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ABSTRACT

In this supplementary material we provide the background to the 'Nanostructured plasmonic metapixels’ manuscript in the form
of a larger set of analytical, simulation and experimental results. The work here should be considered in parallel to the main
manuscript for completeness.

1 Continuous MIM layer FP-cavity

To light normal incidence upon a continuous metal-insulator-metal (MIM) cavity, the structure acts as a Fabry-Perot filter
but with the etalon terminated by lossy mirrors (metals at optical frequencies)!->. Through the modification of insulator and
top-layer thickness, highly efficient notch-filtering can be achieved - with reference to the FDTD simulations shown in Figure 1.
The top metal layer is ultra-thin (30nm), the dielectric spacer varies which changes the total optical-path-length and contributes
to the cavity Q-factor. The top and bottom layers act as lossy mirrors due to the lossy properties of metals at optical frequencies.
Changing the dielectric thickness and top-layer thickness changes the Fabry-Perot cavity mode (CM) of the structure. For the
structure in the main manuscript, the CM is around 420 - 430nm. At resonance, the E-field is highly concentrated in the central
region of the cavity. For a back-mirror thickness greater than the metallic skin depth (~tens of nanometers), narrow-band
perfect absorption can be achieved, whereas for thickness similar to the top mirror, transmission filtering is possible.
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Figure 1. Fabry-Perot MIM notch filter (a) Schematic of continuous MIM structure. (b) Reflection results from varying the
the insulator thickness, with E-field magnitude profile inset



2 Nanostructured MIM modes and plasmonics

The transition from continuous to nanostructured ultra-thin top-layer in the MIM geometry allows the tailoring of the absorption
properties and opens up the ability to excite a range of different modes. In order to excite SPPs, a phase-matching condition
must be met>*. Because SPPs propagate parallel to a metal-dielectric interface (parallel wavevector), the wavevector of
incident light must be coupled to a vector-component along this direction in order for SPP excitation. Hence, for light at
normal incidence, to provide this extra momentum, we use periodic arrays of nanostructures i.e. the grating vector provides the
additional component.

Grating-coupled SPPs

The introduction of 1D or 2D periodicity, allows the coupling of the incident momentum into a tangential component (through
diffraction, into a range of orders), which permits the excitation of SPPs. Essentially, the periodic structure provides an in-plane
wavevector increase by a factor (1D) of 27t /A , where j is an integer multiplier thus allowing the excitation of SPPs at normal
incidence. Strong coupling between SPPs and the diffracted modes occurs when eqn. 1 is satisfied,
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where kH = ko sin O,y i, is in incident wave-vector (free-space), k = kos% and kg = @/c =2x/A. kspp is the wave-vector for a
SPP between &, and &;. The real part of the propagation constant determines the SPP wavelength, which is always smaller than
the light wavelength in the dielectric Agpp = 27 /R (kspp). The dispersion relations for SPPs (Ag and Al) are shown in Figure
2. Thus, by sweeping A it’s possible to intersect the associated SPP dispersion and excite SPPs.
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Figure 2. Metal grating upon dielectric. (top) Schematic of grating and labeled parameters. (below) Dispersion relation for
SPP based on equation (2) for silver (a) and aluminium (b) at normal incidence
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Figure 3. LSPR of arrays of nanostructures: the resonant mode peak wavelength associated with the LSPR taken from
scattering-cross-section FDTD simulations in a range of isotropic dielectric background indices (a) and on top of a substrate (b)
with the same refractive index iterations.

Localized resonances

The 1D gratings offer singular polarization and wavelength selectivity, however, we can open up a second characteristic by
utilizing isolated anisotropic nanostructure arrays. Isolated nanostructures exhibit localized modes: resonant modes confined to
individual metal structures®>. When the mean-free-path of the metal’s electrons is greater than the actual physical dimensions
of a metal, a quantization of the plasmon frequency occurs. This is a collective charge density oscillation of the conduction
electrons which has been excited: referred to as a localized surface plasmon resonance (LSPR) (note: the 1D array can also
offer localized resonances). Upon illumination, with incident light consisting of a component with the plasmon frequency, a
strong extinction (absorption + scattering) of light at that wavelength will occur. Metallic nanoparticles offer large extinction
coefficients (energy removed from the system = absorption + scattering) which make them useful in a variety of applications.
Mie theory in combination with Rayleigh-Gans theory accurately describe the optical response of isolated, and few system,
nanoparticles®>. In the quasi-static limit, the scattering and absorption cross sections, Gy, and Gy, of an ellipsoid can be
defined as

k4
Oscat = — >, Guy = k3] 3)

where £ is the wavenumber, «; is the complex polarizability of the structure, with j = a,b,c, corresponding to three semi-axes
of an ellipsoid, where each axis has its own polarizability, with depolarization factor for each axis. Thus, the extinction
properties vary depending on the axis (input polarization state). The extinction cross section, Oy, is a summation of the two.
For spheres, o o< R3, and hence because Oubs < R3 compared to that of Gy o< RO, at small particle radii, absorption dominates
over scattering. Furthermore, the unit cell and periodicity will have an effect on the optical output and is a summation of the
power scattered from each induced dipole®

FDTD simulations (Lumerical FDTD solutions) are performed, shown in Figure 3 highlighting the effective linear scaling’
of Ag nanostructures on different substrates. In free space, the particle scattering resonance is dominated by a LSPR. The
presence of an interface breaks the symmetry, and the mode is localized at the interface with the substrate. The efficiency
changes and asymmetry is introduced. At short wavelengths, a dipole-like, free space resonance dominates, while at long

wavelengths, the resonance can be attributed to the excitation of resonant SPP modes at the particle/substrate interface™.

Guided modes

The proposed pixel geometry (multi-layer system) is such that we have insulator-metal-insulator (IMI) and metal-insulator-metal
(MIM) areas, where many different SPP modes can exist. In addition, with a top-layer nanostructure which scatters into a
range of k-vectors, and the fact that IMIs and MIMs can act as waveguides (plasmonic / oscillatory modes), we must consider
plasmonic waveguiding concepts. It’s possible that one or more of the scattered wavevectors can be coupled into a waveguiding
mode. The origin of plasmonic waveguides is based on the excitation and waveguiding of SPPs at the interfaces in MIM or IMI
geometries**~13. Due to the symmetry of the MIM structure, generally the associated characteristic dispersion relations split
into two equations, describing symmetric (long-range SPP (LR-SPP)) and anti-symmetric modes (short-range SPP (SR-SPP)).
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The characteristic equations of a MIM wave-guiding structure are:
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For a MIM structure with small dielectric thickness of <100nm (with semi-infinite metal boundaries), only the fundamental
mode TMj exists'> %13, Note, the TMy mode is plasmonic in nature for any dielectric thickness. For a 3-layer metal-insulator-

air system, Figure 4 (Al-SiO,-air), the dispersion relation becomes!®,
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The dispersion curve of these guided modes in this asymmetric metal-insulator-air (M-I-A) structure lie in the region between
the light line of air and light line of the insulator'* %17, The equations above are solved numerically (MATLAB), and shown
in Figure 4 (Al-SiO;-air). With increasing insulator (material - 2) thickness, the fundamental mode becomes more greatly
confined to the insulator, shown through the bending of the dispersion toward the insulator light line (lower energies). The
position of this line is key for inference on the data later on in this document.
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Figure 4. Metal-insulator-air (M-I-A) geometry dispersion. (top) Schematic of the typical geometry and labeling of M-1-A
structure. (bottom) Dispersion relations of the guided modes with varying dielectric thickness (with n = 1.5, approximately that
of SiO,, but kept constant in order to rule out the effects based on dispersion within the insulator). Typical SPP dispersions and
light lines are also plotted for comparison.
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Figure 5. 1D MIM grating reflector (TM) FDTD simulations to determine suitable thickness values. (a) Schematic of MIM
grating with indication of parameters and TM-polarization. (b) Increasing insulator thickness with constant top-layer thickness
(30nm), with E and H-field intensity profiles represented in insets surrounding the plot. (c) Increasing top layer (Ag) thickness
with constant insulator thickness (100nm) with E and H-field plots at specific points in the insets.

2.1 FDTD simulations:

Material thicknesses

To explore the available pixel characteristics, material thickness requirements, required periodicity etc., finite difference time
domain (FDTD) simulations'® are performed. Due to symmetry arguments with the gratings, the simulations are performed in
2D with periodic boundary conditions at the varying unit-cell boundaries. Perfectly matched layers are used above and below
the structures. Power monitors are placed above the source injection plane to monitor reflection response. Complex dispersive
material modes (Palik and CRC) are used for aluminium and silver. A fine mesh <1 nm is used for the entirety of the structure,
but a more refined mesh, <0.01 nm (z-axis) encompassing the interfaces.

Firstly, we explore the effect of insulator, and top-layer metal, thickness. Note, the back-reflector, even though it has finite
thickness, is considered bulk in all simulations due to the fact that its thickness is much greater than the associated skin-depth.
In Figure 5 the insulator thickness and top-metal (Ag) grating thickness is increased, and reflection plotted for a 1D periodic,
Ag-Si0;-Al(100nm)-Si0,(300nm)-Si(bulk) MIM-pixel-reflector. As the insulator (SiO) increases from 10nm to 150nm we
observe multiple absorption mode branches. The duty cycle is kept constant at 0.3 for a grating width of 120nm (hence grating
vector of 400nm). The insulator thickness is iterated in (b) and the metal grating thickness is iterated in (c). In (b) as the
insulator thickness increases (top metal at 30nm), two modes are present. The shorter wavelength mode is indicative of both
SPP (Ag-air) and weak guided mode (Al-SiO3), due to the H-field intensity profile and reference dispersion to relation in the
above section. The longer wavelength mode resembles that of a gap-SPP (G-SPP), due to the highly localised H-field profile
bottom reflector and just the grating. As thickness increases, we then see this shorter wavelength mode split and two absorption
modes appear at approx. 60nm. The shorter wavelength mode here, 1(i), exhibits both SPP (Ag-air) and (Ag-Si0O;) intensity
profiles and the longer wavelength absorption (ii) resembles a hybridized mode, as both SPP (Ag-SiO,) and quasi guided-mode
(QGM) T M, behavior is present. Because incident light (TM) has no component in the y-direction, the middle column plots in
(1) and (2) indicate that for the longer wavelength modes (ii), there are E, components in the structure. These field patterns are
indicative of T Mp-guided plasmonic modes, in combination with the top layer metal-dielectric SPP. Hence, there is a coupling
between SPPs and waveguiding modes, thus leading to the inference of waveguide-plasmon hybridization. For the top-layer
metal thickness iteration sweeps in Figure 5 (c), for the larger thickness, the shorter mode is strong SPP excitation (Ag-air) and
the longer is QGM behavior once more.

Based on the sections above, for the experimental work and latter parts of this section, we use 30nm top layer Ag, and 100nm
SiO;. This is based on the compromise between an ultra-thin device, optimal performance for dual-resonance (minimum)
behavior, limiting just one QGM etc. i.e. we want a system whereby, a few modes are present and can be controlled in a
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Figure 6. MIM FDTD-simulations: reflection with varying duty cycles (in-plane grating vector sweep) with varying insulator
thicknesses. (left-right) increasing SiO2 thickness from 50 - 200nm. The top layer metal thinkness is 30nm. Overlaid are the
light-lines in air and in SiO2 and identification of the cavity modes (CMs) associated with the Fabry-Perot behavior (reference
to Figure 1).

relatively straightforward fashion. For example, if we were to increase the insulator thickness, additional guided-modes can be
excited (hence additional absorption branches), which is both attractive for future devices, but for this work, is unwanted in
order to prove the concept.

FDTD dispersion analysis

We now demonstrate the optical properties (in relation to dispersion properties in the above sections) of a nanostructured
periodic MIM system through FDTD simulations of varying insulator thicknesses Figure 6, and a range of grating types Figure
7. For Figure 6, whereby the insulator thickness is iterated from 50 - 200nm, with constant grating (Ag) width (200nm) and
thickness (30nm), and back-reflector of Al. The plots are represented as a energy (A1) vs. in-plane wave-vector (3), and have
overlaid dispersion plots from above sections for ease of reference. The cavity modes linearly scale with increasing insulator
thickness (terminated by a lossy top-layer mirror) as shown in Figure 1, and are subsequently plotted on the graphs. We see that
between the QGM mode and the cavity mode line, there is anti-crossing behavior. The QGM is tight to the light-line (air) with
small insulator thickness and decreases in energy (moves towards the insulator light line) with increasing thickness, as shown in
analytical section above - Figure 4. Moreover, the choice of 100nm as the insulator thickness means we have the attractive
potential to terminate the longer wavelengths in reflection, with correct choice of grating width and duty cycle. Toward the left
of the light-line (air) we see the absorption due to higher order diffractive modes, which are not investigated here.

For Figure 7, we have 3 different grating types (different rows in the figure) with varying grating widths (100-150-200nm)
for the columns. Each plot is the reflection response sweep for varying duty cycles and typical SPP and light-line dispersions
are plotted over the top for reference. For the top-row (essentially the system we utilize in the main manuscript), typically
going from right-to-left (x-axis) the duty cycle decreases from continuous layer to periodic. We start with the fundamental
cavity mode resonance. From the simulations in Figure 1, this cavity mode (100nm insulator) is around 420nm. Note, the QGM
or SPP dispersion relations do not naturally terminate here toward the larger duty cycles, it’s because (as seen with Figure 6)
there is anti-crossing behavior here. From diffraction grating theory, generally as the periodicity (in-plane vector) increases,
the number of diffracted modes increases. Therefore, because of the increase in in-plane momentum arising from the grating,
we can now couple a scattered wave into the plasmonic guided-mode. In Figure 7 (top-row), in relation to the dispersion and
E-and-H-field profiles, (a) and (b), mode (i) resembles that of SPP excitation, mode (ii) is indicative of both SPP and QGM
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Figure 7. FDTD simulations of the reflection response sweeps for 3-types of grating, with varying grating widths. (top-row)
Ag(30nm)-SiO,(100nm)-Al(bulk) grating, with insets of the E and H-field intensity profiles at the points labeled on the plots.
(middle-row) Si0,(30nm)-SiO,(100nm)-Al(bulk) grating (hence all dielectric periodicity). (bottom row) Ag(30nm)-SiO;(bulk)
grating, i.e. no back reflector in the system
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behaviour, and mode (iii) resembles SPP and cavity-mode behavior. This can be supported by the mode profile in (iii) which is
where the second branch tends to with increasing duty. However, mode (i) also resembles LSP behavior with Ag-air. Mode
(i) resembles that of SPP-wave-guiding modes. As the grating vector increases (duty cycle decrease), we start off with the
SP mode (Ag-Si0O;). To prove we have guided-modes, the (middle-row) shows an all-dielectric grating (which should yield
diffracted modes into the insulator) with Al back-reflector (bulk) reflector. We observe an absorption mode (QGM) between
the two light lines which is indicative of the TMO guided mode. In addition, the inset in the (c) shows the near-field intensity
profiles, which resemble the guided mode of the M-I-A structure. Note, this is impossible to achieve without the periodic
top-layer and metallic back-reflector, as demonstrated with the (bottom-row) of Figure 7.

Angle dependency simulations

In Figure 8, for the angle-dependent plots, we notice that there are many folded absorption branches from both SPP and
guided-modes. This behavior is normally attributed to the structure acting like plasmonic crystal (analogous to photonic
crystals). Moreover, these plots are also indicative of guided mode behaviour whereby each guided-mode branch represents
varying diffraction orders (m = 1,2,3 etc.). The insulator thickness is 100nm, and with the Ag top-layer, the cavity mode is
toward the blue part of the spectrum at around 425nm. Starting with the (top row; grating width 100nm), the large duty cycle
shows one absorption mode (cavity mode). With decreasing duty cycle, multiple modes become apparent. These are indicative
of both SPP mode behaviour and QGMs of varying diffraction orders'*!#17-19 ‘With larger grating width, more branches
become apparent. Essentially the plots here add to the claim of guided modes within the structure for the longer wavelength
modes, due to the absorption branch behavior at increasing angles of incidence.

100 nm

-40 20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40 -40 20 0 20 40 -40 220 0 20 40 -40 20 0 20 40 -40 20 0 20 40
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Figure 8. MIM grating reflector angle dependency FDTD simulations: Ag(30nm)-SiO,(100nm)-Ag(bulk). (top) Schematic of
MIM grating showing the structure in relation to incident angle of the TM-input. (bottom) How the MIM-reflector resembles
plasmonic crystal absorption properties over a range of incident angles: each row is a different grating width, each column is a
different duty cycle (proportional to grating vector), with each reflection map plot as function of incident angle.
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2D periodic arrays of MIM-nanostructures

To investigate potential mode profiles within the arrays of nanostructures, we explore both the E and H-field profiles at certain
excitation conditions in Figures 9 and 10, and reflectivity response maps with varying nanostructure geometries and spacings,
Figures 11 and 12. Now, unlike the the 1D MIM grating, the 2D structure can support both fundamental TE and TM modes,
but also lateral Fabry-Perot modes*”?! where an SPP propagates beneath the nanostructures and can interact with adjacent
structures. These are also in addition to the modes described in the previous sections. Moreover, more often than not, the modal
profiles resemble elements from different mode types, due to overlapping spectral behavior if one were to plot the dispersion
properties. Figures 9 and 10 show the field profiles of the isolated nanostructures with a MIM geometry at the absorption modes.
Figure 9 is where L, = L. Figure 10 is of an anisotropic rod exhibiting polarization dependent absorption properties, hence
polarization dependent spectral filtering properties. For the former, there are two absorption modes. The shorter wavelength
mode field maps resemble that of a hybridization between lateral FP-modes underneath the structure and vertical cavity-mode
(Fabry-Perot). The longer wavelength mode is indicative of the fundamental QGM and another lateral FP-mode. For the latter
(anisotropic geometry), there is one absorption mode for polarization parallel to the long-axis. This mode resembles that
of a lateral FP-mode (underneath the rod), LSP and QGM. For orthogonal polarization, two modes are present: the shorter
wavelength mode of the two is localized in nature (LSP), and longer wavelength resembles a coupling between SP (metal-SiO;)
and QGM.

(c) ()
(1B])

(|HI")

400 500 600 700

Figure 9. FDTD simulations of square silver nanostructure, MIM geometry: (a) Schematic of structure with indications of
where the field cross-sections are taken. (b) Reflection profile of the structure and (c) the E and H-field maps taken at the
absorption modes (i and ii) indicated in (b).

(ii)

Figure 10. FDTD simulations of anisotropic silver nanostructure, MIM geometry: (a) Schematic of structure with indications
of where the field cross-sections are taken. (b) Reflection profile of the structure under the two orthogonal polarization
conditions (c and d) the E and H-field maps taken at the absorption modes (i, ii, iii) for the two orthogonal polarizations.
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Figures 11 and 12 show the reflectivity maps of a range of 2D nanostructured MIM structures, where the spacing is iterated
Figures 11 with fixed nanostructure geometry and vice-versa in Figures 12. For the former, we fix the symmetric unit-cell
to 360 nm, and vary the nanostructure geometry. The following plots show that through the suitable choice of geometrical
parameters, one can excite both singular and multi-mode absorptions to tailor for user desired spectral properties. In Figure 11
(c) starting from the left (i), we observe the LSP mode starting from approx. 550nm and increasing in resonant wavelength
as Ly increases. This mode hybridizes with a lateral FP-mode, which appears toward larger L, (vi), as L, increases. There is
also a shorter wavelength mode which increases in energy (shorter wavelength) as the x-dimension of the structure increases
resembling that of a QGM. In the center part of (c), the energy is distributed between three modes and splitting occurs. In
Figure 12 we now have a sweep of the unit cell spacing, with varying anisotropic nanostructure geometries (in the plots typical
dispersion curve are presented for ease of reference). In these sub-plots, we observe the interplay between QGMs, both TE and
TM, lateral cavity modes, grating coupled SPs and LSPs. Moreover, it is now clear that we have a coupled system with several
eigenstates and hence the SPP and cavity modes modes should possess several properties from each other to form a new kind of
plasmonic quasi-state?> 232323
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Figure 11. FDTD simulations of 2D arrays of nanostructures in MIM (Ag-SiO,-Al) geometry: (a) Schematic of typical
nanostructured MIM geometry with labeled parameters. (b) LSP resonant peaks plotted with different external conditions for
varying sized anisotropic nanostructures. (c) Reflectivity plots of varying geometry MIM structures, with fixed unit cell at
360nm, (i - vi) is the variation in Lx parameter, which is orthogonal to the input polarization
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Figure 12. Reflectivity plots from FDTD simulations of varying geometry MIM (Ag-SiO;-Al) structures (9 in total) with
fixed input polarization (indicated in relation to structure on top left) and varying unit cell size. Overlaid for ease of reference
are the light-lines in air and SiO2, with the SPP dispersion curves for Ag (air and SiO;) and Al (SiO,)
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3 Experimental section: plasmonic metapixels

1D gratings: importance of MIM-geometry

Here we demonstrate the critical nature of the MIM-geometry for plasmonic metapixels in comparison to the optical properties
of the same nanostructures on conventional SiO(300nm)-Si. Figure 13 shows the difference in reflection between the 1D
gratings with MIM geometry and without MIM geometry of a variety of 1D gratings under near-crossed polarizers, with
incident polarization at 45-degrees to the grating vector of the structures. The distinct colors are from the MIM mode behavior
covered in the above sections and concepts in the main manuscript. The image in (a) is on the Ag(30nm)-SiO,(100nm)-
Al(100nm)-Si0,(300nm)-Si(bulk geometry and in (b) is of Ag gratings on SiO,(300nm)-Si(bulk). Figure 14 shows the effect
of the MIM geometry on the RGB pixels highlighted in the main manuscript. The optical images are under a microscope with
polarized incident light and varying analyzer angle. We patterned structures over the edge of the insulator-back reflector in
order to observe the effect. The reflected colors on the bare substrate vary from the MIM geometry considerably and are highly
reduced in brightness.

For visual demonstration of these effects, please see the included supplementary videos titled:

e Video - Importance of MIM geometry 1 (Legend: RGB pixel designs patterned over a step-edge of the MIM geometry.
Input polarization, rotating analyzer reveals the differing colour response between MIM geometry and pure Si-Si02).

e Video - Importance of MIM geometry 2 (Legend: RGB pixel designs patterned over a step-edge of the MIM geometry.
No input polarization, rotating analyzer reveals the differing colour response between MIM geometry and pure Si-Si02).

e Video - 1D reflectance (art deco) (Legend: Art deco-like pixel designs. Unpolarized input and continuously varying
output polarization (analyzer)).
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Figure 14. RGB pixel experimental supplementary showing the necessity of the back-reflector and insulator spacer. (a) SEM

images of some RGB pixel attempts at varying magnfications, (b) and (c) show the large arrays of the pixels under varying
analyzer conditions (optical microscope) with input polarized.
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2D arrays

Figure 15 shows the difference between MIM and without MIM layers on the reflection profiles of the 2D nanostructure arrays
presented in the main manuscript. The crossed state is with incident polarization at 45° to the image, hence the darkened
middle squares whereby Lx = Ly and therefore no anisotropy, hence little to no polarization rotation (darkened). We see how, in
comparison to (b) which is just the SiO,-Si, the difference in output color and importance of insulator-back reflector. Figure 16
shows a selected set of 2D arrays from Figure 3 in the main text, which include the SEM images, reflection spectra and optical
microscope images of the color response under orthogonal polarization conditions.

(a) Ag-SiO2-Al (b) Si-SiO2 (3oonm)

— —
Ay 2800m 340nm 400nm |

Figure 15. Optical microscope images of fabricated 2D nanostructure arrays with varying periodicity and geometries (in
relation to the main manuscript 2D section) for MIM (a) structure and SiO;-Si (structure). In both (a) and (b) we show the
reflection under crossed-polarizers (45 degrees to image) shown in the (top-row) and under unpolarized illumination with

output analyzer (bottom-row)

Figure 16. Experimental 2D Ag nanostructure arrays showing the SEM images, optical microscope reflection spectra and
images of a range of different arrays, under two orthogonal analyzer polarizations, with unpolarized incident light.
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CIE 1931 diagrams

In Figure 3 and Figure 4 (in the main manuscript) shows the reflectance spectra of 1D MIM arrays and 2D nanostructure arrays
respectively. Figure 17 shows this data plotted on a CIE 1931 xy chromaticity diagram (alongside sSRGB). Figure 17(a) shows
the data plotted from Figure 3(d—f) in the main manuscript. For each pixel, orthogonal polarizations reveal either the color
(indicated with a cross) or back to Al reflection (shown with a white circle). Figure 17(b) shows the data plotted from Figure
4(g) in the main manuscript — selected from the RGB pixels only (one polarization state).

From Fig. 3 (d —f) | 0 From Fig. 4 (g)

05

04

031

0.2

0.1

0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8

Figure 17. CIE 1931 xy chromaticity diagrams (SRGB profile indicated), for ID MIM arrays and 2D LSP arrays. (a)
Chromaticity diagram for the data in Figure 3 (d—f) in the main manuscript, for the RGB colors under two orthogonal
polarizations. The black and blue crosses indicate orthogonal polarizations and the white circle is reflected state. i.e. there are
nine crosses in total — for each pixel — whereby rotating the polarization reverts to the reflected state. (b) Chromaticity diagram
for the data in Figure 4 (g) in the main manuscript, for the RGB colors from the LSP arrays under one polarization state.
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Gaussian profiles

In Figure 18 we show the compete image of Gaussian metapixels from the main manuscript (Figure 4 - main); SEM and
polarizing optical microscope images (under a range of conditions) of Gaussian pixel profiles. The top-row shows 2D Gaussian
profiles encoded with the MIM plasmonic nanostructures, and bottom 1D. Different polarizations correspond to different pixel
color / spatial functions. That is, a pixel function with a polarization and wavelength dependent 2D profile across the pixel.
Figure 19 shows the expanded full set of the MIM Gaussian pixels (shown in the final section of the main manuscript and in
Figure 18 ). (a) Shows the 2x 1D Gaussian profiles (for the two axes) under varying polarization conditions and how the color
response takes the shape of the Gaussian function. (b) Shows the singular 2D Gaussian profile under varying polarization
conditions (a movie of how this appears under varying polarization conditions is included).

Figure 20 shows the fabricated higher-order 2D Gaussian profiles without MIM geometry (i.e. on SiO,(300nm)-Si(bulk)
under SEM and under the optical microscope in crossed polarization and orthogonal output polarizers (with incident polarization).
In this Figure, it’s clear that the color response is deep rooted in the MIM behavior. Figure 21 shows the full set of the MIM
Gaussian-Gaussian derivative pixels for the two orthogonal polarizations (no input polarization) and SEM images.

For visual demonstration of these effects, please see the included supplementary videos titled:

e Video - Gaussian Metapixels 1 (Legend: Gaussian metapixels under the optical microscope. Unpolarized input,
continuously varying output polarization (analyzer)).

e Video - Gaussian Metapixels 2 (Legend: Gaussian metapixels under the optical microscope. Unpolarized input,
continuously varying output polarization (analyzer), (highly magnified)).

e Video - Gaussian Metapixels 3 (Legend: Two orthogonal Gaussian profile metapixels under the optical microscope.
Unpolarized input, continuously varying output polarization (analyzer). Different polarizations reveal different in-plane
pixels).
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Figure 18. Gaussian MIM plasmonic pixels: (a,d) SEM images of 2D and 1D Gaussian profiled nanostructured pixels, with
overlaid Gaussian functions in either x or y. (b, €) Optical microscope images taken under unpolarized incident illumination
and orthogonal analyzer conditions, showing gradient color functions associated with each pixel. The insets are of the
respective SEM images of the a selection of the pixels. In addition, the inset in (e), is of the RGB channels of one of the
Gaussian rows exhibiting how each pixel encodes varying responses depending on the wavelength. (c, f) Show a larger array of
the Gaussian pixels under varying analyzer conditions with labeled parameters.
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Figure 19. Full set of Gaussian profile pixels: (a) 2x 1D Gaussian profiles (x- y axes) encoded with the 2D arrays of Ag
nanostructures (MIM geometry). (b) A 1D Gaussian profile. Both (a and b) show the reflection under the optical microscope
for varying polarization conditions
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(b) Si-Si0O2 (3oonm)

(a)

Figure 20. Experimental 2D Ag nanostructure arrays encoded with varying 2D Gaussian profiles on SiO,-Si (structure).
(top-row) is of a more basic Gaussian profile under SEM and under the optical microscope in crossed polarization and
orthogonal output polarizers without input polarization. The (bottom-row) is of multiple 2D Gaussian profiles and the as above,
the SEM and optical microscope images

P1 P2
'III IIII' i IIII IIII IIII
ceee
ceen
eeee
eeece
ecee
soee
seoe
eslee ;
eeee °0 - .
eeee
eeee "
ssee i EHT- 00K/ SonAsiiems - Dusz2heraois
Worboom Mg 1ANEX Tt

(b) . Y
dEREN:EEE

Figure 21. Full set (compared to the sub-set in the main manuscript) of Gaussian-Gaussian derivative MIM profile pixels
under varying polarization conditions with SEM images illustrating the in-plane nature of the nanostructured MIM geometry.
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