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Design and Analysis of a Metalens



Abstract

|||||

A lens 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: 200pm (NA 0.175)

How to design a meta lens
to focus a plane wave?

input field

) wavellength:. 1550nm Parameters from: Bayata, Elyas; Design and Characterization of Optical
 polanization: along x X z Metasurface Systems, University of Washington, 2022

 diameter: 70pmx70um u y , y gton, :

(https://labs.ece.uw.edu/amlab/Thesis/lUWPhDThesis_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 lenath: period
. . High High ickness about wavelength; perio
Thin Element features, thin & features larger than about ten
Approximation : :
Otherwise Low High wavelengths
Thick volume
FMM in Kogelnik | 9ratings; 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 accuracy is
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 propaga’[ion 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

Radiometric Data (Intensity)

¥ [um]

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

X [um]

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 ldeal Phase for Design

In order to achieve an aberration-free focus, a spherical phase is used for the
“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.

Bocsus -

hase Phase

Sources

inear Random Singlg

Generate |deal Lens Transmission

Generate |deal Lens Transmission
= [ Generate Cross Section

E Basic Parameters Physical Parameters Sampling

Dislo Construction Method

Aperture Size and Shape

(®) Manual Setting

Single Function with Aperture ~

[ Generate Cross Section

Basic Parameters Physical Parameters  Sampling

[ Paraxial Lens Function

Focal Length

200 pm

Lateral Offset |

Dmm|x| [Ilmm|

Wavelength Dependency

Shape (@) Rectangular

() Elliptic

Wavelength

Array Size

1.55 um

Diameter |

70.355 um| o |

70.355 pm|

(@) Relative Edge Width
() Absolute Edge Width

0 mm

Default Parameters

Default Parameters

Cancel

Help

Generate |deal Lens Transmission

[] Generate Cross Section

Basic Parameters Physical Parameters 5ampling

() Automatic Sampling

=i 25: Terget Function

Numerical Data Array (Equidistant)

== |

¥ [um]

Diagram Table  Value at (x)

Phase of Transmission [rad]

(@) Manual Sampling

Copy Active Parameters from...

() Sampling Paints 89 x ag
79051 nm| x | 790,51 nm
70.355 ym| x 70.355 pm
Default Parameters Cancel Help

Cancel Help




Pillar Diameter vs Phase Value

The building block of the metalens in this use case is a TS DT et Sl AP =S
cylindrical dielectric nanopillar. Since the size of the unit cell i,
and height of the pillars are already selected according to the b col
reference, the phase provided by the pillar can be calculated
as a function of its diameter, using a Parameter Run. The B e o |mnnetouet | -
dlagram On the rlght IIIUStrateS the relatlonShlp between the »;Gn:;izﬁ"c?:;l;mm ;T;:;c::zf:ciem Ex T[C:... E::::: 1.2001 - exp(-0.93671 -Ii)\c‘_f'm 1.2001-exp|:-0.9363936-Ii[;3:f': 1.2001-exp|3-0.93ssis-lga\.fi': 12001
pillar diameter and phase value.
B, 9: Characteristics of Pillars =R =R
Numerical Diata Array (Equidistant)
nanopillar 7 — -
. diameter W 1
pe — Amplitude
Slze Of unlt ‘ Id : : / : % | _Phasel(zn)
Ce” f; ) == Phase (divided by 2 Fi) i % 0.6
—_ LO E w Amplitude (normalized) g
P=790.5nm — s f
g é : g 0l2 [ - 1
. h=1317nm | x _D ~Ti0
N > o o
"nanopillar height / 0.1 0.5 0.9
\ J Reference: Bayata, Elyas; Design and
Slngle nanopi”ar 61 015 02 025 03 035 04 045 05 055 06 065 07 Characterization of Optical Metasurface
Diameter of Pillars [ym] Systems, University of Washington,
2022
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Design of Pillar Distribution

With the desired optical function and the phase values provided by the chosen type of meta-atoms, the

B, 15: D:\Li

[E=5(E=R 5=

/

V<.

aaaaaaaaaaaaaaaaaa oyl

¥ [um]

X [um]

|2] 4 Design Pillar Distribution ===
S0 ode  Advanced Settings

>

26
27 namespace OwnCode {
public class ViModule {
//define amplitude threshold which shall be u

3e //value is given as multiple of the maximum a
31 J//if the amplitude value is smaller than thre
32 double amplitudeThreshold = ©.9;

33 -
4 »

Code Description  Line
< >
Thread finished normally n1 Ch1

The module “Design Pillar
Distribution.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).

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

B & Di\LightTrans...\02a Pillar Distribution.da =N ==
Mumerical Data Array (Equidistant)
Diagram Table  Value at [xy)
Pillar Diameter [um]

0.75

E

E 0.395

-
0.04

(absolute phase is a free parameter)
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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 from initially desired function
(amplitude and phase) (phase)

B, 81: Response Function of Meta Element = E ] B, 2 Response Function of Meta Element [E=NEoR === B, 10: Deviation from Initial
Numerical Data Array [Equidistant) Num ta Array (Equidistant]

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.
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Setting Up the Metalens

Edit Stack X
Y3
In order to set up the meta lens, the BB
. . . . . . o
distribution of the pillar diameters is v
. . . . . ©
o
imported into a Pillar Medium in a ‘
: : L.
General Grating Component (Grating _ _ _
Index | z-Distance | z-Position Surface Subsequent Medium
SpeCIfIC Optlcal Setup)_ Edit General Grating Compaonent (Metalens) 4 PQMIﬁﬁ% fgrq [T EETE
2 1317pm 1317 pm Plane Interface d' our commen
(O) 1D-Periadic (Lamellar) 9
;ﬁ. Base Block
Coordinate Base Block Medium <
Systems
Mon-Dispersive Material || Val\dity:o Add et Delete
Periodicity & Aperture
%] 27: Optical Setup View #26 (03_Meta Lens Simulation.os) /Q. |5 Load i I
Filter by... > Paosition /
Grating Order Analy i Thickness Stack Period is | Dependent from the P of Medium | withIndex |1 =
E:Ielr:;?nr:r;rey:onr:gzi et e e Stacks Stack Period 70.355 um 70.355 um
Programmable Analy |:| Use Stack on First Surf]
N [ ] . =
X:0mm ' Metagrating Metagrating \
Y:0mm
Z0mm $ [ Load 7 Edit Q) Vie [ Load Q, view
Propagation Mo rotation about z-Axis No rotao ut z-Axis ~
Grating Order Anabyzer || | | o
Base Block Stack
< >
Tools ‘ﬁf;v Commaon Period: (70.355 pm; 70.355 pm)
Validity: @ Preview Wavelength Jr— Help

Edit Pillar Medium (General)
Basic Parameters  Scaling Periodization

Embedding Material

Mame | Air

Catalog Material

State of Matter Gas or Yacuum

Pillar Material

Mame |Mon-Dispersive Material (n=24)

Defined by Constant Refractive Index

State of Matter Saolid ~
Pillar Geometi Pillar Distribution e
x-Position y-Position Diameter ~
1
2| -34.782 ym -33.992 ym 454 nm
3 | -34.782 pym -33.201 pym 483 nm
4| 34,782 ym -32.411 pym 524 nm
5| -34.782 ym -31.62 ym 560 nm
6 | -34.782 pym -30.83 pm 630 nm
7| -34.782 ym -30,039 pm 549 nm
8 | -34.782 um -29.249 um 521 nm
9 -34.782 pym -28.458 pm 737 nm
10 | -34.782 pym -27.668 pm 40 nm
11 | -24.782 um -26.877 pum 183 nm v
< >
Table Tools ‘ﬁ', “Pylmport Digmeter Data
Q|| vaidit:@ Cancel Help
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Setting Up the Metalens

In addition, the height and shape of the pillar, as
well as the material, must be configured
properly in the Pillar Geometry tab:

Edit Pillar Medium (General) e

The lateral extension of the metalens is configured
in the Periodization tab:

Edit Pillar Medium (General) e

Basic Parameters scaling Periodization Basic Parameters Scaling] Periodization

Embedding Material

Mame |Air =1

Use Periodization

Catalog Material ~| |2

State of Matter Gas or Vacuum Period in y-Diraction 70.355 pm

Pillar Material Period in z-Direct
Mame |Mon-Dispersive Material (n=24) O_,_
Defined by Constant Refractive Index ~
State of Matter Solid ~
iIIarDistribution

Side Wall Slope Angle

Shape

[] Round Edges

Q.| [ validity: @

() Squared (® Circular

Q.| ||| vaidit: @ Cancel
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Resulting Metastructure

Preview for Pillar Medium (General) — O *
Content  Appearance Value at fxy,z)
Wavelength 1.55 um| | Refractive Index n Environment

Section Plane | xy-Plane

Position of Section Plane

w

View Range

L. 0 MR G = 4 1 & B bt @ @M MGG W <« === b h st eddd e PPUREEEEETer a1t PR EEE —
it i 24
o B3 T bl
=
o~
TS
o
i3s
=
3 o 1.7001
=
= EH '
i HH
(=)
G
=
1.0003
-30 -20 -10 ] 10 20 30
w X [pm]
€ >
Close 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 contrast to 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 (03_Meta Lens Simulation.os) == Tg‘::::" F::’:::“ =8 =R
g----GraJting Order Analy: E a
é----EIIipsometryAnaIyze - - .1 31384
;irj::r;::;:::;; Ideal Plane Wave Metalens Raw Data Detector - -
B [ :
N Z0mm
\‘\Raw Data Detector
[0t .
X0mm
Grating Order Analyzer ;g::
J’I_\\ E
&
-3.1403
-35.178 um 35178 pm
sl i Locally Polarized Harmonic Field - Ex Phase | Zoom: 0.1422% | (3001; 3001)
pillar structure (complex transmission function of the metalens)
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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:

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

Result focal spot (|ntenS|ty)

Radiometric Data (Intensity)

[#- Light Saurces

- Components

[+ Ideal Components
- Detectors

Universal Detector

- Analyzers
+ Coordinate Break
i Camera Detectar Yiomm

. Universal Detector

E
=
9

[%:0mm

Z: 200 pm

Y:omm

Y [um]

calculated complex transmlssmn

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

0.11934

v
-20 -10 0 10
X [um]
Size X (Intensity; [1] = Spectral Intensity for Wavelength £1: 1.55 um) 46875 um
Size Y (Intensity; [1] = Spectral Intensity for Wavelength # 1: 1.55 um) 4.6875 um

lateral extent (FWHM)

summed Data
0.04

0.02

u
-20

-10
Positiof

o

n in Section [um]

10
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Comparison

While the focal spot of the initial function and the response of the
designed pillar structure provide identical spots, the propagation
through the pillar structure causes some aberrations. However, the
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.

initial function response of pillar design

meta lens

I3 85: Intensity - *Universal Detector” (2 600}: Intensity (Profile: General)
Radiometric Data )

Spectral Intensity for Wavelength # 1: 1,55 um [1E7 W/m?®]

0
0.’ 0.‘
0’ 0’
Q 0
=] .’ =] .‘
= K 2 K
0” 0"
0‘ 0‘
E £
x| m R Sio
= >
o 0
0’. 0”
0 0
o < = &
.0. " .0
0‘ 0"
0 0
Q o

X [um] X [um]

FWHM FWHM

Size X [Intensity: [1] = Spectral Intensity... | 4.8828 pm Size X (Intensity; [1] = Spectral Intensity...
Size ¥ (Intensity: [1] = Spectral Intensity... | 4.8828 ym Size ¥ (Intensity: [1] = Spectral Intensity...

Size X (Intensity: [1] = Spectral Intensity...
Size ¥ (Intensity: [1] = Spectral Intensity...

H 599: Cross-sectional View

Mumerical Data Array (Equidistant)

Diagram Table  Value at x-Coordinate

— Metalens

0.8

— Initial Function

Response of Pillar Distribution

rmalized Spectral Intensity for Wavelength # 1: 1.55 ym
0.4

Mo

-30

Slightly stronger secondary

maxima are obtained for the
focus of the metalens.
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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.

[ 5] 27: Optical Setup View £26 (03_Meta Lens Simulation.os) = e
-~ Grating Order Analy| E
Elhrjlomedtry'?na\yze e 88506058055
" Feld Inside Lompor Ideal Plane Wave Metalens Raw Data Detector 5v Q{m".éwgég 80?08535882@
-~ Programmable Analy O RN CQE’JOQOCO()OOOPJCJI‘OOOO
- Programmable Grati| & | 600 N 3 QL
- Polarization Analyze N _— E{
" %0 mm 5%
N Y. 0 mm &
. 7:0 mm &
| g
.‘\ 5 ER) ()OC:O’)O"O"OOOOOOOOuO
3T T & e d [Sroieiateto (eI ‘D"OCO‘)ODOOOO\/DO
B g (i 20 : AN RRa RO o LT [REDRS D" Q &l
B ol ] oo $290.00000000000000
H b o o5 2O00D0 >
i3 4 5o Rat : tolslstetatatelatabarctoty
& NN e e LA e NoRe N ol eRael d16) OEOOO000OD,
S.2.0-00 LA BTOLOORCO0 S 8 JOL J
(S RNNENG] 2829000900000 \EDDUOC@G Q00
Deoooog St gioe slolele] le%e]
200808 elalealslslelste el
200000 po/s 0/v'w'elales'sTele!
+ 9000 a0
=0 ORI E
©.6.0.0 200!
(500 0.0
5600000
Q-850 0000
COREOLHK
< 90 G0 0RO
j<latels
H + &
it Y
'he module 06 _ExportMeta
E ) S5
GratingToGDSIIAndText.cs” o
it 1 " E\SC{:\) text .89E-07
feteletele 5.248-07
H H H QOCE000000 Q! _3.162E- 6E—
e RPN 3.162E-05 5.6E-07
O AnA006000004 -3.4782E-05 -3.08295E-05  6.3E-07
S900R289] 7 -3.4782E-05 -3.0039E-05 6.49E-07
. . . - . $0609 -3.4782E-05 -2.92485E-05  6.91E-07
Pillar Medium inside an optical SR g ey e e
0000l 10 -3.4782E-05 -2.7667SE-05  4E-08
£298] 11 -3.4782E-05 -2.6877E-05 1.98E-07
soean| 12 -3.4782E-05 -2.60865E-05  2.95E-07
setup to a and text-base S o o, e
3 i 3 14 -3.4782E-05 -2.45055E-05  3.92E-07
[+ = I .. .II .. Sl 15 -3.4782E-05 -2.3715E-05 4.238-07
H E LOOOD] 16 -3.4782E-05 -2.29245E-05  4.5E-07
1IiiY i tab e (Contalnlng pl ar pOSItIOnS ‘OUOOO 00’ ‘»O(«Ouo«.:(’c/)b% \,%‘?58885‘ 17 -3.4782E-05 -2.2134E-05 4.74E-07
DuD/‘Ou LQOOOOOROLOO0CCICHDORLDT0L 5 -3.4782E-05 -2.13435E-05 4.975-07
- nle POEOOOGTOR [slolslaie; QOO DGO o
d d t b L e e e
b nnnt:DDODODODOBCDOGCDGOC QRoeLos0L0o000a = = — 6 = |
an lameters). ot 125008005008 980008006000000000000000¢] 20 34700805 1 37625805 5 42807
S0 r e 00RO REOTBOaO00EB00000000eRvene| 21 ~3.4782E-05 ~1.8972E-05 5.64E-07
A ETEgesasesErentatecatandiaxa] 22 34702805 -1.818158-05  5.868-07
23 -3.4782E-05 -1.7391E-05 6.07E-07
24 -3.4782E-05 -1.66005E-05  6.44E-07
5 -3.4782E-05 -1.581E-05 6.65E-07

pillar structure (configured in the Pillar Medium) '
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