@HTTRANS N

Design and Analysis of a Metalens



Abstract

||||||

Alens is a transmissive optical device that
focuses or defocuses light by changing its
phase. Unlike conventional lenses,
metalenses have the advantage of being able
to achieve the desired phase change in a very
thin layer using structures with sizes in the
order of the wavelength and below, without
the need for a complex and voluminous lens
group. In this example, we showcase the
design process of a metalens using cylindrical
dielectric nanopillars. Owing to its nanoscale
structure and high refractive index contrast,
full vectorial modelling of the electromagnetic
field is essential. For the initial configuration,
parameters from E. Bayata’'s work are used.




Design Task

metalens (top-view)

+ extent: 70.4pmx70.4pum

* size of unit cell: 790.5nmx790.5nm
* substrate glass: 1.5

« refractive index of pillars: 2.4 (TiO,)
« shape of pillars: cylindrical

» focal length: 200pum (NA 0.175)

How to design a metalens
to focus a plane wave?

input field

. length: 1550 . . :
waveleng . nm Parameters from: Bayata, Elyas; Design and Characterization of Optical

* polarization: along x X Z Met ‘ Svst Uni i of Washinaton. 2022

. diameter: 70pmx70um etasurface Systems, University of Washington, :

(https://labs.ece.uw.edu/amlab/Thesis/UWPhDThesis_Elyas Bayati_Final.pdf)




Simulation & Setup: Single-Platform Interoperability



Connected Modeling Techniques: Metalens

@ metalens (analysis of pillar structure)

Available modeling techniques for periodic micro and nano structures:

Methods Preconditions Accuracy Speed Comments
Fourier Modal :
Method (FMM) None High Low
Large periods& . . Thick bout [ th: iod
Thin E!eme_nt features, thin & features larger than about ten
Approximation : )
Otherwise Low High wavelengths
Thick volume
FMM in Kogelnik | 9gratings; Bragg High Very high Method is electromagnetic
Approximation condition formulation of Kogelnik's approach
No Bragg condition Low Very high

pe

As a rigorous eigenmode solver, the
Fourier modal method (also known
as rigorous coupled wave analysis,
RCWA) provides a very high
accuracy. While calculation may
take a while, for complex systems
like this, the high accuracyis
absolutely necessary.




Connected Modeling Techniques: Free-Space Propagation

@ propagation to focus

Available modeling techniques for free space propagations:

Methods Preconditions Accuracy Speed Comments
Rayleigh

Sommerfeld None High Low Rigorous solution AS we propagate the field into the focus, we
Integral . .

, , : expect diffraction effects to play a role. For
Fourier Rigorous mathematical . . . .
Domain None High High reformulation of RS « this purpose, Fourier Domain TeChnlqueS

Techniques integral were chosen for the simulation of this free-
Fresnel Paraxial High High | Assumes paraxial light; space propagation step, as they provide a
_ _ moderate speed for .
Integral Non-paraxial Low High | very short distances good compromise between speed and
Geometric | Low diffraction High Very high | Neglects diffraction accuracy.
Propagation Otherwise Low Very high effects
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Connected Modeling Techniques: Detectors

@ detector

¥ [pm]

Spectral Intensity for Wavelength # 1: 1.55 pm [W/m?]

X [pm

0.11934

0.05967

1...E-06

Full flexibility in detector modeling of different
physical values, including:

« Radiometry, e.g., irradiance, intensity

* Photometry, e.g., illuminance, luminance

« Measurement of lateral extent (e.g. FWHM)




Metalens Design Workflow



Create Ideal Phase for Design

EZEE'QE‘F"“C“““ Mumerical Data Array (Equidistant) EI@
In order to achieve an aberration-free focus, a spherical phase is used forthe |
“forward design method” (see reference). Here, the necessary parameters like
diameter, focal length and the sampling (regarding the size of a unit cell of the meta
structure) can already be set. :
- _L, & H ; Generate Ideal Lens Transmission enee deatlens Tenamen [ Generate Cross Section -3.1358
Start Sources 4 Oe e Cross Secti [] Generate Cross Section Basic Parameters Physical Parameters Sampling |

(O Automatic Sampling

B Basic Parameters  Physical Parameters  Sampling

[ Paraxial Lens Function

Ideal Wfinear Random Single
Construction Method Single Function with Aperture ~ Focal Length 200 um

Lens HRhase Phase Dislo

@ Manual Sampling Copy Active Parameters from..

Lateral Offset | Dmm| * | Dmm| 89 x 89

Aperture Size and Shape Wavelength Dependency O Sampling Points

'@ Sampling Distance 79051 nm| x | 790.51 nm
rSi 70.355 um| x 70.355 pm
@® Manual Setting Array Size I I
Wavelength 1.55 pm
Shape (®) Rectangular () Elliptic e
Fhris | 70.355 um| x | 70.355 um| 9

(@) Relative Edge Width

OAbsqute Edge Width 0 mm

Default Parameters Cancel Help
Default Parameters Cancel Help ‘

Default Parameters Cancel Help

9 used files: “Ola_Target Transmission.ca2”& “01b_Target Function.da”



Pillar Diameter vs Phase Value

The building block of the metalens in this use case is a
cylindrical dielectric nanopillar. Since the size of the unit cell
and height of the pillars are already selected according to the
reference, the phase provided by the pillar can be calculated
as a function of its diameter, using a Parameter Run. The
diagram on the right illustrates the relationship between the
pillar diameter and phase value.

' 14: DALightTrans...\02a_Unit Cell Analysis PR.run [r=e -] (3]

Results

Start the parameter run and analyze its results

B Go!
Use Already Calculated Results for Mext Run
Iteration Step

Detector Subdetector Combined Output 1 2 3

Varied Parameters Diameter of Pillar £1 ["Unit... | Data Array ] 41 nm 42 nm

“Grating Order Efficiency T[0: 0] Data Array 96.034 % 96.035 % 96.037 %

Analyzer” (# 800)... Rayleigh coefficient Ex T[0;.. | Data Array 1.2001 -exp(-0.83671-)) V/m  1.2001.-exp(-0.83633-i) V/m  1.2001.exp(-083595.i)V/m  1.2001

Mumerical Data Array (Equidistant)

E=l 9 Characteristics of Pillars
nanopillar
T diameter
Ce” Lr) é- == Phase (divided by 2 Pi)
p = 7905nm \—i % . - Amplitude (normalized)
|| _E [=
C =
| h=1317nm | .
N _ |/ - - /l S
nanopillar height
\ )
single nanopillar m o o0z o3 o

T T T T
0.2 0.25 0.3 0.35 0.4 0.45 0.5

Diameter of Pillars [pm]

T
0.55 0.6

0.65

=5 =5
< Back Show *
> — Amplitude
i 0 6 —Phase/(21m)
:
g 0-2 [ - 1
) ~_Ti0O2
Reference: Bayata, Elyas; Design and
o7 Characterization of Optical Metasurface
Systems, University of Washington,
2022
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used files: “02_Unit Cell Analysis Parameter Sweep.run” & “02a_Characteristics of Pillars.da”




Design of Pillar Distribution

With the desired optical function and the phase values provided by the chosen type of meta-atoms, the
lateral distribution can be designed. For this step, a module is used, which chooses the proper diameter of
pillar to generate the lateral distribution of the desired phase.

Resulting distribution of pillars

[£]  Design i Distbution (=S E=n = E=. 8 Di\LightTrans..\02a Pillar Distribution.da e s
Soul Cod

_ ource Code  Advanced Settings i idi
w X S = Mumerica | Data Array (Equidistant)

/ © i: T Diagram Table  Value at [xy)
28

namespace OwunCode {

2 15: D ..\02b_Characteristic Nanopillar_C¢ d ===
Numerical Data Array (Equidistant)

v 2 public class VLiModule { . .
/ 29 f/define amplitude threshold which shall be u Pillar Diameter [um]
3e f/value is gi

» s iven as multiple of the maximum ai
. 31 //if the amplitude value is smaller than thre
o 3 32 double amplitudeThreshold = 6.9;

2
E © = prese (nomp) f /- = 33 -
3 5
£ | = pmltuse cormalies) / 2 4 3
£3 5
- 0 Errors 0 Warnings
<

. 25: Target Function =R ==
Numerical Data Array (Equi

nnnnnnnnnnnnnnnnnnnnnn

0.295

o
&
5
=
g
£
5
£
g
=
4
3
=3
w
=
&
g
A
3
g
o
¥ [um]

The module “DesignMetaStructure

0 FromTargetFunctionAndLUT.cs” is
used. This module allows us to
exclude pillar diameters if the
amplitude is below a given threshold
(here: 0.9). This helps exclude jumps
(e.g. caused by mode resonances). (absolute phase is a free parameter)

¥ [pml

11 used files: “03_Module DesignMetaStructureFromTargetFunctionAndLUT” & “03a_Pillar Distribution.da”



Design of Pillar Distribution

During the design of the pillar distribution, the expected response of the metalens and the deviation from
the initially desired function are delivered as outputs as well:

Response function of the designed pillar distribution Deviation frominitially desired function
(amplitude and phase) (phase)

[, &1: Response Function of Meta Element [=o- = =, 9: Response Function of Meta Element =R == =, 10: Deviation from Initial Function =N R ==
Numerical Data Array (Equidistant) Num: ta Array (Equidistant Numerical Data Array (Equidistart)

aaaaaaaaaaaaaaaaaa ) Diagram Table  Value at (xy) Diagram Table  Value at (xy)

---------

At the jumps of the wrapped phase
differences are noticeable, because
the chosen pillars do not provide a full
21 phase in the range of diameters.

12 used files: “03b_Response Function of Meta Element.da” & “03c_Phase Residual after Meta Element Design.da”



Setting Up the Metalens

In order to set up the meta lens, the
distribution of the pillar diameters is
imported into a Pillar Mediumin a
General Grating Component (Grating

Specific Optical Setup).

2T: Optical Setup View #26 (03_Meta Lens Simulation.os)

Filter by... x

Grating Order Analy
Ellipsometry Analyze,
Field Inside Compor,
Programmable Analy
Programmable Gratil

Ideal Plane Wave

Polarization Analyze @
X0 mm
Y:0mm

Z0mm

Grating Order Analyzer

Edit General Grating Component (Metalens)

B

Coordinate
Systems.

1

Position /

Structure

= 8

Propagation

Edit Stack

ﬁ Base Block

validity: @

Index | z-Distance | z-Position Surface Subsequent Medium
N Plane Interface
= 7 &
2 1317pm 1317 pm Plane Interface
(O) 1D-Periodic (Lamellar’
Base Block
Base Block Medium <
Mon-Dispersive Material | Validityzo Add Insert Delete
Periodicity & Aperture
[ Load )
Thickness Stack Period is  Dependent from the Py of Medium | withIndex |1 O
Stacks Stack Period 70.355 pm 70,355 pm
[] use Stack on First Surf
et (5 Gl | Took if - oK Cancel Help
Metagrating Metagrating \
[ Load 7 Edit Q_vje [£5 Load Q, View
Mo rotation about z-Axis Mo rota'eut Z-Axis ~
Base Block Stack
Tools 5§ - Common Period: (70.355 pm; 70.355 pm)
Preview Wavelength 1.55 um Cancel Help

Edit Pillar Medium (Genera
Basic Parameters  Sealing

Embedding Material

0

Periodization

Mame |Air

Catalog Material

State of Matter

Fillar Material

Gas or Vacuum

Mame

Mon-Dispersive Material [n=24)

Defined by Constant Refractive Index

State of Matter Solid w
Pillar Geometi _Pillar Distribution e
*-Position y-Position Diameter ~
1
2| -34.782 um -33.992 um 454 nm
3| -34.722 pm -33.201 pm 483 nm
4| -34.782 ym -32.411 pym 524 nm
5 -34.782 um -31.62 ym 560 nm
6| -34.732 pm -30.83 pm 630 nm
7| -34.782 ym -30.03% pym 549 nm
2| -34.782 ym -28.24% um 6591 nm
9| -34.782 pm -28.458 ym 737 nm
10 | -34.782 um -27.668 um 40 nm
11 | -34.782 um -26.877 ym 198 nm W
< >
Table Tools tﬁ', “fyImport Digmeter Data
Q| @ validity. @ Cancel Help
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used file: “04 _Meta Lens Simulation.os”




Setting Up the Metalens

In addition, the height and shape of the pillar, as The lateral extension of the metalens is configured
well as the material, must be configured in the Periodization tab:

properly in the Pillar Geometry tab:

Edit Pillar Medium (General) e

Edit Pillar Medium (General) e

Basic Parameters Scaling  Periodization Basic Parameters Scaling

Embedding Material Use Periodization

Mame |Air Q.
Period in x-Direction 70.355 pm
Catalog Material v |2 S
State of Matter Gas or Vacuum Period in y-Direction 70.355 pm
Fillar Material .
Period in z-Direction Infinity fm
Mame |Mon-Dispersive Material (n=24) Q.
Defined by Constant Refractive Index ~
State of Matter Solid ~

Fillar Geometry [pillar Distribution

Height 1.317 um
Side Wall Slope Angle
Shape () Squared (® Circular

[] Round Edges

Q.| || validity: @ Cancel Help Q| || validit: @ Cancel Help
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Resulting Metastructure

Preview for Pillar Medium (General)

Content  sppearance Value at [xy,2)

Wavelength 1.55 pm| | Refractive Index n

Environment

Section Plane | xy-Plane ~ View Range -
Position of Section Plane
A e T T T e T T T L L e e Ty
Hi HH 24
4 H
ok %
o
o™
o
€
S o 1.7001
-
= il
T iaeaa
fraaa
o
o
o
Lo2] -t
| -3
1
.I,'::: 1.0003
-30 -20 -10 1] 10 20 30
v * [pm]
£
Help

In the preview window of the pillar
medium, the pillar distribution is shown.
The color scale represents the refractive
index (real part).
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Simulation Workflow Step #1

In order to model the function of the pillar structure, the Fourier Modal Method (FMM, also known as
RCWA) is applied. For this purpose, a Grating Specific Optical Setup with a General Grating Component is
used. In contrastto the method used in the design stage, the resulting phase now includes the interactions

of different pillars in close vicinity.
Result: phase (and amplitude, not shown)

Step #1: Grating Specific Optical Setup directly behind meta lens
27: Optical Setup View #26 (02_Meta Lens Simulation.os) === 7—[13; 5:;|ting ARELERR Lo
=
Raw Data Detector
Grating Order Analyzer ;::555
30
=
el e Jones I\;:tsrlil'?:a:::ission Phase 3:0::?::395 (3001; 3001)
pillar structure (complex transmission function of the metalens)

16 used files: “04 Meta Lens Simulation.os” & “04a_Metalens Result.ca2”



Simulation Workflow Step #2

In a second step, the calculated function of the real structure is further propagated in a General Optical
Setup using a Stored Function Component.

Step #2: Result focal spot (|ntenS|ty)

Optlcal Setup with Metalens (designed and |n|t|al) —————

Spectral Intensity for Wavelength of 1.55 pm [1E7 W/m?]

P a et paga [
iiter -~
Light Sources

I r

[+ Companents Plane Wave stalens Unive

|deal Components

-- Detectors E) [
Analyzers .
‘- Coordinate Break X:0mm X:0mm

i~ Camera Detector ¥:0mm Y:0mm
Universal Detector _2: 5 pm .Z: 200 pm

=
i
3
=
4
=
20

10

b 7
o
=]
v
Y [um]
0

o
9
-10

= 2
Z:5pm

-20 -10 0 10
X um]

Spectral Intensity for Wavelength of 1. [1E7 W/m?]

Size X [Intensity: [1] = Spectral Intensity for Wavelength of 1.55 pym) 4.5908 pm

CaIC u Iate d cO mp|eX tl’anS m|S S |0 n Size ¥ (Intensity: [1] = Spectral Intensity for Wavelength of 1.55 pm) 4.5808 um 0 20 "Ifosm_on , S‘im mm]'l" = 0
lateral extent (FWHM)

17 used file: “05_Meta Lens Propagation.os”



Comparison

While the focal spot of the initial function and the response of the

H 99: Cross-sectional View EI@

Diagram Table  Value at x-Coordinate

designed pillar structure provide identical spots, the propagation . T
through the pillar structure causes some aberrations. However, the " e
designed metalens still provides a focal spot of similar size and
structure as the original phase function. This result could then be the
starting point for further optimization.

Response of Pillar Distribution

0.8

06

0.4

02

ormalized Spectral Intensity for Wavelength # 1: 1.55 prr

13 &7: Intensity — “Universal Detector” (# 600): Intensity (Profile: General) = o I3 25: Intensity - “Universal Detector” (£ 600): Intensity (Profile: General) =R | 13 10: Intensity - “U 1 :
Radiometric Data (Intensity) Radiometric Data (Intensity) 10 0 10 20
I Intensity for Wavelength # 1: 1.55 pm [1E7 W/m?] Spectral Intensity for Wavelength # 1: 1.55 um [1E7 W/m?] ST
3.6244
R/ EJ
o+ o o+
+ o
2 o

\ ] ] - Slightly stronger secondary
@ @ maxima are obtained for the
N TR focus of the metalens.

........

X [um] X [um] X [um]

Size ¥ [Intensity: [1] = Spectral Intensity... | 4.83828 um Size ¥ (Intensity: [1] = Spectral Intensity... | 4.8828 ym Size X (Intensity: [1] = Specdtral Intensity... | 4.5908 um
Size ¥ (Intensity: [1] = Spectral Intensity... | 4.8828 um Size ¥ (Intensity: [1] = Spectral Intensity... | 4.8828 pym Size ¥ (Intensity: [1] = Spectral Intensity... | 4.5908 um
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Export of Pillar Structure

In order to export the designed pillar structure, a GDSII and text-based export are supported via a module.

[Z] 27: Optical Setup View 226 (03_Meta Lens Simulation.os) =N R[5

QOTOCIN
Grating Order Analy, \ %
Ideal Plane Wave Metalens Raw Data Detector
olarization Analyze .
¥i0mm BN
Z0omm M \
- ona
Do
N oRogu.
vumnag 5 T e R o]
3 5 ¥ or Sl taletatstetatataretst cotae
H Bhiint SODOAG ”ocoaoooo DOOBO S
H H Y EC00E0CONNRORAGA i 880 ] 00000
158 s BOGO0E O’)OOOOODO” QO00PQODNGO0 : [ aTsysTetsRets
CODOO ORI > OOROERAG felelelstrnt)
QIGO0 Qx, slele b PLSLOrsToLs, SISlRIc o}
o QOO & b8 alelalriaka)
o6 BT = QOO0
fEpYel o (Sleiere)
200 o GRO0
QR B uuao&o:}@(‘O’)O"D 0.2 QOO
faYeXa) PR ReNe Rotarototatoty s lote] o OG0
OO o ol JeleleNe:
fEreiss . o ISjatstens
000! = oo Q0G0
005 2 oo DOOG
(sios] e oL QR
< GO0 2 ) GGG
3OL Ce &) >
2. ¥ COQRAK) e a0 BOGO
2% e LEOOOCCLI ) QGG
g e OO =2 graigo e LXICE
Teryd 11 Bdsials a’s STNS coes s IGO0
H 1 OOOBCTHI & & sla7e 7%}
3 e Sislaies aii e e DOG0
i QOOON . o < jelss
CRQOO0 \ 9, Q! ilelels)
rr? i telslale) ® L 0.0, LOC
he mod sedase: : i
[ ule xportMeta : i
. CRGOGON o §
1 i -_ OO0 ()8 SRR o)
& bhn . 1] SERSReR 5 -3.47828-05 4.14B-07
GratingToGDSIIAndText.cs - , s b
i3 I . 200GOO00 Pt tetetalstare 5 -3.3201E-05 4.89E-07
+ + S GO 2 290 o
H £ SRS Seeseng00g8s0n teXt 5 -3.24105E-05  5.24E-07
H H H 28 5 -3.162E-05 5.6E-07
EeXPOrts tne pliar contiguration or a
5] SO0 COod| 7 _05 - 05 & |
S8enEhades0anse S 3.4782E-05 -3.003%E-05 6.49E-07
. . . . . 2020009000NETE00000ATCT000I0] -3.4782E-05 -2.92485E-05 6.91E-07
fsletet ooocooo':oc;oooc;o'*cf\oc S
Pillar Medium inside an optical e ¢ e e
OGUOOQGCDDDGOOODQD‘[‘O()DGOOQ’)GG -3.4782E-05 -2.76675E-05 4E-08
LRLOCL0R00CeODLEUDGRLE GO cX=3 6
e 800000000000000800000ae] 1L ~3.4782E-05 -2.6877E-05 1.98E-07
£000000000000000000000000 00 ms| 12 -3.4782E-05 -2.60865E-05 2.955-07
setup to a GDSII and text-based SEEEcRiRoReRinaRiRiRtRatatH 1 3 lhraom 03 2 290805 2.528.07
1, L popesoassey QOCH 14 -3.4782E-05 -2.45055E-05 3.92E-07
. H bl - . II .y nRARAL 0] 15 -3.47B2E-05 -2.37158-05 4.23E-07
H H 4 X QCQ: 16 -3.4782E-05 -2.29245E-05 4.5E-07
table (containing pillar positions St e e

St ete oterstaisieerarstei o i et T 05 - — _
(15(1500 70(‘0 O()O’)g;%“onooﬁoucﬂD o 3.4782B-05 -2.13435E-05 4.978-07
O <

H B OEPABOONaaR0a000000| 18 ~3.4782E-05 -2.0553E-05 5.2E-07

an Ial I leters . £ 2 -3.4782E-05 -1.97625E-05 5.42E-07
21 -3.4782E-05 -1.8972E-05 5.64E-07

22 -3.4782E-05 -1.81B815E-05 5.86E-07
-3.4782E-05 -1.7391E-05 6.07E-07

-3.4782E-05 -1.66005E-05 6.44E-07
-3.4782E-05 -1.581E-05 6.65E-07

[
s

pillar structure (configured in the Pillar Medium) ’

19 used file: “06_Module_ExportMetaGratingToGDSIIAndText.cs”
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