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Abstract

In this work, we comprehensively review Mie resonator based and non-local resonant metasurfaces
working in the reflection configuration for color printing applications, with particular attention to high
observation angle applications. Whilst Mie resonator based metasurfaces are found to be simple to
design and present low sensitivity to the observation angle, they present the drawback of low color
saturation. By contrast, square lattice photonic crystal waveguide based metasurfaces show very
selective spectral responses yielding pure colors but with high selectivity on the observation angle. In
order to harness the exceptional color filtering properties of photonic crystal waveguides and maintain
the wanted spectral response under oblique angles of observation, a rectangular lattice for the crystal
structure is proposed. We provide design rules and examples in order to produce angularly robust, vivid
colors at any desired wavelength within the visible spectrum. Furthermore, by exploiting the
polarization of the incident light and adapting the design of the photonic crystal structures, we
demonstrate color multiplexing for cryptography applications.

Introduction

Structural color is a coloration phenomenon that can be observed in nature, for example in peacocks’ tails
or Morpho butterflies’ wings (1). Systems displaying structural color are composed of periodic arrays of
nanoscale objects which interact with incident light and produce interferences or resonances that are
responsible for the color we see (1). Advances in nanotechnology now make it possible to create artificial
surfaces textured by nanostructures for which the characteristic length scale is below the wavelength of
visible light. The creation of artificial structural color based on metasurfaces has therefore been strongly
developed over the last few years (2,3,4,5,6). The first works on the subject focused on plasmonic
resonances with metallic structures (7,8,9,10,11,12,13,14) but optical losses due to the use of metal, as
well as unsaturated colors due to low resonance quality factors were observed (15).

Recently, research in the field of structural color has been focused on all-dielectric surfaces
(16,17,18,19,20,21,22,23,24,25,26,27) based on materials with high refractive indices but that are
transparentin the visible wavelength range like SizN4 or TiOz. This approach leads to brighter colors with
less optical loss (15), and has many fields of application (2,15,18,28,29,30,31). The structural colors
obtained in the reflection configuration with these metasurfaces (32) can be divided into two categories:
on the one hand there are systems exploiting effects observed in individual resonators in so called “local
metasurfaces”, based on Mie resonances, where the nanostructures host multipolar electric or magnetic
resonances (2,33). Such systems have many assets: they have high spatial resolution due to their
subwavelength size and the fact that each resonator acts independently; furthermore, unlike simple
planar stacks, they are virtually independent of the angle of observation. However, drawbacks include
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low spectral resolution due to low resonance quality factors and reflectivities that do not reach unity
(34) in part due to low interaction cross sections often related to poor surface coverage. On the other
hand, there are structural colors based on the principles of collective resonances in so-called photonic
crystals, or “non-local metasurfaces”. Such collective, or “Bloch”, resonances are generated by sub-
wavelength periodic arrays of holes in a planar dielectric layer or free-standing pillars (35,36). Contrary
to the individual Mie resonators, photonic crystals offer a high spectral resolution with high resonance
quality factors (15,20,37). The linewidth can reach below 10 nm which is the same order of magnitude
as the linewidth of the luminescence spectrum of quantum dots used in QLED technology (38,39).
However, the spatial resolution is worse than the individual resonator approach because it requires several
resonators, i.e. a few periods, to obtain a collective effect. Nonetheless, the overall structure size is only
a few microns per side which compares favorably to the pixel size in an 8K screen, being of the order of a
few hundred microns per side (~100 PPI, or pixels per inch).

The major weak point of collective resonance-based systems is the strong dependence on the observation
angle due to the diffractive origins of the resonances. This angular dependence is all the more importantin
systems exploiting advanced properties of photonic crystals, such as quasi-bound states in the continuum
(g-BICs) displaying high quality factor resonances in asymmetric photonic crystal (PC) structures, in order
to reduce the spectral linewidth of the reflected peaks at the desired operating wavelengths and suppress
those at neighboring wavelengths. We note that such techniques are often needed to produce pure red
colors, which are typically difficult to obtain due to the presence of higher order resonant modes that
typically exist at shorter wavelengths falling within the visible spectral region. In reference (40), the
authors exploit two q-BIC modes of a two-dimensional PC structure with partial spectral overlap in order
to create an isolated reflectance pedestal, giving exceptional performance in the CIE color space with
coordinates outside the RGB triangle and yielding a so-called Schrodinger’s red pixel. However, the angular
sensitivity of the g-BIC modes led to severely degraded performances as the observation angle increases,
with the authors citing a limiting operation angle of 6.9°. The issue of angle of incidence restriction - and
the corresponding limitation of observation angles for display applications - is also present in thin-film (41)
and liquid crystal-based (42,43) color pixels, due to their operation principal based on optical path length
in the different layers of the device. Whilst for ‘traditional’ displays such as television screens or computer
monitors it is necessary to ensure they can be viewed in oblique incidence (as would be the case when
many observers are watching the same display in close proximity), in other devices such as
virtual/augmented reality systems - designed to be mounted in headsets directly in front of the observer
- the observation angle range is constrained to only a few degrees around normal incidence. For this
reason, we note that it is impossible to specify a minimum acceptable observation angle, below which color
pixel technologies must all function, as such a limit is completely dependent on the intended application.
In this work, so as to open up as many applications as possible, we seek to create color pixels whose spectral
response is independent on the observation angle over as wide a range as possible.

In the following, we make a comprehensive study of structural color in all-dielectric metasurfaces, and use
them to show polarization sensitive color filters with robust angular responses. First of all, we perform a
benchmark comparison between the Mie resonator and photonic crystal approaches by comparing the
colors obtained with individual dielectric resonators and those produced by the same resonators
arranged in periodic arrays. Next, we focus on the use of photonic crystals and propose a method which
uses engineering of band diagrams to isolate and spectrally control resonances that show little dependence
on the angle of observation, representing a rupture with the literature for PC based metasurfaces. Finally,
we propose structural color multiplexing which can display different colors and messages with the same
static metasurface, just by changing the polarization of the incident light. Such polarization sensitive
metasurfaces have applications in critical domains such as information security and anti-counterfeiting
(44). In contrast to existing examples in the literature of polarization-sensitive metasurfaces
(45,46,47,48,49,50,51), the approach presented here allows us to employ symmetrical resonators



(cylinders in this case) and achieve a polarization dependent response by simply setting a different
period of the PC structure in the two orthogonal directions in the substrate plane. This approach
therefore relaxes the fabrication constraints by reducing the critical dependence of the polarization
response on the shape of individual resonators, which can be anisotropically influenced in an
uncontrollable fashion by fabrication processes such as etching.

Results and discussion
Design

The following designs are based on TiOz; the most widely used material for all-dielectric metasurfaces in
the visible wavelength range (2,3,15,52) due to its high refractive index and its transparency in this spectral
region (2,3,15). The refractive index of the material was obtained through ellipsometry measurements
performed on a sputtered thin film of TiO2. In the following, all the simulations are carried out in a non-
dispersive framework, the refractive index of the TiOz chosen being the average obtained over the visible
wavelength range, which is nrio2 = 2.633 and a negligible extinction coefficient krioz = 0. We underline
here that this paper is destined to provide a general method for designing structural color metasurfaces,
and as such the exact dispersion characteristics of the material given as an example in this study, namely
TiOz, are unimportant. The design is composed of cylindrical TiOz nanopillars periodically arranged on a
SiO2 substrate of which the refractive index is taken as nsioz = 1.470. As shown in Figure 1, d represents
the diameter of the pillars and h represents their height, whilst ax and ay are the lattice periods along x-axis
and y-axis. Finally, the angles describing the direction of incidentlight are 8 measured in the plane of incidence
from the z-axis, and ¢ describing the orientation of the plane of incidence from the x-axis. The angle ¢ is
typically set to zero in our study, and is only varied where clearly specified in order to verify the robustness of
the colors produced.

(a) (b)
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Figure 1 - The design with cylindrical nanopillars used in this work. (a) Showing coordinate system, studied parameters
and defining the incidence angle 6. (b) Showing materials used and defining incidence angle ¢. The plane of incidence is
shown in gray.

The following sections are devoted to benchmarking the two approaches; firstly individual resonators,
followed by those coupled in photonic crystal structures, in their use to engineer vivid reflected colors.
The simulations were carried out with finite difference time domain (FDTD) calculations for the Mie
resonators (Lumerical commercial solver) and with rigorous coupled wave analysis (RCWA) for the
photonic crystal structures (S4 freeware and in-house code).

Structural colors from Mie resonances in individual pillars

First, we focus on the study of the Mie resonances of individual cylinders by setting the height # and
varying their diameter. Figure 2 (a-c) show 2D mappings of the scattering cross section of single
resonators as a function of the diameter d and the wavelength, and reveal the resonant modes of the
cylinders which begin with dipolar magnetic (MD) and electric (ED) resonances at high wavelengths
before encompassing higher order (eg. quadripolar) resonances as the wavelength decreases. Figure 2
(d-f) show normalized specular reflection spectra for such nanopillars, when illuminated with a
diffraction-limited gaussian beam (waist radius = 0.5um, beam divergence = 15°) normal to the
substrate, for a variety of cylinder heights h. This parameter is calculated by projecting the backscattered
optical power into the far-field and summing all power within 15° of the normal axis of the surface before



normalizing to the highest value of reflected power at any wavelength, and should therefore be thought
of as a reflection coefficient for confocal excitation and collection with the same lens. The apparent color
of the structure when observed in such conditions and its coordinates in the CIE gamut, in which the
outer curved boundary corresponds to monochromatic colors (53), can be extracted via ponderation of
the spectra in Figure 2 (d-f) with the three color-matching functions (33), as shown in Figure 2 (g). From
the coordinates obtained within the CIE-xy chromaticity diagram we observe that the apparent colors
are very desaturated due to the presence of a high background baseline in the normalized reflectance
spectra and multiple, broad resonance peaks. Therefore, high-volume pillars under white light excitation
respond simultaneously to multiple wavelengths, desaturating their apparent colors. Care must also be
taken when considering the intensity of the reflected light, as a very low fraction of the incident power
is reflected (despite the near-matching of the gaussian beam’s diameter to that of the resonators), with
this metric not being displayed in the CIE-xy chromaticity diagram. By way of example, for the largest
resonator considered (h=300, d=400nm), the wavelength-averaged total power reflected into the upper
half plane (i.e. above the substrate) is around 15%.
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Figure 2 - (a-c) The scattering cross section of the cylindrical nanopillars for 2 = 100nm, # = 200nm and 4 = 300nm over
the continuous range of diameters studied. (d-f) Normalized reflection spectra of the cylindrical nanopillars for 4 =
200nm, 4 = 300nm (shifted by one unit on y-axis) and 4 = 400nm (shifted by two units on y-axis) for three selected

diameters as shown on each graph. (g) The CIE-xy diagram of the diffused colors for the nanopillars.



From individual resonators to collective effects

As stated earlier, many studies have been performed in the literature on the assembly of individual
resonators into two-dimensional arrays known as metasurfaces, with one resonator per unit cell of the
array. Furthermore, it is well known from diffraction theory that if the period of such an array is below
the wavelength of incident light, only a specularly reflected beam will exist (i.e. there will be no diffracted
orders) in free space on the side of the metasurface from which the light was incident (54). It has been
shown in the literature that in such configurations the angular distribution of energy scattered by
individual resonators can determine the overall polarization response of the metasurface, that is to say
the intensity of light channeled into the specularly reflected beam can be conditioned by the angularly
resolved scattering cross section of each individual resonator. This has been used to demonstrate a so-
called Generalized Brewster effect in metasurfaces (55). We note that the angular dependence of the
scattering has its origins in near-field distribution of the optical energy in the resonant Mie modes and
the relative phases of the underlying electric and magnetic fields, which condition the far-field radiation
pattern when different types of mode (eg. ED and MD) overlap spectrally.

When the period of the array becomes sufficiently small for neighboring resonators to interact through
overlap of their resonant fields, new physics comes into play. It has been shown that Mie modes in
individual resonators can couple to non-local modes spread across the array whose spectral position can
be fine-tuned by adjusting the array period. Such coupling occurs if the spectral position and the near-
field energy distributions of the two types of mode (Mie and non-local) overlap, and can lead to
anomalous reflection and transmission phenomena such as the so-called Resonant Lattice Kerker Effect
(56).

Structural colors from collective effects in Photonic Crystals

In this work, we will work in the case of non-local metasurfaces, where the individual resonators are
coupled through their near-fields. However, rather than considering the system as being an assembly of
Mie resonators, we will take a macroscopic view and describe the system as a slab photonic crystal. Such
systems, often called photonic crystal waveguides (PCWG), may be visualized conceptually as a
waveguide with an integrated coupling structure, allowing coupling between the waveguided modes,
generating Bloch modes, and exchanges of photons with free space. A basic, planar waveguide structure
(SiO2 substrate, TiO2 guiding layer, air cladding) may be used as a starting point in order to design the
structuration needed to give narrow resonant reflection peaks at a desired operating wavelength. Such
peaks have their physical origin in the diffractive coupling of photons from free space into guided modes,
followed by their subsequent re-emission having gathered a well-defined phase shift that ensures
constructive interference with light reflected on the top surface of the structure.
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Figure 3 - (a) Band diagram for a slab waveguide, showing the dispersion curves one mode per polarization (TE and TM)
and the regions corresponding to (i) modes that leak by refraction to air, (ii) modes that leak by refraction to the
substrate, and (iii) fully confined modes that interact with free space by diffraction. (b) Band diagram for one
dimensional PCWGs with two different periods, a1 and az, with central crossing points (k=0) labelled (A-D) for reference
in other panels. The folding of the band diagram ensures that the frequencies of the central crossing points are those of
the original modes at k=2m/a; ; (points labeled A’ - D). Note that the mode with central crossing point C is a leaky mode
to the substrate, as at k=2m/a; (i.e. at point C’) it is in region (ii). (c) Translation of frequencies corresponding to central
crossing points onto a diagram showing frequencies of allowed modes as a function of period, when the PCWG structure
is illuminated in normal incidence. (d) as (c) but with conversion of frequency to wavelength to match the presentation
of the reflectivity diagrams in Figure 6 and Figure 8. (¢) Representation of guided modes in the different regimes (i), (ii)
and (iii) detailed previously, showing qualitatively the dependence of the regimes on the structuration period (high to
low from i) to iii) respectively).

Initially, the thickness of the un-patterned, planar waveguide structure is set such that light reflected at
the cladding/waveguide interface interferes destructively with light reflected at the
waveguide/substrate interface, following the well-known Fabry-Perot mechanism for thin films. This
ensures a minimal background reflection (close to R=0) onto which the reflectance peak is
superimposed, and entails setting the thickness h of the waveguide to A¢/(2ny), where A. is the central
wavelength around which the reflectance peaks are required (here Ac = 550 nm, taken by way of example
due to it being in the center of the visible spectral region) and no the refractive index of the waveguide
(2.633), yielding h = 104 nm = 100 nm.

Next, using a mode-solving algorithm, the propagation constant - that is the component of the
wavevector in the plane of the substrate (k;/ = (2/A,) nysinf,, where 6, is the propagation angle of the
mode within the waveguide, as depicted in Figure 3(e)) - of the guided modes are calculated in the planar
stack. A schematic representation of the results is shown in Figure 3 (a), where the guided modes appear
in a band diagram plotting the allowed frequencies as a function of the in-plane wavevector. Only modes
that fall in region (iii) of the band diagram, that is below the light-line defined by the substrate refractive
index, are fully confined within a slab waveguide, whilst those in region (ii) between the air and substrate
light lines are leaky to the substrate.

We now consider introducing a one-dimensional perturbation to the waveguide in order to form a 1D
PCWG, resulting in a folding of the band structure that is constrained within the first Brillouin zone as
shown in Figure 3 (b), bringing the guided modes above the light line and allowing them to interact with
plane waves in free space. This forms a diffraction grating at the surface of the waveguide, for which the



so-called grating vector G = 2m/a must be equal to the propagation constant of a guided mode at the
wavelength at which a reflectance peak is required, A, so that a normally incident plane wave from free
space can couple to the mode on the first diffracted order of the grating. In the band diagram of Figure 3
(b), this corresponds to the guided mode curve crossing the center of the diagram (k= 0) at A.

Given that the extension of the first Brillouin zone depends on the periodicity a, the frequencies (or
wavelengths) corresponding to crossing points of k/, = 0 for the guided mode curves depend on the
periodicity, as can be seen in Figure 3 (c) (and (d)). Reformulating for a give us the starting point for the
range of periodicities to explore in order to produce the required color of the reflectance peak. In the
present case, for a coupling to the TE guided mode at A» = 550 nm to form a green pixel, we need a
periodicity a = 250 nm, which ensures since a < A, that no diffracted orders propagate in free space and
that the obtained light is specularly reflected. We note that, given that the PCWG is formed by removing
material from the planar waveguide in order to produce the grating and that such an action reduces the
effective optical thickness of the waveguide, this value for the period is in fact an absolute minimum.

We must now optimize the nature of the modulation to be applied to the waveguide in order to maximize
the amplitude of the reflectance peak and minimize its spectral width for a ‘purer’ color, i.e. one situated
near the outer contour of the CIE diagram. It is not immediately obvious how to proceed, as a stronger
modulation will allow for a greater degree of coupling with free space but will also induce losses in the
waveguide, thereby reducing the quality factor of the resonances obtained and increasing the width of
the reflectance peak. In order to address this problem, a parameter sweep for a 1D grating has been
performed, the results of which are transposable to the 2D case studied later, where the waveguide
thickness, the structuration depth (measured from the surface) and the lateral duty cycle (or filling
factor) have been varied. For each parameter combination, the reflectance spectrum (R) is calculated,
the reflectance peak identified (constrained within +/- 5 nm of the required wavelength 4,), and a figure
of merit FOM is constructed based on the summit of the reflectance peak:

d?R Rpeak
ar? Z Rglobal

Rpeak

FOM = —
Equation 1

The first term in Equation 1 describes the spectral finesse of the peak, whilst the second gives its

dominance over the off-resonant background reflection spectrum ), Rjiopar 1€ the average reflectance

over the full wavelength range considered (ranging from 0.95 < A/A, < 1.15, or around 500 <A <630 nm
for the case Ap= 550 nm). The FOM is averaged for 5 wavelength points around the peak maximum, where
the simulation wavelength step is 1 nm. Figure 4 (a) shows the normalized results of this sweep, where
the parameters have been condensed into the duty cycle dc and a vertical etching factor fev, the latter
representing the fraction of the total waveguide depth that is occupied by the modulation (0 = un-
modulated waveguide, 1 = fully etched grating elements) as shown in Figure 4 (d). The normalization is
performed by dividing all FOM values by the single maximum value.
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Figure 4 - (a) Normalized FOM calculated for different 1D PCWG structures as a function of the vertical etching factor fev
and the lateral duty cycle dc. Normalization performed by dividing all FOM values by the single maximum value. (b)(c)
representations of optimal values of the FOV as encircled in (a) in red, purple respectively. (d) Schematic of the system

studied, showing the definitions of the parameters dc and fev.

It can be seen that the optimum values fall in a crescent-shaped region in the parameter space, and that
intermediate values of the duty cycle are to be avoided. Two distinct possibilities for optimized
reflectance peaks appear: either for low duty cycles and half-depth etching (fev=0.5) yielding structures
depicted in Figure 4 (c), or for high duty cycles and near full-depth etching (fev = 1) as depicted in Figure
4 (b), with the second possibility imposing fewer constraints from a fabrication point of view (no high
aspect ratio structures). We note also that the reflectance peaks in two spectra shown in Figure 4 (b,c)
have very different line shapes, the origins of which are discussed in the Supplementary Information.

To extend the study to the two-dimensional situation corresponding to the nanopillars, we conserve the
same parameters but note that the duty cycle is now based on the diameter of the cylindrical pillars, dc
=d/a. Based on the previous observations, our search for reflectance peaks in the visible spectral region
can be restricted to fully etched structures (fev =1, i.e. fully isolated pillars), high duty cycles (dc > 0.5),
and periods a in excess of 250 nm. Figure 5 (a), (c) and (e) show the reflectivity spectra of the photonic
crystals for dc fixed and a variable while Figure 5 (b), (d) and (f) show spectra for a fixed and dc variable,
in all cases (a-f) for 2 =100 nm, 2 =200 nm and / = 300 nm. As predicted in the previous paragraphs, it
can be seen that the most favorable spectral performances - confirmed by the coordinates within the
CIE-xy chromaticity diagrams in Figure 5 (g) and 3(h) - are found in the case where the pillars’ height h
is near to 100 nm in order to minimize background reflection outside of the wanted peaks.



—~
1=
~
w
o
~
o
~
w
)

~——a=300nm dc=0.7 ~——dc=0.65. =350 nm
£ 3 /—a=35%nmm, . = 3 dc=0.75 J
= ——a=400nm | || = dc=0.85 ( )
I\
g Ezs\ I\ gzs g 520
= = e T = ® h=100 nm
) P 2 O———pe =k 8 2 A h=200 nm
S & \ s ® h=300 nm
'ﬁ' 215 [\ 215
= 0o =
= ) . e e
2 2 |
<= = |
[} ) \
© o5 @ o5 \
0 o T =
04 05 06 07 08 04 05 06 07 08
Wavelength (um) Wavelength (um) Lo
(C) 35 = (d) 35
a=300nm =0.7 dc=0.65 _1:350 nm
=" 5 a=350nm £ 3 dc=0.75
5 2=400nm S dc=0.85
25 >25
g & \ B\
S 8 g2
S & &
o >15 215
'g s s
g 8 (b)
= =
2 > ® h=100 nm
s 0s A 1h=200 nm
§ A ® h=300 nm
04 05 06 07 08 04 05 06 07 08
Wavelength (um) Wavelength (um)
(e) 35 (f) 35 =
~——a=300nm dc=0.7 dc=0.65' [d:}SOHIII ]
= 3 a=350nm = 3 de=0.75 —
S —a=4000m / 5 dc=0.85
225 M 225
g 87Mm / 5 |
£ ) £
g 52 WM~ 5 2 1
S & &
@ >15 215
I = =
= 3, 5
2 /\ k]
= =
5} |, (5]
s ‘ L
ol " — 0
04 05 06 07 08 04 05 06 07 08
Wavelength (um) Wavelength (um)

Figure 5 - (a)(b) The reflectivity spectra of the photonic crystals for a variable and dc fixed for 2= 100nm. (c)(d)
The reflectivity spectra of the photonic crystals for a variable and dc fixed for # = 200nm. (e)(f) The reflectivity
spectra of the photonic crystals for a variable and dc fixed for # = 300nm. (g) The CIE-xy diagram for a variable and
dc fixed. (h) The CIE-xy diagram for dc variable and a fixed.

Clearly, upon comparing Figure 2 (g) and Figure 5 (g), it can be seen thatthe PCWG approach offers more
design possibilities and parameters which allows us to create more vivid colors than in the case of Mie
resonances of individual pillars. Consequently, for the remainder of the paper, the study will be focused
on photonic crystals.

Angular and polarization selectivity

Study of the different mode types in rectangular lattice PCWGs
In order to increase the angular stability of the reflectivity response and allow for polarization-selective
responses from our PCWG systems, we now extend our study to rectangular lattices. We now have the
periods ax and ay in the x and y directions respectively, giving rise to grating vector components Gx =
2n/ax and Gy = Zm/ay respectively, and we consider the x- and y-components of the in-plane wavevector
k_/; of the guided modes kx and k, respectively. The observation angle 6 is related to the in-plane
wavevector component in free space kxo by the relation kxo = (2m/A0).sin 6 and, due to the fact that there
is no projection of the wavevector in free-space along y (the plane of incidence is the (xz) plane), kyo = 0.
The diffracting behavior of the PCWG in x (or y) contributes a factor mxGx (or myGy) to the corresponding
in-plane wavevector component for integer values of mx (or my) called the diffracted orders. The latter
is here limited to (-1,0,1) due to the low period of the PCWG so as to ensure efficient (first diffracted



order) coupling between the diffracted light in the PCWG and waves in free space. We can therefore write
the total in-plane wavevector in the following way, where u,, and @ are unit vectors along the cartesian
axes:

k) = kot + kyity = (kyo + My Gty + (G5

Equation 2

Figure 6 shows the PCWGs’ reflectivities as a function of the wavelength A and the angle of observation
0 in the xz plane, measured from the z axis, for an incident wave polarized with the electric field along
the x-axis (Ex polarization). The origin of the bands in the reflectivity diagrams (R(4, 8)) and their link
with those shown in typical band diagrams (w(k/,,)) is described in Figure 3. We can observe resonance
bands which depend on the angle of observation and others that are independent of it, respectively
termed "fast modes" and "slow modes". By analysis of Equation 2, we may conclude that the matching of
wavevector components between free space and fast guided modes performed by the PCWG occurs
through diffraction along x (as the wavelength at which coupling is achieved is seen to vary with 9),
whilst slow modes couple with free space through diffraction along y. Indeed, the spectral position of the
slow mode is seen to depend on ay in panels (d-f) of Figure 6, whilst the fast mode’s spectral positions at
normal incidence (8 = 0°) depend on ax in panels (a-c), confirming this hypothesis. The naming of the
modes in Figure 6 uses the following, usual convention for guided modes in slab structures (we remind
the reader that for the following argument the incident electric field was x-polarized and furthermore
we limit kxo ~ 0, that is we assume near-normal incidence): TE polarization means that no component of
the electric field exists in the in-plane propagation direction y when my = #1, whilst TM polarization
implies the existence of components of the electric field in the in-plane propagation direction x when mx
= +1. Extension of this reasoning to the other polarization of incident light (Ey) allows us to construct
Table 1, whilst Figure 7 summarizes the different modes observable as a function of the polarization of
incident light and their dispersion characteristics around the center of the first Brillouin zone where kx
~ 0. For the sake of succinctness, the orthogonally polarized counterpart of Figure 6 (reflectivities of the
system when illuminated under Ej polarization) is not shown here, but is available in the Supplementary
Information (Figure S2). However, as expected from Figure 7 and Table 1, it should be noted that the
behavior of the “slow mode”, being the TM mode under Ey illumination, is exactly analogous to that of
the TE mode under Ex illumination in that it remains invariant with the observation angle 8 and is
spectrally positioned by the choice of period ay.
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Slab mode Mode Dominant k7/ = =
. {my,my } H components | E components
polarization type component
TE {#1, 0} Fast Uy Uy, Uy uy
{0,£1} | Slow uy Uy, Uz Uy
. {#1,0} | Fast U uy Uy, Uy
{0,+1} | Slow uy Uy Uy, U,

Table 1 - Summary of the different modes and their properties for the PCWG illuminated under near-normal
incidence, with the plane of incidence being (xz).
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Figure 7 - The different modes which can be observed depending on the polarization of incident light.



Manipulating these different modes provokes changes in the color reflected by the photonic crystals. As
said before, the main inconvenience in the photonic crystals approach is its high dependence on the angle
of observation. We conclude that this is related to the presence of fast modes which change the produced
color. Therefore, obtaining a 8-independent color requires the elimination of the fast modes in the band
diagram or, at least, limiting their intensity.

Suppression of unwanted modes to obtain angularly robust structural colors

Now, we will detail a procedure which allows us to erase the fast modes while keeping the slow ones; i.e.
a procedure to get a band diagram with a flat band only, in the wanted wavelength range. We will
demonstrate this method through an example, supposing that we want to produce, for E, incident
polarization, a 8-independent green color in reflection which corresponds to a flat band around 550 nm.
We are looking for the best set of parameters (%, d, ax, ay) that achieves this goal. The first step is to
consider a square lattice; the polarization is set and we plot the reflectivity under normal incidence using
RCWA simulations as a function of the lattice period a and the wavelength A for different heights and
diameters until we get bands that cover a satisfactory wavelength range, as shown in Figure 8 (b), giving
us a usable parameter couple (4,d). At this point, we do not know which of the bands visible in the
reflectivity spectrum corresponds to the fast mode and which band corresponds to the slow mode. We
therefore introduce an asymmetry in the lattice and we plot reflectivity spectra but, this time, varying ax
and ay one by one, as shown in Figure 8 (c) for variations of ay. This will allow us to differentiate the fast
mode and the slow mode, thanks to their dependence on the lattice periods. Since we are using Ey
polarization, Table 1 tells us that the slow mode is TM and that its spectral position depends on ay,
allowing us to label the modes (TE or TM) in the reflectivity diagrams of Figure 8 (b,c). Furthermore, we
see on Figure 8 (c) that the slow mode (TM) occurs at wavelength 550 nm for ay = 350 nm, and that
the fast mode (TE) is indeed quasi-independent of the period ay. Our goalis to reduce the intensity
of the TE fast mode, which can be done by fixing ax < 300 nm, such that the fast mode lies in the leakage-
to-substrate window - opened by the structuration period in y - at the wavelength of interest of 550 nm
(i.e., that at which the slow mode was positioned). For clarity, we have shown in Figure 8 (a) the domains
corresponding to (i) modes exhibiting leakage by refraction to free space, (ii) modes exhibiting leakage
by refraction to the substrate, and (iii) fully guided modes interacting by diffraction with waves in free
space. The non-orthogonality of the TE and TM modes in the presence of the PCWG structure (indeed,
both are excited in the structure using the same incident wave of a given polarization) means that they
share the same loss channels, one of which being the leakage-to-substrate window induced by a
structuration in the y direction. The effect of this leakage window on the intensity of the reflectivity peak
linked to the TE fast mode is clearly visible in Figure 8 (c): the intensity of the fast mode (TE) feature
falls sharply as the period increases beyond A/nsubstrate. A constrained parameter sweep using these rules
as a starting point yields the best set of parameters (4 = 150 nm,d = 200 nm, ax = 250 nm, ay, = 350 nm).
As expected, Figure 8 (e) shows that we now have only a flat band which, for 6 < 40°, gives a relatively
satisfying green. In this angular range, the TM slow mode dominates the reflectivity over the visible
spectral domain, as confirmed by Figure 8 (g) and (h).

Thus, we detailed a method to get design parameters which produce the color we want with relatively
little change as a function of the angle of observation. In the example, we set the polarization on Ey but
this method is valid regardless of the desired polarization and color. For completeness, and to show the
polarization dependent nature of the system, we show the reflectivities of the system for Ex polarized
incident light during the optimization in Figure 8 (d) and for the final geometry in Figure 8 (f), where the
latter shows the absence of strong reflection bands in this polarization.
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In order to verify our system’s robustness with respect to in-plane rotations (i.e. varying ¢ in the diagram
shown in Figure 1), we have plotted in Figure 9 (a,b) the reflectivity as a function of ¢ for 8=0° (normal
incidence) and 0=15° respectively. It can be seen that the flat band originally identified in Figure 8 still
dominates the spectra, shown in Figure 9 (c), and displays only moderate wavelength drift indicating
that the resulting color remains spectrally pure and relatively unchanged. This is confirmed
quantitatively by the CIE chromaticity diagram in Figure 9 (d), where the plotted points correspond to
variations in 6 up to 25° and ¢ up to 15°.
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We underline that this technique makes it possible to realize colors which have the high spectral
selectivity associated with PCWG structures that remain robust over a wide range of observation angles.
However, it should be noted that such structures present a strong polarization dependence, that in the
case of the above example optimized for green light under E, illumination yields a much less intense
reflection under Ex illumination, as can be seen by comparison of Figure 8 (e) and (f). In other words, if
the system is illuminated with unpolarized light, it will respond as intended in reflection by delivering
bright colors (reflectivities attaining near unity at the desired wavelengths) for half of the incident power
(Ey polarized) and simply transmit the majority of the remaining power (Ex polarized). It will therefore
still function efficiently in the reflectance regime as a color filter. In the following section, we will show
how this polarization dependence can be exploited for color multiplexing applications.

Color multiplexing

After detailing the theory explaining color variations and their dependence on the polarization of light, we
detail a possible application. Current color multiplexing methods often require complex nanostructures and
instruments like mechanical stretching, chemical reaction or electronic control (16, 52,57,58,59). In this
section, we detail a color multiplexing technique that does not need complex observation instruments, nor
changes to the physical structure of the metasurface, just changes in the incident light polarization. Firstly,
we need to introduce a new parameter given by n = a,,/a,. For n = 1, the symmetry of the design leads
to unchanged colors whatever the polarization considered, Ex or Ey. The asymmetry introduced by n # 1
allows us to create visual effects by changing the light polarization. Indeed, we saw in the precedent
section that the band diagram of the metasurface varies with the polarization. One way to use this



property is to create different messages that can be only seen for one polarization or another. For this
purpose, let us consider a picture separated into cells. Each cell (called "pixel” in the following)
corresponds to a color i.e. to a set of nanopillars with identical parameters that we will color thanks to
color palettes obtained by RCWA simulations for n greater and less than 1 (see Appendix). The goal here
is to show the letters "INL" in Ex polarization which will become "NANO" in E) polarization. For this
purpose, we need four different types of pixels that cover all the possible behaviors of the photonic
crystals submitted to light polarization. The color of the first type is unchanged regardless of the
polarization considered. The color of the second type vary as a function of the polarization but is never
dark. The third type of pixel is colored in Ex polarization and darkened in E, polarization. Finally, the
fourth type of pixel is colored in Ey polarization and darkened in Ex polarization. We will refer to them as
type (i), (ii), (iii) and (iv) pixels, and their characteristics are summarized in Table 2. Figure 10 show
different reflectivity spectra for each type of pixel in Ex and Ey polarization. We can notice that type (i)
pixels are the easiest to design since they only require a square lattice to obtain a color which is not
influenced by the light polarization.

Pixel type Characteristics
(i) Unsensitive to polarization
(ii) Changes color for different polarizations
(iii) Dark under Ey polarization, colored under Ex polarization
(iv) Dark under Ex polarization, colored under Ey polarization

Table 2 — Characteristics of the four different pixel types.

By using the four types of pixels formerly described, we obtained the result shown in Figure 11. As
expected, in Ex polarization, we can clearly see the letters "INL" and "NANO" in Eypolarization. The
background is also composed of type (i) pixels of which color serves to make the darkened type (iii) and
type (iv) pixels less visible since the color is not black but a very dark purple.

In order to determine the required pixel size, governing the number of repetitions of the unitary structure
of the metasurface needed to produce the desired color through a collective resonance effect, we must
consider a parameter referred to as the natural size of the modes, L (60). Whilst being beyond the scope of
this paper, it can be shown that this parameter is given by multiplying the lifetime of photons by the mean
group velocity of the mode that they inhabit giving a distance that can be assimilated to the interaction
radius of light, hence giving the smallest required in-plane dimensions for the photonic crystal structure.
Experimental work (2) on color printing with dielectric metasurfaces have shown robust colors in pixel
with as few as 4 repetitions of a unit structure per side, giving a square pixel of around 1.5pum per side.
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Figure 10 - (a)(b) The reflectivity spectra of a type (i) pixel in Ex and Ey polarization (ax = 0.325um, dcx = 0.725, n =
1). (c)(d) The reflectivity spectra of a type (ii) pixel in Ex and Ey polarization (ax = 0.325pum, dcx = 0.8, 7= 0.8).
(e)(f) The reflectivity spectra of a type (iii) pixel in Ex and E, polarization (ax = 0.325um, dcx = 0.675,n = 1.4).
(g)(h) The reflectivity spectra of a type (iv) pixel in Ex and Ey polarization (ax = 0.475pm, dcx = 0.45,=0.7).

Figure 11 - (a) The image obtained in Ex polarization. (b) The image obtained in Ey polarization. The pixels’ types
are represented in both figures.

Conclusion

In conclusion, we realized an exhaustive study of the photonic crystals approach in the field of structural
color after showing its main assets over the Mie resonators. Indeed, PCWGs are the most efficient since
we have more parameters that allow us to control the color obtained in a precise way. Then, we described
the behavior of photonic crystals through the study of band diagrams and detailed a method to limit the
influence of the angle of observation on the color obtained, which is the main drawback of photonic crystal



structures. Finally, we detailed a color multiplexing technique which is only based on light polarization.
The main perspective of this work is to implement angularly-resistant colors in color multiplexing. We
note that the structures issued from the simulations presented are only optimized with respect to the
parameters studied (namely the periods of the rectangular lattice and the height and diameter of the
individual cylinders); as such, further improvements to the color-filtering performance of the systems
presented may be expected if other properties of the system are added as degrees of freedom. These
could include modifying the shape of individual resonators to further tune the symmetry properties of
the PCWG, or the use of pillars made of different dielectric materials to suppress the multipolar modes in
the TiOz metasurface via index matching (18,61). To conclude, the outcomes of this study have potential
applications in the field of color displays and cryptography.

We acknowledge fundings from the French National Research Agency (ANR) under the project
MetaOnDemand (ANR-20-CE24-0013).

Appendix

Figure 12 shows two examples of color palettes (one for each polarization, i.e. Exand E)) obtained with the
color multiplexing technique presented in this work. It should be noted that these palettes are not the
only ones accessible with the technique, as they require a certain number of parameters to be fixed,
namely 1 and h. It can be seen that the pixels created cover a wide range of the CIE chromaticity space;
filling and in some cases exceeding the RGB triangle.
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Figure 12 - (a) An example of color palette used in color multiplexing. Here, the parameters are 2 = 200nm, n = 0.6,
6 = 0°, in Ex polarization. ax and dcx = d/ax are the lattice period and the duty cycle along x-axis. (b) The same color
palette in E) polarization. (c,d) CIE chromaticity diagrams showing the placement of all of the colors shown in the
palettes for Ex and Ey polarization respectively.

Supplementary Information
Further discussion of the reflectivity spectra presented in Figure 4.

Addition to results presented in Figure 6 to include E, illumination.
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