analyzed.
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Modeling Task

z-period
292.5nm

\

x-period
507.6nm

-1st order reflection?

e
incident angle holographic volume
around 60° grating generated by
(to be varied) two-beam interference
(640pum, 59.9° angle)
exposure process, with
refractive index
modulation of 0.01
~ based on fused silica
input wavelength . . {
around 640nm thickness
70um

(to be varied)
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Results

« Wavelength scanning
-1st order reflection

Efficiency R[-1; O] [%4]

B0

40

20

FWHM 3.45nm —>

|

rigorous FMM analysis
of single wavelength
within 18 seconds

0.635 (.64 (]
Wavelength (Ideal Plane Wave 3

\

< "
-1st order reflection?
\\\
incident angle \ |
| l fixed at 59.9° |
645
0) [wm]

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

wavelength varying
from 630 to 650nm

292.5nm

70um

wu9'L09
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Results

« Angle scanning
-1st order reflection

Efficiency R[-1; O] [%4]

B0

40

20

FWHM
0.55°

T
-60.5

T
-60

T
-38.5

T
-38

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

-1st order reflection?

-«

angle varying
from 58.8 to 60.

wavelength
fixed at 644nm

N

'-~

.
)
Y
.
.
Ny
.
K
»
0
’
’
L
I

292.5nm

‘

70um

wu9'208
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From now on, we start to configure gratings defined
by periodic media...



K\Et‘.‘.’HTTRANS -

Advanced Configuration of Slanted Gratings



Abstract

Zfpm]

VirtualLab can be used to analyze arbitrary types
of gratings. Due to the raising importance of
gratings which exhibit slanted structures within
complex optical setups also slanted gratings are
available. The slanted grating is realized by an
special optical medium, where the geometry can
be defined, versatilely. Moreover, several advanced
specification options are available, e.g. adding a
full and partially coating layer. In this use case the
available options for configuration are explained
and their influence on the geometry of the grating
are discussed.
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Slanted Grating Medium in Media Catalog

I Definibon Type  Templates I Extension and Sechion Plane Aty
L m Homogareous Mecasm - ey | 2wm 1y - 3
Foerture Medum
Fber Medum wehion Flane y-Place ®) r-x-Flare y-Flan
GRIN Medum —

5 0
Madun wih Fchson oscn of Secton Place ' i

| Pilar Medum (z-hdependent
(i Table 9]
P Refractve index
= 230
=
fem)
x

4 Tools f« [ Sh v K Help

The build-in slanted grating medium can be found in the embedded media catalog of VirtualLab.
It can be used in order to set up complex optical grating structures (so-called stacks) and analyzed by

applying the Fourier Modal method.
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Edit Dialog of the Slanted Grating Medium

« The slanted grating medium provides
numerous options for customization of the

Edit Slanted Grating Medium *
Scaling Periodization periOdiC StrUCture.
g o - First, the material of the grating ridges and
Catdog atera ‘7B of the grooves have to be defined inside
Seecbianer 8 the basic parameters tab.
g _  These materials can either be chosen from
Oy—— 7 = the material catalog, or defined by a
State of Matter Gas or Vacuum Constant index Of refraCtion.
Fill Factor 50 %| Refersto.. (@ Bottom () Top
z-Extension
Slant Angle Left = | Slant Angle Right
[] Apply Coating
0K Cancel Help
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Edit Dialog of the Slanted Grating Medium

Edit Slanted Grating Medium

Basic Parameters  Scaling  Periodization
Grating Material
Mame |Fused Silica
Catalog Material

State of Matter Solid

Groove Material
MName |Vacuum
Catalog Material

State of Matter Gas or Vacuum

Fill Factor Refers to .. (@) Bottom () Top

z-Extension

Slant Angle Left = | Slant Angle Right
[] Apply Coating

Ok Cancel Help

Below the material settings, the
geometrical parameters of the
grating can be defined.

The following parameters are
available:

— fill factor (defined either at top
or bottom of the grating)

— z-extension (grating height
measured along z-direction)

— slant angle left (slant angle of
the left sidewall of the ridge)

— slant angle right (slant angle of
the right sidewall of the ridge)

(in case of equal slant angles, the
settings can be linked, by clicking
the (un-)equal sign)
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Edit Dialog of the Slanted Grating Medium

In order to add a configurable
coating, the Apply Coating option
has to be activated.

pI y Coating

Cancel Help

“hwww .

« Now, additional options appear

MR P o T along with a sketch of the structure.
[] Apply Coating
Coating Material
Name [Chromium Q.
Catalog Material v |2 S
State of Matter Solid

Coating Thickness

Help
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Edit Dialog of the Slanted Grating Medium

[rnemm et R e AT T 2 [y
Apply Coating
Coating Material
Name |Chromium Q
Catalog Material “| |2 =
State of Matter Solid

Coating Thickness

a Corcel | [ b

First, the material of the coating has to be
selected.

Again, the material can either be chosen from
the material catalog, or defined by a constant
index of refraction.

Next, the thickness of the coating can be
configured for each sidewall, top and bottom
individually, as depicted in the sketch.

129



Edit Dialog of the Slanted Grating

« Due to the slanted grating is defined by a

E—v—— v medium, the period has to be set in the
Basic Parameters  Scaling | Perodization periOdization tab.

« Because this special medium is designed
iR T | tum) for gratings, it is always configured to be
Period in y-Direction | -H'nfm| periOdIC_

Period in z-Directio | +inf m|
Q, Cancel Help
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Comment on Usage in Stacks

» For the usage of media within an optical stack it

Edit Stack X IS necessary to define two surfaces which act
g as boundaries of the medium.
= « In general, the distance between these
Dc.“’g interfaces has to be set manually.
=1 « For the slanted grating medium the height (z-
s [ Do Poion [___teace [ SbsemmrtVecian [______Cem _ext_ension) of tr_\e mediu_m IS c_lirectly defined
] ;- - EErEER inside the medium configuration.
* Thus, the distance between the surfaces is
automatically synchronized with the z-extension
, . of the slanted grating medium.
Validity: € Add Insert Delete
Period
Stack Period is Dependent from the Period of Medium w | with Index |1
Stack Period 1 pm
B8 i [Tools i~ OK Cancel Help
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Sample Configurations of the Slanted Grating Medium
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Samples of Slanted Grating Medium

* On the next slides some selected examples of the slanted grating media are shown.

* On the left side of each slide the edit dialog is depicted in order to exhibit the related
parameters.

* On the right side, the preview

of the medium is displayed. N e
State of Matter Salid g‘
« The preview of the media can be :
. Groove Material ¢
accessed by the preview R — :
button at the bottom part of e ——
. alog Material E
the dlalog State of Matter (Gas or Viacuum E
{
Fill Factor | 50 .| Refers to ...@Bunon;?.

z-Extension | 1 u'n|
Slant Angle Left | 45’| = | Slant Angle Righ

[] Apply Coating

8

=
-
L e e i R ety
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Sample Slanted Grating #1

Edit Slanted Grating Medium X
Diagram  Tahle =

Basic Parameters  Scaling  Periodization

Real Part of Refractive Index
Grating Material

Mame |Fused Silica Q 1.4611

L

Catalog Material AV

State of Matter Solid

0.5

Groove Material

1.2306

Name |Vacuum

0
X [pm]
0

i

Catalog Material “ ||

State of Matter Gas or Vacuum g 1

Fill Factor Refers to . (8 Bottom () Top
T T
< Exersir R

Slant Angle Left 45°| |= | Slant Angle Right 45 Z [pm]

[] Apply Coating

=] Cancel Help
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Sample Slanted Grating #2

Edit Slanted Grating Medium X

Diagram  Table
Basic Parameters  Scaling  Periodization

Real Part of Refractive Index

Grating Material

Name |Fused Silica Q (1 1.4611
Catalog Material i .__};
State of Matter Solid
L
i
Groove Material
Name |Vacuum Q, E o - 1.2306
- >
Catalog Material A =
State of Matter Gas or Vacuum g 1
Fill Factor Refers to . (8 Bottom () Top
T T
z-Extension 500 nm -1 -0.5 1

Slant Angle Left 45°| |= | Slant Angle Right 45 Z [pm]

€L Cancel Help
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Sample Slanted Grating #3

Edit Slanted Grating Medium

Basic Parameters  Scaling  Periodization

Grating Material
Mame |Fused Silica
Catalog Material

State of Matter Solid

Groove Material

Name |Vacuum

Catalog Material

State of Matter Gas or Vacuum

Fill Factor Refers to . (8 Bottom () Top
Slant Angle Left 20°| |= | Slant Angle Right

[] Apply Coating

m DK Cancel

<
S
Ve

<
S
W

10°

Help

Diagram

X [pm]

Table
Real Part of Refractive Index

[ 1.4611
(o
o A 1.2306
Ly
S

;

0.5
Z [pm]
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Sample Slanted Grating #4

- T et IS
Fill Factor Refers to . (@) Bottom () Tep

Slant Angle Left 20°| |= | Slant Angle Right 10°

Apply Coating
Coating Material

MName |[Chromium

0o

Catalog Material vl | @

i

State of Matter Solid

Coating Thickness

@ oK Cancel Help

Diagram  Tahble ]E

Real Part of Refractive Index

2.8641

1.832

X [pm]
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@HTTRANS -

Task5

Parametric Optimization and Tolerance Analysis of
Slanted Gratings

Review the workflow of designing a grating by using parametric optimization!



Abstract

Coupling of light into guiding structures with

high efficiency is an important issue for many

applications, like backlight, optical

Interconnector, and near-to-eye displays. For

such applications, slanted gratings are well

known for being capable to couple

monochromatic light with high efficiency. In
N

this example, the optimization of a slanted
grating with the rigorous Fourier modal
method is presented. The optimized grating
shows a diffraction efficiency of over 90% for
a predefined direction order. In addition, the
iInfluence from the slope deviation of the
grating is investigated.

|
UL
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Grating Equation

« Incident plane wave has wave vector kI = (ki?, kln ki
 Grating period A = (A, A))
« The output orders are discrete, and wave vector for the order (i,j) is

Joout — [In 4+ Z_T[l-
X X Ax
kout km _|_2_T[
Ay
2
kgut — . <27T[ nout) — (k)(gut2 + k}c;utZ)

140 LightTrans International



Modeling Task

wavelength 532nm

—
=

n=1.716 @532nm .
1 © performance with the

slope deviation due
to the fabrication
technique taken into
account?

linearly polaried
along y direction

wl& C ~

filling factor X

period c/d=2 PR

d=405nm (fixed)

ant andl /episu'_ﬁ?e How to optimize the T, order
sian a”‘{?) & maeria diffraction efficiency, by adjusting
¢p=7 / T4 the slant angle ¢, grating depth h,
/ and filling factor ¢/d?
— /

. T episulfide In addition, how to

Input plane wave ; \ " material evaluate the grating
/

C

/
ko

o
(D
©
—
o

Q= (qozi; ®2)/2

>
I
)
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Results — Parametric Optimization

k———
o)

d=405nm

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 [%]
60

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 with rigorous Fourier
modal method for grating efficiency calculation

optimized structure

p=34° /
e { c/d=57%
T
yo] /
/
—f
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

E=. 40: Efficiency T[+1; 0] of Grating Order Analyzer #800 (Results for Individual Orders) vs. Sl... [ = || = |[s23m]
a deviation from the perfect parallel grating | Numerical Deta Avray
lines. Such slope deviations should be taken Bl —
into account for the tolerance analysis. _
S
gg /\/"\’\
3
E o | over 90%
o ~~—_
5
fixed average slant angle | | | | | | , | |
(p — ((pl + ¢2)/2 — 340 35 36 a7 38 20 40 41 42 43
fixed filling factor slantangle ¢, [°]
c/d=57% _ _ _ _ _
varying ¢, from 34 to 44° Rigorous simulation with Fourier modal method, for

tolerance analysis over 50 steps, takes 30 seconds.
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Task 5: Video

Klick the following link to watch the video:

https://youtu.be/EXOIOWMXHKO



https://youtu.be/EX0IOWmXHKQ

From now on, let's try to configure two-dimentional
periodic grating. In VL, we call it 3D grating.



@HTTRANS -

Task 6

Configuration of Grating Structures with Two-
Dimensional Periodicity



Abstract

Complex optical grating structures are
widely used for several applications such
as spectrometers, near-eye display
systems, etc. VirtualLab Fusion provides
rigorous analysis of arbitrary grating
structures in an easy way by applying the
Fourier modal method (FMM). In the
Grating Software Package, also 3D
grating structure can be configured by
using various interfaces or/and media
within a stack. The user interface to set
up the geometry of a stack is user friendly
and can be used to generate even more
complex grating structures. This use case
Is focused on the configuration of grating
structures which exhibit a two-
dimensional periodicity.
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This Use Case Shows ...

« How to configure two-dimensional grating structures in Grating Toolbox by
using
- medium-based definition type
— Interface-based definition type

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

« note: In VirtualLab grating structures, which exhibit a two-dimensional
periodicity are called 3D gratings. Consequently, lamellar gratings (1D-
periodicity) are called 2D gratings.
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Grating Toolbox Initialization

e |nitialization

- Start =»
Grating =
General Grating Light Path Diagram
(3D Gratings)
* note: For usage of special type of grating,
e.g. pillar grating, the specific light path
diagram can be chosen directly.

W w &@El W About V

540
(Grating Laser Lighting Waveguide = = CErsE
*  Resonator~ -~ 0 | pdate

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

Pillar Grating Light Path Diagram
LLGA Results
EE‘ LLGA Results Generator
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Grating Structure Settings

« First, the thickness and the material of the S Tnn——— N

- Field Inside Component Ar E
|deal Plane Wave General Grating 2D Raw Data Detector

substrate (Base Block) have to be defined. "
 In VirtualLab grating structures are defined & % -

X0 ™ X:0m

in a so called stack. .

Edit General Gratingl2D

Sobd | Boundiates

« Stacks can be attached to either one or B ]== 5|

. wf ‘ Rase Bock Medum
both sides of the substrate. e R
L o Losd J Ede Q View
f‘-;euhm !
e Thackneas 10 mm
J
@ = ~
< S V! Use Stack oo First interface Jee Shack on Secord interface
— Fusction Catakog Ertry —_—
- : Rectangdar Geadng Sack
3‘73 o Losd /' Edi G, View . A
« Forexanm--{§---|-- k- BN I oo ||| s i s
\ J
IS chose s
Stack Base Block Base Block Stack Stacks Base Block
Sla'.c.k Base Block |
sols o§ Valisty
Preview Wavelergth 512 rm X Lancel Help

150




Medium-based Definition Type
(Example: Pillar Grating)
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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.

o

2 Etwn
Lrmewen |

Ctrm| M|

[#es x|
Touta o 2P Praview

£

Validity: €3

Index | z-Distance | z-Position

Interface

Subsequent Medium

| agd || mset || Deie
_ Period
Stack Periodis | Independent from Interface/Media v|
Stack Period | 0um| = | 10 m|
| ==
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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 pillar gratings, can be
described very efficiently.

Edit Stack

v
Q
o
o
[4}]
w
(0]
m
F4 |
X
Com

Index | z-Distance | z-Position Interface Subsequent Medium
, Plane Interface Air in Homogeneous...
= 7 7 Q
2  10pm  10pm Flane Interface ] Load... [Eneous M Enter your commen
< >
Validity: @ fdd || mset || Delete
. Period
Stack Periodis | Independent from Interface/Media Period |
Stack Period 10 pm
B =
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Pillar Grating Medium

In the catalog category “LightTrans
Defined” the chromium pillars can be
found in the pillar media category.

This type of medium enables e.qg.
the simulation of pillar structure as
well as pin holes on top of a
Substrate.

In this example, rectangular pillars
which consist of chromium are
located on a fused silica substrate.

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

note: The stack editor will always
provide a cross-sectional view of the
X-z plane.

Edit Stack

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

Plane Interface Chromium Pillars (wi_.|

= /& EF 7 Q

Flane Interface Air in Homogeneous M Enter your commen

E ,_._'1 Base Block| |-

2

10pm  10pm

>

£

Validity: @ Add || nset || Delete |
Period
Stack Periodis | Dependent from the Period of Medium v/ vithindex [1 2]
Stack Period 40rm| x 400 nm
& [ [Tl - o [ Coml |[ bop
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Pillar 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 Light Path
Editor.

@ Tk gy St Bgre Caes et Vasg »ow

Edit Stack

&
Q
o
m
{01
w
m
m
lj
Com

Indexl z—Dis'mnDel z-Pasition | Interface | Subsequent Medium |
1 Omm 0 mm Flane Interface Chromium Fillars (witt Enter your commen

_ _ Plane Interface Air in Homogeneous...
10pm |10 pm E 7 E 7 q Enter your commen

< >

Validity: @ Add || nset || Delete |

Period

Stack Periodis | Dependent from the Period of Medium v| withindex [1 |3

Stack Peried 4Mnm = 400 nm
Ok | [ Concel [[ Hep
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Pillar Grating Medium

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

» In case of a grating exhibiting a two-
dimensional periodicity the period has to be
defined in x- and y-direction.

« 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.

Index | z-Distance | z-Position Interface Subsequent Medium
Plane Interface Chromium Pillars (wi_.|

= /& EF 7 Q

Flane Interface Air in Homogeneous M Enter your commen

E .| Base Block| |,

2  10pm  10pm

£

>

Validity: @ Add || nset || Delste |

Period
Stack Periodis | Dependent from the Period of Medium v| withindex [1 |3

Stack Peried 4Mnm = 400 nm

B =

156



Pillar Grating Medium Parameters

The pillar grating is defined by the
following parameters:

base material (material of grooves)
pillar material (material of ridges)

shape of pillars (either rectangular or
elliptic)
pillar distance in x-direction (horizontal)
pillar distance in y-direction (vertical)
row shift (allows a displacement of rows)
grating period in x- and y-direction
dl
row shift p|| distance in

pillar distance fy—directlon
In x-durection

plllar size Iu
x-direction

¢ pillar size L

,, material

Edit Pillar Medium (z-Independent)

Basic Parameters  Scaling  Periodization

Base Material
Mame |.»'3.jr
|Cata|og Material V|
State of Matter Gas or Vacuum e
Fillar Material
Mame |Chr{:mium—Cr_(195~l}|
|Cata|og Material V|
State of Matter Solid »
Fillar Size and Shape
Shape () Rectangular (® Elliptic
Diameter | 200 nm| X | 200 nm|
Horizontal Pillar Distance
Vertical Pillar Distance 200 nm
Row Shift A
Pericd 400nm| x 400 nm
o @ ] [ o | b
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Pillar Grating Medium Parameters

Edit Pillar Medium (z-Independent)

» The period of the pillar grating is calculated

Basic Parameters  Scaling  Periodization
based on pillar size and distance gase Mteral
automatically. e [ Q
. ] .. Catalog Material “| | 2 S
* Thus, it cannot be set individually and the e [

boxes are shown grayed out.
Fillar Material
Name |Chromium-Cr_(1554) {:}ﬁ
Catalog Material “| | 2 S

State of Matter Solid

Fillar Size and Shape
Shape () Rectangular (® Elliptic
Diameter | Zﬂl}nm| x | 21]anm|
Harizontal Fillar Distance
Vertical Fillar Distance 200 nm
Row Shift il
Period 400nm| = 400 nm
al @ Corcel |t
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Advanced Options & Information

* In the propagation menu several advanced
options are available.

Propagation Methods ~ Advanced Settings

« The propagation method tab allows to edit the

accuracy settings of the FMM algorithm. ] . ”&
 Either the numbers of considered total orders or [ — e — i
evanescent orders in each direction can be set. ‘”mat T A frogeneoss ei-
« This might be useful, especially if metallic ‘i:_?s
gratings are considered. —
* In contrast, in case of dielectric gratings, the % Parameters o Specy
L (") Mumber of Diffraction Orders

default setting will be sufficient.

® Mumber of Evanescent Orders
(Cons=idering All Propagating Orders)

Mumber of Evanescent Orders X =
Mumber of Evanescent Orders =

| Ok | Cancel Help

Preview Wavelength 532 nm | Ok | Cancel Help
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Advanced Options & Information

The Advanced Settings tab provides information
about the decomposition of the structure.

The Layer Decomposition and Transition Point
Decomposition settings can be used to adjust the
discretization of the structure. The default settings
are appropriate for nearly all grating structures.

Further, information about the number of layers
and transition points are provided.

The Decomposition Preview button provides a
depiction of the structure data which are used for
the FMM calculation. The refractive index is
illustrated by a color scale.

Edit General Grating 3D

Geometry /
Channels

Position /
Qrientation

@

Structure /
Function

=

Propagation

Propagation Methods

Layer Decomposition
(®) Automatic

Accuracy Factor
() Manual

Mumber of Layers (First Stack)

Overall Thickness

Transition Peint Decomposition
(@ Automatic
Accuracy Factor

(O Manual

Period 400 nm

Information

3 * 3 propagating orders (for perpendicular incident).
13 * 13 diffraction orders are used for calculation.
Total number of layers: 2

Minimum transition point distance: (& nm; 8 nm)

Remoave Redundant Data

400 nm

Decompasition
Preyiew

Preview Wavelength

Coreel | [ "ol
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Advanced Options & Information

« The decomposition preview of the
defined pillar grating (top view).

« VirtualLab suggests a w

discretizaftion in 2 layers (1 layer is e || O —
representing the substrate). | o

Mumber of Layers (First Stack)
Position /
Decompaosition Preview X Orientation

. . . 1 Overall Thick 10 pm
MNote: Coordinates are shifted by half a period. vera CKness =
Diagram | Table  Value at fxy) Transition Peint Decomposition
Real Part of Refractive Indices Structure / (® Automatic
Function
- Accuracy Factor
2.8640...
in (O Manual
o
g Propagation
S
R
= Period 400 nm 400 nm
E
£ 5 1.9321..
= Information
'if 3 * 3 propagating orders (for perpendicular incident).
= 13 * 13 diffraction orders are used for calculation.
— Total number of layers: 2
o = inimum transition point distance: (& nm; & nm)
8 Decompaosition
S} Remoave Redundant Data Pr pl‘:‘.‘.:"'
1.0002...
005 01 015 02 025 03 035
o Proen Vit Conce | | bl
Maximum Layer Indesx: 2
Layer Position: 0 mm
E Layer Index 1= Layer Thickness: 10 pm Close
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Interface-based Definition Type
(Example: Truncated Cone Grating)



Stack Editor

Edit Stack

* |n the Stack Editor interfaces
can be added or inserted from
catalog.

* In the category “2D Grating
Interface” there are two different
interfaces for definition of 3D
grating structures.

Index | z-Distance | z-Position

£

validity: € || [ agd [ mset || D
Period

Stack Periodis | Independent from Interface/Media v/
™ Stack Period 10 ym

o] [ Caed | [ Hes

T

o 2 Etwn
Lrmewen |

[Bes x|

S/x Tests (o (22 S Frion ] cwe | me
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Truncated Cone Grating

* In this example, the “Truncated

Cone Grating Interface” is used.

« This type of interface enables e.g.
the simulation of anti-reflective
structures with a circular shape.

LNL Base Block

* In this example, cones which are
made Of fused Slllca |Ocated On a Index | z-Distance | z-Pesition Interface Subsequent Medium Com

Truncated Cone Gra...| Air in Homogeneous...

substrate of the same material. P omm Oemo s, gy g o Q  Eneryowcommen

* In the view of the stack editor,
different materials are indicated by
other colors based on their index of ||, .
refraction (dark means higher). Vaiidty: @ aca nset || Delee

Period

° note: The Stack Editor will alwayS Stack Periodis | Dependent from the Period of Inteface  ~ | wiith Index |1
provide a cross-sectional view of Stack Period s x
the x-z plane. & (] [Tooe i~ 0K || Conoel || Heb
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Truncated Cone Grating

 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
Editor.

L R Sorvtrner Bgre Dt Pt Vi 5| pos

Index | z-Distance z—F’usitiun|

Interface

| Subseguent Medium | Com

£

Validity: @

Period

Truncated Cone Gra...| Air in Homogeneous...
» 1 0'mm 0 mm E P @ ﬁ 7 q Enter your commen

>

Add || Insert || Delehe|

Stack Periodis | Dependent from the Period of Interface w | with Index

Stack Period

Sum| x

5pm

OK ||Ca'lc:e||| Help |
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Truncated Cone Grating

* Further, the material of the cones is

automatically taken from the material

subsequent to the interface. g
. : . @
* In this example, this means, that the material of 0
the substrate (base block) is used. &
« If the grating structure is made of a different =1
material, an additional plane interface has to be o 2 Dics [ = Posion |__ e __T Sbsemert e Com
added in order to separate the grating structure o I - 2N I |~ s kb
from base block.
« Afterwards, the material between the truncated
cone and the plane interface can be chosen as . .
d eSI red . Validity: (V] Add Insert Delete
Period
Stack Period is Dependent from the Period of Interface ~ | with Index |1
Stack Period 5um| x 5 um
@ (| |Tools 5§ - 0K Cancel Help
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Truncated Cone Grating

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

* In case of a grating exhibiting a two- E
dimensional periodicity the period has to be E
defined in x- and y-direction. &S

« This period is also taken for the periodic ]
boundary conditions of the FMM algorithm. i [z Do | xosion [ e ] Stmenent e =

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

Validity: € Add Insert Delete
( Period
Stack Period is Dependent from the Period of Interface w | with Index |1
L Stack Period Bum| x 5pm
EEl || Tools - OK Cancel Help
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Truncated Cone Grating Parameters

The pillar grating is a programable interface and defined

by the following parameters:

height of cones

height factor (e.g. allows to invert the structure
diameter at the top

diameter at the bottom (base)

grating period in x- and y-direction

the materials are automatically set

Edit Programmable Interface

Structure  Height Discontinuties  Scaling of Elementary Inteface  Periodization
Interface Specification
Algorithms

Snippet for Height Profile # Edit Validity: @
(® Numerical Gradient Calculation Accuracy Factor

(O) User-Defined Gradient Calculation

Parameters

Height
HeightFactor
BaseDiameter

TopDiameter 2

Inner Definition Area [

Size and Shape
Shape (®) Rectangular O Elliptic
Size | 5 |.rr|| X | 5pm

Effect on Field Outside of Definition Area

Position of Sumounding Interface Plane

Specification Mode A
Boundary Minimurm w
2-Position -4 pm

=l [Tools 45+ validity: 4 |H oK Cancel Help
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Truncated Cone Grating Parameters

Edit Programmable Interface

« As this is a general programmable S | g Dacoren e | Sk of Bemetay e Frodcin

—
Use Periodization

interface, the grating period has to - | = -
be set in the periodization tab. O

Size and Shape

Shape (® Rectangular (O Elliptic

 This means also, that the definition | _— -
of the grating and its parameters e on el D
can easily adapted by adjusting the

code, which defines the structure. e
Specification Mode (i |

§

ce Code  Globs Pareseters  Sopcet el Advanced Setngs
Y Toe o Edit Inner Definition Area

1 || Apertsm Daraterx fsoutiel
D Y [eudie]

1
|
| 8 [= returh value BF profllsHelght
| % double profilsHelight «» 6.0,
|18
| & s radius of bage and top surface
e | double baseRadius = Abs{BaseDianeters2),;
z 33 double topRadius = Abs(TopDiametar/2) )
13 ilstance of polnt (n,y) from (8.8
§ 13 doub .Sgrt
LN TS
17 rofilak
@9 1: TopDlameter equals
if(topRacius >« baseRadius)(
1 olr is inside (f outside tha profileseight
1f(rc=bacseRadius)|
profileHeight gh
}
elsof
nd TopDia
/ computs wi t o 3i0Q walls & (% Pl e
profileHeight = Helght*® (baseRadius /(bhaseRadius =
. 1
%l (] Ok oy wedy & B G el Il [Tools 4~ validity: 4 |H Cancel Help
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Advanced Options & Information

« Again, in the propagation menu several
advanced options are available.

Edit General Grating 2D

- The propagation method tab allows to edit the ;ﬁ, I Rt
= = Component Propagation Fourier Modal Method ~ # Fdit
accuracy settings of the FMM algorithm. ey S
 Either the numbers of considered total orders or JQ o . L
evanescent orders in each direction can be set. ‘”mat Pare leoce__ | Siack Sy =t
« This might be useful, especially if metallic @s
gratings are considered. —
* In contrast, in case of dielectric gratings, the % Parametersto Specty
default setting will be sufficient. ' O Humber f Diffecion Orders.
@ (Cons=idering All Propagating Orders)
Mumber of Evanescent Orders X =
Mumber of Evanescent Orders Y =
| Ok | Cancel Help
Preview Wavelength 532 nm | Ok | Cancel Help
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Advanced Options & Information

The Advanced Settings tab provides information
about the decomposition of the structure.

The Layer Decomposition and Transition Point
Decomposition settings can be used to adjust the
discretization of the structure. The default settings
are appropriate for nearly all grating structures.

Further, information about the number of layers
and transition points are provided.

The Decomposition Preview button provides a
depiction of the structure data which are used for
the FMM calculation. The refractive index is
illustrated by a color scale.

Edit General Grating 3D

Geometry /
Channels

Position /
Qrientation

@

Structure /
Function

=

Propagation

Propagation Methods

Layer Decomposition
(®) Automatic

Accuracy Factor
() Manual

Mumber of Layers (First Stack)

Overall Thickness

Transition Peint Decomposition
(@ Automatic
Accuracy Factor

(O Manual

Period 3 pm

Information

27 * 27 propagating orders (for perpendicular incident).

37 * 37 diffraction orders are used for calculation.
Total number of layers: 21
Minimum transition point distance: (100 nm; 100 nm)

Remoave Redundant Data

4 pm

Decompasition
Preyiew

Preview Wavelength

Cancel Help
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Advanced Options & Information

« The decomposition preview of the
defined cone grating (top view).

« VirtualLab suggests a
discretization in 21 layers (1 layer
IS representing the substrate).

Decomposition Preview X

MNote: Coordinates are shifted by half a period.
Diagram Table = Value at (cy)

Real Part of Refractive Indices

1.4611...
o 1.2306..
(o]
n
n
L=l

1.0002...

4 45

35

E
=
05 1 15 2 25 3 35 4 45
X [um]
Maximum Layer Indesx: 21
Layer Position: 0 mm
E Layer Index 1= Layer Thickness: 200 nm Close

Edit General Grating 3D

Geometry /
Channels

Position /
Qrientation

@

Structure /
Function

= 5

Propagation

Remoave Redundant Data

Layer Decomposition

ﬁ Propagation Methods

(®) Automatic

Accuracy Factor

() Manual

Mumber of Layers (First Stack)

Overall Thickness

Transition Peint Decomposition
(@ Automatic
Accuracy Factor

(O Manual

Period 3 pm

Information

27 * 27 propagating orders (for perpendicular incident).

37 * 37 diffraction orders are used for calculation.
Total number of layers: 21
inimum transition point distance: (100 nm; 100 nm)

4 pm

5 um

Decompasition
Preyiew

Preview Wavelength

Corl

Help
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Advanced Options & Information

« By browsing through the different layers,
the decomposed structure can be
Investigated in detail.

¥ [Um]
\ 2 25 3 35 4 45

Decomposition Preview X %(

MNote: Coordinates are shifted by half a period. é
Diagram Table = Value at (cy) \6*

Real Part of Refractive Indices

03 1 15 2 25 3 353 4 45
X [um]

¥ [Mm]
05 1 15 2 25 3 35 4 45
25 3 35 4 45

05 1 15 2 25 3 35 4 45
X [um]
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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 smoother, at the expense of an FopagaonMethods Advancod Selings
increased numerical effort. (2o Deconeosty

Geometry [(®) Automatic
Liziss Accuracy Factor 2
- O Manual

Mumber of Layers (First Stack)

Position /
Decomposition Preview X Orientation

MNote: Coordinates are shifted by half a period.
Diagram Table = Value at (cy)

Owerall Thickness 4 ym

@

ransition Point Decomposition

Real Part of Refractive Indices Structure / (®) Automatic
Function

Accuracy Factor
1.4611...
) $ () Manual
Propagation
L Period 5 ym 5 ym
e+ 1.2306...
o Information
o 27 * 27 propagating orders (for perpendicular incident).
o 37 * 37 diffraction orders are used for calculation.
= Total number of layers: 41
= inimum transition point distance: (50 nm; 50 nm)
= Remaove Redundant Data De?:nmmn
1.0002...

4 45

35

¥ [Mm]

05 1 15 2 25 3 35 4 45

X [um] Preview Wavelength QK Cancel Help

Maximum Layer Index: 41

Layer Position: 0 mm
E Layer Index 1= Layer Thickness: 100 nm Close
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Remark on the Detector Position

In VirtualLab the detector is located
subsequent to the substrate in air
by default.

This is necessary if the grating is
included in a complex optical setup.

However, the perfect plane and
parallel substrate may cause some
interference effects, which not
occur in reality.

Thus, for calculation of just grating
efficiencies it is appropriate to set
the detector inside the substrate
material (likewise to most of grating
evaluation software).

This avoids the undesired influence
of those interference effects.

'

= 1: Light Path Editor (Dr\user\...\UseCase.ConfigurationGrating.Usinglntefaces_Sawﬁ)
¥

Fl

*.{. Path Ii:, Detectors | [+4 @ Analyzers :g‘ Logging )F

b

Start Element Target Element!

Indlex Tivpe Channe! Medlum Incfee Tipe

0 | Ideal Plane Wave Air in Homogeneous Medi_. 1 | General Grating 2D é

1 | General Grating 20 T Air in Homogeneous Medi ... ¥

5

E

N 3
)

Eﬁ] Tools i~ Simulation EngineTB

L N e

=

1: Light Path Editor (D:\user\...\UseCase.Conf rationGrating.Usinglntefaces_Sawﬁ)

L§ Logging

A

-l

-~
Path L S

Detectors | [#3 @ rs

e

index

Type

Start Element
Channal

firm

Index

Target Element

H

=4

e

=

Ideal Plane \Wave

Air in Hom@heneous Medi..

-

General Grating 20

7

General Grating 2D

T

Fused_Silica in Homogen .

<

AT - RO

Bl | |Teols

L N e

Simulation Engin

™

e
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In previous, the grating is modelled and designed In
Grating Toolbox. What about configure and simulate a
grating in a complex optical system with lenses?



Task 7. Example of Multi-Scale Optical System

Example: Wafer Inspection System

P00nm

90nm  90nm  S0nm 140nm

50nm
v

period size

substrate thickness = Ilmm

125nn)

Image plane

Imaging lens
(& polarizer)

High NA objective
”|lens system

P
<«

Structured wafer under test




Base Grating Structure

90nm 90nm I90nm 140nm

- ,
\4

100nm 125nm

“1

N
7

period size
substrate thickness = 1mm
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Base Structure Analysis

Intensity Image of Grating after Polarizer in

Intensity Image of Grating after Polarizer in
Y-Direction

X-Direction

Y [mm]
Y [mm]

-0.2 -0.1 0 0.1 0.2

-0.2 -0.1 0 0.1 0.2
X [mm]

X [mm]

Simulation time few seconds




Base Grating Structure

90nm 90nm I90nm 140nm

- ,
\4

100nm 125nm

“1

N
7

period size
substrate thickness = 1mm
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Modified Grating Structure

40nm 140nm I90nm

<&
~

140nm

NN 7|

50nm :

IS

100nm

V

“1

period size

N
e

substrate thickness = 1mm

125nm
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Modified Structure Analysis

Intensity Image of Grating after  Intensity Image of Grating after

Polarizer in X-Direction Polarizer in Y-Direction
Intensity Image of Grating after Polarizer in Int arizer in
X-Direction Y-[

-0.2 -0.1 0 0.1 0.2

-0.2 -0.1 0 0.1 0.2
X [mm]

X [mm]




K\E(‘.‘.’HTTRANS -

Optical System for Inspection
of Micro-Structured Wafer



Abstract

In semiconductor industry, wafer inspection
systems are used to detect defects on a wafer and
find their positions. To ensure the image resolution
for the microstructures, the inspection system often
employs a high-NA objective and works in the UV
wavelength range. As an example, a complete
warfer inspection system including high-NA
focusing effect and light interaction with
microstructures is modeled, and the formation of
Image is demonstrated.

184
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Modeling Task

inspection objective

- effective focal length 2mm
- back focal length 750 um

(1)

r

beam splitter

o

et vee—teamssa—toer s

L.

|

input field

- fundamental Gaussian
- wavelength 266.08nm
- full divergence angle
. 0.075°

- circularly polarized

F0nm , #nm, $nm 140nm

micro-structured wafer

imaging lens
- NA=0.9 - Newport SPX031AR.10
- effective focal length 500mm

s

f?

image

185
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Results

imaging lens

input field

splitter

1st diffraction

orders Ray-tracing analysis provides a fast

overview of the complete system,
including high-NA lens and grating.
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Results

\d

or #623 after Wafer #19 (R) (Field Tracing 3
Chroméatic Fields Set

behind micro-structured wafe

¥ [mm]
0., 0 01

04 -0.2 o 0.2
X [mm]

Data for Wavelength of 266.08 nm [(V/m)*2]

0.6

0.8

0.29944

0.14972

0

1st diffraction
orders

Rigorous simulation of grating with
Fourier modal method (FMM) is
imbedded within the system simulation.
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Results

—

bl

‘_ -

4

-

Image is formed by interference of
different diffraction orders. Simulation of
complete system from input field to image
plane takes less than 5 seconds!

Chromatic Fields Set

Y [mm]
04 02 0 02 04

image plane

04 02 0 02 04
X [mm]
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Task 7: Tutorial of Wafer Component

Klick the following link to watch the video:

https://youtu.be/IXwmB6Zwgm4



https://youtu.be/JXwmB6Zwgm4

Day 2
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Overview of Light Shaping Concept



Light shaping by inverse approach

Concept of amplitude matching and consequences



Inverse Design Concept: HOE and Freeform

Target plane

Source
‘ Lens system ‘ Lens system ‘
#1 #2

Signal field
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Inverse Design Concept: HOE and Freeform

Target plane

HOE
Source
‘ Lens system - ‘ Lens system ‘
#1 #2

Signal field
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Inverse Design Concept: HOE and Freeform

Target plane

HOE
Source
‘ Lens system - <: Lens system <:
#1 #2

Signal field
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Inverse Design Concept: HOE and Freeform

Target plane

Freeform

Source
‘ Lens system - <: Lens system <:
#1 #2

Signal field
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Inverse Design Concept: HOE and Freeform

Target plane
Freeform/HOE

Source

> (—

Y [mm]
0.. 0.025
l

Signal field

197 LightTrans International



Inverse Design Concept: HOE and Freeform

Target plane
Freeform/HOE

Source

> (—

Distance 1 Distance 2

»
»

Y [mm]
-0.... 0.025

o w2 o1 o Forward propagated source field
"™ | and back propagated signal field
should have same amplitude
distribution to enable phase-only
manipulation for field

\transformation. /

Signal field
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Inverse Design Concept: HOE and Freeform

Target plane

Freeform/HOE
Source
‘ <: Additional <:
) Distance 1 . components ‘

-0... -0.2 -0.1 0 0.1 0.2 0.3

/Freedom of Phase: Signal phase
IS a free parameter in design,
when only the intensity is of
concern. Comment: Phase affects

Qhe 3D signal behavior.

Signal field
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Inverse Design Concept: HOE and Freeform

Target plane
Freeform/HOE

Source

)

Distance 1 Distance 2

'
v
a
v

Y [mm]
-0.... 0.025
I
|

Signal field

/Freedom of Phase: Signal phase
IS a free parameter in design,
when only the intensity is of
concern. Comment: Phase affects

Qhe 3D signal behavior.
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Light Shaping Concepts

 Tailored aberrations

« Stored scanning process

* Multichannel concept: Single Deflection
* Multichannel concept: General

201 LightTrans International



Light Shaping Concepts

| Tallored aberrations
« Stored scanning process

* Multichannel concept: Single Deflection
* Multichannel concept: General
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Light shaping by tailored aberrations

Refractive and diffractive optical elements



Beam Shaping: The Task

[ Source H Lateral Reshap%

Shaping Optics Target
Plane

204 LightTrans International



Beam Shaping: The Task

m 1: Gaussian Wave
Light View Data View

55946 pym

550,46 pm

-559.46 pm

Light View

=N o <=

559.46 ym

Zoom: 2.5478

Lateral Reshaping

m 3: Super Gaussian Wave
Light View Data View |

5.3949 mm

5.3949 mm

-5.3949 mm

Light View

5.3949 mm

Zoom: 1.2058
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Beam Shaping: The Task

m 4: Gaussian Wave
Light View Dma \l;lew

1.07 mm

-1.07 mm

-559.46 ym

Light View

559.46 ym

Zoom: 1 3322

Lateral Reshaping

[B) 5: Super Gaussian Wave = =

Light View | Data View

5.3949 mm

-5.3949 mm

-5.3949 mm 5.3949 mm

Lxght View Zoom: 1.2058
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Beam Shaping:

The Task

m 6: Gaussian Wave
Light View Ijata \l;lew

2.4511 mm

-2.4271 mm

-2.6096 mm

LJght View

2.5856 mm

Zoom: 5.5249

Lateral Reshaping

Light View | Data View

25mm

3.2

(B 65: D:\Workspac...\Signal_Cross_52Spots_onavi... | — | =) |essl

mm

3225

-3.225 mm

Ught View

3225 mm

Zoom: 2.27132
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Basic ,,Beam Shaping“ Task: Focusing

m 6: Gaussian Wave
Light View Data View

2.4511 mm

2.4271 mm

-2.6096 mm

Light View

2.5856 mm

Zoom: 5.5249

Focusing

m T: Gaussian Wave
Light View | Data View

1.1432 mm

11432 mm

-1.1432 mm

Light View

1.1432 mm

Zoom: 1.2468
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Basic ,,Beam Shaping“ Task: Focusing

| Source =— Focusing >
Shaping Optics Target
Plane
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Basic ,,Beam Shaping“ Task: Focusing

| Source —>

Shaping Optics Target
Plane
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Basic ,,Beam Shaping“ Task: Focusing

| Source =—

NA determines spot size

Shaping Optics Target
Plane
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Light Shaping by Aberrations

| Source —>

NA determines spot size

Shaping Optics Target
Plane

Beam shaping can be understood as the
Introduction of aberrations to shape the focus!

212 LightTrans International



ldeal Lens vs. Spherical Aberrations

() 3: ideal Lens | +E)
Ught View | Data View
é
o
o
=
=
-1.0006 mm 1.0006 mm
o~y 12
< 8
E ,
3 Bl
0+ T T T T T T T T
0 80 160 240 320
Position [um]
Light View Zoom: 0.97342

m 8: Spherical Aberrations
Data View

Light View

@
o
o
=
S
-1.0006 mm 1.0006 mm
o~y
< 08
g
0+ T T T T T T T
0 80 160 240 320
Position [um]
Light View Zoom: 1.0066




Ideal Lens vs. Astigmatism

) 110: Astigmatism

m 114: Ideal Lens Spot
Light View | Data View Light View | Data View
= =
= =
o= ) o= )
Q Q
£ £
S S
= =
o o
o o
-1.0006 mm 1.0006 mm -1.0006 mm 1.0006 mm
Light View Zoom: 0.97342 Light View Zoom: 0.97342




ldeal Lens vs. Coma

7

m 114: Ideal Lens Spot
Light View | Data View

7

m 109: Coma
Light View | Data View

£ £
= =
o= ) o= )
= =
£ £
S S
= =
o o
o o
-1.0006 mm 1.0006 mm -1.0006 mm 1.0006 mm
Light View Zoom: 0.97342 Light View Zoom: 0.97342




ldeal Lens vs. Mixed Aberration

() 114: 1deal Lens Spot
Light View | Data View

(o[ @ =3

m 9: Mixed Aberrations
Light View | Data View

== FoR <

£ £
£ E
= 8
o o
o o
£ E
£ £
B g
-1.0006 mm 1.0006 mm *1.0006:mm 1.0000:mm
Light View Zoom: 0.97342 Light View Zoom: 1.0066




Conclusions for Beam Shaping

Aberrations enlarge and reshape the focal spot of the
Ideal lens system

-

« The focal spot of the ideal lens system must be
— Smaller than the demanded shaped spot
— Not bigger than the smallest feature in the shaped spot

« Designing a beam shaping system must always be
started with selecting a lens system the NA of which
enables the required focal spot size

 Remark: Aberrations of lens systems are allowed,
because beam shaper can compensate that
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Introduction of Aberrations

[ Source H Lateral Reshap%

2. Add diffractive or
refractive beam

shaper 1. Replace lens surface by polynomial,
aspherical, or diffractive surface
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What Kind of Aberrations Are Needed?

« Dependent on the input beam and the required beam profile in the target
plane aberrations must be introduced
« A basic approach to estimate the required aberrations for a given beam

shaping problem is based on
— Determination of geometrical distortion to redistribute energy
— Calculation of phase function, which realizes the geometrical distortion

219 LightTrans International



Light Shaping Concepts

| Tallored aberrations
« Stored scanning process

* Multichannel concept: Single Deflection
* Multichannel concept: General
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Geometrical Distortion Concept

Analytical beam shaping with application
to laser-diode arrays

Harald Aagedal, Michael Schmid, Sebastian Egner, Jorn Muller-Quade,
and Thomas Beth

Institut fiir Algorithmen und Kognitive Svsteme, Universitdt Karlsruhe, Am Fasanengarten 5, D-76128 Karlsruhe,

Germany

Frank Wyrowski

Institut fiir Angewandte Physik, Friedrich-Schiller-Universitat, Max-Wien-Platz 1, D-07743 Jena, Germany

Vol. 14, No. 7/July 1997/J. Opt. Soc. Am. A 1549
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Geometrical Distortion Concept

4

|G

>
X

Fig. 1. Distortion transforming a Gaussian beam to a uniform
distribution.

Vol. 14, No. 7/July 1997/J. Opt. Soc. Am. A 1549
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K\EiHTTRANS -

Light Shaping > Refractive Optics

Design of a Refractive Beam Shaper to Generate a
Circular Top-Hat

LightTrans International UG

Task 14
in day 3



Task 7 Beam Shaper

Input plane Detector plane

200 mm

“Beam waist " Diameter

4 mm Beam shaping 400 um
element

« Design a beam shaping element to shape a laser beam (fundamental mode)
to a circular Top-Hat.
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Specification: Light Source

Input plane

A
v

Detector plane

15 mm
Parameter Description / Value & Unit
type/number Gaussian beam
coherence/mode single Hermite Gaussian (0,0) mode
wavelength 632.8nm

beam diameter (1/e2)

8 mMm x 8 mm

225
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Specification: Beam Shaper Element

Input plane Detector plane

The variables for
this design

""""""""""""""" task: a;, with i =
2,3,4,..,16

(
200 mm
Aspherical interface
« Aspherical interface: Parameter  Value & Unit
i name/type Aspherical lens
h(x, y) = Z a;r material N-BK7

[ thickness 5 mm

with r = \/x2 + y2 and i is polynormial Sz (diamete) 23 mm
: Distance to 200 mm
order index I
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Specification: Desired Pattern

Input plane Detector plane

A
v

0.5 mm

Parameter Description / Value & Unit
type/number Top-Hat (Super-Gaussian Wave)
wavelength 632.8nm

beam diameter (1/e?) 400 pm x 400 pm

edge width 40 pm

227
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Specifications: Merit Functions for Design

Input plane Detector plane

A
v

0.5 mm

Parameter Description / Value & Unit

conversion efficiency > 90%
signal to Noise Radio (SNR) > 22 dB

maximum relative intensity of < 10%
stray light

228 LightTrans International



Specifications: Detector

Input plane

Detector plane

Position Modeling Technique

Detector/Analyzer

a field tracing
b field tracing

Intensity
Value of merit functions

229
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Optimization Process

Difacive * Design Process is easily done by

Optics «

Beam Shaper Desion using the Refractive Beam Shaping

,Ej "Gaussian — Top Hat" Transmission Design g
Diffractive Beam Shaper Sess I O n .

I Refractive Beam Shaper

S —— — Fill the parameters in illustration
,E: Regular Amay Beam Splitter — NEXt'

Sl b e i antaa i i

[l
4

E 81: Refractive Beam Shaping Session*®

I?::::;l:;:mrparamtersofGaussianinputbeamofthebearnshapingsystern. 1 * CIiCk FiniSh’ the beam Shaper
design is done immediately.

The input beam of the beam shaping system is modelled as coherent, monochromatic field with Gaussian amplitude
distribution and a beam quality of M*=1. It is assumed that the waist of the beam is in front of the beam shaper. That
means that the phase will be constant.

The session editor allows to specify the input beam parameters wavelength, waist, divergence and Rayleigh length.

Three different definitions of waist and divergence angle are supported. The required defintion must be selected
before the parameters can be specified.

Definition of Waist and Divergence Angle

(® 1/e? Waist Radius, Divergence Half Angle i ;;:"’/ 1 Mz
(O 1/e2 Waist Diameter, Divergence Full Angle | —_\4\ ] . .
O FWHM Waist Diameter, Divergence Full Angle '+ L2 1 1 Desi gn time = ~0.016 s 1!

P W, Wg, Wy...Waist Radius
w 0O..ccouvsni Divergence Angle

< Back Finish
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Results: Refractive Beam Shaper

Input plane Detector plane

I 20: Virtual Screen #601 after Target Plane £2(0) |- || =[]
Light View  Data View

349.99 pm

—
sl Tl amardiEvsta - : e E: -344.97 ym 344,97 pm
Radius of Curvature | sirf ,-,-,| ;' s Zoou
Conical Constant | [;.| ;.
2olynomial Orders : Parameter Value & Unit
Number of Ord 1612 7 -
S i conversion 90.24%
t l:-llln:[h]ar [Unit] Parameter Yalue h;}; eﬂ;ICIenCy
2 _ 1
2 [mm"(-1)] 0.004467 3
|13 [mm"(-2)] -15216e-05 i SNR 22.353 dB
14 [mm-3)] 1.4144e-05 : i 0
1B [mm"(-4)] -2.0493-08 v stray light  10.872%
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K\Et‘.‘.’HTTRANS -

Light Shaping > Refractive Optics

Modeling of a Refractive Beam Shaper with Measured
Height Profile

LightTrans International UG

Task 15
in day 3



Task/System lllustration

Gaussian beam

2mm ) 200mm

v

A

v
A

g

aspherical lens
(with fabrication error on
the second interface)

f)

intensity distribution
on focal plane
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Highlights

« simulation of fabrication tolerances by importing
measurement data of height profiles
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Specification: Light Source

Parameter Description / Value & Unit
type/number Gaussian beam

coherence/mode single Hermite Gaussian (0,0) mode
wavelength 632.8nm

polarization linear in x-direction (0°)

waist radius (1/e?)

4mm X 4mm

235
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Specification: Focusing Asphere

Highlights

« simulation of fabrication tolerances
by importing measurement data of
height profiles

- - - fabrication error of the height profile
’ i

. !

=

107nm

-335nm

Parameter Value & Unit

name/type convex-plano aspherical lens

first interface plane interface
second interface

material (M) N-BK7

aspherical interface with measured height profile error

236
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Specification: Detectors

Position Modeling Technique Detector/Analyzer
a field tracing intensity distribution
b field tracing merit function detector

237 LightTrans International



Results: Intensity Distribution

Highlights
 simulation of fabrication tolerances

by importing measurementdataof | = f---—-—- phiaia R
height profiles

q -
Zy yy Ky 400
5 ] ]
o o o
2 S =
v 4 A 0
- |: :l T al l: »
! 800 um ! [ 800 um " ! 800 pum !
intensity of field at focal intensity of field at focal measured intensity at
plane (without fabrication plane (with fabrication focal plane (with fabrication
tolerances) tolerances) tolerances)
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Results: Merit Function Detector

Highlights
* simulation of fabrication tolerances
by importing measurementdataof | = f---—-—- -
height profiles

b
Detector/Analyzer Result (without Result (with
fabrication error) fabrication error)
signal-to-noise ratio (SNR) 26.49dB 14.66dB
conversion efficiency 91.21% 87.15%
uniformity error 93.65% 99.73%
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Modeling Task

Diffractive Beam shaper
Diameter: 2 x 2 mm
Phase Levels: 16

|||)) 4: Tlluminating Beam
Light View | Data View |

1.2029 mm

-1.2029 mm

1.2029 mm

-1.2029 mm

Zoom: 0.40192

Light View

llluminating Beam
Intensity

ﬂ)) 6: Desired Top Hat
Light View | Data View |

503.76 pm

-603.76 pm

503.76 um

-503.76 ym

Light View Zoom: 1.915

Target
Plane
50 mm
1f-Setup

Focal Length =50 mm

Top Hat Intensity
(free of speckles)

LightTrans International
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Tolerance Analysis



Modeling Task

* The following tolerances of the system are to be analyzed.
 The % tolerance values are regarded as 3-times * the standard deviation c.

Varied Parameters Value and Tolerances
Waist Radius of Input Beam (500 £ 25) um

Etching Depths of all 4 Binary Masks + 2 % of original height
Xx-Position of Beam Shaper (0 £10) um

y-Position of Beam Shaper (0 £10) pum

Focal Length of Lens (50 £ 0.5) mm




Simulation of Alignment Tolerances

 Simulation of shift tolerances must

= - be activated on Tolerancing page of
Coimm) oo Stored Function component and
Target Plane component.
)| | ™ i « Tolerance values are varied by
[ ] Parameter Run. The values set in
ous: the component dialog are ignored.
OK || Cancel |[ Help
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Simulation of Etching Depth Tolerances

Edit Stored Function

Stored Transmission

?:—1'9210{ Transmission I Regulary Quantized Phase-Only Transmission - I
unction

Embedding and Pixelation
Embedding Frame \wfidth 0p = 0

Pixelation Factor 15 = 15

Scale Emors
[ Impese Linear Scale Error by Scale Factor 1
Impose Mask Scale Error:

Mask Phase Modulation | Mask Scale Factor

! I | s

P Binary Masks
pil2 1

pil4 1

pil8 1

45

OK || Cancel |[ Help

« Simulation of mask etching depth
errors must be activated on
Function page of Stored Function
component.

« Tolerance values are varied by
Parameter Run. The respective
settings in the component dialog
are ignored.

« Atolerance value of 1 represents
an optimum etching depth.
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Single Parameter Variation

« The laser beam radius has typically
a strong influence on the optical
B eSO S (= o performance of a beam shaping
system.

el  The Usage Mode: Standard must
ST T e be selected for the variation of a

single parameter.

- Waist Radius X parameter must be
selected.
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Single Parameter Variation

B 50: Signal-to-Noise Ratio of Diffracti.. | = || = |js3m|

Mumerical Data Array

Signal-to-Moise Ratio [dB]

40

35

30

Diagram | Table | Value at x-Coordinate

] ] ] ] ]
(.48 (.44 0.5 .51 0.52
Waist Radius X (1/e~2) (Gaussian Wave #0) [mm]

 The beam shaping system shows a

strong sensitivity for a
the laser beam radius.

variation of

« The Signal to Noise Ratio (SNR)

will drop to 28.8dB.
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Monte-Carlo Simulation

Random mode for

Monte Carlo \

simulation

] 37: AppS0011_Tolerancing_BeamShaper_03_MultipleParametarsun

Parameter Speothcotion

Set up the perameter(s) to be vaned

You can select one of more parameters which shall be raned 25 well 28 the tesuting numter of femaons Several modes ave 2y
\ specifping how the parameters ars vaned per tershion

Parameter Variation
has a Normal
Distribution with a
certain standard
deviation o

Jaage Node  Fandom

Norma Destsbunon "l l o Use Seed of

..l
v
|

The patameter rangs comesponas o
Filter Parameter Table by N;

SEr—

A Seed can be
used for

»~— reproducible

COE a3 Swved
Funcbon 22

Target Plane £

Ideal Lerm 54

V2[7 | Light PyurE) :
Gaussan W

Sl
Posdticnng

lnclmes
Posiboning

Sasal
Pesiicrnng

lacistes
Pemtionng

Tt Fndin X (10 |

ot Rt Y (1n'2)

Offset between x- anc y-
Oistance Before

Latersf Shelt X
Lotornd Shift Y

Sphancal loagle Thems

Sghencal 2Zoghe Py
Angle Zets

Tranalenon Dela X
Translanoo Deta Y
Transteoon Deka 2
Foerure Diameter X
fpestae Dlameter Y
Relatve Edge 'hah
Aecurny Facks

Mask Scale Facter B
Mask Scale Facter P/ 2
Mack Scale Factr R /&

Mask Scale Facker A/ 8

Oretarce Before
Labored Skt X
Latecd Shifi ¥

Sphecical fogle Thets | 3

Sohencal Aogle P

dogie Zete

Treosianon Debis X
Trensiation Deba Y
Transistion Dela 2

Basal Poer | Distance Before

IICNRE WA S N

5

Ongined Velue  ~

results of the
‘random’ series.

| Total number of
variations

Minimum and
. maximum value of
all tolerances

defined by +30
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Monte-Carlo Simulation

= 41: Signal<to-Noize Ratio of Diffractive Optics Merit Functions #601 after Target Plane #3 (0) vs. teration Step o2
HNarratical Due Seray

« Variation of the SNR depending on the random parameter set.

 The minimum SNR can be found from the diagram via the menu entry
Detectors > Minimum.

 Minimum SNR: 24.9 dB
« Average SNR: 33.7 dB




Resulting Field Distributions

Bl 47; Virtual Screen #600 after Target P, | = | =l
Lot View.  Dists Vrw

I 46: Virtual Screen #600 after Target P = |-l

Lght View  Dists Virw

« Left: Ideal output intensity (SNR = 42.2 dB).
* Right: Light pattern with lowest SNR (SNR = 24.9 dB)

« EXxport of Monte-Carlo simulation results to external software (for example
Microsoft Excel) allows further statistical evaluations.




Geometrical Distortion Concept

4

|G

>
X

Fig. 1. Distortion transforming a Gaussian beam to a uniform
distribution.

Vol. 14, No. 7/July 1997/J. Opt. Soc. Am. A 1549
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Laser Beam Shaping: R&D

¥ 3 Height Profile Trangle Cace [ fE ]
Preview for Splineinterface2D — O X Numencal Data Aray
Dagram  Table Value at (cy)
Profile Hesght [um)
7.E-18
]
S
E
E o 1.0337
>
B
=
Z-Bxtengion
21074
Extentron 153 um:  Minimum 15221 am|  Miximum 23028 um
0.1 0.05 0 0.05 0.1
X
Closs Halp ( {mm]
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Laser Beam Shaping: R&D

Amplitude of

X-Component of Electric F

P
<o

v/m]

FXEIS

|G

e

»
>

Fig. 1.
distribution.

X

Distortion transforming a Gaussian beam to a uniform
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Light Shaping: R&D

5
E
E
8
=
-
o~
R
3.0313725
£
g
o
g
*
~
1.0627451

-79.242708 mm 79.242708 mm

Error

30

20

10

-

10000

teration

20000
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Light shaping by stored scanning process

Diffractive optical elements



Light Shaping Concepts

*| Tallored aberrations
« Stored scanning process

* Multichannel concept: Single Deflection
* Multichannel concept: General
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Light Shaping Concepts

 Tailored aberrations
 Stored scanning process
* Multichannel concept: Single Deflection
* Multichannel concept: General
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Function Principle of DOE

DOE

\

| Source =—

Lateral Reshaping

257
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lllustration of Deflection

DOE

\

[ Source J—>

/

Phase of transmission

m 22; Virtual Screen #0500 after Linear Phase 1 (... El@

Light View | Data View

55459 um
1

55450 um

-554 .59 pm 554 59 pm

Globally Polarized Harmonic Field ~ Phase Zoom: 4.7193

57x57

Lateral Reshap{@

Intensity in target

m 44; Virtual Screen #601 after Field Size and Sa... El@

Light View | Data View

24061 mm

25061 mm

-2.5061 mm 25061 mm

Light View Zoom: 1.4019
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lllustration of Deflection

DOE

N

/

Phase of transmission

m 52; Virtual Screen #0500 after Linear Phase 1 (... El@
Caa Ve

E 3.1416
w
o
o
o
[
BE-4  |E
£
o
o
o
[=3]
[a=}
&
31406
-260.04 pm 257 74 um a
4 L3

Globally Polarized Harmonic Field Phase Zoom: 3.3241 145 x 57

Lateral Reshapin>

Intensity in target

m 46: Virtual Screen #601 after Field Size and Sa... El@
Light View | Data View

2.5081 mm

-2.5061 mm

-2.5061 mm 25061 mm

Light View Zoom: 1.4019
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lllustration of Deflection

DOE

N

/

Phase of transmission

Lateral Reshapin>

Intensity in target

[ 50: Virtual Screen #600 after Linear Phase #1 (.. o || & |
[ Light View | Data View |

m 51: Virtual Screen #601 after Field Size and Sa... El@
Light View | Data View

2.5081 mm

g 3.1416

o
N
o
o
o™

5E-4 =
E
v
a
(=]
(=]
&

o -3.1406
-260.04 ym 257.74 ym =
)
Gibbaﬂy ﬁolarized Harrnoﬁic Held Phase Zoom: 4.42727 105)7)(773

-2.5061 mm

-2.5061 mm

25061 mm

Light View

Zoom: 1.4019
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lllustration of Deflection

DOE

N

/

Phase of transmission

Lateral Reshapin>

Intensity in target

[E] 57: Virtual Screen #600 after Linear Phase #1 (.. o || & |
[ Light View | Data View |

g 3.1416
o
o~
o
o
o™
5E-4 =
E
v
e
(=]
(=]
&
o -3.1406
-260.04 ym 257.74 ym =
»

Gibbaﬂy ﬁolarized Harrnoﬁic Held Phase Zoom: é,45€1 757x71‘i777

m 58: Virtual Screen #601 after Field Size and Sa... El@
Light View | Data View

2.5081 mm

-2.5061 mm

-2.5061 mm 25061 mm

Light View Zoom: 1.4019
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lllustration of Deflection

DOE

N

/

Phase of transmission

[B) 63: Virtual Screen #600 after Linear Phase #1 (.. o || & |
[ Light View | Data View |

g 3.1416
o
o~
o
o
o™
5E-4 =
E
v
e
(=]
(=]
&
o -3.1406
-260.04 ym 257.74 ym =
»

Gibbaﬂy ﬁolarized Harrnoﬁic Held Phase Zoom: é,1é95 7 59x117

Lateral Reshapin>

Intensity in target

Light View | Data View

m 64: Virtual Screen #601 after Field Size and Sa... El@

2.5081 mm

-2.5061 mm

-2.5061 mm

25061 mm

Light View

Zoom: 1.4019
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lllustration of Deflection: Sum

DOE

N

/

Phase of transmission

II Light View | D&;Wéw "

) 65: Add (59:, 63) =8 ECH %=

Lateral Reshapin>

Intensity in target

Light View | Data View |

[ 68: Virtual Screen #601 after Field Size and Sa... [ = £|

E
| =
E 31416 2
@ o
o 0
o o~
5E-4
= £
-t
o g
o (=2}
= =
-3.1406 0
-90.84 ym 92.221um o
| < ? -2.5184 mm 25184 mm
Gibbé!& I;olarizredrHarmoﬁic herlrdWPhase mZoom: 9,4717)72717 7 717457)( 717177 7 L:ght \ﬁéw 7 ”Zoom: 1230;5 il
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Basic Design Situations: Splitting

Diffractive Beam Splitting: Deflected output fields
(beams) do not overlap
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Basic Design Situations: Diffusing

Light Diffusing: Deflected output fields

overlap and (partially) coherent
interference is not controlled but speckle

pattern appears
) .
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Basic Design Situations: Diffusing

Light Diffusing;
overlap an
IS hot co

134.86 pm
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lllustration of Diffuser Concept

Phase Amplitude

Intensity in Target Plane




lllustration of Diffuser Concept

Amplltude
o[ ~ ’V‘

)Sn

.
-

——
-

|

-
<248
s rel);

.' \
% \
\'r

Intensity in Target Plane
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Light Diffusing

Advanced diffractive
optics design techniques

Design technique (IFTA)
Implemented in VirtualLab™

3 25k

DA R |\licro-structured
LR surface profile
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Feature Sizes of Element

Feature size
about 400 nm

4 height levels
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Optical Experiment

Jena’s ,Skyline’
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Task8 BeamSplitter

How to find a phase-only diffractive
beam splitter that generates the

= desired pattern on the target plane?
(Binary phase is required in this example.)

input /‘ \ target pattern

4

L

Imm

; order separation on
0.8mm target plane: 1mm

wavelength: 532nm

profile: fundamental Gaussian

diameter (waist): 0.5mm
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Laser Show China

'l"“

g -
|

i S H-‘
. |

|
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Spatial Light Modulator

_ SLM.0001
transmit phase values design & simulation of required
to SLM pixels phase values for actuating an
- ' SLM module in order to generate

an arbitrary light pattern

\

SLM.0003
investigates the influence
of lens aberrations on the

generation of the light
pattern

SLM.0002
demonstrates the effects of
gaps between the SLM
pixels @

:
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Spatial Light Modulator

Vir”tﬁ'angb‘_.U":
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Light shaping by multichannel concept

Diffractive and refractive optical elements



Array of Deflectors

DOE

Source —>

e

el
Phase of transmission Intensity in target
W aiom v == o e 1 s b b 1 |

Lt | Sn Ve Lt Ve Dt
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Array of Deflectors

Phase of transmission Intensity in targe
Wer sndom wey P =) B o s ] s b e et S )

Yy

Deflection can be done by
gratings, prisms, mirrors.
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Task/System lllustration

|
cell array structure - el

built up with
° prisms = e /“” 1
* gratings P

——— 3 = e m——

. orating = === —
_— ==

Cell Array T
Element =

spherical wave * \ i
(point source)

i
0
!
.
'
;
g
:
I
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Specification: Light Source

Parameter Description / Value & Unit
type RGB LED

emitter size 100x100um

wavelength (473, 532, 635)nm
polarization right circularly polarized light
number of lateral modes 3x3

Total number of lateral and 27
spectral modes

280 LightTrans International



Specification: Cell Array

Parameter Value & Unit
number of cells 100x100

cell size 125x125um
array aperture 12.5x12.5mm
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Results: 3D System Ray Tracing

f

™\

[P
y
i
4
-
3
)
:
|

0 View 20 View
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Results: Grating Cells Array

B8 55: TG Logo After GCA 2601 after Grating Cell Array => LTG Logo #1 (T)... | = || & |[s534]
Ray Distribution

Position

10

-10

spot diagram
Y [mm]
0

-30 -20 -10 ] 10 20 30

[ 54: LTG Logo After GCA #601 after Grating Cell Array => LTG Logo #1 (T) .| = || &
Chromatic Fields Set

y pattern

. Jlorview)

Y [mm]

for grating cells array
strong dispersion
effects occur
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Results: Prism Cells Array

B8 52: LTG Logo After PCA #600 after Prism Cell Array => LTG Logo #2 (M) (... | = || & |[&34]
Ray Distribution

Position
S| E-1 ) LiCHTTRANS
% B %"!l "‘“wﬂ"
B 20 JD ; r - -
X [mm]

I3 53: LTG Logo After PCA #600 after Prism Cell Array => LTG Logo #2 (T) (... | = || &
Chromatic Fields Set

attern
view)

the dispersion is
significantly reduced by
using prisms

(real E)?
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Results: Mirror Cells Array

L (o |[[® ] =
Ray Distribution
Position
1l - P
© ' V4
% {
— 2 i
S| £ g&mmﬂ‘mm
+— A
= N
0 0 ‘lc (_'; 0 20 0
X [mm]

I 51: LTG Logo After MCA #602 after Mirror Cell Array => LTG Logo #3 (R) .| = || &
Chromatic Fields Set

cCc -
3%
T >
25
. e
due to reflective >
approach no dispersion | ©
effects occur —

285 LightTrans International



Light shaping by arrays of microoptical
components

Diffractive and refractive optical elements



Array of Microoptical Components
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Array of Microoptical Components
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@HTTRANS -

Light Shaping > Aperiodic Microlens Array

LED Top Hat Generation using Aperiodic Refractive Beam
Shaper Array



Task/System lllustration

LED + collimation aperiodic refractive beam camera detector
optic shaper array (aBSA)

| [ 1 [ 1

A
B A
A

50mm ' Angular Spectrum (Far Field)
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Specs: Light Source

04
3 8
]
@ )5
(=)
@
44 ) .4
N 5
A% 4 03
Q
= 0.2
- <
0.1
0
0 10 20 30
Theta [°]
~Measured Data from Fabricator Data From Gaussian Type Planar Source (VirtualLab)

Parameter Description / Value & Unit

name/type Seoul Z-LED P4 from Seoul Semiconductors
partially coherent source type Gaussian type planar source

collimation TIR lens from Carclo Optics (part no. 10003)
spectrum pure white light spectrum

FWHM radiant intensity

90
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Specs: Light Source

here Highlights

' « fast and accurate modeling of a white
light LED

» design and analysis an aperiodic
refractive beam shaper array to
optimize a top hat intensity pattern

spectrum model

—
N

~

: significant
508 performance
5 improvement
= non-equidistant
504 sampling of the
- spectrum

0.2 p /
0 i l - i H
370 420 470 520 570 620 670 720 770

Wavelength [nm)]

——Measured Spectrum from Fabricator -s-Sampled Spectrum —e—Integrated Spectrum

292 LightTrans International



Specs: Aperiodic Refractive Beam Shaper Array

B 0 Cabree: froem (0 ) Apmesdet s (94

Pesrwwvod Dde vy

Highlights
! « fast and accurate
modeling of a white
light LED

design and analysis
an aperiodic
refractive beam
shaper array to
optimize a top hat
intensity pattern

Jages  Tade Vehe iCoodede

e
T 0 3 2117,
fll1
| L J

Histogram of Cell here
Distribution Function

Parameter Description / Value & Unit \
cell array aperture 20x20mm parametrization of
the distribution

number of cells 124 x124 function allows
cell distribution function quadratic polynomial optimization

: regarding a desired
substrate thickness 1mm \ target pattern /
substrate material fused silica
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Specs: Evaluation

2000000

ky [1/m]
0
-
ol

2000000

-2000000 0 2000000
kx [1/m]

Desired Target Pattern

a&bl:{) U,

Position Type of Evaluation

Description / Value & Unit

a camera detector
b performance criteria
evaluation

evaluates intensity pattern

evaluates conversion & window efficiency and
uniformity error regarding the desired target

pattern
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Results: Intensity Pattern (real color view)

] : <: a

Highlights

« fast and accurate modeling of a white
light LED

» design and analysis an aperiodic
refractive beam shaper array to
optimize a top hat intensity pattern

<
]

| |
aperiodic beam shaper array periodic microlens array

m

ky [1E6 1/m]
|(y [TE6 1/m]
0

m
)

: . v -3 2 -1 0 1 2. 3
kx [1E6 1/m] kx [1E6 1/m]
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Results: Performance Criteria Evaluation

Highlights
« fast and accurate modeling of a white

light LED

design and analysis an aperiodic

refractive beam shaper array to

optimize a top hat intensity pattern

a

Value & Unit :
Parameter Aperiodic Beam _Value & Unit
Microlens Array
Shaper Array
window efficiency 92.23% 99.93%
conversion efficiency 89.34% 80.18%
uniformity error 17.92% 49.08 %
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@HTTRANS -

Virtual And Mixed Reality > Pattern Generation

High-NA Pattern Generation Using Two Beam Splitter
Elements

LightTrans International UG



Specification:

First Beam Splitter

\

\
!
)

\
N\
\

!

Al

L
\}‘:\\

paraxial beam
splitter

Parameter Value & Unit
number of orders 11x11

order separation 1x1°

period 30.35x30.35um
pixel size 690x690Nnm
discrete height levels 8

material fused silica

i

LEdeomn

surface I
profile

A0MGA0T | Mirerern

| 73162834 | Mesirem

123377833 im
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Specification:

Second Beam Splitter

i}

high-NA beam
splitter

Parameter Value & Unit

number of orders 5x5

order separation 11x11°

period 2.73x2.73um

pixel size 130x130nm

discrete height levels 8

material fused silica

4. -

SUMACE | i e T Simii] e Sewes —
profile e |
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Results: Spot Diagram

0.4

g
LA LT T
e raans
L TN

Lk

0.2

Y[m]
0

[]
-
-
-
-
[ ]
-
]
]
-

PR L LA

/ =
combination of both beam
splitter generate 55x55 <
order with 55x55° full
opening spread -0.6 -0.4 -0.2 0 0.2 0.4 0.6

\ J K [m]

spot diagram

.t
!‘.“.-
-

-
i‘.'.

300 LightTrans International



Results: Output Evaluation

BB 55: Virtual Screen 9602 after Besm Spitter & $u5 11" Separation #4 {T) (Field Tracing Ind Genecation_. || (= |kom]

Ray Diardstion

Ampitude of Ex-Component [V/m)

0.014417..
-
joe:
~ o
- - 4
:
= e ] 0.00830
:
:
5%
_ shi it
P I eides

04

06

05 -04 02 0 0.2 04 0.6
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Light Shaping Concepts

 Tallored aberrations
« Stored scanning process

* Multichannel concept:
Single Deflection

* Multichannel concept:
General

VirtualLabrusion
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@HTTRANS -

Now, let‘s start from design of beam splitter by using
IFTA



@HTTRANS -

IFTA Concept

Iterative Fourier Transformation Algorithm



IFTA Approach

* The Iterative Fourier Transform Algorithm (IFTA) represents a very efficient
optimization method for the design and optimization of diffractive optical
elements (DOESs).

« Compared to a parametric optimization approach the IFTA has the advantage
that a much larger number of degrees of freedom can be used. Pratically
each sampling point of the DOE is considered as such and is optimized.
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Optimization of Diffractive Optical Elements

Introduction to Iterative Fourier Transform Algorithm



Design Option

VirtualLab provides different methods for designs and optimizations.

E.g. via

« Parametric Optimization

« lterative Fourier Transformation Algorithm (IFTA)
« Cells Array Approaches

* Inverse Design
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lterative Fourier Transform Algorithm

For the design and optimization of the following diffractive
optical element (DOE) types

* beam splitters
 light diffusers
* beam shapers

a well established method poses the Iterative Fourier
Transformation Algorithm (IFTA).

VirtualLab provides a strong IFTA optimization document
with many tuning options.
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IFTA: Fundamental Design Steps

1. Transmission design => optimization of optical function
of optical elements with consideration of special
structural constraints of later structure design.

2. Structure design > calculation of structure (surface
profile, refractive index distribution) that creates the
desired transmission.

The second (structure) step is based on the so-called Thin
Element Approximation (TEA) theory. The range of validity
for TEA is typically till smallest feature sizes of few times
the wavelength.
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Optimization of Diffractive Optical Elements

Optical Setups



2f-Setup

Distance Az = 2f

Input field DOE Fourier lens Output field
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1f-Setup

Distance Az = f

Input field DOE* Fourier lens Output field

*Swap of DOE and Fourier lens possible
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Fresnel Setup

Distance Az
Input field DOE Diffractive lens in Output field
DOE included
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Far Field

Distance Az >> D«

A
\ 4

Input field DOE Output field
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Angular Spectrum

Input field DOE Output field
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Design Know How (v0.9.1)

VirtualLab’s IFTA Concept



IFTA: Fundamental Working Principal

optical setup

input light _
> propagation (FT)

transmission output (target)
plane plane

possible start point

application of output field constraints
(projection)

propagation to : : propagation to
transmission plane loops / Tterations output plane

application of transmission constraints

(projection)

possible start point
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IFTA: Design & Optimization in Steps

* In general the IFTA Is a concept based on the Gerchberg Saxton algorithm.
But since its introduction many other extensions were developed.

 The IFTA document used in VirtualLab consists of five different design steps.

* In each iteration different constraints are introduced applied to either the
output field and/or the transmission function.

* Next the different design steps are discussed.
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IFTA Step 1: Initial Conditions

Specification of start transmission or output phase values

« Depending on the IFTA starting point an initial signal phase or transmission
should be generated.

* The initial values determine the optical properties of the solution.

« The design results (quality) often strongly depends on the initial values.
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IFTA Step 2. Phase Synthesis

Assumed starting point:
in output field plane

Optimizing of Output Field Phase
output field amplitude replaced by desired
amplitude distribution

propagation to propagation to

transmission plane output p|ane

E.g. phase-only/amplitude-only constraints
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IFTA Step 3. SNR Optimization

Assumed starting point:
in output field plane

introduction of amplitude freedom outside
of specified optimization region: amplitude
values inside of opt. region is exchanged

propagation to
transmission plane

again e.g. phase-only/amplitude-only
constraints

propagation to
output plane
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IFTA Step 4. Soft Quantization

Assumed starting point:
in output field plane

again amplitude freedom outside of
specified optimization region

propagation to
transmission plane

soft introduction of discrete amplitude
and/or phase levels

propagation to
output plane
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IFTA Step 5: SNR Opt. of Quantized Transmissions

Assumed starting point:
in output field plane

amplitude freedom outside of optimization
region & over strength projections (over
compensation of deviations)

propagation to propagation to

transmission plane output p|ane

hard introduction of discrete amplitude
and/or phase levels
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IFTA Optimization - Multiple Runs



IFTA Optimization - Multiple Runs

-
Multiple Runs of IFTA optimizatior

o « The dialog can run a prepared IFTA
Pralm SRS e | Optimization document multiple

[] Window Efficiency

Bl Convasin ey, [ Eaiainas] times with random start conditions.

[] Signal-To-Noise Ratio

Oy e (Lo <) « Dialog will keep the best results.

[] Zeroth Order Intensity

e * Menu item is just available if a IFTA
e A Optimization document is selected.

Saving

Result File Name FileName

Save Results to C:\ProgramDatz\LightTrans GmbHWirtual...\Multiple Designs! [Z]

Save and Log (") Only Results Fulfilling All Conditions
@ All Results

Number of Runs 100 |2

Progress

| St | [ Close
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IFTA Optimization - Multiple Runs

g

Multiple Runs of FTA optimization

Merit Functions
Calculate Condition Type Minimum

[7] Window Efficiency

| | Select a merit function that should be

9] niformity Err [lossToon - calculated and logged for every

[ Zeroth Order Intensity

[] Zeroth Order Efficiency d es I g n .
— Maximum Relative  ahe:]
Intensity of Stray Light) =

Saving

Result File Name FileName

Save Results to C:\ProgramDatz\LightTrans GmbH\Virtual.. \Multiple Designs

Save and Log (") Only Results Fulfilling All Conditions
@ All Results

Number of Runs

Progress
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IFTA Optimization - Multiple Runs

K" -
Multiple Runs of IFTA optimization

[] Window Efficiency
| e For every merit function a constraint

] Unfomity Err Than - can be selected.

[] Zeroth Order Intensity

1y

[] Zeroth Order Efficiency C . .
. Maximum Relative —————— OnStraInt types'
@ Intensity of Stray Light lessThan v D% . .
o * Upper limit
e  Lower limit

' Save Results to C:\ProaramData\LightTrans GmbHVirtual...\Multiple Designs! @

Smeandlos (O Ony Reaus Fuflig Al ondions Between upper and lower limit
o No constraint

Number of Runs 100 :

Progress ' !

[ Start ] [ Close
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IFTA Optimization - Multiple Runs

Multiple Runs of IFTA optimization _Xx_))

Merit Functions
Calculate Condition Type Minimum

[] Window Efficiency

Conversion Efficiency

[] Signal-To-Noise Ratio

= ‘| | — Upper and lower limit values.

[] Zeroth Order Efficiency
— Maximum Relative
Intensity of Stray Light

Saving

~

Result File Name FileName

Save Results to C:\ProaramData\LightTrans GmbHVirtual...\Multiple Designs!

Save and Log (") Only Results Fulfilling All Conditions
@ All Results
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IFTA Optimization - Multiple Runs

-
Multiple Runs gmrrA ptimizat

Merit Functions
Calculate Condition Type Minimum Maximum ‘

[] Window Efficiency

[¥] Conversion Efficiency 85 %

[] Signal-To-Neise Ratio

[¥] Uniformity Error 3%

[] Zeroth Order Intensity

[] Zeroth Order Efficiency
— Maximum Relztive B
@] Intensity of Stray Light P
Saving
Result File Name FileName )
i Save Results to C:\ProgramData'LightTrans GmbH\Virtual...\Multiple Designs\ [E
'l Saveand Log (") Only Results Fulfilling All Conditions
@ All Results J
Number of Runs 10015+
Progress

[ Start ] [ Close

Optimized transmissions can be
stored in customized path.

Customized file name of
transmission.

Every transmission can be stored or
just transmissions fulfilling the
conditions.
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IFTA Optimization - Multiple Runs

Multiple Runs of IFTA optimization et
l Merit Functions

Calculate Condition Type Minimum

[] Window Efficiency

Conversion Efficiency

[] Signal-To-Noise Ratio

Unority Erce

[] Zeroth Order Intensity
[] Zeroth Order Efficiency

— Maximum Relative
Intensity of Stray Light
Saving

Result File Name FileName

Save Results to C:\ProgramDatz\LightTrans GmbH\Virtual.. \Multiple Designs [Z]

Save and Log () Only Results Fulfilling All Conditions
@ All Results

Number of optimizations with random
ki i | start conditions

Progress
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IFTA Optimization - Multiple Runs

Multiple Runs of IFTA optimization e

N

Merit Functions
Calculate Condition Type Minimum

[] Window Efficiency

Conversion Efficiency _
[] Signal-To-Noise Ratio

Uniformity Error lessThan |
[] Zeroth Order Intensity

[] Zeroth Order Efficiency

— Maximum Relative

Intensity of Stray Light
Saving

Result File Name FileName

Save Results to C:\ProaramData\LightTrans GmbHVirtual...\Multiple Designs! E]

Save and Log (") Only Results Fulfilling All Conditions
@ All Results

<~ Progress and Start/Stop button
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IFTA Optimization - Multiple Runs

« The optimization results are stored in a .CSV file.

« This file can be opened in Excel. It shows the optical performance of all
stored results.

« The .CSV file is stored in the same folder like the transmission functions.
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Export of Fabrication Data of Interfaces in the Starter
Toolbox



Fabrication Data Export

« Any surface profile can be exported into:

— ASCII-format
— Bitmap format
— GDSlI-format
— CIF-format
e = D Y « Surface profiles vv_|th discrete height levels
Y gre—r— and rectangular pixels can be decomposed
I Saveto Cataog In etching masks.
B 'E,mﬁ « Export does not only work for predefined

surfaces but also for:

— Sampled interface

— Programmable interface
— Combined interface

Edit dialog of optical interface
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Fabrication Data Export

Interface Export

General | Bxport Parameters

Output File(s)

Path DA TempW1! Select ...

File Names (Without Extension) Ewport_Data| ~©

Mask Decomposition Settings

[ ] Export Binary Masks (2) File Name Convention  Descending

Export as ...
[] Plain Text (“pt) [ ] ASCII (*.b)
[] Peint Cloud (* pointCloud txt) [ ]STL{(*st) o

Summary Files

v [ ] ASCII file {*txt)
[ ] HTML file {* html) [ ] Rich Text Format (*.rtf)
Close Help

Path and filename

Decomposition in etching masks
(DOE’s with discrete height levels
only). The File Name Convention
determines the enumeration of the
mask files.

Formats of height data files.

— Plain Text/ ASCII/ Point Cloud

- STL

- GDSII/CIF

— Bitmap

GDSII and CIF format only available in

case of binary masks data (Export
Binary Masks)
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Fabrication Data Export

Interface Export

General | Bxport Parameters

Output File(s)
Path

File Names (Without Extension)

Mask Decomposition Settings

D\ Temph/1} Select ..
Ewport_Data| ~©

[ ] Export Binary Masks (2) File Name Convention  Descending

Export as ...
[] Plain Text ("pt) [ ] ASCII ("b¢t)
[] Peint Cloud (* pointCloud txt)

[] STL (*stl) ”,

Summary Files

o
[ ] HTML file {* html)

[ ] ASCII file {*txt)
[ ] Rich Text Format (*.rtf)

Close Help

Format of description file with
additional information.

Export button and progress bar.

Export may take a longer time and
can require a huge number of RAM
and hard disc memory depending
on the DOE diameter and number
of data points.
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Fabrication Data Export

« Export of the whole surface or of just

Interface Export one perIOd
General | Export Parameters -
Export Settings
= ] « Allows to increase the number of data
Pixel Size 1Om] o J points to be exported (should not be

modified for pixelated surfaces).

Size to BExport: (20 mm; 20 mm)
Resulting Mumber of Pixels: (2001; 2001)

* Inverts surface profile.
By checking this option the structure is
Inverted before the export.

« Diameter and number of data points of
Close el exported surface area.
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Fabrication Data Export

Interface Export
General | Export Parameters IGDSIIICIF Settings
GDSII/CIF Settings
Compression 1 xn Rectangular Shapes W
Structure Mame
() Structure Name from File Name
(@) Custom Diffractive Bement

Close

Help

In case of checked “Export Binary
Masks”, GDSII format can be

selected.

Compression:

— Every surface pixel can be exported as
a single shape

— Pixels of one line with same height can
be merged into rectangular shapes
(smaller files).

GDSII/CIF files contain a DOE
structure with a specific name. This
name can be customized or equal
to the file name.
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Fabrication Data Export

* For checked STL export a further
Generl | Brport Peraneters [ETC Soes tab ,STL Settings” appears.

[Enmdmsw }  Extrude to Solid option creates a

Interface Export

Extrude to Solid ] .
3D substrate with a micro
structured surface.

« If this feature is disabled only a 3D
surface will be generated.

Extrusion Distance

Close Help
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Fabrication Data Import

E8| | [Tools 7~ Validity:

QL View Interface
Al Saveto Catalog

Py Import

E* BExport

Fit Smooth Interface

Edit dialog of optical interface

The sampled interface
enables the import of
fabrication data that
was exported by
VirtualLab.




Tolerance Simulation in VirtualLab

« All three approaches described on the previous slide can be handled with the Parameter Run
of VirtualLab.

This application scenario will show a single parameter variation as well as a Monte Carlo

Simulation using the slightly modified beam shaper system from the application scenario
LBS.001 as example.
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http://www.lighttrans.com/documents_search.html?tx_abdownloads_pi1[sword]=LBS.001&no_cache=1

Modeling Task

Diffractive Beam shaper
Diameter: 2 x 2 mm
Phase Levels: 16

|||)) 4: Tlluminating Beam
Light View | Data View |

1.2029 mm

-1.2029 mm

1.2029 mm

-1.2029 mm

Zoom: 0.40192

Light View

llluminating Beam
Intensity

ﬂ)) 6: Desired Top Hat
Light View | Data View |

503.76 pm

-603.76 pm

503.76 um

-503.76 ym

Light View Zoom: 1.915

Target
Plane
50 mm
1f-Setup

Focal Length =50 mm

Top Hat Intensity
(free of speckles)

www.LightTrans.com
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Modeling Task

» The following tolerances of the system are to be analyzed.
 The * tolerance values are regarded as 3-times * the standard deviation .

Varied Parameters Value and Tolerances
Waist Radius of Input Beam (500 £ 25) um

Etching Depths of all 4 Binary Masks + 2 % of original height
Xx-Position of Beam Shaper (0 £10) um

y-Position of Beam Shaper (0 £10) pum

Focal Length of Lens (50 £ 0.5) mm




Simulation of Alignment Tolerances

Geometry |
Channels

Position /
Orientation

[ & ]

F

=

Function

—
=
=4
— e

Propagation
Channels

Edit Stored Function x

Basal Positioning | lsolated Positioning §Position Information {Absolute)

Position and Orientation

[ Use Isclated Translation ] [] Use Isclated Orientzstion

Tranglation Parameters

Translation Directions
HAuxes Selection Axes of the Intemal Coordinate System ~ Axes

Translation Values

Carcel | [ e

* For simulation of shift tolerances the
iIsolated translation usage must be
activated for the Stored Function and
Target Plane component.

« Tolerance values are varied by Parameter
Run. The values set in the component
dialog are ignored.
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Simulation of Etching Depth Tolerances

[ it Sto unction @1 H H .
e « Simulation of mask etching depth errors
;@‘ EEE;?;JFE‘“WSSM” lH.eguIarh’Quarrtized Phase-Only Transmission v] must be aCtivated On Fu nCtion page Of

e = [_show_] Stored Function component.
. Embedding and Pixelation .
B || eeromvim o] 0 « Tolerance values are varied by Parameter
Onnpon | | Pnction Factr e 1k Run. The respective settings in the
Sese B component dialog are ignored.
[] Impose Linear Scale Error by Scale Factor 1
7 impose sk Scale o « Atolerance value of 1 represents an
Mask Phase Modulation | Mask Scale Factor . .
; et optimum etching depth.
= I —
OK || Cancel || Help
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Single Parameter Variation

* The laser beam radius has typically a

7 49: AppS.0011_Tolerancing_BeamShaper_02_SingleParameter.run =n iEH =" Stro N g | N ﬂ uence on th eo pt' ca I

Parameter Specihcation

Setup the prametts) o bevaed performance of a beam shaping system.

e 11158 el = e e nber of s, Sever s v el « The Usage Mode: Standard must be
oMo [t selected for the variation of a single
Filter Parameter Table by Name parameter.

1|2|‘ Light Path | Category Parameter To | Steps | Step Size | Original Value | ~
= \wiavelength
\nieight
Polarization Angle

5
0§
g
E]

« Waist Radius X parameter must be
selected.

Distance to Input Flane
Lateral Offset X
Lateral Offset Y
Oversampling Factor

gaussian Input Field Size X

Input Field Size Y
Relative Edge \width
Order X

e
\aist Radius X (1/£72) |
Nsist Rsdius ¥ (e 2) | ]
Offset between x- and.. | [
= MF a= St Basal Pa | Nistanca Pefars [

Kbhooooooooo

L

< Back Next > Show LPD
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Single Parameter Variation

 The beam shaping system shows a strong
sensitivity for a variation of the laser beam

B 50: Signal-to-Noise Ratio of Diffracti.. | = || = |js3m|

Mumerical Data Array rad I US
Diagram | Table | Value at x-Coordinate . . . .
_ « The Signal to Noise Ratio (SNR) will drop
to 28.8dB.
'-‘ ] ] ] ] ] l

(.48 (.44 0.5 .51 0.52
Waist Radius X (1/e~2) (Gaussian Wave #0) [mm]
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Monte-Carlo Simulation

Random mode for

Monte Carlo \

simulation

] 37: AppS0011_Tolerancing_BeamShaper_03_MultipleParametarsun

Parameter Speothcotion

Set up the perameter(s) to be vaned

You can select one of more parameters which shall be raned 25 well 28 the tesuting numter of femaons Several modes ave 2y
\ specifping how the parameters ars vaned per tershion

Parameter Variation
has a Normal
Distribution with a
certain standard
deviation o

Jaage Node  Fandom

Norma Destsbunon "l l o Use Seed of

..l
v
|

The patameter rangs comesponas o
Filter Parameter Table by N;

e

A Seed can be
used for

»~— reproducible

COE a3 Swved
Funcbon 22

Target Plane £

Ideal Lerm 54

V2[7 | Light PyurE) :
Gaussan W

Sl
Posdticnng

lnclmes
Postonng

Baral
Pesiicrnng

lacistes
Pombionng

Tt Fndin X (10 |

ot Rt Y (1n'2)

Offset between x- anc y-
Oistance Before

Latersf Shelt X
Lotornd Shift Y

Sphancal loagle Thems

Sghencal 2Zoghe Py
Angle Zetz

Tranalenon Dela X
Tranzianoo Deka Y
Transtzoon Deka 2
Foerure Diameter X
fpestae Diameter ¥
Relatve Edge 'hah
Aecurny Facks

Mask Scale Facter B
Mask Scale Facter P/ 2
Mack S}qh Factr R /&

Mask Scale Facker A/ 8

Oretarce Before
Labored Skt X
Latersd Shifi ¥

Sphecical fogle Thets | 3

Sohencal Aogle P

dogie Zete

Treosianon Debis X
Trensiation Deba Y
Transistion Dela 2

Basal Poer | Distance Before

IICNRE WA S N

5

Ongined Velue  ~

results of the
‘random’ series.

| Total number of
variations

Minimum and
. maximum value of
all tolerances

defined by +30
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Monte-Carlo Simulation

= 41: Signal<to-Noize Ratio of Diffractive Optics Merit Functions #601 after Target Plane #3 (0) vs. teration Step o2
HNarratical Due Seray

« Variation of the SNR depending on the random parameter set.

 The minimum SNR can be found from the diagram via the menu entry
Detectors > Minimum.

 Minimum SNR: 24.9 dB
« Average SNR: 33.7 dB




Resulting Field Distributions

Bl 47: Virtua! Screen #600 after Target P, — | = BN 46: Virtual Screen #5600 after Target P, — | =
Lght View  Dts Verw Lght View  Dts Verw

Q80353

« Left: Ideal output intensity (SNR =42.2 dB).
« Right: Light pattern with lowest SNR (SNR = 24.9 dB)

« Export of Monte-Carlo simulation results to external software (for example
Microsoft Excel) allows further statistical evaluations.




Conclusion

« VirtualLab supports analysis of alignment and fabrication tolerances.

« Parameter Run can perform single parameter variations as well as Monte-
Carlo simulations.

« Monte-Carlo simulation gives an overview of worst and average optical
performance.
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Micro Optical Component

Modeling of Rounding of Pixels



Modeling of Rounding of Pixels

« Several micro structured surfaces consists of rectangular pixels.

 ltis typically assumed that pixels have rectangular side walls and sharp
edges.

« Exposure and etching processes during the fabrication of micro structured
surfaces can lead to a rounding of pixel edges.

* The edge rounding can be modeled in a good approximation by convolution
with a Gaussian beam.
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Example with Data from Scenario 23.01

* VirtualLab Module
Module RoundedEdge Tolerances.c
s can be used to calculate from a perfect

profile a profile with rounded edges.
« Calculation steps:

— Get a Data Array with the perfect profile
from the sampled interface.

- Apply the module.

— Set the Data Array with the modified profile
into the sampled interface.
« Left side: edge rounding 2 um, sampling
distance 400 nm.
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Propagation Sampling Distance

* Field sampling distance of
interface propagation must

Popagatn Paraneen (Ao - be reduced in order to take
iInto account field phase
® Manual Sampling modulation at pixel edgeS-
e * Field sampling distance
e TYTT R R Ty should be equal to profile
cbecing Factor i x i sampling distance.
oK ] [Comed ] [_rih




Simulation Result

m 23: Output Intensity
Light View | Data View |

11.76 mm

-12.201 mm

14.639 mm

-13.483 mm
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Results with 4x Increased Brightness

Simulation Result of DOE with
Simulation Result of Desighned DOE  Rounded Edges

Light View | Data View

5 54: Result of Designed DOE - B S & 55 Result of Toleranced DOE = Bl

Light View | Data View

10.748 mm
10.748 mm

-10.579 mm

-11.568 mm 11.325 mm v

A
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Manual Configuration of IFTA Optimization Document



Design Specification

[B) 1: fterative Fourier Transformation Algorithm Optimization® o] & [
Input Field Propagation
Viavelength 532mm <@ pposiiropuyst = - Wavelength
© Constantnput Feld Focal Length " (This IFTA document

Embed Frame \width ¢ Considers vacuum as

Pixelation Factor !

Rl [] Simulate Pixelation Exactly e m be d d I n g m ed i u m *

Sampling Points 128 x 128 H

et D . - Ouput e S In case of other media,
mpling Distance umox um . . .

— . Sampling Points 128x 128 the Wavelength IS

T rmnresier Quantized Phase-Only = Sampling Distance 41563 mx 415,63 ym . .

Mumber of 15 Field Size 53Z2mmx 53.2mm aCCOrdIngly adjusted.)

Quantization Levels

Output Field Requirements
Desired Output Field Limit Stray Light

Maximum Relative Intensity 2%
Optimization Regicn of Stray Light !

Limit Feature Size

Allow Phase Freedom
Minimum Feature Size 1m
V] Allow Scale Freed
T_Tmit Es:alé Fa;(': rccording Maximum Stray Light Intensity 0%
o Goal Efficiency (HEEL 100 % for Higher Frequencies 3
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Design Specification

m 1: Tterative Fourier Transformation Algorithm Optimization™

Specification | Design | Analysis

Input Field Propagation
\nfavelength 532 nm Type of Propagation 1f-/&-Setup - ]
@ Constant Input Field ﬂ""”‘ Im
Fakiresy LigLi Flale g Embed Frame Wigth 0
Transmission Pixelation Factor !
[] Simulate Pixelation Exactly
Sampling Points 128 x 128
Sampling Distance 0 x 10m Output Plane Sampling
Sampling Points 128x 128
Type of Quartized Phase-Only - 3 2
Transmission Sampling Distance 41563 pmx 41563 pm
Number of Field Size 532mmx 53.2 mm
Quantization Levels 16 e B
Output Field Requirements
Desired Output Field Limit Stray Light
Maximum Relative Intensi 2%
Optimization Regicn of Stray Light =
o - o : Limit Feature Size
Allow Phase Freedom
Minimum Feature Size 1m
Allow Scale Freed
D: 'tS:aI rF :tm i Maximum Stray Light Intensity
imi e Factor Accordin 3 : %
o Goal Efficiency g 100 % for Higher Frequencies 0

Input field

should be
constant for beam
splitters and
diffusers.
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Design Specification

Specification | Design | Analysis

m 1: Tterative Fourier Transformation Algorithm Optimization™

Input Field

Wwiavelength 532 nm

@ Caonstant Input Field

Arbitrary Input Field Sho

Transmission

Sampling Points 128 x 128
Sampling Distance 10m x 10 pm
Type of : -
T e o Quartized Phase-Only ]
Number of 15

Quantization Levels

Output Field Requirements

Desired Output Field

Optimization Region

Allow Phase Freedom

Allow Scale Freedom

Limit Scale Factor According -
to Goal Efficiency 100 %

ST

Propagation

Type of Propagation 1-/2-Setup ']
Focal Length Tm

Embed Frame Width 0

Pixelation Factor
[] Simulate Pixelation Exactly

Sampling Points 128x
Sampling Distance 41563 pmx
Field Size 532mmx

Limit Stray Light
Maximum Relative Intensity
of Stray Light

Limit Feature Size

Minimum Feature Size

Maximum Stray Light Intensity
for Higher Frequencies

128
415,63 pm
53.2 mm

Transmission
sampling
parameters
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Design Specification

m 1: Tterative Fourier Transformation Algorithm Optimization™

Specfiication | Design | Analysis

Input Field Propagation
\nfavelength 532 nm Type of Propagation 1f-/&-Setup - ]
@ Caonstant Input Field Focal Length Tm
Embed Frame Wiidth 0
Transmission Pixelation Factor !
[] Simulate Pixelation Exactly
Sampling Points 128 x 128
Sampling Distance 0 x 10m Output Plane Sampling
Sampling Points 128x 128
Type of )
Trenemission Quartized Fhase-Only "]4 Sampling Distance 41563 imx 415,63 um
Number of Field Size 532 mmx 53.2 mm
Quantization Levels 16
Output Field Requirements
Desired Output Field Limit Stray Light
Maximum Relative Intensity 2%
Optimization Regicn of Stray Light !
Limit Feature Size
Allow Phase Freedom
Minimum Feature Size 1m
Allow Scale Freed
Tf i ES: | rF ;m . i Maximum Stray Light Intensity )
imit Scale Factor Accordin 3 : %
o Goal Efficiency g 100 % for Higher Frequencies

Transmission type:

Phase-only
Amplitude-only
Complex
Quantized
Continuous
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Design Specification

m 1: Tterative Fourier Transformation Algorithm Optimization™

Specification | Design | Analysis

Input Field Propagation
\nfavelength 532 nm Type of Propagation 1f-/&-Setup - ]
@ Constant Input Field Focal Length Tm
Fakliray Dple Fielt - Embed Frame Wiidth 0
Transmission Pixelation Factor !
[] Simulate Pixelation Exactly
Sampling Points 128 x 128
Sampling Distance 0 x 10m Output Plane Sampling
Sampling Points 128x 128
Type of Quantized Phase O - ing Di
i e ==ion Uapa ase-Only Sampling Distance 41563 ymx 41563 ym
MNumber of 15 ﬂ IR 1115 S < i
Quantization Levels e B
Output Field Requirements
Desired Output Field Limit Stray Light
Maximum Relative Intensi 2%
Optimization Regicn of Stray Light =
B : o : Limit Feature Size
Allow Phase Freedom
Minimum Feature Size 1m
Allow Scale Freed
D: 'tS:aI rF :tm i Maximum Stray Light Intensity
imi e Factor Accordin : : %
o Goal Efficiency g 100 % for Higher Frequencies 0

— Number of

guantization steps
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Design Specification

m 1: Tterative Fourier Transformation Algorithm Optimization™

Specification | Design | Analysis

Input Field

Wwiavelength 532 nm

@ Caonstant Input Field

Arbitrary Input Field Sho

Transmission

Sampling Points 128 x 128
Sampling Distance M0pm x 10 ym
Type of - -
T e o Quartized Phase-Only

Number of 15

Quantization Levels

Output Field Requirements
Desired Output Field She
Optimization Region Sha

Allow Phase Freedom

Allow Scale Freedom

Limit Scale Factor According -
to Goal Efficiency 100 %

Propagation

Type of Propagation 1-/2-Setup ']
Focal Length Tm

Embed Frame Width 0

Pixelation Factor
[] Simulate Pixelation Exactly

Output Plane Sampling

Sampling Points 128x
Sampling Distance 41563 pmx
Field Size 532mmx

128
415,63 pm
53.2 mm

ﬁ LTI .Say CIgTiC

Maximum Relative Intensity
of Stray Light

Limit Feature Size

Minimum Feature Size

Maximum Stray Light Intensity
for Higher Frequencies

Desired Output Field

(Signal Field)
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Beam-Splitting Design Specification

Function for Creation of Signal Fields

of Regular Beam Splitters
TERETTIE (|
Stat  Souces  Functions  Catlogs  Windows | IFTA Optimization |

Number of Signal Orders |
[ "] Even Orders Missing
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Desired Output Field Size

There is no perfect DOE that deflects all light to 100% as desired, i.e. 100%
conversion efficiency. There is always some stray light. Thus it is important to
allow the IFTA to place such stray light in certain areas. This is called
“amplitude freedom”. The larger the area for this amplitude freedom, the larger
the scope of the algorithm to finde solutions with low stray light that can be
distributed over a larger area. As rule of thumb for beam splitters and light
diffusers we recommend an ouput field size ~4x the desired pattern size.

output field size
(inpluding area for stray light)

i desired pattern size
I <>
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Design Specification

m 1: Tterative Fourier Transformation Algorithm Optimization™ EI =] @
Specfiication | Design | Analysis
Input Field Propagation
\nfavelength 532 nm Type of Propagation 1f-/&-Setup - ]
@ Constant Input Field Focal Length Tm
Embed Frame Wiidth 0
- Pixelation Factor !
Transmission
[] Simulate Pixelation Exactly
Sampling Points 128 x 128
Sampling Distance 0 x 10m Output Plane Sampling
Sampling Points 128x 128
Type of )
— Quantized Phase-Only M il 41563 mx 41563
Number of Field Size 532 mmx 53.2 mm

Quantization Levels 16

Output Field Requirements

Desired Output Field Limit Stray Light Optlmlzatlon Reglon
Optimization Region 4—%@%*’ (Slgnal Reglon)
Limit Feature Size Can be eq u a.I tO

Allow Phase Freedom . .
7] Allow Scale Fresd Minimum Feature Size 1 ym Slgnal fleld
/] T_Tmit ES:EI;' Fa;:: recording Maximum Stray Light Intensity

e ErEEre: 100% for Higher Frequencies %
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Optimization Region

The optimization (signal) region specifies by values >0 the area where the IFTA
optimizes the target values according the desired output field. Outside of this
region the IFTA s allows to place the straylight more freely.

Thus typically in case the optimization region is larger as the desired pattern,
the contrast will be improved, i.e. there will be distinctly less stray light in the
area of the optimization region, but outside of it, the noise will be more visible.

optimization region

indication of exemplary /" N
desired pattern Vi _\
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Design Specification

m 1: Tterative Fourier Transformation Algorithm Optimization™

Specification | Design | Analysis

Input Field

Wwiavelength 532 nm

@ Caonstant Input Field

bitrary Input Field Sho

Transmission

Sampling Points 128 x 128
Sampling Distance M0pm x 10 ym
Type of - -
T e o Quartized Phase-Only

Number of 15

Quantization Levels

Output Field Requirements

Desired Output Field She
Optimization Region Sho

Allow Phase Freedom

Allow Scale Freedom

Limit Scale Factor According -
to Goal Efficiency 100 %

Propagation l
Type of Propagation 1-/2-Setup ']
Focal Length Tm

Embed Frame Width 0

Pixelation Factor
[] Simulate Pixelation Exactly

Output Plane Sampling

Sampling Points 128x
Sampling Distance 41563 pmx
Field Size 532mmx

Limit Stray Light
Maximum Relative Intensity
of Stray Light

Limit Feature Size

Minimum Feature Size

Maximum Stray Light Intensity
for Higher Frequencies

128
415,63 pm
53.2 mm

Propagation
method: Far Field
(1f or 2f Setup)
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Design Specification

m 1: Tterative Fourier Transformation Algorithm Optimization™

Specification | Design | Analysis

Input Field

Wwiavelength 532 nm

@ Caonstant Input Field

bitrary Input Field Sho

Transmission

Sampling Points 128 x 128
Sampling Distance M0pm x 10 ym
Type of - -
T e o Quartized Phase-Only

Number of 15

Quantization Levels

Output Field Requirements

Desired Output Field She
Optimization Region Sho

Allow Phase Freedom

Allow Scale Freedom

Limit Scale Factor According -
to Goal Efficiency 100 %

Fropagation
Type of Propagation 1f-/#-Setup v]
Focal Length Tm 4
Embed Frame \Width 0
1

Pixelation Factor
[] Simulate Pixelation Exactly

Output Plane Sampling

Sampling Points 128x 128
Sampling Distance 41563 pmx 41563 pm
Field Size 532mmx 53.2 mm

Limit Stray Light
Maximum Relative Intensity 2%
of Stray Light

Limit Feature Size

Minimum Feature Size 1m

Maximum Stray Light Intensity -
for Higher Frequencies 0%

Focal length in
case of 2f-setup
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Design Specification

m 1: Tterative Fourier Transformation Algorithm Optimization™

Specification | Design | Analysis

Input Field

Wwiavelength 532 nm

@ Caonstant Input Field

bitrary Input Field Sho

Transmission

Sampling Points 128 x 128
Sampling Distance M0pm x 10 ym
Type of - -
T e o Quartized Phase-Only

Number of 15

Quantization Levels

Output Field Requirements

Desired Output Field She
Optimization Region Sho

Allow Phase Freedom

Allow Scale Freedom

Limit Scale Factor According -
to Goal Efficiency 100 %

Propagation

Type of Propagation 1-/2-Setup ']
Focal Length Tm

Embed Frame Width 0

Pixelation Factor
[] Simulate Pixelation Exactly <<

Output Plane Sampling

Sampling Points 128x
Sampling Distance 41563 pmx
Field Size 532mmx

Limit Stray Light
Maximum Relative Intensity
of Stray Light

Limit Feature Size

Minimum Feature Size

Maximum Stray Light Intensity
for Higher Frequencies

128
415,63 pm
53.2 mm

Simulate
pixelation
during design
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Design Specification

m 1: Tterative Fourier Transformation Algorithm Optimization™ EI’E‘@
Input Field Propagation
\nfavelength 532 nm Type of Propagation 1f-/&-Setup - ]
@ Caonstant Input Field Focal Length Tm
0

Transmission

Sampling Points 128 x

Sampling Distance 1M0pm x

128

10 pm

Transmission

Type of Quartized Phase-Only

Number of

Quantization Levels 16

Output Field Requirements

Desired Output Field

Cptimization Region

Allow Phase Freedom

Allow Scale Freedom

Limit Scale Factor According
to Goal Efficiency

100%

Embed Frame \width

Pixelation Factor
[] Simulate Pixelation Exactly

Output Plane Sampling

Sampling Points 128x
Sampling Distance 41563 pmx
Field Size 532 mmx

Limit Stray Light
Maximum Relative Intensity
of Stray Light

Limit Feature Size

Minimum Feature Size

Maximum Stray Light Intensity
for Higher Frequencies

128

Signal field

41563y TQ— Sampling

53.2 mm

parameters (are set
automatically due to
transmission
parameters)
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Advanced Optimization

Normally the IFTA maximizes the SNR.
« The conversion efficiency is reduced as necessary.

« The goal efficiency allows to find the best solution for a given conversion
efficiency.

It helps to find compromises between SNR and conversion efficiency.
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Additional Design Specifications

m 1: Tterative Fourier Transformation Algorithm Optimization™

Specification | Design | Analysis

Input Field
Wwiavelength 532 nm

@ Caonstant Input Field

H

Transmission

Sampling Points 128 x
Sampling Distance 1M0pm x
Type of Guantized Phase-Only

Transmission

Number of

Quantization Levels 16

Output Field Requirements

Desired Output Field
Optimization Region

Allow Phase Freedom

Allow Scale Freedom

Limit Scale Factor According
to Goal Efficiency

Propagation

Type of Propagation 1-/2-Setup ']
Focal Length Tm

Embed Frame Width 0

Pixelation Factor
[] Simulate Pixelation Exactly

Output Plane Sampling

Sampling Points 128x
Sampling Distance 41563 pmx
Field Size 532mmx

Limit Stray Light

Maximum Relative Intensity
of Stray Light

Limit Feature Size

Minimum Feature Size

I'U'Iaxi!'num Stray Ligh_t Intensity

128
415,63 pm
53.2 mm

Goal efficiency
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Additional Design Specifications

m 1: Tterative Fourier Transformation Algorithm Optimization™ EI =] @
Specification | Design | Analysis
Input Field Propagation
\nfavelength 532 nm Type of Propagation 1f-/&-Setup - ]
@ Constant Input Field Focal Length Tm
Fakliray Dple Fielt Embed Frame Wiidth 0
- Pixelation Factor !
Transmission
[] Simulate Pixelation Exactly
Sampling Points 128 x
Sampling Distance 0 x Output Plane Sampling
Sampling Points 128x 128
Type of }
Tfap:smissinn Quartized Phase-Only Sampling Distance 41563 ymx 41563 ym
Number of Field Size 532mmx 53.2 mm
Quantization Levels 16 e B
Output Field Requirements
Desired Output Field Limit Stray Light
Maximum Relative Intensi 2%
Optimization Regicn of Stray Light = -
e Limit Feature Size
Allow Phase Freedom
Minimum Feature Size 1m
Allow Scale Freed
D: 'tS:aI rF :tm i Maximum Stray Light Intensity o
imi e Factor According 3 : %
o Goal Efficiency for Higher Frequencies

Limits the noise

— intensity relative

to the signal orders
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Additional Design Specifications

m 1: Tterative Fourier Transformation Algorithm Optimization™ EI =] @
Specification | Design | Analysis
Input Field Propagation
\nfavelength 532 nm Type of Propagation 1f-/&-Setup - ]
@ Constant Input Field Focal Length Tm
Fakliray Dple Fielt Embed Frame Wiidth 0
- Pixelation Factor !
Transmission
[] Simulate Pixelation Exactly
Sampling Points 128 x
Sampling Distance 0 x Output Plane Sampling
Sampling Points 128x 128
Type of }
Tfap:smissinn Quartized Phase-Only Sampling Distance 41563 ymx 41563 ym
Number of Field Size 532mmx 53.2 mm
Quantization Levels 16 e B
Output Field Requirements
Desired Output Field Limit Stray Light
Maximum Relative Intensi 2%
Optimization Regicn of Stray Light =
e Limit Feature Size
Allow Phase Freedom
Minimum Feature Size 1m <
Allow Scale Freed
D: 'tS:aI rF :tm i Maximum Stray Light Intensity o
imi e Factor According 3 : %
o Goal Efficiency for Higher Frequencies

__ Limits the feature

size of the structures
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Overview of Parameters and Effect

Parameter E ffects on Merit Functions and Structures

Paramete | Uniformity
Name r Change Error

Output Field
Diameter increased

Goal Efficiency |increased [increased
Limit Maximum
Relative Noise

Efficiency

Inte nsity decreased |[typically increased|typically decreased

Maximum
Noise

Feature Size

decreased

decreased

number of small
features is
reduced

Feature Size Limit|introducted [increased decreased

increased

decreased

Red Cells indicate main purpose of the parameter change.
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IFTA: Design Procedure Settings

« The design process consist of up to 5 different steps that
will be explained in the next transparencies.

* Further, the user can decide and specify which and how
certain steps are to be executed.

* Depending on the design specification settings not all
steps are allowed.
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Generation of Start Transmission

E 3: terative Fourier Transformation Algorithm Optimization™ = |
| Specification | Design | ﬁnalysis|

Design Method [Iterati\re Fourier Transform Algorithm Approach "] Transmission [ Set l | Show |
Design Steps Mumber of lterations Generation Of
Generate Initial Transmission Method [Badm. Prop. Signal Field {Random Fhase) vl *_ . .
Signal Phase Synthesis 10 [T Seft Introduction of Transmission Constraint Start transm ISSI0N
SMR Optimization for Phase-Only _— [] Omit Final Transmission Projection
Transmission 40 [ Soft Intreduction of Transmission Constraint
Soft Quantization 100 Create Transmission Animation
SR Optimization for Quantized ] Create Output Field Animation 3
Transmission 200 &
Show Final Transmission and Output Field

Logging
#it (total) | #It (step) | ConvER [%]

SNR [dB] | FrojStrength |

Preserve
O Table

Progress in current design step Start Design
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Phase Synthesis

) 3: terative Fourier Transformation Algarithm Optimization™
| Specification | Desian | Analysis |

Design Method [ltera‘.ive Fourier Transform Algorithm Approach

"] Transmission [ Set l

Design Steps Mumber of lterations

(Generate Initial Transmission Method [Badm Prop. Signal Field {Random Fhase) vl
Signal Phase Synthesis 10 Soft Introduction of Transmission Constraint
SNR Optimization for Phase-Only Omit Final Transmission Projection

Transmission 40 Soft Intreduction of Transmission Censtraint
Soft Quantization 100 Create Transmission Animation
— SNR Optimization for Quantized Create Output Field Animation -
Transmission 200

Show Final Transmission and Output Field

Logging

#it (total) | #It (step) | ConvER [%]

SNR [dB] | FrojStrength |

Progress in current design step

Preserve

Table

Start Design

<«— Phase synthesis
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Phase Synthesis

m 3: Iterative Fourier Transformation Algorithrm Optimization™

|Spedﬁcation| Design |ﬁnalysis|

f=] & =]

Design Method [Iterati\re Fourier Transform Algorithm Approach

"] Transmission Show

Design Steps Mumber of lterations

(Generate Initial Transmission Method [Badm. Prop. Signal Field {Random Fhase) vl

Signal Phase Synthesis 10 [T Soft Introduction of Transmission Constraint
SNR Optimization for Phase-Only _— [] Omit Final Transmission Projection

Transmission 40 [ Soft Intreduction of Transmission Constraint ¢

Soft Quantization 100 Create Transmission Animation
SR Optimization for Quantized ] Create Output Field Animation 3

Transmission 200 &

Show Final Transmission and Output Field
Logging

#it (total) | #It (step) | ConvER [%]

SNR [dB] | FrojStrength |

Progress in current design step

Preserve
O Table

Start Design

SNR Optimization
of Transmission
without Discrete
Levels.
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Soft Quantization

) 3: terative Fourier Transformation Algarithm Optimization™
| Specification | Desian | Analysis |

Design Method [Iterati\re Fourier Transform Algorithm Approach

Design Steps Mumber of lterations

"] Transmission [ Set l |

Generate Initial Transmission

Method | Backw. Prop. Signal Field (Random Phase) |

Signal Phase Synthesis 10

Soft Introduction of Transmission Constraint

— SNR Optimization for Phase-Only —
Transmission 40

Omit Final Transmission Projection

Seft Introduction of Transmission Constraint

Soft Quantization 100

— SNR Optimization for Quantized EE———
Transmission 200

Logging

Create Output Field Animation
Show Final Transmission and Output Field

#it (total) | #It (step) | ConvER [%]

SNR [dB] | FrojStrength |

Progress in current design step

- Soft quantization
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SNR Optimization Quantized Transmissions

m 3: Iterative Fourier Transformation Algorithrm Optimization™

|Spedﬁcation| Design |ﬁnalysis|

Design Method [Itemti\re Fourier Transform Algorithm Approach

"] Transmission Show

Design Steps Mumber of lterations
(Generate Initial Transmission Method [Bad{w. Prop. Signal Field {Random Fhase) vl
Signal Phase Synthesis 10 [T Soft Introduction of Transmission Constraint
SNR Optimization for Phase-Only e [] Omit Final Transmission Projection
Transmission 40 [ Soft Intreduction of Transmission Constraint
Soft Quantization 100 Create Transmission Animation
SNR Optimization for Quantized — i Lot
Transmission 200
Show Final Transmission and Output Field
Logging

#it (total) | #It (step) | ConvEF [%] | SNR [4B] | ProjStrength |

Progress in current design step

Preserve
O Table

Start Design

SNR optimization
— for quantized
transmissions
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Animation

) 3: terative Fourier Transformation Algarithm Optimization™
| Specification | Desian | Analysis |

Design Method [Iterative Fourier Transform Algorithm Approach "] Transmission [ Set l | Sh |

Design Steps Mumber of lterations
(Generate Initial Transmission Method [Badm. Prop. Signal Field {Random Fhase) vl
Signal Phase Synthesis 10 Soft Introduction of Transmission Constraint
SNR Optimization for Phase-Only - Omit Final Transmission Projection

Transmission 40 Soft Intreduction of Transmission Censtraint
Soft Quantization 100 Create Transmission Animation
— SNR Optimization for Quantized ] Create Output Field Animation 3
Transmission 200 K
Show Final Transmission and Output Field
Logging

#it (total) | #It (step) | ConvEF [%] | SNR [4B] | ProjStrength |

Progress in current design step

Activates

the optimization

<— animations during
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Animation

Complex Amplitude to Bitmap Conversion O... @

[] Apply Interpolation

[] Use Twin Image Representation

Edited Image Options Left

Color Mapping
Vectoial Component |Ex "] «— Field quantity to display
Field Quantity | Phase -|
[] Adapt Min / Max \alues to Field Extrema
Start Value 11416
End Value 11416

Ll O]

[ Use Middle Color |

| Ok | | Cancel | | Help

www.LightTrans.com
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Animation

m 3: Iterative Fourier Transformation Algorithrm Optimization™

|Spedﬁcation| Design |ﬁnalysis|

f=] & =]

Design Method [Iterati\re Fourier Transform Algorithm Approach

Design Steps Mumber of lterations
(Generate Initial Transmission Method [Badm. Prop. Signal Field {Random Fhase) vl
Signal Phase Synthesis 10 [T Soft Introduction of Transmission Constraint
SNR Optimization for Phase-Only _— [] Omit Final Transmission Projection
Transmission 40 [ Soft Intreduction of Transmission Constraint
Soft Quantization 100 Create Transmission Animation
SR Optimization for Quantized ] Create Output Field Animation 3
Transmission 200 &
Show Final Transmission and Output Field 4
Logging

#it (total) | #It (step) | ConvER [%]

SNR [dB] | FrojStrength |

Progress in current design step

Preserve
O Table

Start Design

Displays
Transmission and
Output Field after
End of the
Optimization
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Animation

m 3: Iterative Fourier Transformation Algorithrm Optimization™

| Specification | Design |Analysis|

f=] & =]

Design Method [Itemtive Fourier Transform Algorithm Approach

Design Steps Mumber of lterations
(Generate Initial Transmission Method [Bad{w. Prop. Signal Field {Random Fhase) vl
Signal Phase Synthesis 10 [T Soft Introduction of Transmission Constraint
SNR Dptirr_lizatinn for Phase-Only 0 [] Omit Final Transmission Projection
Transmission [ Soft Intreduction of Transmission Constraint
Soft Quantization 100 Create Transmission Animation
?ﬁ?ﬁ%ﬂgﬁ:ﬂon for Quantized 00 Create Output Field Animation
Show Final Transmission and Output Field
Logging

#it (total) | #It (step) | ConvEF [%] | SNR [4B] | ProjStrength |

Progress in current design step

Configure ‘

Preserve
O Table

Start Design

Selection of merit
functions to be
logged during the
optimization.
Logging of merit
function is not
required for
success-full
optimization and
costs additional
time.
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Start/Stop of Optimization

) 3: terative Fourier Transformation Algarithm Optimization™
| Specification | Desian | Analysis |

Design Method [Iterati\re Fourier Transform Algorithm Approach "] Transmission [ Set l | Show |
Design Steps Mumber of lterations
(Generate Initial Transmission Method [Badm Prop. Signal Field {Random Fhase) vl
Signal Phase Synthesis 10 Soft Introduction of Transmission Constraint
SNR Optimization for Phase-Only e Omit Final Transmission Projection
Transmission 40 Soft Intreduction of Transmission Censtraint
Soft Quantization 100 Create Transmission Animation
— SNR Optimization for Quantized ] Create Output Field Animation 3
Transmission 200 K
Show Final Transmission and Output Field

Logging
#it (total) | #It (step) | ConvER [%]

SNR [dB] | FrojStrength |

Export
Table
Teble
Start/Stop
Progress in current design step Slissin T_ button
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Start/Stop of Optimization

Start/Stop of Propagation

Stop Immediately

Stop after current Iteration
Cancel

Pricrity

Allows to

* stop optimization immediately

« stop optimization after finishing of iteration
» change simulation priority
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IFTA Result Evaluation



IFTA Evaluation for Splitters & Diffusers

Plane Wave Input

Diffraction Orders

1 Plane Wave - 1 k-Value

FT > 1 Pixel per
Diffraction Order

Final Evaluation 2
Real Source

By default the IFTA performs the design and optimization based on a plane
wave as input light.

This plane wave is then deflected into diverse directions defined by the
designed DOE. These directions generated by such a DOE are called
diffraction orders.

A Fourier transform of a single ideal plane wave gives exactly one value in
the Fourier domain representing its direction.

Thus by Fourier transform of the regarded field directly behind the DOE
(consisting of these different plane waves with different directions) each of
these deflected plane waves create one (pixel) value in the calculated
output plane. l.e. each pixel represents the efficiency of the particular
diffraction order.

Later a real input light (e.g. a Gaussian beam) is used. This does not
change the effect.

Now, instead of a plane wave, this Gaussian is deflected accordingly. And
to each deflected Gauss beam there is a corresponding diffraction order,
whose calculated efficiency defines the energy carried by this particular
Gaussian.
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Analysis of Transmission Design Result

m 50: Iterative Fourier Transformation Algerithm Optimization™

Specification | Design | Analysis

o] & ==

[ Window Efficiency [%]
Conversion Efficiency [%]

i Show Recalculat
1 “omwwaliﬂl!

Signal-to-Noise Ratio / dB <
Unifarmity Error [%]

[] Zeroth Order Intensity [%]

|| Zeroth Order Efficiency []

[Z] Maximum Relafive Intensite of Steav | inht 1321

Scale Emors for Phase-Only Transmissions
Impose Linear Scale Error by Scale Factor 1

Impose Binary Mask Scale Mask #1 (pi) 1
Errors by Given Scale Factors Mask #2 (pii2) 1

Scan Scale Emor Range

G =m—
Scale Factor Ligex

From 03

To 1.1

(]

Show
Light Path
Mask #3 (pi/d) 1
Mask #4 (pi/B) 1
Number of Steps 11
Create Output Field
Animation

Linear |\WinEff[%] |ConvEff[%]

SNR [dB] | UnifErr [%]

I0sig [%] |

Recalculate

Selection of
merit functions
and merit
functions
results.
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Analysis of Transmission Design Result

m 50: Iterative Fourier Transformation Algerithm Optimization™

Specification | Design | Analysis

] Window Efficiency [%]

Conversion Efficiency [%]

Signal-to-Noise Ratio / dB

Unifarmity Error [%]

[] Zeroth Order Intensity [%]

|| Zeroth Order Efficiency []

[Z] Maximum Relafive Intensite of Steav | inht 1321
Scale Emors for Phase-Only Transmissions

Impose Linear Scale Error by Scale Factor

Impose Binary Mask Scale Mask #1 (pi)
Errors by Given Scale Factors  pyaop 42 (if2)

Scan Scale Emor Range

i
Scale Factor Ligex

From

Ta

0a

1.1

| »

m

Mask #3 (pi/d)
Mask #4 (pi/8)

Number of Steps

Fl Create Output Field
Animation

Show
Qutp

Linear |\WinEff [%] |ConvEff (%] |SNR[dB] |UnifEr [%] |10sig[%] |

Light Path

1

Displays field in
— target plane.
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Analysis of Transmission Design Result

m 50: Iterative Fourier Transformation Algerithm Optimization™

Specification | Design | Analysis

o] & ==

] Window Efficiency [%]

Conversion Efficiency [%]

Signal-to-Noise Ratio / dB

Unifarmity Error [%]

[] Zeroth Order Intensity [%]

|| Zeroth Order Efficiency []

[Z] Maximum Relafive Intensite of Steav | inht 1321
Scale Emors for Phase-Only Transmissions

Impose Linear Scale Error by Scale Factor

Impose Binary Mask Scale Mask #1 (pi)
Errors by Given Scale Factors  pyaop 42 (if2)

Scan Scale Emor Range

i
Scale Factor Ligex

From

Ta

| »

Show Recalculat
OLI'tDLI'tFIBld

Show
Light Path

m

Mask #3 (pi/d) 1
Mask #4 (pi/8) 1

Number of Steps 11

Fl Create Output Field
Animation

Linear |\WinEff[%] |ConvEff[%]

SNR [dB] | UnifErr [%]

Recalculate

Recalculates
“ field in target
plane and merit
functions
results.
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Analysis of Transmission Design Result

[B) 50: terative Fourier Transformation Algerithm Optimization™ o @ [
Specification | Design | Analysis

] Window Efficiency [%]

- Show Recalculat
Conversion Efficiency [%] Output Field

Signal-to-Noise Ratio / dB

»

m

Unifarmity Error [%] Shaw .
[] Zercth Order Intensity [%] Light Path ) Creat|0n Of
[] Zeroth Order Efficiency [3%] . .
[ Maximim Relative Intensite of Strav | inkt 191 S “ght path dla‘gram

Scale Emors for Phase-Only Transmissions

Impose Linear Scale Error by Scale Factor 1
Errors by Given Scale Factors gy #2 (pir2) 1 Mask #4 (pi/8) 1
Scan Scale Emor Range
From 03 MNumber of Steps 11
et -
Scale Faclor e Create Qutput Field
To 1.1 O Animation

Linear |\WinEff [%] |ConvEff (%] |SNR[dB] |UnifEr [%] |10sig[%] |
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Analysis of Transmission Design Result

m 50: Iterative Fourier Transformation Algerithm Optimization™

Specification | Design | Analysis

o] & ==

] Window Efficiency [%]

Conversion Efficiency [%]

Signal-to-Noise Ratio / dB

Unifarmity Error [%]

[] Zeroth Order Intensity [%]

|| Zeroth Order Efficiency []

[Z] Maximum Relafive Intensite of Steav | inht 1321
Scale Emors for Phase-Only Transmissions

Impose Linear Scale Error by Scale Factor

Impose Binary Mask Scale Mask #1 (pi)
Errors by Given Scale Factors  pyaop 42 (if2)

Scan Scale Emor Range

i
Scale Factor Ligex

From

Ta

»

OLI'tDLI't Field

m

Show
Light Path
14
1 Mask #3 (pi/4) 1
1 Mask #4 (pi/8) 1
05 Number of Steps 11
Create Output Field
11 [ gnimation

Linear |\WinEff [%] |ConvEff (%] |SNR[dB] |UnifEr [%] |10sig[%] |

Simulation of

linear scale
errors
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Analysis of Transmission Design Result

m 50: Iterative Fourier Transformation Algerithm Optimization™

Specification | Design | Analysis

o] & ==

] Window Efficiency [%]

Conversion Efficiency [%]

Signal-to-Noise Ratio / dB

Unifarmity Error [%]

[] Zeroth Order Intensity [%]

|| Zeroth Order Efficiency []

[Z] Maximum Relafive Intensite of Steav | inht 1321
Scale Emors for Phase-Only Transmissions

Impose Linear Scale Error by Scale Factor

Impose Binary Mask Scale Mask #1 (pi)
Errors by Given Scale Factors  pyaop 42 (if2)

Scan Scale Emor Range

i
Scale Factor Ligex

From

Ta

0a

1.1

| »

Show Recalculat
OLI'tDLI'tFIBld

Show
Light Path

m

Mask #3 (pi/d) 1
Mask #4 (pi/8) 1

Number of Steps 11

Fl Create Output Field
Animation

Linear |\WinEff [%] |ConvEff (%] |SNR[dB] |UnifEr [%] |10sig[%] |

Simulation of
scale errors of
different masks
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Analysis of Transmission Design Result

[B) 50: terative Fourier Transformation Algerithm Optimization™ =] =

Specification | Design | Analysis

] Window Efficiency [%] Show
Recalculat
Ean i Output Figld | oo o iae

Signal-to-Noise Ratio / dB
Unifarmity Error [%] Show
[[] Zeroth Order Intensity [%] Light Path
|| Zeroth Order Efficiency []

[Z] Maximum Relafive Intensite of Steav | inht 1321

| »

m

Scale Emors for Phase-Only Transmissions

Impose Linear Scale Error by Scale Factor 1
Impose Binary Mask Scale Mask #1 (pi) ! Mask #3 (pird) !
Errors by Given Scale Factors  pyaop 42 (pif2) 1 Mask #4 (pi/8) 1
Scan Scale Emor Range Scale errors
From 03 MNumber of Steps 11
i - < b ied
Create Output Field
Scale Factor To 11 DAI;H‘I’I:‘“DI‘I pLiAs Can e Varle

ConvEff [%]

I0sig [%] | Options Wlthlﬂ a
defined range

Linear | \WinEff [%]

SNR [dB] | UnifErr [%]
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Workflow of DOE design

« Parameters of DOE and related pattern calculation

- DOE:
* pixel size 6x
* Period p <beam size d

— Pattern
* Size Dpatrern (With scaling factor a, one may know the design pattern size Dgesign = Dpattern * @

 Resolution Ax

- From manufacture, one may get the data 6x and d, then calculate the size and resolution
of pattern

A . A
* Dpattern = —=— (far field) or Dyagrern = == (1f/2f setup)
« Ax = Az/p(far field) orAx = Af /p(1f/2f setup)
* Input the parameters into session editor

* IFTAto design the transfer function




Workflow of DOE design

« Parameters of DOE and related pattern calculation
 Input the parameters into session editor

« |IFTAto design the transfer function
— Check the step numbers of each processure
— Multi-run is sometimes necessary

* Design the structure from transfer function

« Check the simulation result
— High NA need the further optimization of the real structure

« Tolerance analysis
« Export the real structure
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lHlustration

Optimization of Diffractive Optical Elements

Design of Regular Array Beam Splitters



lllustration Beam Splitter

Wavelength:
532nm
Laser Beam
Diameter
(1/e?):
200pm

y 3

Distance Az = 2f

=100 mm

\ 4

Diffractive Beam
Splitter Element
4 Phase Levels
rect. 1x1 mm
Diameter

Fourier Lens

Target
Plane

1625384 mm

Spot Array of
5 x 5 discrete
Beam Spots
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Regular Array Beam Splitters

Design of periodic diffractive beam splitters.

« Design of beam splitters for splitting of one laser beam in rectangular array of
beams with equal power.

« All beams are on equidistant grid.

» Session editor assists users during generation of Optimization Document and
Light Path Diagram.

403 www.LightTrans.com



Regular Array Beam Splitters

« Specification of Gaussian
(m23: Regular Beam Splitter Session Editor* |EIE] :@‘ i”uminating beam-

Input Beam Parameiers

This page allows to enter parameters of Gaussian input beam of the beam splitting system. ([ ] T h e b e am iS j u St u S e d to C h e C k if
The ipput bgan} of the beam splitting system is modgled as coherent, monot_:hromatic field ’@'ith Gaussian th e S p Ot d I am ete r I n th e targ et
el sl ot Sl e b :
The session editor allows to specify the input beam parameters wavelength, waist, divergence and Rayleigh p | an e IS S m a'I I e r th an th e O rd e r
length. Three different definitions of waist and divergence angle are supported. The reguired definition must .
be selected before the parameters can be specified. d I Stan Ce
Oeidion Wt and Dvegence g * The illuminating beam is not used

© 1t st s, DiverenceHlf e . +— Tl for optimization. = User can use
1/e? Waist Diameter, Divergence Full Angle ,__\A\ . .
) FWHM Waist Diameter, Divergence Full Angle  1/e* [ - i SeSS I O n e d Itor al SO for n O n

Gaussian beams.

| <Back |[ MNext> | [ Finish




Regular Array Beam Splitters

* The definition of Gaussian beam
(m23:RegularBeamSplitterSessionEditor* |E|E] @\ parameters mUSt be SpeCified.

Input Beam Parameiers

This page allows to enter parameters of Gaussian input beam of the beam splitting system. ([ ] S u p p O rte d d Efi n iti O n S :

The parameters of the input beam can be entered below. VirtualLab will use an input beam with M*=1 and Gaussian - D | am ete r 1 / e 2
amplitude profile for the simulation. This requires just the specification of waist, divergence angle or Rayleigh length
— Radius 1/e?

since these parameters depend on each other.
— Diameter FWHM

S i « Beam parameters must be
e entered.

e ——— - Itis assumed that the beam waist
) ReviighLength IS In front of the beam splitter.

| <Back |[ MNext> | [ Finish




Regular Array Beam Splitters

« Selection of optical setups.

[E) 23: Regular Beam Splitter Session Editor* o @ j

Optical Setup
The optical setup to be optimized can be selected on this page.

Four different optical setups containing diffractive beam splitting elements are supported during the

* The following setups are
o oo ek oo b sl i, o o0 nr s, Mo supported:
OpicelSep [Z:5e0p - — 1f-setup
— 2f-Setup

iy T — Paraxial far field
______________________ §is
i — Angular spectrum
= f 2 f 5

| <Back |[ MNext> | [ Finish




Regular Array Beam Splitters

m 23: Regular Beam Splitter Session Editor*

Optical Setup
The parameters of the optical setup selected on the page before can be specified below.

Optical Setup Parameters
Effective Focal Length of Lens 100 mm

Lens Aperture Shape ") Rectangular @ Elliptical

Lens Aperture Diameter 25.4mm 25.4mm

Surrounding Medium: Standard Air in Homogeneous Medium [__, Load ] f/Edit ] [Q View ]

Dittractive Optical Apert Target
Element Lens S I Pl
|
|
______________________ I
I
|
43 |
i f f

| <Back |[ MNext> | [ Finish

o] = =

* The setup parameter must
be entered.

e Setups are simulated during
optimization by Fourier
transform. The apertures of
lenses are not included.




Regular Array Beam Splitters

m 23: Regular Beam Splitter Session Editor”
Desired Output Field Parameters

the desired orders can be limited. More ..

Stray Light Intensity
| Limit Inten=ity of Stray Light

Maximum Relative Stray Light Intensity

Specification of Orders

Mumber of Orders 5
Separation of Orders 1 mm
Off-Puds Design

Offzet Om

Parameters of the regular beam splitting pattern can be specified below.

Aregular beam splitter creates a rectangular equidistant gnid of N x M diffraction orders with egual intensity.
The number of orders and the order distance can be specified below. ] . ]
Additionally an offset of the diffraction orders can be specified and the intensity of the higher orders relative to

1mm

Om Suggest Optional Offset

10%

< Back |[ Mesct > ]| Finish

« The number of orders and the
order distance must be entered.

« An offset can be added to the
orders to separate the zeroth
order.

* The Maximum Relative Stray Light
Intensity helps to control the
Intensity of the higher diffraction
orders.




Regular Array Beam Splitters

 |f the order distance iIs not
D25 Regr Bam Slcr Sson Edtor E=E | larger than the spot diameter

Desired Output Field Parameters

Parameters of the regular beam splitting pattern can be specified below. are Warn | n g |S d |S p I ayed .

Aregular beam splitter creates a rectangular equidistant gnid of N x M diffraction orders with egual intensity.
The number of orders and the order distance can be specified below.

Additionally an offset of the diffraction orders can be specified and the intensity of the higher orders relative to
the desired orders can be limited. More ...

Specification of Orders

NumberofOrders =~ 5 5 ¢ A SOIHtiOl’I bUttOn ShOWS
S S options to solve the problem

Separation of ond I Solution J

Off-Puds Design
Offaet Om Om | SuggestOptional Offset |

Stray Light Intensity
Limit Intensity of Stray Light
Maximum Relative Stray Light Intensity 10%

< Back ” Mesct > ][ Finish




Regular Array Beam Splitters

 The orders can be separated by
— Changing the input beam diameter

, ﬂ — Changing the focal length or distance
Solutions to Separate Diffraction Orders @
of the setup.
Separation of Crders 100 pm 100 pm

Laser Beam Diameter Target Plane (1/e2) 169.34 m 169,34 pm — Modifying the order distance

The separation of the orders should be at least two times langer than the 1/e diameter of the laser
beam in the target plane.

Soutons o Separte Ordr * The dialog will mention the spot
@ Calculation of Focal Length to Reduce Beam Diameter in Target Plane . . .
Calculation of Input Laser Beam Diameter to Reduce Beam Diameter in Target Flane dlameter Compare It Wlth the
Calculation of Minimum Separation of Orders (2 Times Beam Diameter) -
Manual Adjustment of Separation of Orders Current Order Separatlon'

Ok || Cancel




Regular Array Beam Splitters

More ...

Output Field Size

m 23: Regular Beam Splitter Session Editor”
Output Field Diameter

This page allows the manual adjustment of the area in the ocutput plane that is used for distribution of stray light.

.....

Do

@ Automatic Adjustment of Output Field Diameter

Beam Array Diameter
Qutput Field Diameter

Diameter Factor

B

Arectangular area symmetric to the optical axis is rezerved in the target plane for the creation of the desired
light pattern. Arrcund this light pattern ancther rectangular region is used for the distribution of the stray light.
The ratio between output field diameter and light pattern diameter is expreszed by a diameter factor. The
diameter factor is automatically adjusted by the session editor. A user defined change is possible below.

L [ -
& — Diameter Factor
0., - Diameter Qutput Field

o Dppn, — Diameter Light Pattern

Manual Adjustment of Output Field Diameter

5 mm 5mm

20 mm 20 mm

< Back |[ Mesct > ]| Finish

* The size of the output field must
be larger than the desired light
pattern diameter.

* The space is required for stray

light and to reduce the amount of
energy diffracted to sinc-orders.

« Sinc-orders are generated by

diffraction at rectangular pixels of
beam splitter.




Regular Array Beam Splitters

 Selection of merit functions.

m 23: Regular Beam Splitter Session Editor” EI [=] @
Merit Function

Selection of merit functions for optimization and future analyzis steps.

* For the optimization a logging of
e Dottt o oo sy g gt piizaton s vl b s merit function is not required and

The logging of ment functions during the optimization of diffractive optical elements takes additional
computaticnal time and i= not reguired. Use the option “Disable Logging of Ment Functions during

Optimization™ to save computational time. Wi I I COSt ti m e .

Learn mare about merit functions in the lterative Fourier Transform Algorithm (IFTA).

Mert Functions

Conversion Efficiency

[] Window Efficiency

[7] Signal to Moise Ratio (SHR)

Uniformity Error

Maximum Relative Intensity of Stray Light
[7] Relative Zeroth Order Intensity

[] Zerath Order Efficiency

Dizable Logging of Menit Functions during Optimization.

< Back ][ Mesct > ][ Finish




Regular Array Beam Splitters

* Aperture shape and diameter
'@ 23: Regular Beam Splitter Session Editor* el ® e Of beam Splltter.

Diffractive Optical Bement Aperture PFarameters
Diameter and shaper of the aperture of the diffractive optical element can be specified below. .
« Onl d of the beam
niy one perioa o e pea
The diffractive optical element used for the creation of the desired output intensity distibution can have a rectangular S p I Itte r WI I I b e O ptl I I I I Z e d .
or elliptical shape. The shape must be selected below. The aperture diameter diameter must be specified below in
addition. An aperture diameter of at least 2 times the waist diameter of the input beam is recommended in order to

avoid energy losses and diffraction at the aperture of the diffractive optical element. ° T h e b e am S p I Itt e r ap e rt u r e I S
o e e just used for analysis of

Aperture Shape @ Rectangular Elliptical

fomionse ® Aot © VoSt optimized system.

< Back |[ Mesct > ]| Finish




Regular Array Beam Splitters

m 23: Regular Beam Splitter Session Editor™

continuous or may contain discrete levels.

levels. More ...

Transmission Parameters

Transmission Type

Number of Phase Levels

Diffractive Optical Bement Transmission Paramelers

This page enables the optimization of amplitude-only, phase-only and complex transmissions. Transmission can be

Three different types of transmission can be optimized. That are amplitude-only, phase-only and complex
transmissions. The transmission type that should be used during the optimization must be selected below.
Additionally transmissions may have a continuous amplitude or phase modulation or may contain discrete

e

[ Phase-Only Transmission v

|¥] Transmission Contains Discrete Levels

4

<Back || Next> | [ Finish

Selection beam splitter
transmission type:

— Amplitude-Only

— Phase-Only

— Complex

Transmissions with discrete or
continuous phase or amplitude
distributions can be optimized.




Regular Array Beam Splitters

m 23: Regular Beam Splitter Session Editor”

size and pixel size increment can be defined. More ..
Pixel Size
@ Automatic Setting of Pixel Size

Fixel Size Increment
Minimum Pixel Size

Fixel Size

Period

Mumber of Poeels per Period

Diffractive Optical Element Period, Piocel Size and Mumber of Pixels
The reguired period diameter, pixel size and number of pixel per pericd are displayed on this page.

Manual Setting of Pixel Size

=] = &)

VirtualLab calculates from the specifications of the desired output intensity penod, pixel size and number of
pixels of the diffractive optical element. In order to take into account fabnication constraints @ minimum pixel

10 nm
100 nm
2 66 pum 2 66 pm
53.2 um 53.2 pm
20 20
<Back | MNext> | | Finish

* Pixel size, period and pixels
per period are calculated.

» Calculation takes into
account minimum pixel size
and pixel size increment.




Regular Array Beam Splitters

« Summary of all design data.

m 23: Regular Beam Splitter Session Editor” EI [=] @

Design Parameters Summary

Ao oo e o> » Because of pixel size increment
rounding effects will appear that

Mumber of Crders : h 5

vota fm fchieed: ST 8T can lead to significant deviations
e e ) of the order distance from the

Optical Setup Parameters .

Optical Setup : 2f-Setup Lens Effective Focal Length : 100 mm d eSI red Va.l ue .

Surrounding Matenal :  Standard fAir Lens Aperture Diameter : 25.4 mm 254 mm

Diffractive Optical Element / Transmission Parametens

Pixel Size : 266 pm 266 pm

Mumber of Fixels - 20 20 Tranzmission Type Phase-0Only
Period : 3.2 ym 832 pm Contains Discrete Levels Yes
Aperture Diameter 200 pm 800 pm  Mumber of Height Levels : 4

Aperture Shape Rectangular

< Back |[ Mesct > ]| Finish




Regular Array Beam Splitters

* Over of next design steps.

[ 23: Regular Beam Splitter Session Editor* o B =

* Click Finish to create
l\:é)glg:isti::'g:?:bunon on the ‘Design’ page of the Optimization Document to run Optim izatio n Docu m ent an d

the optimization of the diffractive optical element.

2. The optimization will start with 2 random diffractive optical element transmission. ! !
The optimization result will depend on the initial random transmission. Repeat the I g t a t I a g r a m .
optimization with different initial random transmissions and keep the best result.

3. The 'Goal Efficiency’ value on the "Specification’ page of the Optimization
Document can be used to find a compromize between efficiency and uniformity
error. Larger values will result in higher efficiency and lower uniformity. Change the
goal efficiency value and go back to 1.

4. Try to increase the diameter factor of the output field to increase the area used for
stray light. This will help often to reach lower uniformity errors and a lower maximum
relative stray light intensity.

5. After end of the optimization the resulting optical system can be further analyzed
using the created light path document.

< Back ! Finish




Task8 BeamsSplitter

How to find a phase-only diffractive
beam splitter that generates the

= desired pattern on the target plane?
(Binary phase is required in this example.)

input / \ target pattern

I

4

Imm

; order separation on
0.8mm target plane: 1mm

wavelength: 532nm

profile: fundamental Gaussian

diameter (waist): 0.5mm

418 LightTrans International



Task 8: Video

Klick the following link to watch the video:

https://youtu.be/ZV69k3LzbHM



https://youtu.be/ZV69k3LzbHM

Task 9: Tolerance Round Pixels

Modeling of Rounding of Pixels



Modeling of Rounding of Pixels

« Several micro structured surfaces consists of rectangular pixels.

 Itis typically assumed that pixels have rectangular side walls and sharp
edges.

« Exposure and etching processes during the fabrication of micro structured
surfaces can lead to a rounding of pixel edges.

 The edge rounding can be modeled in a good approximation by convolution
with a Gaussian beam.

421 LightTrans International



Example with Data from Scenario 23.01

[ 0 26: Semptest gt Proie

Nuresical Date Zevay
Dagan | Table | Ve ot &)
=ight Srodle [m
= i LA43E-07
002 0 002
X [mmj L..E07
f — .
() 25 Fabncaton Data with Edge Tolenmces = fsel

VirtualLab Module
Module RoundedEdge Tolerances.c
s can be used to calculate from a perfect

profile a profile with rounded edges.
Calculation steps:

— Get a Data Array with the perfect profile
from the sampled interface.

- Apply the module.

— Set the Data Array with the modified profile
into the sampled interface.
Left side: edge rounding 2 um, sampling
distance 400 nm.

422
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Results with 4x Increased Brightness

 Simulation Result of DOE with * Simulation Result of
Rounded Edges Designed DOE

_ -
g = (=] X = 3 SharpEdge [ (=] ‘lﬁ&l
Light View Data View Light View Data View
A ~N
. 3
o0 T
P~ -
o o
o on
P~ o
o m
s i
v
L 4 > < >




Task 9: Video

Klick the following link to watch the video:

https://youtu.be/00igeoy68H4



https://youtu.be/00igeoy68H4

K\E(‘.‘.’HTTRANS -

(v0.9)

Regular Shape Diffuser Session Editor



Regular Shape Diffuser Session Editor

« Design of periodic diffractive diffusers.

« Design of diffuser for generation of rectangular, circular or line shape diffuse
Intensity distributions.

» Session editor assists users during generation of Optimization Document and
Light Path Diagram.
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Regular Shape Diffuser Session Editor

 Diffuser session editors differ only
A 10: Regular Shape Diffuser Session Editor l_l_l—J': -5 = . £ . -
8 gty e e S 2 = in specification of output field from
besiet PN beam splitter session editors.

A regular shape diffuser creates a diffuser intensity distribution with rectangular or elliptical shape. VittualLab(TM]) can i S e I e Ctl O n b etwe e n g e n e ratl O n Of

optimized diffuser for generation of two dimensional or one dimension Top Hats. The shape and the dimension of the

fop i mustbe specfdin diffuse 2D Top Hat and diffuser line.

Dimension

« 2d Top Hats with elliptical or
) Diffuse Line

e rectangular shape can be

© Elliptical Shape generated

@ Rectangular Shape

Help | | <Back | Newt> || Finish

427 www.LightTrans.com



Regular Shape Diffuser Session Editor

| ~+ Top hat diameter and resolution
MID:REguIarShapeDiffuserﬁessiunEditur = | (S| (diﬁraction Order distance) Can be

D esired Output Field Parameters

Parameters of the diffuge light pattemn can be specified below. S pe Cifi e d h e re
Top Hat diameter and resalution can be specified below. In arder to get an optimal resolved speckle pattern the lazer ° If t d t | '
beam diameter [1/e#] in the target plane should be approximately bwo imes the rezolution of the difuser. tis S po S O n O Ove r a p a n Wa rn I n g

recommend to use the 'Dptimize Resolution’ buttan ta adapt the resalution on the beam diameter. _ . .
ﬂ.g;:t.la?:lnaa[lléle.?:ggﬁieulgrhmzilfmmders can be specified and the intenzity of the higher arders relative ta the m essag e WI | | be d IS p | ayed -
Specification of Orders ! ! !
e - - * Optimize Resolution button helps to
Resalution 846704 um 846704 um| | Optimize Resolution | a dJ u St a I I Syste m p aram ete 'S SO
Ot s Desr _ | that the spot diameter is two times

‘ ' the diffraction order distance.

Stray Light Interzity
| Lirnit Inbenzity of Stray Light
M aximum Relative Stray Light Intensity 10%

Help | [ ¢Back || Mewts | Finish |

428 www.LightTrans.com



@HTTRANS -

DO.002 (3.0)

Design & Optimization of Diffractive Light Diffuser for
Top Hat Generation

This application scenario demonstrates the design and optimization of a diffractive optical
element (DOE) as light diffuser for the geneation of a rectangular top hat pattern.



Modeling Task

DOE: Diffuser
Diameter: 1.4mm x 1.4mm

Phase Levels: 2
Pixel Size: >1um

) &: uminating Beam (=3 Ech =)
Light View | Data View |

=
£

-1.9581 mm

-1.9581 mm 1.9581 mm

Light View Zoom: 2.5478

llluminating Beam
Intensity

<

Angular Spectrum Setup

Target
Plane

HD) 9: Desired Output Field E@

Light View | Data View |

3.4729E+05 1/m

-3.4729E+05 1/m

-3.4729E+05 1/m 3.4729E+05 1/m

Light View Zoom: 1.0974

Top Hat Intensity

430
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llluminating Beam Parameters

« Wavelength: 632.8nm

e — » Laser Beam Diameter (1/e2):
700um

1.9581 mm

=
£
@
W
2]
-1.9581 mm 1.9581 mm
Light View Zoom: 2.5478

431 www.LightTrans.com



Desired Output Field Parameters

 Diameter: 1°
e — + Resolution: £0.03°
« Efficiency: >70%

Stray light: <20%

34T20E+05 1/m

-3.4729E+05 1/m

-3.4729E+05 1/m 3.4729E+05 1/m

Light View Foom: 1.0974

432 www.LightTrans.com



Design & Optimization Approach

 VirtualLab allows different design and optimization approaches.

* For this presented scenario the Iterative Fourier Transformation Algorithm

(IFTA) is used for the design and optimization of the desired diffractive optical
element (DOE).

433 www.LightTrans.com



Configuration Approach

You can either

= 37: Regular Shape Diffuser Session Editor S & [=) . . . .
Regular Shape Diffuser Session Editor ° uUse a‘SSIStIng SeSSIOn edl'[OI’S for the
o e i setup of the optical system and the
configuration of the optimization
and design documents
« or configure everything manually
(more advanced).
Adjacent you see the session editor's
start page. This dialog is accessed via
Valdy: vats | [ Faen Start ribbon > Diffractive Optics >
Regular Shape Diffuser.
434 www.LightTrans.com



Hints during the Specification Procedure

» Specify the desired optical resolution

E 39: DO.002_Diffuser_TopHat_1_Settings.seditor o e )| of the light pattern to be created.
Desired Output Fiekd Prametrs
Perametes o e AR  VirtualLab gives some helpful advices.
e | - Take into account that the light pattern
e e T e e consists of speckles in case of
n E— coherent illumination. In order to
e L — clearly resolve the desired pattern the
(. — o) [t speckles should be smaller than the
o ; | Saaaet o O smallest details of the light pattern.
Sro Ut tersty « The speckle sizes are influenced by
. - the set resolution, but cannot be

arbitrarily controlled.

Valigity: 4= | [l Next > Finish

435 www.LightTrans.com



Warnings

(= 39: DO.002_Diffuser TopHat_1_Settings.seditor* =] = ==

Desired Output Field Parameters

FParameters of the diffuse light pattern can be specified below.

Top Hat diameter and resolution can be specified below. In arder to get an optimal resolved speckle pattern the
laser beam diameter (1/&%) in the target plane should be approximately two times the resolution of the diffuser. It
iz recommend to use the 'Optimize Resolution’ button to adapt the rezolution on the beam diameter.

Additionally an offset of the diffraction orders can be specified and the intensity of the higher orders relative to the

desired orders can be limited. More ...

Top Hat Parameters

Top Hat Diameter 1°
Resalution 0.03°
Cff-Auds Desian

Offset 0°

Stray Light Intensity
Limit Intensity of Stray Light

Maxamum Relative Stray Light Intensity

Validity: 4= |

10

0.03° [ Optimize Resolution ]

0 Suggest Optional Offset

15%

Next > Finish

Red warning messages will appear If:

 Desired resolution can’t be reached
by the specified optical system.

* The optical system will create
discrete spots instead of a speckle
pattern.

* Not all detalils of the desired light
pattern can be resolved by optical
system or the specified resolution.

Click the Optimize Resolution button
to get help to adjust system
parameters.

436

www.LightTrans.com



Help for Parameter Changes

Resolution 0.03° 0.03°

Laser Beam Diameter Target Plane (1/e2) 0.06593° 0.06593°

The 1/ediameter of the laser beam in the target plane should be approximately 2 times larger
than the resolution in order to achieve an optimal resolved speckel pattem.

Solutions to Separate Orders

(@) Calculation of Input Laser Beam Diameter to Reduce Beam Diameter in Targst Plane

() Caleulation of Resolution (Half Beam Diameter)

[_) Manual Adjustment of Resolution

This dialog shows if the resolution

IS suitable for typical diffuser
designs.

Here everything is fine.

Additionally via this tool VirtualLab
offers certain options for parameter
adjustments to achieve an optimal

ratio of laser beam diameter and
resolution.

437
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DOE Transmission Parameters

rﬂj 1: DO.002_Diffuser_TopHat_1_Settings.seditor*

Diffractive Optical Element Period, Pixel Size and Number of Pixels

The required period diameter, pixel size and number of pixel per period are displayed on this page.

VirtuzlLab calculates from the specifications of the desired output intensity period, pixel size and number of
pixels of the diffractive optical element. In order to take into account fabrication constraints @ minimum pixel

size and pixel size increment can be defined. More ..

Pixel Size
(® Automatic Setting of Pixel Size () Manual Setting of Pixel Size
Pixel Size Increment 10nm

Minimum Pixel Size 1um

Pixel Size
7

Period

Number of Pixels per Period

Validity: 4= | < Back

Pixel size and period of
the diffuser
transmission are
calculated
automatically.

The Pixel Size Increment
Indicates the step size
In that the pixel size
can be changed by the
machine used for
fabrication of the
diffuser and the
positioning accuracy,
respectively.

Expert user may set a
user defined pixel size.




System Analysis with Light Path Diagram (LPD)

Simulation Result:
Rectangular Top Hat
Efficiency ~73.8%

Max. Stray Light ~19.6%

7: Light Path View (Light Path Diagram#6) =N A= =

L)

4.0542E+05 1/m

V v Angular Spectrum

Gaussian Wave Aperture Diffuser Visualizer
L O - ] —>
0 1 2 600

X0m X0m X 0m =
Y:0m Y:0m Y:0m =
Z0n Z0n Z:0m xs
)
o
+
w
o
=t
8
. ki

A

-4.0541E+05 1/m 4.0541E+05 1/m
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Summary

« VirtualLab provides easy to use tools for the design and optimization of

diffractive light diffuser elements for generation of regular (diffuse lines or top
hats) and arbitrary light patterns.

« Assisted design steps enable also optical engineers inexperienced in
diffractive optics to benefit from current developments.

440 www.LightTrans.com



Task10: Modeling Task

Wavelength: 632.8 nm

Diameter: 5 mm
Efficiency: >80 %

Laser Beam Fourier Lens Target Noise limit: 5 %
Diameter (1/e?): 700 um Plane o o _
The final light distribution will
Do e A mesmees contain speckles because of
5 mm coherant illumination!!!
UUUUUU > T - ' f=50mm =
llluminating Diffractive Diffuser Line Focus Intensity

Beam Intensity  phase Levels: 4
Pixel Size: >0.1um
Diameter: 1.4 mm




Modeling Task

llluminating Beam Parameters

||D) 4: Input Laser Beamn [ ][ =] =]
Light View ]Data View
=108
£ Wavelength: 632.8 nm
2 Laser Beam
£ Diameter (1/e?): 700 um
L 1
-6} al I} 1] W)
Posion jan]

Light View Zoom: 1




Modeling Task

Desired Output Field Parameters

[3) 43: Desired Output Field Intensity
Light View Data View

Amplitude

(=]lE ]

Globally Polarized Complex Amplitude Field

Amplitude

Zoom: 1

179x1

Diameter: 5 mm
Efficiency: >80 %
Noise limit: 5 %

The final light distribution will
contain speckles because of
coherent illumination!!!




Setup of Design Parameters

Detector  System | Design | Solutions  Execution Exras  Window  Help
vlagﬂw Mew IFTA Optimization li}Gagli._HH.:;.Trrerh&l
| & I:l L | 1: Beam Splitter Design » of 1| &

Bearn Shaper Design

Signal Regicn




1. llluminating Beam Specification

Regular Shape Diffuser Session Editor

The session editor assists during the design of paraxial diffractive optical
elements for diffusing of laser light into rectangular or elliptical Top Hats.




1. llluminating Beam Specification

Input Beam Paramelers
This page zllows to enter parameters of Gaussian input beam of the light diffusing system.

The input beam of the beam splitting system is modeled as coherent, monochromatic field with Gaussian
amplitude distribution and a beam quality of M?=1. It is assumed that the waist of the beam is in front of the
beam splitter. That means that the phase will be constant. More ...

The session editor allows to specify the input beam parameters wavelength, waist, divergence and Rayleigh

length. Three different definitions of waist and divergence angle are supported. The reguired definition must
be selected before the parameters can be specified.

Definition of Waist and Divergence Angle

(1 1/e? Waist Radius, Divergence Half Angle

@ 1/e* Waist Diameter, Divergence Full Angle
- ____ ___ _________ ____________ _ _

() FWHM Waist Diameter, Divergence Full Angle 172

we | 0 | W

W, Wg, W...Waist Radius
w O.vcrsvnnenn Divergence Angle

[ <Back I'FNext> )




1. llluminating Beam Specification

Input Beam Parameters
This page allows to enter parameters of Gaussian input beam of the light diffusing system.

The parameters of the input beam can be entered below. VirtuallLab will use an input beam with M=1 and Gaussian
amplitude profile for the simulation. This requires just the specification of waist, divergence angle or Rayleigh length
since these parameters depend on each other.

we | 0 | [

__;N‘L

W, Wy, W;...Waist Radius
..Divergence Angle

Ve |-

Input Beam Parameters

vivelength

@) \aist 700 pm 700 pm
() Divergence Angle | 076‘65948 [ 0.065348"|
(©) Rayleigh Lenath 1 608.16mm| | 60816 mm|




2. Optical Setup

Optical Setup
The optical setup to be optimized can be selected on this page.

Four different optical setups containing diffractive beam splitting elements are supported during the
optimization. That are 1f - setup, 2f - setup, paraxial far field and angular spectrum. More ...
The desired optical setup can be selected below.

Optical Setup | 1f-Setup




2. Optical Setup

The parameters of the optical setup selected on the page before can be specified below.

Optical Setup Parameters
l Effective Focal Length of Lens 50 mm ]
Lens Aperture Shape (") Rectangular @ Elliptical
Lens Aperture Diameter 254 mm 25.4mm

Surrounding Medium: Standard Air in Homogeneous Medium (57 Load | [ 2 Edit | [Q, View |




3. Desired Output Field Specification

— T ——— K|
2: Regular Shape Diffuser Session Editor* =<
Desired Output Field Parameters
Description for the new page.

A reqular shape diffuser creates a diffuser intensity distribution with rectangular or elliptical shape. Virtuallab™ can
optimize diffuser for generation of two dimensional or one dimensional Top Hats. The shape and the dimension of the
Top Hat can be specified below.

Dimension
(7) 2D Top Hat
© Diffuse Line




3. Desired Output Field Specification

[B) 2: Regular Shape Diffuser Session Editor™ (=] = =]

Desired Output Field Parameters
Farameters of the diffuse light pattern can be specified below.

Top Hat diameter and resolution can be specified below. In order to get an optimal resolved speckle pattern the
laser beam diameter (1/e?) in the target plane should be approximately two times the resolution of the diffuser. It
is recommend to use the "Optimize Resolution” button to adapt the resclution on the beam diameter.

Additionally an offset of the diffraction arders can be specified and the intensity of the higher orders relative to the
desired orders can be limited. More ...

Automatically
Specification of Orders

— - calculated but can
il be modified by user.

Off-fis Design
Offset Om [ Suggest Optional Offset ]

Sty Liht bty The stray light limit
Limit Intensity of Stray Light

Maximum Relative Stray Light Intensity 1% <€ = Ca n be S m a | Ie r-

| <Back J[ Next> [§[ Finish




3. Desired Output Field Specification

This page allows the manual adjustment of the area in the output plane that is used for distribution of stray light.

A rectangular area symmetric to the optical axis is reserved in the target plane for the creation of the desired
light pattern. Arround this light pattern another rectangular region is used for the distribution of the stray light.
The ratio between output field diameter and light pattern diameter is expressed by a diameter factor. The
diameter factor is automaticzlly adjusted by the session editor. A user defined change is possible below.

More ...
DM”
::: =Dy, [Ope
= a - Diameter Factor
== D,., - Diameter Output Field
D,..., ~ Diameter Light Pattern
Do,
Output Field Size
@ Automatic Adjustment of Output Field Diameter (7) Manual Adjustment of Output Field Diameter
Light Pattern Diameter | 5 T,T_l
Output Field Diameter | 500.01 mm |

Diameter Factor




4. Merit Functions Selection

[IB) 2: Regular Shape Diffuser Session Editar” =m|E=h ==
Merit Function
Selection of merit functions for optimization and future analyzis steps.

This page allows the selection of merit functions that can be logged during the optimization and will be used
in the resulting spread sheet (light path) for further analysis steps.

The logging of merit functions during the optimization of diffractive optical elements takes additional
computational time and is not reguired. Use the option "Disable Logging of Merit Functions during
Optimization™ to save computational time.

Learn more about merit functions in the lterative Fourier Transform Algorithm (IFTA).

Merit Functions

Conversion Efficiency

[] Window Efficiency

[7] Signal to Moise Ratio (SNF)

Unifermity Error

Maximum Relative Intensity of Stray Light
[ 7] Relative Zeroth Order Intensity

[] Zerth Order Efficiency

Disable Logging of Merit Functions during Optimization.




5. Diffuser Parameter

m 2: Regular Shape Diffuser Session Editor® =] @ =3
Diffractive Optical Bement Aperture Parameters
Diameter and shaper of the aperture of the diffractive optical element can be specified below.

The diffractive optical element used for the creation of the desired output intensity distribution can have a rectangular
or elliptical shape. The shape must be selected below. The aperture diameter diameter must be specified below in
addition. An aperture diameter of at least 2 times the waist diameter of the input beam is recommended in order to
avoid energy losses and diffraction at the aperture of the diffractive optical element.

Aperture Size and Shape
Aperture Shape @ Rectangular () Elliptical
Aperture Diameter @ Automatic Setting () Manual Setting

1.4 mm 1.4 mm

< Back Next > ][ Finish




5. Diffuser Parameter

[ 2: Reqular Shape Diffuser Session Editor® F=RE=R
Diffractive Optical Bement Transmission Parameters

This page enables the optimization of amplitude-only, phase-only and complex transmissions. Transmission can be
continuous or may contain discrete levels.

Three different types of transmission can be optimized. That are amplitude-only, phase-only and complex
transmissions. The transmission type that should be used during the optimization must be selected below.
Additionally transmissions may have a continuous amplitude or phase modulation or may contain discrete
levels. Mare ...

Transmizssion Parameters

Transmission Type [ Phase-Only Transmission -

Transmission Contains Discrete Levels

MNumber of Phase Levels 4




5. Diffuser Parameter

T );." egular Shape Diffuser Session Editor*
Diffractive Optical Element Period. Pixel Size and Number of Pixels
The required period diameter, pixel size and number of pixel per period are displayed on this page.

VirtuzlLab czlculates from the specifications of the desired output intensity period, pixel size and number of
pixels of the diffractive optical element. In order to take into account fabrication constraints a minimum pixel
size and pixel size increment can be defined. More ...

Pixel Size
©@ Automatic Setting of Pixel Size (7 Manual Setting of Pixel Size

Pixel Size Increment 10nm
Minimum Pixel Size 100 nm
Pixel Size

Consists of

[¥] Transmission

Period

[ 1054Amm“

Number of Pixels per Period
10544




6. Summary

[IB) 2: Reqular Shape Diffuser Session Editar” =] = 3]
Design Parameters Summary
An overview of the most important design parameters can be seen below.
Output Field Parameters
Taop Hat @ - Desired 5mm Achieved 50099 mm
Resolution - Desired : 30 pm Achieved : 259599 pm
Offset Om
Maximum Relative Stray Light Intensity: 1% TopHatType: Top Hat Line
Cptical Setup Parameters
Optical Setup : H-Setup Lens Effective Focal Length : 50 mm
Surrounding Material : Standard Air Lens Aperture Diameter : 254 mm 25 4 mm
Diffractive Optical Blement / Transmission Parameters
Pixel Size 100 nm
Number of Fixels : 10544 Transmission Type Phase-Only
Period : 1.0544 mm Contains Discrete Levels Yes
Aperture Diameter : 1.4 mm 14mm Number of Height Levels : 4
Aperture Shape : Rectangular
—

Results
In




/. Diffuser Optimization

1 rerative Fourie sfarma

|Specﬁcat' ion | Design |Malys|s|

Design Method ’kera;ive Fourier Transform Algorithm Approach Vl Transmission Set ] | Show |
Design Steps Number of lterations
Generate Initial Transmission Method [Ead{w Prop. Signal Field {Random Phase) v]
Signal Phase Synthesis T Soft Introduction of Transmission Constraint
?NF{ Optimization for Phase-Only B Cmit Final Tr.arlsmissinn P.rDj-EletiDI'I .
LORLSTIN S STONE Soft Intreduction of Transmission Constraint

Soft Quantization 100 Create Transmission Animation

— SNR Optimization for Quantized E—— Create Output Field Animation “
Transmission 5000
Show Final Transmission and Output Field

Logaing

#lt (total) | #lt (step) I

Preserve
Table

Progress in current design step Start Design




7. Diffuser Optimization

m 5: Iterative Fouri ion Algorithm Optimization®
Specification | Desigh | Analysis

=& =

‘Window Efficiency -

76.6165815800436

25 656915656002467

|| Zeroth Order Intensity [%]

Show
[ QOutput Field

ﬁﬁh Qﬁﬂ ﬁ E'ﬁuﬁv [%]
Maximum Relative Intensity of Stray Light [%]

5.8115876312729563 |~

Scale Emors for Phase-Only Transmissions
[] Impase Linear Scale Error by Scale Factor

A Impose Binary Mask Scale Mask #1 (pi)
Errors by Given Scale Factors pyaqp 2 (pit?)

Scan Scale Emor Range

Linear -

From
Meodified

Scale Factor To

0.9

1.1 ]

Mask #3 (pi/d)
Mask #4 (pi/8)

Number of Steps

Create Output Field
Animation

Linear |ConvERf[%] | UnifErr [%] | StrayLight [%] |

| Recalculate

1

Recalculate

The Analysis tab
allows to calculate
the merit functions
results of the output
field generated by
the diffuser.

Repeat optimization
and keep best
diffuser
transmission.




8. Light Path

[ 3: Light Path View (Light Path Diagram #2) [ [=E][=]

Gaussian Wave Aperture Stored Function |deal Lens Wirtual Screen

e

Om 1 ®= Om 2 @ Om 3 B 50mm [E3]
Relative | F{elativel Relative | Relative |

) 2: L ditor (Lig th Diag E=N|EEH| %
-, Path lzg Detectors [+2/ @ Analyzers ‘
Start Element Target Element Linkage
Index Tvpe Channal Medium Index Type Fropagation Method Oniof
0 | Gaussian Wave - Standard Air in Homogen... 1 | Aperture Combined SPYiFresnel Operator On
1 | Aperture T Standard Air in Homogen . 2 | Stored Function Combined SP\WiFresnel Operator On
2 | Stored Function T Standard Air in Homogen... 3 |ldeal Lens Combined SPYiFresnel Operator On
3 |Idesl Lens T Standard Air in Homogen .
L} m 3
@ =] g:ﬁlur? AUEMEIE Gimulation Type - |Field Tracing i [ D Gol ]l




8. Simulation Results

m 35: Intensity Line Focus
Light View | Data View

summed Squared Amplitudes

=% EOR (E5

Position [mm]

Light View

Zoom: 31.983

m 24: Diffusor Transmission Phase E@
Data View
3 -
1
a
('8
-1
-3
T T T T T T T T T T T
-200 -300 -100 O 100 300 200
Position [pm]
Jones Matrx Transmission Phase Foom: 1 10544 x 1

Intensity Line Focus

Diffuser Transmission Phase
(Click |2 /on toolbar)




9. Light Path

Double click
Gaussian Wave
light source.

Aperture Transmission  Stored Transmission Ideal Lens Virtual Screen
O — 0@

0m ! 0m 2 0m 3 100 mm 600
Relative | Relative | Relative | Relative |

aussian VWavel

) 2: Lic - == ExH
- Path ‘ lzg Detectors | [+2f @ Analyzers
Start Element Target Element Linkage
ndiax Type Channsf Medium ndiax Type Fropagation Method O Colar
0 | Gaussian Wave - Standard Air 1 | Aperture Transmission Combined SPwiFresnel Operator COn —
1 | Aperture Transmission T Standard Air 2 | Stored Transmission Combined SPwiFresnel Operator COn —
2 | Stored Transmission T Standard Air 3 |ldeal Lens Combined SPwiFresnel Operator COn —
3 |ldezl Lens T Standard Air
L} m 3
Light Path Tools | 25 Simuation Type: [Light Path Diagram ~] _Ge




9. Gaussian Wave Light Source

Eit Gaussian Wave = « Switch off Generate Cross Section.

Polarization I Mode Selection Sampling I Ray Selection |

Basic Parameters I Spectral Parameters | Spatial Parameters ° Cl iC k O k b utto n .
[] Generate Cross Section .
* Press Go! on the Light Path Table

’Hen'nite Gaussian Mode -
Order 0 x 0
M"2 Parameter 1| = 1
Reference Wavelength (Vacuum) E32%nm

Select Achromatic Parameter:

@ Waist Radius (1/&"2) 350pm x 350 pm
(7 Half-Angle Divergence 0.032965° 0.032965°
= (11e™2)
() Rayleigh Length 608.33 mm £08.33 mm
Astigmatism
Om

Offset between y- and x-Flane

Copy to x- and y-Values

5 ) (o ] [




10. Simulation Results

m?: Output Field Intensity E@

Light View | Data View

1.9691 mm

m

-
=+
=+
(23]
i
-3.2894 mm 33031 mm
4
Light View Zoom: 0.59362; 0.59362

2D Intensity distribution in target plane




Conclusion

« VirtualLlab™ assists customer during design of diffractive optical elements for
generation of diffuse lines or Top Hats.

« Assisted design steps enable also optical engineers inexperienced in
diffractive optics to benefit from current developments.




Task 11 Modeling Task

DOE: Diffuser
Diameter: 1mm x 1mm

Phase Levels: 4
Pixel Size: >2um

”D) 8: lluminating Beam ===
Lic Y v

ight View | Data View |

-1.9581 mm 1.9581 mm

Zoom: 2.5478

llluminating Beam
Intensity
Wavelength 650nm
Diameter: 1mm

l_ _______

Far field z=1 m

B T tetempnlets [Noarest Marghber] (773

:

Ut Ve

466

www.LightTrans.com



Workflow

—>

Period p

DOE

Target plane

D pattern

uﬁgsapa




Workflow of DOE design

« Parameters of DOE and related pattern calculation

- DOE:
- pixel size 6x 6x = 2pm
* Period p <beam size d p < 1mm

- Pattern a=3
* Size Dpatrern (With scaling factor a, one may know the design pattern size Dgesign = Dpattern * @

 Resolution Ax

- From manufacture, one may get the data 6x and d, then calculate the size and resolution
of pattern  p__iern=108mm

A . A
* Dpattern = —=— (far field) or Dyagrern = == (1f/2f setup)
* Ax = Az/p(far field) orAx = Af /p(1f/2f setup) Ax = 0.65mm
* Input the parameters into session editor

* IFTAto design the transfer function




Workflow of DOE design

« Parameters of DOE and related pattern calculation
 Input the parameters into session editor

« |IFTAto design the transfer function
— Check the step numbers of each processure
— Multi-run is sometimes necessary

* Design the structure from transfer function

« Check the simulation result
— High NA need the further optimization of the real structure

« Tolerance analysis
« Export the real structure




Task 11:Video

Klick the following link to watch the video:

https://youtu.be/89-kkd4 XwYk



https://youtu.be/89-kkd4XwYk

@HTTRANS -

Task 12

Rigorous Parametric Optimization of Diffractive Beam
Splitters

Keywords: Fourier modal method, FMM, iterative Fourier transformation algorithm, IFTA,
1D, grating, binary, improvement, high NA, efficiency, uniformity



Description

« This scenario demonstrates the rigorous parametric optimization of a
diffractive binary 1.6 beam splitter element.

472 www.LightTrans.com



Abstract

Diffractive beam splitting elements are typically computer optimized
gratings splitting a single laser beam into several beams with well
defined power ratios of the desired diffraction orders.

The optimization of diffractive beam splitters is typically done by the
lterative Fourier Transform Algorithm (IFTA).

However the required design steps are based on approximations
which are not valid for large diffraction angles and small surface
features in the range of the wavelengths of light.

This application scenario shows

The optimization of a high NA diffractive 1:6 beam splitter by the IFTA.

The rigorous electromagnetic analysis of the beam splitter by Fourier
Modal Method (FMM).

The definition of customized merit functions for the
evaluation/optimization of diffraction orders efficiencies.

The improvement of the beam splitter surface by parametric optimization
and analysis by FMM.

473

www.LightTrans.com



Modeling Task

Diffractive Beam Splitter Surface:
binary surface no AR coating

Minimum feature size: 300 nm
Period: 4.5455 um

6 diffraction orders
with equal diffraction
efficiency

474 www.LightTrans.com



Modeling Task

lHlumination Wave

Plane Wave

Vacuum wavelength: 632.63nm
Polarization: Linearly polarized in x-direction
Incident angle: 0°

Source field diameter: infinite

Source field defined in fused silica

475

www.LightTrans.com



Distribution of Desired Diffraction Orders

« Beam splitter is a so-called even order missing grating. Only odd orders are
used and inner 6 odd orders should have equal intensities.

 Diffraction order positions in 100 mm distance and the associated diffraction
angles that correspond to the given period of 4.5455 um are listed below:

Order # Position / mm Angle /°
-5 -96.848 -44.073
-3 -45.935 -24.672
-1 -14.051 -8

1 14.051 8

3 45.935 24.673

5 96.848 44.073




Merit Functions for Desired Diffraction Orders

Merit Function Optimization Goal Desired Condition
Uniformity Error U Smaller than limit < 0.5%
Total Diffraction Efficiency n to be maximized

Mathematically these conditions mean:

U = Jma ~Tmin - 9505  and =10 105+ 15+ 15+ 15 > 80%
nmax +77min

with ), ... the efficiency of particular diffraction order i with
[ € {—5;—-3;—1;+1;+3; +5}




Fabrication Condition

« Often the manufacturer also have limitation regarding smallest occurring
structure sizes.

* For this scenario we assume that the smallest distance between two
transition points should not be smaller than 300nm.

478 www.LightTrans.com



Design Steps

1. Optimization of initial guess of a high NA diffractive 1:6 beam splitter
by the IFTA.

2. Generation of transition point list: Binary gratings are often described
by a list of transition points.

3. Definition of customized merit functions for the rigorous
evaluation/optimization of diffraction orders efficiencies.

4. Rigorous electromagnetic analysis of the beam splitter by Fourier
Modal Method (FMM).

5. Improvement of the binary beam splitter surface by parametric
optimization and analysis by FMM.

479 www.LightTrans.com



IFTA Optimization of Beam Splitter

For the optimization of the phase only beam splitter transmission the IFTA
optimization document is used.

The evaluated resulting merit functions are

« Efficiency (excluding Fresnel losses): 84.5%
« Uniformity error: 0.13%

File: Sc570 Rigorous Beam_Splitter Optimization_1 IFTA.dp

480 www.LightTrans.com



IFTA Optimization Result

<
=)

Squared Amplitude
©
.
1

_____J_I_|_|_|—|_I_I_I—I_.—._I—I_.—._|—|_

-0.1 ] 01 0.3
Position [1E+08 = 1/m]

* Relative power of diffraction orders of diffractive beam splitter.
« The analysis is done based on the optimized transmission function.




IFTA Optimization Result

Phase

-2.4 -

1 1 1 1 1 1 1 1
-2 -1 ] 1 2
Position [pm]

Binary phase of optimized transmission function of diffractive beam splitter




Calculation of Surface Profile

« Surface profile must be calculated from the transmission function.
« Surface can be calculate by thin element approximation (TEA).
« TEA assumes that height profile is proportional to the transmission phase.

« Display of transmission: Design page of IFTA optimization document, Transmission-> Show
button.

« Calculation of surface profile: Design-> Structure Design function. (see also Tutorial 144.01).

« For the display of the calculated height profile: Double click the resulting component, edit the
sampled surface and click the show button.

0.2

Height Walues [pm)]
-0.4

-0.6

1 T T T T T T 1 1 T T ] 1 1 1 1 T T T
-2.2 -2 -1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 04 0.6 0.8 1 1.2 14 1.6 1.8 2 2.2
x [pm]



http://www.lighttrans.com/documents_search.html?tx_abdownloads_pi1[sword]=144.01&no_cache=1

Calculation of Transition Points

« Smallest feature of surface has around 500nm size.
—> a rigorous electromagnetic analysis is required to evaluate optical
performance since the thin element approximation used for surface
calculation is not sufficiently accurate for this feature size.

« Parametric optimization is a possible way to improve the optical performance.
This requires description of surface by transition points.

* Via VirtualLab module the the transition points list is converted to a sampled
surface profile.

 Modules cannot be used with the Trial version.

File: Sc570 _Rigorous Beam_Splitter Optimization 2 Module.cs

484 www.LightTrans.com



Calculation of Transition Points

« Run VirtualLab module and select
sampled surface.

 The module returns a data array
with a transition point list.

Diagram | Table | Walue at xCoordinate

x Height Values
-2 2775 pm -651.9250942 nm
-1.84175 pm 0m
-518.75 nm -£51.9250042 nm
=250 pm 0m
431125 -551 9250542 . .
1.75425 :L: D”n":l' Flle .
Sc570 Rigorous Beam_Splitter Opti

mization_3_TransitionPoints.da
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Setup of LPD for Rigorous Analysis

« Setup of Grating Toolbox light path diagram (LPD) for rigorous linear (2D)
grating analysis.
* Modeling of beam splitter surface by created transition point list interface.

* Very close transition points with distances smaller than the fabrication
resolution limit should be removed. Resulting reduction of the optical
performance can be compensated during later parametric optimization.

File: Sc570 Rigorous Beam_Splitter Optimization_4 LPD.Ipd

486 www.LightTrans.com



Programmable Grating Analyzer

 Programmable grating analyzer allows the definition of customized merit
functions for evaluation of efficiencies and Rayleigh coefficients of diffraction

orders.

* Programmable grating analyzer included in sample file contains code snippet
for the calculation of uniformity error and diffraction efficiency of 6 required

orders.
 Source code editor is disabled in Trial version of VirtualLab.

487 www.LightTrans.com



Rigorous Analysis of Beam Splitter

Efficiency [%)]
= >

TTB

.Dista nce to Optical ﬁ&is [m]

« Efficiencies of orders calculated by rigorous analysis by Fourier Modal Method
(FMM). The analyzed surface profile was optimized by IFTA and thin element
approximation.

 Efficiency (including Fresnel losses): 80.9%
* Uniformity error: 6.4%
+ Significant increase of uniformity error.




Parametric Optimization

« The parametric optimization document is used to improve the result based on
rigorous analyses.

* Free parameters:
— All transition point positions
— Scaling of profile height by scaling factor.

File:
Sc570 Rigorous Beam_Splitter Optimization_5 ParamOpt.opt

489 www.LightTrans.com



Parametric Optimization

« Merit functions regarded for optimization:
— Uniformity error (named value#1)
— Diffraction efficiency (named value #2)
— Minimum feature size

e Optimization priority of merit functions:
— Feature size limit

— Uniformity error
— Diffraction efficiency

* Priority is controlled by merit function weights

490 www.LightTrans.com



Optimization Result

B, & Diffsaction Orders | e

Dagran | Tabie | Vidue @ xCoosnate

« Figure: Efficiency of diffraction orders of beam splitter.
 Efficiency (including Fresnel losses): 81.85%
« Uniformity error: 0.5%

File: Sc570 Rigorous Beam_Splitter Optimization_6 OptLPD.lpd




Optimization Result

-0.2

Height Prafile [pm]
0.4

-0.6

I T T T T I T I | | I T
-2 -1.666.. -1.333.. -1 -0.666.. -0.333.. ] 0.333... 0.666.. 1 1.333.. 1.666.. 2
® [pm]

« Optimized surface profile
« Minimum feature size: 442 nm




Summary

« VirtualLab allows parametric optimization of diffractive beam splitters.

« Simulation of diffraction efficiency of beam splitter during optimization by
Fourier Modal Method (FMM).

 Initial guess for parametric optimization can be optimized by lterative Fourier
Transform Algorithm (IFTA).

 Diffractive beam splitter surface should be modeled for parametric
optimization by transition points.
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Task 13

Design & Optimization of High NA Pattern Diffusers

Keywords: high angle design, compensation, pincushion, barrel, distortion, intensity
attenuation, preparation of signal field, DOE, loss, desired light target pattern, IFTA



Task Description

Desired Light Pattern

Xmax SF

Gauss Source

Yimax = 0.25m

Diffuser design for generation of high NA light pattern in far

field of DOE




Task Description

Source parameters:
- Wavelength of Gaussian source: 532nm
— Diameter is to be chosen suitably according to final DOE

System parameters:
— Distance from DOE to screen: z = 0.5m

Desired output field:
— Desired light pattern: 1.0m x 0.5m grid

— Desired resolution of light pattern: = 0.5mm
(i.e. smallest distance between diffraction orders in the target plane: Ax;p = 1mm (off-
axis))

— Target pattern according to sample file
,5¢385_HighNA_DiffuserDesign_01_DesiredLightPattern.bmp*

DOE parameters:
— Number of DOE's phase levels: 4




Design Type and Steps

Far field application
Optimization of a DOE for generation of an high NA angular distribution.

Info
DOE generates an angular distribution in the wavenumber domain (k;, k).

Design steps
A. Calculation of pixel size, period and number of pixels of DOE.

B. Presetting of Iterative Fourier Transformation Algorithm (IFTA) optimization
document according calculated parameters.

C. Generation of a precompensated angular light distribution (signal field) in wave
number domain from desired intensity distribution in target plane as design target
pattern (DTP). Analogous an specific optimization region could be defined.

D. Final settings (defining the actual DTP) of IFTA optimization document.




A. Calculations

1. Calculation of smallest pixel (feature) size of the DOE from a reasonable start value of the x extension of the
signal field (here X ., sgiS only 0.75 m):

W2 ~2
/\\"“" \/‘1 max SF + 2

2‘”31.11‘ ( /\vm' )'rnmx SF

AJ'[)OE =

Round this value to a fabricable size (Ax'yoe ) taking into account the manufacturer’s capabilities regarding
positioning increment and minimum feature size. Here the value was rounded to AX'yoe = 320 nm. From this
recalculate the accordant value for X', s

2. Calculation of the DOE’s maximum period p,,.:

.y g (-I'mnx % ‘A-I"I’P)”uir(’\vac) -rnmx”air(/\wu:) 1
with Au = — - - = Pmax = A_
‘ AU

/\\'ac \,/(;-l'mz\x o A.l"l‘l))z + 2

3. Calculation of pixels per DOE period #s and rounding gives the number of sampling points #s'. For this
example #s’ = 2355

0ol Pmax 52 ’ T, ¥
ot Ar! = Pmax = 795 -Aa DOE
LDoRE

rounded to next odd integer




A. Calculations

4. Calculation of achievable (marked with prime ‘) maximum diffraction angle

/\ < r/
! vac~ ; o
.I‘"..‘\ —_— :> (}.l““‘\' — 'cll'('t'cl]] max
RV VAAT'Z o — A2 a —
n, m ‘ ac DOE VAaC

5. Calculation of achieved on-axis resolution of output intensity

ritl ! E—SFA ' = ! = A Y f “:nin \\ ac<
with u;, = Au = — Nl =

, 0 )
pnmx \/”;,i,-(/\\'}u) llllll)\\ ac




B. Presetting of IFTA Optimization Document

[ 4: Iterative Fourier Transformation Algorithm Optimization (Sc385)* | B[S
Specification | Design | Analysis
Imput Field W
Wavelength 532 nm Type of Propagation Far Field (Angular Spectrum) W
(®) Constant Input Field Propagation Distance Tm
s Embed Frame Width 0
Transmission Pixelation Factor t b
Simulate Pixelation Exactly O pe
f/Sampling Points 2355 x 2355} di
: . Output Flane Sampling u Se I n
Sampling Distance 120 nm| x 320 nm /
Sampling Points 2355% 2355 Mod014
Type of .
Transmission Quarttized Phase-Only v Sampling Distance 8337.560121 1/rx 8337560121 1/
Mumber of Field Size 19634595408 1/rc 1963455408 147

-

= 4
tization Level
Sl J l|:| Use Angular Coordinates

Qutput Field Reguirements

Desired Output Field Set Show Limit Stray Light

L ] Maximum Relative Intensity 15%
Optimization Region Set Show of Stray Light
o

[] Limit Feature Size
Allow Phase Freedom
Minimum Feature Size 1 pm

Allow Scale Freedom

Maximum Stray Light Intensity

Limit Scale Factor Accordin : :
o Gosl Efficiency ? 100% LRl Sl

=




C.1 Generate Precompensated Signal Field

 The module Mod014 calculates an angular light intensity
distribution in wave number domain from a given spatial light
Intensity distribution in the target plane.

« Sampling distance calculated by the IFTA optimization
document represented in wave number values must be entered
in the module dialog (option “Use Angular Coordinates” has to
be unchecked in IFTA document).




C.2 Module Settings

« Design wavelength

Conversicn Parameters @ * DIStance between DOE and targEt
— = plane (needed for considering the
[Cnnuersinn Farameters ] req u I red an g IeS)

Distance R00 mm

Calculation of Signal Field of ) Beam Splitter @ Diffuser or Beam Shaper |

Carrect Power of Orders According to Diffraction Angle

Sampling Parameters

Sampling Points 2355 | x 2355 =
Sampling Distance 8337560121 1/m  x 8337560121 1/m
Field Size 15963455408 1/m | x 19634954.08 1/m

oK ] [ Cancel




C.3 Module Settings

e Selection of diffuser mode

Conversion Parameters ﬁ

\wiavelength 532 nm
Conversion Parameters

Distance 500 mm

Calculation of Signal Field of ) Beam Splitter @ Diffuser or Beam Shaper |

Carrect Power of Orders According to Diffraction Angle

Sampling Parameters

Sampling Points 2355 | x 2355 =
Sampling Dhstance 8337560121 1/m = 8337 560121 1/m
Field Size 15963455408 1/m| x 19634954.08 1/m

| oK | [ Concel




C.4 Module Settings

« Sampling points are automatically
adapted

Conversicn Parameters I&

s - « Sampling distance has to be taken
Converson Parameter from the IFTA optimization

::f:ur:::onofSignal Field of () Beam Splitter @) Diffuser or BeamESD:a:r document

7] Cormect Power of rders According to Difacton Angle « The angular field must be in wave
Saroing Paameer ) number coordinates k,, k,

Sampling Points 235512 x 2355 =

Sampling Distance G337 ER01A 1/m = 2337560121 1/m
KFisI: Size 1563495408 1/m| x 1563495408 1. "y

0K | | Cancel |




C.5 Compensation by Module

[ 3: Desived Target Plane Fisld (Unpeepaced Signa! Field) NN 5 | I 7 Angulsr Spectnam (Prepared Signat Field) =
Light Viewr | Dot Verw Light Vigwr | Dt Vierw

é]

- = 2,252619605
0

[ 7 Angulse Spectrum (Prepared Signal Fied) o =l

Light Vigw | Dt Vierw

o mm 750 mm

Gicdally Poartsed Hamnone Reld Amgpliede  Zoom 01222909536 IB5x 28 Mg Aw Sgectnm of Ham

m

7477042 1/

oy |

TA77.042 LUm

981

GS17477.042 Lm Q817477042 L

Mg Aw Soectnm of Hamonks Reld § Amglilude  Zoom 01222929306 33%5x 3355




D. Defining DTP in IFTA Optimization Docment

[ 7 Angulsr Spectnam (Prepared Signal Field) . |

* The generated precompensated ==
DTP is then to be set as desired
output field in the IFTA optimization
document.

A
ﬂ;ﬂmm‘mmﬁ?

Output Field Requirements ‘]‘

I
Desired Output Field Set Show { 7 5

E Select Desired Qutput Field “
Optimization Region Set Shonw 3

N Desired Output Field [ 13: Prepared Signal Field L ]
v ; 1

L ipization Region from Current Selection
Allow Phase Freedom ‘)
QK Cancel
Allow Scale Freedom ? _
Limit Scale Factor According &
to Goal Efficiency 100 % 3
g
it




Final Simulation Result with Desiged DOE
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Summary

« VirtualLab provides an easy to use tool for designing high NA DOEs for the
creation of large light patterns.

« The typical unwanted effects
— geometrical distortion and
— Intensity attenuations
are being fully compensated.
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@HTTRANS -

Task 14

Design of a Refractive Beam Shaper to Generate a
Circular Top-Hat



Abstract

For applications like laser material
processing, the laser beam must be shaped
Into certain distributions on the target plane.
Typically, it is desired to obtain homogeneous
distributions within an area, for example, a
top-hat beam profile. With the user-friendly
design tools in VirtualLab, a refractive beam
shaper with an aspherical surface is designed
for shaping a fundamental Gaussian beam
Into top-hat profile on the target plane. The
performance of the beam shaping element is
analyzed in terms of conversion efficiency,
SNR, etc.

511
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Design Task

How to design the surface of the beam shaper, so to convert
the input beam into the target profile on the target plane?

£
: 3
S_) o
i target field
input field I - profile: top-hat
1 - wavelength: 632.8nm [ / \ - diamter: 400um
1 L | - profile: fundamental - edge width: 40um
‘ | Gaussian | | (14-order super Gaussian)
| . . ; »
& diameter (waist): 8mm K 600um |

10mm

512



Design Result

The step-by-step
o T Vit , guided design session
face height profile (2D 27 :
surface height profile (D) | 11, \/irtualLab delivers
the result within 25
milliseconds!

Q33408

55673 0w

00 0003 0 2005 o0

& [m]

i Fxtormion | Wi Moo | Orel  Mawrwen | w0
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Performance Evaluation

" spot profile (2D) on target plane
‘ "I015. Camera Detector )
: Chromatic Fields Set

633 nm [1E2 (V/m)A2]

0.2

H | spot profile (1D)

Y [mm]

120 Earectod T Chvematic Faide 5ot 118 —| =1 jaml

Chioraso Felds 5ot

-0.2

-0.2 0 0.2

 [mm]

Merit functions Values

Summed Data [1E2 (V)" 2]
0s

Fast physical optics  conversion 90.1% . | |

simulation of thg light shaping | efficiency S ormm
system gives accessto  SNR 22.4dB
multiple merit functions.  stray light 10.9%

514



Task 15: Video

Klick the following link to watch the video:

https://youtu.be/oVALvUaX1ul



https://youtu.be/oVALvUaX1uI

@HTTRANS -

Task 15

Modeling of a Refractive Beam Shaper with Measured
Height Profile

LightTrans International UG



Task/System lllustration

Gaussian beam

2mm ) 200mm

v

A

v
A

g

aspherical lens
(with fabrication error on
the second interface)

f)

intensity distribution
on focal plane

517
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Highlights

« simulation of fabrication tolerances by importing
measurement data of height profiles

518 LightTrans International



Specification: Light Source

Parameter Description / Value & Unit
type/number Gaussian beam

coherence/mode single Hermite Gaussian (0,0) mode
wavelength 632.8nm

polarization linear in x-direction (0°)

waist radius (1/e?)

4mm X 4mm

519
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Specification: Focusing Asphere

Highlights

« simulation of fabrication tolerances
by importing measurement data of
height profiles

- - - fabrication error of the height profile
’ i

. !

=

107nm

-335nm

Parameter Value & Unit

name/type convex-plano aspherical lens

first interface plane interface
second interface

material (M) N-BK7

aspherical interface with measured height profile error

520

LightTrans International



Specification: Detectors

Position Modeling Technique Detector/Analyzer
a field tracing intensity distribution
b field tracing merit function detector

521 LightTrans International



Results: Intensity Distribution

Highlights
e simulation of fabrication tolerances

by importing measurementdataof | = f-—-—-—- ph i il
height profiles

q -
- = x 400
5 ] ]
o o o
2 S =
A I v AS I 0
< > T e al <« >
! 800 um ! [ 800 um " ! 800 pum !
intensity of field at focal intensity of field at focal measured intensity at
plane (without fabrication plane (with fabrication focal plane (with fabrication
tolerances) tolerances) tolerances)

522 LightTrans International



@HTTRANS -

Task 16

Generation of a Rectangular Top Hat by Diffractive
Beam Shaper

Author: Hartwig Crailsheim (LightTrans)

Related Application Scenarios: Scenario 307.01, LBS.003
Related Tutorials: Tutorial _144.01

Requirements: Starter Toolbox, Diffractive Optics Toolbox
License: CC-BY-SA 3.0



http://www.lighttrans.com/documents_search.html?tx_abdownloads_pi1[sword]=307.01
http://www.lighttrans.com/documents_search.html?tx_abdownloads_pi1[sword]=LBS.003
http://www.lighttrans.com/documents_search.html?tx_abdownloads_pi1[sword]=144.01
http://creativecommons.org/licenses/by-sa/3.0/

Modeling Task

diffractive beam shaper
shape, size: round, 2mm x 2mm target

phase levels: 16
plane

ﬂ)) 6: Desired Top Hat
Light View | Data View |

(=3 Ech =)

HD) 4:Tlluminating Beam
Light View | Data View |

503.76 pm

1.2029 mm

% -1.2029 mm 1.2029 mm 50 mm % -503.76 pm 503.76 uym
illuminating beam 1f-setup top hat intensity
intensity (free of speckles)

surrounding medium: vacuum

www.LightTrans.com
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Modeling Task: Input Light Field

llluminating beam parameters of a
Gaussian collimated laser beam

[ ||D) 4: Iluminating Beam == |EoH F>= \

Light View l Data View |

« wavelength: 632.8nm
* laser beam diameter (1/€?): 1mm

1.2029 mm

-1.2029 mm

1.2029 mm

-1.2029 mm

Zoom: 0.40192

Light View

525 www.LightTrans.com



Modeling Task: Desired Output Light Field

Desired Output Field Parameters

( ||D) 6: Desired Top Hat == |EoH F>=
Ugh View | Data View « FWHM-Diameter: 0.5mm

« Edge Width: 67 um
« Efficiency: >95%

« SNR:>30dB

« Stray light: <5%

503.76 pm

-G03.76 pm

-503.76 pm 503.76 pm

Light View {Zoom: 1.915

526 www.LightTrans.com



Demonstrated Steps

1. Configuration of input and desired output light field
distribution.

2. Design Preparation: Defining of the complete optical
setup.

3. Design: Calculation and optimization of a diffractive
optical element (DOE).

4. Data Export for manufacturing of the DOE
(just mentioned, details not part of this tutorial).

527 www.LightTrans.com



STEP 1

Configuration of Input and Desired Output Light Field
Distribution



Generating of an Input Light Field

m Start Sources Functions Catalogs
H

ENYe B O
(Gaussianl| Plane Quadratic Spherical Super-Gaussian
Wave [Wave Wave Wave Wave

Basic Source Models

* First the complex amplitude of the illuminating input beam has to be

generated.
« Therefore select “Gaussian Wave” from the menu: Source > Basic Source

Models

529 www.LightTrans.com



Configuration of Desired Input Field 1

Edit Gaussian Wave

Spatial Parameters Polarizati ode ion amplin * Set the WaVEIength In the SpeCtraI
S Parameters tab to 632.8 nm.

Power Spectrum Type [Single Wavelength hd
Seedlal Values
\Wavelength B2 Brm \wWeight 1

5] (G ) [

530 www.LightTrans.com



Configuration of Desired Input Field 2

_
= Hali-Angle Divergence

- (1/e"2)
() Rayleigh Length

Astigmatism

Default Farameter
L

0.023082°

Oiffzet between y- and x-Flane

0.023082°

124117 m 1.2417m
Om

Copy to x- and y-Values
l [ Help

[ ok H[ Cancel

Edit Gaussian Wave | 2
I Spectral Parameters
Spatial Parameters Polarization I Mode Selection I Sampling
[7] Generate Cross Section
lHenTrrte Gaussian Mode A
Order D x 0
M*2 Parameter 1 = 1
Reference \Wavelength (Vacuum) E2%nm
Select Achromatic Parameter:
@ \Waist Radius (1/£"2) 0D pm x 500 ym

Adjust the spatial parameters in the

according tab:

« Waist radius = 500 x 500 ym

Then confirm with “Ok”.

Results in ‘

531

www.LightTrans.com



Light Distribution of the llluminating Beam

m1: Gaussian Wave = ||_E_|

Light View Data View

27973 mm

-2.7973 mm

-2.7973 mm 2.7973 mm

Light View Zoom: 2.5304

532 www.LightTrans.com



Generating of an Output Light Field

Functions Catalogs

(Gaussian Plane Quadratic Spherical jSuper-Gaussian
Wave

Wave Wave Wave Wave

 Now the complex amplitude of the desired output light field distribution has to be generated.
« This signal field will serve as the target field for VirtualLab.
« This is also done by generating a new light source (so don’t be confused if you come across
terms like “input(!) field”).
* Thus select “Super Gaussian Wave” from the menu
Source > Basic Source Models

533 www.LightTrans.com



Configuration of Desired Output Field 1

Edit Super Gaussian Wave &J

| - | | * Change the wavelength in the
Spatial F;:rcne:::mam F'olanzah%,\
Spectral Parameters tab to

Power Spectrum Type [Single Wavelength v]

S 632.8nm.

\Wavelength B2 Brm \wWeight 1

5] (G ) [

534 www.LightTrans.com



Configuration of Desired Output Field 2

Edit Super Gaussian Wave

===

ers I Spectral Parameters
Spatial Parameters Polarization I Mode Selection I Sampling
[7] Generate Cross Section
[ Type ) Isotropic (Rot-Symm.) @ Separable (Rect-Symm.)
Waist Radius
Radius 250 ym 250 ym
winedst O Ve @50 | Fracton
H
Edge Steepness / Order
Edge Wwidth B7.234 pm 67.294 ym
Edge Maximum 50 %
Edge Minimum 0%
Order 11.143 = 11.148
Percentage Values Refer to (™) Amplitude @ Sguared Amplitude
Default Parameter Ok ] [ Cancel l [ Help

Adjust the spatial parameters in the
according tab:

* Arectangular top hat should be
generated so select the type
“Separable (Rect.-Symm.)”

« Set the radius of the top hat to 250
x 250 um

* Use the 50% definition which
corresponds to the Full-Width-at-
Half-Maximum value.

continued... ‘
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Configuration of Desired Output Field 3

Edit Super Gaussian Wave

===

=k

Spectral Parameters

Spatial Parameters

Polarization I Mode Selection I Sampling

[7] Generate Cross Section

Type ) Isotropic (Rot-Symm.) @ Separable (Rect-Symm.)
Waist Radius
Radius 250 ym 250 ym
defined at @ Me"2) @ 50% © Fraction

H
Edge Steepness / Order
Edge Width 67 um 57 |
Edge Maximum 50 %
Edge Minimum 0%
Order 11198 x 11.198
Percentage Values Refer to (™) Amplitude @ Squared Amplitude

Default Farameter

I[ Ok ]I[ Cancel || Help

For there are no exact discontinuities in nature it
IS suggested to specify smooth edges for

realistic diffraction effects:

« Change the edge width according the
required specifications to 67 x 67 pum.

« Then confirm with “Ok”.

Definition of Radius and Edge Width:

walst radius  :

definition level |
for waist radius

536
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Configuration of Desired Output Field 4

Edit Super Gaussian Wave @
Mode Selection I Sampling
Basic Parameters Spectral Parameters
WVacuum in Homogeneous Medium
: 4 Q
Source Field: Longitudinal and Lateral Cffset
Distance to Input Plane Om
Lateral Offset Om Om

Input Field: Position, Size

and Shape

Automatic Setting
Manual Setting

] Apply Lateral Offset of Source Field

Shape

@ Rectangular ~) Elliptic

I
lDiameter 2mm x 2 mm|
@ Relative BEdge Width 0%
~) Absolute Edge Width 200 um
Z-Lomponent of Direction
Direction
Default Farameter Ok ] I Cancel I I Help

The DOE cannot diffract all light into
the area of interest, i.e. the Top Hat
region. There will always be remaining
light which is distributed around the
desired light distribution.

So that VL is able to consider this
remaining light to a fair and meaningful
extent the output field to be simulated
should be set to around 4 times larger
than the Top Hat's diameter, i.e. in our
case 2mm.

Thus on the tab “Basic Parameters”
switch to “Manual Setting” and change
the shape to 2 x 2 mm.

Results in ‘

537
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Target Light Distribution

| | « The reason for the resulting
e o) dimension (larger as the set 2 x 2
T mm) is due to the Relative Edge
Width for which the standard value
of 10% was kept.

» Additionally on the tab "Sampling”
there is the setting for the “Size of
Embedding Frame (Sampling
Points)” whose standard value is
10. These frame points always

py— 4388 mim have the value zero.

Light View Foom: 1.1781

1.4388 mm

-1.4388 mm

538 www.LightTrans.com



STEP 2

Design Preparation: Defining of the Complete Optical
Setup



Preparation for Design 1

BT sE
m Start Sources Functions Catalogs Windows

Gt W 8 About VitualLab

;;_;9. License Information

New Open Ssve | LightTrans | Calculators | Starter Diffractive| Grating Laser  Lighting
- Solutions v Optics» | ~  Resonator+ £9 Update Information

File Solutions ‘ Beam Shaper Design =
Eﬂ, "Gaussian — Top Hat" Transmission Design
E Diffractive Beam Shaper

E, Refractive Beam Shaper

Beam Splitter Design

E, Regular Array Beam Spliter

E, Arbitrary Amray Beam Splitter

Diffuser Design
Regular Shape Diffuser

&)
o=

E, Pattem Generating Diffuser

* In order to design the desired DOE the complete setup conditions have
to be defined.

« Over the menu go to Design > Beam Shaper Design > Diffractive
Beam Shaper... and a dialog will open that assists you with the design

steps.

540 www.LightTrans.com



Preparation for Design 2

o

Setup Diffractive Beam Shaper

 First for the illuminating beam

Input Field (lnpUt Fleld) CIICk “Set”-
Signal Field

| * In the so opened dialog select the
Creation Method Arbitrary Signal Region -

Sopmd e prepared Gaussian wave and click
“Ok”.

Propagation
Type of Setup 1F-/H-Setup -
FocalLenat 20 Results in
g ™
Select Input Field [

Pixelation of Resulting Transmigsion

Rectanmi o Pixelah |2: Super Gaussian Wave

gular Prelation T G Waie

Determine Pixel Size Automatically

Pixel Size

nnnnnnnnnn 100 nm
Transmission Aperture

Elliptical Shape

Diameter Tmm x 1 mm

[Giose | [l [N ==

541 www.LightTrans.com



Preparation for Design 3

Setup Diffractive Beam Shaper @

* Then for the desired target field
Signal Field = (Slgnal Fleld) CIICk “Set”-

* In the so opened dialog select the

Creation Method [No'rhary Signal Region -

Sopmd e prepared super-Gaussian wave
and click “Ok”.

Fields and Signal Region

Imput Field

il
57

Propagation
Type of Setup -/ H-Setup -
Focal Length 200 mm Res u |tS | N
r IR
Select Input Field [
Pixelation of Resulting Transmigsion
. - |2: Super Gaussian Wave

Rectangular Pixelation e W

Determine Pixel Size Automatically

Pixel Size

nnnnnnnnnn 100 nm
Transmission Aperture

Elliptical Shape

Diameter Tmm x 1 mm

[ Close ] ’ Help l l Ok J}J [ Cancel
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Preparation for Design 4

Setup Diffractive Beam Shaper
Fields and Signal Region
Imput Field

Signal Field

rSignal Region
Creation Method

Rectangular Pixelation

Signal Region
A\
Propagation
Type of Setup | 1f-/21-Setup v
Focal Length 200 mm
Pixelation of Resulting Transmigsion

Determine Pixel Size Automatically

Pixel Size
nnnnnnnnnn 100 nm
Transmission Aperture
Elliptical Shape
Diameter Tmm x 1mm
I Close I I Help I

For this tutorial the Creation
Method “Create from Signal Field”
IS to be selected.

This means that a signal region will
be created containing all parts of
the signal field with amplitude
values larger than 10% of the
maximum amplitude.
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Preparation for Design 5

Setup Diffractive Beam Shaper @

Fields and Signal Region

input Field [ St | | Show |
Signal Field [ St | | Show |
Signal Region
Creation Method | Equal to Signal Field Selection |
Signal Region
Propagation
Type of Setup [ -/ H-Setup - ]
Focal Length 50 mm
Pixelation of Resulting Transmigsion

Rectangular Pixelation

Determine Pixel Size Automatically

Pixel Size

nnnnnnnnnn 100 nm
Transmission Aperture

Elliptical Shape

Diameter 2mm x 2mm

[ Close H Help l

The task at hand demands a “1f-/2f-
Setup” with a focal length of 50
mm.

For the aperture enter
2 X 2 mm.

Then click “Forward >"

544
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3. STEP

Design: Calculation and optimization of a diffractive optical element
(DOE)

Explanation: The DOE to be calculated and optimized will be represented by a transmission function.



Starting Point for Optimization

- e « This page contains an overview of
Ire ol perametrs i e o e s parameters that are automatically
Samping Fine 354 x e calculated by VirtualLab.
samelng Disnce Thm) > T « VirtualLab adapts all parameters for
Array Size 4004 mm = 4.004 mm . . . .
the optimization of the beam shaping
Z::ﬁ?:;ziosi:i:al - 364 x 364 element.
Sampling Disance 7902im x 7%02Tm * For example VirtualLab takes care that
By Size 28764mm x  26764mm the number of sampling points is
Sapng o Tansmssr sufficient and the same everywhere
Samping Pins i) = (for the input field, the signal field and
e e o the transmission). This is necessary for
o S T the optimization algorithm.
« Then click
“Create Optimization Document”.
E=
| <Back ||Forward>| | Close || Help | Results in ‘
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Geometrical Optimization 1

m 9: Iterative Fourier Transformation Algorithm Optimization = || =3 |[ ==
Specification | Diesign Anahrsi5|

Input Field Propagation
Wavelength £32.8nm Type of Propagation 1-/-Setup ']
7 Constant Input Field Focal Length 50 mm
@ Acbitrary Input Field Set | Show | Erbed Frame Widih 0

. PFixelation Factor 1
Transmission

Simulate Pixelation Exactly
Sampling Points 364 x 364
Sampling Distance M x 1 Output Plane Sampling
Sampling Points 364 x 364
Typeof Continuous Phase-Only - - - < -
Transmission Sampling Distance 7.5021 pm x 7.9027 pm
Number of = Field Size 28764 mm x 2.8764 mm
Quantization Levels -
Output Field Reguirements
Signal Field [ set | | show | [[] Limit Stray Light
. . Maximum Relative Intensity 2%
Signal Region [ Set ] [ Show ] of Stray Light
[~] Signal Region = Signal Field [F Limit Feature Size
Allow Phase Freedom
Minimum Feature Size 1m

Mlow Scale Freedom

F Limit Scale Factor According
to Goal Efficiency

Maximum Stray Light Intensity
for Higher Frequencies

* You get this preset transmission
design document named after its
main designing method “lterative
Fourier Transformation Algorithm
Optimization” (IFTA).

Switch to the “Design” tab of this
document.
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Geometrical Optimization 2

For a high efficient and speckle-free result some
optimization steps have to be performed.

Typically one starts with a geometrical approach.
Therefore change the “Design Method” to “Geometrical
Optics Beam Shaping”.

m 0: Iterative Fourier Transformation Algerithm Optimization

Design Method [rtemt Fourier Transform Algorthm Approach ']
lterative Fourer Transfo rrnP-.I nthm nproach

e N L o T WL

This method will only produce an approximated
solution to begin with. It is not possible to include
discrete phase levels of the transmission function.
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Geometrical Optimization 3

——= * Click “Start Design".

* VL will now calculate and optimize the
| transmission function of the DOE.
Assumed Separability Type |Cartesian Separability -

E  When VL has finished its geometrical

optics beam shaping design it will be
Indicated in the messages panel at the
bottom of the main window.

Deszign Method |Geome¢rica| Optics Beam Shaping v| Transmission Set
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Geometrical Optimization 4

Setup Diffractive Beam Shaper @

o e * After this geometrical design switch
Sanping of It Feld back to the dialog “Setup Diffractive

ampling Points 364 x 364 "

N . - Beam Shaper” where the relevant data
S A | A 004 of the just generated transmission
Samping of Signal Fied function will be extracted.

Sampling Points 364 x 364

Sampling Distance 79027 pm x 7.9021 pm ° Thus CIiCk “Forward >”.

Array Size 28764mm x 28764 mm

Sampling of Transmission

Sampling Points 364 x 364
Sampling Distance Mpm x 11 pm
Array Size 4004 mm x 4.004 mm

Create Cptimization
Document

‘l@ 1 Results in ‘
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Geometrical Optimization 5

Setup Diffractive Beam Shaper @ ° CI iCk 14 EXtraCt” .

Do Postprocessing for IFTA Optimization Document:

3: terative Fourier Transformation Algorthm Optimization™ v]

Bxdract Transmission

Extract Modulated Part of Transmission

'

1 Results in‘
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Geometrically Optimized Transmission 1

mmpm S —  The amplitude apd the
Daa e aperture respectively of the
DOE, i.e. the distribution of

the DOE’s amplitude
modulating property.

* For the information
regarding the phase click the
accordant icon.

-1.0065 mm 995.5 gm

9955 pm

-1.0065% mm

Jones Matrix Transmission  Amplitude  Zoom: 1.4341 182x 182

®Re Im
A @

Results in '
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Geometrically Optimized Transmission 2

« The phase distribution of the DOE,
I.e. the distribution of the DOE’s

4: Optimized Transmission of DOE == <= J
DA phase modulating property.
* In order to analyze the light
31416 propagation through the optical setup

switch back to the design document
“Iterative Fourier Transformation
Algorithm Optimization”.

995.5 pm

5e-4

-1.0065 mm

-3.1406

-1.0065 mm 995.5 pm

Jones Matrix Transmission Phase Zoom: 1.3022 182x 182




Geometrical Results 1

» (o to the tab “Analysis” and click

m 3: Iterative Fourier Transformation Algorithm Optimization™ E\ [=] 13 R I I t
Soetcson | Ds_travas ecaiculate.
] Window Efficiency [%] - Sh
— B Recalculat
Conversion Efficiency [%] QOutput Field e cue
Signal-to-Moise Ratio / dB J
Uniformity Error [%] 1 Frgr

[ Zeroth Order Intensity [3] Light Path
[] Zeroth Order Efficiency [%]
[ Maximum Relative Intensite of Strawv | inht [32]

Scale Emors for Phase-Only Transmissions

[] Impase Linear Scale Error by Scale Factor 1
Mask #1 (pi) 1 Mask #3 (pi/d) 1
Mask #2 (pi/2) 1 Mask #4 (pi/g) 1
Scan Scale Emor Range
From 05 Mumber of Steps 11
st -
Scale Factar ] Create Output Field
To 1.1 Animaticn

Linear |\WinEff[%] |ConvEff[%] |SNR[dB] |UnifErr [%] |I0sig [%] | Options

Recalculate




Geometrical Results 2

| 08 % oupur Fiela 3 o [ie )

o * Here you see the result of
the geometrical approach.
* The efficiency is almost 98%.

« The Signal-to-Noise Ratio
(SNR) is almost 30 dB.

* The requirements are
already almost met.

« The SNR is not bad but
needs improvement.

MnmwwhﬁMHﬁﬂ

F Wwindow Efficiency [%] P .
| Conversion Efficiency [%] 57.882086297596175 3 ¢ Th e d ISC rete p h ase I eVE_ |S
’i | Signal-to-Moise Ratio / dB 29.011091733676729 | g (needed due to fabrlcatlon
| Uniformity Error [%] 50.379165741753177 |=| { .
I Zeroth Order Intensity [%] ,:1’ ConStraIntS) mUSt be
% Zeroth Order Efficiency [%] 3 introduced.
| Maximum Relative Intensity of Stray Light [%] 2 26363504 7TRR57IZ T :J
L*WWVW

« Thus for a new optimization
go to the tab “Specification”.

Results in w‘
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Geometrically Optimized Transmission 7

m 3: Iterative Fourier Transformation Algorithm Optimization™ E\ =] @

Change the transmission type to
== “Quantized Phase-Only”

\Wavelength £32.8nm Type of Propagation 1-/2-Setup '] o T h i S m e an S th e n eW O pti m i Z ati O n Of

i SRS | s the transmission function will be done
o 1 for discrete phase levels.

Simulate Pixelation Exactly

Somoin P 4 s « Leave the number of quantization

Sampling Distance M x 1 Output Plane Sampling

Sampling Points 364 x 364 I I t 1 6
Type of lContinuous Phase-Only 71 eve S a .

Transmission Sampling Distance 750271 pmx 75021 pm

Continuous Phase-On - 28764 28764

Number of Quantized Phase-0 ield Size 8764 mm x 8764 mm “ . ”

e o Lovels Comtioch e ,empmudhm N e Then go to the tab “De sign
Quartized Amplitude-Only "
Complex

Qutput Field Requirements

Signal Field [ Set | [ Show | [ Limit Stray Light

) ) Maximum Relative Intensity 2%
Signal Region [ Set ] [ Show l of Stray Light
[ Signal Region = Signal Field [F Limit Feature Size
Allow Phase Freedom

Minimum Feature Size 1 pm
Mllow Scale Freedom
Limit Sesle Eactor 2 Gi Maximum Stray Light Intensity
imit Scale Factor According - oy = :
O to Goal Efficiency 100°% LTSI Len el

Quantization Levels




Geometrically Optimized Transmission 8

m 3: Iterative Fourier Transformation Algeorithm Optimization™
Desian | Anlysis

Design Method | Geometrical Optics Beam Shaping -
terative Fourer Transform Algorthm Appro k‘ LI

Geometrical Optics Beam Shaping

|
>
/
)
.
J

LAzsumed Separahbility Type [Cartesian Separability
ey, e e e, e e

« Change the design method to “lterative Fourier Transform Algorithm
Approach.

Results in “




IFTA Optimization 1

m3:IterativeFourierTransformationAlgorithm Optimization™ . . . _'_' & |
|5pecmcaﬂocoesign nalyss| Last Optimization IS preset.

Design Method [ltemtive Fourier Transform Algorithm Approach '] Transmission ’ Set l ’ Show l

[lezign Stey MNumber of lterations
I || Generate Initizl Transmission Method | Backw. Prop. Signal Field (Random

Signal Phase Synthesis 10 [ Soft Introduction of Transmission Constraint
SNR Optimization for Phase-Only [~] Omit Final Transmission Projection
Transmission 40 [ Soft Introduction of Transmission Constraint
Soft Quantization 100 [] Create Transmission Animation
SNR Optimization for Quantized [] Create Cutput Field Animation
Transmission 200

Show Final Transmission and Output Field
Logging

Phaze]

#it (total) | #lt (step) | ConvEff[%] | SNR [dE] F'rojStrength| Conﬁguretl

Progress in current design step Start Design

Preserve
[ Table

It is important to uncheck the option
“Generate Initial Transmission™. For
the geometrical approach has
already provided a good initial
transmission which is preset.

For speeding up the calculation
change the standard settings for
logging by clicking “Configure”.

Results in v‘




IFTA Optimization

2

Logging Functions Selection

[teration Index in Current Design Step
[] \window Efficiency

Signal-to-Moise Ratio

[] Zerath Order Intensity

[] Maximum Relative Intensity of Stray Light
Projection Strength

[T] Magnitude of Optimal Scale Factor

[7] Argument of Optimal Scale Factor

[] Zeroth Crder Efficiency

Cancel

Disable the logging of the following two
merit function values:

« Conversion Efficiency
« Signal-to-Noise Ratio

This disabling of some loggings does
not affect the optimization.

 Confirm with “Ok”.




IFTA Optimization 3

m 3: Iterative Fourier Transformation Algorithm Optimization™

| Specification] Desion |Rnalysis |

Diesign Method [Itemtive Fourier Transform Algorithm Approach

- Transmission Set l l

Design Steps Number of lterations

|| Generate Initizl Transmission

Signal Phase Synthesis 10
SNR Optimization for Phase-Only

Transmission 40

Soft Quantization 100
SNR Optimization for Quantized

Transmission 200

Logging

Method | Backw. Prop. Signal Field (Random
[7] Soft Intreduction of Transmission Constraint

[~] Omit Final Transmission Projection
[] Soft Intreduction of Transmission Constraint

[] Create Transmission Animation

Create Duteut Fizld Animaticn

Phaze]

"] Show Final Transmission and Output Field

#it (total) | #lt (step) | ProjStrength

Progress in current design step

Configure

Preserve
[ Table

Start Design

Uncheck “Show Final Transmission
and Output Field” for the relevant
data will be extracted using the
dialog “Setup Diffractive Beam
Shaper”.

Then click “Start Design.




IFTA Optimization 4

Setup Diffractive Bearn Shaper |

Do Postprocessing for IFTA Optimization Document:

= ||

 When the design completed

3: lkerative Fourer Transformation Algorithm Optimization™

2] successfully — indicated in the

Extract Transmission

Extract Medulated Part of Transmissicn

messages panel — switch back to the
dialog “Setup Diffractive Beam
Shaper” and extract again the data of
interest by clicking “Extract”.

» Further activate the phase view.

®Re Im
A @
22

< Back | Close || Help

| Results in v.r




IFTA Optimized Transmission

(I & Optimiced Transmesson of DOE

Dars Vew

i

E=0

Jores Nattx Traotonnsion Frace Zoom 1033 1Rk

« The result is comparable to the previous one.

« After zooming in (with the mouse wheel) the introduced phase

discretization becomes visible.




IFTA Results 1

« Again switch back to the Analysis tab of the design document and click
“Recalculate”.

m 3: Iterative Fourier Transformation Algerithm Optimization® EI =] @

| Specification I Diesign | Anatysis |
- 7] Show Recalculate
G7.882086257556175 Clutput Field *
133676729 e
Results in ‘

[] Wwindow Efficiency [%]




IFTA Results 2

window Efficiency [%] - 3

| Conversion Efficiency [%] 96.897799114995138 }

3 |¥] Signal-to-Moise Ratio / dB 43 467652617656004 | i
l: | Uniformity Error [3] 15.433530750091091 | = E\
Zeroth Order Intensity [%] {
Zeroth Order Efficiency [%] 1}

o | Maximum Relative Intensity of Stray Light [3] 1.5324463437275169 T :’F

Results from the iterative Fourier
transform algorithm approach:

« Efficiency almost 97%
 SNR almost 50%

 Amount of stray light below
2%

So the specifications are fulfilled.

564
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IFTA Results 3

[B 7: output Field 31

« To examine the distribution of
S . y . .
FIA o o 8 [F] W e e the light's amplitude in more
W detail switch to a false color
B e representation.
Results in %%ip,"%dv@\ ===
»  Therefore switch first to “Data
i View” and then click
“Rainbow” on the accordant
tool bar.
Globally Polarized Hamonic Amplitude Zoom: 0.60165 364 x 364
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IFTA Results 4

N+ BN E * In order to get the profile of
N S| the amplitude distrit_)utio_n
- select the tool “Profile Line”
‘ and draw a line over the area
of interest.

1.4342 mm

L  The distribution turns out to be
— e very smooth.

Position [mm]

-1,4421 mm

1.8033E-5
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Building of the Light Path Diagram 1

In order to do further analyzes with this optical setup, such as varying of several parameters
with the parameter run, one can build a light path diagram that contains the calculated
transmission function of the DOE within a so-called stored transmission component by
clicking “Show Light Path” on the Analysis tab of the design document.

m 3: Tterative Fourier Transformation Algerithm Optimization® EI =] @
| Specification I Diesign | Analysis |
[ \Window Efficiency [%] - Show
Conversion Efficiency [%] 56.897799114955138 Output Field Recalculate
Signal-to-Moise Ratio / dB 48.467638617696054 |
Uniformity Error [32] 15.433530790091091 |~ Chow
[] Zerecth Order Intensity [%]
[] Zeroth Order Efficiency [%] :,
[¥] Maximum Felative Intensity of Strav Light [%] 15324463437275165 7
R e T e i N




Building of the Light Path Diagram 2

e Parh Vo (Light Pars Clagram o)

Input Frsds Coiouialed Tremasos rm[L-:m Torget Plioce Vituel Screen
y o G { - -+ <
1 2 3 \ a4
‘e om B S B %y B \owm ('8
Faluiry Setatea Faluxrs \Falatre

Funclons
-
00
aw sy
Felzive
0 -t St Lt Bt Pth Do 20 S—— v
- -u o
. Ptk o Dowcioes 598 Analysers = ]
St Dl Twget Drwt Livkage
—a Taw | Ot -~ el Tiow cragoe = thew oney
T byt Fule war e gonem. o= e, bemrven: Fropoper e Cpower Ow
1 Ctziwmd Tramsrmm: ] ca Qe el Lew Cortesst S e Opwess Ce
et Las 1 am. e ) ot Pass Comtennt I9 7 e w Cru s .
) [ Toom A 3
st | Gedence Trpw | Fud Torg. P G

This preset Light Path Diagram
(LPD) has to be adapted a little.

Note: Only Starter Toolbox LPDs
can be changed.

Thus click “Tools” in the Light
Path Editor (LPE) and select
“Convert to Starter Tool Box LPD”.

Generate Seguence 3
Toggle Light Source

Insert Blement into Light Path Diagram

Exclude Element from Light Path Diagram
Exchange Elements in Light Path Diagram

Split Component

Sort Table Entries

Reset Light Path Diagram

Catalog Support »

Simulation Settings
Show Logging
Import /Export Elements »

L| Convert to Starter Tool Box LFD I, |
TR =
I\& Create New Parametric Optimization

568
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Building of the Light Path Diagram 3

Insert the extracted transmission function with added
aperture into the “Calculated Transmission” element
and pixelation factor of 5 x 5.

Input Field Calculated Transmission  ldeal Lens Target Plane Virtual Screen
= e > o I o I o \\/
0 1 2 3 601
X0m X0m X 0m X 0m
Y:0m Y:0m Y:0m Y:0m
Z:0m Z:0m Z: 50 mm Z:0m
Diffractive Optics Ment
Functions
Ray Tracing System =

Analyzer 500

() X0m

Y:0m

800 Z0m

Further change the 2f-setup of the Ideal Lens to a 1f-
setup by setting the first distance to 0.

569
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Building of the Light Path Diagram 4

4 LBS.00Y_TopHat_BesmShaping 03_AdjustedSystent lpd = e =

Lighe Sources _—

Ught Source from Catalog L=

Diffrctive Optics Ment

* The first element could be replaced with a Gaussian Wave as by default it is no adjustable
light source but a “Stored Field” source that has the generated input field stored inside.

« But for this demonstration the stored complex field is kept as the input field.
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Simulation and Results

Starting the simulation with
“Go!” and the light field
distribution as well as the
results of the diffractive optics
merit functions are displayed.

Results of the output field:
Efficiency: 98.5%

SNR: 43.4dB

Stray Light: 1.7%

i T P LY
E Simulation Type : | Field Tracing - i| P Go! L\Ls I L4
m 12: Virtual Screen 2601 after Target Plane #3 (.., r::j = | =
Light View | Data View|
£
[ J
&
=
-1.4415 mm 1.4415 mm
Light View Zoom: 0.6659
Sub - Detector Result
Conversion Efficiency (Classic Field Tracing) 48518 %
Signal-to-Moise Ratio (Classic Field Tracing) 43299 4B
Uniformity Error (Classic Field Tracing) 12,694 %
Maximum Relative Intensity of Stray Light (Classic Field Tracing) 1.6895 %
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STEP 4

Data Export for manufacturing of the DOE
(Jjust mentioned, detalls not part of this tutorial)



Data Export for Fabrication

« For fabrication purpose export the data of the transmission function of the
DOE.

 How to do this is shown in the
“Tutorial _144.01_Structure_Design_and_Fabrication_Export”.
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@HTTRANS -

Starter Toolbox

How to configure the microstructure?
How to simulate it?



@HTTRANS -

(v1.1)

Modeling of Discrete Height Levels, Rectangular
Pixels and Fresnel Zones

Handling of Height Discontinuities



Height Discontinuities Page

v [T S pe— Every optical interface contains a
e ‘Height Discontinuities’ page.

Pixel Size 10pm| x

T « This page enables the modeling of

Quantization Settings

Mumber of Discrete Height Levels 45 - Rectang u |ar pierS

Quantization Mode

O p WintrTrens @ 7 Winwecriser  O_r” ST — Discrete height levels
— Fresnel zones

Use Fresnel Zones
Fresnel Zone Settings
Fresnel Height

Relative Position on z-Axis
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Modeling of Rectangular Pixels

Structurdl| Height Discortinutties §Scaling | Coating | Periodization

Use Pixelztion
Pixelation Settings

Pixel Size

se Discrete Height Levels (Height Quantization)
Quantization Settings
Mumber of Discrete Height Levels
Quantization Mode

[:JIJFMin-Max-Traad IEJJ‘VAMin-Max-F{iser [:]_ E:;hziﬁﬂﬁeﬂm-

Use Fresnel Zones
Fresnel Zone Settings
Fresnel Height

Relative Position on z-Axis

I [Tools 7+ oK Cancel Help

Use Pixelation enables modeling of
rectangular pixels with given size.

Rectangular pixel may appear
during the fabrication of a DOE and
must be included in the optics
simulation.

S77
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Modeling of Discrete Height Levels

uref] Height Discortinuities WEcaling | Coating | Periodization

Use Pixelation
Pixelation Settings

Pixel Size

se Discrete Height Levels (Height Quantization)
Quantization Settings
Mumber of Discrete Height Levels 445

Quartization Mode

DHMin—Max—Traad @J‘FAMin-Max-F{iser ng::h?;ﬁf;dewn_

Use Fresnel Zones
Fresnel Zone Settings
Fresnel Height

Relative Position on z-Axis

I [Tools 7+ oK Cancel Help

* Use Discrete Height Levels (Height
Quantization) enables the modeling of

discrete height levels

578
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Modeling of Discrete Height Levels

« Discrete height levels can be introduced by three modes of operation:
- Min-Max-Tread
- Min-Max-Riser
— User Defined Min-Max-Levels

 The modes of operation control the height values of the lowest and higher
guantization level.
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Modeling of Discrete Height Levels

* Min-Max-Tread mode
* The height of the lowest level is

Grma = My — equal to the minimum height of the
continuous surface.
* The height of the highest level is
' equal to the maximum height of the
continuous surface.
qmin=hmin,’—1|' h)

Min-Max-Tread
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Modeling of Discrete Height Levels

* Min-Max-Rise mode

* The height of the lowest level is
Y defined by the minimum height of

| the continuous surface plus the half
J of the height level step size.
* The height of the highest level is
Grmin L defined by the maximum height of

/ - the continuous surface minus the
min Pimax half of the height level step size.

qmax

h

Min-Max-Riser
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Modeling of Discrete Height Levels

 User Defined Min-Max-Levels mode
* The heights of the lowest level and

A of the highest level are defined by
e’ | the user.
qmin / i
| '
hmin hmax
Quartization Mode
User DeﬁHEd @) J—F Min-Max-Tread () r_rJ'J Min-MaxRiser @ _u ooc Defined Min-
[Minimum 7.5 um Mazimum 7.5 um ]
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Modeling of Fresnel Zones

h(X) N h(X) N

/\ A1 NN\,

>
X X

* The Fresnel zones option allows the
Introduction of Fresnel lens type jumps for
arbitrary height profiles.

* The heights/depths of these Fresnel zones
can be specified.
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Modeling of Fresnel Zones

ol Height Discontinuities lScaIing I Coating | Periodization

Use Pixelation
Pixelation Settings

Pixel Size | 0pn| x|

[] Use Discrete Height Levels (Height Quantization) Fresnel Height = mOdUIatlon helght
uartizaton Setings h(x)4 according to smooth Fresnel surface

Mumber of Discrete Height Levels 4&'

Quartization Mode

DHMin—Max—Traad @VAV‘FAMin-Max-F{iser D%Ig::hﬁgdeﬂm_

Y
[ Use Fresnel Zones \I\K

Fresnel Zone Settings X

Fresnel Height

Relative Position on z-Axis

Relative profile height at position
(X;Y)=(0;0) along Z-axis: 0-100%

B ] [foeie]  [anv  |[ 0K [ G ] [
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Center Height Level of Fresnel Structure

Depending on the orientation of the curvature a different height level enables the
largest possible center Fresnel zone.

Default height level is 50% which ensures in most cases a suitable solution.

0% 100% 50%

refractive
thickness

diffractive thickness
(Fresnel height)

100%

0%

direction of
height definition

diffractive thickness
(Fresnel height)

100%

refractive
thickness

585
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Diffractive Lens

B - == Diffractive lens modeled by Fresnel
B S - eu by e
zones, rectangular pixels and discrete
height levels.

oK ][ Cancel ][ Help ]
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Micro Optical Components

Import of Surface Data from Data Array



Sampled Interface — Demonstrative Sample File

As demonstration the data of a Gaussian height profile is to be used via
sampled interface.

Files:
« SurfaceDataToSampledinterface.lpd
« SurfaceDataToSampledinterface HeightProfile.da
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Surface Data Import Constraints

« The imported data array must fulfill the following
constraints:

— Only one real-valued, equidistantly sampled subset
— The coordinates must have the unit length.
— The data must have the unit length.
* In case of a descrepancy, the loaded/imported data is

shown as separate document so that you can change it
accordingly.

« The changed data array can then be set via ...

Structure | Height Discontinuities | Scaling | Coating | Periodization
Sampled Height Profile

Shaow

& Select from Documents... Neighbor v

MWW

589
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Scale the Height Data

VirtualLab assumes that the given height values have the
unit which are set in the global options (default =
,meters”). If this is not the case, you can scale the

Interface accordingly. In the sample file the heights are
given in millimeters instead.

Edit Sampled Interface x|
H
Structure | Discretizatior] | Scaling | Roating | Periodization
H
Scaling in x-Direct 1
Scaling in y-Direct 1
]
[Sc: ling Direction 0.001 ]




3D View of Sampled Interface

Cubic 8 Point Interpolation Nearest Neighbor Interpolation

T T




K\E(‘.‘.’HTTRANS -

Task17

Analysis of System with Binary Lens



Modeling Task

round :
| 2 3mm PSF & MTF calculation
0 3 Plane Wave Iumises =l
plane wave  diffractive lens tocal plane
wavelength: 532nm (based on conical P
@ 2.5mm surface)
with 5% edge width 2 levels

effective focal length f=200mm
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Specs: Lens Data & Simulation Hint

Lens Data
« substrate & its center thickness: Fused Silica, 1mm
« starting point: conical surface with Conical Constant = 0 in DIC

» effective focal length: 200mm - radius of curvature: -92.143 mm
(see Spherical Lens Calculator)

 diameter of round lens: 3mm

* modulation depth: 0.5 * 1.1544 um
(see Modulation Depth Calculator)

* height levels: 2
« fabricable pixel size: 10um

Simulation Settings

« Use the propagation method Combinded SPW/Fresnel Operator for the free space between
the diffractive lens and the focal plane.
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Expected Result: Phase Directly after Lens

I 5: Virtual Screen #600 after Diffractive Lens #1 (.. | = || B ||nE3|

Light View Data View

30871
. -
-1.5033 mm 130U mm -3.1325

Globally Polarized Hamonic Field Phase  foom: 0.25551 (308; 910)

phase of field after lens

595
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Expected Result: PSF & MTF

T Nk e e e ey Y —— — = ﬁ‘-f‘** R A T o =S = Y ——— — =
I 7: Virtual Screen 2605 after Focus Plane #2 (0) (... | = |- & |[sE3w] B, 6 Modulation Transfer Function #604 after Foc... | = || = |[s3s]
Light View Data View Numerical Data Array
A Diagram Table Value at fcy)
=
7 30.374 Modulation Transfer Function [%]
I~
3 100
- o
= N
.2
T
g o
-_5 e
15.187 =
£ =} 50
=
T o
£ S 76
= @
o™ o
oW -~ O
o oo
o
o~ 0 -5..E-05
= -20  -10 0] 10 20
-189.22 pm 186,52 um % _ R
< 5 Cylces per mm in X-direction
Globally Polarized Hammonic | Amplitude  Zoom: 12.261 (1830; 1828)

PSF 2D MTF
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Local Plane Interface Approximation (LPIA)

Ein EOUt
* Field is propagated onto the
surface.
/ 7Ot (K ky) / B(kx, ky, Ky, ky, YW, ki) di’, dk;,
Surface between ‘
two media
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Local Plane Interface Approximation (LPIA)

Ein Eout
* Field is propagated onto the
surface.
* Response is obtained by local
‘ satisfaction of boundary
condition.
/ VoU (k. ky ) / B(ky, ky, K, k) V" (K, K.) K, dK,
Surface between ‘
two media
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Local Plane Interface Approximation (LPIA)

Ein Eout
/ LPIA: Local satisfaction of h
- boundary condition under the
. assumption of local plane waves
and local plane interface. )
two media
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Local Plane Interface Approximation (LPIA)

Ein Eout
Further propagation into suitable
reference plane by free-space
propagation.
4 y,
Surfa/ce between VOUt(k.\‘/ k.'/) - ./K2 B(k-\'i k}/; k,\/ k:/)Vm(kI\, k:/) Clk,\ Clk;/
two media
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Local Plane Interface Approximation + Propagation

Ein Eout

\
Further propagation into suitable

reference plane by free-space

S =) propagation. )

Surfzge between VOut(kx, k_t/) — /1\2 B(k'\., k.,,, k;., k;/) \”/in(k;., k;,) Clk_'\. clk;/

two media
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Lenses, Freeforms and Any Components with Curved Surfaces

Rigorous operator for spherical
surfaces (Mie theorie).

Local Plane Interface
Approximation: Propagation
through curved surfaces by local
satisfaction of boundary condition
between different media.

Very reliable and fast technique
for smooth surfaces.

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...
waveguides lenses &
& fibers ~ freeforms
apertures &
scatterer Maxwell boundaries

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

adaptive  fraaform DOE
components 5 aug
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Simulations: Transmitted Field On Surface (TE polarized)

( High NA focus! }

zA___[,____1_____1___],____1____1 Field inside
20 pm ni :
no Air
Fused silica | / e
0 100 p
Calculated by FEM
(JCMSuite)
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Simulations: Transmitted Field On Surface (TE polarized)

O T T T T Field inside

T

s

20 um ‘. |
n2 Calculated by FEM
Fused silica (JCMSuite)

0 L\/ TOU pm

Field on interface: Rigoros

08

078

-004 -003 -002 -0.01 0 0.01 0.02 0.03 0.04
Coordinate [mm]
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Simulations: Transmitted Field On Surface (TE polarized)

“ A— N —l— o _1— SO -1_ e _1_ o _1— RN Fleld InSIde A E e A
20 pm n . b
g Calculated by FEM Calculated by LPIA
Fused silica (JCMSuite) (VlrtuaILab)
0 L\/ TO0 pm
Field on interface: Rigoros Field on interface: LPIA

08
08

078
078

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04
Coordinate [mm] Coordinate [mm)]
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Simulations: Transmitted Field On Surface (TE polarized)

O T T T T Field inside

20 pm

0
Field on interface: Rigoros Field on interface: Comparison
3 > 08
T
T
o £
° 2.0.78
-004 -003 -0.02 -0.01 0 0.01 0.02 0.03 0.04 <E »
Coordinate [mm) 076 |
80 0 50

& (pm)

606 LightTrans International



Simulations: Transmitted Phase On Surface (TE polarized)

20 pm n :
no Air '
Fused silica |

0 100 um
Phase on interface: Rigoros
3 .
22
5
S5 71
—O.I[M -0.02 [I) 0.[I)2 O.E]Lcl

Coordinate [mm]

xr

Field inside

05

-0.5

Phase on interface: LPIA

-0.04 -0.02 0 0.02 0.04

Coordinate [mm]
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Simulations: Transmitted Phase On Surface (TE polarized)

I T T T T Field inside

20 pm n :
no Air :
Fused silica .
. '
xT

0

100 pm
Phase on interface: Rigoros Phase on interface: Comparison

£ \ 100

= 2 50

= %

2 5 g

s ~ -50

g

S 7] -100

-0.04 -0.02 0 0.02 0.04 50 0 50
Coordinate [mm] T (;z-m)
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Simulations: Transmitted Field Propagated (TE polarized)

i 1 1 Field inside

20 pm

Fused silica
Or-----------

Field propagated: Rigoros

Field\propagated: LPIA + Propagation

0.85 09

0.8

-0.04 -0.02 0 0.02 0.04 -0.04 -0.02 0 0.02 0.04

Coordinate [mm] Coordinate [mm]

609 LightTrans International



Simulations: Transmitted Field Propagated (TE polarized)

O T T T T Field inside

20 pm ni

Fused silica
ol 100 pum
Field propagated: Rigoros Field propagated: Comparison

0.95

09

0.85

0.8

Amplitude(V/m)

-0.04 -0.02 0 0.02 0.04
Coordinate [mm] . (pm)
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Thin Element Approximation (TEA)

__ﬁ ____________ -

—

=

« Thin Element Approximation is a geometrical optics propagation model.
« Takes into account optical path parallel to the optical axis.

* Neglects:
- Refraction effects
— Polarization effects (scalar propagation method)
- Diffraction and interferences
— Multiple reflections inside of structure

« Typically valid for

— propagation through surfaces with features larger than 5 wavelengths
— paraxial input and output fields
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Split Step Beam Propagation Method

Inhomogeneous medium

e

_____*__ _________

Medium decomposed in slabs

VoS

Propagation in one slab
consists of determination of
optical path difference by thin
element approximation and a
free space propagation step.

612
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Split Step Beam Propagation Method

Takes into account optical path parallel to the optical axis, diffraction and
interferences.

* Neglects:
— Refraction effects

— Polarization effects (scalar propagation method)
— Multiple reflections inside of structure

« Typically valid for paraxial fields and paraxial components.
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Scenario 90 (3.0)

Simulation of Scattering at Rough Surface

Surfaces in VirtualLab are usually smooth. In contrast, real surfaces are always rough to a
certain degree.

This application scenario demonstrates the simulation of a Gauss beam that passes a
glass plate with a rough surface according to measured height profile data. In 1m distance
the scattered light is analyzed.



Modeling Task

i |

| mlﬂ Tnnatrg Desm
Lignt View | Data Wew

K

Gaussian laser beam
A 632nm
(1/e?) diameter: 100um

1m

Glass Plate
(Fused Silica)
with rough
2nd surface

Scatterd Light Field

on Screen="?
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Measured Surface Profile Data

Diagram | Table | Value at fxy) |

Height Values [um]
0.59347
S
N
=
S
£
E © -0.38583
>- -
=
=
-1.3651

™
0.1 -0.. 0 0.05 01
X [mm]
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Light Path Diagram

= 12: Sc090_Scattering_Rough_Surface_1_System.|pd IEI@
+)- Light Sources -
Coordinate Break E
+]- Components Plate with Rough 2nd
+- ldeal Componerts Gaussian Wave Surface Virtual Screen
Virtual Screen Y . e e N
+- Detectors L/ — a4
+- Analyzers 0 1 601
] Z:1m

Ray Tracing System
nalyzer

Analy:
800 B
i |

 For diffractive scenarios with paraxial regarded angles the thin element
approximation (TEA) provides suitable simulation results.

« The presented example shows a typical rough sourface simulation with
perpendicular incident light and scattered light that has deflection angles less

than 5°. So it is justified to use TEA.




Result: Diffraction Pattern

In real colors In false (reverse rainbow) colors

£ TR
= 1.5878E-5
-
o =
m £
N
v <
m
[¥Fp]
e
e g‘ 7.93G2E-6
»
Yow ¥
=
£
= o
£ =
S [Fa]
o [
m
tn -155.18 mm 155,18 mm 3.2187E-19

-155.18 mm 155.18 mm




Summary

« VirtualLab enables the simulation of scattering at rough surfaces.
 Measurement data can be imported from ASCII files.

* Allows the simulation of fabrication tolerances of surfaces.
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AppS.0009 (1.2)

Simulation of a Bifocal Hybrid Lens

Keywords: bifocal Lens, combined Interface, hybrid lens, multifocal
lens, multifocal, bifocal



Task Description

........

b

plane wave

10mm

bifocal lens with
hybrid surface

target plane

621
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Task Description

Z-Extension
Extension

66.4 pm  Minimum

Omm  Maximum

66.4 m

Center thickness of lens: 1 mm.
Diameter: 2.3mm

Radius of curvature of the spherical
surface: 10mm

Hybrid surface modeled as a superposition
of a spherical and a diffractive lens
surface.

Superposition of surface profiles by
combined interface of VirtuallLab.

Diffractive lens parameters:
— Radius: Infinity

- A2:0.0022608

- A4:0.00038131

- AB: 2.74E-06

622
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On-Axis Intensity

The intensity along the optical axis can be taken as indicator for the focal

positions. Via parameter run the position behind the lens is varied. To speed up
the simulation, a separate LPD with the light distribution 9.37 mm behind the lens
as input field is used. Hence, the muliple propagation through this hybrid lens

IS avoided.

Eﬂ 9: Intensity Along Optical Axis

=N ECR =5

Mumerical Data Array

Diagram |Tab|e |‘u"a||.|e at x-Coordinate

Squared Amplitude fo...
E+04.E+(L..E+0

A S

9.3 9.4

T ]
9.5 9.6 9.7 9.8 9.9 10
Distance Before (Field Size and Sampling #2) [mm]

On-axis intensity depending on distance from lens. The two focal points in a
distance of 550um (at 9.37mm and 9.91 mm) are visible.
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Explanation for Different Focal Distance

The light deflecting effect of a classic Fresnel lens structure is based on
 the local period sizes
« and the actual structure within this period.

2n Fresnel height same local COT]Zirgﬁfed
/\ local perlod size  9rating period /
size
—
1. refractive lens 2. Fresnelized 3. diffractive lens with
structure lens structure uncorrelated refractive
structure

1.&2.: The structure of a classic Fresnelized lens is in accordance with the light
deflecting effect due to the local gratings. Ray & Field Tracing will see a
comparable focal length: The direction of rays hitting the local gratings'
structures would be deflected in the same direction as the desired 15t outgoing
diffraction orders would have.

3. If the structure is changed (e.g. compressed), then the correlation is gone
and the results from Ray vs. Field Tracing will differ. We have a general
diffractive lens to be regarded. The presented lens belongs to this category.
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Field Tracing: Point Spread Functions

r!ﬁ«hu_ﬂ?ﬁwfludm
Ut Vo [ Dt V|
590764 3| 105es (8]
: ; | -18.03 pm B 1704 um =
oS Ve demvar Lt Vv A Uger 2o 1908
PSF in 18t focal plane, PSF between PSF in focal plane 2,
9.37 mm after lens focal planes, 9.92 mm after lens

9.67 mm after lens
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Conclusion

« VirtualLab allows the modeling hybrid lens surface by a superposition of a
diffractive and a refractive surface.

« Superposition of two surfaces by combined interface.

« System analysis by Classic Field Tracing engine of VirtualLab enables the
detection of the two focal planes, points spread functions and the on-axis
Intensity.
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UseCase.0076 (1.1)

Periodization Options of Optical Interfaces

Keywords: Interface, Periodization, Arrays, Lens, Mirror



Description

This use case demonstrates the options of periodization of optical interfaces.
Any optical interface in VirtualLab can be periodically replicated.

This option can be used to define e.g. mirror or lens arrays.

There are several definition areas to define periodic structures.
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Typical Edit Dialog of a Surface

* On the Structure tab the user can
Concal Parsmete configure parameters for the

e e surface type, i.e. the
— elementary/interface function.

» Also the size and shape is specified

Shape () Rectangular (@) Elliptic

- rom| x for the so-called ,Definition Area“.
o e e e » The following slides explain the

(@) Field Passes Plane Interface

O Fiedis Abscrbed e different used terms in more detail.

Posttion of Sumounding Inteface Plane

Conical Constant

Specification Mode n
Boundary Madmum W

z-Position 210.1020514 pm

Gl || |Tools 4§« Validity: +/
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Periodization Settings

e

B}

Ty

 The moment the periodization is

Height Discontinuities | Scaling of Elementary Interface | Coating

activated via Periodization tab
VirtualLab distinguishes between a
ezl so-called ,Outer Definition Area“
o ool e and an ,Inner Definition Area”
— (before just ,Definition Area).
o . On the Periodization tab the size of
Postonof Sururdin Aosoting P one period and the Outer Definition
st o RS Area can be defined.
zPosifon  3606350284E 2 — * Via ,i" icons more information is
Eitlonee Definiton ves displayed.

Gl || |Tools 4§« Validity: +/
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Definitions: Areas

 |Inner definition area:

— Defines the shape and size of one cell
of the array.

— contains height profile defined by
structure parameters.

. 7] | \ ) — The inner definition area can be
T smaller than the period.

e Quter Definition area:
aperture/dimension of the array

Meaning of Outer and Inner Definition Area.
Period and Domain of the Interface Function
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Definitions: Heights

Height value outside Height value outside *® The height value between the cells
outer definition area  inner definition area (outside of inner definition area)

/ / can be controlled by the user.

—=/ N\— Comparable the height value
outside of the aperture area

Inner definition area (outside of outer definition area)
can be controlled.

* The last option is also available for
Outer definition area non periodic surfaces.
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Definitions: Absorption

« Light can be absorbed in areas
Light is absorbed? Light is absorbed? between cells (outside of inner

l definition area) or can pass the
. N A~ . surface and is deflected.
« Light can be absorbed outside of
Inner definition area array aperture (outside of outer

definition area) or can pass the
surface and is deflected.

Outer definition area » The last option is also available for
non periodic surfaces.
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Definitions: References

minimum height
value within inner
definition area

A
area minimum = \7
(

\
AN L
| outer definition
L. area
inner definition
_ area
area maximum = Bn
maximum height _—"| \ !

boundary maximum/minimum =
maximum/minimum height value at
boundary of inner definition area

value within inner
definition area

Here:
Boundary maximum is the same as the area maximum.
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Configurations: Single Structure

Structure | Height Discontinuities | Scaling of Elementary Interfface | Coating | Periodization

Conical Parameters

Radius of Curvature 00 pm

Conical Constant 0

Inner Definttion Area
Size and Shape

Shape () Rectangular (@) Elliptic
Size 1mm| =x

Effect on Field Outside of Definition Area

(@) Field Passes Plane Interface

() Field is Absorbed
Posttion of Sumounding Inteface Plane

Specification Mode i |
Boundary Madmum W

z-Position 210.1020514 pm

| |Tools i - Validity: &/

The structure of an optical interface
can be configured in the ‘Structure’
page.

Definition of the Radius of
Curvature and Conical Constant

Size and Shape of the inner
definition area

Selection if light can pass the
region outside of the inner definition
area.

Height value outside the inner
definition area.

635 filename: UseCase.0076_PeriodicSurface.lpd
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Configurations: Periodization

Use Periodization

Pericd 1.5mm x

Outer Definition Area  [Fll
Size and Shape

Shape (@) Rectangular () Elliptic

Size Gmm| x

Effect on Field Outside of Definition Area

(_) Field Passes Plane Interface

(@) Field is Absorbed
Posttion of Sumounding Absarbing Plane

Specification Mode i |
Area Minimum W

z-Paosition 3.686350284E-32 m

Edit Inner Definition Ares

Gl || |Tools 4§« Validity: +/

A periodization of an optical
interface can be activated in the
‘Periodization’ page.

Definition of period.

Size and shape of the outer
definition area.

Selection if light can pass the
region outside of the outer definition
area.

Height value outside the outer
definition area.
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Validity of Parameters

Use Periodization

Pericd 1.5mm x

Outer Definition Area  [Fll
Size and Shape

Shape (@) Rectangular () Elliptic

Size Gmm| x

Effect on Field Outside of Definition Area
(") Field Passes Plane Interface

(®) Field is Absorbed
Posttion of Sumounding Absarbing Plane

Specification Mode i |
Area Minimum W

z-Position 3 686350284E-32 m

Edit Inner Definition Ares

GE | | Tools i« Validity: «/

3 | validity: X | IFl 5}

« The dialog shows if all settings are
consistent (green checkmark).

 |In case of a wrong setting (red
cross) clicking the “i” icon gives
more information about the
misafjustment.
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Validity of Parameters: Schematic

@

(T

Validity: % 5

The inner definition area of th
(See also this figure).

P

Warnings

ical interface is larger than the period.

Close

-24 mm -1.6 mm-300

Domain of Elementary
Function

Period

Cluter Definition Area

pm  T6mm 2.4 mm
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Interface Tools

Edit Conical Interface

| Structure | Discretization I Scaling of Blementary Interface I Coating | Periodization |

Use Periodization
Period 250 pm x 250 pm
Outer Definition Area |Fi
Size and Shape
Shape i@ Rectangular i Elliptic
Size 1.25mm  x 1.25 mm
Effect on Field Outside of Definition Area

(") Field Passes Plane Interface

i@ Field is Absorbed

Position of Surounding Absorbing Plane

Specification Mode H
Boundary Minimum v]
z-Paosition 2679144514 pm

o i—F'ursiﬁon

Edit Inner Definition Area

Help

@ B:fi'dﬁg,fa“"[ oK | [ Cancel ||

Interface tools allow to:
« Import surface profile
« EXxport surface profile
e Save to catalog

* View surface
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3D View

Edit Single Optical Interface g

By clicking on the 3D-View icon an
Fsfoce Spctision oo Craoe edon llustration of the set optical

Conmptyf Conical Interface Homogeneous Medium (Fused Silica) .
|| = E Ee G ZE) @ed / component is shown.

Position /
Orientation

T
Sguu.:%gf; !

=

Propagation
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3D View: Options

e Quter and inner definition area can
be displayed.

« Absorbing areas are marked in
black.

 Context menu allows to enable
drawing of outer definition area.

« Accuracy factor can increase

displ ut
f——
ISplay resoiution.
Show Origin
Show Coordinates
E] Show Scale Bar
Show Toolbar
Accuracy...

Camera Direction >
Background Brightness >
Reset Camera

Export to STL...
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Summary

« Any optical interface can be periodically replicated to generate arbitrary array
structures.

* Inner and outer definition arrays allow definition of complex array structures.

« Example for the simulation of an high NA lens array can be found in
Application Scenario AppS.0010.
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Task 19

Simulation of high NA Micro Lens Array

Keywords: microlens, array, homogenization system, periodization,
diffraction, high NA, lens



Description

« This application scenario demonstrates the simulation of a high NA refractive
micro lens array.

« The micro lens array Iis generated with the help of the periodization option.
Details about the periodization of arbitrary interface profiles can be found in
Use Case 0076.
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Modeling Task 1

wavelength: 632.8nm
waist radius: 250 um
linear E, polarized

fused silica

Note: f = back focal length
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Modeling Task 2

500 pm

- R = 305 um
t—r" Cross section

Thickness

i -

Inner [E)iefinition Arear(in this
case also = Period) = 250 um

Spherical Lens
« Radius of Curvature R: 305 um
e Conical Constant: O
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Simulation by Ray Tracing



Simulation Results 1: 3D-View and Dot Diagram

B 11: Ray Tracing Result 3D
3D View | 2D View

Paosition

¥ [1E-3 dm)]
0

X [1E-3 dm]

Dot Diagram in Focal Plane

3D Ray Tracing View
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Simulation Results 2: OPL Analysis

Optical Path Length [dm)]

E‘ = 0.01029%
= H
\ 245 ..'EE:‘”
OPL of some detail showing
-’:‘- I spherical and higher order
0.010287 .
5 s . 1 ; ; aberrations.
X [1E-3 dm]

Different rays have different
optical path lengths (OPL).
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Simulation by Field Tracing



Simulation Results 1: Near-Field

RYCIE [ 16: Field 4m after Microlens Array #602 after .. | — | =
1’ ‘_‘Lj—ght_v-[e—w; Data View ‘
[ ] 0.8675
{ =
i [F5]
i 8
! o
(=]
| n
0.43375
£
=2
%3]
bt
0
(=2
in
-598.65 pm 598.65 pm 1.8388E-6
aI;BaIIy Polanzed Hamonic Ampliiude Zoom: 0.121 5; (1917:1917)

~ 56 pum

Field 4 um after the micro lens array (60 um behind apex = reference
point) where refraction already led to shadows.
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Simulation Results 2: Field in Focal Plane

Light View | Data View

26

SEM3ET

287.51 ym
[ [} ]

-289.93 pm

Amplitude  Zoom: 045 (1814;1810) .

Locally Polarized Hammonic Field - Ex

£
z 105.23
L
L=l
2
a
-
-
—————
- —
—
-
-
- —
52,616
— -l
F——— i
- 2
— =
E
=1
—
=
=)
f=1
w 5.6713E-7

Resulting field in the focal plane with some central detail.
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Simulation Results 3: Polarization Effects

272,79 ym

30958 pm

22441 pm

- OO
n [ ]
Light View | Data View
e === -1 18277
Todas ;
-~
-~ ~ - ] L
=~ ~ o (®)
i ~_ 9.1408
N
N
52616  |=
4,387E-3

| 220.19 pm 27512 pm

E, field component

-309.41 prn

5.6713E-7

-289.93 pm 287.51 pm
[ [} ]

Locally Polarized Hamonic Field - Ex Amplitude  Zoom: 0.45  (1814;1810) .
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Simulation Results 3: Polarization Effects

Light View | Data View

30958 pm

-309.41 prn

-289.93 pm

Tosz3—
~
~o -
-~
-~
-~ ~ -
|- -~
~ -~
N
N
52616 |2
5.6713E-7
287.51 pm
|
Amplitude  Zoom: 045 {1814, 1810) .

Locally Polarized Hammonic Field - Ex

273.64 pm

222.87 pm

220.3 pm

275.08 pm

1.2982E-3

6.481E-4

5.9656E-11

E, field component

There is a weak polarization cross-talk at the lens interface!
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Conclusion

 VirtualLab allows the simulation of various systems of lens and
mirror arrays by ray tracing and field tracing.

« Ray tracing can be used for the aberration analysis. Field tracing

Includes additional physical optics effects like polarization cross-
talk and diffraction.

« Paraxial and non-paraxial lens and mirror arrays can be modeled
Including aberrations, diffraction and vectorial effects.
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Global Homogenization Elements



Micro Lens Arrays

I‘-’!"t\‘rl

ARREER R
ITAYAa»
T
AR R &

g
!
i

N A AL AdA AL

* Lens arrays are used for the generation of a homogeneous light distribution.

« Shape of light distribution depends on lens aperture (and lens shape). 2 lens
apertures typically limited to circular, rectangular and hexagonal shape.

* More flexible light shaping by freeform lens surfaces possible = difficult to
design and to fabricate.

« Shaping of monochromatic and white LED light.




Micro Lens Arrays

2 Outputntensty
Ugtt View | Dats View

Summed Squared Amplitudes * 1E 04
LY

T
~18

Poson [mm)

Typical Light Distribution
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Task 20

Comparison of Different Method of Modeling Binary
Grating

Try to use different method to show field inside microstructure. Show the calculates of field
inside grating by FMM and Split-step method.

During the training, this task is not really practiced. But when grating period becomes
larger, and diffraction cannot be neglected, Split-step method becomes a good choice.
This task shows you how to enable split-step method.



Task Description

Ideal plane wave

Wavelength is 632.8 nm
Polarization state:

- Case D: E, —polarized

1D binary grating

(1 to 6 beam splitter)
* Period

— Case D:5pum

Period

To be calculated:
f) field inside
4 the grating
L VA

691.93 nm

Calculation of ideal plane wave propagation through a binary grating by using Fourier modal method, split-step method




Case D Amplitude: Period=5 ym, Smallest Feature = 0.4741um

Structure Height Profile FMM Split-Step FMM Split-Step

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

] 3.1416

|
| —

X [pm]
X [pm]
X [um]

)

-3.1416

o
o

02 04 02 04 06 02 04 06
Z [um] z [pm] Z [um]




Task 20: Video

Klick the following link to watch the video:

https://youtu.be/wpab9wxRik8



https://youtu.be/wpab9wxRik8

