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Abstract

Printing technology based on plasmonic structures has many advantages over pig-
ment based color printing such as high resolution, ultra-compact size and low power
consumption. However, due to high losses and broad resonance behavior of metals in
the visible spectrum, it becomes challenging to produce well-defined colors. Here, we
investigate cross-shaped dielectric nanoresonators which enable high quality resonance
in the visible spectral regime and, hence, high quality colors. We numerically predict
and experimentally demonstrate that the proposed all-dielectric nanostructures exhibit
high quality colors with selective wavelengths, in particular, due to lower losses as com-

pared to metal based plasmonic filters. This results in fundamental colors (RGB) with
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high hue and saturation. We further show that a large gamut of colors can be achieved
by selecting the appropriate length and width of individual S7 nanoantennas. More-
over, the proposed all-dielectric metasurface based color filters can be integrated with

the well matured fabrication technology of electronic devices.
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All-dielectric nanophotonics, color filter, plasmonics, structural colors, nanoantenna.
With tremendous changes in nanotechnology over past few decades, it becomes possible

to fabricate devices which promise to revolutionize many areas. Examples include ultra-thin
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planar lens,* optical sensing,®* photo-voltaic devices,”® non-fading colors,” and various
holography based devices.® In particular, color pixels using nanoparticles have gained sig-
nificant attention in recent years because of several advantages over pigment based color
printing techniques like high resolution,™ high contrast, everlasting colors, significant low
power consumption, and recyclability of product.™Y The concept of structural color printing
is inspired by observations in nature, such as morpho butterflies, beetles, and the feathers
of peacocks.* 1 However, these colors are highly sensitive to the variations in the angle of
incidence, shape, and size of the nanostructure. To make this plasmonics based structural

technology more mature, its angle dependency,%<

sensitivity to polarization, and ease of
fabrication must be taken into account. In recent years, many efforts have been done to study
the aforementioned issue in plasmonic color printing.**2% Earlier, the most commonly used
materials for plasmonic nanostructure based pixels have been gold and silver.® Gold has
interband transition in the lower visible regime,?” while silver is suitable for the entire visible
range but is susceptible with the native oxide that spoils the stability of colors. Moreover,
gold and silver are not economical for large scale integration. Aluminum is probably the
most prominent candidate.” It is more robust and economical for large-scale fabrication.”

However, it shows lower quality (i.e., broader) resonance in the visible spectrum than gold or

silver, especially at 800nm wavelength, where interband transition takes place. Ultimately,



all these metal based plasmonic devices show significant losses within the visible spectrum.

On the other hand, all-dielectric metasurfaces can be a promising solution with sig-
nificant advantages over metallic nanostructures such as high quality resonances and low
intrinsic ohmic losses.®”% Silicon based all-dielectric devices have been reported for local
manipulation by wavefronts, such as beam diversion, vortex plates and light focusing using
meta-lenses.##3942 The advantages of Si nanodisks are high refractive index and ease of
fabrication with well established CMOS technology. Interestingly, the high refractive index
allows to manipulate by magnetic and electric components of light simultaneously. In the case
of metal based nanoantennas, absorption losses can be significant at visible spectrum, while
interaction with magnetic component of the incident beam requires more complex shapes.
Recently, an investigation has been conducted to demonstrate the possibility of using silicon-
aluminum hybrid nanodisks**** to create colors of high quality. Silicon nanoparticles were
proposed as a valuable alternative to plasmonic nanoantennae for the design of color pix-
els.B8454T However, the potential of all-dielectric resonance structures is presently very far

from being fully estimated and exploited.

In this work, we propose a systematic approach to build color filters by using advantages
of cross-shaped S7 nanoresonators, which are closely spaced to each other to create a meta-
surface. Recently reported numerical studies of the nanocross geometry®® have indicated
that a broader gamut of colors is possible in comparison to simpler shapes like the cylinder
(disk). The main goal is to obtain a high quality (narrow) resonance throughout the visible
spectrum that enables an extended gamut with colors of high purity. It is known that S%
nanostructures of different shapes typically offer an opportunity to excite individual electric
type and magnetic type Mie resonances, or both resonances simultaneously.”® In fact, it has
been demonstrated that by tuning the aspect ratio carefully, one can overlap both resonances

to achieve near unity transmission.*” In this paper, the all-dielectric metasurfaces are used



in reflection mode. A very confined energy is concentrated within the structure due to the

high quality of the used Mie resonances.

The main hypothesis that we follow here is based on the expectation that a proper manip-
ulation by the selected Mie resonances may enable desired improvements of the resulting res-
onance quality owing to better confinement of resonance fields and, simultaneously, removal
of secondary (unwanted) spectral features, so that enrichment of colors can be achieved. We
decided in favor of cross-shaped St nanoresonators as building elements, which are expected
to be suitable®® for achievement of the goals of this study. Each of them is made of two iden-
tical orthogonal rectangle-shaped S7 nanoantennas. In this case, resonances are governed
by cross-shaped nanoantennas and thus, colors can be controlled via all three geometrical
parameters of individual nanoantennas. This gives a new degree of freedom as compared
to the nanodisks, that is highly demanded for efficient optimization. Using the suggested
approach, we predict by simulations and confirm experimentally that one can easily achieve
a high quality resonance for the entire visible spectrum by carefully choosing the length and

width of the cross-shaped nanoresonators.

Results

Let us start from the general geometry and basic operation principles of the proposed devices.
Figure (a) presents the perspective view of the proposed all-dielectric metasurface together
with some details of geometry. The cross-shaped S7 nanoresonators are deposited on top of
the quartz substrate (see Methods of fabrication). The height of nanoantennae is selected as
140nm (in subwavelength range). Figure [I[b) represents the top view of SEM image of the
device. A 45° cross section view is also added in the inset for the same fabricated device.
For the studied St structure, extinction cross section spectrum is presented in Fig. (c)

Two resonance peaks are observed at 465nm and 520nm. They can be tuned throughout
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Figure 1: Perspective view and SEM images of the all-dielectric metasurface, ex-
tinction cross section (ECS) spectra and reflectance spectra, and reflectance vs
polarization angle. (a) Schematic representation of the array of cross-shaped Si nanores-
onators on top of the quartz substrate. The thickness of the substrate ¢t = 275um. For
each nanoantenna, height A = 140nm, length L and width W are scaled to achieve different
colors. The center-to-center distance between the two nanoresonators (lattice constant) is
P = 250nm. (b) Top view of SEM images of the fabricated structure with P = 250nm. A
45° cross section view is added in the inset. (c) ECS spectra in case of Si and Al nanoan-
tennae. Two peaks arising in the former case are due to electric type and magnetic type
resonance (see supplementary information for the field patterns), while there is only single
broad resonance in the latter case. The inset shows the reflectance spectra for the same two
structures. The length, width and height are 100nm, 50nm and 140nm, respectively. (d) A
colormap of simulated reflectance spectra of the Si based metasurface at polarization angle
varied from 0° to 360°.

the visible range by changing the length-to-width aspect ratio of individual rectangle-shaped
nanoantennas. The Si nanoresonator dimensions have been optimized to excite these two

resonances as close as possible but without a full overlapping. In addition, the criterium



of minimizing unwanted spectral features has been applied in order to obtain more gradual
behavior in the working spectral range. As follows from the obtained simulation results,
optimization yields a resonance range that is narrower and, thus, corresponds to a resonance
of higher quality, as compared to the case of Al cross-shaped nanoantennae, see Fig. (c) We
have also compared the simulated reflectance spectra for the metal and 57 based structures at
the same dimensions [see Fig.[I|(c), inset]. These results confirm that the metal nanostructure
features broader resonances than the engineered Si one. An important advantage of cross-
shaped nanoantennae is that they preserve the polarization independence. As an example,
Fig. [I(d) presents the simulated reflectance spectrum for the entire range of polarization
angle variation and entire wavelength range considered. The obtained results confirm that
there is no change in the reflectance spectrum when the polarization angle is varied.

Since a specific color results from resonant interaction of light with nanoresonators, it
can be obtained from adjustment of geometrical parameters that properly affect spectral
locations and properties of Mie resonances. The possibility of obtaining multiple colors with
the aid of metasurfaces like that in Fig. [I[a) and (b) is demonstrated in Fig. 2l The length
and width of rectangle-shaped S7 nanoantennae are simultaneously linearly scaled in order
to tune the electric and magnetic type resonances in the entire visible spectrum from 400nm
to 700nm, as shown in Fig. (a) for P = 250nm. A commercial-grade simulator based on
the finite-difference time-domain method*” is used to perform the calculations. They are
conducted for a unit cell with periodic boundary conditions, and varied lattice constant
from 250nm to 350nm, by keeping the periodicity in the subwavelength range (see Methods,
Simulation). Each spectral zone in Fig. 2f(a) corresponds to a specific color. It is clearly
seen that the electric and magnetic type resonances can be tuned through the entire visible
wavelength spectrum, as desired. Conversion of reflectance spectra into colors on CIE1931
chromaticity diagram can be performed, in the general case, by using an open source Python
program.® The results of conversion of the spectra shown in Fig. (a) are presented in

Fig. (b) Generally, a higher quality of resonances corresponds to a better approaching



to the boundaries of the chromaticity diagram and, hence, enable higher quality and wider
gamut of colors. Complete details about color visualization using reflectance spectra are given
in supplementary information under section color representation from reflectance spectra.
By operating the metasurface in reflection mode, a broad spectrum of colors for highly
selective wavelengths (i.e., high quality colors) can be obtained. In principle, colors can
be generated by using either additive or subtractive approach.? Here, we have used the
additive approach. Ideally, the reflection spectrum must be as narrow as possible in order to
generate a very specific color. A narrower resonance represents a more specific wavelength
color, whereas the amplitude of the peak decides the saturation level of the color. With
the aid of high quality narrow resonances, we improve the approaching to the boundaries
of CIE-1931 chromaticity diagram, so a color of higher quality and a wider gamut of colors
can be obtained, as desired. We experimentally found that different colors can be obtained
at different values of period (P, lattice constant), which correspond to the scaled length
(L) and width (W) of the nanoantenna, see Fig. [2|(c). Each square in Fig. [2|c) corresponds
to a unique set of geometrical parameters. The lowest series of the squares shown here
corresponds to the structures, for which reflectance spectra are presented in Fig. (a). Thus,
the resonance region corresponds to different colors at different values of P, see Fig. S4
in supplementary information. This dependence occurs owing to the coupling of resonance
fields of nanoresonators. The use of larger values of P allows us to create a richer variety of
colors, as we have more choices to increase the length and width. We have observed different
colors under optical microscope due to variations in lattice constant (P) from 250nm to
350nm, see Fig. [J(c). The lattice constant was increased here by a reasonable increment of
20nm to make it feasible for fabrication process. Although it might be hard to distinguish
between the highly saturated colors in Fig. [(c), the reflectance spectra in Fig. [J[(a) and the
corresponding CIE-1931 chromaticity diagram in Fig. [2(b) give us a clear picture about it.
In fact, a color gamut can be possible by making a matrix between the scaled lengths and

widths.



The fact that two resonances, which are observed in Fig. 2f(a) at different values of L
and W, are closely spaced makes fabrication of a particular color possible, that is unlikely in
case of metal based plasmonic structures, because they show a broad resonance. Moreover,
it is possible to create a selective wavelength color due to sharp resonances, particularly in
the lower part of the visible spectrum. It is observed in Fig. [2|(a) that as we increase the size
of cross-shaped resonators some additional Mie resonances are also excited, in coincidence
with the predictions based on the simulation results. These resonances reduce the hue and
saturation of red color, because of mixing contribution of different frequencies. So the red
color seems to be the most difficult one to fabricate. Below, we will show that in spite of
the above-mentioned difficulties the suggested structure allows us creating fairly red colors
by carefully adjusting the values of P, L, and W. Thanks to this adjustment, the unwanted

effect of higher-order resonances can be minimized.

The three primary colors (RGB) represent the fundamental unit for color printing tech-
nology. All the other colors in the RGB gamut can be derived by mixing the primary colors
appropriately. Figure |3 presents the results of a detailed experimental demonstration of
the suggested devices in the form of pixels. A dual characterization is done to ensure the
results by measuring the reflectance spectra of the samples with the aid of a home-made
customized setup and observing the colors directly under optical microscope (see Methods,
Optical characterization). Figure [3(a) shows the experimental and simulated reflectance
spectra for highly saturated primary colors. These results show good agreement with each
other. Figure [3(b) shows the SEM images obtained at different sizes of nanoantennas. In-
sets are added to the SEM images to show the corresponding colors visible under optical
microscope, which are associated with the different sizes of the cross-shaped nanoresonators.
Finally, these three primary colors are fabricated in a form of pixel, being the main com-
ponent of any display device. The size of each square block is 50um. Details of the used

fabrication method are given at the end of the paper. The optical microscope images shown
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Figure 2: Reflectance spectra (simulation), corresponding chromaticity diagram,
and photograph of experimental images of the array visible under optical mi-
croscope. (a) Unit-cell simulation results for cross shaped Si nanoresonators on quartz
substrate; the initial values of geometrical parameters are L = 65nm, W = 35nm, and P =
250nm. L and W are linearly scaled from 65nm to 195nm and 35nm to 105nm, respectively,
from bottom to top. The resonances are redshifted in the visible regime, as schematically
shown by arrows. (b) Representation of reflectance spectra on standard CIE 1931 chro-
maticity diagram for P = 250nm. (c) Experimental colors visible under optical microscope
for different values of P which are varied from 250nm (the lowest series) to 350nm (the
most upper series) with step of 20nm (from the lowest series to the most upper one); L
and W are linearly scaled from 65nm to 260nm and 35nm to 140nm, respectively; with

k = L/min(L) = W/min(WV).



in Fig. (c) confirm the quality of highly saturated primary colors, which is an important
advantage of the suggested all-dielectric metasurface based pixels over the existing plasmon-
ics devices. A CIE 1931 chart is used to represent the simulated and experimental spectra
of the primary colors, see Fig. 3(d). One can see a very small shift in color spectrum, which
might come from fabrication imperfections. It is noticeable that there is good coincidence

between two sets of experimental results.

Conclusion

Polarization insensitive all-dielectric metasurfaces based on 2D arrays of cross-shaped S7
nanoresonators have been proposed to realize color filters with extended gamut for the en-
tire visible spectrum. A numerical investigation has been carried out that demonstrates the
principal possibility of obtaining high-purity colors by means of optimization of resonance
properties, which can be realized by a relatively simple adjustment of the structural param-
eters. The role of existence and properties of the dual resonance, which is achieved at a
partial overlapping of electric type and magnetic type resonances, and that of suppression of
unwanted spectral features in the obtaining of these advancements have been clarified. The
utilized resonances can be tuned by changing the length-to-width aspect ratio of individual
rectangle-shaped nanoantennas. This concept has been used to design and fabricate the color
filters. Our simulation results reasonably agree with the experimental ones. Some differences
should be noticed that may be connected with fabrication complexity of the structure. The
experimentally demonstrated possibility of obtaining high quality (narrow) resonances, which
enable high quality colors, is the most important result of this work. We have demonstrated
the wide variety of colors for different periodicity and size of cross-shaped nanoresonators.
Additionally, we have demonstrated the primary colors painting in the form of pixels. These
colors show high saturation and hue value. In fact, our device is capable to produce a large

panel color in the visible regime with strong spectral selectivity, provided that the nanoan-
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Figure 3: Simulation and experimental results for primary colors with SEM im-
ages. (a) Simulated and experimental reflectance spectra. The dimensions of cross-shaped
Si nanoresonators (i) L = 85nm and W = 46nm for blue color. (ii) L = 114nm and W
= 62nm for green color and (iii) L = 215nm and W = 116nm for red color. The lattice
constant is 250nm for all three cases. (b) SEM images of the fabricated structures with the
inset view of associated colors. (c¢) A photograph taken from Nikon camera attached with
50x lens with NA = 0.65 and the enlarged SEM image of the nanostructure. (d) A CIE
1931 chromaticity diagram that is used to visualize the simulated and measured colors.

tenna aspect ratio is properly chosen. By carefully controlling the balance between desired
and unwanted Mie resonances, one can further optimize the color filter, especially in dark
zone of red color. Since the a — Si (amorphous-Si) is the most suitable material for large-
scale fabrication with the existing technology, it can potentially be used for making low-cost,

eco-friendly, high quality, long lasting painting possible for mass production in the future.
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Methods

Simulations. We have used Lumerical FDTD solver® to study metasurfaces comprising
the cross-shaped nanoresonators on a dielectric substrate. The materials used for substrate
and cross-shaped nanoresonators are SiO; and S7, respectively. The material parameters
are taken from default the material library of the used software. A plane wave ranging from
400nm to 700nm is illuminated from the top of the structure. Periodic boundary conditions
are used in the unit cell along z and y directions. Perfect matching layer (PML) boundary
conditions were used in the z directions to avoid any reflection. The reflectance spectra
are simulated by considering a unit cell (one cross-shaped nanoresonator on substrate) with
periodic boundary conditions in x and y directions.

Device fabrication. A piranha cleaned quartz sample (275um thick) is used to fabricate
the device. We have deposited a thin layer of 140nm amorphous 5% using ICPCVD tool at
300°Celsius with 150W added microwave power. A single-layer PMMA photoresist is used
for patterning cross-shaped nanoresonators by using Raith 150-Two EBL tool. An electronic
mask is designed using an open source Python program. The exposed sample is developed
using MIBK-IPA (1:3) and an IPA solution for 45s and 15s, respectively. A thin layer of
metal (bnm Cr as adhesion layer and 40nm Aw) is deposited to transfer the pattern on
metal layer for lift-off process using four target evaporators. After lift-off, the sample is
etched using plasma asher to get the final pattern. A process flow chart with step by step
details is available in supplementary information.

Optical characterization. A dual optical characterization is done to ensure the results.
The sample is placed under Olympus optical microscope and illuminated with white light
without filter. The colors can be directly seen under optical microscope. The reflectance
spectra are measured using a home-made customized setup. A HL 2000 halogen lamp source
is coupled with an optical fiber to illuminate the sample in the visible range, i.e., from 400nm
to 700nm. A 50x objective lens with NA = 0.65 is used to get tight focusing of light on the

sample. The reflectance spectra are measured using the same objective lens. All the collected

12



data are normalized with respect to the bare quartz sample. A Nikon camera attached with

assembly is used to take the photograph of the illuminated area.
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