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Our Vision for Planar (“Flat”) Optics

F. Capasso, Nanophotonics, 6 953 (2018)
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Metasurfaces provide arbitrary control of the wavefront (phase, amplitude and
polarization)
Metasurfaces enable flat optics: compact, thinner, easier fabrication and alignment

Multifunctionality: single flat optical components can replace multiple standard
components

Flat Optics for a wide range of optical components (lenses, holograms,

polarizers, phase plates, etc.) and applications: machine vision, biomed imaging,

drones, polarimetry, polarization sensitive cameras
Same foundries will manufacture camera sensor and lenses using same technology
(deep-UV stepper) CMOS compatible flat optics platform for high volume markets:
Examples: lenses in cell phone camera modules will be replaced by metalenses fabricated by
DUV lithography (same foundry that makes the sensor chip)
Displays, wearable optics (augmented reality).

Metasurfaces can generate arbitrary vector beams (structured light) well beyond the
capabilities of SLM
Importance of inverse design, co-design of hardware & software, impact of Al on optics



Conventional Lens Manufacturing

> Mobile phone camera (a” pIaStiC IenseS) > Microscope objective lens

Front lens )
l Meniscus lens

e (spherical aberration)

Ref: U.S. Patent 0085059 A1, Mar. 24, 2016.

« All lenses suffer from distortions in the way they focus

* Focal point is blurred by aberrations (spherical, astigmatism, coma, etc.)

« Can be corrected by using multiple lenses, which however makes the optics
much thicker, bulky and heavier
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Metasurfaces: complete wavefront control

» Huygens-Fresnel Principle
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Benefits

e Straight-Forward Fabrication

= Lithographically defined: same technology

of chip making

e Compact

= Light weight, capability to be vertically integrated
e Unprecedented Control of Dispersion
e Overcome Limitations of Conventional Optics

= Aberrations, multifunctionality




Diffraction limited metalens design

Propagation phase from lens to focus with respect
to center ray

2 v Uniform amplitude
‘P(x'Y):_Z(\/xZ*'yz"'fz _f) v/ 2m phase coverage

Phase imparted by the pillar at x,y must compen-
sate for difference in propagation phase shifts

Phase versus Diameter at design wavelength of 532 nm

1 T T T T T O
@)
loX
@) ++
Oooo++++
0.8 ot
i s |
¥
oOO%+
oo%++
Diameter os | OOO$++
ot
o, t
‘ E ooooo+++
g 04 | o 4t
T &
O +
&
ot
&
3 - 02
e Numerical Aperture as High as 0.85 i A o FOTD
++++ + Isolated waveguide
e <600 nm Tall TiO, Nanopillars e
0 1_§_.'Lrb}++++1 L L 1 L
100 120 140 160 180 200 220

M. Khorasaninejad et al. Nano Lett., 16, 7229 (2016). Diameter (nm)



Large Area Metalenses

]
e Glasslens

* nano-meter precision with high throughput
» 160 Million nanopillars per lens

'
N

Manufactured by deep ultraviolet (DUV) projection

lithography: used in semiconductor IC chip manufactur

ing Unification of two industries: ICs and Optics

J. S. Park et al. Nano Letters 19, 8673 (2019)

Flat and Compact:
compatible with wafer packaging

Ref: Heptagon Inc. (Wafer level optics packaging)
Metalenses have larger angular bandwidth
(collaboration with Zeiss)
M. Decker et al., ACS Photonics 6, 1493 (2019))

Refractive lens Fresnel lens Metalens

450 550 650 450 550 650 450 550 650
Wavelength (nm) Wavelength (nm) Wavelength (nm)
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Presentation Notes
Mention the red title
Tunable dispersion is very unique. Conventional lenses their focal length shifts are determined by the glass material used. There is no freedom to tune it without changing material or adding another lens. In comparison, metalenses show tunable dispersion without these drawbacks.


Focusing profile at design wavelength

Focusing profile along beam axis

SR > 0.8 : “diffraction
limited”

Strehl ratio (SR): SR =
Ratio of central 0.95
intensity between Experiment
aberrated and Theory

unaberrated focus.

x (um)

Theoretical results are derived from Kirchhoff integral.

| aberrated I aberrated
SR = =

Iunaberrated IAiry disk



Metalens for High Resolution Endoscopes

Hamid Pahlevani et al. Nature Photonics https://doi.org/10.1038/s41566-018-0224-2

|
» Collaboration with Mass General Hospital, Prof. Melissa Suter
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Endoscopic imaging using metalens catheter

OCT images Histological images

Ex vivo human lungs

in vivo
sheep lung

epi: epithelium; bm: basement membrane; car: cartilage
ves: blood vessels; alv: alveolar; gp: glandular patterns



TiO2 Metasurfaces by Atomic Layer Deposition:
Completely transparent in the visible;

Neﬁliﬁible rouEhness, Vertical walls
|

Side view

1000 nm

30 nm

60 nm 120 nm

R.C. Devlin, et al. Proc. Nat. Acad. Sci .113, 10473 (2016)



Diffraction Limited High NA Metalenses

M. Khorasaninejad et al. Nano Lett., 16, 7229 (2016).

@ =2 mm; f= 800um
NA=0.8

Focusing efficiency:
60% to 80 % depending
For NAin 0.8 to 0.6 range



Metalens vs Fresnel and Multi-level Diffractive Lens
Collaboration with Zeiss Inc. (M. Decker et al., ACS Photonics 6, 1493 (2019))

» The angular bandwidth (range of incidence angle with high deflection efficiency) is an
important measure of how much light can be transported within an imaging optical
system

» Angular bandwidth with DOEs (control of phase with different heights) including multi-
level diffractive lenses (MDLS) is much lower compared to metalenses due to
shadowing. This results in resolution and intensity losses (vignetting).

» The bandwidth of metalenses can be much improved by dispersion engineering, while
the limitation of angular bandwidth MDLSs is intrinsic

DOE Metalens

MDL fabrication
using grayscale
lithography

R. Menon’s Group Appl. Phys. Lett. 117, 041101 (2020)
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Vignetting: drawback of low angular bandwidth

» Multilevel diffractive lens » Achromatic low NA metalens

(NA =0.075, Dia = 150 um) (NA =0.02, Dia = 220 um)
significant vignetting even in low NA lens
=

Ref: W. T. Chen et al., Nat. Nanotechnol. 13, 220-226 (2018).
» Chromatic high NA metalens a=o.s, bia =2 mm)

R. Menon’s Group Appl. Phys. Lett. 117, 041101 (2020) Ref: M. Khorasaninejad et al., Science 352, 1190-1194 (2016).
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Multi-level Diffractive Lenses (MDLS)

» Height is hard to control precisely, and therefore MDLs are
challenging to reach diffraction-limited focusing and high efficiency.

B Large aberrations and low efficiency in fabricated MDL (NA = 0.075, Dia = 150 um)
Strong side lobes and low Strehl ratio

B Large deviation of efficiency between measurement and design

91% in simulation

\

The lowest measured efficiency ~ 20%

R. Menon’s Group, OSA Continuum., 2, 2968 (2019) and Appl. Phys. Lett. 117, 041101 (2020)
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An ldeal Metalens

» No monochromatic aberrations > No chromatic aberrations » High efficiency

Spherical, coma, astigmatism and Minimizing focal length shift Transmission as
field curvature high as possible
» / \ /%\
‘ \\
— —
?\'blue ein 6in
blue kred
This requires the metalens to impart an This requires the metalens to impart a
incident angle-dependent phase profile: frequency-dependent phase profile:
¢(r’9in) (o(r,a))
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Realizing Angle-dependent Ph

ase Profile by an Aperture

» Aperture Stop is the key to realize an angle-depend phase profile

The aperture spatially separates incident light of different angles such that
they interact with different regions of a metalens. The phase profile of
metalens can then be locally customized resulting in ¢(r, 68;;,).

¢(r,907\ /\co(r,920°)
A A

/

/

/ aperture

A

lens system: a metalens + an aperture
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Flat lens leads to flat image plane (no field curvature)

» Such metalens system has no field curvature and therefore is better
than a corresponding refractive system of a spherical lens + an aperture

A metalens + an aperture A spherical lens + an aperture

| Field
Nature
|

fi »

Even replacing with an aspherical lens, such
aberration can not be removed
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Metalens Doublet

» The major residual aberrations In the aforementioned design
(metalens singlet + an aperture) is spherical aberration for all angles.

Focus of paraxial rays
Focusing Metalens

Aperture
0 = 25° Y /
‘}:_“\:_‘i_ Marginal rays
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References:
B. Groever, W. T. Chen, and F. Capasso, Nano Lett. 17, 4902-4907 (2017).
Also see:

A. Arbabi et al., Nat. Commun. 7, 13682 (2016).
X. Luo’s group, Opt. Express 25, 31471-31477 (2017).
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Phase profile (27)

» Aperture + Focusing metalenses
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Focal spot and imaging

» Lens test set-up: » Imaging set-up:

USAF doublet metalens

resolution target

camera
camefa : 0
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Presenter
Presentation Notes
Figure on the left: Focal spot characterization for different angles of incidence (θ) at wavelength = 532 nm. The FWHMs are shown below with  selected focal spot profiles at θ = 0, 12, and 25 degree. This figures shows that our metalens doublet performs diffraction-limit focusing with a field of view of 50 degree (2 x 25 degree).

Figure on the right: Imaging setup for testing the field of view of our metalens. The images shown below were measurement by changing the relative distance (delta x) of the target and the metalens in a step of 25 um. We moved the target away from the center of the metalens in order to test off-axis aberrations. The illumination light source is from a tunable laser with 5 nm bandwidth. This 5-nm bandwidth results in the blurring of the last image (right-bottom). The backup slide shows the measurement results for different angles of incidence and bandwidths. The focal spot becomes larger when the bandwidth is increased for oblique incidence.


Dispersion Engineering: Achromatic Metalens

» Metalens (NA=0.2) F(w)=ko"

> Size limitation due to limited range of group delay
W. T. Chen, A. Y. Zhu, J. Sisler, Z. Bharwani, F. Capasso, Nat. Commun. 10, 355 (2019)
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Left figure: Comparison of point spread functions of achromatic and diffractive metalenses.
Right figure: Efficiency as a function of incident linearly polarized light. The angle of incident light was rotated from 0 to 90 degrees. The blue curve shows efficiency under white light illumination (460~700nm), while the green one was measured under monochromatic 532 nm illumination. To cover large group delay region, we have to choose some low-efficiency elements. This results in low efficiency in our experimental results.



White light focusing
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Correction of Achromatic Aberrations

» Phase profile of metacorrector W. T. Chen et al. Nano Letters 18, 7801 (2018)
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Hybrid Achromatic Metalens

> Ray-tracing simulation ~ W-T. Chenetal. Nano Letters 18, 7801 (2018) With metalens

& Spherical lens (Thorlabs, LA1700 Plano-Convex-N-BK7, NA = 0.1)

5 mm

% Frequency-dependent metacorrector

* Spherical lens + metacorrector (Dia = 1.5 mm, NA = 0.075)

Harvard John A. Paulson School of Engineering and Applied Sciences
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1. Mention the w-shaped profile functionalizes like a Schmidt plate.
1. Mentioned we have done this in our Nature Nano paper.
2. Transition to the next slide: the metalens is polarization-sensitive. We need a new polarization-insensitive way to simultaneously impart phase, GD and GDD.


Meta-spectrometers: Making good use of Chromatic Effect

» Conventional grating-based > On-axis focusing » Off-axis focusing
spectrometers metalens metalens

s 1111 11111

e angular dispersion * longitudinal dispersion e angular dispersion +
longitudinal dispersion

» Off-axis metalens has better spectral resolution because of angular and
longitudinal dispersions.

» Off-axis metalens suffers two major aberrations (field curvature and astigmatism),
which limite its spectral resolution and range in a narrow bandwidth.

Harvard John A. Paulson School of Engineering and Applied Sciences



Aberration-corrected metalens spectrometer

> Flat and perpendicular focal plane  » Measured focal spots (FWHM ~ 56 um)
realized by dispersion-engineered
metalens

Dispersion engineered metalens

Without dispersion engineering

Designed focal length
fy=4 cmat 470 nm

» Metalens dispersion and spectral resolution

» Coupled TiO, waveguide for fine - Dispersion

. : . » Spectral resolution
tuning dispersion

(Reciprocal linear dispersion x Focal spot size)

Reciprocal linear dispersion: l ‘
0.013 nm/pm

0.013 nm/um 56 um

~ 0.73 nm spectral resolution from
470 to 660 nm in the visible

Harvard John A. Paulson School of Engineering and Applied Sciences



Bio-inspired metalens depth sensor

» Motivation: small, low power depth sensors
Jumping spiders - an example of micro depth sensing platform

» High computational power means a fancy GPU or cluster, whereas low power
computations can be easily implemented on small platforms with limited
energy budge such as cellphones, microrobots, drones etc.

Multi-layer
Corneal lens semi-transparent retinae

Depth information

Zhujun Shi Prof. Todd Zickler

Harvard John A. Paulson School of Engineering and Applied Sciences



Presenter
Presentation Notes
Note: here low-power refers to the computational power consumption. For example, high computational power means one need to get a fancy GPU or cluster, whereas low power computations can be easily implemented on small platforms with limited energy budge such as cellphones, microrobots, drones etc. Small amount of computation is a major advantage of our work compared to other methods. This is enabled by the co-design of optics and algorithm.

Description: Jumping spiders can sense depth using either one of their two front-facing principal eyes (highlighted). Unlike the single retina found in human eyes, jumping spiders have multiple retinae that are layered and semi-transparent. The layered-retinae structure can simultaneously measure multiple images of the same scene with different amounts of defocus, and behavioral evidence suggests that spiders measure depth using the defocus cues that are available in these images.


Bio-inspired metalens depth sensor

Q. Guo et al. PNAS 116, 22959 (2019)

» Metalens depth sensor that mimics the jumping spider.

» Co-design of hardware (optics) and software (algorithm)

» Metalens that simultaneously creates side-by-side two images of the same
scene but with different amount of defocus.

Harvard John A. Paulson School of Engineering and Applied Sciences
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Description: We would like to bring similar capabilities to artificial depth sensors. However, since  it’s hard to get semi-transparent photosensors, we instead use a metalens that simultaneously creates side-by-side two images of the same scene but with different amount of defocus. This is achieved by spatially interleaving two phase profiles that correspond to two off-axis lenses with different focal lengths. From these two images, we can efficiently extract depth information using our efficient bio-inspired depth from defocus algorithm. 


Depth from Defocus

» Depth map reconstruction equation

51(x,y) >_1

I, Z(x»}’)=<a+ﬁm

» Advantages:

 Greatly reduced computational burden: 10
times less computation then typical
stereo or light field depth sensors.

I * High speed: ~160 frame per second (fps)
(for comparison, standard movies are 24

1 fps).

6l=1,—1_; 1= P (I, +1.) « Snapshot, compact, lightweight.

 Amount of computation = floating point operations per output pixel (FLOPS). Our method uses ~600
FLOPS, whereas traditional stereo depth sensing requires ~ 7000 FLOPS. Make FLOPS as small as
possible: small chips at high speed and low power consumption.

Harvard John A. Paulson School of Engineering and Applied Sciences
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Notes: more specifically, “amount of computation” is defined by the quantity “ floating point operations per output pixel  (FLOPS)”. Our method uses ~600 FLOPS, whereas traditional stereo depth sensing requires ~ 7000 FLOPS. The rule of thumb is that one wants to make FLOPS as small as possible so that the computation can be done with small chips at high speed and low power consumption.

Description: From these two images, I+ and I-, we use a single line of equation to compute the depth map. This is fundamentally different from many other depth sensing methods such as stereo or light field camera. In their cases, iterative computation and optimization are required to compute the depth, which significantly increases the computational complexity. By co-designing the optics and the algorithm, we greatly reduced the required amount of computation (10 times less). Our prototype also has very high time resolution, ~160 frame per second. In addition, it is snapshot, compact and lightweight. Here we would like to emphasize again the implementation of this algorithm is enabled by our metalens optics


Results

0.28m

Fruit flies :
« Working range:

o 30-40 cm

e Depth resolution:
0.38m ~3% of the true depth

Candle flames « Working range and
resolution can be
adjusted by modifying

ISlantec.zlth the metalens design.
plane wi

texts 0-48m

Water stream

0.43m
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Notes: 
left column: picture of the scene/objects
Middle two : I+ and I- are the two images that are captured simultaneously on the photosensor. The images are blurred differently in I+ and I-.
Right column: generated depth map. Blue is closer, red is further away.
Some unique feature about our depth sensor:
it’s able to sense depth for fast moving objects such as fruit fly and water stream. 160 frame per second
It’s able to sense depth for translucent objects such as candle flames. This is usually very challenging with many other methods
Questions people may (or may not) ask
Why does the depth map show primarily the boundaries? Depth estimation at areas with uniform intensity has a large uncertainty and is thus not shown. 
What determines the depth resolution? The image noise level. Using a high dynamic range camera can improve the depth resolution as well as increasing the working range.
Can it be used outdoors? Yes
How does it compare to other methods such as light field or stereo? Our method is computationally much more efficient thanks to the co-design of optics and algorithm. 



Why care about seeing polarization?
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Polarization imaging: techniques and hardware

Division of time: Division of amplitude: Division of focal plane:

-Minimum of componentry + -No real limit to time-resolution -No real limit to time-resolution +

-Limited time resolution x -No moving parts v -No moving parts +

-Moving parts x -Complex, expensive systems x -Difficult fabrication, sensitive alignment x
-Lots of polarization optics needed x -Expensive x

-Usually only sensitive to linear polarization x

Since different filters (analyzers) are needed to determine the state of polarization
present polarization sensitive cameras are very complex
Can we have a single metasurface replace all this componentry?



Polarization optics

~1650: Today:

Polarizing prisms

“Iceland spar” Rhombs
(calcite)

Waveplates

Polarizing sheet
Polaroid, Inc.

In free space, we still rely on the
same tools whose discovery
prompted the first investigations
into polarization optics 350
years ago.

What new polarization optics
and physics can we explore?



Metasurfaces and polarization optics

* Subwavelength arrays of shape-birefringent 100000000
:Lebrcvear\]/tesle—ncsstoml waveplates carrying on a ﬂ ﬂ & 0 0 0 0 O ()
e Engi d%lsgai' -dependent behavi 000000000
ineered polarization-dependent behavior 0 0 0 0O0CO00
* Spatially-varying polarization 00000000
0QO00QAL
s
QQQQQQQ§§

B R(_Q) lezgm G%y] R(Q) NA Rubin et al., P/7y Rev. Lett. 118,113901 (2017)


Presenter
Presentation Notes
That brings me to the point of this presentation. Why are we talking about metasurfaces and polarization optics? Well, metasurfaces are subwavelength arrays of optical phase shifters. We can very easily embed this form birefringence into the individual elements making up a metasurface. As a result, we can have an optical device in which polarization properties vary on a subwavelength scale. A popular implementation uses rectangles, or ellipses, say. In this case, we can have an optical device in which at each point on a subwavelength lattice light passes through a waveplate whose overall phase, retardance, and angular orientation can change arbitrarily. This is a very unique frontier for polarization optics.


The Stokes formalism

(S0
= S
S = 1 "Stokes vector”

92
\ 53/

In its most general form, light's
polarization is described by 4 parameters.

The Poincaré sphere
Uny/partially polarized light.

Four intensity measurements with four different filters uniquely characterize polarization


Presenter
Presentation Notes
But a better way of understanding this is the Stokes formalism. The Stokes formalism is defined in terms of intensities, in contrast to the Jones formalism, which is based on a description of electric fields. It is defined by four numbers. The number four is important today – since the Stokes vector contains four real numbers (measured in Watts/m^2), at least four measurements are required to constrain it. All polarizations can be visualized with the aid of the Poincare sphere, with circular polarization at the poles, linear polarization along the equator, and all other polarizations in between. Notably, the Stokes formalism can describe partially polarized light and unpolarized light, which correspond to the interior of the Poincare sphere.


Quantities derived from the Stokes vector

These correspond to physical properties of the polarization ellipse.

S

Azimuth Ellipticity Degree of polarization
7 52 3 Ss N Ty
a(S) = arctan — €(S) = arctan §) — 1 2 3
(5) S (5) SN p(S5) 5



Polarization imaging with metasurfaces

Metasurface grating

Metasurface unit cell

» Each diffraction order of a
metasurface grating can implement a
different polarization device ,capable
of analyzing an arbitrary state of
polarization (elliptical)

» These orders can act as polarizers
with a Malus’ Law intensity response

» This grating can be used to construct
a polarization camera with a
minimum of componentry

Each point of the scene is analyzed by 4 polarizers

and projected in 4 corners: 4 copies of the scene

Are then overlapped to provide point by point polarization
Information (Stokes parameters)

N.A. Rubin et al. , Matrix Fourier optics enables a compact full-Stokes polarization camera, Science, 365, 6448 (2019)

Harvard John A. Paulson School of Engineering and Applied Sciences
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Presentation Notes
Note: here low-power refers to the computational power consumption. For example, high computational power means one need to get a fancy GPU or cluster, whereas low power computations can be easily implemented on small platforms with limited energy budge such as cellphones, microrobots, drones etc. Small amount of computation is a major advantage of our work compared to other methods. This is enabled by the co-design of optics and algorithm.

Description: Jumping spiders can sense depth using either one of their two front-facing principal eyes (highlighted). Unlike the single retina found in human eyes, jumping spiders have multiple retinae that are layered and semi-transparent. The layered-retinae structure can simultaneously measure multiple images of the same scene with different amounts of defocus, and behavioral evidence suggests that spiders measure depth using the defocus cues that are available in these images.


Gratings for parallel polarization analysis

1 um 1 um

A grating formed from many of the above unit cells diffracts light into four
inner diffraction orders that act as polarizers.
The grating functions at 532 nm.

N.A. Rubin et al. Science, 365, 6448 (2019)
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Ok, that was very complicated. Let’s step back for a second, so I can tell you what we actually did with all of this.

I have said a few times that our ultimate interest here is polarimetry. To measure the Stokes vector, we want a grating that can give us four measurements of an incident polarization projected along four, linearly independent polarization directions. The optimal set of four polarization states to use are the four polarizations that are, in a sense, maximally different from one another. These correspond to a tetrahedron inscribed in the Poincare sphere (at right). We designed a diffraction grating that concentrates most light in a set of four inner diffraction orders that act as analyzers for the four polarizations corresponding to this tetrahedron. At the left is a map of the diffraction pattern along with the polarization ellipse of the polarization state each inner order acts as a polarizer for. One of these is circular.

Shown schematically and in an SEM image is a grating that has been optimized to (ideally) put nearly 90% of incident light into these diffraction orders while analyzing for these four polarization states, made from TiO2 pillars to function at 532 nm in the visible.


Polarimetry of grating orders

How do we characterize the grating?

Key Idea: Frobe grating with many
lest polarization states and see what
polarization states come out.

Mueller matrix polarimetry.


Presenter
Presentation Notes
Next, we want to do an experimental characterization of the grating to see that the four diffraction orders are indeed acting as the analyzers we designed. To do this, we perform Mueller matrix polarimetry on each grating order.

That sounds fancy and complicated, but it’s really not. In essence, what that means is that we have a set of known laser beam polarization states that we generate in the lab. We shine these on the grating. As we do that, we place a full-Stokes polarimeter on each grating order that measures the Stokes vector that comes out. As we change the known input polarization, we measure the polarization that comes out (including its intensity). In this way, we can find a mapping from input polarization to output polarization, for each grating order. This mapping is a 4x4 matrix known as a Mueller matrix.


Experimental characterization of gratings

e We find:
* The orders behave as polarizers
for the desired polarization states,

* They show contrasts exceeding
90%, with no absorptive
polarizers.

e On average, over 50% of incident
intensity ends up in these four
orders.

* The grating can be employed in
a practical polarization imaging
system!


Presenter
Presentation Notes
Now, I’ll briefly show you the results of this Mueller matrix polarimetry. In the first graph (upper left), I plot the contrast of each grating order from our algorithmic numerical design (red), a full-wave simulation of the designed grating (blue), and as measured in reality (green). This is the contrast between the polarization that evokes the maximum intensity transmittance on the grating order and the one that evokes the minimum. Ideally, this number would be 100% for all four grating orders (a perfect polarizer), meaning that there is a polarization that results in zero intensity being transmitted. In experimental reality, we find that for all four grating orders, the contrast is in excess of 90% which is impressive for a diffractive element, and more than enough to enable practical applications.

On the top right, we show that the polarizations being analyzed do roughly correspond to the polarizations we designed, those being the vertices of a tetrahedron in the Poincare sphere.

Finally, there’s the question of efficiency – that’s hard to quantify, since the observed efficiency (in terms of intensity in the grating orders divided by incident power) is itself polarization-dependent. But this number is around 55%, on average. This could be higher – on the order of 70-80%, if we took effort to optimize our fabrication process (which we did not attempt here).

Lastly, we can use the Mueller matrix of each diffraction order to visualize what happens to the polarization state on each diffraction order, as a function of input polarization state. We start with a sampled Poincare sphere, a set of 1024 polarization states represented as dots on the sphere (bottom right). We can operate on each polarization in this set with each diffraction order’s Mueller matrix. If the order were acting perfectly as a polarization state analyzer, all the dots would be concentrated to a single point, an output polarization state |p>, by the diffraction order. This is roughly the case, showing that the orders do act as analyzers. We can also look at the average output polarization state, and for each diffraction order, we see that the average polarization state is roughly mirrored about the equator of the Poincare sphere relative to the polarization that each diffraction order analyzes for. A flip about the equator of the Poincare sphere means that a polarization ellipse stays the same, with opposite handedness of rotation. In other words the polarization observed on each diffraction order is identical to that analyzed for with flipped handedness. The symmetry constraint from before holds up in experimental practice.

To make a long story short, this slide shows that the tetrahedron grating we designed works essentially as we expected, and it works with high performance!


Metasurface polarization camera

Packaged prototype
with user interface
for real-time
polarization imaging,
indoor and outdoor.

No moving parts

* No polarization optics

* Inexpensive and
scalable

e Detector-limited time
resolution

* Full-Stokes imaging

* Light-weight

Just one optical
component handles all
polarization analysis.



What does the camera see?

Four images with differing polarization response.

The four images must be co-registered and
processed to determine the full Stokes vector at

each pixel.




Indoor and outdoor polarization imaging

N.A. Rubin et al. Science, 365, 6448 (2019)



Our Vision for Planar (“Flat”) Optics

F. Capasso, Nanophotonics, 6 953 (2018)
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Metasurfaces provide arbitrary control of the wavefront (phase, amplitude and
polarization)
Metasurfaces enable flat optics: compact, thinner, easier fabrication and alignment

Multifunctionality: single flat optical components can replace multiple standard
components

Flat Optics for a wide range of optical components (lenses, holograms,

polarizers, phase plates, etc.) and applications: machine vision, biomed imaging,

drones, polarimetry, polarization sensitive cameras
Same foundries will manufacture camera sensor and lenses using same technology
(deep-UV stepper) CMOS compatible flat optics platform for high volume markets:
Examples: lenses in cell phone camera modules will be replaced by metalenses fabricated by
DUV lithography (same foundry that makes the sensor chip)
Displays, wearable optics (augmented reality).

Metasurfaces can generate arbitrary vector beams (structured light) well beyond the
capabilities of SLM
Importance of inverse design, co-design of hardware & software, impact of Al on optics
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