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Modeling and Design of Diffractive- and Meta-lenses
with VirtualLab Fusion

Frank Wyrowski, Akil Bhagat, Roberto Knoth, Site Zhang



VirtualLab Meta- and Diffractive Surface Solutions

 We prepare a new VirtualLab product
for design and modeling of meta- and
diffractive surfaces to be released in

2019.
« |t will be based on the theory VirtualLabsuson

presented in this talk. The examples
shown in this talk will be included in
the product as special Use Cases
together with suitable workflows.

WYROWSK|

This workshop gives a product preview by

presenting its theoretical concepts, the working
principles, and application examples.




Structure of Workshop

 Introduction of theory
— Frank Wyrowski

« Design of binary surfaces in OpticStudio®
— Akil Bhagat

« Physical-optics analysis of imported systems from
OpticStudio: Diffractive lenses
— Roberto Knoth

* Metalenses theory and modeling
— Site Zhang

« Fabrication export
— Roberto Knoth
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Wavefront Surface Response Function

Unifying approach for dealing with different structure
concepts in optical modeling and design



Plane Wave Interaction with Plane Surface

out

v

out

(p)

For a field in a plane we use the notation p = (z,y) and
Vi(p) = (Ex(p): Ey(p)).

A plane input field is given by
VI (p) = UT exp(ix"p)
with k = (kz, ky).
The transmitted plane output field is given by
Vi (p) = (BMTT) exp (i)

with the Fresnel effect at the surface is expressed by the 2 x 2
matrix B(x").

From the boundary conditions follows: k°Ut = k"
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Plane Wave Interaction with Plane Surface

out

From the boundary conditions follows: &°Ut = k"

With k = kons = kon(sin 6 cos ¢, sin 6 cos ¢) and ¢ = 0 the law
of refraction follows: n'" sin " = n°tsin HOU,

For plane wave fields the wavefront phase is given by
v(p) =K-p.

With k0t = k" we conclude PO (p) = ¢\ (p).

With V| = {%, a%} we find for plane wave fields:

k=V_v9(p)

Then :eo_“t - k", that is the law of refraction, can be expressed
by V14" (p) = V 19" (p).

LightTrans International



General Field Interaction with Plane Surface

out

v

out

(p)

Consider a general input field V''(p) = U'T(p) exp(iv™(p)).

In general the effect of the plane surface on the input field can
be expressed by the operator equation V"' (p) = BV (p).

Next we assume that we are allowed to apply the plane wave
results locally. In physical optics that means the fields are in its
homeomorphic field zone (HFZ).

In the homeomorphic field zone we can express the effect of
the plane surface on the input field locally:

U (p) exp(iv™(p)) = B(p) {UT (p) exp(iv"(p)) }
The local use of the law of refraction can be expressed by:

Viy"(p) = Viyp*(p)
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General Field Interaction with Plane Surface

* In the homeomorphic field zone we can express the effect of

the plane surface on the input field locally:

nln nout

/ V1" (p) = V9% (p)
Vi=(p)

Fresnel effects:

U (p) exp(iv®(p)) = B(p) {U (p) exp(iv'""(p)) }

/ * The local use of the law of refraction is expressed by:

xI T(P) * In conclusion the effect on the phase is described by the local
z

U(j_Ut( )eXp(lwm ) {B p, |n Ul].’l

} exp (up'” ))
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General Field Interaction with Plane Surface

* Intermediate result: Plane surfaces do not
change the wavefront phase of the incident
field.
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General Field Interaction with Curved Surface

* Intermediate result: Plane surfaces do not
change the wavefront phase of the incident
n field.

/ « For curved surfaces the modeling can be still
applied locally. Then the wavefront phase can
be shaped by the shape of the surface:

I \ v (p) # " (p)
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General Field Interaction with Curved Surface

* Intermediate result: Plane surfaces do not
change the wavefront phase of the incident
n field.

/ « For curved surfaces the modeling can be still
applied locally. Then the wavefront phase can
be shaped by the shape of the surface:

\ ™(p) # " (p)
* In what follows a change of the wavefront

phase should be enforced by assuming a
Wavefront Response Function Ay (p) instead
of (in addition to) a curved surface.

12 LightTrans International



Wavefront Surface Response (WSR)

- For plane surfaces we found V,4'""(p) = V14" (p) and in
conclusion

U(J)_ut( )exp(ub'” ) {B p, |n Uln }exp(lwm ))
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Wavefront Surface Response (WSR)

- For plane surfaces we found V,4'""(p) = V14" (p) and in
conclusion

U(J)_Ut( )exp(nbm ) {B p’ In Uln }exp(lwm ))

Wavefront Surface
Response
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Wavefront Surface Response (WSR)

- For plane surfaces we found V,4'""(p) = V14" (p) and in

conclusion

U(J)_ut( )exp(1¢'n ) {B p, In Uln }exp(lwm ))

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 |
v (p) =" (p) + Av(p)

and thus

Vi (p) =V iy (p) + Vi (AY(p)).

15
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Wavefront Surface Response (WSR)

- For plane surfaces we found V,4'""(p) = V14" (p) and in
conclusion

n n U™ (p )exp<1¢ p)) = {B(p; ¥ MU (p }exp(lw'” p)) .

By introducing the wavefront surface response we assume an

/ —) effect at the surface of the form

_— U™ (p) exp(iv®(p)) = {B(p; ™ U (p) } exp(i*"'(p))

€T in .
1(p) with |
| . Av(p) v (p) =" (p) + Av(p)

and thus

Vi (p) =V iy (p) + Vi (AY(p)).
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Wavefront Surface Response (WSR)

* The equation

n" | n Viy(p) = V1" (p) + Vi (Ay(p))

results because of the local plane wave assumption (homeo-
morphic zone) into

/
£ (p) = k" (p) + K(p)

Vit(p)

! T (p) with K (p) €' V| (A¢(p)).
o AY(p) - That gives a direct access to ray tracing with «(p) = kons . (p)

via
n®57" (p) = n"57 (p) + K (p)/ko.
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How to Realize a Desired Wavefront Surface Response (WSR)?

* From a physical-optics point of view the question arises, if there
exists any manipulation of the structure of the surface, which
provides an effect of the form:

U™ (p) exp (i (p) + A(p)) = {B(p; v U (p) } exp(iv'"(p))

/ —) » A detailed answer can only be given for a specific surface struc-

ture.
. | VI(p) - By introducing microstructured layers onto the surface a wave-
(p) front surface response can be implemented:
2z Ayp(p) — Graded-index layer

— Volume hologram layer
— Diffractive layer
— Metamaterial layer
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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; ¢y U (p)} exp(iv'"(p) + Av(p)) + V'I>(p)

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

V"(p) = {BY (p; ") U (p) } exp(iv"(p) + Av(p))
+{B (0™ U (p)} exp (i (p) — A¢(p))

* In depth investigation reveals, that + At occurs for R-circularly — -
. . . . . M. Khorasaninejad et al.,
polarized input fields and the conjugate phase for L-circularly Science 352, 1190-1194 (2016)
polarized input.
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Metasurface layer

Linear Wavefront Response Function



Plane Wave through Plate: Ray and Field Tracing

(= S

n 24: Camera Detector #6071 after Plate #1 (T) (Field Tracing 2nd Generation)
Chromatic Fields Set

¥ [mm]

LightTrans International
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Plane Wave through Plate: Introducing Metasurface

(= S

n 24: Camera Detector #6071 after Plate #1 (T) (Field Tracing 2nd Generation)
Chromatic Fields Set

¥ [mm]

-0.5 a 0.5
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Propagation Plate with Metasurface: Ray and Field Tracing

I 15: Camera Detector 2601 after Meta Prism #2 (T) (Field Tracing 2nd Generation) o[ (3]
Chromatic Fields Set

¥ [mm]
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Propagation Plate with Metasurface: Ray and Field Tracing
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Plane Wave through Plate: Ray and Field Tracing

u 31: Camera Detector #6071 after Holographic Optical Elernent #3 (T) (Field Tracing 2n... EI@

Chromatic Fields Set

¥ [mm]

=
1 -0.5 0 0.5 1

Lz _
X [mm]
Z2mm

LightTrans International
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Plate with Metasurface: Ray and Field Tracing

n 45: Camera Detector #6017 after Meta Prism #2 (T) (Field Tracing 2nd Generation)

Chromatic Fields Set

(= S

¥ [mm]

n=

Right circularly
polarized A(p) = cmeta

27
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Plate with Metasurface: Ray and Field Tracing

oo |

n 47: Camera Detector #6017 after Meta Prism #2 (T) (Field Tracing 2nd Generation)
Chromatic Fields Set

¥ [mm]

1] 2

-2 -1.5 =T -0.5 0 0.5 1
X [mm]

n=

Left circularly
polarized A(p) = kMeta . g 1
)

\
LightTrans International
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Plate with Metasurface: Ray and Field Tracing

(= S

n 49: Camera Detector #6071 after Meta Prism #2 (T) (Field Tracing 2nd Generation)
Chromatic Fields Set

¥ [mm]

0.5 1 1] 2

X [mm]

{ Linearly
polarized Aib(p) = k™M . p 1}

LightTrans International
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Polarization Dependent Fuction of Nanofin Metalayer

Elliptical Polarization:

Edit Plane Wave

Basic Parameters Spectral Parameters
Polarization Mode Selection Sampling

{®) Global Polarization
Polarization Input
Type of Polanization | Blliptically Polarized

Orientation Angle |

75|

Eccentricity |

D_?|

Spatial Parameters
Ray Selection

Direction of Rotation | Right Bliiptically Polarized

Momalized Jones Vector

Default Parameter

Jx 059957
Jy 0.13531 +i0.7888

Cancel

Help

n 58: Camera Detector #6017 after Meta Prism #2 (T) (Field Tracing 2nd Generation)

(= S

Chromatic Fields Set

¥ [mm]

X [mm]

LightTrans International
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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 V_ ¢y (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) €' v, (Ag(p)).

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

k' (p) = K"(p) +m (21/d.(p), 27 /dy(p))
with the local grating period d(p) = (d.(p), d,(p)).

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

(o) = 2 ((00(0)/02) . (000 /00) ")

33
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Physical Optics Modeling: Diffractive Layer

This design and modeling understanding results in the decom-
position of the output field into a series of local grating orders:

VS (p) = {BO (oMUY (p) } exp(it" () + Av(p))
+ Y {BMedMUT (o) | exp (1" (p) + mAY(p)

m=—oo,m#1

The 2 x 2 matrix B (p; ¢/") expresses the Rayleigh-matrix of
grating theory and is rigorously calculated per direction and pe-
riod by the Fourier Modal Method (FMM). Design should mini-
mize Rayleigh coefficients for all undesired orders.

Complications: Period drastically varies over surface, which re-
sults in a laterally varying number of propagating subfields. Full
treatment available in VirtualLab Lens Solutions.

34
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Wavefront Surface Response of Focusing Lens

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

AG(p) = kon (f = /Tpl? + 12)

35 LightTrans International



Structure Design

« Wrap the WSR: (A%(p))P%E = mod ox {kon (f — Vel + fQ)} with p € N.

« For p = 1 local radial period follows with d(p) = 27 /Ay’ (p).

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

A
hPOE (p) =~ Ay (p)°°F

Profile quantization

36 LightTrans International



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

Data for Wavelength of 532 nm [1E6 (V/m)*2]

¥ [pm]
]

1.4193
-
[12]
™~
0.70965
by
b
1
=
bt 2..E-06
-4 -3 -2 A 0 1 2 3 4

L . ” X [am]
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Focusing Diffractive Lens with NA=0.2: Ray and Field Tracing

Amplitude | Phase

H 25: Field Directly after Diffractive Lens EI@ Ex Eﬂ 25: Field Directly after Diffractive Lens EI@
Blectric Field - Electric Field
Diagram Table = Value at fy) Diagram  Table = Value at (xy)
Amplitude of "Ex-Component” Phase of "Ex-Component” [rad]
7 II 0.95998 ] 1.9148
L
=]
E E
E Z 0.47999 E 0.95739
= =
L
@
0 i}
-1 -0.5 i} 0.5 1 -1 -0.5 o 0.5 1
¥ [mm] & [mm]
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Focusing Diffractive Lens with NA=0.2: Ray and Field Tracing

Amplitude | Phase

H 25: Field Directly after Diffractive Lens EI@ Ex Eﬂ 25: Field Directly after Diffractive Lens EI@
Blectric Field - Electric Field
Diagram Table = Value at fy) Diagram  Table = Value at (xy)
Amplitude of "Ex-Component” Phase of "Ex-Component” [rad]
7 II 0.95998 ] 1.9148
L L
=] (=
E E
E Z 0.47999 E © 0.95739
= =
L L
@ =

-0.5 1]
X [mim

Effects due to Rayleigh matrix:
B(p; v")UT (p)

39

LightTrans International



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 (V/m)*2]

5.2789
=T
-
o

(#) 2.6395
o
(Rl
-

2..E-07

-4 -3 -2 -1 0 1 2 3 4

X [um]

¥ [pm]
]
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Focusing Diffractive Lens with NA=0.57: Ray and Field Tracing

= 33 Field Directly after Diffractive Lens (7mm)

Electric Field

Amplitude

Diagram Table = Value at fy)

¥ [mm]
0

Amplitude of "Ex-Component”

0.48003

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

Phase

Diagram  Table = Value at (xy)

Phase of "Ex-Component” [rad]

3.1415
-
m
o
0
o
e
F
-3.1415
-4 =3 -2 -1 o 1 2 =] 4

X [mm]

¥ [mm]
0]

42
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Focusing Diffractive Lens with NA=0.57: Ray and Field Tracing

Amplitude

E 33: Field Directly after Diffractive Lens (Ymm)

Diagram

¥ [mm]

Phase

=n =R Ex E=. 33: Field Directly after Diffractive Lens (7mm) =nE=l ="
Electric Field - Electric Field
Table Value at xy) Diagram  Table = Value at (xy)
Amplitude of "Ex-Component” Phase of "Ex-Component” [rad]
IO.QS{}OE ] 3.1415
- =
E
o 0.48003 E o 0
-
f\:'ln i
=
— Effects due to Rayleigh matrix:
4 3 2 -1 0 i .
X [mn] B ( . ¢|n ) 111 ( )
P; Ul(p

43
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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
quality

Amplitude Ex Amplitude Ey Amplitude Ez

Amplitudes in Focus (Same scaling!)

45
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Lens with NA=0.1 and 8 Height Values: Ray and Field Tracing

2 mm

Chromatic Fields Set

¥ [um]

Data for Wavelength of 532 nm [1E5 (V/m)*2]

3.7366

1.2684

o
-4 -3 -2 -1 o 1 2 3 4

X [um]

46
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Inclusion of Higher Orders

aD View 20 View

Design \Wavelength | 532 nm |

Height Scaling Factor | 1|

[+] Use Profile Quantization

No. of Height Levels | 8 v|
Order for Simulation
Order
-1 \
0

+1
+2

Ve (p) = {BD (MU (p) } exp(iv"(p) + Avi(p))

oo

gD {B(m)(p;w‘“)UT(p)}eXp(iwi”(p)+mA¢(p))

m=—oo,m#1

o /
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Inclusion of Higher Orders

Design \Wavelength 532 nm |
Height Scaling Factor 1|
[+] Use Profile Quantization
No. of Height Levels 8 v|
Order for Simulation
Order
-1
0
+1
+2
H
LZ
2 mm
48

D View 2D View
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Higher Orders (8 Level): -2"d Order

Amplitude of "Ex-Component” 2 .628 mV/m

1.3139

t -1 -0.5 0 0.5 1
z
* [mm]

2 mm
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Higher Orders (8 Level): -1st Order

Amplitude of "Ex-Component” 3 .432 mV/m

1.7159

t -1 -0.5 0 0.5 1
z
* [mm]

2 mm
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Higher Orders (8 Level): 0t" Order

Amplitude of “Ex-Component’ 6.358 mV/m

3.1789

t -1 -0.5 0 0.5 1
z
* [mm]

2 mm
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Higher Orders (8 Level): 15t Order (Working Order)

2 mm

Amplitude of "Ex—ComponeniI' [vV/m]

-0.5

936 mV/m !l

0.46776

0 0.5 1

52

LightTrans International



Higher Orders (8 Level): +2"9 Order

Amplitude of "Ex-Component” 6 .28 mV/m

3.1395

t -1 -0.5 0 0.5 1
z
* [mm]

2 mm
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Lens with NA=0.1 and 8 Height Values: Ray and Field Tracing

a0 View 20 View

Higher orders have ov'

54

N

Chromatic Fields Set

energy and are defocused Iin

focal region of 1st order: No
detrimental effect

Data for Wavelength of 532 nm [1E5 (V/m)*2]

3.5502

1.7752

T...E-05
-2 -1 o 1 2 3 4

X [um]
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Standard Workflow

* Design of system with optional inclusion of ideal
Wavefront Surface Response (WSR) function.

» Decision about most suitable flat optics layer to
realize WSR.

» Design of layer structure.

- Analysis of the performance and detrimental M. Knorasaninejad et a.,
additional subfields. Science 352, 1190-1194 (2016).

>

4 )
Example VR/AR

projection approach
N J

N
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Projection Approach in AR/VR Local optical fuction:

Collimation and
redirection of input beam. |

o6 LightTrans International



Projection: Holographic/Diffractive Lens Approach

Holographic/diffractive A
structure (generalized lens),
to perform collimation and
redirection! )

o7 LightTrans International



Design and Simulation for Different FOV Angles

Holographic Foot prints per FOV angle (period enlarged)

R DD

R{AY(p)}

Source
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Design and Simulation for Different FOV Angles

Source

Holographic
Projector

Foot prints per FOV angle (period enlarged)

DI

Energy Density
Distribution per
FOV angle;
false color

Simulation of surface
grating per FOV angle

~

59
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Standard Workflow

* Design of system with optional inclusion of ideal
Wavefront Surface Response (WSR) function.

» Decision about most suitable flat optics layer to
realize WSR.

» Design of layer structure.

» Analysis of the performance and detrimental M. Khorasaninejad et al,
additional subfields. Science 352, 1190-1194 (2016).

» Tolerancing.
« Export of fabrication data.
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Standard Workflow

* Design of system with optional inclusion of ideal
Wavefront Surface Response (WSR) function.

» Decision about most suitable flat optics layer to
realize WSR.

» Design of layer structure.

* Analysis of the performance and detrimental M. Khorasaninejad et al.,
additional subfields. Science 352, 1190-1194 (2016).

» Tolerancing. /

« Export of fabrication data. . I\

Combination with OpticStudio® via Binary Surfaces,
which represent a special form of a WSR.

N
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Structure of Workshop

 Introduction of theory
— Frank Wyrowski

* Design of binary surfaces in OpticStudio®
— Akil Bhagat

« Physical-optics analysis of imported systems from
OpticStudio: Diffractive lenses
— Roberto Knoth

* Metalenses theory and modeling
— Site Zhang

« Fabrication export
— Roberto Knoth
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Binary Surfaces in OpticStudio®

Wavefront Surface Response in OpticStudio®



Intraocular Lens Model using OpticStudio

Using the Binary 2 surface to model the lens

Setup and design
Analysis
Next Steps

Studio

/| lens Data X =

L1}

_/[g_ 3:FFTMTF X | {+ 2 Spot Diagram |

Update: Al Windows~ @&+ @Kl L @ P HEO-L£C @[] 5++=a2@

(v Setings & Gafale /[ "= A 2 |E| e 2 3x4- @ Standard - Automatic -
Current ~ (@

Modulus of the OTF

220.0  275.0  330.0 385.0 440.0 495.0 550.0

o 55.0 110.0  165.0
Spatial Frequency in cycles per mm

:\vt' Surface 6 Properties Q<> :\)jl Configuration 1/2 (() ;>>
_‘J Surface Type | Comment | Radius Thickness | Material | Coal}
0 OBIECT (aper) Standard ~ Infinity Infinity
T (aper) Standard ¥ CORNEA 7.800000 0.520000 CORNEA
? (aper) Standard ~ 6.700000 1.500000 AQUEOUS
13 Standard ~ 11.0000... 1600000 AQUEOUS
T STOP Standard ~ IRIS  Infinity 0.100000  AQUEOUS
? (aper) Binary 2 LENS  Infinity 3.700000 PMMA
6 (aper) Even Asphere ~ -5.918718 V 16.5800...  VITREOUS
z IMAGE Standard ~ RETINA  -11.000... -
hS < >_.
/ 0 1: Layout X | =
(v) Settings & 23l A 7 = A = +I*|E‘ g |E| = @) Line Thickness ~ Current -
@
:E;ﬂé;‘é::h:‘:‘: 2400050 ma Zemax Optiigzz:'ro 15.9

E—0.00 (deq) Tangential B---0.00 (deg) Sagittal E—10.00 (deg) Tangential
H - 10.00 (deg)-Sagittal B=—20.00 (dea)-Tangential B+-20.00 (deq)-Sagittal

Polychromatic Diffraction MTF
[ Eye- retinal image I Zemax
2/5/2019 Zemax OpticStudio 18.9
Data for 0.4700 to 0.6500 pm.
Surface: Image (RETINA)

Intraccular Lons Magsl - COE an Plane_aprimized.IMx
configuration 1 of 2

Legend items refer to Field positions




Binary 2 Surface

* In this system, the diffractive intraocular lens is modelled using a Binary 2 surface

« The Binary 2 surface has an even asphere base shape, with a grating period defined by a
rotationally symmetric polynomial

* Even Asphere sag:

Ha
or 2 4 6 8 10 12 14
£ = FO e T Ol FOyr FOyr TOgr T tOar tOgr

1+ 1 -(1 + B)ei?

16

« Additional Phase added by the grating:

N
® =M 4p"

« For a complete definition of these terms, please see the Binary 2 OpticStudio help file or the article
below:

« https://customers.zemax.com/os/resources/learn/knowledgebase/how-diffractive-surfaces-are-modeled-in-zemax

. .
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https://customers.zemax.com/os/resources/learn/knowledgebase/how-diffractive-surfaces-are-modeled-in-zemax

Setup and Design

 OpticStudio models only 1 diffractive order at a time, which means we will utilize multiple

configurations in this file to model 2 orders

> 4:3D Layout

Line Thickness ~ @

(V) Settings & Ealalm /[ =— A M *.|Z||+:,, Q Q |E| )

v - 0O X

H = -7.9790735, V = -4.1756377

_ Multi-Configuration Editor

7 3 I AYN
L v ) Operand 1 Properties -.\( ) -\>_'{.|

Update: All Windows~ % ¥ 725

TnEme® S @

Configuration 1/2 <« > |

* - 0O X

N
/N

. Active:1/2  Config 1*

~ Config 2

1 PRAM ~ 5/0 0.000000

| 1.000000

2 AP~ - 0
3 THIC~ 0 1.000000E+10
4 YRE~ 2 10000000
5 YFE~ 3 20000000

1
250.000000
10.000000
20.000000

110 mm

30 Layout

Eye- retinal image
2/6/2019

Zemax
Zemax OpticStudio 18.9

Intraccular Lems Model - DOE on Plane_cotisized. ZHX

Configuration: A1 2

Studio

Proprietary and Confidential to Zemax LLC
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Setup and Design

* Once the initial system is setup, OpticStudio can be used to optimize the system to achieve
the best performance for both configurations

* This system was optimized for minimum RMS spot size along both configurations using the
built in Optimization Wizard

Studio

Proprietary and Confidential to Zemax LLC

_~ | Wizards and Operands < > | Merit Function: Click Update to Calculate
Sptinzanon Wizac Optimization Function Pupil Integration Boundary Values
Current Operand (1)
Criterion: Spot M (® Gaussian Quadrature [lGlass  Min: 0 .
- ) Rectangular Array jet ‘ Wﬂght ‘
Spatial Frequency: |30 Max: 1e+03
X Weight: ‘ 1 | g Edge Thickness: 0 000 1.000000
Y Weight: i ||| A ClAr  Min: 0
Type: ‘ RMS v | Obscuration: I:' Max: 1e+032
Reference: ‘ Centroid v | Edge Thickness: 0 hs
Start At: ‘ 6 @ Configuration: | All v Assume Axial Symmetry:
Overall Weight: 1 . Field: All ignore Lateral Color: [ ]
1 Add Favorite Operands: [ ] 000 0.005294
2 000 0.008471
000 0.005294
OK || Apply || Close | | Save Settings || Load Settings || Reset Settings |® 000 0.029263
14 TRAC ~ 2 0.000000 0.000000 0.707107 0.000000 0.000000 0.046821
15 TRAC ~ 2 0.000000 0.000000 0.941965 0.000000 0.000000 0.029263
12 TRAC = 2 N OANANAN N ONONNN N 22E714 N ANNNNAN A NNNNNN A NEQ1 70

Value

-0.000152

0.008927
0.011388
0.013701
0.006116
0.005438
0.005767

N NN2EAOG

% Contrib

0.032412

000'1.000000 2.452991E-07 8.398604E-08

0.588899
1.533277
1.387183
1.527951
1.952467
1.358508

1 NAANTIN
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Analysis

» There are many analysis tools in OpticStudio

* In general, we recommend using a tool that mimics the measurements you will make in the

lab

[\F 3: FFT MTF

Current ~ @

Freq = 28.62, MTF = 0.1173

Modulus of the OTF

~) Settings 3 Ea m&p;a V4 D/"— A ;,' |E| = £ Jx4~ G Standard ~ Automatic v

. 5: Huygens PSF

o 55.0 110.0 185.0 220.0 275.0

330.0
Spatial Frequency in cycles per mm

B —0.00 (deg)-Tangential
B 1000 (deg)-Sagittal

H---0.00 (deg)-Sagittal

B—>?0.00 (degd-Tangential B---70.00 (deg)-Sagittal

Polychromatic Diffraction MTF

Eye- retinal image

2/6/2019

Data for 0.4700 to 0.6500 um.
surface: Image (RETINA)

Legend items refer to Field positions

v+ = 0O X

\_ Graph Text

Studio

Proprietary and Confidential to Zemax LLC

v) Settings | & 23 hﬂéa V4 D/‘— A Q |EE| w EE 3x4- @ Standard ~ Automatic ~
Current ~ &}
R e v -0 X
L&P;; Vs D/'— AlS |EE‘ m EE 3x4- @ Standard ~ Automatic~
0.164
0.147
0.131 0.00 mm 0BJ: 10.00 mm
0.115
0.098
0.082 L
0.066 L e
- L]
0.049 ,
0.033 e
0.016 0.000 IMA 0.631
. mm -0, mm
0.000 OBJ: 20.00 mm
: 0 17.9 15 on
385.0 4400 495.0 550.0 X-Position (pm) .'._é_.-_
L] ‘h ‘.I
AT
Polychromatic Huygens PSF s iiy,
Zemax
B —10.00 (deg)-Tangential Zemax OpticStudio 18.9 IMA: -1.258 mm
.00 (deg).
e Cirssis s s woe or Aise emmzss o | LETINA
> . 00DOODODE+00,  2.75933813E+00 Millimeters fonriuration 1 or 2 Spot Diagram
emax | , 2/6/2019 Zemax
Zemax OpticStudic 18.9 nd items refer to Wavelengths Zemax OpticStudio 18.9
1 2 3
TarramrTaT e el - T EERT RMS radius : 2.223 3.017 4.607 S — =
configuration CEO radius - 4654 7155 9.374 ArrAGCEA nn:cg"ﬁsw;“.mn;o__a;n_npnmm... \
Scale bar : 20 Reference : Chief Ray
Graph Text
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Next Steps

« Our system is designed, and the analyses indicate it meets specifications, however our Binary
2 surface is still just an equation and has no real geometry.

* At this point our friends at VirtualLab can take the Binary 2 surface designed in OpticStudio,
and create an actual optic out of it which will have the same properties we modelled.

. .
OpthStUd IO Proprietary and Confidential to Zemax LLC
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Structure of Workshop

 Introduction of theory
— Frank Wyrowski

« Design of binary surfaces in OpticStudio
— Akil Bhagat

* Physical-optics analysis of imported systems
from OpticStudio: Diffractive lenses
— Roberto Knoth

* Metalenses theory and modeling
— Site Zhang

« Fabrication export
— Roberto Knoth
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@HTTRANS .

An Example of Diffractive Layer Design

Design and Analysis of Intraocular Diffractive Lens



Design Task for a Diffractive Layer

Near View Scenario

Both configuration of the setups require two
wavefront surface response functions.

From this reason a diffractive layer design is a
good choice to achieve different wavefront
effects for the two configurations.

m=1

Far View Scenario

V3" (p) = {B (oMU (p) | exp(iv:"(p) +{Av (p))

>0

> {B™ MU (p) } exp(iv"(p) +{mAv (o)
\’m——oo m#El

m =20
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Import of Optical System from OpticStudio

@ Online Help
k& =

= Import to Numerical Data Ammay

B
Iil});‘

Imports text and images into a Data Aray

Import Harmonic Feld Data from Bitmap File
Imports various image formats (BMP, JPG, PNG, TIF)

Import a Chromatic Felds Set from Bitmap File
Imports various image formats (BMP, JPG. PNG. TIF)

Import Harmonic Feld Data from Text
Imports various text formats (ASCII, Field Information, PTF, Code V)

Import Old VirtualLab Files
Imports obsolete VirtualLab documents {CA, DGR, DIAGRAM, PWF, OPS, RF)

%] Import optiSLang Resuits

-

Imports an Optical Setup and the associated parameters optimized by optiSLang

=] Import Zemax System

Imports optical setups from Zemax

Import Zemax Beam File
Imports beam files in binary format from Zemax

The configuration of the optical setup as well as the design of the
wavefront surface response by a Binary-2 surface was generated in
OpticSudio.

VirtualLab Fusion provides the capability to import the optical setups and
to merge them in a single optical setup configuration.

E 4: Optical Setup View #3 (Intraocular Lens System)* EE\
- 4 =
[@- Light Sources Camera Detector
Coordinate Break —
[#- Components
[ Ideal Components Optical Interface

Camera Detector FarView: Plane Wave  Sequence Diffractive Lens

[#- Detectors ) . I:l D
- Analyzers ; e F ; i

0 7 5
Z0 Z:100
Near View: Spherical o -
Wave
500
Ray Tracing System
Analyzer
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Far View: Conformity of OpticStudio Import

Far View
Scenario

10,00

spot diagram calculated by
OpticStudio

— central wavelength of 555 nm

— on-axis mode

'
at 'y

IMA: ©,000 mm

Y [pm]

=

spot diagram calculated by
VirtualLab Fusion
— central wavelength of 555 nm
— on-axis mode

—
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Near View: Conformity of OpticStudio Import

Near View
Scenario

spot diagram calculated by
OpticStudio

— central wavelength of 555 nm

— on-axis mode

-~
adha,

4,00
prEr,
1 3
wEy
» >
¥ »
TN e

;;;;

IMA: ©,080 mm

spot diagram calculated by
VirtualLab Fusion
— central wavelength of 555 nm
— on-axis mode

75



Structure Design: Diffractive Layer Profile Height

« The structure profile of the diffractive layer is
calculated by TEA according to the wavefront
surface response:

hPOE(p) = 555 A(p) POF

TEA provides directly a
very high efficiency for the
1st order

Vi(p) = {BY (00" U (p) } exp(iv"(p) + Av(p)

o0

+ Y {BM(p MU () fexp(iv"(p) + mAv(p))

m=—occ,m#*1




Structure Design: Diffractive Layer Profile Height

With the introduction of a scaling factor in the TEA
formula, the resulting structure height is modulated
to control the efficiencies of the diffraction orders:

hPOF(p) = Boznm Av(p) PO

A quantization of the structure with 2 height levels
is chosen because binary diffractive lenses
— are beneficial for manufacturing (cost, easier to fabricate)

— give a better control of the efficiencies especially for the Ot
and 1st order using the height modulation approach

o UL,




Structure Design: Height Modulation of 1.00

Far View Near View
Scenario Scenario

mm—um "

o Electric Energy Density [1E2[(V/m)? scaling of modulation o Electric Energy Density [LE5|(V/m)?
1.07 height by 6.37
) B =1.00
o o
8 )
o o
= £
Eo° 0.533 £ o
> >
S )
S S
: -
1.3E-05
01 -0.05 0.05 0.1 0.1 -0.05 0.05 0.1

X [mm] X [mm]




Structure Design: Height Modulation of 0.95

Far View Near View
Scenario Scenario

« Electric Energy Density |1 V/ m)? scaling of modulation o Electric Energy Density [LE5|(V/m)?
height by 6.33
B =0.95
b o
S 8
o o
£ E
E ° E ©
> >
3 S
S E
S S
1.36-06
0.1 -0.05 0.05 0.1 0.1 -0.05 0.0

X [mm] X [mm]




Structure Design: Height Modulation of 0.90

Far View Near View
Scenario Scenario

« Electric Energy Density |1 V/ m)? scaling of modulation o Electric Energy Density [LE5|(V/m)?
height by 6.21
g =0.90
o o
=) 8
o o
E E
£ ° E ©
> >
& 8
S E
S 3
1...E07
0.1 -0.05 0.05 0.1 0.1 -0.05 0.0

X [mm] X [mm]




Structure Design: Find the Optimum Scaling Factor

* As a goal the peak
energy density of the
both foci shall be the ©
same.

» Therefore, the peak
energy density is
calculated according to
the scaling factor for
both scenarios.

— Near View Scenario

A — Far View Scenario |

Peak Energy Density [1ES (V/m)~*2]

Optimum of the scaling
factor for equivalent peak
energy density for both
foci (near and far view)

\ J

L] L L} L Ll L] L} T L _I
0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95

Height Scaling Factor




Structure Design: Optimum Height Modulation of 0.605

Far View

x Electric Energy Density |1

Y [mm)]

Scenario

0.1

0.05

-0.05

-0.1

5(V/m)?]

-i42

-0.1 -0.05

X [mm]

0.05 0.1

U

scaling of modulation

height by
B =0.605

-

~

Goal of equivalent
maximum energy
density for both

foci achieved!

\/_/

Near View

Scenario

Y [mm]

|
»

« Electric Energy Density [LE V/ m)?
o
8
®
S
0.1 -0.05 0.05 0.1
X [mm)]




Analysis: PSF of Foci for Optimum Structure Design

Far View Near View
Scenario é E Scenar@

o Electric Energy Density [1E5 (V/m)? scaling of modulation o Electric Energy Density [1E5 (V/m)?
height by
B =0.605
| .- | .-
-10 -5 0 -0 5 0 5 10

X [um] X [um]




lllustration of Focus Development in Near View Region

Near View
Scenario

|

AzObject = 200 mm

\4
AzObject = 300 mm

step size 10mm
- 101 simulations
simulation time ~13min




lllustration of Focus Development in Far View Region

Far View
Scenario

|

AZObject = 1m

\

step size 250mm
- 77 simulations
simulation time ~10min




lllustration of Focus Development from Near to Far Region

Near to Far
View Scenario

——,

AzObject = 200 mm

v

step size 50mm
- 168 simulations
simulation time ~20min




Far View Scenario: Analysis of the Focal Spots per Color

Y [um]

Wavelength 470nm

Y [pm]

Wavelength 510nm

Y [um]

-

W

Wavelength 555nm Wavelength 610nm Wavelength 650 nm

VirtualLab enables various analysis
capabilities of the designed diffractive
lens structure

~N

J

Y [um]
Y [pm]




@HTTRANS .

An Example of Diffractive Layer Design

Design and Analysis of a Hybrid Eyepiece for
Correction of Chromatic Aberration



Modeling and Design Task

| How to design and analyze a structure from a designed
wavefront response function to correct chromatic aberration ?

~>

If detectors
— point spread function

‘ — modulation transfer
function (MTF)

plane wave
wavelength (486, 587, 656)nm
field of view (40)°

linearly polarized along x-axis lens solution .
aperture 5mmx5mm - wgvefrgnt response function
— diffractive lens
— metalens
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Design of Wavefront Surface Response in OpticStudio

Import of the
OpticStudio file to
= VirtualLab Fusion
b —— —
[ 29= Optical Setup View #28 (Import of the Eyepiece Setup)* o=
110 mm r;il.:HSoumes = E
» r:lcld:;::;z;;:trs il Opl;:allmerface e =, | o . bkack

Optical setup including the 5 s D =1 = & =
T 8 604
wavefront surface response was ° om con | [ian con

originally designed in
OpticStudio R g o

') > |
2300 603
X:0m
Y:0m
zZom Bl




Wavefront Surface Response (WSR)



On-Axis Analysis: Comparison of Spot Diagram

Y [bm]

-20 -10 0 10 20

¥ [um]

10 20

-20 -10 0
X [pm]




On-Axis Analysis: Comparison of PSF

Real Color View False Color View
O -
2
> >
=
[
. Raa T T it
-20 -10 0 10 20 -20 -10 0 10 20
X [um] X [pm]
g-—
=
E Eo
> >
h
e
| 20 -10 0 10 20 | -20 -10 0 10 25

X [pm] X [pm]




On-Axis Analysis: Comparison of MTF

Amplitude of Modulation Transfer Function

Amplitude of Modulation Transfer Function

08

0.8

04

0.2

0.8

06

04

0.2

— MTF along x-Axis
— MTF along y-axis

50 100 150 200 250 300 350 400 450 500
Line Density [cycles/mm]
— MTF along x-Axis
— MTF along y-Axis
T T T T T T T T T ™
50 100 150 200 250 300 350 400 450 500

Line Density X [cycles/mm]




Off-Axis Analysis: Comparison of Spot Diagram

Y [mm]
96 962 964 966 968

958

-20 0 20
X [um]

Y [mm]

-20 -10 0 10 20
X [pm]




Off-Axis Analysis: Comparison of PSF

Y [mm]

958 96 962 964 966 968
Y [mm]

958 96 962 964 966 9.68

-20 0 20 -25 0 25
X [um] X [pm]

Y [mm]
Y [mm]

-20 -10 0 10 20 -20 -10 0 10 20
X [pm] X [pm]




Off-Axis Analysis: Comparison of MTF

== MTF along x-Axis

== MTF along y-Axis

Amplitude of Modulation Transfer Function

50 100 150 200 250 300 350 400 450 500

Line Density [cycles/mm]

= MTF along x-Axis

-= MTF along y-Axis

Amplitude of Modulation Transfer Function

50 100 150 200 250 300 350 400 450 500

Line Density [cycles/mm]




Structure Design — Diffractive Lens



Visualization of Quantized Diffractive Lens Structure

The structure is designed by TEA:

hPOP (p) = 55 Av(p)POP

.

Preview for 2
ZEdension . .
Extension 59741 ym|  Minimum O] Maximum 55741 ym| quantlzatlon
Flease note: The display is not true to scale, since a height scaling of 10 has been applied Ieve | S

' Preview for 4

Extension | 59741 um|  Minimum Om|  Maximum 59741 um

Z-Extensi

ion . .
Extension 89612 ym|  Minimum 55741 ym|  Maximum | 29871 ym| q ua ntlzatlon

Please note: The display is not true to scale, since a height scaling of 10 has been applied IeVeIS




On-Axis Analysis: Inclusion of Higher Orders

[

simulation time per
order ~seconds

|

« Electric Energy Density
[1E6 (V/m)’]

20

0.648

¥ [um]
0

-20

-20 0 20

Y [um]
o 10 20 30

=30 -20 -10

30 -20 -0 0 10 20 30
X [um]

+1st diffraction order

« Electric Energy Density
[1E3 (Y/m)’]

20

¥ [um]
0

-20

Y [um]
o 10 20 30

=30 -20 -0

30 -20 -0 0 10 20 30
X [um]

oth diffraction order

3.96

o Electric Energy Density
[(V/m)?]

64.8

331

Y [um]

¥ [pm]
0 10 20 30

-30 20 -0

30 20 -0 0 10 20 30
X [pm]

-1st diffraction order




Off-Axis Analysis: Inclusion of Higher Orders

« Electric Energy Density « Electric Energy Density o Electric Energy Density
[1E5 (Y/m)’] [1E3 (Y/m)’] [1E2 (Y/m)?]
7 5.4 7 107 7 117
& £ &
=8 o o
o (=)} L=y’
= s "
o o =5
- . -
o (=)} L=y’
2 4 | ©
o o -
— = £ ez
= 2.57 E a1 0.537 E = 0.585
- = =
A il A
@ o @
n | ( \ wn
o o =5
2 2 s
o =" ="
o = =
p o p
-5..E-15 1.21E-12 J 5.53E-12
T T 1 T 1 T T T 1
0 20 0 20 0 20
Q X [um] X [um] XK [pm]

+1st diffraction order oth diffraction order -1st diffraction order




On-Axis Analysis: Inclusion of Height Profile Quantization

Spot Diagram

Y [um]

N

Y [um]
0 20 40

-20

-40

« Electric Energy Density
[1E4 (V/m)?]

-40 -20 0 20
X [um]

-40 -20 0 20 40
X [um]

40

40

20

-20

-40

A

« Electric Energy Density
[1E4 (Y/m)*]

X [um]

UL LN,

« Electric Energy Density
[1E4 (V/m)*]

PSF scaled by factor of ~1/100 to maximum




Off-Axis Analysis: Inclusion of Height Profile Quantization

M T  —um

Summed Data [1E3 (V/m)"2] summed Data [1E3 (V/m)*2] Summed Data [1E3 (V/m)"2]

Spot Diagram

i ) i -
- - = I p=
2
= = =
2
s _1 st
; ; ; s r =
diffraction @ @ =
& order . . .
= = =
— L J
= 5 E [] — —
£ Ezy o 1 E g 1 s
= - { £ £
@ oth 2 2 i
. . = =21 -
diffraction
a g L L
EX order @ Pt et
e <
g
[=a]
T +1St
diffraction 0 0 0
G order 0 20 0 20 0 20
- x
20 0 20 fum] X [um] ¥ [um]
X [um]

PSF scaled by factor of ~1/100 to maximum




MTF for Various Diffractive Lens Structures

— MTF: without Diffractive Lens
8 - — MTF: Wavefront Surface Response
@ ~ MTEF: Structure (no Quantization)
2 -
— MTF: Structure (4 Level)
M~
S — MTF: Structure (2 Level)
s
= 8-
: 5
E| o v
a <
E ©
<
m
o
N
o
detection of modulation S .
transfer function

= T T T T T T L T L I k
50 100 150 200 250 300 350 400 450 500
Line Density X [cycles/mm]

MTF without
diffractive lens
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MTF for Various Diffractive Lens Structures

— MTF: without Diffractive Lens
8 7 — MTF: Wavefront Surface Response
© MTF with Wavefront — MTF: Structure (no Quantization)
: Surface Response — MTF: Structure (4 Level)
G — MTF: Structure (2 Level)
'—
| Ch
= [e]
g3
i 2
T <
E ©
<
mn
=1
N
=}
detection of modulation S .
transfer function

= T T T T T T L T L I k
50 100 150 200 250 300 350 400 450 500
Line Density X [cycles/mm]

MTF without
diffractive lens
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MTF for Various Diffractive Lens Structures

R 11—

detection of modulation
transfer function

Amplitude of MTF
02 03 04 05 06 07 08 09

01

MTF with Wavefront
Surface Response

MTF: without Diffractive Lens

MTF: Structure (4 Level)
MTF: Structure (2 Level)

— MTF: Wavefront Surface Response

~ MTEF: Structure (no Quantization)

MTF with diffractive lens
structure (no quantization
& > 2 levels)

50 100 150 200 250 300
Line Density X [cycles/mm]

MTF without
diffractive lens

350

400 450

500
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MTF for Various Diffractive Lens Structures

M
Amplitude of MTF
01 02 03 04 05 06 07 08 09

MTF with Wavefront
Surface Response

MTF: without Diffractive Lens

MTF: Structure (2 Level)

— MTF: Wavefront Surface Response
~ MTEF: Structure (no Quantization)
— MTF: Structure (4 Level)

MTF with diffractive lens
structure (no quantization
& > 2 levels)

detection of modulation : / |
transfer function / :
50 100 150 200 250 300 350 400 450 500
MTF with binary Line Density X [cycles/mm]
diffractive lens MTF without
structure diffractive lens
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... convert to metalens

=

Optical Interface
Plane Wave Sequence Surfaces #7 and #8 Image Plane Camera Detector
0 9 Copy Selected Optical Setup Bements  Cirl+C
X:0 mm
Y:0 mm

Z0 mm

Ray Tracing System
Analyzer

o -

=T o
;7 mm =
X: 0 mm
¥:0 mm _E@
Z:0 mm ﬂ|
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Structure of Workshop

 Introduction of theory
— Frank Wyrowski

« Design of binary surfaces in OpticStudio
— Akil Bhagat

« Physical-optics analysis of imported systems from
OpticStudio: Diffractive lenses
— Roberto Knoth

 Metalenses theory and modeling
- Site Zhang

« Fabrication export
— Roberto Knoth

109 LightTrans International



Metasurface Theory and Modeling

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

V' (p) = {B(p; ™) U (p) } exp (i(¥™(p) + A(p)))+V ' (p) -

* There are different types of metasurfaces that can be used to
realize the desired Ay (p). The exact form of the B-operator
and the residual terms depends on the employed type of meta-
surfaces.

metasurface

110 LightTrans International



Physical Effects for Realizing Metasurfaces

* Propagation phase delay

— Centrosymmetric
(polarization insensitive)

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

— Rotationally asymmetric
(form birefringence)

M. Khorasaninejad et al.,
Science 352, 1190-1194 (2016).
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Physical Effects for Realizing Metasurfaces

 Propagation phase delay * Resonance

- Centrosymmetric phase delay
(polarization insensitive)

7 LLA\NVI T4
rzLLA\\YITr/

r/7LL\\YIr/L
r/7LL\O\YTIrz7L
o LLA\N\YCIr/)

VirtualLab Fusion is capable of t‘&i‘:FFj ile
modeling different metasurface
structures.

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

— 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 Effects for Realizing Metasurfaces

* Propagation phase delay

— Centrosymmetric
(polarization insensitive)

« Resonance
phase delay

/7 LLANY ’AU
rzLL\\vrr,-

r7Z7LL\\VI /7L
reLL\YrrzL
! LN\ /|
In this workshop, we focus on | steteN SR

LA\TI /e
metasurf_ace_ based on form et al., Science 334,
birefringence

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

— 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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Metasurface Modeling

 In general areal surface layer structure does not just realize the
desired wavefront response but additional effects and fields

V(p) = {B(p; "™ U (p) } exp (i(¥™(p) + Ay(p)))+ V' (p) .

+AY(p)

b (p)
* For metasurfaces made of rotated nanofins, the typical results
can be written as

V' (p) ={BT (p; "™ U (p)} exp (i(v™(p )+A¢( ))
+{B(p; ™) U (p) } exp (i('™ (p) — Ap(p))) .

« We will show that +At occurs for R-circularly polarized input
fields and the conjugate phase —Ax for L-circularly polarized
input.
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Metasurface Building Block

» Locally at p, the B-operator for a single meta building block is
V$*(p) = B(p; ™)V (p),
and writting down the 2x2-matrix B-operator explicity, we have

out L B:w: (p; Wn) Bx (pa ,¢1n) in
VJ_ (p) — ( Bya:(pa wm) Byj(ﬂ wm) ) VJ_ (p) .

 Building blocks over the whole surface are same, but with dif-
ferent rotation angle 6(p). That can be expressed as

vire) = (Snpte) wmntey ) (oo b ) (bt

sin 6(p)
cosO(p)

Basic building

)viee
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Metasurface Building Block

... in the “eigen”
coordinate system
of the structure

cosf(p) sinf(p) in
( —sinf(p) cosf(p) )VL(p)

 Building blocks over the whole surface are same,
ferent rotation angle 6(p). That can be expresse

veo=( e e )i
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Metasurface Building Block

« Omitting the variables for conciseness in the ex

ou cost) —sinb
VLt(P):( : )

sinf cosf

in detail later

brr bs cosf sinb ‘N

By oy —sin@ cosd

.. to be analyzed J

and, without introducing any approximation, but rearrange the
terms so that the rotation angle 6 can be extracrted, we obtain
the following result

V(o) = [(bmwy)(é ) -na (O 5 )| Ve
b o (L T ) remren (14| Vi) ewiz0)
+i —byy)( _11 )+(bxy+byx)< _11 } )} V' (p) exp(—i20) .
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Metasurface Modeling

* Omitting the variables for conciseness in the expression

out [ cosf —sinf bpz  bay cosf sinf ‘n
Vitie) = ( sinf cosf ) ( byz  byy —sinf® cosf Vie),

and, without introducing any approxrmatlon but rearrange the
terms so that the rotation ang"— ~

the following result With spatially varying rotation
yout () = {(bmﬁbyy)( 1 ¢ angles, the desired wavefront

_ 1 surface response can be realized!
s = by (]

+ 7 \ T —1 /J L P V“y\*z@b(p))

- ) -
(bzz — byy) ( : zy + byz) ( 1

with Ay (p) := 20(p), and 6(p) is the rotation angle.

1 1

4 )| v exp-isuien.

= ] =
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Metasurface Modeling

« Omitting the variables for conciseness in the expression

out ([ cosf —sinf bz bay cosf siné ‘N
Vitle) = ( sinf  cosf ) ( bye  byy ) ( —sinf cosg ) VL)

and, without introducing any approximation, but rearrange the
terms so that the rotation angle 6 can be extracrted, we obtain

the following result desired response Ay (p)

Vi) =3 |Gre b (o )+ Gt (4 g )| U expvm o) /

o —b (L D ) Garna ()] veres (60 e)FE))
1O —v (1L ) 0arnn (7 1)Ut en (60 EA0G)D)
with Ay (p) := 26(p), and 6(p) is the rotation angle. \‘

conjugate part —Ay(p)
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Form Birefringence Analysis

* Next, we would like to examine the matrix

— Be—
ba:ac b:z:y —_—
byfl? byy a
>
that describes the fundamental property of the meta building
block, and we analyze it rigorously. e
. . N |t N amp"tUde
* |deally, the building block is supposed to work as a half-wave
plate, i.e.
bey <0, e
bxac ~ _byy . i ~t @405nm byy
« We will substitute these approximations step by step in what e s
wav
follows.
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Form Birefringence Analysis

by (W) byy(w) 9
byo(w)  bya(w) - How to analyze the form
r — birefringence for the
metasurface building block
—— :
— > — nanofin structure?
plane wave ‘
- normal incidence —_—— : i
- wavelengths (L C_5\l _—
405, 532, 660nm N
Ee—— —> ( boa (@) bey(a) ) o
byz(a)  bya(a)
( \
_________ R
. —
planewave ... = N ~ | | el a
- wavelength @405nm R _

- incidence angle TiO, CS\I .

[-25°,25°] Tl . D Tt

gi VirtualLab Fusion — > —

Demonstraton X | T >
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Nanofin Structural Designs

structural parameters

N

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 ]
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

B, 49: C:\Users\..\2019-01-30_Site_Zhang_TiO2 Nanofin_405nm_Wavelength Variation B...| = [ = |[s£3]

Numerical Data Array

Diagram

@
o

0.4 0.6

Amplitude of Subsets #0, #3, #1
02

Table Value at x-Coordinate

e e ——— ]

— O

_E'W

T T 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

— EX
— Byy
Bxy

T T 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]

\Wavelength \fariation_B...' = |@

« B-matrix for metasurface

building block

Almost no
polarization crosstalk _
- nction as
a half-wa te, i.e.
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Spectral Analysis for Nanofin — 405nm Design

Numerical Data Array

B, 47: C:\Users\..\2019-01-30_Site_Zhang_TiO2 Nanofin_405nm_Wavelength Variation B...| = [ =

Diagram Table Value at x-Coordinate

«
o

R

B, 47: C:\Users\..\2019-01-30_Site_Zhang_TiO2 Nanofin_405nm_Wavelength Variation B...| = [ =

Numerical Data Array

Phase of Subsets #0, #3 [rad]

m <

o~

Diagram Table Value at x-Coordinate

™S

==

N

0.92%
@405nm

-

T T T T T
06 0.62 064 0.66 0.68

-

K 7\

T T 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

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

bwywov
bya:%07

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

calculation by
Fourier modal

Incident Angle (Y) [*]

Diagram Table Value at x-Coordinate
method (FMM),
| —— e ——| | @.k.2. RCWA
= Angle Variation around ...| = || = ;
€3
g
= -
@ w— B
23 = ——
= = Byx
%)
=
=
e (=]
<
- P
o N Byy
T T T T T T T T T Bxy
-20 -15 -10 =5 0 5 10 15 20
Incident Angle (Y) [*]
o
T T T T T T T T T
-20 -15 -10 =5 0 5 10 15 20
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Angular Analysis for Nanofin — 405nm Design

« B-matrix for metasurface
building block

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

bscy ~ 07
bya: ~ Oa
ey P =y -

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

Numerical Data Array

Diagram Table Value at x-Coordinate

o e e S N D O 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]
0

Diagram Table Value at x-Coordinate

" -

o~

I

— B

— Ex = Byy
w— By

N

: ——

E 5 10 15 20

| 0.92n ]

|

v

E — calculation b
I e )

Fourier modal

-20 -15 -10

T T
=5 0 5 10
Incident Angle (Y) [*]

s method (FMM),

a.k.a. RCWA
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Metasurface Modeling

( )

As shown before, valid
for certain wavelength

« Use the half-wave plate approximations and angle range

* Then, the metasurface response can be written as

Vi) =3 (Tt (o 3 )+ B () o )| Ut ewtu (o)

1 —1

e -b) (L T )+ T (L) | Ut @ew (0 (0FA0G))

1 1

:(bm—byy)( D1 )+M( _11 } )} U'F (p) exp (i(wi“(p)AwQ) :

conjugate part —Ay(p)

desired response Ay (p)

_|_

_|_

e N
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Metasurface Modeling

« Use the half-wave plate approximations

bry =0, by, =0,

* Then, the metasurface response can be written as

_11 :i ) U (p) exp (i(wi“(p) + Ag(p )) — > desired Ay(p)

V(J)_ut (p) :i (baf:m - byy) (

3O —b) (1) ) U e (i (0= Ab(p))) ——> conjugate part

= {BH (i ™UL (p) | exp (i(™" (p) + Av(p)))
+{B= (e v UL (p) | exp (4™ (p) — 2%:(p)))
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Metasurface Modeling — Polarization Effect

* If the input field is R-circularly polarized, i.e. Hint:

Vi) = (| ) U esnli (o), (14 )(1)-0

substituting it into the B-operator expression, yields the output
field in the following form

V() = 5 (br — byy) ( ; ) U™ (p) exp (1(4™(p) +[A%(p))) .—> desired Ay (p) only

—1

* In the idealized case, with b,, = 1 and b,, = —1, one gets

Va(p) — ( L ) U™(p) exp (6 (p) + A (p))

—1
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High-NA Metalens Simulation

Desired to function
Av(p) = kon (£ = VTPl + ) as a focusing lens

RN

input plane wave

- normal incidence

- wavelength @532nm
- beam diameter 2mm
- polarization state

a) R-circular

b) Linear

c) L-circular

2mm

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

A4
M. Khorasaninejad et al.,
Science 352, 1190-1194 (2016).

gi VirtualLab Fusion
Demonstration

N
\ 4

f=725um
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High-NA Metalens Simulation

N

Behavior of the metalens obviously depends
on the polarization states of the input fields.

\

metalens

r

u 14: R-Circular Polarized Input
Chromatic Fields Set

ID I,ﬁq Both deSi red lt ’E‘Iﬂl ] ‘ n1& L-CimuwPOIariZEdC‘l:rz:atic Fields Set |?”?|@

[ Only desired
mode

X [mm]

nm- [(V/m)*2]

0.26

0.13

R-circular polarization input

and

modes

CO nj u gate nm [(v/m)~2]

0.26

X [mm]

linear polarization input

[ov/m)~2]

Only conjugate
modes

0.26

Y [mm]
0

X [mm]

L-circular polarization input
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High-NA Metalens Simulation

small detector size
for focal region
analysis

n
C
Q
©
e
()
S r N\
n12: R-Circular Polarized Input =2 Ec] |@ nﬂ:LinearPolirized Input [roe|[-E |@ n'IO: L-Circular Polarized Input =n = |@
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
N
3 =

S = E =

= = © 0.84 4 o 0.84 = 0.84

AN > - >

Y
0 0 0
-0.5 0 0.5 0.5 0 0.5 -0.5 0 0.5
X [um] X [pm] X [pm]
R-circular polarization input linear polarization input L-circular polarization input
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High-NA Metalens Simulation

metalens

4 \
"I 12 R-Circular Poarized Input [= | @ |@3m) | | K311 Linear Polarized Input I 10: L-Circular Polarized Input =n i <=
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
w w un
o r= S
o 0.84 £Eo 0.84 Eo 0.84
> > >
3 - 3 S
(=]
FWHM=355um '
A
l T T T ﬂ T T T U T T T D
-05 0 0.5 05 0 05 05 0 0.5
X [pm] X [pm] X [Em]
R-circular polarization input linear polarization input L-circular polarization input
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Structure of Workshop

 Introduction of theory
— Frank Wyrowski

« Design of binary surfaces in OpticStudio
— Akil Bhagat

« Physical-optics analysis of imported systems from
OpticStudio: Diffractive lenses
— Roberto Knoth

* Metalenses theory and modeling
— Site Zhang

« Fabrication export
— Roberto Knoth
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Fabrication Export: Intraocular Lens (Binary - 1 Mask)

Sampled Data Export

Preview of Structure to be Fabricated

Please note: The display is not true to scale, since a height scaling of 20 has been applied. Close

Structure Preview in VirtualLab Fusion Visualization of GDS2 Mask Data




Fabrication Export: Eyepiece (4 Level 2> 2 Masks)

Sampled Data Export

Preview of Structure to be Fabricated

Z-Bxtension
Extension 1792236837 ym|  Minimum -11.94824558 ym|  Maximum 5974122791 ym
Please note: The display is not true to scale, since a height scaling of 20 has been applied.

Structure Preview in VirtualLab Fusion




Fabrication Export: HOE (Binary - 1 Mask)

Polygon Data Export

I,(_,Y

2mm
—
Z-Bxtension
s i [ 70T M
Please note: The display is not true to scale, since a height scaling of 100 has been applied.

Structure Preview in VirtualLab Fusion o .V.isLJaI.iz..ation of GD82 Ma.sk Daté |
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