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ABSTRACT

How a material interacts with light, whether it is reflective, transparent or absorptive, re-
sults form the fundamental properties of the atoms and molecules comprising the material.
Adding a suitably-designed geometry to the material allows one to manipulate the light that
is interacting with the material—adding curvature to glass allows one to focus light down to
a point. However, the set of available responses from naturally-occurring materials is still
limited. ‘Metamaterials’ are materials that have been artificially structured on dimensions
smaller than the wavelength of light, allowing one to achieve a set of optical responses beyond
traditional materials. Metamaterials, however, are incompatible with fabrication processes
standardized by the electronic industry (semiconductor processing) and often have unusably-
high losses. This thesis details the use of metasurfaces, the two-dimensional analog of metama-
terials, which can be processed using standard production techniques while replicating or ex-
panding on many of the functionalities of conventional optics and metamaterials. A particular
emphasis is placed on the realization of metasurfaces at visible wavelengths, where material
processing and fabrication challenges are amplified due to the smallness of the wavelength. It
is shown that the combination of materials engineering, nanofabrication and device design en-
able new fundamental physical phenomena—controllable coupling between spin and orbital an-
gular momentum in light—as well as substantial increases in the efficiency of metasurfaces—

planar lenses and holograms with orders of magnitude reduction in thickness.

iii



Contents

INTRODUCTION

1.1  Nanophotonics . . . . . . . . . . . . e
1.2 Metamaterials . . . . . . . ..
1.3 Metasurfaces . . . . . . . . .. e
1.4  Optical angular momentum . . . . . . . . ... L 0L
1.5 Overview of the thesis . . . . . . . . . . . . .. ... ... ...

VISIBLE-FREQUENCY HYPERBOLIC METASURFACE
2.1  Bulk metamaterials . . . . . . . . ... ..
2.2 Single crystal silver properties and fabrication of hyperbolic metasurface for sur-
face plasmon polaritons . . . . . . . . . ...
2.3 Experimental verification of hyperbolic dispersion for surface plasmons . . . . .
2.4 Diffraction-free propagation . . . . . . . . . . ...
2.5 Dispersion-dependent plasmonic spin Hall effect . . . . . ... .. ... .. ...
2.6 Conclusion . . . . . . . . . e e

BROADBAND HIGH-EFFICIENCY DIELECTRIC METASURFACES FOR THE VISIBLE
SPECTRUM

3.1 Dielectric metasurfaces . . . . . . . .. ..
3.2 Constituent material considerations and characterization for metasurfaces . . . .
3.3 Fabrication process for realizing high efficiency metasurfaces . . . . ... .. ..
3.4 Experimental demonstration of visible wavelength metasurfaces . . .. ... ..
3.5 Conclusion . . . . . . . . . e e e

META-LENS FOR VISIBLE WAVELENGTHS

4.1 Planarlenses . . . . . . . . e e
4.2  Planar lens design and fabrication . . . . ... ... 0000000
4.3 Characterizing meta-lens performance. . . . . . . . ... .. ... ... ... ..
4.4 TImaging demonstration . . . . . . . . . . . ... e
4.5 Conclusion . . . . . . .

22
25
25
27
34

SPIN-TO-ORBITAL ANGULAR MOMENTUM CONVERSION IN DIELECTRIC METASUR-

FACES

5.1 Spin and orbital angular momentum of light . . . . . ... ... ... ... ...
5.2 Nanostructured dielectric spin-to-orbital angular momentum converter . . . . .
5.3 Fractional and interlaced spin-to-orbital angular momentum converters . . . . .
54 Conclusion . . . . . . . e

iv



6 ARBITRARY SPIN-TO-ORBITAL ANGULAR MOMENTUM CONVERSION OF LIGHT 78

6.1  Spin-to-orbit angular momentum conversion of light . . . . . ... .. ... ... 80
6.2 Design of arbitrary spin-to-orbital angular momentum conversion. . . . . . . .. 82
6.3 Experimental demonstration of circular polarization coupling to arbitrary orbital
angular momentum states. . . . . .. ... Lo L Lo o 87
6.4 Experimental demonstration of general spin-to-orbital angular momentum conver-
SIOM . . o L e e 95
6.5 Discussion . . . . ... e 98
APPENDIX A SUPPLEMENTAL MATERIAL: VISIBLE—FREQUENCY HYPERBOLIC META-
SURFACE 100
A.1 Silver growth and characterization . . . . . . . ... ... ... ... 100
A.2 Measurement and calculation of SPP propagation properties of the silver film . 103
A.3 Metasurface fabrication . . . . . . . .. ... 106
A4 Analysis of the HMS with a coupled mode theory . . . . ... ... ... .... 109
A.5 Difference in far field scattering rates at input and output of D1 . . . . . . . .. 111
A.6 Refraction from an SPP-hyperbolic metasurface . . . . ... ... .. ... ... 113
A.7 Tuning of metasurface properties .. . . . . . . . ... oL 113
A8 Simulations . . . . . . ... L e 116
A9 Experimental measurement of the propagation lengths of SPPs in the HMS . . . 120
A.10 Simulation of the plasmonic spin-Hall effect (PSHE) . . . . ... ... ... ... 120
A.11 Definition of SPP circular polarization in the HMS . . . .. .. ... ... ... 122
A.12 Simulation of scattered far-field intensity from circularly polarized SPPs. . . . . 123
A.13 Simulation of the propagation lengths of SPPs in the HMS . . . . ... ... .. 125
A.14 Effect of rounded edges on the HMS dispersion . . . . . .. ... ... ... ... 125

APPENDIX B SUPPLEMENTAL INFORMATION: BROADBAND HIGH-EFFICIENCY DI-

ELECTRIC METASURFACES FOR THE VISIBLE SPECTRUM 127
B.1 Optical characterization . . . . . . . . . . . . .. ... 128
B.2 Structural characterization of TiOs films . . . . . . . . .. .. ... ... ... .. 130
B.3 Geometric phase . . . . . . ..o 131
B.4 Meta-hologram design, simulation and measurement . . . . . . . ... ... ... 133
B.5 Simulations for general TiO metasurface . . . . . . . . . ... .. ... .. ... 136

APPENDIX C SUPPLEMENTAL MATERIAL: META-LENS AT VISIBLE WAVELENGTHS139

C.1 Experimental setup used for focal spot characterization and efficiency measurement139
C.2 Measurement of intensity distribution at x-z plane . . . . . . .. ... ... ... 140
C.3 Strehl ratio calculation . . . . . . ... ... 140
C.4  Experimental setup used for imaging with meta-lens . . . . . .. ... ... ... 141
C.5 Modulation transfer function (MTF) measurement . . . . . . .. ... ... ... 141
APPENDIX D SUPPLEMENTAL MATERIAL: SPIN-TO-ORBITAL ANGULAR MOMENTUM
CONVERSION IN DIELECTRIC METASURFACES 150
D.1 The device constitutive element . . . . . . . .. .. ... oo 150
D.2 Thedevice . . . . . . . . e 153
D.3 Imaging at a distance from the device exit plane . . . . . . . . .. ... .. ... 153



D.4 Device efficiency and conversion over the visible range . . . . . . . ... ... .. 155
D.5 Fractional vortex . . . . . . . . ... 158

APPENDIX E SUPPLEMENTAL MATERIAL: ARBITRARY SPIN-TO-ORBITAL ANGULAR

MOMENTUM CONVERSION OF LIGHT 160
E.1 Derivation of the J-plate design matrix . . . . . .. ... .. ... ... ... 160
E.2 Specific case of the g-plate from general treatment . . . . . . .. ... ... ... 167
E.3 Derivation of output from rotating QWP . . . . . . ... .. ... ... 168
E.4 Simulation . . . . . . . .. e e 169
E.5 Fabrication . . . . . . ... 170
E.6 Measurement . . . . . . .. Lo 171
E.7 Intensity calculation for superpositions of Laguerre-Gaussian beams . . . . . . . 173
E.8 Additional J-plate designs . . . . . . . .. ... 174
E.9 Device design for mapping from general input polarization . . . .. .. ... .. 175
E.10 Stokes polarimetry for measuring input device polarizations. . . . . . . . . . .. 176
REFERENCES 198

vi



1.1
1.2
1.3

2.1
2.2

2.3

24
2.5

3.1

3.2
3.3

3.4

4.1
4.2
4.3

4.4

5.1
5.2
5.3

5.4
5.5

6.1
6.2

6.3

6.4
6.5

Listing of figures

Effective medium in metamaterials . . . . . . . . ... ... 6
Schematic of metasurface operation . . . . . ... ... ... ... ........ 10
Intensity and phase of light carrying orbital angular momentum . . . . . .. .. 15
Single-crystal silver films and hyperbolic metasurface fabrication . . . . . . . . . 23
Normal and negative refraction of surface plasmon polaritons at a silver film/hyperbolic
metsaurface interface . . . . . ... L Lo L 26
Diffraction-free propagation and subdiffraction resolution in a hyperbolic metasur-

face . . . . e 28
The dispersion-dependent plasmonic spin-Hall effect . . . . . ... ... ... .. 30
Simulation of the plasmonic spin-Hall effect in the hyperbolic metasurface . . . 33

Optical properties and morphology of TiOs material used to fabricate dielectric

metasurfaces . . . . . .. .. e e e e 40
Fabrication process for dielectric metasurfaces operating at visible wavelengths . 43
Scanning electron microscope images of TiOy nanostructures comprising a visible
wavelength metasurface . . . . . . . . .. . ... ... 44
Measured absolute efficiencies and holographic images from visible wavelength meta-
surface . . . .o L e e 47
Design of meta-lens for operation at visible wavelengths . . . . . . ... ... .. 53
Focal spot of meta-lens designed for red, green and blue wavelengths . . . . . . 56
Characterization of the visible wavelength meta-lens focusing efficiency and evo-
lution of the focal spot . . . . . . . . ... 58
Imaging through a meta-lens . . . . . . ... .. ... ... 0L 60
Operating principle of the dielectric spin-orbit-converter. . . . . . . . .. . . .. 67
Experimental demonstration and characterization of g-plate . . . . . . ... .. 69
Experimental demonstration of higher-order vortices produced with a dielectric g-
plate . . .o 71
Fractional vortices and examination of their interference patterns . . . . . . .. 74
Generation of multiple vortices from a single metasurface . . . . . . ... .. .. 76
Physical principle for arbitrary spin-to-orbital angular momentum conversion . . 84
Experimental demonstration of arbitrary spin-to-orbital-angular-momentum-conversion
from two circularly polarized spin states . . . . . . . .. ... 90
Evolution of a total angular momentum state of light along a continuous path on

the higher order Poincaré sphere . . . . . . . .. .. ... oL 93
Measured output intensities for device designed with m =3 andn=6. .. . .. 94
Demonstration of spin-to-orbital angular momentum conversion for an arbitrary
input spin state . . . . . ... L 96

vii



A1 X-ray diffraction of epitaxial silver films on (111)-Si . . . . ... ... ... ... 101

A.2 Topography of single-crystal silver films . . . . . . .. .. ... ... .. ..... 102
A.3 Electron backscatter diffraction images of single-crystal silver films . . . . . . . . 103
A.4 Measured dielectric function of silver films . . . . . ... ... ... ... .... 105
A.5 Surface plasmon polariton dispersion relation of silver films . . . . . .. ... .. 106
A.6 Fabrication process for hyperbolic metasurface . . . . . . .. .. ... ... ... 108

A.7 A metal nanowire couple mode theory approximation for hyperbolic dispersion . 110
A.8 Ratio of coupling constant and propagation constant for the metal nanowire model

of hyperbolic dispersion . . . . . . . . . . . . . .. 112
A.9 Compiled refraction images of an surface plasmon polariton at the silver film/hyperbolic
metasurface interface . . . . . . ... 112
A.10 Angle-dependence of the hyperbolic metasurface . . . . . . ... ... ... ... 114
A.11 Tuning the dispersion of a hyperbolic metasurface . . . . .. .. ... ... ... 115
A.12 Simulation of diffractionless propagation in the hyperbolic metasurface . . . . . 117
A.13 Outcoupling geometry and simulated outcoupling efficiency for circularly polarized
surface plasmon polaritons in a hyperbolic metasurface . . . . .. ... ... .. 118
A.14 Simulated mode indexes of the hyperbolic metasurface and ratio of real to imag-
inary parts of the mode index . . . . . . ... ... ..o L. 119
A.15 Measurement of the surface plasmon propagation length in the hyperbolic meta-
surface . . .. 121
A.16 Simulation of circularly polarized SPP scattering off our out-coupling array . . . 124
A.17 Effect of fabrication defects on the hyperbolic dispersions . . . . . ... ... .. 126
B.1 Ellipsometry data for amorphous TiOy . . . . . . .. .. ... .. ... ..... 130
B.2  Atomic force microscope image of glass substrate. . . . . .. ... 0oL 131
B.3 X-ray diffraction of TiOg film . . . . . . .. ..o oo 132
B.4 Computed phase map for holographic image of Harvard crest . . . . . . . .. .. 134
B.5 Electric field profiles inside of TiOs pillars with form-birefringence . . . . . . . . 135
B.6 Simulated transmission spectra of TiO5 pillars along the long and short axis . . 137
B.7 Measurement setup for characterizing visible holograms from TiOs metasurfacaes 138
B.8 Simulation of polarization insensitive TiOs structures for full phase coverage . . 138
C.1 SEM images of the meta-lens . . . . . . . .. ... . ... ... ... .... 142
C.2 Measurement setup for characterizing the meta-lens . . . . . ... ... ... .. 143
C.3 Strehlratioof thelens . . . . . . . . . . ... ... 144
C.4  Focal spot of the metalens away from its design wavelength . . . . . . .. .. .. 145
C.5 Focal length and magnification of the meta-lens as a function of wavelength . . 145
C.6 Measurment set-up for imaging with meta-lens . . . . . ... .. ... ... ... 146
C.7 Imaging of test target with meta-lens . . . . . . . . ... ... ... ....... 147
C.8 Imaging of 'Siemans star’ with meta-lens . . . . . . ... ... ... ... .... 148
C.9 Modulation transfer function of the meta-lens . . . . . . ... ... ... ... 149
D.1 Nanofin geometry and simulated electric field distribution . . . . . . . . ... .. 152
D.2 Mount for samples on optical table . . . . . . ... ... L. 153
D.3 Imaging of the singularity region of the device . . . . ... ... ... ... ... 154
D.4 Dielectric g-plate broadband operation and conversion efficiency . . . . . .. .. 156

viii



D.5

D.6
D.7

E1
E.2

E.3

E4
E.5

Simulated phase shift and conversion efficiency as a function of wavelength for di-

electric g-plate nanofin . . . . . . ... Lo 156
Interleaved device with charge £5 . . . . . . .. .. .. oL Lo 158
Fractional vortex intensity profile with charge 6.5 . . . .. ... ... ... ... 159
Measurement setup for characterizing outputs of J-plate device . . . . . . . . .. 180
Schematic of device for transfering circularl polarized spin states to two OAM states

withm=6andn=3. ... ... ... .. ... 181
Experimental demonstration of arbitrary spin to OAM conversion for m = 6 and

M= 3. o o e e 182

Evolution of coupled total angular momentum states on higher order Poincaré sphere183

Device design for generalized spin-to-orbit angular momentum conversion and mode
separation . . . . ... oL e e e 184

ix



FOR MY FAMILY



Acknowledgments

MY PATH TO MY DOCTORATE WAS IN SOME WAYS A ROUNDABOUT, MEANDERING ROAD
WITH MORE TURNS THAN I EVER COULD HAVE IMAGINED. In the moment, such a compli-
cated route can be frustrating but the benefit of taking the long road is that I was able to
cross paths with many more people who have added more to my life and taught me more than
I ever could have hoped.

My family have always provided me with support, even when I was too stubborn to ask for
it on my own. I was certainly not an easy child for my mom and dad and I often had to find
out things the hard way (a true experimentalist!). But, my parents gave me every chance to
figure things out for myself, again, again and again, even if it meant more gray hairs for them.
Their constant nudges and at times full on push made me a better person and ultimately
made work to the height of my capability. My brother, being five years older than me, has
always been a great source of wisdom in my life and my taste in music has been the biggest
beneficiary of his advice. My sister constantly looked out for me as we grew up very close in
age and she and my grandmother both claim that my sister taught me math. I don’t have
any recollection of this but at this point I'll cede the argument and thank her for her help in
making me a better physicist. My grandparents, pop-pop and mom-mom also had a profound
influence on me. Much of my time after classes and during the summer while I was in grade
school was spent with my grandparents. My grandfather introduced me to carpentry and engi-

neering and always pushed me towards what would ultimately be my passion and career path.

xi



My grandmother, whose patience and love knew no bounds, was always incredibly supportive
and pushed me to keep going to school even during uncertain times in my life, an opportunity
she never had. She is greatly missed and I hope I can make her proud as I continue with my
career and life.

At Drexel University, for my undergrad and Masters, I was lucky enough to work in Steve
May’s group, where I not only learned to do research and meet great scientists but I also
made life-long friends. Steve had full confidence in me, even as an undergrad, and often gave
me as much latitude as Ph. D. student. This is evidenced by the fact that he had me hack
into a $250,000 piece of equipment that he was relying on to get tenure, without any hesita-
tion. (Luckily the tool is still running and producing data). Steve would always take time out
of his schedule to provide me with advice and help me with grad school applications, even
though I'm sure he had more pressing issues to address. His trust in me and the experience
I gained in his lab undoubtedly made me ready for the work that I would carry out during
my Ph. D. I am also infinitely grateful to my friends and colleagues from Steve’s group. Cole
Smith was a great friend, mentor and roommate who was always willing to grab a beer and
vent. Rebecca was my first close scientific mentor and her advice and help with papers was
invaluable. Alex Krick, besides being a great scientist and friend, provided me with the cham-
pion sample, AK22, that would ultimately form the basis of my Master’s thesis and first pri-
mary author paper. I am also grateful to Mark, Eun Ju, Terry and Amber, all of whom made
my time in Steve’s lab an invaluable experience.

At Harvard I was lucky enough to continue my scientific career amongst some of the great-
est scientist and best people. Early in my Ph. D., I met Alex High. Alex quickly became one

of my closest friends and the work we were able to do together is shown in Chapter 2. With-

Xii



out his continued advice and friendship throughout my Ph. D., I am sure that I would not
have been able to achieve half of the things that I have during my time here. Alex was just
about the best scientific pep-pep anyone could have hoped for—great job! The same goes for
Alan Dibos, step-pepper, who as a ‘fab guru’ and great friend was always willing to put aside
what he was doing to help me. Nathalie de Leon was another great friend and influence on me
in my early years at Harvard.

Federico Capasso, my advisor, is one of the most passionate people that I have met. He is
passionate even for an Italian! It has been an incredible privilege to work in his group and
being as influential of a physicist as Federico is has made my time in his group incredibly ex-
citing and fruitful. Federico has, in his words, a bottom up approach. This means that he
provides complete autonomy to his students. For an early grad student this can be incredibly
frightening but what Federico wants is for the students to become creative scientists in their
own right. His policy of allowing his students to follow any intellectual curiosity they find has
really led me to a new understanding of how to approach difficult questions. Although he al-
lows his students to follow their own will, once you start pursuing your research Federico be-
comes intensely involved in your research and life. You will often receive an midnight phone
call from him to discuss results or a voice email (one of his most creative inventions) at 3AM
and a follow up at TAM. That’s just how passionate he is, even after 40 years of doing science
and working amongst the most brilliant minds in the world at Bell Labs, he still gets truly
excited about every student’s results.

In the Capasso group I continued to meet more great scientists, mentors and friends, all of
whom have made my time at Harvard immensely enjoyable. Balthasar Mueller is one of my

first friends at Harvard and his influence on Federico is the reason I had a chance to join the

xiii



Capasso group in the first place. He is one of the most creative physicists that I have known,
a deep intellectual and will be brilliant in whatever he decides to do next. His loyalty to his
friends is unmatched. My work with Reza, Wei Ting and Alex has led to everything in Chap-
ters 2-4 and their work ethic and scientific drive are unmatched. Working with Antonio Am-
brosio (another passionate Italian) has been one of the greatest joys in my time at Harvard
and I am immensely indebted to him for how he has taught me to do thorough science and
his introducing me to the subject of optical orbital angular momentum. My work with him
is shown in Chapters 4 and 5. T am also incredibly lucky to have worked with Noah Rubin
who joined the group shortly after I did. He is one of the most rigorous scientists I know and
has become one of my closest friends. He not only is incredibly smart and hardworking, he
also makes sure to keep his life and research in perspective. His insistence on taking bike rides
during some of the most stressful times of my Ph. D. definitely helped me decompress and 1
appreciate those times, even if he is able to bike down Mt. Wachusett faster than me. The Ca-
passo group has a large number of great physicists and people and has a ton of moving parts
so it is hard to keep track of everyone. I am also grateful to the friendship and help of Paul
who was always ready to ‘chill’, Vincent, whose Belgian humor was guaranteed to stop you
in your tracks (out of laughter or shock), Charles, a real ‘dude’ and amazing scientist, Marco,
even if he isn’t strong enough to out last me in endurance competitions, Dima, a passionate,
hard working scientist and Xinghui, Daniel, Shi, Michele, Kundan, Alan, Shuyan, Lulu, Toby,
and Andrea.

A large portion of my thesis work was carried out in the comfort of a bunny suit and white
noise of the cleanroom in Harvard’s Center for Nanoscale Science (CNS). Working so often

in the cleanroom not only made me an expert at identifying friends by their eyes only but it

Xiv



gave me the opportunity to work closely with many passionate members of the staff. In partic-
ular I would like to thank Ed Macomber, whose constant battle to keep SP3 in working order
enabled much of the work in Chapter 2, Jason Tresback whose upkeep of the AFM tools al-
lowed me to take the beautiful images in Appendix A, Mac Hathaway, who is probably having
nightmares about TiO5 and keeps the CNS safety standards high, Ling Xie for her help with
etching and Bill Wilson and JD for keeping CNS running fluidly—an almost impossible task
when you see what some of the users will attempt to do to in a piece of equipment.

I am also grateful to Draper Laboratory who funded my Ph. D. for the final 2 years through
their Draper Laboratory Fellowship program. Particularly at Draper I am thankful to Steve
Byrnes, who I first met during his post-doc and later moved to Draper, who is about the most
insightful physicist I know and it was always great to get his input and J.P. Laine whose con-
stant words of encouragement spurred on my research. I would also like to thank my thesis
committee, Professor Evelyn Hu and Professor Philip Kim, for taking time out of their busy

schedules.

XV



...the more we know, the more ignorant we become
in the absolute sense, for it is only through enlight-
enment that we become conscious of our limitations.
Precisely one of the most gratifying results of intel-
lectual evolution is the continuous opening up of

new and greater prospects.

Nikola Tesla

Introduction

Our entire physical connection with electromagnetic (EM) radiation results from the inter-
action of light with matter. Whether it is light being transmitted, reflected, or absorbed by
objects and ultimately exciting an electron in the photoreceptor of our eye or the radiation of
the sun being converted into infrared wavelengths and feeling warm on our face, we require
the coupling of light to the medium to detect its presence. Even in the age of electronics and
digital cameras, in order for us to detect EM radiation, a photon must first interact with a

material (a silicon photodetector, for example).



Light in the visible spectrum has been especially important to us due to the transparency
of our atmosphere to these wavelengths. Due to our intimate connection with EM radiation
and visible light in particular it is no surprise that the study of light is one the oldest endeav-
ors in the physical sciences!. The ability to control and manipulate light naturally closely fol-
lowed the fundamental pursuit of understanding the physical nature of light. We have since
been molding and shaping materials to make reflective and refractive optical components.
These components have not only enabled new technologies but also elucidated fundamental
questions across all scientific fields. Although our fundamental understanding of the nature of
light continued to be refined and we progressively assembled more complex optical systems,
the fundamental way manipulated light remained largely the same. In the last 40 years or so,
however, there has been a fundamental shift in how we can engineer new optical devices and
we can now move from adding shape to materials to engineering the optical properties of the

materials themselves.

1.1 NANOPHOTONICS

One of the largest departures in our understanding of optical properties of materials and our
ability to manipulate light came, ironically, as a result of an advance in electronics. The inven-
tion of the transistor marked a new era in technology?. Around these solid state electronics
grew a multi-billion dollar industry with a focus on advancing materials science and producing
increasingly small transistors and circuits. This pursuit required new equipment for fabricat-
ing devices on smaller scales (microns and eventually nanometers) and new techniques for
characterizing the processes.

As the fabrication and characterization techniques, which we now refer to generally as mi-



crofabrication or nanofabrication, continued to mature, the study of optics would ultimately
be the beneficiary. The dissemination of this equipment into universities and research labs,
enabled the production of structures with nanoscale dimensions as well as the ability to study
and understand the optical phenomena of these nanostructures. This new field, nanophoton-
ics, allowed one to deterministically structure materials with physical dimensions similar to
the wavelengths of visible light. These structures with length scales on the order of the wave-
length, which became known as photonic crystals, allowed a set of new optical structures to
be demonstrated®. Additionally, while materials science has always been a critical part of the
optical sciences, nanophotonics truly made materials science, optics and fabrication insepara-
ble fields. The continued refinement of nanofabrication techniques has more recently allowed

structures with length scales even smaller than visible wavelengths to be readily fabricated.

1.2 METAMATERIALS

The response of a material to light can be fully characterized by two simple quantities, its elec-
tric permittivity, €, and its magnetic permeability, *. These two quantities, and how they
change with different wavelengths of light, determine whether a material is reflective, transpar-
ent, absorptive and the colors that we see from objects. Their effectiveness in describing the
richness of the world around us is almost unreasonable, especially considering that the mate-
rials they are describing is composed of countless numbers of discrete atoms and molecules, a
fact that is largely ignored when deriving these quantities.

The key factor in allowing these simplified descriptions of a material to provide so much
utility is the relative length scale of the spacing between the atoms or molecules compared to

the wavelength of the particle interacting with the material. For example, the discrete nature



of a material cannot be ignored when describing how an electron interacts with the material.
This is because the typical wavelength of an electron moving through the material is on the
order of the spacing between neighboring atoms or molecules in the material. In contrast, for
the majority of the EM spectrum, the atomic spacing in a material is many times smaller than
the wavelength of the EM field it is interacting with. Consider specifically silicon, which has a
lattice spacing of 0.543 nm®°. As a result, within one wavelength at visible wavelengths, (400-
750 nm) there are nearly 100 spacings and 800 silicon atoms. This allows one to effectively
average over the response of all the individual atoms and the wave can ‘ignore’ the fine, dis-
crete features.

Metamaterials are artificial, engineered materials that exploit this scale difference between
EM radiation and the size of materials. In some sense metamaterials are the natural progres-
sion of photonic crystals introduced above. By leveraging manufacturing techniques that have
allowed precise production of continuously smaller structures, as well as previous knowledge
from microwave engineering, it was realized that one could tailor the effective response, €
and p of a material®. Using artificial structures, such as resonators, scatterers or composite
materials, one could now provide an effective response and produce an artificial homogenous
medium—as long as whatever structure introduced was well below the excitation wavelength.
This enabled a new set of materials that exhibit phenomena typically impossible in natu-
ral materials. For example, it was predicted that a material with simultaneously negative €
and g should exhibit negative refraction”—light rays violate Snell’s law and bend ‘the wrong
way’ across an interface. This prediction was long held to be a mere intellectual curiosity but
through precise design of metamaterials negative refraction was experimentally demonstrated

and opened up a new direction of research®. Metamaterials have also exhibited a host of inter-



esting phenomena such as subdiffraction imaging® and diffractionless propagation'?, to name
a few.

One may assume that in order to engineer the optical properties of a material in any mean-
ingful or exceptional way, the structures must be complex. For certain realizations of metama-
terials, it is the case where relatively complicated arrays of precisely tuned resonators or 3D
patterns are required ''. However, in some cases a great deal of complexity in the optical re-
sponse can be derived from a remarkably simple engineered material. This concept, as well as
a more detailed demonstration of the concept of the effective medium in general, is illustrated
in Fig. 1.1.

Figure 1.1A shows a schematic diagram of a simple metamaterial. This particular metama-
terial consists of only two layered materials with permittivities €, and €4 and corresponding
layer thicknesses d,,, and dg where d,, = 1 — d4. As discussed above, the most interesting phe-
nomena occurs in the limit where the material structure is much less than the wavelength of
light, d,, + dg << A. This condition, sometimes referred to as the quasi-static limit because
the electric field does not fluctuate much over a single period of the layered material, allows
the material to be treated as an ‘effective medium’—the essence of a metamaterial.

In such a case one can derive effective dielectric functions parallel and perpendicular to the

plane of the layers as'?

dm/em + da/ea

()" = (L.1)

dm + dd
and the value perpendicular to the plane is
Emdm + €qdy
el =———— 1.2
YT dntdg (12
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Figure 1.1: Demonstration of the effective medium concept for metamaterials. (A) Schematic diagram of a layered metal-
dielectric metamaterial. (B) Effective permittivity in a direction parallel and perpendicular to the anisotropy axis as a function
of metal filling factor.



As one can see from Eq. 1.1 and Eq. 1.2, the effective response of the metamaterial is a com-
bination of the two individual material responses and is anisotropic, despite being composed
of two isotropic materials. Thus, the simple structure shown in Fig. 1.1A allows both tai-
lorable material response and anisotropy.

A particularly interesting case, both in this example and for metamaterials in general, oc-
curs when the two materials are metals and dielectrics, respectively. The bulk dielectric func-
tion of a metal and dielectric, especially in the near infrared to visible frequency range, have
opposite signs €, < 0 and g4 > 1.

Figure 1.1B plots the effective dielectric constant as a function of the metal filling frac-
tion d,, (specific materials dielectric constants are chosen to be silver and titanium dioxide
at a blue wavelength). This plot further highlights the versatility of this simple metamaterial.
Changing the metal filling fraction results in three distinct responses from this metal-dielectric
stack. In ‘Region I’, the dielectric constants along both directions, ¢ and ¢, are both posi-
tive. At higher relative metal thickness, as in ‘Region III”, the dielectric constants are both
negative. In ‘Region II’; a case occurs that is not found in naturally-occurring materials. Here
along one direction of the metamaterial, the dielectric constant is positive (dielectric-like),
while along an orthogonal direction, the dielectric constant is negative (metal-like). Natu-
rally occurring materials, even anisotropic crystals, tend to be either dielectric or metal at
any given wavelength. This metamaterial, however, is able to both a metal and a dielectric at
a given wavelength.

This simple demonstration of a resultantly rich metamaterial, which has different signs of
the effective dielectric constant along different directions, is referred to as a ‘hyperbolic meta-

material’'? (the origin of this name will be made clear in Chapter 2). More than just exhibit-



ing the unusual characteristic of oppositely signed dielectric constants, this metamaterial also
exhibits negative refraction and other properties that only metamaterials can achieve.

While the promise of metamaterials has spawned an entire field, extended the set of pos-
sible optical devices and produced creative solutions to a new set of problems in electromag-
netics, there has been few examples of widescale applications even after 20 years of research.
Metamaterials suffer from several practical problems. Most demonstrations have been in the
microwave portion of the spectrum. The wavelength of microwave radiation is on the order
of 1 cm so it is much easier to create subwavelength structures, however many important ap-
plications require metamaterials to operate at visible wavelengths. Since metamaterials also
rely on resonances and propagation of light through the medium, they tend to be very lossy.
Additionally, nearly all metamaterials use metals, which are particularly-lossy at visible wave-
lengths and are difficult to process. Finally, metamaterials do not lend themselves to the well

established processing of CMOS fabrication techniques.

1.3 METASURFACES

Metasurfaces seek to address many of the problems associated with metamaterials and conven-
tional optical elements. These devices are essentially two-dimensional analogs of metamateri-
als that can replicate and expand upon the function of both metamaterials and conventional
optical elements.

4. resulted from a simple thought experiment. Instead of

The conception of metasurfaces’
relying on phase accumulation via propagation effects as in traditional optics, could one in-

troduce abrupt phase shifts on an incident EM wave directly at an interface? What Yu et al.

did to answer this question was to simulate, at a particular wavelength, the phase shifts intro-



duced by subwavelength antennae with varied geometrical parameters. As is well known in
optics, as long as one can produce any value of phase shift between 0 and 27 any phase only
optical device can be reproduced . The antennae were then distributed across an interface
to introduce a specific phase shift at a specific spatial coordinate. This is the essence of ini-
tial metasurfaces. Find the phase profile of your desired optical element. Find a suitable set
of nanoscale phase shifting elements. Discretize and periodically sample the phase profile. For

example, the phase profile required to produce a traditional lens is given by
27
¢lay) =~ (f -Vt +y?+ f2) (1.3)

To produce a metasurface one would take this function, modulo 27, and at each subwave-
length period period in the x — y plane place a suitable phase shifting element.

To provide context, a top-view of a metasurface is shown in Fig. 1.2A. The inset shows
the degrees of freedom that allow a metasurface to carry out a specific function. Phase shifts
from 0 to 27 can be introduced by varying the geometrical parameters, w,, w, and § and the
continuous phase function is discretized and sampled with periods a; and as, which are sub-
wavlength. The metasurface is then able to perform some function (Fig. 1.2B), e.g., focusing
light to a point, by judicious placement of the elements.

In some sense, metasurfaces can be considered the ultimate conclusion of what was started
by Fresnel nearly 200 years ago. Fresnel and others essentially realized that in order to pro-
duce a phase-only optical device, one needs only to introduce phase shifts modulo 27. This
means that much of the material along the propagation direction in these traditional optical
devices is redundant and can be completely removed. Metasurfaces possess several practical

advantages over previous optical devices. They have only nanoscale thickness. They require
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Figure 1.2: An overview of metasurface degrees of freedom and operation. (A) Top-view scanning electron microscope im-
age of a metasurface. The inset shows the available degrees of freedom of a metasurface. (B) Schematic demonstration of a
metasurface operating as a lens.

only very simple processing, an entire metasurface can be produced with a single lithographic
step. They are planar, which makes them directly-integratabtle with a variety of sensors and
solid state light sources. Perhaps most importantly from a practical perspective, they are able
to be processed using standard semiconductor fabrication technique. This allows the produc-
tion of optics to potentially move to the already-present massive infrastructure of the electron-
ics industry. Finally, metasurfaces have recently introduced entirely new optical elements.
Besides just reproducing effects in conventional optics or metamaterials with the practi-
cal benefits discussed above, metasurfaces also provide a new solution to a set of previously
untenable problems. The new functionality offered once again requires one to reconsider the
possible set of responses from a material. In particular, metasurfaces have more recently been
shown to allow unprecedented control over the phase and polarization of light '%!'7. One such
metasurface has already been introduced in Fig. 1.2A. To provide complete control over both

the phase and polarization of light, one requires a medium that has a spatial variation of lin-
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ear birefringence and the local orientation of the anisotropy axis. No natural crystal provides
subwavelength control over both of these parameters. However, a metasurface can provide a
discrete approximation to such a crystal by allowing the width along two orthogonal direc-
tions and the rotation angle of each element to vary independently (Fig. 1.2A inset). This
concept will be described in more detail and utilized in Chapter 6.

Despite the great amount of progress in the field of metasurfaces, there were still outstand-
ing issues to be solved. The first demonstrations of metasurfaces utilized metallic nano-antennae
to imprint an arbitrary phase profile onto incident light %1419 As detailed at the end of the
previous section, metals are inherently lossy and furthermore, these nano-antennae have very
small scattering cross-sections leading to very low efficiencies of these early devices—most of
the light in the early metasurfaces passed through without interacting with the metasurface in
any meaningful way. This led to the introduction of dielectric metasurfaces?’. As compared
to metallic metasurfaces, dielectric metasurfaces are transparent, they do not have the heat-
ing losses associated with metallic metasurfaces. The first set of demonstrations for dielectric
metasurfaces utilized silicon, as this probably the most widely processed material 16211419,
However, since the bandgap of silicon occurs around a wavelength of 1130 nm, these meta-
materials operated in the infrared region of the spectrum or suffered extremely high losses
(efficiencies on the order of 1%).

In order to produce metasurfaces that operate with high efficiency at visible wavelengths,
new materials must be explored. Fabrication requirements at these wavelengths become par-
ticularly challenging, again because the period of the metasurfaces must be smaller than the
wavelength of light. Furthermore, at such small wavelengths, the effect of material imper-

fections become amplified. Grain boundaries and roughness of even few nanometers become
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significant sources of isotropic scattering and loss. Chapter 3 deals with the current state of

metasurfaces for visible wavelengths.

1.4 OPTICAL ANGULAR MOMENTUM

Thus far, only exceptional properties of engineered materials have been considered. However,
some exceptional properties of light, even in the absence of any material, had remained un-
known even more than 125 years after Maxwell’s unification of EM theory 2.

That light carries angular momentum has been known since Poynting derived the mechan-
ical equivalence of the circular polarization of light and spin angular momentum in 190923,
Poynting’s derivation came even before the understanding that the energy of light was quan-
tized and that the quanta of light, the photon, possessed 4/ angular momentum per photon
for left and right circularly polarized photons, respectively. In a careful yet simple experiment,
Beth later experimentally verified the remarkable fact that photons do carry spin angular mo-
mentum, (SAM), which is equivalent to mechanical SAM, and agrees with the quantum pre-
diction??.

That light should also carry orbital angular momentum (OAM), which is differentiated
from SAM as angular momentum arising from off-axis rotation, in retrospect, seems as if it
should follow naturally. It was suggested as far back as 1932, even before Beth’s experiment,
that in order to conserve angular momentum in certain atomic transitions, light must carry
angular momentum greater than the 44 attributed to SAM?°. However, it would not be until
1992, that Allen and colleagues?® would definitively derive this result.

The result is relatively straightforward and begins in a manner similar to almost all wave

equations—the Helmholtz equation. Following ref.?% and solving the Helmholtz equation in
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cylindrical coordinates and taking the paraxial limit one finds the following solution for the

EM amplitudes

€| ) o e
et = et (5) 4 (G) = (555) = (5)

exp [—i(2p + |¢] + 1)arctan (;)} exp(ile) (1.4)

where r is the radial coordinate, ¢ is the azimuthal coordinate Lf, is the Laguerre polynomial,
£ and p are the azimuthal and radial index, respectively, w(z) is the beam waist and zp is the
Rayleigh range. In many cases, the index p is set to zero, as ultimately, only the index ¢ will
contribute to the angular momentum. In the case where ¢ is also set equal to zero, Eq. 1.4
reduces to a normal Gaussian beam associated with a typical laser.

In light, the angular momentum is calculated in a manner completely analogous to mechan-
ics. Angular momentum is the cross product of the radial coordinate and the linear momen-
tum of a system. For EM waves, the linear momentum is given by the time average of the
quantity egEE x B. The angular momentum flux in this beam is then given by M = r x ¢gE x B
and the flux in the propagation direction is

o7 Olul?
2w Or

‘
M, = —|u|* + (1.5)
w

the value £ is the same as in Eq. 1.4 and notably can take on any integer value from —oo to
+o0 and o, = +1 for left and right circular polarization, respectively. Taking the ratio of Eq.

1.5 to the total power in the beam allows one to find

J = ({+0)h. (1.6)
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which is the total angular momentum of this beam. Not only does this expression show suc-
cinctly that EM waves can posses SAM and OAM it provides a direct parallel with atomic
systems, where it is natural and well known that the total angular momentum is given by the
spin and orbital components J = L + S27. This analogy to atomic systems, also suggests that
there may be other connections between atomic and EM systems such as spin-orbit coupling
or spin-orbit interactions of light, where the SAM of light sets its orbit or motion 22,

Since the initial description showing that light possess OAM, there has been immense inter-
est in the study of these beams. Much of this research has been based on the fact that, unlike
light’s polarization, which only provides two orthogonal degrees of freedom, the orbital angu-
lar momentum of light, ¢, provides an infinite orthogonal basis. These extra dimensions, or
‘channels’ have made OAM beams a prime candidate for increasing optical information capac-
ity3° or for new quantum information protocol31:32:33,

In addition to carrying OAM, the beams described in Eq. 1.4 possess other salient features,
which have lead to both fundamental studies and potential applications. Specifically, while Eq.
1.4 has a rather long form, the key factor giving rise to many of the interesting phenomena
of OAM beams arrises from the final term of the expression, exp(if¢). This so called ‘aziu-
muthal phase’ term takes the typical plane wave phase profiles one is often more familiar with
and twists the phase fronts around the propagation axis, forming a helix of intertwined planes.
The number of intertwined planes corresponds to the integer value ¢ or the OAM. Further-
more, the implication of an azimuthally-dependent phase is that as one approaches the origin
(r — 0) the phase of this beam is undefined and ultimately how quickly the phase becomes

undefined depends on the magnitude of £. Through a simple argument, Berry and Nye showed

that if the phase is undefined at the beam center the amplitude must be zero at the beam cen-
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Figure 1.3: (A) Intensity distribution and (B) phase of a beam carrying orbital angular momentum of ¢ = 3. The bars show
normalized intensity from O to 1 (A) and phase in radians (B)

ter simultaneously **.

To provide a more tangible picture of this case, Fig. 1.3 shows a beam with OAM and
¢ = 3. Figure 1.3A shows the intensity of this beam which can be seen to be a singly-ringed
annuli, with zero intensity on the beam axis, as expected. Because of this particular intensity
distribution, these beams are often referred to colloquially as ‘doughnut’ beams. (Strangely
the intertwined phase fronts described above are also often referred to as fussili pasta, which
hints at a strange underlying theme in this field). The resulting azimuthal phase, projected
onto a plane orthogonal to the propagation direction, is shown in Fig. 1.3B. As one can see
from the phase map, as a round trip is made about the beam, there are /27 phase discontinu-
ities and as one moves towards the beam center, the phase ultimately becomes undefined or
singularity, which in the particular case shown here ¢ = 3.

The intensity and phase of these beams lends various names to this particular class of EM

wave: singular beams (because of the phase singularity), vortex beams (because of the cir-
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culating power about the beam center) and helical beams (because of the intertwined phase
fronts). Additionally, the spatial distribution of the phase and intensity enable a variety of
additional applications®. Most notably these beams have been used for sub-diffraction lim-
ited imaging in stimulated-depletion microscopy®°, which was the subject of a Nobel prize in
201437 but have also been used for manipulation of microscopic particles®®.

While EM waves that carry orbital angular momentum can propagate even in the absence
of a medium (in free space), how does this concept connect back to the topics of metasurfaces
and metamaterials introduced in the previous sections? A key requirement to produce beams
of the form Eq. 1.4 is to be able to add an azimuthal phase dependence to a normal plane-
wave or Gaussian beam. Thus, one must have a suitably-designed material or device that al-
lows the efficient introduction of this phase. Various techniques for introducing such a phase
have been detailed, for example a spiral phase plate or forked hologram, which directly intro-
duce a phase discontinuity onto a plane wave. However, these methods are generally ineffi-
cient or require unrealistically precise fabrication requirements—a particular problem for high
fidelity quantum systems.

Metasurfaces, introduced in the previous section, are ideal candidates for introducing spe-
cific spatial phase distributions onto a beam. Vortex beams have been generated by metasur-

faces19-14

and in essence allow the more complicated, three-dimensional spiral phase plate to
be collapsed down to a single plane with nanoscale dimensions. Additionally, as metasurface
technology matured, this technique of producing beams with OAM ultimately has become

the most efficient method 1%, with overall efficiency of the incident light acquiring OAM of
more than 90%. (Efficient vortex generation with metasurfaces at visible wavelengths will be

discussed in greater detail in Chapter 5).
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But metasurfaces allow more than just an optimal technique for generating OAM beams,
they also enable new physical phenomena in the angular momentum of light. Specifically, be-
cause one can judiciously design each nanostructure comprising the metasurface, the device

can be made to act as a spatially-inhomogeneous medium **-*!

, i.e., a medium that acts as
local subwavelength half-wave-plates with spatially-varying fast axes. While the description
of optical angular momentum above has shown the spin and orbital angular momentum as
independent quantities, when subwavelength structure is introduced into a material, there
can be a coupling between the spin and orbital angular momentum 2®42. Such a process is re-
ferred to as the spin-orbit coupling (SOC) or spin-orbit-interactions (SOI) of light, again to
draw analogy to atomic or electronic systems. As metasurfaces provide subwavlength struc-
ture, with designable control over the polarization response, they provide an ideal platform to

produce and study such phenomena in light, as will be first discussed in Chapter 2 and 5 and

expanded upon in Chapter 6.

1.5 OVERVIEW OF THE THESIS

The theory and experimental results in the following chapters utilize and expand upon some
of the concepts introduced in the previous sections. These chapters deal primarily with the
design, fabrication and characterization of metasurfaces which are used for both fundamen-
tal studies as well as practical applications to optical devices. A focus is placed on address-
ing some of the remaining challenges that inhibit the wide scale application of metasurfaces.
Chapter 2 details a plasmonic metasurface that reproduces many of the results of bulk meta-
materials as well as introduces a new physical phenomenon where the spin angular momentum

of light couples to specific directions of propagation, and changes with wavelength. Addition-
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ally, a process is developed for producing single-crystal silver films, which exhibit some of the
lowest optical losses compared to any previous metal film. Chapter 3 introduces all-dielectric
metasurfaces. The chapter examines the current state of dielectric metasurfaces and intro-
duces a material and a process that allows high-efficiency dielectric metasurfaces to be demon-
strated across the visible spectrum. Additionally this chapter further demonstrates how the
spin angular momentum (circular polarization) of light can couple to spatial degrees of free-
dom. Chapter 4 builds upon the demonstration of Chapter 3 and realizes a planar lens with
diffraction-limited focusing and imaging. Again the process is demonstrated across the visi-
ble spectrum. Chapter 5 demonstrates how metasurfaces can be used as devices to convert
spin angular momentum of light into orbital angular momentum, so called spin-orbit-coupling.
Chapter 6 is a culmination of all previous and provides a theoretical and experimental general-

ization of the spin-orbit-coupling of light introduced in Chapter 5.
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Visible-frequency hyperbolic metasurface

Metamaterials and plasmonics have held great promise for achieving optical phenomena not
possible in natural materials®—two hallmarks being negative refraction, where light is bent
‘the wrong way’ across an interface and confinement of light down to nanoscale dimensions.
However, the main issue limiting their wide scale application or use in studying fundamental
optical phenomena has been material loss—in many of these elements most of the optical en-
ergy has decayed only after a few 10s of nanometers. Plasmonics, and most metamaterials,

use metals to confine light to small volumes or to locally engineer the optical response of a ma-
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terial. All metals are inherently lossy, especially at visible wavelengths, and this problem is
exacerbated by typical techniques used for depositing these metals. In addition to the intrinsic
losses, these deposition techniques introduce extrinsic loss mechanisms to the materials such
as scattering and absorption at grain boundaries. Additionally, most three-dimensional meta-
materials require complex or non standard fabrication techniques which further limits their
application and often introduces additional loss mechanisms.

This chapter addresses several of the problems inherent to plasmonic metamaterials. First
we introduce a simple technique for depositing single crystal silver. Silver (Ag) has the lowest
material absorption from visible to infrared wavelengths and by eliminating grain boundaries
and roughness associated with polycrystalline forms of this material we are able to achieve
the lowest optical losses reported to date®®. We also introduce a fabrication technique that
allows us to transfer deep subwavelength structures into these Ag films, while maintaining the
quality of the films. We are then able to utilize this fabrication technique and intrinsically low
material loss to produce a ‘hyperbolic’ metasurface, the two-dimensional, planar counterpart
of a bulk metamaterial, which exhibits orders of magnitude longer propagation lengths than
any previous metamaterial (the distance that light propagates before losing 1/e of its inten-
sity). We characterize this hyperbolic metasurface throughout the visible regime (from 450
nm to 700 nm) and show that it exhibits many of the properties of bulk metamaterials. We
also show the discovery of a new effect, called the dispersion-dependent plasmonic spin Hall ef-
fect, where the spin angular momentum of light couples to specific propagation directions and
depends on the wavelength of incident.

Later, Chapters 3-5, discuss all dielectric metasurfaces, which in contrast to this plasmonic

metasurface that confines light to the near-field, produce arbitrary radiation patterns in the
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far-field. While the ultimate function of these two classes of metasurfaces are different, some
of the fabrication techniques developed in this chapter are leveraged to produce high-quality
dielectric metasurfaces (particularly detailed in Chapter 3). Additionally, the PSHE found in
the plasmonic metasurface here has fundamental ties to the spin-orbit-conversion of light that
is discussed in Chapter 5 and 6. The remainder of the chapter discusses potential applications
of this metasurface, more details regarding the SC-Ag process, and the experimental results

from the metasurface.

2.1 BULK METAMATERIALS

Metamaterials are artificial optical media composed of sub-wavelength metallic and dielec-
tric building blocks that feature optical phenomena not present in naturally occurring mate-
rials 444546474849 “While they can serve as the basis for unique optical devices that mold
the flow of light in unconventional ways, three-dimensional (3D) metamaterials suffer from
extreme propagation losses '3, Two-dimensional (2D) metasurfaces and, in particular, hy-
perbolic metasurfaces (HMSs) for propagating surface plasmon polaritons (SPPs)®%°! have
the potential to alleviate this problem. Because SPPs are guided at a metal-dielectric inter-
face (rather than passing through metallic components), these SPP-HMSs have been predicted
to feature much lower loss while still exhibiting optical phenomena akin to those in 3D meta-
materials. Moreover, because of their planar nature, these devices enable the construction

of integrated metamaterial circuits as well as facile coupling with other optoelectronic ele-
ments. Here, we report the first experimental realization of a visible-frequency HMS using
single-crystalline silver nanostructures defined by lithographic and etching techniques. The

resulting devices display the hallmark properties of metamaterials, such as negative refrac-
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tion and diffraction-free propagation with device performance significantly ex-
ceeding those of previous demonstrations. Moreover, HMSs exhibit strong, dispersion-dependent
spin-orbit coupling, enabling polarization- and wavelength-dependent routing of SPPs and 2D
chiral optical components 2735455 These results open the door for realizing integrated opti-
cal meta-circuits, with wide-ranging applications in areas from imaging and sensing to quan-

tum optics and quantum information science.

2.2  SINGLE CRYSTAL SILVER PROPERTIES AND FABRICATION OF HYPERBOLIC META-

SURFACE FOR SURFACE PLASMON POLARITONS

Our approach for realizing a visible-frequency HMS involves the definition of a nanoscale sil-
ver/air grating on a sputter-deposited, single-crystalline silver film by electron-beam lithogra-
phy and plasma etching. Unlike focused-ion-beam milling methods®%*° that produce rough,
defect-ridden structures, this new method produces smooth, high-quality silver nanostructures
with high aspect ratios, critical for the realization of an SPP-HMS. Figure 2.1 illustrates the
materials and structures that form the basis for HMSs. As a starting material, we sputter-
deposited a micron-thick silver film on a (111)-silicon substrate at 300° C and at high depo-
sition rate (> 1.5 nm/s)?%57. High-resolution transmission electron microscopy (TEM, Fig.
2.1a), X-ray diffraction, atomic force microscopy, and electron backscatter diffraction mea-
surements (see Appendix A, Figs. A.1-A.3, respectively) reveal that these films are single-
crystalline and have root-mean-square roughnesses as low as 300 pm. The ellipsometric charac-
terization (Fig. A.4) shows that, over a significant portion of the visible spectrum, the optical
43,58

loss in our film is significantly lower than those reported previously and is lower than re-

cently reported silver films prepared by molecular beam epitaxy (MBE)®". Unlike the MBE
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Figure 2.1: Single-crystalline silver film and fabricated devices. a, High-resolution TEM image taken down the [211] axis that
demonstrate the single-crystalline nature of the sputter-deposited silver. The growth direction is from left to right along the
[1 11] direction with the surface of the silver film shown at the far right of the image. Inset shows the electron diffraction pat-
tern. b, SPP propagation length Lp on a silver film derived from measured real and imaginary parts of the dielectric constants
for 100 nm (blue circle) and 1200 nmthick (pink circle) sputtered films. For comparison, propagation lengths calculated using
the dielectric constants reported in 18-20 (green line) are also shown (error bars are one standard deviation from the aver-
age value). ¢, Schematic of HMS, with pitch a, width w, and height h. d, A cross-sectional SEM image of a fabricated device. e,
Top-down SEM image of a silver/air grating and out-coupling structures (top).
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process®®, however, the sputtering process can rapidly grow single-crystalline films of large
thicknesses, which is crucial for the realization of an HMS because it prevents SPP absorption
by the silicon substrate. From the experimentally measured dielectric constants, we determine
that the SPP propagation length L;, (defined as the length over which the SPP intensity de-
cays by 1/e) in a silver film exceeds 100 pm for far-field wavelengths (\) greater than 650 nm
(Fig. 2.1b).

Beyond exceptional optical performance, single-crystalline silver films offer mechanical and
thermodynamic stability, crucial for defining nanoscale features using lithography and etching.
We fabricated the silver/air gratings and light in- and out-coupling structures by first defining
an AlyOg hard mask with electron-beam lithography and then dry-etching silver with argon
plasma (see Appendix A, Fig. A.6 for details). After etching, the residual AloO3 mask was re-
moved with hydrofluoric acid, leaving clean, high aspect ratio silver features. Figures 2.1 and
e show scanning electron microscope (SEM) images of representative devices (schematically
shown in Fig. 2.1c: silver ridge height h = 80 nm, width w = 90 nm, and pitch a = 150 nm).
The smooth surface of our devices, coupled with single-crystalline nature of silver, minimizes
extrinsic optical losses originating from grain boundaries and surface roughness.

A recent theoretical work®! has predicted that a silver/air grating with appropriate sub-
wavelength feature sizes, such as that shown in Figs. 2.1d and e, should exhibit hyperbolic
dispersion for propagating SPPs below a critical wavelength, A = Ar (and elliptical dispersion
above it). A simple physical picture provides insight into the transition from hyperbolic to
elliptical dispersion in this structure. At short wavelengths, the plasmonic modes are tightly
confined to the ridges of the grating, qualitatively similar to the situation in an array of paral-

60

lel nanowires that exhibit hyperbolic dispersion®’. In the long wavelength limit, on the other
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hand, the modes are only weakly confined, and the grating can be considered a perturbation
to a flat surface, resulting in elliptical dispersion (for discussion, see Appendix A, Figs. A.7

and A.8).

2.3 EXPERIMENTAL VERIFICATION OF HYPERBOLIC DISPERSION FOR SURFACE PLAS-

MONS

To experimentally verify these predictions, we fabricated a series of devices and tested their
optical properties. Figure 2.2 presents a device (D1) designed to demonstrate negative refrac-
tion of SPPs, a known property of hyperbolic metamaterials®'. This device consists of a sil-
ver/air grating as well as a groove that launches SPPs on flat silver upon far-field excitation
(Fig. 2.2a). The angle of refraction at the flat silver/grating interface was determined by col-
lecting scattered light at the in-coupling structure, the silver-film/grating interface, and the
corresponding out-coupling structure. As clearly shown in Figs. 2.2b and d (see also Appendix
A Figs. A.9 and A.10), the behavior of D1 changes from normal refraction at A > 540 nm
to negative refraction at A < 540 nm. We note that Ap at which the device behavior changes
from normal to negative refraction (i.e. elliptical to hyperbolic dispersion) can be tuned by
varying the device geometry (Fig. A.1la) or by changing the dielectric environment of silver

(e.g., by depositing a thin layer of Al;O3 on the device, Fig. A.11Db).

2.4 DIFFRACTION-FREE PROPAGATION

Figure 2.3 illustrates a second device (D2) with Ay = 560 nm that exhibits another remark-
able phenomenon—diffraction-free propagation. At Ar, the flat dispersion curve dictates that

all SPPs propagate parallel to the silver ridges®! (Fig. 2.3b, Fig. A.12 and discussions below)
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Figure 2.2: Measurement of SPP refraction at a flat silver/HMS interface. a, An SEM image of a device D1. Far-field light is
converted to SPPs in the silver film via the in-coupling structure at the top of the image. The excitation laser is unpolarized.
The SPPs propagate along the silver film, are refracted at the film-metasurface interface, and are then scattered into the far
field at the out-coupling structure at the bottom of the image. In this device, the height of the silver ridge is 80 nm, the width
is 90 nm, and the pitch is 150 nm. b, The angle of refraction as a function of wavelength, with elliptical (red) and hyperbolic
(blue) dispersion regimes indicated. The solid line is the simulated angle of refraction from FDTD simulations. ¢, The exper-
imentally measured (blue) and simulated (black) propagation length L,, of SPPs in the HMS (error bars are one standard
deviation from the average value). d, Images of SPP refraction at the flat silver/HMS interface. The dashed line indicates the
region of the HMS.
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and thus SPPs excited on a single silver ridge remain primarily confined to the same ridge de-
spite its sub-wavelength width ( A/6). In device D2, slots defined directly on individual silver
ridges serve as in- (out-) coupling structures that convert far-field light to SPPs (or vice versa,
Figs. 2.3a-c). As shown in Fig. 2.3d, at A = 585 nm, despite being excited by only one in-
coupling structure, SPPs scatter off multiple out-coupling structures due to normal, diffractive
propagation. However, at Ay = 560 nm SPPs primarily scatter off the out-coupling structure
located on the same ridge as the in-coupling structure (Fig. 2.3e), signifying diffraction-free
propagation. This diffraction-free propagation, coupled with suitably designed ‘magnifying’
out-coupling structures, enables sub-diffraction-resolution imaging and photon routing **.
Figure 2.3g presents one such demonstration: at Ay = 560 nm, despite SPPs being launched
at two in-coupling structures separated by a sub-wavelength spacing of 150 nm, SPPs primar-

ily scatter off the two corresponding out-coupling structures staggered along the propagation

axis.

2.5 DISPERSION-DEPENDENT PLASMONIC SPIN HALL EFFECT

We next demonstrate a new optical phenomenon supported by the silver/air grating: dispersion-
dependent plasmonic spin-Hall effect (PSHE)%2:52:93:63 a plasmonic analogue of the electronic
Rashba%* and photonic spin-Hall effects%°°. In electronic systems, spin-orbit coupling arises
due to the lack of inversion symmetry (e.g. in the presence of an external electric field) and
couples the spin of a charge carrier to its propagation direction. Similarly, in an optical sys-
tem with tightly confined optical modes, the light propagation direction couples to the electric
field rotation, leading to the photonic spin-Hall effect®>-°°. In the HMS, a PSHE arises from

three structural features of the silver/air grating. First, this structure lacks inversion sym-
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Figure 2.3: Observation of diffraction-free SPP propagation. a, A schematic for SPP diffraction in a silver/air grating. b, A
schematic for diffraction-free SPP propagation in a silver/air grating. In (a) and (b) an in-coupling structure defined on a single
ridge (left-hand side) acts as a point source of SPPs. SPPs scatter off at the out-coupling structures on the other side that
are staggered along the y-axis for magnification. ¢, An SEM image of a device D2. The height of the silver ridge is 80 nm, the
width is 90 nm, and the pitch is 150 nm. The y-axis distance between out-coupling structures is 1 ?m, thus providing the
magnification of 6.7. d-e, Optical images of SPPs scattering at the out-coupling slots (right-hand side) with SPPs excited with
unpolarized light by a single in-coupling structure (Fig. 4f inset) for (d) A = 585 nmand (e) A = A7 = 560 nm. f, Diagonal
cross-sections of optical image across out-coupling slotsat A\ = 560 nm (blue) and A = 585 nm (black), with the input
position marked as red. The x-axis coordinate of the cross-section is indicated. g, Similar cross-sections obtained when two
in-coupling notches (inset) are used. In (f) and (g), the out-coupling intensities are normalized such that the total integrated
intensities are equal.
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metry and exhibits high optical anisotropy for SPPs propagating parallel and perpendicular
to the silver ridges (y— and xz—axes, respectively, in Fig. 2.4a). Second, due to its nanoscale
ridged structure, the HMS can support electric field components perpendicular to the SPP
propagation direction (e.g. E, and E, for propagation along y), and thus SPPs can exhibit
circular polarization. Third, the dispersion of the system is strongly frequency dependent,
such that the direction of the SPP group velocity changes when moving from hyperbolic to el-
liptical polarization. Combined together, these three features enable the dispersion-dependent
PSHE in which the SPP propagation direction and helicity are linked to each other in a fre-
quency dependent manner (Fig. 2.4). While the PSHE has been experimentally observed in
bulk hyperbolic metamaterials at radio frequencies®, it has never been realized experimen-
tally in the visible frequency regime.

Figure 2.4c shows a device D3 that demonstrates the PSHE. In this device, a single circular
in-coupling structure near the silver/air grating scatters unpolarized far-field light to propagat-
ing SPP modes, and an array of vertical silver cylinders on the other side (diameter: 140 nm,
height: 90 nm) serves as out-coupling structures that scatter SPPs back to the far field. These
out-coupling structures convert the SPP polarization into far-field polarization with minimal
distortion (see discussions in Appendix A , Fig. A.13). As shown in Fig. 2.4d, when SPPs are
excited by the in-coupling structure, they split into two separate (left- and rightward) beams.
Polarization-resolved imaging reveals that these split SPP beams exhibit opposite circular po-
larizations (one predominantly (80%) o+ and the other is o— with o+ = E, £ iFE,, Figs. 2.4g
and h). Moreover, this helicity-dependent splitting is strongly wavelength-dependent (Figs.
2.4e and f). When the silver/air grating exhibits an elliptical dispersion (A > 580 nm), the

o + (0—)-polarized SPPs deflect to the left (right), with the deflection angle decreasing with
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Figure 2.4: The dispersion-dependent plasmonic spin-Hall effect (PSHE). a, A schematic of the PSHE. In a silver/air grating,
SPPs with different helicities propagate into distinct spatial directions. b, lllustration of the origin of the PSHE. Positive k.
corresponds to o~ (blue shading) and negative k, to o (magenta shading). The direction of the group velocity (black ar-
rows) is perpendicular to the isofrequency contours at a given dispersion regime (elliptic (red), diffractionless (green), and hy-
perbolic (cyan)). The allowed k.. values extend from 77l'/a to +7r/a, where ais the pitch of the silver/air grating. The dotted
black line indicates the free-space isofrequency contour at the same frequency as the red curve. ¢, An SEM image of a device
D3 used to examine PSHE with an in-coupling structure (cyan rectangle), a silver/air grating (pink rectangle), and out-coupling
cylinders (green rectangle). d, Image of D3 under unpolarized laser excitation of the in-coupling structure. The out-coupling
region is marked by the yellow box. e-f, Image from the out-coupling structures as a function of wavelength collecting only

(€) o and (f) 0~ polarized light. From bottom to top, the wavelength increases from 480 nm to 700 nm in increments of

20 nm. g-h, Light intensities measured at the out-coupling structures for ot- (magenta) and o~ - (blue) polarized light at (g)
A = 530 nmand (h) A = 640 nm.
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decreasing \. When the silver/air grating enters the hyperbolic regime (A < 580 nm), this
behavior reverses (similar to the magnetic field switching sign in the electronic Rashba effect),
and the o + (0—)-polarized SPPs deflect to the right (left). At the diffraction-free propagation
point (A7 = 580 nm), the splitting between o+ and o— helicities vanishes.

The physical origin of this dispersion-dependent PSHE can be understood using the isofre-
quency contour schematically illustrated in Fig. 2.4b. In the silver/air grating, the SPP helic-
ities are determined by the wave vector that characterizes the electric field. The electric field
of an SPP mode is given by E ~ E,i — (k. /k.)E,2, where k, = i\/k2 — k3, ky = /K2 + k2
is the plasmonic wavenumber in the direction of #, 7 is the in-plane direction of , and is the
free-space wave number given by w/c%%%*. Because the SPPs are evanescent perpendicular to
the surface, k, is imaginary and the field rotates along . Near the center of the Brillouin zone
(ky = 0), we have k, ~ k, =~ ko, and the SPP wavelength Agpp in our structures is similar
to the far-field wavelength A\ (Fig. A.14 and see discussion below). As k, increases, however,
k, continuously increases due to highly anisotropic dispersion relation, and for k. >> kg
the modes become circularly polarized in the x-z plane. Near the edge of the Brillouin zone,
modes of opposite circular polarization hybridize, and the polarization effects in the x — z
plane vanish. These considerations indicate that when projected on the x-z plane, an SPP
mode with k; < 0 (k; > 0) exhibits o+ (0—) polarization (note that an SPP with k, = 0 will
exhibit electric field rotation in the y-z plane®). The direction of SPP propagation is, how-
ever, governed by the group velocity vector that is perpendicular to the isofrequency contour.
The small angular spread of the right- and leftward SPP beams is a consequence of the shape
of this isofrequency contour that reflects the optical anisotropy of our silver/air grating. As

shown in Fig. 2.4b, this simple consideration explains our experimental observations. Specif-
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ically, when the device exhibits elliptical dispersion (A > Ar), the o+ (o0—)-polarized SPPs
deflect to the left (right) because leftward (rightward) group velocity vector is associated with
k. < 0 (k; > 0). In contrast, in the hyperbolic dispersion regime (A < Ar), the reverse is true,
leading to the switching of the deflection directions for o+ (0—)-polarized SPPs.

A key enabling feature of our approach is dramatic reduction in optical losses in compari-
son to bulk metamaterials. To directly characterize the optical performance of HMS, we fab-
ricated silver/air gratings of varying lengths with identical light in- and out-coupling struc-
tures, and measured the out-coupled light intensity as a function of the grating length at the
same in-coupling intensity. By fitting the intensity-length curve by a single exponential at a
given A, we then determined Lp in our devices ranging from 6 pm at A = 490 nm up to 29 pym
at A = 610 nm (Fig. 2.2¢, blue, for discussion see Appendix A, Fig. A.15). These propaga-
tion length Lp values are two orders of magnitude larger than those measured in bulk visible-
frequency hyperbolic metamaterials. To analyze our observations quantitatively, we carried
out detailed finite-difference time-domain (FDTD) simulations of SPP propagation in our de-
vice geometries (D1 through D3). These FDTD simulations are in a good agreement with the
experimental observations in Figs. 2.2, 2.3, and 2.4: negative refraction for A < Ar (Fig. 2.2b,
solid line), diffraction-free propagation at Ar (Fig. A.12), and the dispersion-dependent PSHE
(Fig. 2.5 and Appendix A for discussion). The FDTD simulations also indicate that the local
polarization of the SPP field reaches 87% for left- and right-propagating circularly polarized
SPPs, larger than experimentally observed values of 80%, due to the imperfect polarization
conversion of our out-coupling structure (Fig. A.16). The simulated propagation lengths (Fig.
2.2¢, black, for discussion see Appendix A) in the HMS are 30% larger than the experimen-

tally determined ones, likely due to residual nanoscale roughness introduced during the fab-
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Figure 2.5: Simulations of the PSHE. a,b The simulated electric-field intensity of SPPs propagating on an SPP-HMS at A =
680 nm. The intensity is divided in (a) ctand(b)o~ components. ¢,d the x — z cross sections of the SPP distributionaty =
10 pm divided into (c) o and (d) 0~ components for wavelengths from 450 nm (bottom) to 700 nm (top) (50 nm increment).
e-g Aclose-up image of the SPPat A = 600 nmin the region of yellow box in (c), in (e) ot and (f) o~ components, and

(g) corresponding local degree of o polarization. The SPP source is a dipole oriented along the z—axis at (z, y, 2) =

(0,0, 10) nm. The simulated HMS pitch = 150 nm, w = 90 nm,and h = 80 nm. (h-j) z—axis integrated intensity vs. x at

A =600nmandy = 10 gmin (h) o7 and (i) 0~ components and (j) corresponding integrated polarization vs. x.
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rication procedure. Due to increasing SPP confinement, the sensitivity to surface roughness
increases at lower wavelengths, resulting in greater scattering losses. Despite these imperfec-
tions, the measured propagation distances indicate that the low-loss, 2D nature of our devices
offers a substantial improvement over conventional bulk metamaterials in terms of optical loss,

thereby opening the door for a wide array of high-performance plasmonic nanostructures.

2.6 CONCLUSION

Although our demonstrations focused on one particular family of metasurfaces, i.e. a silver/air
grating, the fabrication strategy is general and compatible with other bottom-up and top-
down semiconductor and metal processing techniques. Our method thus opens up the possi-
bility of realizing low-dimensional transformation optics and metamaterial-based devices®758.
This same method can be used to generate integrated metamaterial circuits that combine
HMSs on-chip with other optoelectronic and plasmonic devices. The HMSs can enable quan-
tum optics applications as well. Because of their small mode volumes and increased plasmonic
density of states®?°!, HMSs can be used for enhancing interactions of SPPs with individual
quantum emitters—a new pathway for realizing solid-state quantum nonlinear optical cir-
cuits. Moreover, the frequency-dependent spin-orbit interaction enables the exploration of a
new class of solid-state quantum optical phenomena that involve chiral optical interfaces with
quantum emitters. By extending recent demonstrations involving such interactions with 1D

55

waveguides®° into 2D, this could enable spin-dependent routing of single photons as well as

non-trivial topological phenomena that combine spin-orbit interactions with single photon

nonlinearities associated with quantum emitters®”.
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Broadband high-efficiency dielectric metasurtaces

for the visible spectrum

Chapter 2 dealt with a particular class of metasurface that confines light to a patterned sur-
face surface (the near field). While near field metasurfaces provide interesting physical phe-
nomena and are an ideal interface for strong coupling to quantum emitters (e.g., color de-
fects in diamonds, quantum dots, exitons in 2D materials), a large class of problems in op-

tics require some specific radiation pattern in the far-field. Transmissive optical elements, the
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largest subclass of traditional optical elements, are of particular importance technologically.
Transmissive metasurfaces are planar optical components that replicate and expand upon the
functionalities of traditional optical components and leverage the widespread fabrication tech-
niques of CMOS processing. An outstanding problem, however, is that previous transmissive
metasurfaces suffer from high optical loss at visible wavelengths because of the constituent
materials and challenges in fabricating high fidelity structures for such small wavelengths (as
pointed out in Chapter 1).

This chapter introduces transmissive metasurfaces that operate across the entire visible
spectrum with high efficiencies. As the basis of this demonstration, we used a common mate-
rial which is found in everything from white paint to sunscreen—titanium dioxide. To fabri-
cate these metasurfaces, we use portion of the fabrication technique introduced in Chapter 1
and Appendix A. This chapter also introduces the concept of so called ‘Pancharatnam-Berry
phase optical elements’ (PBOE). These PBOEs produce conjugate phase profiles on incident
left- and right-circularly polarized (the spin angular momentum eigenstates), as a result of
the relative rotation angles between the constituent nanostructures. While in this Chapter we
initially demonstrate the operation of a transmissive metasurface hologram, in Chapter 3 we
show that the same principles can be applied to more ‘well-behaved’ phase profiles such as the
hyperbolic phase function of a lens. Additionally, the concept of the SAM (or equivalently,
polarization) of light coupling to some spatial degree of freedom, such as phase distribution or
propagation direction, connects the demonstration in this chapter to the plasmonic-spin-Hall-
effect introduced in Chapter 2. These phenomena are referred to as spin-orbit-interactions
(SOTI) or spin-orbit-coupling (SOC). The concepts of SOI and SOC will be revisited in Chapter

5 and expanded upon in Chapter 6. The results presented below are important for realizing
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planar optical components at visible wavelengths—e.g., lenses, holograms and phase plates—
with orders of magnitude reduction in thickness compared to traditional refractive optics and
practical efficiencies. Finally, the process detailed here has provided the basis for demonstrat-

ing a large number of devices within the Capasso group ":71:72,73,74,75,76,77,78,79,80

3.1 DIELECTRIC METASURFACES

Transmissive dielectric metasurfaces?! (DM)-optical devices composed of subwavelength-
spaced units and near-flat profiles compared to refractive optics—have allowed unprecedented
control over optical wavefronts'® while circumventing Ohmic losses associated with plasmonic
metasurfaces. Due to the scientific and technological importance of visible wavelengths, there
has been increasing effort to realize DMs at these wavelengths. For example, silicon nitride
dielectric metasurfaces have been realized at a red wavelength®' (A = 633 nm), scattering
properties of coupled TiO, resonators®? have been examined and TiO; binary diffraction grat-
ings have been fabricated via top-down etching®®. However, no current dielectric metasurface
implementation has been capable of providing arbitrary phase control of an optical wavefront
while maintaining high efficiency across the entire visible spectrum (especially at blue and
green wavelengths). Furthermore, the typical top-down techniques used to implement these
metasurfaces can introduce significant surface roughness and make it difficult to create sub-
wavelength sampling of a desired optical phase profile.

Here we demonstrate amorphous TiOs metasurfaces that maintain high efficiency across
the entire visible spectrum (from 470 to 700 nm). Our approach to creating DMs utilizes a
bottom-up nanofabrication via atomic layer deposition providing high aspect ratio, anisotropic

dielectric nanostructures with minimal surface roughness. As a proof of concept that we can
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provide control of the phase of a wavefront from 0 to 27 a requirement for many optical com-
ponents, we produced metasurface holograms based on geometric phase. Efficient metasur-
faces with metallic components operating in reflection have been demonstrated at red and
near infrared wavelengths®*®° but have efficiencies of <1% and <10% at blue and green wave-
lengths®%%7, Thus, the TiOy metasurfaces we demonstrate here provide substantial improve-
ment with efficiencies from 78-82%. Additionally, the use of a dielectric material allows our
devices to function in transmission with high efficiency, which is necessary for many optical

components.

3.2 CONSTITUENT MATERIAL CONSIDERATIONS AND CHARACTERIZATION FOR META-

SURFACES

The ability to realize high efficiency dielectric metasurfaces is critically dependent on the op-
tical properties of the constituent material, as characterized by the complex refractive index,
n = n + tk. The material should have negligible absorption loss k ~ 0 with relatively high
refractive index (n > 2) at visible wavelengths. While a negligible absorption is necessary for
high transmission efficiency, a high refractive index ensures strong confinement of the light
that ultimately allows full control over the phase of the exiting wavefront (phase changes
from 0 to 27). The material should be optically smooth, having a surface roughness that is
much smaller than the wavelength of light. High surface roughness introduces extraneous light
scattering, which is a significant source of loss. To minimize roughness, the material must be
amorphous or single crystalline, as the grain boundaries in polycrystalline materials increase
roughness and act as light scattering centers.

We chose amorphous TiOs as our base material because it has a transparency window
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(k = 0) for wavelengths longer than 360 nm and its interband transition lies just outside

of the visible spectrum, resulting in a sufficiently high index of refraction for strong light-
matter interactions. We deposit TiOy by atomic layer deposition (ALD) at 90°C with tetrakis
(dimethylamido)titanium (TDMAT) as the precursor due to its high deposition rate and ab-
sence of defect-driven absorption that is typical of TiCly-based precursors®®. Additionally, use
of an ALD process offers several advantages. ALD is a self-limiting process providing confor-
mal coverage and monolayer control of the film thickness®’. The conformal nature of the tech-
nique is essential to produce high aspect-ratio nanostructures®®. The uniform and monolayer
coverage yields smooth films with minimal defects compared to those prepared via sputter-
ing or evaporation. Furthermore, the ALD process allows us to precisely control the material
phase of the deposited TiO3, producing amorphous, rutile, or anatase films depending on the
deposition temperature”!.

Characterization of the optical properties of our amorphous TiOs shows that it is an ideal
material for DMs. Figure 3.1a shows the measured optical properties of a TiOs film from ul-
traviolet (243 nm) to near infrared (1000 nm) wavelengths. To extract the TiO5 optical prop-
erties from the collected data, we used a Tauc-Lorentz (TL) oscillator model developed for
amorphous materials”?. Over the visible spectrum the refractive index ranges from 2.63 to
2.34 and remains relatively flat between A = 570 — 750 nm (An = 0.09). Below the wavelength
of 500 nm the index of refraction increases rapidly, implying the approach of an electronic
transition. For wavelengths shorter than 360 nm, the imaginary part of the refractive index,
k, begins to take on non-zero values, a result of interband absorption. From the ellipsometry
data and corresponding TL model, we determine the bandgap, Eg, to be 3.456 eV (the full set

of fitting parameters and raw ellipsometry data are included in Appendix B, Fig. B.1). This
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Figure 3.1: Amorphous titanium dioxide material properties. (A) Measured real (blue squares) and imaginary (red circles)
part of the refractive index (n and k) as a function of wavelength across the visible spectrum. The full set of ellipsometry data
used in obtaining these optical functions is included in Appendix B. (B) Atomic force microscope image of a typical TiO2 film
deposited via atomic layer deposition. The film is an atomically smooth surface with RMS roughness of 0.738 nm

value of the bandgap is in good agreement with previously reported values for amorphous
TiO, 3.

Our TiO; films also exhibit surface roughness that is much smaller than the incident wave-
length, as characterized by atomic force microscopy (AFM). Figure 3.1b shows an AFM scan
of a typical TiO2 film deposited on a fused silica substrate. The scan has a root mean square
(RMS) roughness of 0.738 nm, which is on the order of the surface roughness of the underly-
ing substrate (Fig. B.2). Due to the absence of grain boundaries in AFM, coupled with the
X-ray diffraction data (Fig. B.3), we conclude that the material is amorphous. The measured
roughness of the amorphous TiOs is an order of magnitude less than other phases such as
polycrystalline rutile or anatase®'. The latter two phases generally have grain boundaries and

RMS roughness as high as 5-10 nm both of which contribute to light scattering loss .
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3.3 FABRICATION PROCESS FOR REALIZING HIGH EFFICIENCY METASURFACES

To achieve highly efficient metasurface devices while preserving the optical properties of ALD-
prepared TiOs, we used the fabrication processl shown in Fig. 3.2. We spun electron beam
resist (EBR) onto a fused silica substrate to produce a layer with thickness, tresist (Fig. 3.2a).
Control of tresist is important because it sets the height of our final nanostructures. We pat-
terned the resist using electron beam lithography and subsequent development in solution to
remove the exposed EBR. This pattern is the inverse of our final metasurface (Fig. 3.2b). We
transferred the exposed sample to an ALD chamber set to 90°C. The purpose of this tempera-
ture is twofold: it produces the desired amorphous phase and keeps the EBR below its glass
transition temperature (i.e., prevents deterioration of the nanoscale patterns). During the
deposition, the gaseous TiOy precursor (TDMAT) coated all exposed surfaces, producing a
conformal film on the top and side of the EBR as well as on the exposed fused silica substrate
(Fig. 3.2c). We allowed the ALD process to reach a specific thickness such that all features
had been completely filled with TiOs. Since the conformal ALD process fills exposed features
from both sides the total ALD film thickness required is ta, > w/2, where w is the maximum
width of all gaps (Fig. 3.2d). In practice we allowed the deposition to proceed well beyond the
minimum requirement of half the feature width to ensure that TiO, had sufficiently diffused
into all pores and that there are no voids in the final nanostructures. We removed the residual
TiOs film that coats the top surface of the resist by reactive ion etching the sample in a mix-
ture of BCl3 and Cly gas (8:2), similar to a planarization technique. The etch depth was equal
to tgim so that the etching process exposes the underlying resist and the top of the nanostruc-

tures (Fig. 3.2e). We removed the remaining resist and left only the nanostructures that make
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up our metasurface (Fig. 3.2f). In this way, we obtained structures of heights t,esist while only
needing to deposit a film of thickness tg1, > w/2, which is timesaving and efficient.

We note that this approach is different from standard liftoff techniques, as one cannot em-
ploy conventional liftoff process due to the conformal coating of the ALD films. In addition,
creating anisotropic nanostructures via dry etching of TiOs, similar to other dielectric mate-
rials, is difficult and can lead to increased sidewall roughness. This ALD process is different

95,96

than previous techniques where the patterns created are generally fixed by a set template
(e.g., anodic alumina or inverse opal). Here we are free to define more complex nanostructures
because we use ALD directly onto exposed EBR.

Investigation of the structures, fabricated using the process above, shows that we produce
nanostructures (nanofins) with the desired anisotropy and subwavelength dimensions. Figure
3.3 shows SEM images of a fabricated metasurface hologram. As seen in Fig. 3.3a, we can
densely pattern large areas with subwavelength-spaced TiO5 nanofins. This ultimately ensures
that the majority of the incident light is imprinted with a desired phase, higher diffraction
orders are suppressed and we can produce, in our case, holographic images with high efficiency.
Figure 3.3b shows an SEM of the metasurface at high magnification, allowing resolution of
individual nanofins. With this process we can also obtain extremely small spacing between
individual nanofins, as shown by the 6 nm gap in Fig. 3.3b. The structures in this case have
dimensions of 250 x 90 nm? but we can produce structures with dimensions as small as 40 nm
(Fig. 3.3c).

Structures that deviate from 90° sidewalls, taking on a more triangular cross section, can

introduce phase errors in the metasurface. Similarly, structures with large voids or defects will

reduce the effective refractive index of the nanofins. Figure 3.3d shows a cross section SEM of
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Figure 3.2: Fabrication process for dielectric metasurfaces. (A) Electron beam resist (EBR) on fused silica (or equivalent trans-
parent substrate) with thickness tresist that ultimately sets the height of the final structure (perspective view). (B) Inverse of
the final metasurface pattern imprinted into the EBR by electron beam lithography and subsequent development of the pat-
tern (top view). The boxed area is an expanded cross section of the maximum feature width, w. (C) Initial TiO2 deposition via
atomic layer deposition conformally coats sidewalls and top of the EBR and exposed substrate (side view). TDMAT molecule
used for atomic layer deposition is also shown. (D) Completed deposition of the TiO2 yields a film thickness greater than half
the width of the maximum feature size, taim > w/2. (E) Exposed tops of the TiO2 metasurface and residual EBR after re-
active ion etching with a mixture of Cly and BCl3 ions (top and side view). (F) Final dielectric metasurface after removal of

remaining EBR (top and side view)
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Figure 3.3: Scanning electron microscope images of fabricated structures.(A), Large scale view of a fabricated metasurface
hologram composed of TiO2 nanofins. (B) Zoomed top-view of the metasurface showing individual nanofins. The fabricated
nanofins are free from residual resist and have dimensions =10 nm of the designed dimensions of 250 nm X 85 nm. It can
also be seen that with this fabrication technique we can achieve gaps between structures as small as 6 nm. (C) Top view of
structures with lateral dimensions of approximately 40 nm. (D) Cross section (side-view) of nanofins exhibiting vertical side-
walls with a height of approximately 600 nm. The contrast oscillations between nanofins results from shadowing effects
during deposition of a metal film used to prevent charging while we image the samples.
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the nanofins (vertical direction in the image is the direction of light propagation). We observe
that the angle of the structures in the vertical direction is 89°, that is, the nanostructures are
highly anisotropic. This anisotropy is despite the fact that the nanostructures shown here are
relatively tall compared to their other dimensions, with heights of 600 nm. Similarly, we do
not see any void formation in the center of the nanofins. From the SEMs, it can also be seen

that the final nanostructures have minimal surface and sidewall roughness.

3.4 EXPERIMENTAL DEMONSTRATION OF VISIBLE WAVELENGTH METASURFACES

To demonstrate the efficiency and functionality of our TiOs metasurfaces we designed three
metasurface holograms (meta-holograms) to have peak efficiencies at wavelengths of 480 nm,
532 nm and 660 nm. We impart the required phase via rotation of the birefringent TiO9
nanofins shown in Fig. 3.3—known as geometric or Pancharatnam-Berry (PB) phase?"%%:%9.
(For more detail on this technique see refs.”>'%Y Appendix B). An advantage of the PB phase
is that the imparted phase is wavelength independent (only the efficiency changes away from
the design wavelength), thus providing an ideal platform to test the performance of our meta-
surface over the entire visible range. We compute the phase map of a holographic image, the
binary Harvard logo, by means of the Gerchberg-Saxton phase-retrieval algorithm(30) (Figure
B.4).

Figure 3.4a-c show the measured and simulated efficiencies as a function of wavelength
from 480 nm to 800 nm for the meta-holograms designed at A = 480 nm, 532 nm and 660
nm, respectively. We define absolute efficiency as the total optical power of the reconstructed
Harvard logo divided by the optical power measured through a 300 x 300 um? square aper-

ture which is the same size as the hologram. (See Appendix B and Fig. B.6 for measurement
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details). The experimental results generally follow the simulation data and reach maxima

of 82%, 81% and 78% near the design wavelengths of 480 nm, 532 nm and 660 nm, respec-
tively. These values are, to our knowledge, the highest reported to date even compared to
reflective metasurfaces'91°%:192, We note that in certain cases there are discrepancies between
the simulated and measured trend. Differences between designed and fabricated nanofin di-
mensions and the possibility of weak coupling between fins likely cause these discrepancies.
Additionally the total efficiency of a geometric phase device depends on the transmission for
an electric field polarized along the long or short axis of the individual elements 2. We see
high transmission through the elements (Fig. B.6), especially near the design wavelengths but
these transmission values could be further increased by exploring antireflective coatings or by
impedance matching techniques.

Since the geometric phase is a wavelength-independent effect, we can generate holographic
images across the visible spectrum from a single design. Figure 3.4d-i show the holographic
images across the visible spectrum for the hologram with a design wavelength of 480 nm. The
subwavelength spacing and oversampling of the phase map can be seen in the images since
there is sharp resolution of fine features such as the word ‘VERITAS’ at the top of the Har-
vard crest. The bright spot near the center of the cross of the Harvard logo is from the zero-
order. However at the design wavelength the ratio of the intensity in the zero order to the

total intensity contained in the hologram image is < 1%.

3.5 CONCLUSION

While we have chosen to demonstrate our process using Panchartnam-Berry phase meta-holograms,

the TiOy properties and fabrication process are not limited to this specific type of metasurface.
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Figure 3.4: Measured absolute efficiencies and holographic images. (A-C) Measured (square markers) and simulated (solid
line) hologram efficiencies. We define the absolute efficiency as the ratio of the total optical power of the hologram to the
total optical power transmitted through an aperture of the same size as the hologram (300 x 300 ,umz). The vertical dashed
line marks the design wavelengths of each device and device dimensions are given in the top right of each panel. (D-I) Holo-
graphic images covering the visible spectrum. The input wavelength is shown in the bottom of each panel. All images were
obtained from the device designed for 480 nm and show the broadband behavior of a single device. The bright spot in the
center of the image is due to the propagation of zero-order light.
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For example, simulations using the measured optical constants of our TiOs and structural di-
mensions achievable with our fabrication process show that we can vary pillars dimensions
in order to provide full 27 phase coverage rather than using the geometric phase (Fig. B.7).
Thus one can also use the results we presented here to produce DMs that use linear birefrin-
gent resonators to encode phase information(8). Moreover, the demonstration of full 0 to 27
phase coverage enables the implementation of any DM components with high efficiency at visi-
ble wavelengths such as axicons, lenses, gratings and polarization beam splitters.

We have detailed the experimental realization of highly efficient dielectric metasurfaces
that span the visible spectrum. We employed ALD to produce smooth amorphous TiO, films
that are transparent for wavelengths longer than 360 nm and have an index of refraction that
is sufficiently high to provide complete phase control over an optical wavefront. The fabrica-
tion technique for these metasurfaces, requiring only single-step lithography, provides a simple
method to produce the highly anisotropic nanostructures that are necessary for DMs. While
we used TiOs, our process is applicable to any material that can be deposited via ALD. The
fabricated metasurface holograms have the highest recorded efficiencies to-date (82%, 81% and
78%) at their respective design wavelengths. The technique presented here is general and can
be applied to any type of metasurface. Careful consideration of the optical properties of our
base material and the precision of the fabrication technique allowed us to expand the utility
of DMs to visible wavelengths. This work can enable the creation of new compact optical sys-

tems with thicknesses that are orders of magnitude less than traditional optical systems.
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Meta-lens for visible wavelengths

The lens is one of the first and the most ubiquitous human-made optical elements (especially
in 2017 when approximately 44% of the world population owns a ‘smartphone’ %%, with ap-
proximately 7.2 billion total devices, each of which has approximately 5 lens elements, totaling
roughly 35 billion lenses in smartphones alone!) The lens is not only important within the
context of consumer technology but has also been the driver of scientific discovery at least no-
tably since Gailileo in 1609. It is natural then to apply the concepts of the metasurface to this

crucial optical element. The metasurface approach, however, provides the advantage of using
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CMOS fabrication technology, used to produce transistors, sensors and illuminators, to pro-
duce lenses that are planar and are 1000s of times thinner than traditional optics. The result
provides the potential to directly integrate the optics of a device with the underlying electron-
ics in the same foundry.

In this chapter we examine the performance of a metasurface lens (meta-lens) produced us-
ing the underlying principles and fabrication techniques introduced in Chapter 3. Lenses are
used for two main, not necessarily independent functions, focusing light to a point and form-
ing an image of a scene or object. Here we examine the performance of the meta-lens for both
cases, focusing and imaging. Similar to Chapter 3 we are able to carry out this function with
high efficiencies and we demonstrate this for optical devices that imprint a phase profile on an
incident beam for a specific circular polarization (SAM). The utility of working with a single
polarization is that it we are able to reproduce the desired lens phase function with very high
fidelity despite inevitable size variations between the designed and realized nanostructures.
However, using the same underlying material system and fabrication process, the meta-lens

can work for all incident polarizations””.

4.1 PLANAR LENSES

Metasurfaces are composed of sub-wavelength-spaced phase nanostructures at an interface,
which impose tailorable phase shifts on incident light. These optical elements allow for un-

precedented control over the properties of light °%'4 and have enabled a variety functionalities

. 5 3 C 5 g 5 ; ] C 3¢ C
in a planar structure '3104,105,100,106,101,107,108,109,10,20,110,111,112,50,113,21,114,115,116,117,118,67,119,84,39,14,19,87

Optical components ranging from lenses, holograms and gratings to polarization-selective de-

q104,105,106,107,109,20,110,111,21,119,39

vices have been demonstrated using silicon-base and plas-
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monic metasurfaces 101,113,117, 118,84,14.87 " However, the high intrinsic losses of silicon and
plasmonic materials in the visible range (400-700 nm) have prevented the realization of highly
efficient metasurfaces in this region. While this challenge can be partially overcome by utiliz-
ing dielectric materials with a transparency window in the visible (e.g. GaP, SiN, and TiOs),
achieving full control over the phase of light requires precise, high-aspect-ratio nanostructures,
which are in turn restricted by available nanofabrication methods. Recently we have devel-
oped a new approach based on titanium dioxide (TiO3)!"® prepared by atomic layer deposi-
tion (ALD) " which enables fabrication of high-aspect-ratio metasurfaces that are lossless in
the visible spectrum. Here, we demonstrate highly efficient meta-lenses at visible wavelengths
(A = 405 nm, 532 nm, and 660 nm) with efficiencies as high as 86%. They have high numer-
ical apertures (NA) of 0.8 and are capable of focusing light into diffraction-limited spots. At
their respective design wavelengths, these focal spots are about 1.5 times smaller than those
from a commercially available, high NA objective (100x Nikon CFI 60, NA = 0.8). Imaging
using these meta-lenses shows that they can yield sub-wavelength resolution, with image quali-

ties comparable to that obtained by the commercial objective.

4.2 PLANAR LENS DESIGN AND FABRICATION

Typical high NA objectives consist of precision-engineered compound lenses which make them
bulky and expensive, limiting their applications and hindering their integration into compact

and cost-effective systems. Singlet planar lenses with high NA in the visible range are in par-
ticularly high demand due to their potential widespread applications in imaging, microscopy,

and spectroscopy. Although visible planar lenses can be realized by diffractive components,

high NA and efficiency are not attainable because their constituent structures are of wave-
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length scale that precludes an accurate phase profile. Figure 4.1A shows a schematic of a
transmissive dielectric meta-lens. The building blocks of the meta-lens are high-aspect-ratio
TiO2 nanofins (Fig. 4.1, B to E). In order to function like a spherical lens, the phase profile

(Zﬁnf 1)f he meta—lens needs t() f()ll()W .
¢ — f A/ 2 2 f2 4

where )\g is the design wavelength, x and y are the coordinates of the nanofins and f is the
design focal length. This phase profile is imparted via rotation of each nanofin at a given co-
ordinate (z,y) by an angle 6,,¢ (Fig. 4.1E). In the case of right-handed circularly polarized
incident light, these rotations yield a phase shift ¢, (x,y) = 20,(z,y), accompanied by polar-
ization conversion to left-handed circularly polarized light 12°:%9. Thus each nanofin at (z,y) is

rotated by an angle:
onf:)\l(f_ \/'r2+y2+f2) (42)
d

To maximize the polarization conversion efficiency, the nanofins should operate as half-waveplates '00:111,21,87

This is achieved due to the birefringence arising from the asymmetric cross section of nanofins
with appropriately designed height, width, and length (Fig. 4.1, C and D). Simulations us-
ing a commercial finite difference time domain (FDTD) solver (Lumerical Inc.) in Fig. 4.1F
show that conversion efficiencies as high as 95% are achieved and that the meta-lens can be
designed for a desired wavelength via tuning of nanofin parameters. The conversion efficiency
is calculated as the ratio of transmitted optical power with opposite helicity to the total inci-
dent power.

Three distinct meta-lenses were fabricated with respective design wavelengths (A\;) of 660
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Figure 4.1: Design and fabrication of meta-lenses. (A) Schematic of the meta-lens and its building block, the TiO2 nanofin.

(B) The meta-lens consists of TiO2 nanofins on a glass substrate. (C,D) Side- and top-views of the unit cell showing height H,
width W, and length L of the nanofin with unit cell dimensions S X S. (E) The required phase is imparted by rotation of the
nanofin by an angle 6, y according to the geometric Pancharatnam-Berry phase. (F) Simulated polarization conversion effi-
ciency as a function of wavelength. This efficiency is defined as the fraction of the incident circularly polarized optical power
that is converted to transmitted optical power with opposite helicity. For these simulations, periodic boundary conditions are
applied at the z- and y-boundaries, and perfectly matched layers (PMLs) at the z-boundaries. For the meta-lens designed at
Ad = 660 nm (red curve), nanofinshave W = 85nm, L = 410nm,and H = 600 nm with center-to-center spacing

S = 430 nm. For the meta-lens designed at Ay = 532 nm (green curve), nanofinshave W = 95nm, L = 250 nm,
and H = 600 nm with center-to-center spacing S = 325 nm. For the meta-lens designed at Ay = 405 nm (blue curve),
nanofins have W = 40 nm, L = 150 nm,and H = 600 nm with center-to-center spacing S = 200 nm. (G) Optical image
of the meta-lens designed at the wavelength of 660 nm. Scale bar: 40 ptm. (H) Scanning electron microscope micrograph of
the fabricated meta-lens. Scale bar: 300 nm.
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nm, 532 nm, and 405 nm. All of these meta-lenses have the same diameter of 240 ym and a
focal length of 90 pum yielding a NA = 0.8. The fabrication process uses electron beam lithog-
raphy to create the lens pattern in the resist (ZEP 520A). The thickness of the resist is the
same as the designed nanofin height, H, and ALD is subsequently used to deposit amorphous
TiO4 onto the developed resist. Amorphous TiO; is chosen because it has low surface rough-
ness, no absorption at visible wavelengths, and a sufficiently high refractive index (n ~ 2.4).
Due to the ALD process being conformal, a deposition thickness of at least W/2 (where W is

the nanofin width) is required to produce void-free nanofins *%%

. However, the deposition also
leaves a TiO5 film of equal thickness on top of the resist, which is then removed by controlled
blanket reactive ion etching. Finally, the remaining electron beam resist is stripped and only
high-aspect-ratio nanofins remain. Figure 4.1, G and H, show optical and scanning electron
microscope (SEM) images of the fabricated meta-lens, respectively. Additional SEM micro-
graphs of the meta-lens are shown in Fig. C.1, Appendix C. Because the geometrical parame-
ters of the nanofins are defined by the resist rather than top-down etching, high-aspect-ratio
nanofins with 90° vertical sidewalls are obtained. It is important to note that achieving these
atomically smooth sidewalls is very challenging with a conventional top-down approach (e.g.

lithography followed by dry etching) since inevitable lateral etching results in surface rough-

ness and tapered/conical nanostructures.

4.3 CHARACTERIZING META-LENS PERFORMANCE.

The meta-lenses’ focal spot profiles and efficiencies were measured using the experimental set-
up shown in Fig. C.2. Figure 4.2A shows a highly symmetric focal spot that is obtained for

the meta-lens at its design wavelength Ay = 660 nm. The vertical cut of the focal spot is also
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shown in Fig. 4.2G with a diffraction-limited full-width at half-maximum (FWHM), A\/2N A,
of 450 nm. Figure 4.2, B and H, show the focal spot of the meta-lens designed at the wave-
length of 532 nm and its corresponding vertical cut. Moreover, this meta-lens design can be
extended to the shorter wavelength region of the visible range, which is of great interest in
many areas of optics such as lithography and photo-luminescence spectroscopy. Figure 4.2C
depicts the intensity profile of the focal spot from the meta-lens designed at the wavelength
Ag = 405 nm with a FWHM of 280 nm (Fig. 4.2I). Although this wavelength is very close to
the band gap of TiO2, Ay = 360 nm, the absorption loss is still negligible 198,

In order to compare the performance of our meta-lenses with a commercially available lens,
we selected a state-of-the-art Nikon objective. This objective has the same NA as our meta-
lenses (0.8) and is designed for visible light. Focal spot intensity profiles of the objective at
wavelengths of 660 nm, 532 nm, and 405 nm were measured using the same set-up in Fig. C.2
(see Fig. 4.2D to F). A comparison of the corresponding focal spot cross sections in Fig. 4.2,
G to I, and Fig. 4.2, J to L, reveals that the meta-lenses provide smaller (about 1.5 times)
and more symmetric focal spots. This can be understood as conventional high NA objectives
are designed to image under broadband illumination. That is, wavefront aberrations need to
be corrected for multiple wavelengths over a range of angles of incidence to meet industry
standards for the required field of view. This is typically implemented by cascading a series
of precisely aligned compound lenses. Fabrication imperfections in each individual optical
lens and residual aberration errors, particularly spherical aberration, result in a focal spot size
larger than theoretical predictions. In contrast, our meta-lens is designed to have a phase pro-
file free of spherical aberration for normally incident light which results in a diffraction-limited

spot at a specific design wavelength '?!. For example, the theoretical root mean squares of the

95



A
08
|
| 06
0.4
02
| —
500 nm L,
D
0.8
06
0.4
0.2
s
500 nm L
17 ‘I‘\\
G I
=08 F
£ | |
8 [
c06- | | 1
g —>| |« 450 nm
S04 |
E |
<] | |
Z02 fin 1l

3 2 1 0 1 3
y (um)
1 \
J /|
[
z08f [
2 il
c | |
2 |
& 05| | |I
- |
g —» |*—5620nm
® 041 | |
E S
2 [
ke | [
/ y
. J Y
3 2 A 0 1 3
y (um)

B
08
06
0.4
0.2
]
500 nm ly
[ |
E
08
06
0.4
0.2
]
500 nm .
1
H
208}
5
c 06}
3 — <4—375mm
I
E
o
Zoa2t
]
-3 2 1 o 1 2 3
y (#m)
1
K
208
2
-}
E06
ki —* <4 500nm
0.4
E
o
Z02
b =
-3 -2 1 0 1 2 3
¥ (p2m)

1
c
0.8
06
-
04
02
==
500 nm ™
'
F
08
10.6
04
02
o
500 nm ™,
1 T
i
1 i
208 [
] [
Q
To06 I
5
g —> “— 280 nm
T 04 [ |
£
S [
Z02 ol
,x_;“.l |-"1
0 it ¥ 12!
a4 2 A 0 1 2 3
¥ (um)
1 i
L il
208 I
‘@ {1
g il
£086 il
g —> 4= 420 nm
504 |
£ [ 1
i=] |I |'II‘
Z02 {1
< )
" /
3 2 A 0 1 2 3
¥y (um)

Figure 4.2: Diffraction-limited focal spots of three meta-lenses (N A = 0.8) and comparison with a commercial objective.
(A-C) Measured focal spot intensity profile of the meta-lens designed at (A) Ay = 660nm,(B) A\¢q = 532 nm,and (C)

Aa = 405 nm. (D-F) Measured focal spot intensity profiles of the objective (100 x Nikon CFI 60, NA = 0.8) at wavelengths
of (D) 660 nm, (E) 532 nm, and (F) 405 nm. (G-1) Corresponding vertical cuts of the meta-lenses’ focal spots. Meta-lenses
designed at wavelengths of 660 nm, 532 nm, and 405 nm have full-width at half-maximums FWHM =450 nm, 375 nm,
and 280 nm, respectively. The symmetric beam profiles and diffraction-limited focal spot sizes are related to the quality of
the fabricated meta-lenses and accuracy of the phase realization. (J-L) Corresponding vertical cuts of the focal spots of the
objective, at wavelengths of (J) 660 nm (K) 532 nm, and (L) 405 nm. FWHMs of the focal spots are labeled on the plots. These
values are 1.5 times larger than those measured for the meta-lenses.
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wave aberration function (WAFRMS) for the meta-lenses designed for 405 nm, 532 nm, and
660 are 0.049\ 0.060 and 0.64\ respectively. These values are very close to the condition for
a perfect spherical wavefront'?!. We also calculated the Strehl ratio from the measured beam
profiles for the three meta-lenses at their design wavelengths and found that they are close to
0.8 (see Appendix C and Fig. C.3), consistent with the observed diffraction-limited focusing.
In addition, due to the use of the geometric phase, the phase profile of the meta-lens is only
dependent on the rotation of the nanofins. This is controlled with very high precision as is
characteristic of electron beam lithography. Alternatively, other high throughput lithography
methods such as deep-UV can provide similar fabrication accuracy.

It is important to note that although the meta-lenses were designed at specific wavelengths,
we still observe wavelength-scale focal spots at wavelengths away from the design. For ex-
ample, for the meta-lens designed at Ay = 532 nm, we measured focal spot sizes of 720 nm
and 590 nm at wavelengths of A = 660 nm and 405 nm , respectively (Fig. C.4). The broad-
ening of the focal spot with respect to the theoretical diffraction-limited values comes from
chromatic aberration since metasurfaces are inherently dispersive. Chromatic aberrations
in our meta-lens are more pronounced than the lenses based on refractive optics, resulting
in a wavelength-dependent focal length (Fig. C.5A). This is generally not an issue for laser-
related imaging, microscopy, and spectroscopy because monochromatic sources with narrow
linewidths are used. For example, in Raman microscopes/spectrometers, a 532 nm laser with
a linewidth of a few picometers is common. In this case, the linewidth-induced broadening of
the focal spot size and change in focal length is negligible.

We also measured the focusing efficiency of the meta-lenses. As shown in Fig. 4.3A, the

meta-lens designed at Ay = 660 nm has a focusing efficiency of 66% which remains above
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Figure 4.3: Characterization of the meta-lenses. (A) Measured focusing efficiency of the meta-lenses designed at wave-
lengths of 660 nm and 532 nm. (B) Intensity distribution in dB of the x — z plane showing the evolution of the beam from

20 pm before and 20 psm after the focus. This measurement was performed on the meta-lens designed at Ay = 532 nm. The
wavelength of incident light was 532 nm.

50% in most of the visible range. Figure 4.3A also shows the measured focusing efficiency of
the meta-lens designed at Ay = 532 nm. This meta-lens has a focusing efficiency of 73% at
its design wavelength. In addition, we measured the beam intensity profile of this meta-lens
in the  — z cross-section within a 40 pm span around the focal point (Fig. 4.3B). Details

of this measurement are discussed in the Appendix C (35) (see Fig. C.2 and Appendix C).
The negligible background signal not only demonstrates excellent phase realization, where the
beam converges to a diffraction-limited spot, but also shows the high conversion efficiency

of each nanofin. For the meta-lens designed at the wavelength of 405 nm, a measured focus-
ing efficiency of 86% is achieved. The latter measurement was done using a diode laser as

the shortest wavelength that our tunable laser can provide was 470 nm. All of the efficiency
measurements were performed using right circularly polarized incident light. However, the po-
larization sensitivity of the design can be overcome by implementing the phase profile using

circular cross section nanopillars in which the phase is controlled via changing their diameters.
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4.4 IMAGING DEMONSTRATION

In order to demonstrate the use of our meta-lens for practical imaging, we fabricated a meta-
lens with diameter D = 2 mm and focal length f = 0.725 mm giving NA = 0.8. First, we char-
acterized the imaging resolution using the 1951 United States Air Force (USAF) resolution
test chart as the target object. The measurement configuration is shown in Fig. C.6. Figure
4.4A shows the image formed by the meta-lens. The light source was a tunable laser set at
530 nm with a bandwidth of 5 nm. Because the resulting image was larger than our CCD
camera, we projected the image onto a translucent screen and took its photo with a Canon
digital single-lens reflex (DSLR) camera. The smallest features in this object are lines with
widths of 2.2 um and center-to-center distances of 4.4 um (the bottom element in the high-
lighted region). A similar image quality is achieved at wavelengths covering the visible spec-
trum (Fig. C.7). Images of the smallest features were taken with a CCD camera shown in Fig.
4.4, B to E, at wavelengths of 480 nm, 530 nm, 590 nm, and 620 nm, respectively. It is clear
that the meta-lens can resolve these micrometer-sized lines. We repeated a similar experiment
using a Siemens star target and showed that all features can be resolved over the whole visi-
ble range (Fig. C.8). As mentioned previously, the focal length of the meta-lens varies as the
wavelength changes resulting in different levels of magnification (Fig. C.5B). In our experi-
mental setup, we used the meta-lens together with a tube lens (f = 100 mm) giving a mag-
nification of 138x (100/0.725) at 530 nm. For wavelengths of 480 nm, 590 nm, and 620 nm,
magnifications of 124x, 152, and 167x are obtained, respectively, by comparing the ratio of
the image sizes formed on the camera to the known physical size of the USAF test object.

To characterize the effects of chromatic aberration, we imaged the same object at 530 nm
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Figure 4.4: Imaging with a meta-lens designed at A\; = 532 nmwith diameter D = 2 mm, and focal length f = 0.725
mm. (A) Image of 1951 USAF resolution test chart formed by the meta-lens taken with a digital single-lens reflex (DSLR)
camera. Laser wavelength is set at 530 nm. Scale bar: 40 um. (B-E) Images of the highlighted region in (A) at wavelengths

of (B) 480 nm, (C) 530 nm, (D) 590 nm, and (E) 620 nm. Scale bar: 5 pm. (F-1) Images of the highlighted region in Fig. 4A at a
center wavelength of 530 nm and with different bandwidths: (F) 10 nm, (G) 30 nm, (H) 50 nm, and (I) 100 nm. Scale bar: 5 pzm.
(J) Nanoscale target prepared by focused ion beam. The gap between neighboring holes is 800 nm. (K) Image of target object
(Fig. 4J) formed by the meta-lens. (L) Image of target object formed by the commercial state-of-the-art objective. Scale bar:
10 pm (J- L). (M) Image formed by the meta-lens shows that holes with sub-wavelength gaps of 480 nm can be resolved. Scale
bar: 500 nm.
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without changing the distance between the meta-lens and the object while varying the band-
width of the source from 10 nm to 100 nm (the limit of our tunable laser). These results are
shown in Fig. 4.4, F to I. Although the quality of the image slightly degrades from increasing
the bandwidth, the smallest features are still resolvable even at the maximum bandwidth of
100 nm. Finally, for comparison of the imaging quality to that of a conventional objective, we
fabricated a H-shaped object composed of arrays of holes with gaps of ~ 800 nm using focused
ion beam (FIB). An SEM micrograph of the object is shown in Fig. 4.4J. The image formed
by the meta-lens (Fig. 4.4K) has comparable quality to the one formed by the 100x Nikon
objective (Fig. 4.4L) with the same NA = 0.8. The change in the image sizes comes from the
difference in the magnification of the imaging systems. We also tested the resolution limit of
our meta-lens: four holes with sub-wavelength gap sizes of ~ 450 nm can be well resolved (Fig.
4.4M). This value agrees with the measured modulation transfer function (MTF) of our meta-

lens (Appendix C, Fig. C.9).

4.5 CONCLUSION

The demonstrated visible-range meta-lenses using TiOs with NA = 0.8 and efficiencies as high
as 86% show that they are able to provide diffraction-limited focal spots at arbitrary design
wavelengths, which make them ideal devices for use in optical lithography, laser-based mi-
croscopy, and spectroscopy. Providing a magnification as high as 170x and capable of resolv-
ing structures with sub-wavelength spacing, the compact configuration of our meta-lenses can
enable portable/handheld instruments for many applications. Although our meta-lenses are
subject to chromatic aberrations, the latter can be corrected with approaches such as disper-

sive phase compensation demonstrated in'°%!'2. The single-layer lithographic fabrication of
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the meta-lenses can make use of existing foundry technology (deep UV steppers) used in the

manufacturing of integrated circuits, which is crucial for high throughput.
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Spin-to-orbital angular momentum conversion in

dielectric metasurfaces

The use of the spin angular momentum of light to couple to another degree of freedom (prop-
agation direction, spatial phase or intensity distribution) has been detailed in Chapters 2
through 4. This chapter deals with a particularly interesting case of utilizing the SAM of light,
so called spin-to-orbital angular momentum conversion (SOC). That left and right circularly

polarized light possesses SAM has been known since the Poynting derived this result in 1909.
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Only much more recently in 1992 was it shown that light also possesses orbital angular mo-
mentum (OAM). In SOC, the incident SAM of light is converted into OAM. Traditionally,
these devices have been fabricated through ‘mechanical rubbing’ of liquid crystal droplets on
a glass substrate. By rotating the orientation of the liquid crystal axes, the desired SOC can
be carried out and these devices have found applications in stimulated-emission-depletion mi-
croscopy, quantum optics, optical forces and optical information. These liquid crystal based
devices, however, are limited in several senses. First they tend to produce distorted and ab-
berrated intensity distributions in the output beam. Second, only the simplest cases of beams
with orbital angular momentum values of between 1% and 2% can be produced.

In this chapter, we expand on the functionality of the liquid crystal devices. By making
use of the high fidelity fabrication technique for dielectric metasurfaces that we introduced in
Chapter 3, we are able to, in a simple repeatable manner, produce devices with high values
of orbital angular momentum which are particularly useful for quantum optics. Additionally,
we demonstrate a device that is capable of producing two different values of orbital angular
momentum for a single input polarization, a function that is not possible with previous device
designs. While this initial demonstration provides a useful set of devices on its own, in Chap-
ter 6 we present theoretically and demonstrate experimentally a generalization of the concept

of SOC.

5.1 SPIN AND ORBITAL ANGULAR MOMENTUM OF LIGHT

A helical mode of light is an optical field whose azimuthal phase evolution around the prop-
agation axis (z) has the form exp(if¢), ¢ being the azimuthal coordinate and ¢ (an integer)

called topological charge of the beam. The wavefront of a helical mode of charge ¢ is consti-
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tuted by || helical surfaces twisted together, whose handedness is set by the sign of ¢, result-
ing in a topological singularity (optical vortex), along the propagation axis**. Such vortex
beams carry an average of /A orbital angular momentum (OAM) per photon?®!22. Addition-

ally, circularly polarized modes carry a spin angular momentum of +7 per photon, depending

on the polarization handedness. Such beams are central to the field of singular optics'?* and

have found numerous applications such as optical trapping'?* where the angular momentum is

a powerful manipulation tool to spin the trapped object®%!2° as well as to control its orienta-

tion 126.

The characteristic screw-type dislocation of a helical mode can be imposed on the wave-

front of a propagating beam by means of different devices, for example, pitch-fork holograms 27128

or cylindrical and axicons lenses and reflectors 12?130, Additionally, helical modes can be
also produced by exploiting the geometrical phase (also known as Pancharatnam-Berry (PB)
phase) 913199 "to create inhomogeneous gratings for the wavefront reshaping '*%1%3. In these
spin-orbital angular momentum converters (SOC) the OAM of the vortex beam is coupled
with the spin angular momentum of the illuminating light: switching the handedness of the
illuminating beam polarization (spin angular momentum) flips the handedness of the vortex
(orbital angular momentum). Locking the OAM to the spin angular momentum has unique

applications in quantum computing and communications, allowing high dimensionality encod-

134

ing of quantum units °* and fast switching related to the modulation of the incident polariza-

tion of hght 135,136,137.

More recently, the wavefront manipulation allowed by metasurfaces' has been used to

138,21

produce a variety of PB optical elements, e.g., lenses and vortex beam generators in the

d 139,19

near-infrare . Similar approaches have allowed working with visible light although with
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low transmission efficiency in the bluest part of the spectrum '40:141,142,143,144,145 " T date, the
most versatile spin-orbital angular momentum converters for visible light are the liquid crystal
devices developed by Marrucci et al. in 2006 and known as g-plates*'. They have found nu-
merous applications in quantum optics although they are limited by degradation effects and

resolution in defining the extent of the topological singularity region'46:147:148,149,150

5.2 NANOSTRUCTURED DIELECTRIC SPIN-TO-ORBITAL ANGULAR MOMENTUM CONVERTER

In order to describe some general features of a SOC based on PB phase, it is useful to define
the orientation angle a(z,y) of the optical axis (fast or slow) of each element of the device in
the transverse plane (z — y plane). Regardless of the constituents, if each element imposes a
7 phase delay between the field transverse components, an incident uniform left-circularly po-
larized beam E;, = [1,4] is turned into the beam Fou,¢ = exp(i2a)[1,4] that is right-circularly
polarized with a geometrical phase 2« in the transverse plane. Analogously to what was re-
ported in the first description of a g-plate®!, if the azimuthal variation of the angle a in the
PB-device follows the relation o = g¢ + ag the incident wave front is then turned into a he-
lical wavefront composed of |2¢| intertwined helical surfaces which carries an orbital angular
momentum , where the sign depends on the handedness of the incident light polarization (ag
is a constant). For instance, if ¢ = 1 and the incident light is left-circularly polarized (spin
angular momentum of +%), the out coming light is right-circularly polarized (spin angular mo-
mentum of —A) with an OAM per photon of 2k and zero net angular momentum transferred
to the device (Fig. 5.1 (a)). For ¢ # 1 there will be a net angular momentum exchange with
the PB-device to preserve the total angular momentum of the system.

. . . . . =4 =4
In our devices, the constitutive elements (nanofins) are subwavelength dielectric resonators!?%:16:111,151
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(a) Dielectric Metasurface

Figure 5.1: Operation and structure of the dielectric spin-orbit-converter(a) Schematic of the working principle of a spin-
orbital angular momentum converter. A left circularly polarized beam with plane wavefront is turned into a right circularly
polarized helical mode. In this representation the helical mode has a topological charge equal to 2, as the wavefront is com-
posed of two intertwined helices. (b) Angled-view SEM image of one of our devices ( = 1) showing the orientation of the
TiO2 nanofins on the glass substrate, ¢ is the azimuthal angle and |r| is the distance from the center.
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made of TiO5 '® (Appendix D). Each nanofin is 250 nm long, 90 nm wide and 600 nm tall.
The radial distance between two fins is of 325 nm (Fig. 5.1 (b)). Figure 5.2 (a) and (b) show
the scanning electron microscope (SEM) images of the devices with ¢ = 0.5andg=1 (¢ =1
and ¢ = 2, respectively). The insets of Fig. 5.2(a) and (b) show the devices as imaged in cross-
polarization. The first polarizer sets the incident polarization direction. Each nanofin works as
a half waveplate for the incident light: the nanofin rotates the incident polarization according
to its orientation. The cross polarizer after the metasurface filters out the polarization oppo-
site to that of the light incident on the metasurface thus creating intensity lobes in the camera
image.

In order to fully characterize the vortex beams, we used a Mach-Zehnder interferometer
as shown in Figure 5.2(c). In this configuration, the source beam (a solid-state laser emitting
at 532 nm with power lower than 2 mW) is split in two linearly polarized beams by means
of a 50/50 beam splitter. Half of the light (upper arm of the interferometer) passes through
a quarter waveplate (QWP1) to produce a circularly polarized beam incident on the device.
The vortex beam created by the device then passes through a polarization filter made of a
quarter waveplate (QWP2) and a linear polarizer (LP2) in cross-polarization with respect to
QWP1. This polarization filter is used to eliminate non-converted light passing through the
device (see Appendix D for discussion). The reference beam propagates in the lower arm of
the interferometer and passes through a half waveplate (HWP) to acquire the same polariza-
tion of the helical mode in port 1 (as well as in port 2). This maximizes the intensity modula-
tion (thus the contrast) in the interference pattern.

Figure 5.2(d) shows the intensity distribution of a vortex beam with [¢| = 1 generated by

the device in Fig. 5.2(a), in a transverse plane (plane of the camera at port 1 of the setup)
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Figure 5.2: Demonstration of spin-orbit-conversionforqg = 0.5andgq = 1. (a, b) Scanning electron microscope image

of TiO2-based spin-orbital angular momentum converters with and respectively (scale bar = 650 nm). The insets show the
devices observed in cross-polarization at the design wavelength of 532nm. (c) Sketch (top view) of the interferometric setup
used to characterize the devices. The interference of the helical mode and the reference beam was monitored at port 1 by
means of a CCD. The polarization state of the beam after each optical element is sketched. The laser polarization is linear
and perpendicular to the optical table. Light becomes circularly polarized after the first quarter waveplate (QWP1). The
helical mode generated by the device is circularly polarized with opposite handedness. The helical mode after the polarization
filter (QWP2 followed by LP2) is linearly polarized parallel to the optical table. The reference beam in the lower arm of the
interferometer becomes also linearly polarized parallel to the optical table after passing through a half waveplate (HWP)
that rotates the polarization direction by 90°. (d) Transverse intensity distribution of the vortex beam generated by the
device of Fig. 2 (a). This beam has a topological charge equal to 1. (e) Interference patterns obtained with tilted reference
beam (pitchforks) or collinear reference beam (spirals) in the setup of Figure 2 (c). The flipped features result from opposite
handedness of the beam that illuminates the device. (f, g), Same as (d) and (e) for the device in Figure 2 (b)
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at about 45 cm from the device exit plane, when the reference beam is blocked. Figure 5.2(f)
shows the intensity profile for the vortex beam with |¢| = 2 generated by the device of Figure
5.2(b). The four insets of Figure 5.2(e) and (g) show the intensity patterns produced in the
plane of the camera by interfering the vortex beam with the reference beam. Such interference
experiments are widely used to reveal phase singularities'?3. The pitchfork-like interference
is obtained when a vortex beam and a Gaussian beam interfere with an angle between their
propagation axes, which sets the fringe spacing. If the vortex beam is collinear with the ref-
erence beam from the lower arm of the interferometer, a spiral is obtained as an interference
pattern, with the number of arms equal to the topological charge of the vortex beam. The
handedness of the incident circularly polarized light sets the orientation of the pitchforks and
spirals.

Figure 5.3 shows how our approach can be used to produce optical vortices with higher val-
ues of topological charge, [¢| =5 (Fig. 5.3(a-d)) and |[¢| = 10 (Fig. 5.3(e-h)). Each individual
device is 500 pm in diameter and all devices are on the same glass substrate of 1 inch diam-
eter (Appendix D, Fig D.2). This allows mounting the device on standard opto-mechanical
components and to select the desired topological charge just by translating the corresponding
device into the laser beam path. Another important feature of our devices is related to the lo-
calization of the beam singularity. The fabrication process is based on atomic layer deposition
(ALD) and electron beam lithography (EBL) (Appendix D). This guarantees high resolution
and reproducibility, resulting in precise definition of the singularity region and improving the
vortex beam quality. For example, the ¢ = 0.5 device has a singularity region smaller than 3
.

In our devices we reached absolute efficiencies (the amount of light from the illuminating
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Figure 5.3: Higher order vortices from dielectric g-plates. (a) Transverse intensity profile of a beam with topological charge
5 generated by means of our ¢ = 2.5 spin-orbital angular momentum converter. (b) The ¢ = 2.5 device imaged in cross-
polarization. (c, d) Images of the interference patterns obtained with a collinear reference beam (Figure 2 (c)) for incident left
or right circular polarized light. (e-h) Same as for (a-d) for the topological charge 10 beam and the ¢ = 5 device. Scale for (e)
is same as shown in (a).
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beam that is actually converted into the helical mode while also accounting for absorption and
reflection from the device/substrate) of 60%. Since TiOs is ideally transparent at these wave-
lengths and the nanofins are only 600 nm in height, this measured efficiency is limited mainly
due to reflections at the air-substrate and substrate-metasurface interfaces and error between
the fabricated and designed nanofin dimensions. Thus this device provides a substantial im-
provement in efficiency as compared to previous metallic metasurface g-plate devices with con-

version efficiencies of 8.4% at an operating wavelength of 780 nm '#°

. The simulated phase de-
lay between the x— and y—component of the electric field and resulting conversion efficiency
as a function of wavelength are shown in Fig. D.5 and while the efficiencies we reported here
were for 532 nm illumination, high efficiencies can be achieved at any visible wavelength sim-
ply by re-optimizing the lengths and widths of the individual TiO5 nanofins, as we showed in
ref. 198, Finally, the fact that these devices are fabricated using lithography and etching allows

many devices with different topological charge to be placed on a single substrate—this is not

easily-achievable with liquid crystal devices.

5.3 FRACTIONAL AND INTERLACED SPIN-TO-ORBITAL ANGULAR MOMENTUM CONVERT-

ERS

As a further demonstration of the versatility of our approach, we designed a SOC that pro-
duces a vortex beam with fractional topological charge. This is possible when a non-integer
phase discontinuity is introduced in the azimuthal evolution of the helical mode. In this case,
Berry described the optical vortex as a combination of integer charge vortices with a singular-
152,153

ity line in the transverse plane surrounded by alternating optical single charge vortices

From a quantum optics point of view, the average angular momentum per photon has a dis-
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tribution peaked around the nearest integer value of the topological charge and a spread pro-
portional to the fractional part of the charge®3. We fabricated a SOC producing a 6.5 topolog-
ical charge vortex beam. Figure 5.4(a) shows the intensity distribution of the resulting helical
mode at about 55 pm from the device plane (Fig. D.3 and Fig. 5.4(b) shows pitchfork-like
interference obtained in the Mach-Zehnder configuration of Figure 5.2(c). The phase singu-
larity line predicted for such vortices is evident. The interference pattern (Figure 5.4(b)) also
shows the line of alternating vortices (single line pitchforks) along the singularity line. For
half odd-integer values of the OAM, two helical modes with same OAM but phase singulari-
ties lines with a relative 7 orientation are orthogonal'®. This has been used, for instance, to
observe high-dimensional photon entanglement '°*1°°. Our approach to SOC enables a new
and unique feature, the generation of collinear beams from a single device with arbitrary and
different OAM. In contrast, a detuned g-plate (i.e., a g-plate with phase delay not equal to 7)
can only produce a beam with OAM of 2q and a Oth order Gaussian beam with zero OAM,
which is unconverted light.

To demonstrate this concept, we designed an interlaced ¢ = 2.5 and ¢ = 5 device (Fig-
ure 5.5(a)). Two metasurfaces with different azimuthal patterns are interleaved by placing
the nanofins at alternating radii. Although they have different topological charges the beams
emerge collinearly from the device, interfering in the plane transverse to the propagation di-
rection. Figure 5.5(b) and (c) show the intensity patterns recorded in transverse planes (far
from the device) for opposite handedness of the incident light. It is evident that the two inter-
ference patterns are flipped according to what is expected for beams with opposite topologi-
cal charges. Figure 5.5(c) and (d) show the calculated interference patterns of two collinear

helical modes of topological charges 5 and 10 with opposite handedness. These interference
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Figure 5.4: Fractional vortex from a dielectric g-plate. (a) Transverse intensity distribution of a beam with topological charge
6.5 at 55 um from the device exit plane. (b) Interference pattern arising from the interference with a reference beam at
oblique incidence. The resulting pitchfork pattern shows the singularity line surrounded by alternating single charge vortices,
a characteristic feature of fractional helical modes. The direction of the singularity line in (a) and (b) is the same although in
these figures they are on opposite directions due to the camera orientation during the experiment.
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patterns are close to what we found experimentally if we assume for the charge 5 beam a
Rayleigh range three times greater than for the charge 10 beam. In the calculations this ac-
counts for the different divergence of the two experimental beams. While the interlaced de-
signs allow for multiple values of OAM to be imprinted on a single beam, the measured effi-
ciency for the interlaced device is 20%, which is less than the single topological charge. This
drop in efficiency results from the spatial multiplexing of two devices?the period of each indi-
vidual device is doubled leading to higher orders of diffraction.

It is important to note that each nanofin in our device has two interfaces, glass-TiOs and
air-TiOs. Illuminating one side or the other, as in Figure 5.5(f), does not alter the phase de-
lays imposed by the nanofins (Appendix D) but only slightly affects light coupling into the
latter, due to the different reflectance of the air-TiO5 and glass-TiOs interfaces. We measured
a small decrease (< 5%) in the device efficiency when illuminating from the air-side, due to

the larger refractive indices difference with TiOs.

5.4 CONCLUSION

In the setup of Figure 5.5(f), the beams illuminating the sample from opposite interfaces have
opposite handedness. The double-face characteristic of our devices together with the illumina-
tion configuration of Figure 5.5(f) allows one to simultaneously generate similar beams with
opposite topological charges. This configuration was also used to obtain the intensity distribu-
tions of Figure 5.5(b) and (c) representing the helical modes at optical ports 3 and 2 respec-
tively.

Although we limited our interlaced design to two collinear beams, it is possible to produce

three or more collinear vortices simultaneously as well as +¢ collinear vortices (Appendix).
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Figure 5.5: Generation of multiple vortices from a single metasurface. (a) Schematic of the nanofins azimuthal distribution
in the inner part of metasurface device with interleaved patterns that generate collinear beams having topological charges
|| = 5and|€] = 10. The device has a 500 ;sm diameter and contains more than 700 interleaved radial rows of nanofins.
(b-c) Transverse intensity distributions of the light emerging from the metasurface for opposite handedness of the incident
light. (d, e) Simulated intensity patterns for collinear 5 and 10 topological charge beams. (f) Sketch of the setup that allows
illumination of the transparent devices from the glass and air side simultaneously with circularly polarized beams of oppo-
site handedness. In this case, there are two light beams, whose power can be made equal by suitably balancing the two arms,
circularly polarized with opposite handedness that simultaneously illuminate the device from opposite sides at normal in-
cidence. In this configuration, the helical modes propagating towards optical port 2 and 3 have also opposite wave-front
handedness. This setup was also used to obtain the intensity distributions of Fig. 5 (b) and (c).
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This can find important applications in entanglement and quantum computing experiments.
Moreover, the quantum description of a device simultaneously generating co-propagating
vortex beams with different topological charges has never been investigated and represents

a stimulating direction for future work. Finally, we expect good tolerance to heating since
TiO, has an intensity damage threshold of 0.5 J/cm? in the femtosecond regime'°%; thus we
envision using such devices for non-linear optics with pulsed lasers. We actually exposed one
of our devices to a CW laser (532 nm wavelength) with a power of 1W over the device area
for 5 hours without observing any change in the device efficiency and beam quality.

We have demonstrated that the interaction of light with designer metasurfaces can lead to
the generation of complex wavefronts characterized by arbitrary integer and fractional topolog-
ical charges and co-propagating beams with different orbital angular momenta. Our approach
represents a major advance in design with respect to liquid crystals devices and as such has
considerable potential in several areas of optics and photonics, ranging from quantum informa-

tion processing to optical trapping and complex beam shaping.
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Arbitrary spin-to-orbital angular momentum

conversion of light

As we pointed out in Chapter 5, spin and orbital angular momentum are fundamental quanti-
ties of light. The transfer between these two quantities gives rise to many physical phenomena
and applications in classical and quantum optics. Two key caveats of devices that rely purely
on varying the rotation angle between identical nanostructures (like those in Chapter 5), is

that the two design polarization states of the device must be left and right circular polariza-
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tion and the output values of orbital angular momentum are not independent (they are con-
jugate values ¢ = +2q¢h). Thus the previous spin-orbit converters (SOC), first demonstrated
in 2006 by Marruci et al*"'35 only act on two out of an infinite set of input states and no sin-
gle device has provided controllable, arbitrary coupling between the spin and orbital angular
momentum of light.

In this chapter, we demonstrate how arbitrary coupling between spin and orbital angular
momentum of light can be achieved by design of a single optical element, leading to arbitrary
states of total angular momentum. This design process, the implementation of the device and
the underlying physics are a culmination of the work detailed in all previous chapters. Specif-
ically, we again utilize the fabrication process that we presented in Chapter 3, as it provides
us with an ideal way to transfer an arbitrary metasurface design into a high efficiency device
for visible wavelengths. The theory introduced in this chapter provides a generalization of
the devices in Chapter 5, which we discuss below and prove in Appendix E. Even in the case
of the plasmonic-spin-Hall effect, introduced in Chapter 2, the coupling of spin to propaga-
tion direction was conjugate for left and right circular polarization. Thus this demonstration
is also a generalization for all types of spin-orbit-interactions of light. For the remainder of
this chapter, we experimentally verify the operation of this theory for two cases: the trans-
fer from left- and right-circularly polarized light to two independent values of orbital angular
momentum, and for incident orthogonal elliptical polarizations in general. These devices al-
low us to create superpositions of total angular momentum states of light with independently
controlled phases and amplitudes. The results presented here show a deep fundamental con-
nection between SAM and OAM of light and may find applications in quantum and classical

information.

79



6.1 SPIN-TO-ORBIT ANGULAR MOMENTUM CONVERSION OF LIGHT

Circularly polarized light carries spin angular momentum (SAM)?? of 4/ per photon depend-
ing on the handedness, while the most general state of polarization (elliptical) is a superpo-
sition of 41 spin states. Electromagnetic fields with an azimuthal phase dependence of the
form exp (if¢), where £ is any integer, carry orbital angular momentum (OAM)2°. Beams
with this azimuthal structure, known as helical waves or optical vortices, have £ discontinu-
ities in the phase, which is undefined at the beam center, resulting in a ‘doughnut’ intensity
profile®*. In contrast to SAM, the OAM can take on any integer value from —oo to 400 cor-
responding to £k angular momentum per photon'®”. In analogy to atomic physics, a paraxial,
circularly polarized, helical beam has been shown to carry a total angular momentum (TAM)
of J = (o + ¢)h, where ¢ = £1, per photon 25178159

In the more than 25 years since the discovery that light carries OAM 25, optical vortices
have led to a deeper fundamental understanding of light as well as a number of potential ap-
plications due to the complex field distribution of helical beams and their infinite set of or-

thogonal basis states'?. Classical applications include high capacity optical information trans-

fer 161,:30:162 " optical forces and manipulation 9338 super resolution imaging?®. The quantum

nature of the photon’s OAM has also been exploited through entanglement 2?32 and allows

for new quantum communication schemes with higher dimensional quantum states %4165, In
general, one can generate beams with OAM through a variety of different techniques: laser
mode conversion '%¢, forked holograms %7, spiral phase plates'® and spatial light modulators.

Such techniques rely on introducing a phase discontinuity in the wavefronts but generally es-

tablish no connection between the SAM and OAM of the beam.
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In contrast, geometric phase optical elements provide a direct connection between the SAM
and OAM of light*°. These devices are composed of identical subwavelength-spaced halfwave
plates with a spatially-varying orientation and are often referred to as q-plates*! since they
perform the transformations

|L) — 24| R) (6.1)

and

|R) — =149 |L) (6.2)

where the input SAM state (left or right circular polarization) is converted to an output TAM
state of opposite spin and +2¢gh OAM. This process is often referred to as spin-orbit-conversion
(SOC) and it falls into a more general class of phenomena spin-orbit-interaction (SOI) of light,
where the SAM degree of freedom couples to a spatial degree of freedom or propagation direc-
tion. In addition to providing a fundamental connection between the SAM and OAM of light,
these devices have broadened the applications of angular momentum in light including direct

169 and new quantum devices'**. However, due to the symme-

generation of OAM from lasers
try of the devices—only the rotation angles of the elements vary—all SOC demonstrated thus
far have two inherent limitations. First, the output OAM states are not independent but are

conjugate values (+2¢h). Second, the mapping from SAM is limited to left- and right-circular
polarization, which represent only two of an infinite set of possible polarizations. Even in the
broader context of SOI of light, the coupling is generally conjugate for the two input polariza-
tions 2%,

Here, we demonstrate the design of an optical element that overcomes the above limitations

by providing conversion from any orthogonal SAM states to independent OAM states. We
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implement this design using metasurfaces because of their ability to control both polarization
and phase'%!7. We stress, however, that this element can be implemented by any medium
that allows both birefringence and orientation angle of the fast axis to vary spatially. We ex-
amine the full set of output states of the device and show that this technique provides a way
to produce arbitrary superpositions of TAM states of light. To experimentally verify this new
design, we demonstrate devices that map SAM to OAM for two cases. First we show that we
can convert two circularly polarized beams of opposite handedness, into helical beams with
independent values of OAM, a freedom not afforded by any previous device. We also demon-
strate the conversion of arbitrary and orthogonal elliptical polarizations into two TAM states
with independent values of OAM—the most general form of spin-to-orbit conversion. Because

of its ability to map SAM to two arbitrary output TAM, we refer to this device as a J-plate.

6.2 DESIGN OF ARBITRARY SPIN-TO-ORBITAL ANGULAR MOMENTUM CONVERSION.

Figure 6.1A and B show a schematic of the generalized mapping we would like to perform
with the J-plate element. We consider an incident paraxial beam in cylindrical coordinates
(r, ¢, z), propagating along the +z-direction. If the incident beam is in some arbitrary polar-
ization state |[A\T) (Fig 6.1A), which in general is an arbitrary superposition of photon SAM

states (circular polarizations), we require the device to perform the transformation
[AF) = e | (AF)7) (6.3)

that is, the output polarization state has flipped handedness to [(AT)*) indicated by the com-

170

plex conjugate *'7, and the beam has acquired an azimuthally-dependent phase factor e?™?,
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where m is any integer. Because of this azimuthal phase factor, the output beam has m helically-
intertwined phase fronts resulting in m2z phase discontinuities in a round-trip about the opti-
cal axis and an annular intensity profile (Fig. 6.1A, right inset). Thus, the beam acquires mh
OAM. Now, if a beam in an orthogonal SAM state, [A7), is incident on the same device we
require that the conversion from SAM leads to an independent OAM state. This case is shown

in Fig. 6.1B, where the mapping carried out is
A7) = e |(37)). (6.4)

For this case, the output beam has acquired an azimuthal phase factor of e? corresponding
to OAM of nh, which is in general different from m.

To implement this mapping in practice we must be able to create a single device that inde-
pendently controls the phase shift imprinted on two orthogonal input polarizations states (See
Appendix E for more discussion). This amounts to finding a single operator (device matrix)!”
that will act independently on the two input SAM states. First, we consider the two arbitrary,
orthogonal polarization states introduced above in the linear polarization basis

Ccos X —sin x

|AT) = A7) = (6.5)

e sin y e cos x

where x and ¢ set the ellipticity and handedness of the chosen polarization state. To carry out
the mapping from these SAM states to OAM states, Eq. 6.3 and 6.4, we must know the ac-
tion of the device in relating the desired input states to the desired output state. The connec-

tion of an input state and output state of an optical device can be related through its Jone’s
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Figure 6.1: Concept for arbitrary spin-to-orbital angular momentum conversion. (A) Schematic diagram of the concept for
arbitrary SOC. Light with an arbitrary spin state (elliptical polarization), | AT > propagating along the z-axis is incident on

the J-plate (top). The J-plate imprints a helical phase profile on the output beam resulting in an optical vortex with orbital
angular momentum (OAM) mh, where m is any integer, and flips the handedness of the incident polarization. (B) For light
incident on the same device with an orthogonal polarization state ‘ A~ > the device imprints OAM of nfi, where in general

n is independent of m and again flips the handedness of the polarization (bottom). (C) Schematic of typical J-plate design
used to carry out the function in (A). The units have a given height, h, (top inset) and by changing their width along the x- and y-
directions, Wy and wy (bottom inset) the structures implement phase shifts given by §, and d,, respectively. Each unit is also
allowed to have an independent orientation angle, 6. (D) Required phase shifts, d,; and &, (top) and rotation angle (bottom)
as a function of the azimuthal coordinate ¢. The particular case plotted here is for designed input spin states that are left and
right circularly polarized and for OAM values of m = +3andn = +4. (E-G)Scanning electron micrographs of fabricated
device for the case of mapping from circularly polarized states to helical beams with OAM valuesof m = +3andn = +4.
The SEMs show a top view (E) angled view (F) and zoomed view of the device center (G).
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matrix'”" and we can show " that for the case of arbitrary SOC, using only linearly birefrin-
gent elements, this matrix must be
eié (eimqb C052 X + ein¢ sin2 X) sin 2x (eim¢ _ ein¢)

2

J(¢) = (6.6)
% (eim‘z’ — e”“z’) e~ (eimd’ sin? x + €% cos? X)

where § and x define the polarization states in Eq. 6.5, m and n are any real numbers and
set the output OAM and ¢ is the azimuthal coordinate. This device matrix provides the most
general mapping from orthogonal SAM to independent OAM states and makes no assump-
tions on the specific values. To see that Eq. 6.6 carries out the mapping, we need only to look
at the output state from the device, which can be found as |Eoy) = J(¢)|Ein). When the
input polarization is chosen to be |Ej,) = [AT) the output can be found to be e™? [(A*)).
Similarly, for the orthogonal input state |[A~) the output is e™? [(A7)").

While we have only considered the two orthogonal design polarization states, the device
works for any input polarization, |Fi,) = «|AT) + 3|A\7), where a and 3 are complex coeffi-

cients. In such a case, the output state is a superposition of the two eigenstates,

‘Eout> - J|Em>
6.7)

= qe'™? |()\+)*> + Bein® ‘()\_)*>

For simplicity we considered above the case where the incident beam has zero OAM, that is,
the device transfers an incident beam with only SAM to an output with OAM. However, the

device is equally capable of acting on an incident beam with OAM. In such a case, the map-
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ping is

e At S i(m+0¢ ‘()\+)*>

¢P? A7) — i tP)e ’(/\—)*>

where again ¢ and p are also arbitrary integers and for the case that m = n = 0 the case
discussed above is recovered.

Given the form of the Jones matrix producing arbitrary conversion from SAM to OAM,
we now need to transfer this into a physically-realizable optical element. Since Eq. 6.6 only
assumes linear birefringence, we can determine the orientation angle of the fast axis and bire-
fringence as a function of the coordinate ¢ by finding its eigenvectors and eigenvalues, respec-
tively. No optical element can provide continuous spatial variation of both linear birefringence
as well as the orientation angle of the fast axis. Metasurfaces, however, which are composed of
subwavelength-spaced, birefringent phase-shifters, allow one to discretize a continuous phase
function. This concept is shown schematically in Fig 6.1C. Discrete optical elements are ar-
ranged periodically in two dimensions with periods a; and ay. For some fixed height, h (top
inset), changing the element widths wy and wy (bottom inset) allows us to control the the
phase shifts dx and dy. The orientation angle of each element, ¢, can also be independently
varied (bottom inset) and thus, each element acts as a local, subwavelength waveplate with
designable birefringence and orientation. An important distinction, compared to SOCs based
on the geometric phase, is that by allowing both the phase shifts and orientation angle vary as
a function of coordinate ¢ (as opposed to orientation angle alone) we are able to decouple the
output OAM states and any input SAM state.

For the specific case of circular polarization, x = /4 and § = 7/2, but for any two val-
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ues of OAM, m and n we can easily find analytical solutions for the required phase shifts and

orientation angles as a function of azimuth

1
0= i(m —n)¢ (6.9)
5y = %(m—kn)gf) (6.10)
1
5y:§(m+n)¢—7r (6.11)

These equations give us the prescription to map left and right circular polarizations to any
two values of OAM, m and n. In Fig. 6.1D, we plot these equations as a function of ¢ for a
specific case where m = +3 and n = +4. In the top panel of Fig 6.1D, we plot the variation
of the phase shifts J, and d,, modulo 2r. We can clearly see (m + n)27 phase jumps in the
plot. This can readily be observed in the device itself, which is the schematic that we already
introduced in Fig. 6.1C, where there are m +n = 7 segments. For the more general case of
elliptical polarizations the solutions are not amenable to such succinct expressions but must
be calculated numerically for specific values of m, n, x, and d. This case will be discussed in

more detail below.

6.3 EXPERIMENTAL DEMONSTRATION OF CIRCULAR POLARIZATION COUPLING TO AR-

BITRARY ORBITAL ANGULAR MOMENTUM STATES.

For the experimental realization of the J-plate, we fabricate the devices using a process that

108

we have detailed elsewhere *”®. This process allows us to produce devices with high fidelity

75,73

and high efficiency that operate at visible wavelengths with TiOs as a material platform.
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We optimized the devices to operate at a wavelength of 532 nm but the same design princi-
ple can be applied for any wavelength. To fully characterize a beam with OAM, one needs
to characterize both the intensity and phase distributions of the beam. As such we carry out
interference measurements in a standard Mach-Zehnder configuration (See Appendix E, Fig.
E.1 and surrounding discussion).

To provide the most direct comparison to previous geometric-phase SOCs, we first demon-
strate a device that provides a transfer from circularly-polarized input states to two output
helical beams with independent values of OAM. We also examine the full set of superposition
states that this device can create. We choose the specific mapping to be |R) — |L)|+4) and
|L) — |R)|+3), carried out by the device in Fig 6.1. Note that here and below we write the
azimuthal phase factor as |m), for brevity and to show more explicitly that the output of the
J-plate is a TAM state, a direct product between SAM and OAM states.

The full set of output states from this J-plate can be most succinctly represented on a
sphere whose poles are the two output TAM states and all other points are superpositions
of these two states. This sphere that combines both SAM and OAM is called the higher or-
der Poincaré sphere (HOPS)!'™'7 in contrast to the traditional Poincaré sphere for polar-
ization states. While the original HOPS was derived for conjugate states of OAM on the
poles, due to the previous availability of devices, it remains valid even when these states are
completely independent, as is the case here. Figure 6.2A shows the HOPS for the two de-
sign states introduced above. We label all the cardinal points of the sphere and one can see
that the poles correspond to states |R) |[4+3) and |L) |[4+4), respectively. All other possible
outputs from this device corresponds to a point on the HOPS represented by the angular

coordinates ® and © (marked inside the sphere of Fig. 6.2A). Thus any TAM state of the

88



device can be written as |¥) = cos(0O) |L) |[+4) + sin(©) exp(i2®) |R) |+3), where © ranges
from 0 to w/2. The states along the equator of the sphere are equal weights of the eigenstates
1/V2(|R) |+3) + exp(i2®) |L) |+4)).

Figure 6.2B-E show the measured and calculated results verifying the operation of the J-
plate device. The labels on each figure (i-vi) correspond to the states indicated by the blue
circles on the HOPS of Fig. 6.2A. Figure 6.2B(i) and (vi) and Fig. 6.2C(i) and (vi) show the
measured and calculated intensities for incident left and right circularly polarized light, respec-
tively. These intensity profiles are a single-ringed annuli with zero intensity as + — 0. The
radius of maximum intensity, rmax, is larger in Fig 6.2B(vi) as compared to Fig 6.2B(i) indi-
cating that the magnitude of OAM for the prior case is greater than the latter. In order to
verify the OAM of a beam, however, one must carry out interference measurements. The mea-
sured interference pattern corresponding to the intensities in Fig. 6.2B(i) and (vi) are shown
in Fig. 6.2D(i) and (vi). We clearly observe 3 and 4 arms, respectively, in the spiral inter-
ference patterns, which converge on the beam axis. Fig 6.2E(i) and (vi) show the calculated
phase distribution of the two states, which have 3 and 4 phase discontinuities, respectively.
These observations are consistent with the two states being pure OAM states, rather than su-
perpositions, and consistent with the two intended output OAM states for this J-plate, |+3)
and |+4). Notably, these values of OAM are not conjugate values.

To further verify the operation of the device, we also explored the evolution of an equal
superposition of the two design states on the HOPS. To produce this state, we input linearly
polarized light into the J-plate, which results in an equal superposition of the two eigenstates
for any angle of the input linear polarization. Changing the angle of the linear polarization

introduces a relative phase shift between the two TAM states and corresponds to changing
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Figure 6.2: Experimental demonstration of mapping from two circular polarizations to two arbitrary values of orbital angu-
lar momentum.(A). Higher order Poincare sphere (HOPS) representing all possible spin and orbital angular momentum states
produced by a device that carries out the mapping |R) — |L) |[+4)and |L) — |R) |4+3). (B,C). Measured and calculated
intensity of output state . (D,E) Measured interference and calculated phase of output state, respectively, indicated by blue
dots on HOPS. Scale bars below show the phase value. The states in (B-E) i-vi are marked as blue circles on the HOPS in (A).
(F,G) Magnified view of measured interference and calculated phase of intensity of output state in (D)iii and (E)iii. The dashed
boxes highlight an additional phase discontinuity that results from the equal superposition of H—S) and |—|—4> states. This
phase discontinuity results in an off-axis fork in the interference pattern (F) and an additional off-axis O to 27 phase jump (G).
The scale bar shows the value of phase
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longitude at a fixed lattitude on the HOPS. The measured intensity for these cases are shown
in Fig. 6.2B(ii-v). Since these states are a superposition of two beams with different values
of OAM, we expect an additional |m — n| zeros to develop in the intensity away from the

beam center 7

, or in this specific case |3 — 4] = 1. As can one can see from the measured
and calculated intensities in Fig 6.2B and C(ii-v), in addition to the zero in intensity at the
beam center, an additional zero has developed at a radially-off-axis position. This zero in in-
tensity is also an optical vortex and for the superposition of two OAM beams where m # n
and m < n there should be m vortices at the beam center and |m — n| vortices off axis, which
again for this specific case corresponds to m = 3 and |3 — 4] = 1. This is exactly the phase
structure of the beam we observe from the interference measurements and phase calculations,
e.g., Fig. 6.2D(ii-v) and E(ii). Figure 6.2F and G show expanded views of the measured in-
terference and calculated phase for one of these equal superpositions in order to illuminate
the more subtle features of the phase. As we change the angle of the input linear polariza-
tion from 0° (horizontal) to 66.75°, which corresponds to changing the relative phase exp(i2®)
between the two states from ® = 0 — 37/4, we see all of the features (zero in intensity and
additional off-axis vortex) rotate (this corresponds to moving from (ii) to (v) in Fig. 6.2B-E).
We can understand this qualitatively by noting that the relative phase shift changes the angle
where destructive interference occurs; the positions of the intensity minima agree with quanti-
tative expectations ™.

We have verified that the device does indeed produce the two independent TAM states and
the effect of a phase difference between equal superpositions of the |R) |[4+3) and |L) |[+4) TAM

states. However, we can also continuously vary the superposition of these states in both mag-

nitude and phase. Figure 6.3 depicts the continuous evolution from the |R) [+3) to |L) |[+4)
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state as a function of changing input polarization to the J-plate. To vary the input polariza-
tion, we simply change the angle of the fast axis of a quarter wave plate (QWP) in front of

a horizontally-polarized laser. The resulting path taken on the HOPS is shown as the black
line in Fig. 6.3 and winds from the north pole, |R) |43}, to the south pole in a half figure
eight pattern, |L) |+4). We can derive!™ the output state as a function of the QWP fast

axis angle, 8, and show that total output state is given by |¥(S)) = sin (% - ﬁ) L) |+4) +
"% cos (X — B) |R) [+3). Note that for the cases of B = +45° and 8 = —45° the input po-
larization is left or right circular polarization and the TAM state corresponds to one of the
design eigen-polarizations. We can also relate the angle 8 of the QWP back to the coordinates
on the HOPS as © = /4 — § and ® = 8. The measured intensity and interference images for
10 values of 8 are shown surrounding the sphere in Fig. 6.3. As the value of § is changed from
+45° to —45° the interference pattern, initially composed of 3 on axis spiral arms, develops an
extra vortex at the periphery of the image. Ultimately, as 5 approaches —45° this additional
vortex moves closer and closer to the beam center until, ultimately at —45°, the spiral inter-
ference pattern has 4 arms, indicating that the state now has OAM of +4. This shows the
continuous evolution between the two design states.

This demonstration is the first case where SOC has been carried from two input circular
polarization states to two independent TAM states. In addition to producing an arbitrary
TAM state with polarization controllable phase and amplitude, we can see from the results in
Fig. 6.2 and 6.3 that, due to the spatial intensity profile of the two OAM beams, this device
also allows us to produce and control the complex spatial intensity profiles. Although we have
chosen to demonstrate this arbitrary SOC with a relatively simple case where the two output

OAM values differ only by one, |[m — n| = 1, there is nothing that prevents us from creating
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[w(8)) = sin (T = 8) L) [+4) +* cos (T — 8) [R) |+3)

Figure 6.3: Evolution of J-plate output along a path on the higher order Poincaré sphere. The images show measured output
intensities (left) and interference (right) for the device in Fig. 2, as the angle of the fast axis of a QWP is varied in front of a
horizontally-polarized laser. The angle is varied from 3 = 45° to —45° which transfers the output state from the north pole
to the south pole while continuously changing both the weights and phases of the superposed states. The QWP angle for each
intensity and interference image is displayed in the bottom left. The scale bars for the normalized intensity (left image) range
from O to 1 and interference (right image) range from O to 27r. The output state |\II> as a function of 3, is shown at the top.
The resulting path taken on the HOPS is shown as the black line and the blue circles correspond to the measured points.
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Figure 6.4: Device output for conversion to OAM stateswithm = 6andn = 3. (A-C) Measured output intensities for
input polarizations: (A) left circular, (B) horizontal, and (C) right circular. (D-F) Measured interference patterns corresponding
to the intensities in (A-C), respectively. Input left circular polarization produces three arms in the spiral interference pattern
(D). Input horizontal polarization produces an intensity pattern with three additional minima off-axis (B) and an additional
vortex in the interference pattern at the location of each intensity minima (E). Input right circular polarization produces a
larger beam radius (C) and six arms in the spiral interference pattern (F). The scale bar to the right shows normalized intensity
fromOto 1.

outputs with any two values of OAM. To demonstrate this experimentally, we also created a
device that converts circular polarizations to OAM states of m = 3 and n = 6. The results
are summarized in Fig. 6.4 with Fig 6.4A-C showing the output intensity for input left circu-
lar, horizontal and right circular polarization, respectively and Fig. 6.4D-F showing the corre-
sponding interference patterns. (For a complete description of this device see Appendix E, Fig.
E.2-E.4). Finally, we note that while in Fig. 6.3 we chose a relatively simple path along the
HOPS, with the same setup, a QWP followed by a J-plate, we can generate any output any
state on the HOPS. This is achieved by allowing the J-plate axis to also rotate independently

with respect to the QWP angle 3, as has been previously demonstrated for the g-plate ',
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6.4 EXPERIMENTAL DEMONSTRATION OF GENERAL SPIN-TO-ORBITAL ANGULAR MO-

MENTUM CONVERSION

Having demonstrated mapping from input circularly polarized states to two unique output
OAM states, we now move to the most general case of SOC—a mapping from an arbitrary,
orthogonal SAM states (elliptical polarization) to two independent output TAM states. For
this demonstration we choose input polarizations in Eq. 6.5 corresponding to x = /6 and

0 = 37/10 and map to two OAM states m = —3 and n = +4. Figure 6.5A shows a schematic
of the device that we use to experimentally verify this mapping. In addition to the normal
azimuthal phase factor that imprints OAM onto the output field, we add an additional con-
stant phase gradient that causes each output beam to be deflected by +10° from the z-axis,
respectively. This is in contrast to the device measured in Figs. 6.2 and 6.3 where the two
output states always propagate co-linearly after exiting the J-plate. Spatially separating the
two TAM states allows us to vary the input polarization |Ei,) and to independently monitor
the intensity at each output angle. The advantage of this approach is that we can perform
Stokes polarimetry and unequivocally determine the realized eigen-polarizations of the device
and compare it to the designed eigen-polarizations polarizations.

The results of this measurement are shown in Fig. 6.5(B-G). We first must verify that the
two output beams contain the designed values of OAM. Figure 6.5B shows the measured in-
tensity distribution for six input polarizations (shown at the bottom of each set of images).
We collected the images at angles of +10° and —10° away from the z-axis corresponding
to the designed OAM states of |[+4) (Fig 4B top) and |—3) (Fig 6.5B bottom), respectively.

First, we note that the beam radii of two outputs are different, with the max intensity cor-
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Figure 6.5: Demonstration of SOC for arbitrary spin state. (A) Schematic diagram of the device that maps elliptically-
polarized input states to two independent values of OAM. An input beam with polarization state |Em> isincident on the
J-plate and is mapped to a superposition of orbital angular momentum where the weights are given as a projection of the
input polarization onto the two designed output polarizations. An additional constant phase gradient is added to the device
so that the two output states are also spatially separated by an angle of &=10°. This spatial separation allows the intensity

of each OAM state be probed independently. (B)Stokes polarimetry to measure the designed polarization. The beam inten-
sities are shown for the two OAM states, |—|—4) and | —3), and the input polarizations for each image is shown below. (C,D)
Interference pattern for the |+4) and | —3) states collected at angles 10° from the z-axis. The number of arms in the spiral
interference pattern corresponds are 4 (C) and 3 (D), indicating that the output beams have the designed values of OAM. The
sense of rotation of the spirals, however, is opposite for (C) and (D) due to the sign difference of the two states. (E) Designed
(blue) and measured (green) polarization of the output states on the HOPS. (F,G) The designed (blue) and measured (green)
polarization ellipses for the input states }X" > and | AT >, respectively.
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responding to |[+4) occurring at a larger radius than the case of |—3), as expected. The fact
that these two beams carry the two designed, independent values of OAM is confirmed through
interference measurements (Fig 6.5C and D). We observe 4 arms in the spiral interference pat-
tern of Fig 6.5C while Fig 6.5D clearly has 3 arms in the interference pattern. Additionally,
because of the sign difference between the two OAM states, we expect the phase fronts of the
two OAM beams to have opposite handedness. This is confirmed as one can see that the sense
of rotation of the two interference patterns in Fig 6.5C and D are opposite.

To verify that the device is performing the desired SOC from an elliptically-polarized in-
put to two TAM states, we measure the power at each output angle, £10° and for each input
polarization in Fig. 6.5B and perform Stokes polarimetry. As the input polarization to the de-
vice is changed from horizontal to diagonal through to circular, one can clearly observe that
the relative output intensities of the two beams vary. We then measure the power of each
beam for each input polarization and calculate the eigen-polarizations for the actual device
(see Appendix E). Figure 6.5E shows the HOPS corresponding to the device measured here.
The blue circles on the HOPS are the two designed output TAM states and the dashed arrow
passing through these two points highlights that the designed polarization states no longer
correspond to circular polarizations. The green circles on the sphere are the measured polar-
izations states which have numerical values of x = 7/6.04 and § = 3.437/10 and closely
correspond to the desired design polarization. Figure 6.5F and G show plots of the two polar-
ization ellipses for the designed and measured eigenpolarizations. Coupled with the intensity
measurements (Fig. 6.5B) and the interference measurements (Fig. 6.5C and D), this shows
that we have carried out the most general form of coupling from arbitrary SAM states to two

independent TAM states.
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6.5 DISCUSSION

We have demonstrated a design technique for converting an arbitrary and orthogonal SAM
states of light to an arbitrary superposition of states with independent values of OAM. This
design currently represents the most general material-mediated connection between the spin
angular momentum and orbital angular momentum of light and can produce arbitrary su-
perpositions of TAM states of light. We have experimentally demonstrated the operation of
the J-plate for spin-orbit conversion from two input circular polarizations to two independent
output states and for input elliptical polarizations in general. In addition to demonstrating
this general mapping, we have shown that with a single optical device, we are able to create
controllable structured light, such as complex optical vortex patterns, where the input spin
angular momentum uniquely determines these output spatial distributions.

The generalized spin-orbit-coupling that we have presented here, as a new fundamental con-
nection between SAM and OAM of light, has the potential to influence a number of current
applications and lead to several interesting future research directions. The compact nature
of the J-plate, consisting of only a single-layer of material to produce arbitrary TAM states,
makes the device easily integrateable in a variety of platforms. For example the device can
be directly integrated into a laser cavity to produce high purity '%°, independent TAM states.
These states that use both polarization and spatial structure of the field have the potential to
increase classical information transfer. The complex, tunable intensity profiles can be used for
laser fabrication of materials, optical micromanipulation, and imaging in STED microscopy.
While we have only investigated macroscopic fields, the device physics will still hold at the

single photon level. Thus, the J-plate can provide a new tool for quantum communications
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protocol, especially cases that rely on transfer from polarization entanglement to OAM entan-
glement, rather than parametric down conversion®?. This device could potentially be used as
an analogue to study complex spin-orbit interactions in atomic systems!”. Finally, we have
only considered here the case of a single J-plate. However, cascading devices, especially those
designed for different input polarizations, offers an interesting area of future study, as we be-

lieve it will allow us to create a plurality of independent OAM modes.
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Supplemental material: Visible-frequency

hyperbolic metasurface

A.1 SILVER GROWTH AND CHARACTERIZATION

In this section we detail our silver growth process that produces ultra-smooth, single-crystalline
silver films via standard wafer preparation and deposition techniques. The entire silver growth

process takes approximately 1-2 hours and is reproducible in a standard cleanroom environ-
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Figure A.1: XRD measurement of a silver film on (111)-Si. An XRD scan showing the (111) and (222) Ag peaks. The inset
shows a rocking curve of the (111) peak with a full width at half maximum of 0.116 degree.

ment. Single-crystalline silver films were grown via direct current plasma sputtering (AJA In-
ternational Orion 3) with 99.99% pure silver targets (Kurt Lesker Inc.) on prime-grade, degen-
erately doped (111)-Si wafers (0.0015-0.005 2-cm). We first ultrasonically cleaned the wafers
in acetone, followed by further cleaning in a 2:1 sulfuric acid: hydrogen peroxide solution to
eliminates organics. Finally, we placed the wafers in 49% hydrofluoric acid for approximately
10 s to remove the native oxide layer. After oxide removal, we immediately transferred the
wafers into the sputtering tool and pumped the system down to limit oxide growth. After a
typical base pressure of 5 x 107 Torr was achieved, the substrate was heated to 3000 C (de-
termined from the temperature calibration sheet of the system), and silver was deposited at

a rate of 1.5-1.7 nm/s16,17. Following the growth, we utilized multiple techniques to test the

quality of the deposited films and determined their suitability for metasurface fabrication. We
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Figure A.2: AFM scans. a, 100 nm and b, 1200 nm thick silver films sputtered on (111) Si. The RMS roughness of these films
are 300 pm and 900 pm, respectively.

probed the crystallinity of the films via X-ray diffraction (XRD) and transmission electron
microscopy (TEM). In the XRD scan for a 1200-nm-thick Ag film (Fig. A.1), only (111)- and
(222)-Ag peaks are present, consistent with (111)-Ag grown on (111)-Si. A rocking curve with
a full width at half maximum of 0.116 degree indicates that the film is high quality with min-
imal defects (Fig. A.1, inset). The TEM image in Fig. 2.1a confirms that the silver films are
single-crystalline.

As a further test of the silver quality, we utilized atomic force microscopy (AFM: Asylum
MFP3-D, tapping mode) to characterize the surface roughness of the film. Rough surfaces and
grain boundaries result in the scattering of surface plasmon polaritons (SPPs) that is detri-
mental to the performance of any SPP-based device, and as such their presence should be
minimized. Figs. A.2a and b show AFM scans for 100 nm and 1200 nm films, respectively (we
measured film thicknesses with optical profilometry, Taylor Hobson CCI HD). The AFM scans

confirm that the films are ultra-smooth with root-mean-square (RMS) roughness 300 pm (100-
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Figure A.3: Electron backscatter diffraction images of 1 ;um-thick silver film a Image taken over a short length scale with no
grain boundaries. b Image taken over a larger length scale still with no grain boundaries.

nm thick film) and 900 pm (1200-nm thick film). We did not observe grain boundaries within
the 10 10 pm scan region. The measured surface roughness is comparable to that of silver
films grown by molecular beam epitaxy®°.

Finally, we used electron backscatter diffraction to examine the domain structures of our
films: as shown in Fig. A.3, only a single domain is observed in both small-scale 2 ym and

large-scale 400 pm scans, confirming the quality of our silver films.

A.2 MEASUREMENT AND CALCULATION OF SPP PROPAGATION PROPERTIES OF THE

SILVER FILM

The ultra-smooth, single crystalline nature of our silver films results in lower SPP scattering

losses and improved optical performance. In general, the optical performance of a film is deter-
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mined by its dielectric function (or equivalently index of refraction, n, and loss,  given as

e(w) = e(w) +ie(w)” (A1)
where
g =n?—k? (A.2)
and
g = 2nk (A.3)

We experimentally determined the dielectric functions of our films using variable angle, spec-
troscopic ellipsometry (J.A .Woolam Co., WVASE32). Fig. A.4 presents ¢(w)" and e(w)” for
films of 100-nm and 1200-nm thickness from the present work as well as typical optical con-
stants derived from literature. For our silver films, the lossy part of the dielectric function, &,
is lower than previously reported datal8,19 and is comparable to those recently reported in
films grown by molecular beam epitaxy®’. Because our film thickness is much greater than
the skin depth of silver, the substrate effects are negligible in our study. Consequently, the
pseudo-dielectric constants taken from the WVASE software correspond directly to the real
and imaginary part of the dielectric function.

From the experimentally determined optical constants, we determined the SPP propagation
vector and propagation length. For |¢/| >> " which is valid for our silver films in the visible

frequency range, the dispersion relationship of a silver/air SPP is given by

kSPP = k’ + Z’k” = ]fo 67/ + Zk’(] 6/ 3/2 ! (A4)
1+¢ 1+¢” 2(e")?
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Figure A.4: Optical constants of silver films. a, The real and b, imaginary parts of the measured dielectric function for 100 nm
(blue circles) and 1200 nm-thick (pink circles) silver films. The values reported in 19 (yellow squares), 20 (black triangles), and
21 (green line) are also shown.
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Figure A.5: Plasmon dispersion in silver films. a, The real and b, imaginary parts of the effective SPP index on various silver
films.

Figs. A.5a and b plot the calculated real and imaginary part of the SPP dispersion rela-
tionship normalized to kg, defined as w/c. The complex wave vector leads to exponential SPP
decay with a characteristic SPP propagation length L, (defined as the distance over which the

SPP intensity decays to 1/e of its original value) given by

1

Lo = g

(A.5)

The results of this calculation using our experimental values, as well as several other literature

values are presented in Fig. 2.1b of Chapter 2 text.

A.3 METASURFACE FABRICATION

Due to the thermodynamic stability inherent to single-crystalline silver films, we are able to
fabricate metasurfaces in a top-down fashion using electron-beam lithography (EBL) and

reactive ion etching (RIE). Such lithographic processing avoids undesirable side effects in-
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herent to focused ion beam (FIB) milling such as unintentional doping, roughened surfaces,
and gallium poisoning. Our unique fabrication process relies on the transfer of lithographi-
cally defined, anisotropic, high-aspect-ratio features into silver. Since the fabrication does not
rely on chemical reactions specific to silver, this process should be broadly applicable to any
metal system (e.g., gold and intermetallics) where losses can greatly affect plasmonic device
performance. The metasurface fabrication process is summarized in Fig. A.6. We first grew,
via atomic layer deposition (ALD), 50-nm-thick alumina on top of as-deposited Ag films (Fig.
A.6a). Next, we etched back the alumina by approximately 40 nm using inductively coupled
plasma reactive ion etching in select areas defined by EBL. For all EBL process, we used ZEP-
520A electron-beam resist at a dilution of 1:1 ZEP-520A:Anisole. For alumina etching we used
a gas mixture of BCI3-Cly. This EBL and etching procedure creates 10-nm-thick alumina rect-
angles within the 50-nm-thick alumina background (Fig. A.6b). Again using EBL, we wrote
desired device patterns over the rectangular recess defined in the previous step. This writing
step produces the device patterns that will eventually be transferred into the Ag film. Fol-
lowing development of the device pattern, we deposited 150 nm of alumina via ALD onto the
resist. Due to the conformal nature of the ALD process, any feature with a width less than
twice the deposited alumina thickness will be filled in. The resulting thickness of the alumina
film in the filled-in regions will therefore be greater than that of the unpatterned regions by
approximately the thickness of the electron-beam resist, as shown schematically in Fig. A.6c.
With the pattern of the desired devices defined, we proceeded to transfer the pattern into
the silver film. We removed the 150-nm-thick alumina film on top of the resist using RIE,
leaving only the unexposed resist and the alumina that fills the exposed areas of the resist

(Fig. A.6d). The residual electron-beam resist was then removed, and another BCl3-Cly etch

107



a ALD alumina

——50nm Alumina

1200nm Sputtered
(111)-Ag

(111)-Silicon
Substrate

d Etch-back alumina
and remove resist

—— 150 nm Alumina
Hard Mask

b Selectively etch
alumina

50nm Alumina

e Etch silver in argon
<« plasmas®=

‘r .vq- Ky
i) 4
13

——10nm Alumina

1200nm Sputtered
(111)-Ag

-—n

¢ Define grating with
e-beam lithography

—— 150nm Conformal
Alumina

125nm E-Beam
Resist

f Remove alumina

Metasurface

Figure A.6: Schematic of device fabrication process. a-f, The process for fabricating HMSs. Refer to the text for description.

108



step was used to thin the 10-nm-thick alumina between the slabs to approximately 2-nm thick-
ness. Next, the pattern defined by the alumina hard mask was transferred into the silver film
using argon plasma. Along with low pressure (4 mTorr) and high bias voltage, the height of
the alumina mask was crucial in achieving requisite anisotropy in the etched silver. This pro-
cess is shown schematically in the inset of Fig. A.6e: ion 1, with lateral momentum, collides
with the alumina slabs rather than the silver film, while ion 2, with mainly vertical momen-
tum, impacts the silver film, causing the pattern transfer. In the final step of the process, the

alumina hard mask was removed in 49% hydrofluoric acid (Fig. A.6f).

A.4 ANALYSIS OF THE HMS WITH A COUPLED MODE THEORY

We can gain physical insight into the transition from hyperbolic to elliptical dispersion using a
simple physical picture. At short wavelengths, the plasmonic modes are tightly confined to the
ridges of the grating. This situation is qualitatively similar to an array of parallel nanowires,
which constitutes an HMS. In the long wavelength limit, on the other hand, the modes are
only weakly confined and the grating can be considered a perturbation to a flat surface. This
suggests that the dispersion of the grating will be elliptical at long wavelengths. In between
the two regimes, there must exist an intermediate wavelength at which the isofrequency con-
tour becomes relatively flat leading to a minimally dispersive medium.

We use a coupled mode theory to show that an array of nanowires indeed exhibits hyper-
bolic dispersion. Here we consider an array of parallel nanowires of radius r separated by a
distance a as illustrated in Fig. A.7. In isolation, each nanowire supports a number of plas-
monic modes depending on the radius of the nanowire. At sufficiently small radii, the dynam-

ics are dominated by the lowest order mode owing to high propagation loss of the higher order
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Figure A.7: Model of an HMS as coupled nanowires. a, A single nanowire of radius r supports a plasmonic mode with propaga-
tion constant 8. b, An array of parallel nanowires separated by a distance a. Each wire is coupled to its nearest neighbor with
a coupling constant C, giving rise to the dispersion ky (k) in Eq. (3).

176

modess . Assuming that the wires are only weakly coupled, it is possible to describe the

propagation using a coupled mode theory. The starting point of the coupled mode theory is

to approximate the electric field of the coupled waveguides by

E(®) = 37 b () By (@, )™ (A.6)

where Ej (z, 2) is the transverse mode profile of the j*" and f, is the propagation constant

associated with the mode. The coefficients b;(y) satisfy the differential equation
—i——bj(y) = C'[bj—1(y) + bj+1(y)] (A7)

The equation can be readily solved by setting b;(y) o< exp (i5(kz)y + ikzja), where (k) =

2C cos(kya). By substituting back into the differential equation, we obtain the dispersion rela-

110



tionship

ky(kz) = Bo + 2C cos(kga) (A.8)

The coupling parameter C' can be computed from the mode profile of a single nanowire. One

obtains C' = k/P, where

1 L.
K= L weo (€ag — sair)/E; - Ej dxdz (A.9)
and
1 [ fa o oa o
P = [ (B x i+ E; x i} ) gdudz (A.10)

Both integrals are to be taken over the cross-section of the j* wire. A numerical evaluation of
the above expressions is shown in Fig. A.8. Since the coupling constant is negative, the prop-
agation constant k(k,) is at a minimum at k, = 0 and the dispersion is therefore hyperbolic.
We point out that the negative coupling constant is not specific to nanowires but can also be

found in different geometries such as parallel plates.

A.5 DIFFERENCE IN FAR FIELD SCATTERING RATES AT INPUT AND OUTPUT OF D1

At the entrance of D1, the bulk silver is at the same height as the top of the ridges of the
HMS. At the output, the bulk silver is etched down such that its height corresponds to the
base of the ridges. Since the SPPs are concentrated at the top of the ridges, this leads to in-
creased scattering efficiency at the output, resulting in the greater measured intensity at the

output versus the input for A > 550 nm (Fig. 2.2, Fig. A.9).
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Figure A.8: Ratio of the coupling constant C' to the propagation constant 3, of a nanowire array. The calculation was per-
formed forr = 45 nmanda = 150 nm.
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Figure A.9: Compiled refraction images. A compilation of images showing refraction at the flat silver film/SPP-HMS interface
for an input angle of 35° and wavelengths ranging from 480 nm to 700 nm.
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A.6 REFRACTION FROM AN SPP-HYPERBOLIC METASURFACE

To rigorously quantify the angle of refraction of the device D1 presented in Fig. 2.2b, the im-
age from a CMOS camera were processed using Image-J and MATLAB. The entire set of im-
ages used in this process is presented in Fig. A.9. Specifically, the intensity profiles over the
full width of the flat silver film-metasurface interface were extracted using Image-J (see Chap-
ter 2 Fig. 2.2a for an SEM image of D1). This intensity profiles were then fit to a Gaussian
function with a constant intensity offset to account for the laser-speckle background. From
these fits, we determined the z—coordinates of in- and out-coupling spots, which were then
used to calculate the angle of refraction. The experimentally measured refraction angles were
in close agreement with those from the finite-difference time-domain (FDTD) simulations (Fig.
2.2b). Just like bulk hyperbolic metamaterials, HMSs are predicted to exhibit all-angle neg-
ative refractionll. To test this prediction in our SPP-HMS device, we fabricated additional
structures similar to D1 but with varied SPP incident angle (Fig. A.10). As shown in Fig.
A.10, we observe negative refraction for A < 540 nm when the incident angles are 15° and 25°

(in addition to 35° presented in Chapter 2 (Fig. 2.2d)).

A.7 TUNING OF METASURFACE PROPERTIES

The modes of the SPP-HMS are tightly confined surface waves; therefore, the optical response
should be strongly affected by modifications of the local dielectric environment and geometry

of the metasurface. This suggests straightforward tuning of the SPP-HMS dispersion via vary-
ing fabrication parameters (i.e., slab width, pitch or depth) or subsequent dielectric deposition.

This tuning provides control over the HMS properties.

113



Figure A.10: Dependence of refraction on input angle at the silver-HMS interface. A set of images showing refraction
from an SPP-HMS for input angles of 15° (top) and 30° (bottom). We observe the same three regimes—elliptical, flat and
hyperbolic—seen for the input angle of 35° (Fig. 2.2c).
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A =570nm

Figure A.11: Tuning of \7. a, A7 tuned by pitch difference: 150 nm and 175 nm for left and right respectively. b, The spin-
dependent propagation before (left) and after (right) the deposition of 5 nm-thick alumina.
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Figure A.11a shows Ar (at which the dispersion relation changes from elliptic to hyper-
bolic) for two different device geometries. The device shown in the left panel of Fig. A.1la
has a pitch of 150 nm, whereas the device in the right panel has a pitch of 175 nm (the ra-
tio of silver to air in both devices are approximately equal). Owing to the larger pitch and
therefore deeper etching profile, Ay for the 175-nm pitch device is red-shifted with respect
to the 150-nm pitch device. To probe the effect of dielectric deposition on an SPP-HMS, we
first characterized the SPP dispersion for a bare silver/air grating (Fig. A.11b, left panel) and
determined that the hyperbolic-to-elliptical transition occurred at Ay =~ 500 nm. We then de-
posited 5 nm of alumina (refractive index = 1.63) on top of the device via ALD on the meta-
surface. This alumina deposition produced a red shift of Ay by 70 nm (Fig. A.11b, right

panel), confirming the high sensitivity of the SPP-HMS to dielectric modifications.

A.8 SIMULATIONS

At Ar, the flat dispersion curve dictates that all SPPs propagate parallel to the silver ridges
(Fig. 2.4b) and SPPs excited on a single silver ridge stay confined to the same ridge despite
its sub-wavelength width ( A/6). This effect is observed experimentally in Fig. 3. FDTD sim-
ulations confirm diffraction-free propagation, Fig. A.12. In the simulations, a z-axis (out-of-
plane) dipole was evanescently coupled to the central ridge of the metasurface to excite SPPs
with all k-vectors in the metasurface. After 10-um propagation, 80% of the SPP intensity re-
mains confined to the central ridge.

In device D3, we used an array of cylindrical rods to out-couple propagating SPPs into the
far field. In principle, if the out-coupling structure has the same x—, y—, and z—dimensions,

it should scatter E,, F,, and E, with equal strength, and preserve the phase relationships
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Figure A.12: Diffractionless propagation of SPPs. a The simulated electric-field intensity of SPPs propagating on an SPP-HMS
at Ay = 547 nm. The dipole source is located at (x, y, z) = (0,0, 10) nmb, Anx — z cross-section of the SPP intensity
after 10 — pm propagation.

between them. Additionally, this effect should be wavelength independent. Therefore, an SPP
with abiwp p = E, £1iF, incident on the array should scatter to the far-field with electric field
0fp=E, +iE,.

We used FDTD simulations to study the performance of our out-coupling structures, which
consisted of cylindrical rods with a diameter of 140 nm and a height of 90 nm (Fig. A.13). In
the simulations, a plane wave propagating along the y-axis with polarization o= = E, + oy
was scattered off the array, and we monitored the far field polarization. These results indi-
cate that over the range of experimentally measured wavelengths (480 to 700 nm), our out-
coupling structure indeed converts o+gpp to o+ ppr with fidelity as high as 90%. Simulated
mode index of SPPs in the HMS

In metamaterials, losses are characterized by the figure of merit |n/x|. We performed FDTD
simulations with the optical constants measured from ellipsometry to determine the complex
mode index of SPP plane waves propagating parallel to the silver ridges. From those values

we determined the wavelength dependent quantity |n/k| Figs. A.14a-c). In the hyperbolic
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Figure A.13: Out-coupling geometry for scattering SPPs to the far field. a A diagram of out-coupling structure; light grey indi-
cates silver rods with diameter d, dark grey indicates silver substrate. b The simulated degree of far-field circular polarization
defined as ratio of 0 scattered intensity to the total scattered intensity.
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Figure A.14: Simulated mode indexes of our HMS and ratio of real to imaginary parts of the mode index. a,d The simulated
real part and b,e imaginary part of SPP effective mode index in our SPP-HMS. ¢, The corresponding ratio of real to imaginary
mode index |n /K| vs. wavelength A at k, = 0 andf, k; at A = 540 nm. The simulated HMS pitch @ = 150 nm,w = 90 nm,
and h = 80 nm.

regime, A < 550 nm, this quantity reaches a value of 500, two orders of magnitude higher than
values reported in other metamaterials!!.

Since our SPP-HMS is highly anisotropic, we expect |n/k| to have wavevector dependence.
Simulated values of the k,-dependent complex mode index and |n/k| at A = 540 nm are
shown in Figs. A.14d-f, with values of |n/k| ranging from 80 at the Brillouin zone edges to

500 at k; = 0.
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A.9 EXPERIMENTAL MEASUREMENT OF THE PROPAGATION LENGTHS OF SPPS IN THE

HMS

To measure the propagation length L, of SPPs in the HMS, we fabricated HMSs of varying
lengths, with identical in- and out-coupling structures on both edges of the HMS (illustrated
schematically in Fig. A.15a). A SEM image of a typical structure is presented in Fig. A.15b.
We utilized a cylindrical lens to elongate the excitation laser along the z—axis to preferen-
tially excite SPPs with k, = 0. We illuminated the in-coupling structures with identical input
intensity and recorded an image of the far-field scattering at the out-coupling structure. Rep-
resentative experimental data at A = 550 nm is presented in Fig. A.15c-e. The images were
captured with a CMOS camera and analyzed with Imagej and Igor Pro. The intensity was
integrated over the entire out-coupling structure. To account for variation in the in- and out-
coupling structures of each device, the measurement was performed on 5 different devices for
each HMS length. Then, the propagation length was determined by an exponential fit to the
data, Fig. A.15f. Results of these measurements are presented in Fig. 2.2c. We find that the
SPP propagation length reaches up to 16 pum in the hyperbolic regime. This is reduced from
a simulated maximum of 22 pym. However, this value is two orders of magnitude larger than
in bulk visible-frequency hyperbolic metamaterials, which exhibit propagation lengths on the

order of 100 nm*8.

A.10 SIMULATION OF THE PLASMONIC SPIN-HALL EFFECT (PSHE)

FDTD simulations reproduce the experimental observation of the PSHE, as shown in Fig. 2.5.

In the simulations, a z—axis (out-of-plane) dipole was evanescently coupled to the metasur-
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Figure A.15: Measurement of the propagation length of SPPs in our HMS. a A schematic of the devices used to measure
propagation length. The cyan box indicates the in-coupling structure, the blue box the region of the silver/air grating, and the
magenta box the out-coupling structure. The red ellipse indicates the laser excitation spot, and the green ellipse indicates the
out-coupling spot. b An SEM image of a device with a 10 um-long silver/air grating. c,d,e Far-field imaging of scattered SPPs
after (c) 10 pm, (d) 20 m, and (e) 30 pum propagation in the silver/air gratingat A = 550 nm. f The integrated intensity at
the out-coupling structure as a function of silver/air grating length. The markers indicate experimentally measured values at
A = 610nm(red), \ = 550 nm (green),and A = 520 nm (blue). The solid lines are exponential fits to the data, which are
used to determine propagation lengths, (Fig. 2¢, blue). For each wavelength, the intensities are normalized to the value at 10

pm.
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face to excite SPPs with all k-vectors in the metasurface. To illustrate the plasmonic spin-Hall
effect, we plot the electric field value of the propagating SPPs with a 2D z — y electric-field
monitor, 10 nm above the metasurface. From the total field collected via the monitor, we di-
vided the SPP electric field into its respective circularly-polarized components o and o~ and
determined the intensity

I =|E, +iE.]* + |E, . (A.11)

At A = 680 nm oT-polarized SPPs propagate in the +y, -x direction (Fig. 2.5a), while o~
polarized SPPs propagate in the +y, +x direction (Fig. 2.5b). Figures 2.5¢ and d present the
x — z cross sections of the SPP intensity at y = 10 pm for multiple wavelengths. The simu-
lations show that the sign of the spin-Hall effect changes at A\ = 550 nm, in agreement with
experimental observations in Figs. 2.4e-h.

The FDTD simulations also allow us to probe the local field intensity of the SPPs in detail.
Figures. 2.5e and f present a close-up of the SPP field at A = 600 nm, while Fig. 2.5g presents
the degree of polarization defined as I+ /Iiotq; The circular polarization varies spatially and
is strongest 30 40 nm above the grating, reaching values as high as 98%. Figures 2.5h and i
present the intensity of the SPP field integrated over the z—axis at A = 600 nm, and Fig. 2.5j

presents the resulting integrated polarization, which is as high as 87%.

A.11 DEFINITION OF SPP CIRCULAR POLARIZATION IN THE HMS

The standard definition of circular polarization is the electric field rotation in a plane orthogo-
nal to the direction of propagation. Due to the equifrequency contours of the HMS, SPPs are

restricted to propagate almost entirely along the y—axis, with maximum deviation of £10°.
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Therefore, the x — z plane is nearly perpendicular to the plane of propagation for all frequen-
cies, and we define the SPP circular polarization as rotation in the x — z plane. If we take into
account the small deviation in propagation from the y—axis, the integrated degree of polariza-

tion increases slightly from 87% to 88% at A = 600 nm.

A.12 SIMULATION OF SCATTERED FAR-FIELD INTENSITY FROM CIRCULARLY POLAR-

1ZED SPPs.

The degree of far-field circular polarization is determined by both the magnitude of SPP cir-
cular polarization and the fidelity with which the out-coupling array transfers the polariza-
tion into the far field. We used FDTD to simulate this whole process (Fig. A.16). SPPs were
excited by a dipole polarized along the z—axis and evanescently coupled to the metasurface
(Fig. A.16a, red circle). The spatial separation of the ot and ¢~ modes allowed us to indi-
vidually probe their scattering off the out-coupling array (see Fig. A.13) via far-field inten-
sity monitors (FFIMs) placed at x = £3 pm (+xFFIM and -xFFIM, Fig. A.16a). Data from
—2FFIM shows that o SPPs maintain their polarization in the far-field (Figs. A.16a and b).
The reciprocal case is shown in Figs. A.16d and e. The simulations show that the measureable
far-field polarization is up to 78%, in close agreement with our experimentally observed 80%

polarization (Figs. 2.4g and h)
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Figure A.16: Simulation of circularly polarized SPP scattering off our out-coupling array. a A schematic showing the simu-
lated geometry. SPPs are excited with a dipole source at A = 640 nm. The o (magenta) and o~ (cyan) SPPs propagate

on the HMS (gray) and scatter off the out-coupling structure (yellow). The far-field intensity monitors (FFIM) are placed at

r = —3 um (-xFFIM)and x = 3 pm (+xFFIM) (blue shaded regions) to record the scattered far-field electric-field intensity.
b-e, Far-field intensity of the scattered electric field taken from (b, ¢) -xFFIM and (d, ) +xFFIM, and measured in (b, d) ot and
(c,e)o.
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A.13 SIMULATION OF THE PROPAGATION LENGTHS OF SPPs IN THE HMS
From the simulated mode index, Fig. A.14a,b, we can determine the propagation length Lp of
SPPs in the HMS for k, = 0, defined as

A
Lp=-""

T 4mk

(A.12)

where )\g is the free space wavelength. Results of the calculation are presented Fig. 2.2¢c, black.

In the hyperbolic regime, A < 550 nm, the simulated L, reaches a maximum of 22 pm.

A.14 EFFECT OF ROUNDED EDGES ON THE HMS DISPERSION

Due to imperfect fabrication, there is rounding of the edges of the silver ridges that constitute
the HMS (Figs. 2.1d and e). The effect of rounded edges and non-vertical sidewalls on the
dispersion of individual ridges was previously addressed®!, and no significant impact on the
dispersion was observed. We extended this previous work with full FDTD simulations of our
HMSs with and without rounded edges to determine the effect on the isofrequency contours
(Fig. A.17). With the edges of the ridges rounded with a radius of curvature of 15 nm, the
simulations clearly show that the resulting isofrequency contour still exhibits hyperbolic and
elliptical dispersion regimes. The simulations also show that the main effect of the rounding is

a slight blue-shift of the hyperbolic-to-elliptical transition by 10 nm (from 550 nm to 540 nm).
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Figure A.17: Effect of rounded edges on the HMS dispersion. a,b Isofrequency contoursat \ = 450 nm (blue), 500 nm
(cyan), 550 nm (green), 600 nm (yellow) and 650 nm (red) for a HMS (a) with and (b) without rounded edges. The simulated
HMS pitcha = 150 nm,w = 90 nm, and h = 80 nm. In the simulations, the edges are rounded with a radius of 15 nm.
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Supplemental information: Broadband
high-efficiency dielectric metasurfaces for the

visible spectrum

B.1 OPTICAL CHARACTERIZATION

We deposit blanket TiO5 films via ALD onto silicon substrates in order to prepare samples
for spectroscopic ellipsometry (SE) measurements. When more than one material is present
for SE measurements, a model must be developed in order to extract the complex refractive
index, n(w) = n(w) + ik(w), of a specific layer. In our case, we use a standard model for the
substrate and we apply the Tauc-Lorentz (TL) model for amorphous materials to the TiOq
film.

The TL model that we use to extract the optical constants of our ALD TiOs is a combina-
tion of the normal quantum mechanical Lorentz oscillator and the model Tauc derived for the
imaginary part of the dielectric constant for amorphous materials above the bandgap. Tauc
derived this model assuming a set of N non-interacting oscillators per unit volume and arrived

at the following expression for the imaginary dielectric constant

A (E - E,)?
Eo = 7t( E2 g) (Bl)
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where E is energy, E, is the transition energy and Az is the amplitude of the oscillator.

For the Lorentz oscillator, the imaginary part of the dielectric function is given by

ALE.CE

€9 = 2nk =
(E? — E2)° + C? + E?

(B.2)

where Ay, is the oscillator amplitude, Ej is the central energy of the resonator and C' accounts
for broadening around Ejy. Jellison and Modine combined Eq. (B.1) and (B.2) in order to ac-
count for the short comings present in each model, leading to the Tauc-Lorentz model for the

dielectric constant
AE,C(E-E,)?

(E2-E2)*+C2+E2’

€9 = (B3)

0, E<E,

where A = Ay Ar and we have defined the other fitting parameters above. The real part of
the dielectric function is then obtained through Kramers-Kronig integration. The values of the

four fitting parameters as well as the thickness of the film are shown in Table S1.

Table B.1: Ellipsometry fitting parameters for amorphous TiO2

Thickness (nm) | 67.43 £0.034
A (eV) 4224 +18.4
C (eV) 1.434 + 0.294
Eo (eV) 3.819 + 0.0304
E, (V) 3.456 % 0.0079

Figure B.1 shows the raw ellipsometry data ¥ and A and the corresponding generated data
based on the model discussed above. In addition, we tabulate the entire set of collected and

for our TiO4 film, from 242 nm to 1800 nm, included as a data sheet.
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Figure B.1: Raw ellipsometry data used to determine the TiO2 optical constants, ¥ and A, for the TiO2 film on a silicon sub-
strate as a function of wavelength. The green squares and circles are the values of A for angles of 55° and 75°, respectively.
The red squares and circles are the A values for angles of 55° and 75°, respectively. The black lines are generated data from

the model described above.

B.2 STRUCTURAL CHARACTERIZATION OF T10O9 FILMS

As stated in in the 3 (discussion surrounding Figure 1b), the measured surface roughness of
the TiO5 films is on the order of surface roughness of the underlying substrate. Figure B.2
shows an AFM scan of the fused silica substrates used throughout this study. From the image,
we extract an RMS roughness of 0.600 nm. This value is comparable to the measured surface
roughness of a fused silica substrate with a film deposited on top (0.738 nm).

To determine the atomic structure of the ALD TiO,, we use X-ray diffraction (D8 Discover,
Bruker). As can be seen from Figure B.3, there are no signs of any diffraction peaks from
TiOs, even over the large angle scan. We measure this diffraction spectrum for a TiOs film

on a 1 inch diameter fused silica substrate and align the substrate to the center of the x-ray
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Figure B.2: Atomic force microscope image of bare glass substrate with a root mean squared roughness of 0.698 nm.

beam via a laser alignment mark. The absence of diffraction peaks indicates that the TiO5
films that we deposit are amorphous. In contrast, if the film was polycrystalline the different
polymorphs would generate diffraction peaks at 27.35° for rutile or 25° for anatase, for exam-

ple.

B.3 GEOMETRIC PHASE

We use Pancharatnam-Berryphase optical elements (PBOE) to implement the holograms, as

first detailed by Bomzon et al'®°

. In our case, the individual elements are TiO2 nanofins that
act as discrete uniaxial crystals—they posses a structural birefringence that leads to a fast
and slow optical axis, which introduces a phase difference between orthogonal components

of the incident electrical field. It is then a spatially varying rotation of the fast axis of each

nanofin that gives rise to the geometric phase accumulation, as detailed by Pancharatnam and

Berry. Mathematically, in Jones calculus a waveplate with spatially varying fast axis, in the
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Figure B.3: X-ray diffraction of ALD TiO2. There are no observable diffraction peaks from any TiO2 polymorphs (red line).
The peaks that appear in the scan result from the XRD stage as can be seen from comparing the scan with (red) and without
(blue) the sample.

basis of left and right circularly polarized light (LCP and RCP, respectively), can be repre-

sented by the matrix

T(x,y) = cos (%) (1) (1) —4sin (g) - [i;;(x’y)] o [i2§($,y)] (B.4)

Where ¢ is the retardance of the waveplate and 6(z,y) represents angle of rotation of a wave-
plate at position (x,y). The matrix above allows one to take a beam of arbitrary input polar-

ization, E;j, and find the output state as

EO = TE; = COS (g) Ei—

—isin <§) [(E;|R) exp (—i20) |L) + (E;|L) exp (i260) |R)] (B.5)
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Where R and L represent the left and right circularly polarized basis vectors and (E;|R, L)
is the projection of the input state onto right and left circular polarization basis, respectively.
As shown by Bomzon et al, a particular case of interest occurs when the polarization of the
input beam is RCP or LCP and the retardance is ¢ = 7 in this particular case, the efficiency

of the system goes to unity and the output state for an input of RCP light becomes

Eo = exp (—i20) |L) (B.6)

Which shows that the output polarization is the inverse of the input polarization and the out-
put of the beam has acquired a phase of —26. By the symmetry of the half waveplate, the
angle 6 can only vary from 0 to m but the additional factor of 2 means that by locally rotating

the TiOs nanofins we are able to achieve full 27 phase coverage.

B.4 META-HOLOGRAM DESIGN, SIMULATION AND MEASUREMENT

In order to create the holographic images shown in the main text, we first take a binary image
and produce a phase map via the Gerchberg-Saxton algorithm (Fig. B.4). We then run sim-
ulations (3D FDTD, Lumerical), using the measured TiOy optical data shown in Fig. 3.1a of
the main text. At a fixed height of 600 nm, we optimize the length and widths of the nanofins
to provide 7 phase difference between two orthogonal components of the electric field (E, and
E.), as required for maximum efficiency. As can be seen from Fig. B.5, at the design wave-
lengths of 480 nm, 532 nm and 660 nm, the TiOs nanofins provide a m phase delay between
the z- and z-components of the electric field and thus act as a half waveplate.

While each individual nanofin must introduce a 7 phase shift to have a maximum conver-
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Figure B.4: Computed phase map of Harvard logo used to generate holograms for design wavelength of 480 nm. This phase
information was translated to pillar rotations.

sion efficiency (ratio of power in the output circular polarization and the power in the input
circular polarization with opposite handedness) the total efficiency of the devices also depends
on the transmission of each of the nanofins. Figure B.6 shows the simulated transmission spec-
tra of the TiO2 nanofins used for design wavelengths of 480, 532 and 660 nm. The simula-
tions were run with a source polarized parallel to the long or the short axis and the simula-
tion setup is identical to that used in Figure B.7. The transmission remains relatively high

for most designs throughout the entire visible. However, the design for 660 nm has relatively
low transmission at shorter wavelengths. This is reflected in the measured efficiency and could
be amended by allowing the optimization algorithm of the structures to search more exhaus-
tively for a structure with higher transmission. Additionally, one could include antireflective
coatings, taper the nanofins or explore using overlapping electric and magnetic resonances

(Huygens metasurfaces) in order to maximize the efficiency of all devices. This is beyond the
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Figure B.5: Simulated electric field profiles at design wavelength. Real part of the z—component (left) and z—component
(right) of the electric field at design wavelengths (a) 480 nm, (b) 532 nm and (c) 660 nm. All fields are shown through a cross
section of the nanofin width and the nanofin is highlighted in each panel with a black box. One can see that the z— and

2z— components of the electric fields exiting the pillar, at each wavelength, are out of phase by 7 radians, as required for
Pancharatnam-Berry phase. The TiOx pillars are placed on simulated on a glass substrate that occupies the half space below
y = 0 and the wave propagates in the 4y direction
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scope of the current work.

We collect the holographic images shown in Fig. 3.4 of the Chapter 3 using the schematic
shown in Fig. B.7. A super continuum laser provides access to wavelengths from 470 nm to
800 nm and is sent through a collimator, linear polarizer and quarter waveplate in order to
inject circularly polarized light, as required by the PB phase (see discussion above). The cir-
cularly polarized light is then incident on the 300 x 300 pm? meta-hologram contained on the
sample and is converted to a holographic image with the opposite handedness of the input
light. The light that passes through the sample is then sent through a 100x objective with
a numerical aperture of 0.9. Because the spot of the collimated beam is larger than the area
of the hologram, as well as to filter out any light that passes through the hologram but does
not get converted (due to the TiOy nanofin not working as a perfect half waveplate, e.g.), we
place a filter in cross polarization with respect to the input light after the objective. In the
case of efficiency measurements, the intensity is then measured using a power meter. For the
case of collecting the holographic images, we pass the light through a Bertrand lens in order

to magnify the hologram.

B.5 SIMULATIONS FOR GENERAL T109 METASURFACE

The process and TiOy material properties demonstrated in the main text are not limited to
metasurfaces implemented using PB phase. In order to show that we can produce different
types of metasurfaces, e.g., those shown by Arbabi et al'%, we simulate structures with the
collected n and k data of our TiOy and nanostructure dimensions achievable with our process.
The simulation results are shown in Fig. B.8. As we vary the diameter of a TiO5 pillar, fixed

at a height of 600 nm, we can produce phase differences from 0 to 27 without using geometric

136



—— Long Axis
------ Short Axis

—_~
L

0.6+

Transmission

0.4+

0.2+

T T T T T
450 500 550 600 650 700
Wavelength (nm)

—
O
=
o
|

Long Axis

0.84 Short Axis

0.6+

0.4+

Transmission

0.2+

0.0-

T T
500 550 600 650 700
Wavelength (nm)

—
(¢)
-~

084 Long Axis
------ Short Axis

0.6

0.4

Transmission

0.2

0.0 T T T T T T
450 500 550 600 650 700
Wavelength (nm)

Figure B.6: Simulated transmission spectra for TiO2 nanofins on a periodic lattice at design wavelengths of (a) 480 nm, (b)
532 nm and (c) 660 nm. In each panel, the solid (dashed) line corresponds to an incident plane wave source polarized along
the long (short) axis of the rectangular nanofins.
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Figure B.7: Schematic of measurement setup for collecting holographic images. LP = linear polarizer; )\/4 =quarter wave-
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Figure B.8: Simulation of full 27 phase coverage using TiO2 nanopillars with varied diameters. The white dashed lines show
the placement of the TiO2 nanopillars and the diameter of each pillar is listed below. Around each pillar a 325 nm cross sec-
tion of the x—component of the electric field is included. The black dashed line is set to 600 nm, the height of the nanofins
that we presented in the main text.

phase.
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Supplemental material: Meta-lens at visible

wavelengths

C.1 EXPERIMENTAL SETUP USED FOR FOCAL SPOT CHARACTERIZATION AND EFFICIENCY

MEASUREMENT

The focal spots of the meta-lenses were characterized using a custom-built microscope consist-

ing of a fiber-coupled laser source, linear polarizer, quarter-waveplate, and Olympus objective
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(100x, NA = 0.9) paired with a tube lens (f = 180 mm) to form an image on a CMOS camera
(Edmund EO-5012). The sources used were lasers (Ondax Inc.) with linewidths less than 100
MHz. For efficiency measurements, we used a supercontinuum laser (SuperK) as the source.
The efficiency is defined as the ratio of the optical power of the focused beam to the optical
power of the incident beam, as captured by a photodetector (Thorlabs S120C) located at the
same position as the CMOS camera. The incident optical power was measured as the light

passing through an aperture (aluminum on glass) with the same size as the meta-lens.

C.2 MEASUREMENT OF INTENSITY DISTRIBUTION AT X-Z PLANE

First, the Olympus objective is focused on the plane 20 um in front of the focal plane (z = 70
pum) to capture the first image. The objective lens and tube lens are then successively moved
toward the focal plane. An image is captured at each 500 nm increment. This process is re-
peated up to z = 110 pm, 20 pm beyond the focal plane. Finally, the intensity distributions of
all captured images, along the x — z plane, are stitched together to visualize light propagation

in the vicinity of the focal point.

C.3 STREHL RATIO CALCULATION

The Strehl ratios are calculated by comparing the measured intensity distributions in the focal
spots to the calculated profiles, assuming diffraction-limited focusing with a full-width at half-
maximum FWHM = \/(2NA) for NA = 0.8 (i.e. Airy disks). The intensities of the measured
profiles are then normalized to the calculated ones to achieve the same energy within a given
area. The Strehl ratio is the ratio of maximum peak value of the measured intensity curve

to that of the calculated one (1). Strehl ratios of 0.76, 0.78 and 0.77 are achieved for meta-
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lenses designed for wavelengths of 405 nm, 532 nm and 660 nm, respectively, at their design

wavelengths.

C.4 EXPERIMENTAL SETUP USED FOR IMAGING WITH META-LENS

For imaging, we paired our meta-lens with a tube lens (f = 100 mm), Fig. C.6. A collimated
beam was passed through a diffuser to reduce laser speckles before being focused by a Mitu-
toyo objective (10x) to illuminate the target object. We adjusted the distance between the

object and meta-lens based on the illumination wavelength.

C.5 MODULATION TRANSFER FUNCTION (MTF) MEASUREMENT

The MTF measurement was performed using a standard slant-edge test (Thorlabs R2L2S2P)
and is shown in Fig. C.9. The MTF value of 0.1 is a good guide to the limit of the resolving
power of the meta-lens. Figure C.9 shows that this occurs at the spatial frequency of 1000 line
pairs per millimeter (Ip/mm). This cut-off value corresponds to a resolution limit of 500 nm

(10%/(2x cut-off spatial frequency)).
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Figure C.1: Scanning electron microscope micrographs of fabricated meta-lenses with diameter D = 240 pum and focal
length f = 90 pm. (A) Tilted view of the meta-lens edge. (B) Top view of the center of the meta-lens. (C) High magnification
image of the meta-lens at the edge.
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Figure C.2: Schematic of the experimental setup used for measuring the size of the focal spot. The laser beam is collimated
by a fiber collimator (Thorlabs RCO4APC-P01) with a beam size diameter of 4 mm. The collimated beam then passes through
a Glan-Thompson polarizer (Thorlabs GTH10) and a quarter waveplate (Thorlabs AQWP0O5M-600) to generate circularly
polarized light. An Olympus objective (100 X magnification, NA= 0.9) was used to image the light focused by a meta-lens. A
tube lens with focal length f = 180 mm was used to form an image on a CMOS camera (Edmund EOQ-5012).

143



1F T 7
A ! ) Measurement
§t === Theary
0.8 i
2 i
W !
T
T 06
-
o
H
-] L
£ 0.4
E
5
=
D2r
a
-1 1
iF "
B ' b —— Measurameant
4 === Theary
0.8 e
z TAY
i
=4 _-II [N
£ o6t .
o | i
o
N |
B L
E 0.4 r,l
5
2 -
0.2 ]
Pt
l‘l
o P % KNP k-
-1.5 -1 -0.5 0 0.5 1 15
¥ {um)
17 - = ' y
c o Measurement
o h === Theary
S a3 'I I|
L) |I Y1
g -.'F"n'.
E O8] il o\
- b b
o |
H i
® 04 q \
E
=]
S ‘\
0.2 \
L] ’\_[\5 —\-\\.,'
-1.5 -1 -0.5 0 0.5 1 1.5

y (um)

Figure C.3: Strehl ratio calculation. Diffraction-limited (theory) and measured focal spot intensity distributions for three
meta-lenses designed at wavelengths of (A) 405 nm, (B) 532 and (C) 660 nm. Focal spots are measured at corresponding

design wavelengths.
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Figure C.4: Focal spot of a meta-lens at wavelengths away from the design wavelength of 532 nm. (A to D) Measured focal
spot intensity profile and its corresponding vertical cut at 660 nm (A and C) and 405 nm (B and D) for a meta-lens designed
for 532 nm..
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Figure C.5: Focal length and magnification of the meta-lens at different wavelengths. (A) Measured focal length of the meta-
lens as a function of wavelength. (B) Magnification corresponding to these focal lengths are also calculated and shown after
taking into consideration the tube lens with focal length of 100 mm. The meta-lens here has diameter D = 2 mm and focal
length f = 0.725 mm with the design wavelength of 532 nm.
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Fiber Coupled
Collimator Diffuser

Figure C.6: Measurement set-up used for imaging. Schematic diagram of the experimental setup used for imaging by the
meta-lens. The laser beam is collimated by a fiber collimator (Thorlabs RCO4APC-P01) with a beam size diameter of 4 mm.
The collimated beam then passes through a Glan-Thompson polarizer (Thorlabs GTH10) and a quarter waveplate (Thorlabs
AQWPO0O5M-600) to generate right circularly polarized light. This beam is passed through a diffuser to reduce speckles and
then focused by a Mitutoyo objective (10 x magnification, NA = 0.28) on the target object. The meta-lens is placed a
focal length away from the object and paired with a tube lens (f = 100 mm) to form an image on CCD camera (Point Grey,
GX-FW-28S5C-C). To reduce background signals, we use a polarizer paired with a quarter waveplate in cross polarization.
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Figure C.7: Imaging with a meta-lens designed at Ay = 532 nmwith diameter D = 2 mm, and focal length f = 0.725 mm
using a Cannon DSLR camera. Image of the 1951 USAF resolution test chart formed by the meta-lens taken with a Cannon
DSLR camera at wavelengths of (A) 480 nm, (B) 550 nm, (C) 580 nm, (D) 590 nm, (E) 620 nm and (F) 640 nm. Scale bar: 40

.
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Figure C.8: Imaging with a meta-lens designed at Ay = 532 nmwith diameter D = 2 mm, and focal length f = 0.725 mm
using a Cannon DSLR camera. Image of a Siemens star formed by the meta-lens at wavelengths of (A) 480 nm, (B) 500 nm, (C)
540 nm, (D) 580 nm, (E) 600 nm and (F) 620 nm. Scale bar: 50 zm. The blurring near the center results from projecting the
images onto a translucent screen.
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Figure C.9: Measured modulation transfer function as a function of spatial frequency in line pairs per millimeter (Ip/mm).

The slant-edge target was imaged using the meta-lens designed at ?d = 532 nm with diameter D = 2 mm and focal length
f = 0.725 mm. The line is to guide the eye.
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Supplemental material: Spin-to-orbital angular

momentum conversion in dielectric metasurfaces

D.1 THE DEVICE CONSTITUTIVE ELEMENT

The individual units of the devices demonstrated in the main text are TiOs nanofins, shown
schematically in Fig. D.1(a) and (b). These units were fabricated using electron beam lithog-

raphy and atomic layer deposition of TiOy onto the electron beam resist, as was previously
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described by our group in reference!'%®. The low temperature deposition yields amorphous
TiO4 that has minimal surface roughness, which minimizes scattering losses. Additionally the
TiO5 has a high refractive index, ranging from 2.64 at A = 400 nm to 2.34 at A = 700 nm and
a bandgap of 3.46 eV, which lies outside of the visible portion of the spectrum. At the design
wavelength (A = 532 nm) for the devices described in the main text the measured TiOg re-
fractive index is 2.43. This value of refractive index is sufficiently high to confine the incident
light to individual nanostructures and the bandgap occurring in the ultraviolet ensures there
is no absorption at visible wavelengths.

In order to impose a geometric phase on an incident light field while maximizing the effi-
ciency [16], the nanofins must possess structural birefringence so that a 7 phase delay can be
imparted on orthogonal components of the incident electric field (the z— and y—components
of the electric field in the example shown here). With our nanofins this birefringence is im-
plemented for a fixed height (h), Fig. (D.1), by varying the length (L) and width (W), Fig.
D.1(b). In this way, different each component of light experiences a different effective refrac-
tive index, i.e. the nanofins are acting as waveplates with a fast and slow axis.

As stated in the main text, a waveplate with a spatially-varying fast axis (Pancharatnam-
Berry phase optical elements [PBOE]), can impart a geometry-dependent phase on an incident
circularly polarized light field. The imparted phase arises due to rotation of individual ele-
ments causing incident light to traverse two different paths on the Poincar sphere. When the
paths form a closed loop, the phase of the exiting light is then equal to half the solid angle of
the loop. For our nanofins, which act as half waveplates, spatial rotation of each nanofin by
an angle a (Fig. D.1(b)) allows us to imprint the geometric phase and ultimately achieve the

phase profile for producing a vortex beam, o = g¢ + ay.
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Figure D.1: (a) Perspective view of a single nanofin that makes up our devices. The fabrication process produces fins with a
given height, h, which is 600 nm for all devices. (b), Top view of the TiO2 nanofin. The fins are designed with width, W, length,
L and rotation angle with respect to the x —axis, a.. The length and width of the nanofin sets the relative phase delay between
orthogonal components of an incident electric field and the rotation provides the geometric phase. (c), Cross section through
the width of a single nanofin, showing the simulated electric field components. The real part of the x-component (left) and
y-component (right) of the electric field. At the design parameters of W = 90 nm, L = 250 nm, h = 600 nm, there is a 7 phase
delay between the x— and y—components.

The geometric parameters of the fins, W and L, were determined using 3-dimensional finite
difference time domain simulations (Lumerical). At a fixed height of 600 nm, W and L were
allowed to vary so that for an incident wavelength of A = 532 nm, there would be a m phase
shift between the x— and y—components of the incident electric field. From this optimization,
it was found that fins with W = 90 nm and L = 250 nm provided the desired phase shift as

can be seen from the simulated electric field profiles in Fig. D.1(c)!%.
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Figure D.2: (a) The devices are produced on a circular 1-inch diameter fused silica wafer, which is then integrated into a com-
mercial opto-mechanic component. (b), Magnified view of the 1-inch wafer in (a) showing six devices on the same substrate.
The devices are placed in a rectangular array across the wafer, which allows easy selection of a device by moving it into the
illuminating beam path.

D.2 THE DEVICE

The devices described in the main text have been designed such that they can be easily in-
tegrated into manual or automatic positioning systems. Fig. D.2(a) shows a 1-inch fused sil-
ica substrate that has been patterned with TiOs metasurfaces. The sample sits on a manual
translation stage but automatic translation stages could be used for faster switching. Such de-
sign allows SOCs producing different topological charges to be arrayed on a single device at
regular distances, (Fig. D.2(b)) and easy switching between an output beam with a desired

topological charge.

D.3 IMAGING AT A DISTANCE FROM THE DEVICE EXIT PLANE

In order to produce an image of the transverse light distribution at different distances from
the sample plane, the upper arm of the interferometer was slightly modified. In particular the

source beam was focused on the device by means of a 75 mm aspherical lens. The light emerg-
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Figure D.3: Image of the singularity regionofag = 0.5

ing from the device was then collected by means of a 4x infinity corrected microscope objec-
tive. The objective has 0.10 NA and works in confocal configuration with the aspheric lens.
The sample is mounted on a translation stage that allows changing the distance from the ob-
jective. This configuration has been used, for instance, in Fig. 5.4(a) that shows a fractional
optical vortex at 55 pm from the device exit plane. Fig. D.3 shows the image of the center of
the device when the device plane is in focus. This image is what is sometimes referred to as
near-field image although does not contain any near-field component. The image shows that
the singularity localization in the device plane is smaller than 3 ym. In ref.'*? device singu-
larities of 750 nm are reported. The physical dimension of the device singularity (region with
no nanofins) in these metasurface devices is 1200 nm, however the fabrication technique used
here can produce devices with controlled vacancies (i.e., lack of nanofin) on the order of the
unit cell dimension of a few hundred nanometers. As pointed out in [28] this is an advantage

of the metasurface g-plates
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D.4 DEVICE EFFICIENCY AND CONVERSION OVER THE VISIBLE RANGE

The polarization filter of Fig. 5.2(c) is used to eliminate the light that passes unperturbed
through the device. This light has opposite handedness with respect to the helical mode and
is absorbed by the polarization filter. It is known that when a waveplate that introduces a
phase delay I' between the transverse field components is illuminated by circularly polarized

light, the out coming field has two components with opposite handedness:

o= bt ) o

1
2
Note that the first time has the same handedness of the incident beam whereas the second
term has the opposite handedness and has acquired an additional phase factor of exp (i2«),
where « the rotation angle of each nanofin.

In some experiments in literature, the percentage of light with flipped handedness is re-
ported as the beam purity since it represents the fraction of total outcoming light converted
into the desired helical mode to the unconverted light. This feature, though, does not account
whatsoever for the device transmittance since the purity can be close to 100% even if the
transmittance is as low as a few percent. This is a particularly important point for commu-
nication and quantum optics applications where for high fidelity systems it is necessary that
both the transmission efficiency and conversion efficiency of the transmitted light be maxi-
mized.

We designed our devices for a m phase delay at A = 532 nm. The transmittance of TiO;
in the visible is greater than 80%. The efficiency that we report in our paper is the amount of

light that is converted in a helical mode with respect to the light incident on the device. We
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Figure D.4: Images of the donut beams at three different wavelengths from a supercontinuum laser: 480 nm ((a) and (d)), 550
nm ((b) and (e)) and 633 nm ((c) and (f)). The images in the upper row are taken with the setup of Fig. 2 (c) while the images in
the lower row are taken by removing the polarization filter. The scale bar of 0.4 mm in Fig. 9 applies to all the panels.
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Figure D.5: Nanofin dephasing and conversion efficiency as a function of wavelength. Simulated dephasing between the
x- and y- components of the electric field after passing through the nanofins (red line) and the resulting ideal conversion
efficiency (blue line).
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think that this value (experimentally measured to be up to 60%) is more useful for practical
uses since it takes into account the fact that in a real device with discrete features like our
TiO2 nanofins, a certain amount of light just passes through non-modulated. Furthermore, in
a real experiment there are also reflections at the interfaces. These effects are all included in
the figure of merit that we measured.

An inhomogeneous grating design with densely packed grooves can in principle allow re-
ducing the amount of light that passes through the device without acquiring the proper phase
delay. This could result in even higher efficiency values at the designed wavelength. However,
such design is limited to cylindrically symmetric structures like those necessary to generate a
topological charge 2 vortex and cannot be applied to generate arbitrary vortex beams.

The wavelength dependence of the phase delay I' imposed by the constitutive elements of
spin-orbital momentum converters based on metasurfaces limits the efficiency bandwidth of
such devices. The actual phase delay is equal to 7 only at the designing wavelength. The far-
ther the wavelength is from the designed wavelength the larger the amount of unperturbed
light. However, the Pancharatman-Berry phase is path-length independent and does not change
with the wavelength of the incident light. Fig. D.4 shows a single charge helical mode ob-
tained at different wavelengths from a supercontinuum laser with our 532 nm optimized de-
vice.

The simulated phase shift between the x- and y- components of the electric field after pass-
ing through the nanofin and resulting as a function of wavelength is shown in Fig. D.5. As
can be seen from the figure, the conversion peaks around the design wavelength (532 nm) and
is lower away from the design wavelength since the nanofin no longer acts as a half wave plate.

Changing the design parameters of the nanofins would allow optimizing the device operation
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Figure D.7: Far-field image of the 6.5 topological charge vortex beam.
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Supplemental material: Arbitrary spin-to-orbital

angular momentum conversion of light

E.1 DERIVATION OF THE J-PLATE DESIGN MATRIX

In order to allow the J-plate to be realized with a straightforward fabrication process and a
single layer of material, we consider only phase modulation of an incident beam (no amplitude

modulation). Due to fabrication constraints we work only with locally-varying linear birefrin-
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gence and rotation of the fast axis. We can realize any two independent phase profiles with
only two caveats: the two independent phase profiles can only be placed on orthogonal design
polarizations and the output polarization is the complex conjugate of the input polarization
(i.e., the handedness is flipped after passing through the device). For two input polarizations
arbitrary input polarizations in the linear polarization basis {|H),|V)} given as

cos X —siny

|AT) = A7) = (E.1)

e sin y e cos x

where x and ¢ control the ellipticity of the beam. Taking these general polarization states and
two independent azimuthal phase factors, m¢ and n¢ as the desired phase profiles yields the

following equation

-1

e (cosy)" e (—siny)” cosxy  —siny
J(9) = (E:2)
eime (sin Xei‘g) T gind (cos Xei‘s) - sin ye®  cos ye®
Suppressing the ¢-dependence for brevity (here and below) and carrying out the matrix multi-

plication gives

eié (eimqb COS2 X+ ein¢ sin2 X) sin22x (eimd) _ ein¢)

sin22x (eim¢ _ eind)) e—ié (eim¢ Sin2 Y+ einqﬁ cos? X)

After disregarding the global phase factor, this is the matrix presented in Eq. 4 of Chapter 6.
To understand how the Jones matrix for the device controls the output, we simply use
the normal Jones matrix formalism that relates input electric field to output polarization as

|Eout) = J |Ein) and take |Ei,) to be one of the two arbitrary orthogonal polarizations above.
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In matrix form this is

et (eim¢ cos? x + €% sin? x) % (eim¢ — ei"¢) cos Y
|Eout> -
sm22X (eimgb _ einqS) e—ié (eimgb sin2 X+ ein¢7 cos? X) ei6 SiHX
coS X
e (mé=9) gin y

cos X
e " sin y

(E.4)

which is simply e [(A*)") and the device has produced the desired total angular momen-
tum (TAM) state. The treatment for the orthogonal state is identical.

In the most general case, the input polarization can be any polarization state. As a result
the output state will be a superposition of the two TAM states. Consider now any input po-
larization |E;,) that is neither [AT) nor |A™). Since the two design polarizations are orthogo-

nal, (AT|A7|AT|AT) = 0, we can decompose the output in the following way

|Eout> = J|E1n>
= [V LB X B + T A7) (A B A7 | i)
=" (AT|Ew|AT[Ew) [(A1)*) 4+ ™ (A7 |Ein | A7 B ) [(A7)*)

— aeimqﬁ |(>\+)*> _’_Beznda ‘()\—)*>

where we have simply inserted the projection operator |[AT) (AT| + |A7) (A7| and in the last

step we have simply defined a = (AT |FEiy|AT|Ein) and 8 = (A7 |Ein| A" |Ei). The coefficients o
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and 3 are complex numbers that provide both a weight and a phase on the two TAM states.

Since the J-plate Jones matrix in Eq. E.3 is unitary, it is diagonalizable and therefore we
can find its eigenvectors and eigenvalues. Additionally, the unitarity of J guarantees that the
eigenvectors are orthonormal and its eigenvalues are complex exponentials. Thus, we can de-
compose the matrix into its canonical form J = QAQ~! where Q is an orthonormal matrix
whose columns are the eigenvectors and A is a diagonal matrix whose entries are the eigen-
values of J. Since we build the matrix in the linear polarization basis, the entries in A corre-
spond to phase shifts along the z- and y-directions, J, and d,. Because we are working with a
Jones matrix, the matrix @ that is composed of the eigenvectors, is simply a rotation matrix
for the matrix A. In contrast to a normal linear birefringent waveplate rotated through some
angle 6, the values of 6, d, and ¢ all depend on the spatial coordinate ¢.

In the most general case, the eigenvalues and eigenvectors do not yield simple analytical
solutions for the phase shifts and rotation angles but we can still find the solutions numeri-
cally for specific values of m, n, x and 6. However, for the case where the input spin states
are chosen to be circular polarizations, x = n/4 and § = 7/2, but for general orbital angu-
lar momentum states m and n, we can find simple closed form solutions. In such a case, the
matrix in Eq. E.3 reduces to

1 eim® 4 ging —jeim® 4 jeiné
J=Z (E.6)

2 _ieimzb + ieind) _eim¢> _ eind)

from which we can find the eigenvalues as

M= edmEmS 3 memo—n (E7)
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and eigenvectors as

vy} = cos 3 (m—mn)¢ vg) = —sin 3 (m —n)¢ E£38)

sint (m—n)¢ cos ; (m—n)¢

Following the decomposition outlined above we can write the Jones matrix for circular po-

larization states mapped to two arbitrary values of OAM as

1 — in 1 —
T d) = cos 3(m—mn)¢  sing(m —n)d
sint(m—n)¢ —cosi(m—n)¢p
exp [% (m+mn) Qﬂ 0 cos %(m —n)¢p sin %(m —n)o E9)
0 exp [2 (m+n)¢— 7] sint(m—n)¢ —cosi(m—n)o

Since we are in the linear polarization basis, we can easily see directly that the phase shifts

are 0, = 1/2(m +n)¢ and 6, = 1/2(m + n)¢ — 7 and the rotation angle is 6 = 1/4(m — n)o.
Thus far we have been working in the linear polarization basis. However, if we take the

matrix in Eq. E.6 and change to the basis of circular polarizations {|R),|L)}, we can immedi-

ately gain insight into the action of the device. Carrying out this change of basis yields

Jeire = (E.10)
elme 0
where we have added the ‘circ’ subscript to show we are in the circular polarization basis.
Only the off-diagonal elements remain in the matrix and the elements are exactly the designed
azimuthal phase factors. This indicates the action of the J-plate is to flip the handedness of

the input and add an azimuthal phase factor, just as we had found above for the more general
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case.

Thus far, we have only considered the simplest case of taking some input polarization |Ei,),
with zero OAM, as the input state to the J-plate. This case corresponds to a mapping from
the Poincaré sphere of SAM (polarization) to the higher order Poincaré sphere (HOPS) that
contains both SAM and OAM. However, the J-plate is equally capable of carrying out a trans-
fer from one HOPS to a second, arbitrary HOPS.

Consider first, that the input state to a J-plate, Jo, is the output state of a previous J-
plate, J;. For simplicity we consider both of these devices to operate on circularly polarized

eigenstates. A general output of the first device, following form above, can be written as

[Win) = ae”™?|R) 4 e |L) (E.11)

where again, @ and 8 are complex coefficients. If Js is designed to carry out the following

transfer

|R) — €'? |L)
(E.12)

L) = ¢"?[R)

that is, the action of Js is to flip the circular polarization of a state and imprint OAM values

of ¢ and p where for the most general case m # n # ¢ # p. Passing the state in Eq. S12
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through J, and using operator notation for brevity gives the final output of the J-plate as

[Wout) = J2 [Win) = aeimqﬁJZ |R) + ﬁein¢J2 |L)
= ae™Pei? | L) + Bei"?eiP? |R) (E.13)

= a0 | L) 4 Bei("tP)? | R)

Thus, since the values of ¢ and p are also arbitrary, the action of the J-plate is to carry an
arbitrary input TAM state to any new input TAM state, which now has OAM of (m + ¢)

and (n + p). For simplicity we have considered here the case where the all design input spin
states are circular polarizations. However, this process can easily be generalized for elliptically-
polarized design states. Thus, although we only considered in Chapter 6 the case of zero OAM
for the input light the J-plate will, in general, act as a ladder in OAM. We can then represent
the action of the device as

A Im) = |(V) ) fm 4 )
(E.14)

A7) ) = | (A7) ) I+ p)
where as in Chapter 6 we have taken the azimuthal phase factor that gives the field OAM and
written this OAM explicitly as a state. The limiting factor when we extend this treatment to
the case of general elliptically-polarized eigenstates, however, is that in order for the J-plate
to simply add to the OAM of the input state, the polarization basis of the input state must
be identical to the eigenstates of the J-plate it is passing through. That is, the input state
must be of the form |¥;,) = ae!™? |AT) + Be™? |\~). Because the J-plate can be designed
to perform SOC with any eigen-polarization, whereas previous devices only operate on input

circular polarizations, one can also have two cascaded J-plates with unique eigen-polarizations
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which can lead to interesting new functionalities and will be the subject of future studies.

E.2 SPECIFIC CASE OF THE Q-PLATE FROM GENERAL TREATMENT

The design principle for we have implemented for arbitrary spin-to-orbital angular momentum
conversion is a more general case than the specific Pancharatnam-Berry phase design’, ¢-
plate*'. As such, if the target SOC parameters are set to be equivalent to the g-plate design,
the more general case of the J-plate should collapse into the specific case of the g-plate.

For the g-plate the two values of OAM must be conjugates, requiring that m = |¢| and
n = —|{|, and the design polarizations must be orthogonal circular polarizations, implying

that x = w/4 and § = 7/2. For such a case, the eigenpolarizations are left- and right-circular

polarizations

IAT) =|R) = (E.15)

Sl

_ 1| !
A7) =1L) = 7 (E.16)

—1

Entering these design polarizations into the matrix in Eq. E.2 yields the device matrix

coslp  sinlep
J = . (E.17)

sinf¢p —coslep

Following an identical treatment to Chapter 6 and above, the eigenvalues of this matrix
provide the required phase shift, while the eigenvectors provide the rotation angle of each el-

ement at each point (r,¢). Upon carrying out this analysis, we can decompose the g-plate
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device matrix into a diagonal matrix whose entries are the eigenvalues and rotation matrices
whose columns are the eigenvectors, yielding
S oS §¢ sinéfb -1 0 cos §¢ siné(b . (E18)
sin%qb fcosgqﬁ 0 1 singgb fcoséé

Thus, for the case of conjugate angular momentum states and orthogonal circular polariza-
tion design states, the phase delay along the phase delays along the x- and y-directions are
0z = —d0, = 1. These phase delays are constants, i.e., independent of the azimuthal coordinate
¢, and simply represent a half wave plate. Similarly examining the rotation angle we find that
each element, which we have now shown to be a half wave plate, is rotated about its fast axis
according to the equation § = (¢/2. Following the convention®!' that £ = 2¢q we have that
the rotation angle is given by 0(r, ¢) = g¢. This result is identical to the treatment of the g-

40,41

plate , up to an arbitrary constant offset, and thus we see that this special case of SOC is

contained in the more general form presented here.

E.3 DERIVATION OF OUTPUT FROM ROTATING QWP

The path taken on the poincare sphere and the general output state that is obtained for Fig.
6.3 of Chapter 6 can be derived in the following way. Beginning with the input from our laser,
which is horizontally polarized, the beam passes through a QWP with a varying angle of the
fast axis, 3, followed by the J-plate that has been designed for the mapping of the form of Eq.

S13. The output of the two cascaded elements can be found simply as

|Eout> = JM(ﬁ) |Ein> (E19)
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where M (3) is the standard Jones matrix for a QWP with rotated fast axis

cos?(B) + isin*(B 1 — 1) cos(B)sin(B
M(B) = (8) (B) (1 —i)cos(B)sin(p) (£.20)

(1 —i)cos(B)sin(B) icos?(B) + sin?(3)
J is the Jones matrix given in Eq. E.6 and |Ei,) = |H) = [1,0]'.
Carrying out this matrix multiplication and changing to the left and right circular polar-
ization basis we can directly decompose this result to give the general output. After applying

trigonometric identities, this process yields the output as

9(8)) = sin (7 = B) [L) Im) + ¢ cos (= 6) IR} [n) (E.21)

which is the value included in Chapter 6. Checking this equation for two cases where the an-
gle of the QWP are 8 = 4+45° and 8 = —45°, which should correspond to left and right circu-
lar polarizaed input states to the J-plate, we can see that the outputs are then pure states of
|W(4+45°)) = |R)|m) and |¥(—45°)) = |L)|n). All other values of 8 will lead to a superposi-

tion of the two TAM state with weights and phases determined by Eq. E.21.

E.4 SIMULATION

The phase shifts, J, and J, for the linearly birefringent metasurface elements are determined
using finite difference time domain software (FDTD, Lumerical Inc). A linearly polarized
plane wave with A\ = 532 nm is incident on an individual metasurface element with a fixed
height of 600 nm and a refractive index of 2.42 (the value for amorphous TiOs at this wave-

length '°®). The phase shift, and transmission from this element is recorded as the width of
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the element is varied. We search for the range of widths that allow the library of elements to
achieve any phase shift from [0, 27] and choose only the range of widths that provide a similar,

high transmission efficiency.

E.5 FABRICATION

We have fully detailed the fabrication process and characterization of the TiOy nanostruc-
tures in ref'%® and we briefly summarize it here. We fabricated all devices on fused silica sub-
strates. The substrates were spun coated with undiluted positive electron beam resist (EBR)
(ZEP-520A; Zeon Chemicals). We spun the resist at 1,750 rpm to achieve the desired resist
thickness of 600 nm. We then baked at 180 °C for 5 min. Subsequently, we coated the sam-
ples with ESPACER (Showa Denko K.K.), a conductive polymer, to avoid charging effects
during the writing process. The patterns were exposed using an accelerating voltage of 125 kV
(ELS-F125; Elionix Inc.), with a dose area of 880 uC/cm? and developed in o-Xylene (Sigma
Aldrich) for 40 s under gentle agitation. We deposited the TiOs directly onto the exposed
EBR using atomic layer deposition (Savannah; Cambridge Nanotech). A standard two-pulse
system of water and tetrakis(dimethylamido)titanium(IV) precursor was used with a 0.2 s wa-
ter pulse followed by a 7 s delay and a 0.4 s TDMAT pulse followed by a 10 s delay. The sys-
tem was left under continuous 20 cm? /min flow of Ny carrier gas and was maintained at 90
°C throughout the process. This led to an overall deposition rate of 0.7 nm per cycle. This
process ultimately leaves a blanket film of TiOs covering the entire device which must be re-
moved to expose the individual metasurface units. We removed this film with reactive ion
etching (Unaxis inductively coupled plasma) using a mixture of Cly and BCls gas (3 and 8

cm?® /min, respectively) at a pressure of 4 mTorr, substrate bias of 150 V, and ICP power of
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400 W. Etch rates were typically between 1.3 nm/s and 1.6 nm/s. After processing was com-
plete, we removed the resist by placing the samples in Remover PG for 24 hrs, followed by a

final clean in 2:1, sulfuric acid:HOs.

E.6 MEASUREMENT

In order to fully characterize a vortex beams we need to measure both the intensity distri-
bution and the phase fronts of the field. As such we used a Mach-Zehnder interferometer as
shown in Fig. E.1. In this configuration, the horizontally-polarized source beam (a CW solid-
state laser emitting at 532 nm with power of 4 mW) is split in two beams by means of a 50/50
beam splitter (BS). Half of the light is sent through the ‘test arm’ that contains the device
and the other half of the light is sent through the ‘reference arm’.

For the case of Fig. 6.2 and 6.3 in Chapter 6, where the two output states of the device
are designed to propagate colinearly, we use the configuration shown in Fig. E.1A. In the
test arm we place a halfwave plate (HWP) and quarter wave plate (QWP) before the J-plate.
For the case where the input to the device in Fig. 6.2 of Chapter 5 is one of the circularly
polarized eigenstates the HWP is removed and the horizontally-polarized laser beam is passed
through QWP1. The fast axis of QWP1 is oriented at +45° to produce a left- or right-circularly
polarized beam incident on the J-plate. At the output, the vortex beam then passes through
QWP2, which has its fast axis oriented at 90° with respect to QWP1 and the LP is in cross-
polarization with respect to the laser. The purpose of QWP2 and LP are to filter out any
light that is either unconverted by the J-plate or light that has not been incident on the de-
vice (the beam diameter is larger than the device aperture). Thus after QWP2 and LP only

the OAM beam remains. In the reference arm, the beam passes through a HWP that rotates
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the polarization of the laser beam from horizontal to vertical and it then is sent to a 5x beam
expander (BE). The reference beam and the OAM beam are then recombined via BS2 and
imaged on a camera. The interference of the two beams, expanded reference beam and OAM
beam, results in the measured characteristic spiral interference pattern (as seen in Fig. ??D(i)
and (vi)). We insert a beam block (BB) into the reference arm and thus eliminate the interfer-
ence, to measure the intensity profile of the beam exiting the J-plate.

To create the equal superpositions of the two designed states, we simply remove QWP1 and
2 and insert the HWP into the test arm. Thus by passing the linearly-polarized laser through
the HWP and varying the angle of the fast axis of the HWP, we change the angle of the linear
polarization incident on the device with respect to the horizontal axis. Again, we insert or
remove the BB in order to collect the intensity images or the interference images, respectively.
This configuration is used to collect the images in Fig 6.2B and D (ii-v). To create a continual
evolution from one pole of the HOPS to the opposite pole, as in Fig 6.3 of Chapter 6, we set
the relative angle between the fast axis of QWP1 and 2 to 90° and then vary the angle of each
fast axis in steps of 10°. The intensity and interference images are collected as above.

For the case of the device in Fig. 6.4 which exemplifies the most general case of SOC, we
used the slightly altered configuration shown in Fig. E.1B . Because the device is designed
to separate the two output states at angles of £10° by the addition of a blazed grating phase
profile, there is no need to filter out unconverted light. QWP1 and the HWP allow us to vary
the input polarization to the device. Two additional mirrors are inserted after the device and
a BB is placed in one of the output beam paths. The two mirrors direct the output OAM
mode to BS2 where again it is sent to a camera to collect the intensity or interference image.

We also measure the output power at each angle as the input polarization is varied (see discus-
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sion below). This is shown in the inset of Fig. E.1B, where an optical power meter is placed

in each of the two beam paths to measure the output power.

E.7 INTENSITY CALCULATION FOR SUPERPOSITIONS OF LAGUERRE-GAUSSIAN BEAMS

While in writing the output of the device in Chapter 6, we only considered the azimuthal
phase dependence of the OAM beam, e.g., e“?, these beams will have different spatial distri-
bution of their amplitudes for different values angular momentum /. It is well established that
Laguerre-Gaussian (LG) modes, which are solutions to the paraxial wave equation in cylindri-
cal coordinates, carry an azimuthal phase dependence and therefore OAM25. The amplitudes

of these LG beams are given by

N I R S A A e W e W
Ut (102 =\ T Tl o) (w(z)) 4 () o () oz

exp [—i(Qp + 4] + 1)arctan (;ﬂ exp(ile) (B.22)

In general such LG beams can have both an radial and azimuthal index, given by p and ¢,
respectively. However, only £ alters the OAM content of the beam so we consider only beams

with p = 0. In such a case, the amplitude reduces to

o= st (55) 18 (55 o () 55

exp [—i(|€| + 1)arctan (;)} exp(ile) (E.23)

Whenever the input polarization to the J-plate is any polarization that is not one of the eigen

polarizations, the device forms a superposition of the form Eq. E.5. This amounts to a su-
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perposition of two OAM modes with amplitudes given by Eq. E.23. The relative phase shift
and weights of these two OAM modes are then determined by the complex coefficients «

and [, which are determined by the projection of the input polarization onto the two eigen-
polarizations of the device (again as shown in Eq. E.23). Taking all of these factors together,
we then produce the calculated plots of intensity shown in Fig. 6.2C(i-vi) using the following
equation

<\I]|\II|\II|\IJ> = |aU0,m (T7 o, Z) + BUO,n (Ta o, Z) |2 (E24)

where m and n are the designed OAM values of the device. To calculate the phase plots in

Fig. 6.2E(i-vi) we simply take the argument of the superposition.

E.8 ADDITIONAL J-PLATE DESIGNS

Nothing about the design procedure that we have outlined here places limits on the values
of OAM in the output beam, m and n. Thus, although we have shown the example of where
[[m| — |n|| = 1 in Chapter 6, the quantity ||m| — |n|| is also arbitrary since no constraints are
placed on m or n. We present here device design and measurements shown that are identical
to those in Fig. 6.3 and 6.4 but instead with designed for the mappings |R) — |+6) |L) and
|L) — |+3)|R). The design of this device is shown in Fig. E.2 and the measurement results of
this device are shown in Fig. E.3 and Fig. E.4.

Note that, as discussed in Chapter 6, the equal superposition of these two OAM states re-
sults in |m —n| = 3 additional optical vortices that appear off-axis resulting in three additional

zeros in the intensity located 360°/3 = 120° apart.
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E.9 DEVICE DESIGN FOR MAPPING FROM GENERAL INPUT POLARIZATION

The device presented in Fig. 6.4 of Chapter 5, the most general demonstration of SOC not
only imparts unique OAM onto two incident elliptically polarized beams but also adds an ad-
ditional blazed grating to both of the beams in order to separate the outputs. To design this
device, as discussed above, we solve for the eigenvectors and eigenvalues of the device matrix
in Eq. E.3 for the specific numerical values of x = 7/3, § = 37/10, m = —3 and n = +4. The
final device design is made up of a sum of two different devices, as shown in Fig. E.5. Figure
E.5A shows the device design that would take the two input elliptical polarization eigenstates
and map them to the two output TAM beams propagating co-linearly. Figure E.5B shows a
device design which acts as blazed grating for two elliptical polarizations. Figure E.5C shows
the sum of the previous two devices which is ultimately the fabricated device for the demon-
stration in Fig. 6.4. Figure E.5D shows an SEM image of the fabricated device. Unsurpris-
ingly, adding a blazed grating profile to the two TAM states produces a device that resembles
a forked hologram, which has traditionally been used to produce OAM beams. However, a
critical difference between the device in Fig. E.5 and a traditional forked hologram is that the
device in Fig. E.5 has spatially varying birefringence and orientation of the birefringence axis.
Thus the device presented here and in Chapter 6 is the first instance of a forked hologram
where the SAM is mapped to OAM and the OAM exiting the device on the two blazing angles
can be designed to be any value. As stated in Chapter 6 this separation of the beam allows us
to perform polarimetry on the device and experimentally confirm that the eigen-polarizations

of the device are indeed elliptically-polarized.

175



E.10 STOKES POLARIMETRY FOR MEASURING INPUT DEVICE POLARIZATIONS

The present work sought to examine a more general form of spin-orbit coupling (SOC), one
that is not bound by the usual device constraint of equal-and-opposite topological charges +q
for each circular polarization. To that end, using the formalism presented in Chapter 6, we
designed and fabricated a J-plate intended to create vortex beams of arbitrary topological
charge for a basis of arbitrarily chosen elliptical polarization states.

In order to demonstrate that the device as-fabricated performs the desired function, two
facts must be confirmed experimentally:

1. That the vortex beams created are of the desired, designed topological charges m and n.

2. The polarization states producing pure vortex beams match the desired design elliptical

polarization states.

For ease of verification, the vortex beam phase profiles were blazed at equal and opposite
angles (as detailed in Chapter 6) so that the vortex beams would appear on different diffrac-
tion orders. This way, each of the polarization channels could be examined independently at
separate locations in space, without one acting as a contaminating background for the other.

As discussed and shown in Chapter 6, the first item above is easily verified. Visual inspec-
tion of the beam on each diffraction order and its associated interference pattern readily re-
veals its topological charge.

The second point is somewhat more subtle. Suppose that the design elliptical polariza-
tion states are given by orthogonal Jones vectors |[AT) and |[A7). If a beam with a polariza-
tion state given by normalized Jones vector |¢) and power P, is incident on the device, ideally
the order associated with |AT) will have a power PT = Py| (/| A\T|[¢|AT) |? and similarly the

order associated with |A\~) will have a power P~ = Py| (/A" |[¢|A7) | (assuming a lossless

176



device). That is, when one design polarization is incident, the power on one order should be
maximized and the other extinguished, and vice versa. How are these so-called maximally pre-
ferred polarization states to be determined for each order?

We can think of each diffraction order as having a characteristic polarization of its own —
we denote these by Stokes vectors S+ = Soi Sf[ 52i S?’i ' where + and — refer to the
two diffraction orders. We need to determine S+ and S~. Each has its own degree of polariza-
tion (DOP) given by p = 7%;%33 and a state of polarization (SOP) given by {57, S2, S35}
Ideally, for each order, we would find p = 1 and that the SOP matches that of the design
Jones vector, [A*). We note that the Jones vector and the SOP (pictorially represented on the
Poincare sphere) are interchangeable representations of the polarization ellipse.

In order to experimentally determine 5 +_ we perform a polarimetric measurement. We rely
here on the Stokes representation as it is naturally tailored to such a measurement, given that
the Stokes vector being based on intensities is experimentally measurable.

The measurement works as follows: We illuminate the device with six different test polar-
izations which are easy to prepare with a polarizer and quarter-wave plate. These are |H),
[V), |45°), [135°), |R), and |L). For each polarization, the power of the illuminating beam is
recorded (the laser has a strong preferred polarization). We denote this by Py, gy where |g) is
the incident polarization state. For each test polarization, we record the power being directed

into each diffraction order and denote this by P@ for each diffraction order + and —. Then
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we have, for each order:

+
PJinC,|H> P)inc,|H> 0 0 o F)|H>
}Dinc,\V) _Rnc,\V) 0 0 S(:)t _Plz‘t/>
Rnc, 450 0 Rnc, 45° 0 Si 1:)i °
[45°) [45°) 1 _ |45°) (F.25)
Pine,[1350) 0 —Pinc,j1350) 0 Sy ]3|j15350>
JDinc,|R> 0 0 JDinc,|R> Sét ‘Plzjl:%)
+
L Pinc"L> 0 0 _Pinc,\L>_ L F)|L> 1
or, in short form:
AS* = p* (E.26)

This equation is easily understood: Each row of the matrix A is the power-weighted Stokes
vector of the test polarization. Each entry in the measured power vector P* is then the in-
ner product of the incident test polarization with the characteristic Stokes vector St S* s
determined by successive projection onto known polarization states.

The system is overdetermined (A is 6 x 4), so the system is solved in the least-squares sense.
That is,

St — (AT A)~ 1 AT P* (E.27)

In Chapter 6, the SOPs obtained from S* measured in this way are compared against the
design states, showing reasonably close agreement.
It should be noted that measuring the polarization states S* for the two diffraction orders

is not akin to a measurement of the polarization state of light on this diffraction order. In-
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deed, G+ are the characteristic polarization states to which power directed into the order is
selective, not the light’s polarization state itself. In this way, S* can be viewed as the eigen-
polarizations of the diffraction orders.

The measured powers on each of the two OAM modes |—3) and |+4), for each of the input
polarizations, are shown in Table S1. The setup and measurement procedure to collect these

powers was already introduced in Fig. E.1B and the surrounding discussion in Section 6.

Table E.1: Measured power on each of the output beams for six input polarizations

Input polarization

[H) [45°) V) [135°) [R) |L)

[—3) | 4.8 14 1.0 5.1 2.0 4.2

l+4) | 1.1 38 40 096 35 1.0
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Figure E.1: Measurement setups for experimental verification of J-plate operation (A) Measurement setup for verification
of the device corresponding to Fig. 6.2 and 6.3 in Chapter 6. (B) Measurement setup for the device corresponding to Fig. 6.4
in Chapter 6. BS = beamsplitter, M = mirror, HWP = halfwave plate, QWP = quarterwave plate, BB = beam block, LP = linear
polarizer, OPM = optical power meter.
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Figure E.2: Device design for mapping from circularly-polarized inputs to OAMwithm = +6andn = +3.(A). Phase

delays d (blue) and §, (vellow) as a function of azimuthal angle ¢. (B) Rotation angle of the birefringent element as a function

of azimuthal angle ¢. (C) Actual device design after periodically sampling the two functions (A) and (B)
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Figure E.3: Experimental demonstration of superposition of two arbitrary orbital angular momenta with circularly polarized
eignestates.(A). Higher order Poincare sphere (HOP) representing all possible spin and orbital angular momentum states
produced by a device that carries out the mapping |R) — |L) |+6)and |L) — |R) |4+3). (B). Measured intensity of
output state . (C) Measured interference of output state with a Guassian. The states in (B,C) i-vi are marked as blue circles on
the HOP in (A). (D,E) Magnified view of measured intensity and interference of the states in (B)iii and (C)iii. The dashed boxes
highlight an additional zero in intensity and phase discontinuity that results from the equal superposition of |+3) and H—G)
states. This phase discontinuity results in an three off-axis zeros in the intensity pattern (F) and three additional forks in the
interference pattern corresponding to the difference of OAM for the two states. The scale bar shows the value of phase
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[¥(B)) = sin (% - ﬁ) L) |+6) + & cos (g - ﬁ) R) [+3)

Figure E.4: Evolution of an arbitrary OAM superposition along a path on the higher order Poincare sphere. The images

show measured output intensities (left) and interference (right) as the angle of the fast axis of a QWP is varied in front of a
horizontally-polarized laser. The angle is varied from 3 = 45° to —45° which transfers the output state from the north pole
to the south pole while continuously changing both the weight and phase of the superposition state. The QWP angle for each
intensity and interference image is displayed in the bottom left. The output state |‘IJ> as a function of 3, is shown at the top.
The resulting path taken on the HOP is shown as the black line and the blue circles correspond to the measured points.
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