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Figure 1.1: Demonstration of the effectivemedium concept for metamaterials. (A) Schematic diagram of a layeredmetal-

dielectric metamaterial. (B) Effective permittivity in a direction parallel and perpendicular to the anisotropy axis as a function

of metal filling factor.
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Figure 1.2: An overview of metasurface degrees of freedom and operation. (A) Top-view scanning electronmicroscope im-

age of ametasurface. The inset shows the available degrees of freedom of ametasurface. (B) Schematic demonstration of a

metasurface operating as a lens.
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Figure 1.3: (A) Intensity distribution and (B) phase of a beam carrying orbital angular momentum of ℓ = 3. The bars show
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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

[111] 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 frommeasured 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). c, Schematic of HMS, with pitch a, widthw, and heighth. 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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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. c, The exper-

imentally measured (blue) and simulated (black) propagation lengthLp 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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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. c, 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)λ = 585 nm and (e)λ = λT = 560 nm. f, Diagonal
cross-sections of optical image across out-coupling slots atλ = 560 nm (blue) andλ = 585 nm (black), with the input

positionmarked as red. Thex-axis coordinate of the cross-section is indicated. g, Similar cross-sections obtainedwhen 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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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, Illustration of the origin of the PSHE. Positive kx
corresponds toσ− (blue shading) and negative kx toσ

+ (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 kx values extend from−π/a to+π/a, where a is 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. c, An SEM image of a device

D3 used to examine PSHEwith 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

(e)σ+ and (f)σ− 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 forσ+- (magenta) andσ−- (blue) polarized light at (g)

λ = 530 nm and (h)λ = 640 nm.
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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 atλ =
680 nm. The intensity is divided in (a)σ+ and (b)σ− components. c,d thex− z cross sections of the SPP distribution at y =
10µmdivided into (c)σ+ and (d)σ− components for wavelengths from 450 nm (bottom) to 700 nm (top) (50 nm increment).

e-gA close-up image of the SPP atλ = 600 nm in the region of yellow box in (c), in (e)σ+ and (f)σ− components, and

(g) corresponding local degree ofσ+ polarization. The SPP source is a dipole oriented along the z−axis at (x, y, z) =
(0, 0, 10) nm. The simulated HMS pitch = 150 nm,w = 90 nm, andh = 80 nm. (h-j) z−axis integrated intensity vs. x at

λ = 600 nm and y = 10µm in (h)σ+ and (i)σ− components and (j) corresponding integrated polarization vs. x.
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Figure 3.1: Amorphous titanium dioxidematerial 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 forcemicroscope 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
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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 themaximum feature width, w. (C) Initial TiO2 deposition via

atomic layer deposition conformally coats sidewalls and top of the EBR and exposed substrate (side view). TDMATmolecule

used for atomic layer deposition is also shown. (D)Completed deposition of the TiO2 yields a film thickness greater than half

the width of themaximum feature size, t ≥ w/2. (E) Exposed tops of the TiO2 metasurface and residual EBR after re-

active ion etching with amixture of Cl2 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 electronmicroscope images of fabricated structures.(A), Large scale view of a fabricatedmetasurface

hologram composed of TiO2 nanofins. (B) Zoomed top-view of themetasurface showing individual nanofins. The fabricated

nanofins are free from residual resist and have dimensions±10 nm of the designed dimensions of 250 nm× 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 ametal film used to prevent charging while we image the samples.
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Figure 3.4: Measured absolute efficiencies and holographic images. (A-C)Measured (squaremarkers) 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× 300µ 2). The vertical dashed

linemarks 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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Figure 4.1: Design and fabrication ofmeta-lenses. (A) Schematic of themeta-lens and its building block, the TiO2 nanofin.

(B) Themeta-lens consists of TiO2 nanofins on a glass substrate. (C,D) Side- and top-views of the unit cell showing heightH ,

widthW , and lengthL of the nanofinwith unit cell dimensionsS × S . (E) The required phase is imparted by rotation of the
nanofin by an angle θnf 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 thex- and y-boundaries, and perfectly matched layers (PMLs) at the z-boundaries. For themeta-lens designed at
λd = 660 nm (red curve), nanofins haveW = 85 nm,L = 410 nm, andH = 600 nmwith center-to-center spacing

S = 430 nm. For themeta-lens designed atλd = 532 nm (green curve), nanofins haveW = 95 nm,L = 250 nm,
andH = 600 nmwith center-to-center spacingS = 325 nm. For themeta-lens designed atλd = 405 nm (blue curve),

nanofins haveW = 40 nm,L = 150 nm, andH = 600 nmwith center-to-center spacingS = 200 nm. (G) Optical image
of themeta-lens designed at the wavelength of 660 nm. Scale bar: 40µm. (H) Scanning electronmicroscopemicrograph of
the fabricatedmeta-lens. Scale bar: 300 nm.
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Figure 4.2: Diffraction-limited focal spots of threemeta-lenses ( = 0.8) and comparisonwith a commercial objective.

(A-C)Measured focal spot intensity profile of themeta-lens designed at (A)λd = 660 nm, (B)λd = 532 nm, and (C)
λd = 405 nm. (D-F)Measured focal spot intensity profiles of the objective (100×Nikon CFI 60, = 0.8) at wavelengths
of (D) 660 nm, (E) 532 nm, and (F) 405 nm. (G-I)Corresponding vertical cuts of themeta-lenses’ focal spots. Meta-lenses

designed at wavelengths of 660 nm, 532 nm, and 405 nm have full-width at half-maximums =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 fabricatedmeta-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 thosemeasured for themeta-lenses.
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Figure 4.3: Characterization of themeta-lenses. (A)Measured focusing efficiency of themeta-lenses designed at wave-

lengths of 660 nm and 532 nm. (B) Intensity distribution in dB of thex − z plane showing the evolution of the beam from

20µmbefore and 20µmafter the focus. This measurement was performed on themeta-lens designed atλd = 532 nm. The
wavelength of incident light was 532 nm.
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Figure 4.4: Imagingwith ameta-lens designed atλd = 532 nmwith diameterD = 2mm, and focal length f = 0.725
mm. (A) Image of 1951USAF resolution test chart formed by themeta-lens takenwith a digital single-lens reflex (DSLR)
camera. Laser wavelength is set at 530 nm. Scale bar: 40µm. (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: 5µm. (F-I) Images of the highlighted region in Fig. 4A at a

center wavelength of 530 nm andwith different bandwidths: (F) 10 nm, (G) 30 nm, (H) 50 nm, and (I) 100 nm. Scale bar: 5µm.
(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 themeta-lens. (L) Image of target object formed by the commercial state-of-the-art objective. Scale bar:

10µm (J- L). (M) Image formed by themeta-lens shows that holes with sub-wavelength gaps of 480 nm can be resolved. Scale

bar: 500 nm.
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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 beamwith 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 (q = 1) showing the orientation of the
TiO2 nanofins on the glass substrate,ϕ is the azimuthal angle and |r| is the distance from the center.
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Figure 5.2: Demonstration of spin-orbit-conversion for q = 0.5 and q = 1. (a, b) Scanning electronmicroscope 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 beamwasmonitored 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 obtainedwith 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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Figure 5.3: Higher order vortices from dielectric q-plates. (a) Transverse intensity profile of a beamwith topological charge

5 generated bymeans of our q = 2.5 spin-orbital angular momentum converter. (b) The q = 2.5 device imaged in cross-
polarization. (c, d) Images of the interference patterns obtainedwith 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 q = 5 device. Scale for (e)
is same as shown in (a).
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Figure 5.4: Fractional vortex from a dielectric q-plate. (a) Transverse intensity distribution of a beamwith topological charge

6.5 at 55µm 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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Figure 5.5: Generation ofmultiple vortices from a singlemetasurface. (a) Schematic of the nanofins azimuthal distribution

in the inner part of metasurface device with interleaved patterns that generate collinear beams having topological charges

|ℓ| = 5 and |ℓ| = 10. The device has a 500µmdiameter and contains more than 700 interleaved radial rows of nanofins.

(b-c) Transverse intensity distributions of the light emerging from themetasurface 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 bemade 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 setupwas also used to obtain the intensity distributions of Fig. 5 (b) and (c).
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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),
∣∣λ+

〉
, 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)m!, wherem is any integer, and flips the handedness of the incident polarization. (B) For light

incident on the same device with an orthogonal polarization state
∣∣λ−〉, the device imprints OAMofn!, where in general

n is independent ofm 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, and (bottom inset) the structures implement phase shifts given by δx and δy , respectively. Each unit is also
allowed to have an independent orientation angle, θ. (D) Required phase shifts, δx and δy (top) and rotation angle (bottom)
as a function of the azimuthal coordinateφ. The particular case plotted here is for designed input spin states that are left and
right circularly polarized and for OAMvalues ofm = +3 andn = +4 . (E-G)Scanning electronmicrographs of fabricated
device for the case of mapping from circularly polarized states to helical beamswith OAMvalues ofm = +3 andn = +4.
The SEMs show a top view (E) angled view (F) and zoomed view of the device center (G).
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Figure 6.2: Experimental demonstration ofmapping 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 themapping |R⟩ → |L⟩ |+4⟩ and |L⟩ → |R⟩ |+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 aremarked 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 |+3⟩ and |+4⟩ states. This
phase discontinuity results in an off-axis fork in the interference pattern (F) and an additional off-axis 0 to 2π phase jump (G).

The scale bar shows the value of phase
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Figure 6.3: Evolution of J-plate output along a path on the higher order Poincaré sphere. The images showmeasured 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 fromβ = 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. TheQWP angle for each

intensity and interference image is displayed in the bottom left. The scale bars for the normalized intensity (left image) range

from 0 to 1 and interference (right image) range from 0 to 2π. The output state |Ψ⟩ as a function ofβ, is shown at the top.
The resulting path taken on the HOPS is shown as the black line and the blue circles correspond to themeasured points.
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Figure 6.4: Device output for conversion toOAM states withm = 6 andn = 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

from 0 to 1.
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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 beamwith polarization state |E ⟩ is incident on the
J-plate and is mapped to a superposition of orbital angular momentumwhere 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 eachOAM state be probed independently. (B)Stokes polarimetry tomeasure the designed polarization. The beam inten-

sities are shown for the twoOAM 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) andmeasured (green) polarization of the output states on the HOPS. (F,G) The designed (blue) andmeasured (green)

polarization ellipses for the input states
∣∣λ+

〉
and

∣∣λ−〉, respectively.
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Figure A.1: XRDmeasurement 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.
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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.



Figure A.3: Electron backscatter diffraction images of 1µm-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.
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Figure A.4: Optical constants of silver films. a, The real and b, imaginary parts of themeasured 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.
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Figure A.6: Schematic of device fabrication process. a-f, The process for fabricating HMSs. Refer to the text for description.
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Figure A.7: Model of an HMS as coupled nanowires. a, A single nanowire of radius r supports a plasmonic modewith propaga-

tion constantβ0 . b, An array of parallel nanowires separated by a distance a. Each wire is coupled to its nearest neighbor with

a coupling constantC , giving rise to the dispersion ky (kx) in Eq. (3).
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Figure A.8: Ratio of the coupling constantC to the propagation constantβ0 of a nanowire array. The calculation was per-

formed for r = 45 nm and a = 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◦ andwavelengths ranging from 480 nm to 700 nm.
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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).



Figure A.11: Tuning ofλT . a,λT 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.12: Diffractionless propagation of SPPs. a The simulated electric-field intensity of SPPs propagating on an SPP-HMS

atλT = 547 nm. The dipole source is located at (x, y, z) = (0, 0, 10) nm b, Anx − z cross-section of the SPP intensity
after 10− µmpropagation.
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Figure A.13: Out-coupling geometry for scattering SPPs to the far field. aA 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 ofσ+ scattered intensity to the total scattered intensity.
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Figure A.14: Simulatedmode indexes of our HMS and ratio of real to imaginary parts of themode index. a,d The simulated

real part and b,e imaginary part of SPP effectivemode index in our SPP-HMS. c, The corresponding ratio of real to imaginary

mode index |n/κ| vs. wavelengthλ at kx = 0 and f, kx atλ = 540 nm. The simulated HMS pitch a = 150 nm,w = 90 nm,
andh = 80 nm.
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Figure A.15: Measurement of the propagation length of SPPs in our HMS. aA schematic of the devices used tomeasure

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. bAn SEM image of a device with a 10µm-long silver/air grating. c,d,e Far-field imaging of scattered SPPs
after (c) 10µm, (d) 20µm, and (e) 30µmpropagation in the silver/air grating atλ = 550 nm. f The integrated intensity at
the out-coupling structure as a function of silver/air grating length. Themarkers indicate experimentally measured values at

λ = 610 nm (red),λ = 550 nm (green), andλ = 520 nm (blue). The solid lines are exponential fits to the data, which are

used to determine propagation lengths, (Fig. 2c, blue). For each wavelength, the intensities are normalized to the value at 10
µm.
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Figure A.16: Simulation of circularly polarized SPP scattering off our out-coupling array. aA schematic showing the simu-

lated geometry. SPPs are excited with a dipole source atλ = 640 nm. Theσ+ (magenta) andσ− (cyan) SPPs propagate

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

x = −3µm (-xFFIM) andx = 3µm (+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, c) -xFFIM and (d, e) +xFFIM, andmeasured in (b, d)σ+ and

(c, e)σ− .
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Figure A.17: Effect of rounded edges on the HMS dispersion. a,b Isofrequency contours atλ = 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 pitch a = 150 nm,w = 90 nm, andh = 80 nm. In the simulations, the edges are roundedwith a radius of 15 nm.
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Table B.1: Ellipsometry fitting parameters for amorphous TiO2
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Figure B.1: Raw ellipsometry data used to determine the TiO2 optical constants,Ψ and∆, for the TiO2 film on a silicon sub-

strate as a function of wavelength. The green squares and circles are the values of∆ for angles of 55◦ and 75◦ , respectively.

The red squares and circles are the∆ values for angles of 55◦ and 75◦ , respectively. The black lines are generated data from

themodel described above.
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Figure B.2: Atomic forcemicroscope image of bare glass substrate with a root mean squared roughness of 0.698 nm.

2

27.35◦ 25◦

2



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 scanwith (red) andwithout

(blue) the sample.
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Figure B.4: Computed phasemap of Harvard logo used to generate holograms for design wavelength of 480 nm. This phase

information was translated to pillar rotations.
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Figure B.5: Simulated electric field profiles at design wavelength. Real part of thex−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 nanofinwidth and the nanofin is highlighted in each panel with a black box. One can see that thex− and

z− components of the electric fields exiting the pillar, at each wavelength, are out of phase byπ radians, as required for

Pancharatnam-Berry phase. The TiO2 pillars are placed on simulated on a glass substrate that occupies the half space below

y = 0 and the wave propagates in the+y direction
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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;λ/4 =quarter wave-

plate; SuperK = Super continuum laser

0

0.2

0.4

0.6

0.8

1

H
ei

gh
t (

m
m

)

-2

-1

0

1

2

D = 70 nm D = 90 nm D = 125 nm

Ex

D = 125 nm D = 225 nm D = 275 nm
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that we presented in themain text.
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Figure C.1: Scanning electronmicroscopemicrographs of fabricatedmeta-lenses with diameterD = 240µmand focal

length f = 90µm. (A) Tilted view of themeta-lens edge. (B) Top view of the center of themeta-lens. (C) Highmagnification

image of themeta-lens at the edge.



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 RC04APC-P01) with a beam size diameter of 4mm. The collimated beam then passes through

a Glan-Thompson polarizer (Thorlabs GTH10) and a quarter waveplate (Thorlabs AQWP05M-600) to generate circularly

polarized light. AnOlympus objective (100×magnification, NA= 0.9) was used to image the light focused by ameta-lens. A
tube lens with focal length f = 180mmwas used to form an image on a CMOS camera (Edmund EO-5012).



Figure C.3: Strehl ratio calculation. Diffraction-limited (theory) andmeasured focal spot intensity distributions for three

meta-lenses designed at wavelengths of (A) 405 nm, (B) 532 and (C) 660 nm. Focal spots aremeasured at corresponding
design wavelengths.



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 andD) for ameta-lens designed

for 532 nm. .

Figure C.5: Focal length andmagnification of themeta-lens at different wavelengths. (A)Measured focal length of themeta-

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 100mm. Themeta-lens here has diameterD = 2mmand focal

length f = 0.725mmwith the design wavelength of 532 nm.



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 RC04APC-P01) with a beam size diameter of 4mm.
The collimated beam then passes through a Glan-Thompson polarizer (Thorlabs GTH10) and a quarter waveplate (Thorlabs

AQWP05M-600) to generate right circularly polarized light. This beam is passed through a diffuser to reduce speckles and

then focused by aMitutoyo objective (10×magnification,NA = 0.28) on the target object. Themeta-lens is placed a
focal length away from the object and paired with a tube lens (f = 100mm) 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.



Figure C.7: Imaging with ameta-lens designed atλd = 532 nmwith diameterD = 2mm, and focal length f = 0.725mm
using a CannonDSLR camera. Image of the 1951USAF resolution test chart formed by themeta-lens takenwith 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
µm.



Figure C.8: Imaging with ameta-lens designed atλd = 532 nmwith diameterD = 2mm, and focal length f = 0.725mm
using a CannonDSLR camera. Image of a Siemens star formed by themeta-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: 50µm. The blurring near the center results from projecting the

images onto a translucent screen.



Figure C.9:Measuredmodulation transfer function as a function of spatial frequency in line pairs per millimeter (lp/mm).

The slant-edge target was imaged using themeta-lens designed at ?d = 532 nmwith diameter D = 2mmand focal length

f = 0.725mm. The line is to guide the eye.
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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 designedwith width,W, length,

L and rotation angle with respect to thex−axis,α. The length andwidth 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

thewidth 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 ofW= 90 nm, L = 250 nm, h = 600 nm, there is aπ phase

delay between thex− and y−components.
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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 bymoving it into the

illuminating beam path.
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Figure D.3: Image of the singularity region of a q = 0.5
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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 takenwith the setup of Fig. 2 (c) while the images in

the lower row are taken by removing the polarization filter. The scale bar of 0.4mm in Fig. 9 applies to all the panels.

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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Figure D.6: (a), Scanning ElectronMicroscopymicrograph of an interlaced device. (b), light distribution at 45 cm from the

device exit plane. (c), simulated interference pattern of two collinear beamswith topological charges +5 and -5.

µ



Figure D.7: Far-field image of the 6.5 topological charge vortex beam.
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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 powermeter.
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Figure E.2: Device design formapping from circularly-polarized inputs toOAMwithm = +6 andn = +3. (A). Phase
delays δx (blue) and δy (yellow) as a function of azimuthal angleφ. (B) Rotation angle of the birefringent element as a function
of azimuthal angleφ. (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 momentawith 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 themapping |R⟩ → |L⟩ |+6⟩ and |L⟩ → |R⟩ |+3⟩. (B). Measured intensity of

output state . (C) Measured interference of output state with a Guassian. The states in (B,C) i-vi aremarked 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 |+6⟩
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



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

showmeasured 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 fromβ = 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. TheQWP angle for each

intensity and interference image is displayed in the bottom left. The output state |Ψ⟩ as a function ofβ, is shown at the top.
The resulting path taken on the HOP is shown as the black line and the blue circles correspond to themeasured points.
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Figure E.5: Generalized design for elliptical polarization SOC andmode separation (A) Device design for mapping from ellip-

tically polarized inputs withχ = π/6 and δ = 3π/10. This device design would produce both output beams co-linearly.
(B) Device design for a blazed grating that deflects the two beams produced by the device in (A) to±10◦ away from the input

beam optical axis. (C) Sum of the designs in (A) and (B) which is the device used in Fig. 4 of Chapter 6. (D). Scanning electron

microscope image of the fabricated device.
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