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High-NA Beam Splitter Optimization with User-
Defined Merit Functions



Abstract

Diffractive beam splitters are often designed by
applying certain paraxial approximations due to the
direct relation between phase and structure and
vice versa, which these algorithms provide. In case
of non-paraxial or even high-NA splitters these
approximations will introduce some inaccuracy and
hence at least a rigorous analysis is advised, if not
an additional rigorous post-optimization. In this use
case, such rigorous evaluations are performed for
an exemplary binary 1:6 splitter, using the odd
diffraction orders. For this purpose, the structure of
the initial system is parametrized, and a set of
user-defined merit functions are defined via the
Programmable Grating Analyzer. For the
parametric optimization and subsequent tolerance
Simulation Step analysis, the rigorous Fourier Modal Method
(FMM) is used.
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Modeling Task

How to optimize the surface profile of the following diffractive high-
NA 1:6 beam splitter to achieve optimal uniformity of the desired 5

working orders?

g _l 3
fused silica substrate
1
light parameter§ 6 diffraction orders
) wave_length. 632.63nm Source —» <& with uniform diffraction
 polarization: along x- efficiencies

direction 1]

diffractive beam splitter surface:
» binary surface with no AR coating
* period: 4.545um
* minimum feature size: 431nm




Initial Design of Diffractive Beam Splitter Surface(*)
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4 VirtualLab Fusion
provides Session Editors
that assist in the design
process of different
diffractive optical

\_ elements.(**) Y,

(*) not part of this use case

Wyrowski VirtualLab Fusion 2021.1 (Build 1.180)
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1. The initial beam splitter phase function
was calculated by VirtualLab Fusion’s
Iterative Fourier Transform Algorithm
(IFTA) design tool.

2. For the conversion to a height profile, a

structure design based on the Thin
Element Approximation (TEA) was
applied.

(**) These Session Editors are available with the Diffractive Optics Toolbox Silver.
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Limitations of TEA and an Equidistant Sampled Structure

H 1: Equidistant Sampled Height Profile

Mumerical Data Array

=8 Hol ==

E 1: Equidistant Sampled Height Profile

Mumerical Data Array

Diagram Table
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Diagram Table  Value at x-Coordinate

-

Height Values [um]
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-06

-0.5 0
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converted height profile
(with fine equidistant sampling points)

TEA is well suited if the smallest feature
sizes are not smaller than ~5 times the
wavelength. If this is not the case, the
amplitude/phase distribution after
Interacting with the designed height
profile might exhibit relevant deviations
from the desired values.

Thus, a rigorous evaluation is needed.

And for a parametric optimization, the
structure data needs to be defined
differently.




Data Preparation (Parametrization) for Post-Optimization

Ideal Plane Wave |Beam Splitting Grating Raw Data Detector \ B=l 1: Equidistant Sampled Height Profile EIIEI
D__ . \:’ . B Mumerical Data Array
: i Diagram Table  Walue at x-Coordinate
] 1 600 L . .
. x Height Values ~] | C# module to convert sampled surface to transition point list
Z0mm Z0mm SpeCIal 22725 pm
. 2272 pm 6918251518 nm Izl 2: Module_Generating TransitionPointData.cs
Raw Data Detector (0] pt|CaI Setu p 22715 pm|  -691.9251518 nm Source Code  Advanced Settings
B for ratln -2271pm |  -691.9251518 nm = o1 p O
5 public void Run
Prog ran;malble Grating Grating Order Analyzer g g _2'22?2?, L i;};i:}:l:nm 25 int dummy = -1;
nalyzer — 601 1 “cf P -G nm 26 DatafrraylD daEquidistant = Globals.ActiveDocumentHistory.BrowselastDocuments(Document
A \/ \..r evaluatlons -2.2695 pm -691.89251518 nm 27 out dummy,
-, 200 el j 2269 pm| 6919251518 nm z "select 10
801 =CIGRSpEn]|  -691.0251518 nm 0 if (!daEquidistant.IsEquidistant) {
-2.268 pm | -691.9251518 nm 31 throw new Exception("Data Array has to be equidistant");
-2.2675 pm -691.9251518 nm E% }
=223/ -6519231518 nm ;:1 if (daEquidistant.InterpolationMethodForEquidistantSampling != InterpolationMethod. Neare:"
-2.2665 pm -691.8251518 nm 35 throw new Exception("Interpolation method of Data Array has to be nearest nelghbnr
-2.266 pm -6591.9251518 nm 36 }
H H 1 H 22655 pm | 6919251518 nm 37
or a rlgorous ana ySIS Wlt t e Ourler O a 38 List<VectorD> transitionPoints = new List<VectorD>();
-2.265 pm -6591.9251518 nm 39
M th d F M M th I d h 1 ht f'I f -2.2645 pm | -691.9251518 nm 48 double firstTransition = daEqN\\distant.CoordinateOfFirstDataPoint - (daEquidistant.Samplir
e O ] e Samp e elg pro I e rom -2.264 ym 6919251518 nm 41
. . 42 //run through data points
the Stru Ctu re deS|g n Can d I rectly be used 43 | for {mt runDataPoints = @; runDal) 'ts ¢ dabquidistant.MoOfDataPoints; runDataPoints++
L ible currValue = daEquidistar ta[@8][runDataPoints].Re;

Edit Transition Point List Surface

However, for a parametric optimization, the structure needs to be

: _ Structure  Hejght Discontinuities  Scaling of Ele
parametrized so that a suitable set of parameters can be used for the e

. . . X dlues
optimization. -227275 um 3

For this purpose, a VirtualLab Fusion module is used which converts the
equidistantly sampled surface data into a non-equidistant transition point list
(included in attached sample files).

-1.782174663 pm
-450.8492518 nm
-280.278077 pm
4403012811 nm
1832171025 pm
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Diffractive Beam Splitter Surface for Further Optimization

Ideal Plane Wave

D

] 1

Beam Splitting Grating Raw Data Detector

-
600
[Z:0 mm

Raw Data Detector

Programmable Grating Grating Order Analyzer B
Analyzer 501

801

For the parametric
optimization we plan to use

« the position of the
transition points(*)

« and the
(i.e. the profile height)

as free parameters.

(*) except for the first one, which defines
the border or the element
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Which Merit Functions for Which Diffraction Orders?

For the optimization it is not just relevant to have a well-

parametrized structure, it is also important to define suitable
merit functions, which are calculated based on distinct diffraction

order results.

In this use case the following merit functions are defined:

Efficiency of Desired (Working) Orders

Uniformity Error of Desired (Working) Orders
Maximum Efficiency of Undesired Orders (excl. Oth)
Efficiency of Undesired Oth Order

Efficiency of Undesired Orders

akrwnpE

The six desired (working) orders are: -5, -3, -1, 1, 3,5

How many undesired orders are to be considered?

- We used VirtualLab Fusion's Diffraction Angle Calculator to

ascertain the number of propagating orders.

3% Diffraction Angle Calculator

Grating Period | 4.5455 pm|
Incident Angle | 0°|
Wavelength | 632.63 nm|

Diffraction Orders

Maximum Shown Order 7

For our constellation,
there are 15
propagating orders in
total.

6 desired

A 9 undesired

J

Reflected Orders Range -10] 10

Transmitted Orders Range| -'.-'| | ?|

First Material

Mame |Fused Silica

-20°

+20°

m—— Transmitted Orders == |ncident Wave




Using the Programmable Grating Analyzer

The standard Grating Order Analyzer is a great tool for

Ideal Plane Wave

displaying all the efficiencies of interest in manifold ways. 2

But for defining arbitrary desired merit functions the
Programmable Grating Analyzer is the most suitable tool.

Beam Splitting Grating

Raw Data Detector

Programmable Grating
fnalyzer

an2

C# code of Programmable Grating Analyzer

Source Code Editor

Source Code  Global Parameters Snippet Help  Advanced Settings

52
53
54
EE
56
57

E.g. the uniformity error is
evaluated based on the
efficiencies of the desired
orders according to:

— Iaffnlaai__faffnnin
UE o Effmax ‘|'Effmin

double minEffDesired leld;

double maxEffDesired = 1le-186;

List¢int» desiredOrders = new List<int>();
double maxEffUndesired = 1le-18;

for (int 1 =

desiredOrders.Add(desiredOrderiumber);

Visual_Output

-p’ Edit validity: @
Parameters

Mumber_of Desired_Orders | 5| =
Total_Mumber_of Transmission_Orders_to_Be_Considersd | 1 5| =

@; i < Number_of_Desired Orders; i++) { //only desird {(working) orders
desiredOrderfumber = {({-1) = Number_of_Desired_Orders + 1) + 2 * i; // only odd orders:

OrderInfo desiredOrderInfo = TransmissionResults.GetOrder{desiredOrderNumber};

double effSingleDesired = @;
if (desiredOrderInfo != null) {
effSingleDesired = desiredOrderInfo.Efficiency;
¥
f/#1: total efficiency of desired (working) orders
sumEffDesired += effSingleDesired;
minEffDesired = Math.Min{minEffDesired, effsSingleDesired);
maxEffDesired Math.Max{maxEffDesired, effSingleDesired);

Tatal_Nljmb_e |'_af_T|'5nsmissib
Visual_Cutput [bool]

<l.+1,+3,+5

It's even possible to define a visual )
output from the Programmable Grating
Analyzer.

In order to get a nice spike diagram
some manual adjustments are

Krequwed, though. Y,




Rigorous Analysis of Initial Beamsplitter Design

Eﬂ 55 Transmission Orders' Efficiencies - Prog. Gr... EI@

MNumerical Data Array

Diagram Table
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adjustments via Property Browser

Property Browser

View

=2 55: Transmission Orders’ Efficiencies — Prog. Grating An...

Object  Selections
* General
[ window size 600, 420 |
Transposed View False
Zoom Factar 33.73333333
Zoom Factor Unit 1 px / unity
¥ Data
Auto Scaling of Data True
Minimum Mumber of y-Axis Ticks 2

I View Interpolation

No Interpolation I

* Labels
Font Size 10
* Lines and Symbols
Line Calar - Blue
Line Thickness 2
I Symbaol Colaor - Blue I
Symbaol Scalihg Factor 1.5
I Symbaol Shape E' Filled Circle I
Use Smoothed Graphics True

¥  Selection (General)

E=i 22: FMIM Result for Initial Design = =R ="
Mumerical Data Array
Diagram Table  Value at x-Coordinate
= * »
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o * '
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L=}
C
)
=
&=
S
! ? T ! T ? ]
5] 4 -2 0 2 4 5]
Order Number

Merit Function Result
Efficiency of Desired (Working) Orders 80.9%
Uniformity Error of Desired (Working) Orders 6.8%
Maximum Efficiency of Undesired Orders (excl. Oth) 1.8%
Efficiency of Undesired Oth Order 6.4%
Efficiency of Undesired Orders 13.4%
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Set the Optimization Parameters

vary
grating height

-

vary transition <
points position

IR,

Parameter Selechon
Select the parameters which shall be varied during optimization.

You can select one or more parameter which shall be varied within the optimization.

[ Fitter by...

* | [+] Show Only Varied Parameters

Parameter

Vary = Original Value

12+

“Beam Splitting Grating” (# 1)

Stack #2 (Stack)

Surface #1 (Transition Point List Interface) | Scaling z-Direction

Surface #1 (Transition Point List Interface) | Position of Transition Point # 2

Surface #1 (Transition Point List Interface) | Position of Transition Point # 3

Surface #1 (Transition Point List Interface] | Position of Transition Point # 4

Surface #1 (Transition Point List Interface) | Position of Transition Point # 5

Surface #1 (Transition Point List Interface] | Position of Transition Point # &

specified free parameters for the optimization

K &R EEE]
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Two Optimization Processes for Comparison

In this use case we demonstrate two optimizations with differently configured aims and
constraints:

* |n optimization #1, the uniformity error is prioritized.

* In optimization #2, the Oth order should be minimized as well.

Value #1: Efficiency of Desired 50| Target Value 0.9
Value #2: Uniformity Error of 200 | Target Value 0
Concernlng the merlt functlon COnStralntS, “Programmable Grating Analyzer” [# 302) :a:ue#j‘: :;x.imur:ﬂ Efficiency O Upper L.im-it |v 0.03
. alue #4: Efficiency of 500| Lower Limit 0.02
the user can Specn‘y Value #5: Efficiency of Dm 0.1
. . . . . . Range
« what is the individual target value, range, lower or upper limit Target Vale

« and via a weight, what the contributions of these should be.

Downhill Simplex e

For the optimization, the inbuilt Down-Hill Simplex algorithm is applied. — EEEiIELEESESE

Levenberg-Marquardt Algorithm
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Configuration of the Merit Function Constraints

Optimization #1

Contributions
of Considered Merit Functions

0.2%
99.8%

Efficiency of desired Orders
Uniformity Error of des. Ord.

Optimization #2

Contributions
of Considered Merit Functions

Efficiency of Desired Orders 18.8%
Uniformity Error of Des. Ord. 37.9%
Efficiency of Undesired Oth Ord. 43.2%

Constraint Host Constraint Mame Use | Weight | Constraint Type Value 1 Value 2 Start Value Contribution
Stack #2 (Stack) | Surface #1 (Transition Point List 1| Range 0.5 1.5 1 0%
Stack #2 (Stack) | Surface #1 (Transition Point List 1|Range -2.27275 pm | 227275 pm -1.84175 pm 0%
“Beam Splitting | Stack #2 (Stack) | Surface #1 (Transition Point List 1| Range -227275 pm | 227275 pm -518.75 nm 0%
Grating” [# 1) Stack #2 (Stack) | Surface #1 (Transition Point List 1|Range 227275 pm | 227275 pm -250 pm 0%
Stack #2 (Stack) | Surface #1 (Transition Point List 1| Range -227275 pm | 227275 pm 431.25 nmi 0%
Stack #2 (Stack) | Surface #1 (Transition Point List 1| Range 227275 pm | 227275 pm 1.75425 pm 0%
Value #1: Efficiency of Desired [Working) Orders 1|Target Value 0.9 08093572324 0.1933999243 %
“Programmable |Value #2: Uniformity Error of Desired (Working) 1000 | Target Value 0 0.0612881 83407 599.80160008 %
Grating Value #3: Maximum Efficiency of Undesired Orders 0| Upper Limit 0.03 0.01796733629 0%
Analyzer” (# 802) | ya|yue £4: Efficiency of Undesired Zeroth Order 0| Upper Limit 0.03 0.06340706733 0%
Malue #5: Efficiency of Undesired Orders 0 Upper Limit 0.1 0.1340061047 0%
“Beam Splitting | Transition Point List Surface # 1 | Minimum Feature 1| Lower Limit 431 nm 0%

Constraint Host Constraint Mame Use | Weight | Constraint Type Value 1 Value 2 Start Value Contribution
Stack #2 (Stack) | Surface #1 (Transition Point List 1| Range 0.5 1.5 1 0%
Stack #2 (Stack) | Surface #1 (Transition Point List 1|Range -2.27275 pm | 2.27275 pm -1.84175 pmi 0%
“Beam Splitting | Stack #2 (Stack) | Surface #1 (Transition Point List 1| Range -227275 um | 227275 pm -518.75 nm 0%
Grating” [# 1) Stack #2 (Stack) | Surface #1 (Transition Point List 1|Range 227275 pm | 227275 pm -250 pm 0%
Stack #2 (Stack) | Surface #1 (Transition Point List 1| Range -227275 um | 227275 pm 431.25 nm 0%
Stack #2 (Stack) | Surface #1 (Transition Point List 1/ Range -2.27275 pm | 227275 pm 1.75425 pm 0 %
Value #1: Efficiency of Desired [Working) Orders 50| Target Value 0.9 08093572324 1884873241 %
“Programmable |Value #2: Uniformity Error of Desired (Warking) 200 | Target Value 0 0.06423818407 379260962 %
Grating Value #3: Maximum Efficiency of Undesired Orders 0| Upper Limit 0.03 0.01796733629 0%
Analyzer” (# 802) | ya|yue £4: Efficiency of Undesired Zeroth Order 500 | Upper Limit 0.02 006340706733 43.22517139 %
Value #35: Efficiency of Undesired Orders 0 Upper Limit 0.1 0.1340061047 0%
“Beam Splitting | Transition Point List Surface # 1 | Minimum Feature Lower Limit 431 nm 0
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Optimization #1 (Priority = Uniformity Error)

20 30 40 50

Unifarmity Error [%)

10

50 100 130 200 250

Simulation Step

10

Efficiency of Oth Order [%3]
i

Mumerical Data Array

=l 23: FMIM Result for Opt.21 E=R E=H =%~

Diagram Table  Value at x-Coordinate

L L ] L ] L ] L L

10

Efficiency [%)]

Order Number

50 100 130 200 250

Simulation Step

Merit Function Result
Efficiency of Desired (Working) Orders 81.8%
Uniformity Error of Desired (Working) Orders 0.0%
Maximum Efficiency of Undesired Orders (excl. Oth) 2.3%
Efficiency of Undesired Oth Order 4.2%
Efficiency of Undesired Orders 12.3%
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Optimization #2 (Priority = Uniformity Error & Low Oth Order)

20 30 40 50

Unifarmity Error [%)

10

50 100 130 200 250 300

Simulation Step

10

Efficiency of Oth Order [%3]
i

Mumerical Data Array

B, 24: FMM Result for Opt.#2 =n o <

Diagram Table  Value at x-Coordinate

L L & &> L ] L ]

10

Efficiency [%)]

T??III??

-6 -4 -2 0 2 4 &
Order Number

50 100 130 200 250 300

Simulation Step

Merit Function Result
Efficiency of Desired (Working) Orders 81.5%
Uniformity Error of Desired (Working) Orders 0.6%
Maximum Efficiency of Undesired Orders (excl. Oth) 2.8%
Efficiency of Undesired Oth Order 2.7%
Efficiency of Undesired Orders 12.3%
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Comparison of Rigorous Results (Initial — Opt.#1 — Opt.#2)

initial

height
factor:

1
(691.9 nm)

-1.5

-0.5

X [1E-6 m]

0.5 1 1.5

height
factor:

1.041
(720.3nm)

-1.5

X [1E-6 m]

0.5 1 1.5

height
factor:

1.082
(748.6nm)

-15

-05

x [1TE-6 m]

05 1 1.5

E=; 43: FMM Result for Initial Structure - {550 E=l |
? e | T | I T + | hi
Merit Function Initial Opt.#1 Opt.#2 T — —_—
Total Efficiency 80.9% 81.8% 81.5%
Uniformity Error 6.8%  0.0%  0.6%
Max. Stray Light (excl. Oth) 1.8%  2.3% 2.8% | :
Efficiency of Oth Order 6.4%  42%  2.7% | T : : T
Efficiency of Stray Light 13.4% 12.3% 12.3% R
=, 65: FMM Result for Opt.22 - === <]

Note

Since the rigorous results of a high-NA beam
splitter might deviate considerably from the
approximate results, consideration should be
given to investigating and, if necessary,
reoptimizing supposedly inferior initial designs.

aaaaaaa

aaaaaaaaaaaaaaaaaaaaaaaa

7 6 5 4 -3 2 1 0 1 2 3 4 5 6 T
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Results from Tolerance Simulations

Lniformity Error [ %]

Zeroth Order Efficiency [ %]

|| OptE

~ ] .- Opt#2

. +1.5%

g
5% +5%

-+

0.96 0.98 1 1.02 1.04

—5% Additional Height Scaling (Ref, = 1) +5%

It was investigated how the quality functions behave for possibly height tolerances
during production in the range of +5%.

In most parts of the tolerancing range regarding an etching depth error of
approx.+1.5% (length of blue & red areas), the design from the 2" optimization
exhibits a distinctly worse uniformity.

At first glance, it may seem strange for optimization #2 the minimal uniformity error (red
curve @0%) is not centered. This is because low 0" order efficiency was prioritized in
optimization #2 and some uniformity was sacrificed to achieve this aim.

As a result, the structure of the 2"d optimization has always a distinct lower 0" order for
the whole envisaged range of the tolerancing analysis.

Note:
The reference value 1 in the tolerance simulation results always refers to the
individually optimized height of the examined structure (indicated by the line).
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Conclusion from Tolerance Simulations

Lniformity Error [ %]

- Opt#l
| . Opt#2

5%  +1.3% ref. to lower height +5%

Zeroth Order Efficiency [ %]

- Opt#l
- Opt#2

0.96 0.98 1 1.02 1.04
—5% Additional Height Scaling (Ref, = 1) +5%

Tolerance testing provides a better information base for deciding what is the most
suitable structure for the desired application.

It can be seen, that the structure of the 2"d optimization yields uniformity errors below
0.5% ( ) over a similar tolerancing range of +1.3% (length of
height with the lowest uniformity error is used.

area) if the

Thus, the 2" optimization result with an additional height scaling of 0.9825 (707.7 nm)
might pose a good solution with an overall suitable performance.
In below table the according results are shown in the last column titled "Opt.#2b".

Merit Function Initial Opt.#1l Opt#2 Opt.#2b
Total Efficiency 80.9% 81.8% 81.5% 81.6%
Uniformity Error 6.8% 0.0% 0.6% 0.2%
Max. Stray Light (excl. Oth) 1.8% 2.3% 2.8% 2.6%
Efficiency of Oth Order 6.4% 4.2% 2.7% 3.2%
Efficiency of Stray Light 13.4% 12.3% 12.3% 12.3%
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