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ABSTRACT: While interference colors have been known for a long time, conventional
color filters have large spatial dimensions and cannot be used to create compact
pixelized color pictures. Here we report a simple yet elegant interference-based method
of creating microscopic structural color pixels using a single-mask process using
standard UV photolithography on an all-dielectric substrate. The technology makes use
of the varied aperture-controlled physical deposition rate of low-temperature silicon
dioxide inside a hollow cavity to create a thin-film stack with the controlled bottom
layer thickness. The stack defines which wavelengths of the reflected light interfere
constructively, and thus the cavities act as micrometer-scale pixels of a predefined color.
Combinations of such pixels produce vibrant colorful pictures visible to the naked eye.
Being fully CMOS-compatible, wafer-scale, and not requiring costly electron-beam
lithography, such a method paves the way toward large scale applications of structural
colors in commercial products.
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B INTRODUCTION Such structural colors have found numerous applications in
several areas, ranging from solar energy harvesting15 to
displays,'® security and anticounterfeiting,' '~

The downside of using metals for the implementation of
structural colors is not only their high cost but also inherent
optical losses, limiting the generation of saturated colors from
the wide gamut available for traditional dyes. In contrast to
plasmonic nanostructures, dielectric metasurfaces have much
lower optical losses and, therefore, provide an efficient way of
generating bright structural colors,”' > but still rely on
focused ion beam (FIB) or EBL techniques to define the
individual color pixels. The inherent dependence on these
tools leads to high manufacturing costs and severely limits the
scalability and industrial applications of such structural
colors.”**’

In this context, we propose a novel method to locally control
the color, produced by a stack of thin dielectric films*® using
only a single UV photolithography step. The photolithography
is used to define the openings in the dielectric mask, which in
turn influence the deposition of a second dielectric layer inside
the created cavities (see Figure 1). Such an aperture-controlled

Since ancient times people have tried to reproduce the colors
they saw in nature by using, first, natural pigments and, later,
synthetic dyes." The color of these materials is produced
thanks to the absorption of specific wavelengths of incident
white light and the reflection of others. A different mechanism
of color generation comes in play when incident light is not
absorbed, but rather deflected by a material in a certain way
due to the presence of an internal structure with dimensions of
the same order as the light wavelength. Such "structural” colors
have been first described in the 17th century, based on the
observations of the iridescent peacock feathers.”” The first
visual evidence of the complex microscopic structure of these
feathers came two and a half centuries later with the invention
of the scanning electron microscope,” which became the main
tool for studying structural coloration in nature.”®

The potential of bioinspired structural colors featuring
higher stability and lower photodegradation, while being more
environmentally friendly compared to traditional dyes, was
clear. However, fully harnessing this potential in man-made
materials only became possible with the advent of micro- and
nanostructuration tools.”® One of the first platforms to
demonstrate the generation of artificial structural colors were
metallic nanoantennas utilizing localized surface plasmon
resonances.” Fabricated either using electron beam lithography
(EBL) or pulsed femtosecond lasers, they were able to provide
an unprecedented printing resolution of structural color pixels
up to >10° dots per inch (DPI)'>'" on various materials.'*~"*
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Figure 1. Concept of the aperture-controlled thin film stack for the interference-based color pixels. (a) Side view: a cavity is formed via uniform
etching of the substrate through a circular aperture of a respective diameter (d; and d,). A subsequent deposition of another dielectric creates a
three-layer thin film stack with an aperture-controlled thickness of the bottom layer, deposited inside the cavity (¢; and t,). The thickness of the top
two layers stays the same regardless of the size of the aperture, while the bottom layer has a variable thickness, depending on the diameter of the
opening, which leads to a difference in the spectra of reflected light. (b) Top view: the reflectance spectrum and, therefore, the perceived color of
the cavity are thus controlled by the aperture. (c) Each cavity can be used as a pixel of an individually controlled color. (d) Such pixels can be

arranged in patterns to form structurally colored images.

deposition allows us to control the constructive interference of
the incident and the reflected light, thus turning the cavities
into micrometer-scale color pixels. Combining such pixels we
can produce millimeter- to centimeter-scale color pictures
visible to the naked eye. The whole fabrication process,
described in the following sections, is fully CMOS-compatible,
and can be easily scaled up using existing semiconductor
foundries, which makes it very attractive for large-scale use in
commercial products. We therefore believe that it will likely be
adopted by industry, finding numerous applications from
anticounterfeiting elements to iridescent surface decorations in
high-end watches and jewelry.

B RESULTS

The proposed method of creating structural color pixels is
conceptually shown in Figure la. The local color is produced
by the incident white light interfering at the interface of a
fabricated thin film stack, where the thickness of the bottom
layer is controlled by the nonconformal deposition of a
dielectric inside a preformed hollow cavity.””*" The cavity
itself is etched isotropically in the substrate underneath a
transparent mask featuring an opening of a designed diameter,
defining a circular region underneath the suspended mask.
After the cavity is formed, a second type of dielectric, different
from that forming the mask, is deposited in conditions tailored
for a nonconformal coating of the inner surfaces.

In particular, its thickness inside the cavity underneath the
mask is limited and controlled by the diameter of the hole in
the mask. The fabricated structure seen from the top
represents a circle and is composed by a suspended stack of
three layers with two constant thicknesses, the top and middle

layers, and a variable bottom one. This stack of thin films forms
an optical interface and due to interference of the incident and
the reflected light the spectrum of the reflected light is specific
to the stack, resulting in particular visible colors. The described
principle of an aperture-controlled stack of dielectrics and its
specific reflectance spectrum is illustrated in Figure la, b. The
holes in the mask with surrounding cavities and thin film stacks
creating specific colors can be arranged in a pattern to define a
colored picture, similar to pixels arranged to form an image. An
example of an image formed by these structures is shown in
Figure 1d with the inset image Figure 1c detailing the pixels.

Fabrication. The fabrication process to create structural
color pixels is illustrated in Figure 2a and starts with the
deposition of the mask material onto a substrate wafer. The
choice of the mask material is dictated by its optical properties
(transparency to light of a chosen wavelength) and etch rate
selectivity relative to the substrate material to ensure the
efficient cavity etching process (e.g., plasma, gas or wet etch).
The openings of diameter d, are then defined by UV
photolithography and transferred onto the mask using an
adapted etching process (see Materials and Methods). Third,
the substrate is selectively and isotropically etched to form the
cavities with the suspended mask on top. The spacing between
the openings combined with the lateral dimensions of the
under-etch can be tailored to lead to two different outcomes:
when the spacing between the openings is smaller than the
diameter of the cavity, the cavities merge due to the under-etch
and form a larger area of the suspended mask material. This
option can be interesting to increase the fill factor, but can be
problematic because of the stress in the thin film and will not
be explored in detail here. However, if the spacing is chosen to
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Figure 2. (a) Side view of the fabrication process used to create the color pixels: (i) a thin transparent mask is deposited on a substrate and (ii)
patterned with circular apertures of different diameters dyq. (iii) The substrate is selectively and isotropically etched, producing cavities with an
overhanging mask. (iv) A deposition of LTO is then performed, which has the property of depositing non conformally. The thickness of LTO
under the overhanging mask is thus defined by the value of d,,q. (b) Top view of the six test structures fabricated using the proposed process with
fused silica as a substrate and Al,O; as a mask. d,,,q ranges between 1 and 8 um, leading to the creation of different colors. (c) FIB cut of a
fabricated structure revealing the overhanging thin film stack. The LTO layer is colored in blue and the Al,O; in purple, for better visualization, and
two extracted parameters are indicated. (d) Measured bottom LTO layer thickness t,, as a function of the aperture in the mask for the same six test

structures shows a linear dependence.

be larger than the diameter of the cavities, the mask layer is
regularly anchored to the substrate which mitigates stress
issues. Therefore, this regime will be primarily used for the
purpose of the work presented here (Figure 2b).

The next fabrication step is the controlled deposition of a
second dielectric with a refractive index different from that of
the mask material. The deposited film has to be nonconformal
to the shape of the cavity, so that its thickness at the backside
of the etched mask depends on the size of the opening. One
well-known method for such nonconformal deposition of a
dielectric is the low-pressure chemical vapor deposition
(LPCVD) of low-temperature silicon dioxide (LTO). LTO is
deposited at low pressure (150 mTorr here) and low
temperature (425 °C) compared to other LPCVD processes.
The surface coverage of LTO on similar structures was studied
by Cheng et al,”” who deduced that the material deposited

inside the cavity underneath the overhang is due to re-emission
of the precursor owing to its low sticking coefficient, and not
due to the surface diffusion of the deposited material. The
generally accepted mechanism is that precursors with mean
free paths much larger than the structure size deposit at the
bottom of the cavity under the opening and are re-emitted
underneath the overhang.29 Thus, the larger the opening in the
mask (d,.q) is, the larger is the amount of re-emitted material.
Another parameter affecting the deposition under the overhang
is the aspect ratio of the cavity: as the center-bottom part of
the cavity acts as a point source, the larger the cavity’s width/
height ratio, the more tapered is the resulting thin film profile.
In our case, this aspect ratio is constant owing to the isotropic
nature of the etching process and, when comparing to the test
structures from Cheng et al.,”’ we estimate the variation in thin
film thickness under the overhang to be less than 15%.

https://doi.org/10.1021/acsami.3c03353
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Figure 3. (a, b) Color appearance modeled with the transfer matrix method and the CIE 1931 XYZ color space for t,,, = 2700 nm and varying t,g

and t,,4, for two different materials as a mask layer. The difference in color is due to the different refractive index of the two materials. (c) Predicted
normalized reflectance spectra of the test structures with Al,O; mask. Square insets display the predicted (rigid outline) and observed (dashed
outline) color appearance. The theoretical spectrum was calculated based on the measured values: tap = 2700 nm, £,,.q = 460 nm, and t;,¢ = 95, 208,

310, 370, 440, and 520 nm.

Specifically, the structures fabricated for this work were made
on fused silica and Si substrates, using Al,O; and Si,N, as mask
materials (the detailed fabrications process is provided in
Materials and Methods). LTO was chosen as a second
dielectric with a nominal film thickness over the mask layer set
to 2.7 ym. The choice of materials was not only supported by
their optical properties, but also by their ease of integration
into CMOS-compatible industrial microfabrication processes.
Cross-Section Characterization. In order to validate the
described concept, test structures referred to as D1 to D6 were
fabricated on a fused silica substrate with 460 nm thick Al,O;

33059

film as a mask. Color pixels with d g between 1 and 8 ym
were fabricated and are shown in Figure 2b: the black dot in
the center of the pixel corresponds to the empty opening in the
mask through which the under-etch was performed and the
colored part indicates the presence of the overhanging thin-
film stack causing interference in the reflected light. FIB cuts
were performed on the six test structures to observe the cross
section along their center. Figure 2¢ shows a scanning electron
microscopy (SEM) image of such cut along with the
parameters extracted from it: the diameter of the opening in

the mask is referred to as dy,q the top LTO thickness as t,,

https://doi.org/10.1021/acsami.3c03353
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the middle Al,O; thickness as f,,y, and the bottom LTO
thickness as ¢, The different materials are false-colored for an
easier visual perception on the right part of the cut with the
LTO layer in blue and the Al,O; mask in purple. The
nonconformal deposition is clearly visible with a f,, being
much larger than the t¢ value. A plot of the bottom thickness
t¢ as a function of the hole diameter d, g extracted from the
FIB cuts is shown in Figure 2d, indicating a seemingly linear
dependence of the bottom layer as a function of d, g and
validating the concept of an aperture-controlled thin film stack.

Physical Modeling. To validate the physical phenomenon
responsible for the appearance of colors in the regions
surrounding the microapertures, we used the transfer matrix
method®' to calculate the reflectance spectrum of the stack of
thin layers and converted it to the CIE-1931 XYZ color space.

For the first step, we considered p-polarized light at normal

incidence on the stack, and modeled the jth layer as a matrix:

csin(6,)
cos(5j i 4
"
Mj =
n;sin(5;
i cos(5}-)

(1)

where i is the imaginary unit, ¢ is the speed of light, and ¢ is
the phase shift induced on a plane wave of wavelength 1 by the
layer having refractive index n; and thickness t; defined as

t

2
5= (Tn)"” @)

The total transfer matrix is then given by the product of the
transfer matrices of the L layers in the order in which the light
encounters the layers:

L
My My
M=l =
| My My

(3)
Finally, the reflectance spectrum is given by
N 2
R(2) = Moty €+ Mol Mgy — My €7 — 1y My)C
- 2
oty € + Nl My + My C + gy mysc 4)

Where n, and n;,, are the refractive indices of the media
preceding and following the stack, respectively.

To convert the reflectance spectrum into the color
appearance under an illuminant with spectrum I(4), we used
the color matching functions x(1), y(4), and z(4) to obtain the
CIE-1931 XYZ color space as

1 780 _
X = ~ f3 “ RM)I(A)x(A)dA

(%)
1 780 _
v=- fm R(A)I(A)y (2)dA (6)
1 780 _
7= N/380 R)I(A)z(1)dA )
with
780
N = /380 1(A)y (2)dA (®)

The spectrum of the incident light was measured from a
halogen lamp source, while the colors of the reflected light

were simulated by sweeping over the thicknesses of the three
layers, typ tmas and f,p to generate a 3D volume with a
corresponding color. As a result of such parameter sweep, a
small variation (in the order of hundreds of nanometers) in the
top SiO, layer’s thickness was found to play an insignificant
role in the generated color and was thus fixed to its measured
value of 2700 nm. The simulated color palette for a sweep of
two remaining parameters (tpase and t,p) is represented in
Figure 3a with Al,O; as mask material. Here we observe a
periodicity in both directions with more well-defined colors in
the lower range of t,¢ and t,.y. The colors of the test samples
represented in Figure 1b seem to match the color found on the
color palette at the corresponding dimensions reported in
Figure 1d. Figure 3b represents the color palette modeled in
the same conditions for a mask made of a higher refractive
index material, silicon nitride. The resulting shorter period in
the x direction shows the expected influence of the larger
refractive index of Si,N, (n & 2.4) versus AL,O; (n = 1.9). The
simulated colors with the Si,N, as the mask material are also
more saturated than for AL,O; and are thus promising for
obtaining wide-gamut color palettes.

Validation of Reflectance Spectra and Color Appear-
ance. The interesting aspect of the current model is the ability
to make predictions on the expected color appearance
depending on the diameter of the hole. By using the SEM
measurements of Figure 2d, we compared the predicted color
appearance with the observed colors of the microfabricated test
structures (Figure 3c). To account for reflectance and
illuminance variations due to real measurement conditions,
we normalized the simulated reflectance spectra to have
maximum brightness: this exalts the tone and make the colors
very visible while preserving the ratios of the contribution for
each wavelength. Remarkably, we found that the accordance
between the predicted and the observed color is very high for
all the apertures tested. By using the raw spectra depicted in
Figure S1, the outcomes are not qualitatively different: the
predicted spectra follow the measured ones, and colors remain
the same (i.e, a red shade is reddish, a green one, greenish,
etc.), but their brightness is much lower, making it difficult to
quantitatively compare with the colors obtained on the very
shiny wafers.

Comparison between the predicted color of the raw
reflectance spectra with and without the top SiO, layer,
shown in Figure S1, confirmed that this layer does not have an
influence on the color type, which is determined solely by the
bottom SiO, layer.

Color Palette. Given the robustness of our methodology to
predict and create different colors on the same wafer by
adjusting microaperture sizes, we explored the potential to
apply it to other substrates and different illumination
modalities. Thus, we fabricated structures on silicon and
fused silica substrates and with Al,O; and Si,N, as the mask
with all the combinations of mask and substrate materials (four
wafers in total). Since Figure 3a and b revealed that colors are
more defined and saturated in the lower thickness range, the
mask thickness was set to 80 nm for AL,O; and 200 nm for
Si,N,. The color palette simulated for both thicknesses and
materials is represented in Figure 4b, validating that the
created structural colors should be better defined and more
saturated than the test samples. The fabrication process was
optimized for each combination of materials, as described in
detail in the Materials and Methods. Briefly, 80 nm of Al,O,
was deposited using atomic layer deposition (ALD) because

https://doi.org/10.1021/acsami.3c03353
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Figure 4. (a) Test structures comprising individual and merging
arrays of holes of varying diameter d,,,q and a straight line of constant
height and width of half the nominal dimension. The structures were
fabricated in all combinations of Al,O; and Si,N, as mask material on
silicon and fused silica (FS) substrates. (b) Color generated by the
spectra modeled as of the transfer matrix method for £, = 2700 nm,
fixed t,,,q indicated on the figure, and varying ¢ for masks made of
ALO; and Si,N,. The color progression matches the experimentally
observed colors.

this technique deposits films with a better thickness uniformity
across the wafer than sputtering and Si,N, was deposited using
the LPCVD technique. The masks were etched through using
ion beam etching for all material combinations. The under-
etch of silicon substrates was performed in a vapor phase of
XeF, whose selectivity is infinite toward the Al,O; mask and
very high toward the Si,N, mask. The under-etch of fused silica
covered by an Al,O; mask was performed using a vapor phase
of HF with infinite selectivity, while the fused silica covered by
Si,N, was etched using a solution of 49% HF. The last step of
LTO deposition was common for all four wafers.

The layout of each wafer is shown in Figure S2 and
comprises test structure units with nominal dimensions
ranging from 1 to 8 ym varied with an increment of 0.2 um
to obtain the full color range. Each unit is depicted in Figure
S2 and comprises an array of holes of nominal diameter and
spaced in order for the under-etched parts of the cavities to
remain isolated (individual arrays), an array of holes of
nominal diameter spaced so that the under-etched parts do
merge (merging arrays) and a straight line with constant height
and width of half a nominal dimension. The layout also
contains visually appealing images of flowers, composed of six
different parts, each made of an array of individual pixels with
different diameters. Flowers of different lateral dimensions

(height ranging from 0.6 to 20 mm) and aperture diameter
combinations were patterned on the wafer.

The result of fabricating all the aforementioned test
structures is shown in Figure 4a with the units arranged
along d,q to display the full color progression. The pictures
were taken in identical conditions, varying only the intensity of
the illumination and without applying image or color
correction. Images of silicon substrates were set to saturate
the background and leave the colorful units on a white
background. This was not possible while imaging the fused
silica substrates as the color pixels would saturate before the
background. The colors were found to follow the same
progression as shown in simulations, proving that the created
structural colors can be controlled and predicted from the
simulated parameters. However, the colors emerging from
structures with Si,N, masks were not found to be more
saturated or defined than the other ones made from Al,O,
contrary to what was predicted by simulations. This difference
can be attributed to the dielectric losses of silicon nitride that
were not taken into account in the simulations. Furthermore,
the color saturation was found to be different on fused silica
and silicon substrates. Indeed the light reflected at the bottom
of the cavity adds a constant component to the reflectance
spectra whose signature is expected to be specific to the
substrate material and its roughness.

Cracks in the suspended film originating from the edge of
the line were observed in all cases, but these cracks were more
pronounced in the cases with Si,N, mask. In this latter
configuration, the suspended structures created by the merging
arrays were found to collapse, demonstrating a poorer
mechanical stability. XeF, etch rate was found to be limited
by the opening in the mask and the lower range of d g had
smaller underetch than the larger ones. Merging arrays had a
brighter color thanks to the larger fill factor but did not have
the same color as the individual arrays. The color in the middle
of the array matched the color of individual arrays of larger
diameter, indicating a larger #, for merging arrays than
individual arrays. This can be explained by the fact that the
bottom LTO layer benefits from multiple point sources for
merging arrays. This explanation is supported by the
observation of a different color on the edges of the merging
arrays, especially visible in the larger range of d .

Finally, to demonstrate the large-scale capabilities of the
proposed method of creating structural colors, we show in
Figure S stitched optical microscopy images of colored flowers.
The insets on each image indicate the substrate and mask
materials, and whether the picture was taken in bright field
(BF) or dark field (DF) conditions. The first observation is
that the bright field and dark field colors do not match. Indeed
the light in the dark field mode mainly comes from the
substrate at a large angle, which considerably changes the
interference spectrum. Second, the bright field image also
comprises reflection from the substrate at the bottom of the
cavity, which adds up to the interfering light from the top
layers. The flowers made on fused silica substrates, however,
did not display any color in the dark field mode (we attribute it
to the fact that the light incident at a large angle was evenly
diffused in the transparent substrate) and are thus not shown.

To further prove the real-world attractiveness of the
proposed method, we show in Figure Sb a picture of the
microfabricated flowers on the silicon wafer (with AL,O; mask)
taken with a standard smartphone camera using a white-light
illumination from the side. The different structural colors are
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silicon
A0,
BF

Figure 5. (a) Stitched microscopy images of colorful flowers
fabricated in all combinations of Al,O; (80 nm) and Si,N, (200
nm) as mask material on silicon and fused silica (FS) substrates.
Flowers fabricated on silicon substrates observed under dark field
illumination (DF) revealed different colors than in bright field
illumination (BF). (b) Picture of a silicon wafer with structures
fabricated using 80 nm of Al,O; as mask taken with a smartphone
camera. The flower highlighted in red corresponds to the flower
shown in (a) (i) revealing that the colors visible by eye match the
colors observed in the dark field mode.

clearly visible by eye demonstrating the potential of the
method to pattern arbitrary images from micrometer to
centimeter scale. Notably, the first flower of each row on the
left consist of merging arrays where the suspended membrane
cracked and detached during the fabrication, explaining the
absence of colors. Moreover, the colors observed by the eye
(or by a smartphone camera) closely match those observed in
the dark field mode under the microscope, which can be
qualitatively seen from the microscope image of the flower
shown in Figure Sa (i) and its image taken with a smartphone

highlighted by the dashed red line in Figure Sb.

B DISCUSSION

The spatial resolution of the proposed method is limited to the
resolution of UV-photolithography (~ 1 um structures),
leading to a maximum DPI =& 25 000. This is comparable to
the resolution of other published structural coloration
methods,””** but an order of magnitude lower than the
record-high DPI demonstrated using e-beam lithography or
nanoimprinting.m’33 The calculated gamut values (Figure S3)
for different configurations of the dielectric layers are below
the typical values achieved using published all-dielectric
structural color methods (maximum of 33.5% of the sRGB
color space versus > 100% in literature™). This is a logical
consequence of a multiple spectral peaks observed in the raw
reflectance data (Figure S1), and their low absolute reflectance
values. However, the easier fabrication process for the
presented structural coloration method employing a single
photomask can compensate for the loss in resolution and be a
decisive factor for the attractiveness of the technique in large-
scale commercial applications (especially in combination with
imprinting techniques).

Given the current interest in dynamic structural color
displays,®* three main potential solutions can be foreseen for
such cavities. The cavities can be arranged to effectively form
microchannels, in which a small amount of liquid can
circulate.”> The color range can then be dynamically switched
On and Off by circulating a drop of liquid matching the
refractive index of the dielectric material of the apertures. The
pixels under which the liquid is present then display the same

color defined by ¢,y only, canceling the effect of ¢ variations.
A second method relies on the use of a material whose
refractive index changes under an electric field such as lithium
niobate or barium titanate as mask material. Application of an
electric field via transparent electrodes made of ITO, for
example, could change the color appearance up to a certain
range. Similarly, a third method would employ a thermo-optic
material to dynamically change the refractive index.

Importantly, given the size and fabrication method of such
structures, when electric fields or heat is applied, one would
need to consider potential effects on their thermal or piezo-
electric expansion/shrinkage to ensure their mechanical
stability. When using transparent substrates and explicitly
considering the angle dependence in the calculation of the
predicted spectrum (and color), such microapertures may be
used similarly to other meta-surfaces®® to route specific colors
to specific locations in transmission configuration for, e.g,
sensing or imaging with pixelated detectors.

B CONCLUSION

In conclusion, we designed, tested, and optimized an
interference-based method for creating structural color pixels
from a stack of thin-film dielectrics. The method uses only a
single UV photolithography step to define openings with
desired diameters in the etch mask, which then define the
reflected light wavelength via the varied aperture-controlled
thickness of silicon dioxide layer deposited at the backside of
the mask. The choice of both the substrate and the mask
materials can be made such as to optimize the desired
parameters of the reflected light. Being fully compatible with
existing CMOS-oriented microfabrication facilities, such a
method paves the way toward large scale applications of
structural colors in industry, ranging from security features for
anticounterfeiting to surface decoration in high-end watches
and jewelry.

B MATERIALS AND METHODS

Fabrication. All substrates were pregared for deposition by first
performing the standard RCA cleaning.”

Fused Silica with Al,O; Mask. The test structures used for cross
section characterization and reflectance measurements were fabricated
by depositing a S00 nm thick Al,O; layer using sputtering method
(SPIDER 600, Pfeiffer). The structures fabricated for the color palette
in Figure 4 start by depositing 80 nm of Al,O; using atomic layer
deposition (ALD) (TFS 200, Beneq). A 750 nm thick photoresist
layer (AZ ECI 3007, MicroChemicals) was spin-coated and
developed using an automated coater and developer (ACS200
GEN3, Siiss) and exposed using direct writing methods (MLA150,
Heidelberg Instruments). The pattern was transferred to the mask
using ion beam etching (Nexus IBE350, Veeco) and the underetch
performed by a vapor phase of HF (uEtch, SPTS) to lead to S um
lateral etching. Finally, a deposition of 2.7 ym of low temperature
oxide (Centrotherm furnace) is performed to create the thin film
stack.

Fused Silica Substrate with Si,N, Mask. 200 nm of low stress
Si,N, was deposited using the LPCVD method (Centrotherm
furnace). A 750 nm thick photoresist layer (AZ ECI 3007,
MicroChemicals) was spin-coated and developed using an automated
coater and developer (ACS200 GEN3, Siiss) and exposed using direct
writing methods (MLA150, Heidelberg Instruments). The pattern
was transferred to the mask using ion beam etching (Nexus IBE350,
Veeco). The underetch was then performed in a 49% solution of HF
to lead to S pum lateral etching. Finally, a deposition of 2.7 ym of low
temperature oxide (Centrotherm furnace) is performed to create the
thin film stack.
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Silicon Substrate with Al,O; Mask. 80 nm of ALO; was
deposited using atomic layer deposition (ALD) (TFS 200, Beneq). A
750 nm thick photoresist layer (AZ ECI 3007, MicroChemicals) was
spin-coated and developed using an automated coater and developer
(ACS200 GENS, Siiss) and exposed using direct writing methods
(MLA150, Heidelberg Instruments). The pattern was transferred to
the mask using ion beam etching (Nexus IBE350, Veeco) and the
underetch performed by a vapor phase of XeF, (Xactix, SPTS) to lead
to S um lateral etching for the largest dimensions. The etch rate was
found to be aperture dependent and the smaller structures had a
smaller underetch. Finally, a deposition of 2.7 ym of low temperature
oxide (Centrotherm furnace) is performed to create the thin film
stack.

Silicon Substrate with Si,N, Mask. 200 nm of low stress Si,N,
was deposited using the LPCVD method (Centrotherm furnace). A
750 nm thick photoresist layer (AZ ECI 3007, MicroChemicals) was
spin-coated and developed using an automated coater and developer
(ACS200 GENB3, Siiss) and exposed using direct writing methods
(MLA150, Heidelberg Instruments). The pattern was transferred to
the mask using ion beam etching (Nexus IBE350, Veeco) and the
underetch performed by a vapor phase of XeF, (Xactix, SPTS) to lead
to S pm lateral etching for the largest dimensions. The etch rate was
found to be aperture dependent and the smaller structures had a
smaller underetch. Finally, a deposition of 2.7 ym of low temperature
oxide (Centrotherm furnace) is performed to create the thin film
stack.

Reflectance Spectra Measurements. The experimental setup
used for the spectral measurements is based on a commercial
Olympus microscope used to focus a spot light to less than S ym
diameter on the sample. The detailed description of the setup can be
found elsewhere.*® The background spectrum (i.e., no illumination)
was recorded and subtracted from every measure, see eq 9. The
illuminant spectrum (i.e., the light source), used as a reference, was
measured by placing a mirror at the sample plane, see eq 10. Each
measurement on the samples was taken five times under the same
conditions and the results were averaged, see eq 11. Overall, the
reflectance spectrum of a sample is obtained as described by eq 12.

Icorrected(/l) = Imeasured(/l) - Ibackground(/l) (9)
R(ﬂ) — Ireﬂected(j')
Isource(ﬂ) (10)
N
L(4)
Iavera ed(j') = —
¢ ; N (11)
R(/l) _ %Zi] (Ireﬂected,i(/l) - Ibackground(;l))
Isource(/l) - Ibackground(/l) (12)

Miscellaneous. The images of the samples were taken using a
Leica DM8000 microscope, equipped with the DMC2900 camera,
and acquired using the LAS X software set to provide no color
correction. The layout was prepared using the AutoCAD software.
The flower image was taken from the Web site reussiralecole.fr and
used upon agreement with the owner. The flower layout was created
by applying the AND logical operation between an array of holes of
fixed diameter and a part of the flower. The calculation and modeling
of the spectra and colors were made using custom Matlab 2022a code
(available upon request).

B ASSOCIATED CONTENT
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