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Wyrowski Photonics
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Emphasis of the common theoretical background for
different types of microstructured layers



Unifying Approach — Wavefront Surface Response

nin nout
/ :
Vout( )

Vi(p) =UT(p) exp(iv™(p))
with p := (z,¥)

- For plane surfaces we found V,4'""(p) = V4" (p) and in

conclusion

U (p) exp(iv"(p)) = {B(p; v™UT (p) } exp(iv"(p)) -

By introducing the wavefront surface response we assume an

effect at the surface of the form

U (p) exp(iv™(p)) = {B(p; ") UL (p) } exp (i (p))

with |
P (p) = V" (p) + A(p)

and thus

V1™ (p) = V9" (p) + VL (Ad(p)).
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How to Realize Wavefront Surface Response (WSR)?

* From a physical-optics point of view the question arises, if there
in out exists any manipulation of the structure of the surface, which

n n .
4 provides an effect of the form:
U™ (p) exp(iv"(p) + Ati(p)) = {B(p; ") U (p) } exp(it"(p))
N
/ « A detailed answer can only be given for a specific surface struc-
iy ou ture.
N o FVEe)
L(p) » By introducing microstructured layers onto the surface a wave-
| . Al@(p) front surface response can be implemented:

— Graded-index layer

— Volume hologram layer
— Diffractive layer

— Metamaterial layer
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Diffractive layer

... with application to lenses



Physical Optics Modeling: Diffractive Layer

* In general a wavefront surface response Ay (p) leads to the
equation V9 (p) = V " (p) + V1 (Ay(p)) and because
of the local plane wave assumption (homeomorphic zone) into

*(p) = k"(p) + K(p)

with K (p) < V1 (Ap(p)).

» This equation is directly related to a locally formulated grating
equation

k' (p) = k"(p) + m (2n/d.(p), 27/ dy(p))

with the local grating period d(p) = (dx(p),dy(p)).

» That leads to the basic principle of a diffractive layer via:

d(p) = 2 (00(p)/0) " . (00(p)/09) ™)
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Wavefront Surface Response of Focusing Lens

* In order to transform a plane incident field into a spherical con-
vernegt one the wavefront surface response should be:

A (p) = kon (f = /Te?+ 12)
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Structure Design

« Wrap the WSR: (A)(p))P%E = mod ,or {kon (f —VIplZ+ f?)} with p € .
 For p = 1 local radial period follows with d(p) = 27 /A’ (p).

» Structure design by inverse Thin Element Approximation (TEA): The height profile hP°F is given
by:

A
hPOE (p) = ——— Ay(p)P°F

%

Profile quantization

AN
Ay
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Focusing Diffractive Lens with NA=0.2: Ray and Field Tracing

Data for Wavelength of 532 nm [1E6 (V/m)*2]
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Focusing Diffractive Lens with NA=0.2: Ray and Field Tracing

Amplitude

H 25: Field Directly after Diffractive Lens

Electric Field

Diagram Table = Value at fy)

Amplitude of "Ex-Component”
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Electric Field

Diagram  Table = Value at (xy)
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Focusing Diffractive Lens with NA=0.2: Ray and Field Tracing

Amplitude

Phase

H 25: Field Directly after Diffractive Lens
Electric Field

EI@ EX Eﬂ 25: Field Directly after Diffractive Lens

— Electric Field

Diagram Table = Value at fy)

Amplitude of "Ex-Component”

Diagram  Table = Value at (xy)
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Effects due to Rayleigh matrix:
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Focusing Diffractive Lens with NA=0.2: Ray and Field Tracing

Amplitude Ex Amplitude Ey Amplitude Ez

« Amplitudes in Focus (Same scaling!)
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Focusing Diffractive Lens with NA=0.57: Ray and Field Tracing

Chromatic Fields Set

Data for Wavelength of 532 nm [1E7 (W/m)*2]
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Focusing Diffractive Lens with NA=0.57: Ray and Field Tracing

Amplitude

Diagram Table = Value at fy)
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Focusing Diffractive Lens with NA=0.57: Ray and Field Tracing

Amplitude

= 33 Field Directly after Diffractive Lens (7mm)

Electric Field

EX =y, 33: Field Directly after Diffractive Lens (Tmm)

Diagram Table = Value at fy)

Amplitude of "Ex-Component”

¥ [mm]
0
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Phase

_— Electric Field

Diagram  Table = Value at (xy)

¥ [mm]
0]

Effects due to Rayleigh matrix:
B(p; v")U" ' (p)
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Focusing Diffractive Lens with NA=0.57: Ray and Field Tracing

Amplitude Ex Amplitude Ey Amplitude Ez

« Amplitudes in Focus (Same scaling!)
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Focusing Diffractive Lens with NA=0.57: Ray and Field Tracing

Vectorial grating
effects reduce spot
guality for high NA

Amplitude Ex Amplitude Ey Amplitude Ez

Amplitudes in Focus (Same scaling!)
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Combination of OpticStudio® and VirtualLab Fusion

Complementary workflows



Color Aberration Correction by DOE

4 Optimization of Binary h
Surface = Wavefront
| Surface Response In
OpticStudio® )

If detectors
— point spread function

‘ — modulation transfer
function (MTF)

plane wave
— wavelength (486, 587, 656)nm
— field of view along y-axis (0; 20)° _
— linearly polarized along x-axis lens solution _
— aperture 5mmx5mm — wavefront response function
— diffractive lens
— metalens
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Inclusion of Higher Orders: On-AXxis

Electric Energy Density
[1E6 (V/m)?]
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Results: MTF for Various Diffractive Lens Structures

/ \MTF: Ideal Phase

NTF: Real Structure (no Quantization)

MTF W/ DOE Continuous, 8’ TF: Real Structure (8 Level)

NTF: Real Structure (4 Level
and 4 levels (4 Level)
NTF: Real Structure (2 Level)

/MTF: without Diffractive Lens

B LA

Amplitude of MTF
03 04 05 06 07 08 09

L

MTF w/ DOE: Binary
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Line Density X [cycles/mm]

[ MTF w/o DOE

27 LightTrans International



Metasurfaces

Realization of wavefront surface responses by
nanostructured layers



Physical Effects for Realizing Metasurfaces

* Propagation phase delay  Resonance

- Centrosymmetric phase delay
(polarization insensitive) 7 PN -

P. Lalanne et al., J. Opt. Soc.
Am. A 16, 1143-1156 (1999).

N. Yu et al., Science 334,
333-337 (2011).

— Rotationally asymmetric
(form birefringence)

M. Khorasaninejad et al.,
Science 352, 1190-1194 (2016). Y. F. Yu et al., Laser Photonics
- : / Rev. 9, 412-418 (2015).
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Physical Optics Modeling: Metasurface Layer

* In general a real surface layer structure does not just realize the
desired wavefront response but additional effects and fields:

V™ (p) = {B(p; " UT(p)} exp(iv'""(p) + Av(p)) + V'(p)

* For nanofin-based metalayers the typical result can be written
as:

V(p) = {BT(p; ' UP(p)} exp(iy"(p) + Av(p))
+{B " (p;¥™M U (p)} exp(iy"(p) — A¢(p))

M. Khorasaninejad et al.,
Science 352, 1190-1194 (2016).
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Physical Optics Modeling: Metasurface Layer

 In general a real surface layer structure does not just reallze the
desired wavefront response b

Calculation by Fourier

Vit(e) = {BleULP] 1odal method (FMM),
. For nanofin-based metalayerl a.K.a. RCWA D
as:

M. Khorasaninejad et al.,
Science 352, 1190-1194 (2016).
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Rigorous Analysis of Nanopillar Metasurface Building
Block



Modeling Task

f_l/\\ metalens

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

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

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

D nanopillar
: diameter . : .
uniteell g By varying the nanopillar diameter, the
dimension = - .

7 metasurface building block is supposed to

9 nanopillar have phase modulation covering 2. How to

1 IF k H he'ght,| evaluate such nanopillar structure rigorously?

\ J

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

nanopillar #1

nanopillar #2

nanopillar #3

H 26: Analysis of Nanopillar @405nm EIIEI H 3% Analysis of Nanopillar ®532nm EI@ H 41: Analysis of Nanopillar @660nm EIIEI
Mumernical Data Array Mumerical Data Array Mumernical Data Array
Diagram  Table = Value at x-Coordinate Diagram  Table = Value at x-Coordinate Diagram  Table = Value at x-Coordinate
= g X T3 =g / = = g e 3
= V4 ' > pd e "
g pd 3 / = 5 :
- !
2 L ./ ° L ./ =g L A ./
= Efficiency = w Efficiency = Efficiency v
== Phase == Fhase <L/ == Phase V
5 'IID 'IIS 2ID 2I5 3Il} :; 10 'IIS 2ID 2I5 3ID 5 'IID 'IIS ZID 2I5 3Il}
lteration Step lteration Step [teration Step
Nanopillars No.  #1 (405nm) #2 (532nm)  #3 (660nm)
U 180nm 250nm 350nm
H 400nm 600nm 600nm
D (variable) 80-155nm 100-220nm  100-320nm
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Nanopillar Analysis vs. Pillar Diameter

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

which enables convenient phase control.

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

Nanopillars No.  #1 (405nm) #2 (532nm) | #3 (660nm)
U 180nm 250nm 350nm
H 400nm 600nm 600nm
D (variable) 80-155nm 100-320nm

100-220nm

nanopillar #2
;:.l 35 Analysis of Nanopillar @332nmm o | [ |
Mumerical Data Array
Diagram Table Value at x-Coordinate
T
o | i
oz
£ g [ =
- o
o / ‘ o @
z =
S o / 2
i 7 LT
o | ]
™ | w—" Efficiency =
== Phase .
T = T T T T e
] 10 12 20 25 30
lteration Step
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Form Birefringence Analysis

bye(w) by (w) ow to analyze the form
r — birefringence for the
metasurface building block
—_— ;
— > — nanofin structure?
plane wave ‘
normal incidence —_— : 5
wavelengths % C_S\I —_—
405, 532, 660nm n
. —> ( boa (@) bay(a) ) _
byz(a)  byx(c)
( \
...... S
—_— ——
planewave ..... 0N | | Trteeal N
wavelength @405nm b _

incidence angle TIO, ON e

[-25°, 25°] TTTeea.. N = “cen

A _—

"""" N
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Nanofin Structural Designs

| H | L I
LI S S IW
structural parameters 1 1
Case 660nm 532nm  405nm | : S “'
Design Design Design We analyze this case

refractive n=2.36 n=2.43 n=2.63 as an example.
index d
W 85nm 95nm 40nm
L 410nm 250nm 150nm

M. Khorasaninejad, W. T. Chen,
H 600nm 600nm 600nm R. C. Devlin, J. Oh, A. Y. Zhu, F.

Capasso, Science 2016, 352
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Spectral Analysis for Nanofin — 405nm Design

Numerical Data Array

r a1
Bl 47: C:\Users\..\2019-01-30_Site_Zhang_TiO2 Nancfin_405nm_Wavelength Variation B...| = [ = |[mt3m]

Diagram Table Value at x-Coordinate

!
(=]

e e ———|

r a1
Bl 47: C:\Users\..\2019-01-30_Site_Zhang_TiO2 Nancfin_405nm_Wavelength Variation B...| = [ = |[mt3m]

Numerical Data Array

Diagram Table Value at x-Coordinate

Phase of Subsets #0, #3 [rad]

m 4

o~

ARSH

54

~

- Bxx

T T T T T
06 0.62 064 0.66 0.68

- |i 0,927

|t @405nm

~ ¥

. * ) — EX
m -— By)"

T L) T T T T T T T T T T T T
042 044 046 048 05 052 054 056 058 06 062 064 0.66 0.68
Wavelength [pm]

calculation by
Fourier modal
method (FMM),
a.k.a. RCWA

« B-matrix for metasurface

building block

nction as
Almost half-wave
plate effect
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Angular Analysis for Nanofin —405nm Design

« B-matrix for metasurface
building block

byﬁﬁ byy .
* Ideally, it should function as
a half-wave plate, i.e.

ba:y ~ 0,
yr ~ U,

Bl 64: C:\Users\...\2019-01-30_Site_Zhang_TiO2 Nanofin_405nm_Angle Variation around ...| = |[ &
Numerical Data Array

Value at x-Coordinate

e

Bl 64: C:\Users\...\2019-01-30_Site_Zhang_TiO2 Nanofin_405nm_Angle Variation around ...| = |[ &
Numerical Data Array

Phase of Subsets #0, #3 [rad]

m <

2

Diagram Table Value at x-Coordinate

- BX

_BW

S

\
T T T T

-20 -15 -10

Incident Angle (Y) [*]

calculation by
Fourier modal
method (FMM),
a.k.a. RCWA
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Modeling of A Polarization-Dependent Metalens



High-NA Metalens Simulation

input plane wave
normal incidence
wavelength @532nm
beam diameter 2mm
polarization state

a) R-circular

b) Linear

c) L-circular

M. Khorasaninejad et al.,
Science 352, 1190-1194 (2016).

2mm

Desired to function
AY(p) = kon (f Vilell® + f2) as a focusing lens

RN

How to calculate the point

\

spread function (PSF) at the
focal plane of a metalens, with
polarization effects considered?

4

AN
A\ 4

f=725um
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High-NA Metalens Simulation

V' (p) = {BT (p; ™M UT (p)} exp(iv"(p) + Ay (p))

§ RN +{B (0" ()} exp 10" () ~ A (p)
hE_j 4 A\
2 14: R-Circular PularizedC:po:tm o Flﬁﬂg BO th deS| re d lt =R = ] ‘ K 16: L-Circular Polarized ;:::a“c o o[BS

[(v/m)*2]

bm (v/m2 and conjugate |m wm-a Only conjugate
i mode

0.26

mode

[ Only desired

£ - _
LfE). )g- o 0.13 )g. = 0.1
<t _ —
v R ;
2 1 0 1 0 1 0 1 2 0
X [mm] X [mm] X [mm]
R-circular polarization input linear polarization input L-circular polarization input

42 LightTrans International



High-NA Metalens Simulation

metalens

V' (p) = {B*(p;¢'")UT(p)} exp (i (p) + Avp(p))
+{B (p;y™MU™(p)} exp(iy"(p) — A(p))

QI

\

4
o :
I3 12: R-Circular Polarized Input [o ) @ |3 | | 3 1: Linear Polarized Input = =) | | B3 10: L-Circular Polarized Input ==~
Chromatic Fields Set Chromatic Fields Set Chromatic Fields Set
Data for Wavelength of 532 nm [1E7 (V/m)#2] Data for Wavelength of 532 nm [1E7 (V/m)*2] Data for Wavelength of 532 nm [1E7 (V/m)*2]
1.68 1.68 1.68

wn | " o

o o o
Es @ o Es o Es 0s4
> > >

o 0 wn

© o S

FWHM=355um
ol
[ L I Y 0 T T T 0 T T T o
05 0 05 05 0 05 05 0 05
X [um] X [um] X [um)
R-circular polarization input linear polarization input L-circular polarization input
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VirtualLab Fusion — Connecting Field Solvers

Booth #110

WYROWSK|

VirtualLabrusion

FAST PHYSICAL OPTICS SOFTWARE

nonlinear free
crystals & components space prisms,
anisotropic plates,

components cubes, ...
waveguides lenses &
& fibers ~ freeforms
i apertures &
scatterer Field boundaries
Solver

diffusers '( \‘ gratings
diffractive diffractive,

beam Fresnel, meta

splitters lenses
SLM&  micro lens & HOE, CGH,

adaptive  fraaform DOE
components 5 avg
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