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* A focusing optic that uses sub-wavelength-scale resonators to modify the phase delay that
light experiences when travelling through it.
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* Exists on the end of a continuum, with bulk lenses on the other side, of focusing optics that
use refraction or diffraction to generate focusing.
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* A focusing optic that uses sub-wavelength-scale resonators to modify the phase delay that
light experiences when travelling through it.
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* Exists on the end of a continuum, with bulk lenses on the other side, of focusing optics that
use refraction or diffraction to generate focusing.

— Prisms and diffraction gratings exist on a similar continuum
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* Broadband metalens
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Why broadband metalenses?

* Broadband metalens

applications

|
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Bevel-free cell
phone cameras

°* Primary Challenge

— Imaging applications are highly
sensitive to stray light, aberrations,
transmission efficiency

°* Approaches
— Tall meta-elements
— Interleaved metalenses
— Doublets
— Polarization sensitive metasurfaces

»Most of these approaches are trying for achromatism
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Broadband and Efficient Diffraction
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°* A metalens can be broadband, large aperture, and high efficiency if it is not achromatic (and still
useful!)

°* Example: Cemented doublet 100
— Meniscus asphere + metalens S 80
>
o0
'°’°'?§“"°: Z = .8 g 60 — Diffraction Limit
y iy w e = —400 nm
— \ = —450 nm
Il g % 40 —500 nm
= atiecive 1 B_G B A 2 o
— (b) 4 —650 nm
= 0 —700 nm
R 0 10 20 30 40 50
A _J  refractive/ i
_\T: o hmd//l'{' RG Spot Radius (um)
B
Source: Fischer and Tadic-Galeb, Optical System Design, 2000 He(04
. . Hybrid Doublet | B 0.45
— ~ diffraction limited performance at 0.5
o * (.55
» 450 nm and 650 nm h . ® $ . 206
— 80% encircled energy within 10 um for 20003
80% encircled energy wit 0 um fo ™ Asphere Only 2007

* 425-500 nm
+ 575700 nm o0 . .

Broadband focusing performance is good, but what about efficiency?
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* Diffractive optics are inefficient away from °* And only reach peak efficiency when blazed
their design wavelengths —

\
\

. oo el . _ 2mAg n(A) -1
n{A) = sinc ( o 1) with P(A) = X nlhg) —1° /WH

0s6 // \\ * Since the blaze is only optimized at one
e wavelength, light at other wavelengths goes
/ Into other diffraction orders
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075 \\\
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Source: Fischer and Tadic-Galeb, Optical System Design, 2000
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* Diffractive optics are inefficient away from * This kind of efficiency vs wavelength trend
their design wavelengths was seen frequently in early metalens papers

5 "‘_." . r’j.".-"\ / _
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> > | M
€ o9 - Science, 2016 (Capasso group)
$ 0.85 / 2 “of |
§ / \ .
£ o8 / \ * !.-"'f /__/’/ ---_-_""""--———-_____
o=l s . . .
015 400 450 500 550 600 650 700
Wavelength (nm)
0.7 T T T T r — ‘
0.4 045 05 0.55 0.6 0.65 = |

wavelength, microns |

Source: Fischer and Tadic-Galeb, Optical System Design, 2000



ISLh - IEffic:iency of Metalenses/Diffractive Optical Elements
ysSical Sclences Inc.

VG-2021-111 -11
* Diffractive optics are inefficient away from * This kind of efficiency vs wavelength trend
their design wavelengths was seen frequently in early metalens papers

— If[.r\]:sinc:(‘bi‘ﬁ}—l) with o) = Ze b 1

27 A n(Ap)—1° 100 :
1 [\
/ \ 8ot
i / \ g0\ Source: Khorasaninejad, et. al,
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; / N )
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Source: Fischer and Tadic-Galeb, Optical System Design, 2000 /M/H
Source: Kleemann, Design
» There’s really no difference between this and :-:-:- concepts for broadband high—

a metalens (or a grin lens, for that matter), in efficiency DOEs, J. European
terms of the basic physics. |H LILREL] AARAR] Hﬂﬂﬂﬂl Opt. Society, 2008

— They are all blazed diffractive optics

FIG. 7 Similarity between surface relief profiles (top), gradient-index materials (mid-
dle), and sub-wavelength structures (bottom) all realising a blazing phase if the effec-
tive refractive index and thickness of the DOE are chosen properly as given in Figure 8
for a GRIN-DOE.
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How to improve diffractive optic efficiency

° Bilayer diffractive optic

FIG. 5 Three optically equivalent embodiments of a multilayer EA-DOE.

— Two materials with different dispersive properties
can be combined to produce high-efficiency
diffraction across a broadband

100

99

98

97

Efficiency n(X) [%]

generic
96 - PMMA+polycarbonate _
PMMA+air

95 1 1 1 1 \ 1
400 450 500 550 600 650 700

Wavelength A [nm]

Source: Kleemann, Design concepts for broadband high—efficiency DOEs, J.
European Opt. Society, 2008

— Use differences in dispersion to effectively make

the blaze work at two wavelengths simultaneously
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* Blazes are usually tall, limiting field of view
and f/# due to losses from shadowing and
stray light

/ f\l'!'fgg — f\;_w'."f;_wl
. =

111122 — H12H21
/\1?'112 — /\2'."111

hz =

11122 — N12M21
* Nevertheless these have been
commercialized
— Canon has at least
two telephoto lenses
featuring bilayer
diffractive optics

Source: Canon
patent 6,473,232
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* Blazes are usually tall, limiting field of view
and f/# due to losses from shadowing and
stray light

/ f\l'!'fgg — f\;_w'."f;_wl
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°* Nevertheless these have been
commercialized S
2t \ ) /
— Canon has at least NS
two telephoto lenses
featuring bilayer
diffractive optics

22

Source: Canon
patent 6,473,232

—\

Wt
b

This kind of dispersion engineering can be
performed in a single layer metalens
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* 2392 entries with mean(T) > 0.8 * 500 element sub-library showing @,
* Bandwidth: 400 — 700 nm A® and average transmission > 0.8

B‘—\(_\L—‘{{ ;_77 >
e

* C4 symmetry

1
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- >
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07 'O
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n
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2.55¢ l03 g
2.5+ - 9
1 Loz F
2451
2.4 o1
05t
2.35¢ 1 . o
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° 16 elements that are comprised only of

_ 1 2 3 4 5 6 7 8
circular holes or ovals
— Offer the best trade-off between theoretical
performance and manufacturability
9 10 11 12 13 14 15 16

0.98

0.96

0.94 -

0.92 -

o
©

0.88

0.86%

0.84

Transmission Efficiency

0.82 ,

0.8 ‘
400 450 500 550 600 650 700

A, m

— Perform well in each visible color band
— Scalable to almost any f/# and aperture
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° 16 elements that are comprised only of

\ 1 2 3 4 5 6 7 8
circular holes or ovals
— Offer the best trade-off between theoretical

performance and manufacturability

9 10 11 12 13 14 15 16
0.98
0.96 +
094t [ LT AN N IT \RIVY 8 4
o
'O 0.92
E 09 - . - -
'-'é ' The same physics that led to high efficiency
= .
= 0.88 metagratings from the Fan Group
— o © . .
g 086 Broadband diffraction
C 084+r t = —
E 10002:]733;273?0nm
= o082, o
| WE N
0.8 ‘ S
400 450 500 550 600 650 700 )
A, nm é

—Theory, Absolute
20 | ===Theory, Relative
® Experiment, Absolute
O Experiment, Relative

— Perform well in each visible color band
— Scalable to almost any f/# and aperture

\ 0
) 1000 1050 1100 1150 1200 1250 1300
Wavelength (nm)

ACS Photonics, 5, 2402-2407 (2018)
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Transmission Efficiency

High efficiency, broadband metalens

0.98 ; x w w y

0.96

0.94

0.92

O
©

0.88 |

0.86¢ l
0.84 |

0.82

Efficiency (&) [%]

T

ganerc ——
95 - PMMA+polycarbonate ——
PMMA+alr ——

a5 L L 1 1
400 450 500 550 600 650
Wandlengih & [nm)]

0.8 1 1 1 1 1

700

o

400 450 500 550 600 650
A, hm

700

» Performance matches with theory for “double

blazed” diffractive optics — two peaks in
transmission efficiency at 475 and 625 nm

VG-2021-111-17

° Majority of diffracted light is going into +1

order, with no other orders having significant
population.

400
450

500

-8 -6 4 -2 0 2 4 6
Diffractive Order
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* Efficiency of an optimized set of meta-elements remained high (> 80%) for both TE and TM
polarization out to 10°

XXXO00OX0BAAX XXX

-‘ob'm m“.m
y . 4 —o— 1
S, 0.5 r ‘M \"3? =
O : > 005 ¢ r ML &:" 10
[ o (&) Ie . ¥ 1) IR TN l,
S A YK S N4V AR Y e B
'c 09/ ¥\// 'S 2 [ J f b1/&/} \' \Y %
= v, \f E 0.94 I’ | , "}/
/ |
[T : = i Q [ 1™\
C 085 — v R
O o S
— S '
éﬁ ﬁﬁ 0.85 o
E 08 -é \ 'l
= 2 N
('5 D
— 075 S 08
= =
0.7 0.7
400 450 500 550 600 650 700 goo 450 500 550 600 650 700
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° Design of a 1 cm diameter meta-lens

Phase correction, [2r]
— Performed in Zemax ————

5000

——

— Central zone radius: 600 um 4000 - 109
— Qutermost zone width: 44 um
3000 - 10.8
: 2000 /)
* Device works on three length scales ,
1000
— Meta-atom: £
=00
* 300 nm > I
. m ~1000 |
_ 2000
— Meta-grating:
¢ 3-30 um -3000 -
-
— Fresnel zone: R - .
* 44-600 um X, pm
T I I I NI NI N N I T O IXIITII I |0o000000000000000000000000000 . 0000000000000 °0°0-0 -0 -0 -9 % o0
(I NI N I O OO OO I IIIINIII0000000000000000000000000000 0000000006000 9 P9 °0:0:0:0@ 029080
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1. Deposit Si template layer 2. Apply resist 3. Pattern and develop resist 4. Deposit hard mask

5. Strip resist 6. RIE silicon 7. Remove hard mask 8. Start ALD process

9. Complete ALD process 10. Etch back TiO2 11. Etch Si

Positive tone Resist

Si device layer

ALD TiO,
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Performance @ 632 nm

Ideal lens
Reference PSF (Airy Radius = 4.1268um)
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Asphere/metalens doublet

Test Beam PSF

1 T T
——Diffraction Limited
osl — — —=Test Beam
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_3 04l
= 0.2
0 1 RN L - 1
-30 -20 -10 0 10 20 30
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r height and
/ | stress-related
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°* We developed a design for a high-efficiency, broadband metalens
— Used a heuristic approach, based on mature diffractive optic design methods
— > 90% transmission efficiency in each of the red, green and blue color bands
— Maintains performance out to > 10° AOI

°* Metalens can be used to correct aberrations in multi-element optical
systems

— Corrective doublets
— Multi-element imaging systems

* Fabricated a proof of concept, 1-cm diameter metalens
— Currently working on stress-minimizing approaches

°* Demonstrated focusing when hybridized with a commercial asphere,
limited by fabrication errors in prototype device

— Integrating diffractive optics into multi-element systems can drastically
decrease size and weight of optical systems
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About PSI: PSl is a small business with $80M
annual revenue (~200 employees) with >45 year
track record of developing and transitioning
technologies, include space payloads

Currently hiring for photonics and materials
science!

Stanford Team

WWW.psicorp.com

Foundry fabrication by NILT

Questions: contact dwoolf@psicorp.com



