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Abstract: As a prominent alternative to toxic dyes/pig-
ments, nanostructural color pixels have garnered tremen-
dous attention in applications related to display/imaging
devices and color printings. However, current color pix-
els mostly offer static color responses. In relation to this,
dynamic color tuning properties must be investigated in
order to expand their functionalities and promote their use
in the fields of encryption and anti-counterfeiting. In this
study, a simple array of hydrogenated amorphous silicon
nanogratings is proposed to realize polarization-encrypted
full-color images via the coupling of incident light into dif-
ferent leaky mode resonances within the nanogratings. The
proposed pixels can readily switch from vivid full colors
to indistinguishable orange color by altering the incident
polarization state. Hence, unlike the reported polarization-
tuned color generation schemes that merely allow for the
color variation of the image or require complicated designs
to hide the color information, the proposed approach can
encrypt arbitrary full-color images via a simple tuning of
the incident polarization state. Owing to the localized leaky
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mode resonances supported by the nanogratings, the pixel
can still implement the polarization-encrypted functional-
ity even when it contains only four gratings, thus enabling
a remarkably high resolution. The proposed simple scheme
may provide a credible new pathway for accelerating the
practical applications of high-resolution encryption and
anti-counterfeiting.

Keywords: nanophotonics; structural color; encryption;
polarization; leaky mode resonances.

1 Introduction

Metallic/dielectric nanostructures offer an effective way
for manipulating light at the subwavelength scale by sig-
nificantly enhancing the interaction with light over their
bulk counterparts. Among the numerous studies on the
interaction between light and nanostructures, one of the
essential research topics discussed in recent decades is
the structural color that can meet the growing number
of applications, including high-resolution color printings
[1-8], multi-function color display technologies [9, 10],
colorful solar cells [11-13], colorimetric sensors [14-16]
and multicolor meta-holograms [17-19], among others.
Structural color inspired by nature originates from the
wavelength-selective transmission, which is the absorp-
tion or reflection induced by the pre-designed nanostruc-
tures when the incident light impinges on them [20-22].
This physical structural color is a prominent alternative
to toxic and carcinogenic dyes/pigments due to its con-
spicuous merits encompassing environment friendli-
ness, high printing resolution, high reproduction fidelity
and near-permanent non-fading performance. A number
of representative configurations, such as periodically
aligned nanoparticles/nanogratings [4-8, 23, 24] or mul-
tilayer thin films [10, 25-27] have been utilized to create
structural colors by selectively enhancing or blocking the
transmission/reflection at a specific resonant wavelength.
However, the bottleneck of structural color generation lies
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in its static nature. In particular, once these structures
are fabricated, their color information remains static and
this can severely restrict their potential for future-oriented
applications, such as security encryption, polarimetry
microscopy, high-density optical data storage and active
display technologies.

To this end, several schemes, including mechani-
cal deformation [28, 29], liquid crystal-assisted optical
systems [30, 31], metal/dielectric transitions via hydrogen-
ation/dehydrogenation reaction [32, 33] and polarization-
sensitive resonant structures [34-42], have been explored
to implement advanced functionalities with dynamic
color tunability. The design of a resonant structure fea-
turing polarization-tuned spectra is regarded as a simple
scheme to create dynamically alterable images. A periodi-
cal array of asymmetric structures, such as cross-shaped
nanoantennas or nanoholes with different arm lengths
[37, 39, 41], elliptical nanodisks [40] and one-dimensional
(1D) nanogratings [34, 36, 38, 42] are intensively applied
to realize polarization-dependent color responses. Com-
pared with those two-dimensional nanostructures posing
a great challenge in the fabrication process, 1D nanostruc-
tures are more suitable for the high-throughput fabrica-
tion and practical applications owing to the merits of ease
of design and large-scale fabrications. The early scheme
used to realize the polarization-tuned colors chiefly relies
on the guided-mode resonance (GMR) [43]. This requires
wavelength-comparable periodicity and sufficient unit
cells to generate colors due to its grating coupling mecha-
nism, thus limiting its applications in ultra-high-resolu-
tion display and imaging. Plasmonic structures based on
the metallic nanostructures have been extensively used
in the literature to achieve high-resolution color printing
or imaging via the excitation of localized surface plas-
monic resonance. However, as the metallic nanostruc-
tures are usually required to have a small size to achieve
the excitation of resonance in the visible spectral regime,
the fabrication of such fine metallic structures has a high
requirement on the lithography technology. In addition,
the reported resonant structures merely switch one spe-
cific color to a different one by altering the polarization
state of the incident light [37-41]. In other words, the
constructed color images only offer the dynamically vari-
able colors but image information is unchangeable, thus
limiting their applications in security encryption or anti-
counterfeiting, which requires the structure to have the
capability of encrypting the predefined color images.

In the current work, an approach for generating trans-
missive polarization-encrypted structural color is pro-
posed and demonstrated by exploiting on hydrogenated
amorphous silicon (a-Si:H) nanogratings (NGs). Silicon,
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as the most prevalent material in the semiconductor
industry, has the salient advantages of ease of fabrication
and is fully compatible with complementary metal-oxide-
semiconductor process. Under the incident polarized illu-
mination perpendicular to the nanograting orientation,
the proposed color pixels offer bright and vivid full-color
generation via a simple adjustment of the width of NGs. By
switching the incident polarization state to be parallel to
the NG axis, the pixels can render consistent orange color
responses regardless of width variations in the NGs. We
experimentally demonstrate the transition from the vivid
and bright full colors to the identical orange color by alter-
ing the polarization state of the incident light. Further, the
color image information embraced in a fabricated micro-
scale color printing based on the a-Si:H NGs is verified to
be successfully concealed by setting the incident illumi-
nation at the predesigned polarization state. Finally, the
color pixels are theoretically and experimentally con-
firmed to be capable of the polarization-encrypted func-
tionality even when the number of NGs in a pixel reduces
to four, corresponding to a small pixel size of 1 umx1 um.
This result indicates that the proposed a-Si:H NGs-based
color pixels open a new avenue for high-resolution encryp-
tion tag for security and anti-counterfeiting applications.

2 Results and discussion

Figure 1A depicts the concept of the proposed polariza-
tion-encrypted color pixels consisting of a periodically
arranged 160 nm-thick a-Si:H NGs deposited on a glass
substrate. The chosen a-Si:H is regarded as one of the best
candidates for realizing transmission-type optical devices
as it has relatively low loss and high refractive index in the
visible wavelength regime compared with non-hydrogen-
ated amorphous silicon (a-Si). For another common silicon
material like crystalline silicon, even though it has a high
refractive index in conjunction with lower optical loss, it
faces huge difficulty in depositing on a glass substrate,
which makes it unsuitable for transmission-type devices.
The width and period of the a-Si:H NGs are denoted as W
and P, respectively. Notably, the a-Si:H NGs used in the
proposed pixel are typically small or comparable in size to
the wavelength of interest, which is conducive to the reali-
zation of highly compact optical devices. The proposed
color pixel can exhibit different color outputs under the
orthogonal polarizations. For the transverse-electric (TE)
polarized light that is perpendicular to the NG orienta-
tion, the transmissive color image is perceived by simply
varying the width of the a-Si:H NGs. This color-rendering
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Figure 1: Concept and experimental demonstration of the proposed polarization-encrypted color pixels.

(A) The schematic of the proposed polarization-encrypted color pixels under the TE and TM polarized illuminations. The color pixels
based on an array of a-Si:H NGs are capable of enabling full-color images under the TE polarized illumination and encrypting the image
by rendering invariable orange color under the TM polarized illumination. The width and period of the NGs are denoted by W and P,
respectively. The height of NGs is fixed at 160 nm. (B) The bright-field microscope images of the manufactured microscopic cross images
(30 um x 30 um) under the TE and TM polarized illuminations. Regions of I, Il and Il represent the NGs with different widths of 75, 65 and
45 nm. (C) The corresponding SEM images at the corner of the cross, marked by the black and blue dotted boxes in (B). (D) Bright-field
microscope images of the manufactured microscopic “NanoNano” images (100 um x 85 um) under the TE and TM polarized illuminations.
(E) Corresponding SEM images of the region marked by the black dotted boxes in (D).

property is oriented from the scattering-induced strong
leaky mode resonances within the a-Si:H NGs [44, 45].
Under the transverse-magnetic (TM) polarization with
the E-field of the incident light parallel to the NG axis, the
proposed pixels with different NG widths turn to encryp-
tion mode by offering stable output orange colors. This
mode is different from the typical polarization-tuned
schemes that generally provide two sets of variable color
responses. This intriguing optical property may allow for
the encryption of arbitrary full-color images, which can
be intensively applied in practical applications, such as
security tags and anti-counterfeiting coatings.

In an attempt to illustrate the proposed color rending
scheme having feasibility for the application in security
encryption, we demonstrate the complicated microscopic

images that can switch from visible to invisible by alter-
ing the illuminated polarizations. Figure 1B shows 30
umx30 pum-sized cross images. Under the TE polarized
light illumination, the microscopic color images clearly
show vivid magenta and yellow cross patterns appear-
ing in brilliant purple and magenta backgrounds, respec-
tively. The distinct colors can be readily distinguished
even at the corners and edges. Here, regions of I, IT and III
in the images exploit the NG widths of 75, 65 and 45 nm,
respectively. As the incident light polarization switches to
TM polarization, all the three regions of I, I and III show
the same encrypted orange color. As such, the encrypted
information recorded in the NGs (i.e. the cross pattern)
becomes invisible. Figure 1C depicts the scanning elec-
tron microscope (SEM) images of the areas marked by the
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black and blue dotted rectangular boxes in Figure 1B. The
images reveal uniform line patterns and high fidelity of the
fabricated devices. A more complicated and large-scale
microscopic image containing “NanoNano”, in which five
distinct colors corresponding to the NG widths of 40, 45,
50, 75 and 90 nm are involved, is further demonstrated in
Figure 1D. Likewise, the color information “NanoNano”
is clearly seen under the TE polarized illumination and
becomes invisible under the TM polarized illumination.
Figure 1E exhibits the SEM images of the region marked
by the black dotted rectangular box in Figure 1D. Based
on the above observations, it is confirmed that the unique
polarization-dependent characteristic of the proposed
color pixels makes them suitable for security encryption
and anti-counterfeiting applications.

To demonstrate a broad palette of transmissive colors,
the pixels with a set of varied widths and periods were
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manufactured via a single-patterning process shown in
Figure S1A. The process is further detailed in the experi-
mental section. Figure S1B illustrates the SEM images
of the manufactured color pixels, having NG widths of
W =50, 75 and 110 nm and constant period of P=250 nm.
Through the SEM images, it is clearly verified that the
desired well-defined line pattern is attained. Figure 2A
and B exhibis a polarization-switchable color palette
comprising of 5x6 pixel arrays wherein each pixel has
a dimension of 30 um x30 um and features different NG
widths and periods. Under the TE polarized illumination,
the distinct color with high brightness and saturation is
observed to be gradually tuned from yellow to magenta,
and finally to cyan with increasing width from 40 to
110 nm, thus covering the entire visible spectral range.
This result implies that the proposed scattering-mediated
coloration approach implements a flexible broad color
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Figure 2: Simulated and measured optical performances of the proposed color pixels.

The bright-field microscopy images of the manufactured color palette with the stepwise tuning of W and P under the (A) TE and (B) TM
polarized illuminations. Each pixel belonging to the color palette has a footprint of 30 um x 30 um. Simulated and measured transmission
spectra for the pixels, marked by a dotted box in 2(A) and 2(B), under the (C) TE and (D) TM polarized illuminations. The corresponding
chromaticity coordinates of the color pixels in the CIE 1931 chromaticity diagram for the (E) TE and (F) TM polarizations.
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tuning property depending on the width of NGs. In con-
trast to the full-color generation under the TE polarized
illumination, all the manufactured pixels exhibit indistin-
guishable orange colors with similar levels of color satura-
tion and brightness under the TM polarized illumination,
as depicted in Figure 2B, reasonably confirming the pro-
posed polarization-encrypted concept. For a constant
NG width, the color hardly changes with the array period
varying from 210 to 290 nm for both TE and TM polariza-
tions. This finding indicates that there is no diffraction
effect in such a periodical NG array; thus, the near-field
coupling effect between two NGs can be neglected. Figure
S2 displays the dependence of the transmission spectra
of the pixels with different NG widths upon the periods
under the TE and TM polarized illuminations, respec-
tively. Notably, the transmission spectra under both TE
and TM polarized illuminations approximately maintain
invariable in terms of the resonance wavelength, spectral
bandwidth and efficiency at off-resonance as the period
is changed.

To further explore the polarization-enabled tunable
functionality of the proposed scheme, the transmission
spectra under the TE and TM polarized light illuminations
are systematically investigated as a function of the width of
a-Si:H NGs at a fixed period of P=250 nm. As plotted in Figure
2C, the measured spectra exhibit a good match with the sim-
ulated ones in terms of their resonance wavelengths and the
overall spectral profiles. The obtained transmission spectra
for TE polarization are characterized by a strong suppression
at resonance and remarkably high transmission efficiency
of ~90% at the off-resonance of the long-wavelength side. At
off-resonance of the short-wavelength side, the transmission
efficiency is relatively low due to the inevitable optical loss of
a-Si:H. In the simulation, ~50% efficiency can be obtained,
whereas in the measurement, lower efficiency is attained,
especially for the pixels with larger NG width.

Figure S3 shows the simulated transmission spectra
of the proposed a-Si:H NGs-based pixels in comparison to
that of the non-hydrogenated a-Si NGs. As can be seen, the
proposed a-Si:H NGs-based pixels offer better transmis-
sion spectra with higher transmission efficiency at off-res-
onance in conjunction with larger suppression ratio. With
the width of NGs increasing from 40 to 110 nm, the reso-
nance wavelength gradually redshifts from 440 to 670 nm,
in correspondence to the observed vivid color images
marked by the black dotted box in Figure 2A. Figure 2D pre-
sents the well-matched simulated and measured transmis-
sion spectra under the TM polarized illumination. As the
width of NGs ranges from W =40 to 110 nm, the proposed
pixels offer unaltered transmission spectra with the effi-
ciency close to zero in the short wavelength spectral range

W. Yue et al.: Polarization-encrypted full-colorimages =—— 879

(<500 nm) and slightly increasing with the wavelength
exceeding 500 nm. The relevant chromaticity coordinates
are calculated based on the simulated and measured
transmission spectra and then plotted in the International
Commission on illumination (CIE) 1931 chromaticity
diagram. By augmenting the width of NGs, the chroma-
ticity coordinates for the TE polarization, as depicted in
Figure 2E, are observed to evolve along the black arrow
and form a circle, thereby suggesting the capability for
full-color production by applying this approach. For the
TM polarization, the calculated color coordinates indicate
the stable orange color response in both theory and exper-
iment, which is in accordance with the observed orange
colors in Figure 2B. Notably, the experimental observa-
tions are more superior to the simulated ones in terms of
the consistency of the saturation of output color, which
is more propitious to hide the information. In addition,
the dependence of the thickness of NG on the simulated
transmission spectra and the chromaticity coordinates of
color pixels are also investigated and presented in Figure
S4A and S4B, respectively. Here, we consider three pixels
having NG widths of 90, 65 and 50 nm, which correspond
to the primary subtractive colors of cyan, magenta and
yellow (CMY). Under the TE polarized illumination, the
yellow and magenta pixels have nearly unalterable reso-
nance wavelengths but gradually increasing suppression
in transmission when the NG thickness varies from 50 to
250 nm. As the transmission spectrum with high suppres-
sion ratio corresponds to high color saturation, the NG
thickness is preferred to exceed around 150 nm. While for
the cyan pixel under the TE polarized illumination, it can
be observed that the NG thickness should be set at around
160 nm to maintain the highly saturated cyan color. For
the TM polarization, CMY pixels feature analogous trans-
mission spectra. To obtain similar color responses for the
encryption mode, the NG thickness should be larger than
160 nm. Moreover, NG with high aspect ratio can impose
difficulties in fabrication, especially for the yellow pixel
that has a narrow NG width. Therefore, the thickness of
NG of the proposed pixels is properly set as 160 nm.
Unlike the extensively studied dielectric diffraction
gratings and photonic crystals, which generate colors
due to periodic index modulations and rely on long-
range order, the individual a-Si:H NG in the array excites
a localized leaky optical mode resonance within the NG
via a strong scattering property owing to the high refrac-
tive index of a-Si:H [44-46]. As the proposed pixels have
a small grating period of 250 nm compared to the visible
wavelengths, sufficiently low filling factors and small
grating thickness, both high-order diffraction and GMR
effects are effectively avoided in our proposed 1D NGs
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[45]. When the incident light is coupled into different
NGs’ leaky mode resonances under the TE and TM illumi-
nated polarizations, the generated colors of the NG exhibit
strong polarization dependence.

In an effort to verify the leaky optical modes sup-
ported by the proposed pixels, the transmission spectra
and corresponding intensity distributions of electric (E)
field and magnetic (H) field at resonance are meticulously
inspected, as noted in Figure 3. When the incident light
wavelength matches with the optical mode resonance
supported by the NG, strong enhancement of the field
intensities can be observed. Figure 3A and B plot the
simulated transmission spectra of CMY pixels under the
TE and TM polarized illuminations, respectively. Under
the TE polarized illumination, the pixels with smaller
widths of W=50 and 65 nm have single resonance dips
at the wavelengths of 483 and 541 nm, respectively. For
the pixel with wider width of W=90 nm, two closely
neighboring resonance dips are observed to exist at the
wavelengths of 582 and 633 nm, respectively. Figure 3C
illustrates the intensity profiles of H-field (|H]?) at these
resonance wavelengths. At the resonance wavelengths of
483, 541 and 633 nm, a strong intensity enhancement of the

A

Transmission

500 600 700
Wavelength (nm)

"400 800

Figure 3: Resonance modes excited by the proposed color pixels.
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H-field can be observed within the a-Si:H NG, as shown in
Figure 3C (i, i, iv), thus verifying the presence of the TE
leaky mode resonance supported by the NG. Different from
the observed single field intensity maxima, two intensity
maxima, as shown in Figure 3C (iii), appear within the
a-Si:H NG at the resonance wavelength of 582 nm, similar
to the TE, leaky mode resonance. Under the TM polar-
ized illumination, the pixels generate prime transmission
peaks in the near-infrared wavelength region, as shown
in Figure 3B. At the visible wavelength range, the spectra
maintain similar profiles overall. Figure 3D (i, ii, iii)
depicts the intensity profiles of the E-field (|E?) at the res-
onance wavelengths of 723, 773 and 845 nm, respectively,
which are associated with the primary transmission peaks
for the pixels with the corresponding widths of 50, 65 and
90 nm. Two intensity maxima observed inside a-Si:H NG
indicate that the TM,, leaky mode resonances are excited.

As the individual a-Si:H NG can excite the reso-
nance mode, a single NG is envisioned to be capable of
creating a specific color in theory. Nevertheless, the
resonance supported by the single NG is usually not
strong enough to realize the desired high-saturation
output colors. Figure 4A and B show the simulated

B o T™,,TM,, TM,,

Transmission

0.0+ F— : . :
400 500 600 700 800 900 1000
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The simulated transmission spectra of the pixels with widths of 50, 65 and 90 nm under the (A) TE and (B) TM polarized illuminations.
Intensity profiles of (C) H- and (D) E-field (|H|?, |E|?) at the resonant wavelengths under the TE and TM polarized light.
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polarization-dependent transmission spectra for the
CMY pixels with changing the number of NGs. Under the
TE polarized illumination, the spectra tend to exhibit
an acceptable resonance dip when the numbers of NGs
increase to three, with merely scarifying a small portion of
transmission efficiency at off-resonance, as evidenced by
Figure 4A. Hence, as plotted in Figure S5A, the CMY pixels
based on three NGs can still generate color responses with
reasonably good saturation levels, which are the same
as the pixels based on the infinite NGs. Noting that the
overall spectral profiles and the color responses under the
TE polarized illumination are not dramatically altered and
retain similarities to a certain extent. Figures 4B and S5B
present the dependence of the transmission spectra and
color coordinates under the TM polarized illumination
on the number of NGs, where both the spectra and color
responses are observed to be acutely changed. Despite
all these, as the number of NGs increases from 1 to 4, the

W. Yue et al.: Polarization-encrypted full-color images =—— 881

transmission spectra gradually evolve to the expected
spectra provided by an infinite number of NGs. Based on
the color coordinates in the CIE chromaticity diagram, the
uniform orange colors are perceived for the CMY pixels
comprising only four NGs, corresponding to an ultra-com-
pact dimension of 1 umx1 um. To experimentally verify
the above observation, we prepare five samples composed
of four color pixels with different dimensions (10 um x 10
um, 5umx5um, 2umx2 um, 1 umx1um and 0.5 um x 0.5
um, respectively), as presented in Figure 4C. According
to the SEM image taken from the sample with the pixel
dimension of 1 umx1 um, it can be clearly seen that the
pixel in the top right corner contains four NGs. From the
optical microscope images, it is verified that even when
the color pixel dimension reduces to 1 um x 1 um, four dis-
tinct colors can be easily perceived under the TE polarized
illumination, while indistinguishable orange colors are
generated from all the color pixels under the TM polarized
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Figure 4: Realized high resolution of the proposed color pixels.
The dependence of the simulated transmission spectra of the pixels wi
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under the (A) TE and (B) TM polarized illuminations. (C) The bright-field microscope images of the prepared samples having different pixel
dimensions (10 um x 10 um, 5 um x5 pm, 2 umx 2 um, 1 um x1pm and 0.5 um x 0.5 um). The SEM image taken from the sample with the

pixel dimension of 1 um x 1 um is given on the right.
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illumination. In conclusion, the proposed polarization-
encrypted concept can function well even when the pixel
dimension downscales to 1 um x 1 um corresponding to a
high spatial resolution of ~25,400 dpi. This finding indi-
cates that the proposed color pixels have potentials in the
fields of high-resolution display/image devices and infor-
mation encryption. Moreover, even though the achieved
resolution here is not comparable to that of the previ-
ously reported nanodisk-enabled color printings [4-8,
47], it is much higher than the previously demonstrated
1D gratings-based polarization-encrypted approaches [34,
36, 42, 43], which require wavelength-comparable perio-
dicity and sufficient unit cells to generate polarization-
dependent colors. From another perspective, the achieved
high resolution also validates that the proposed 1D a-Si:H
NG array is predominantly induced by the localized leaky
resonances as stated in the previous section, rather than
the common GMR effect residing in the subwavelength
gratings.

Another major attraction of the proposed a-Si:H NGs-
based color pixels is the angular tolerant property, which
is superior to the previously reported GMR-mediated
approaches that exhibit a strong dependence of the color
response on the periodicity. The non-iridescent structural
colors for wide viewing angles provided by the proposed
pixels also arise from the excitation of the highly local-
ized resonance mode within NGs, which is predomi-
nantly dependent on the width of NGs rather than the
array period. To verify the angle-insensitive property,
the angle-resolved transmission spectra of the proposed
pixels with NG widths of D=50, 65 and 90 nm are respec-
tively examined under the TE and TM polarized light illu-
minations, as illustrated in Figure S6. As can be clearly
seen, the resonant wavelength and the overall shape of
the transmission spectra remain almost constant over a
wide range of incident angles up to 30°, thus indicating
the relaxed angular tolerance.

3 Conclusion

In summary, we have proposed and demonstrated polari-
zation-encrypted structural colors by exploiting a simple
array of a-Si:H NGs. Depending on the polarization state,
the incident light is coupled to different leaky optical mode
resonances within the NGs. Under the TE polarized illumi-
nation, the resonances occur in the visible spectral regime
and can be tuned by altering the width of NGs, eventually
generating the highly saturated full colors. When the polari-
zation state switches to the TM mode, the indistinguishable
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orange color is rendered regardless of the variation of the
NG width as the main resonance modes supported by the
NGs appear in the infrared spectral region. As proof of the
claimed encryption concept, microscopic color images
containing cross patterns and “NanoNano” information
were respectively prepared by fixing the widths of NG at
different values. Results indicated that the color informa-
tion can be successfully concealed via the simple polariza-
tion tuning from TE to TM. In addition, the proposed color
pixels are established to retain the polarization-encrypted
functionality even when their dimensions downscale to 1
um x 1 wm, which merely contains four NGs. The presented
strategy facilitates the development and the practical use
of high-resolution multi-functional display, security tag,
and anti-counterfeiting.

4 Experimental section

4.1 Device fabrication

The proposed a-Si:H NGs were fabricated by adopting a
series of standard processes, including chemical vapor
deposition, electron beam lithography (EBL) and plasma
dry etching. A 160 nm-thick a-Si:H film was initially depos-
ited on a glass substrate by virtue of a gas mixture of SiH,
(silane) and helium carrier via plasma enhanced chemi-
cal vapor deposition (PECVD) (Oxford, Plasmalab System
100). A film made of a positive electron beam resist of
ZEP520A was subsequently patterned with the EBL system
(RAITH 150), and then dry-etched through a plasma etcher
(Oxford, Plasmalab System 100) using a gas mixture of
CHF, and SF,. The residual resist was removed by oxygen
plasma in the etcher. The completed color pixels exhibit
dimensions of 30 um x 30 pum.

4.2 Optical characterization and simulation

The prepared color pixels were visually scrutinized under
a high-resolution field emission scanning electron micro-
scope (Hitachi, Regulus-8100). The transmission micro-
scopic images related to each pixel in Figure 1B and D,
Figure 2A and B and Figure 4C were captured under normal
incidence using a digital microscope (Leica, DM400OOM).
The transmission microscopic images in Figure 1B and
D, Figure 2A and B and Figure 4C are measured through
20 %, 50 %, 100 x objective lens, respectively. The optical
transmission spectra for TE and TM polarizations were
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measured under normal incidence using a commercial
microspectrophotometer (Craic, 20/30PV), which had the
capability to measure the polarization-dependent trans-
mission spectra in a micro area in the spectral regime from
200 to 2100 nm. Here, linear polarized light with a spot
size of 10 um was applied to measure the transmission
spectra of the manufactured color pixels (30 pmx 30 pum)
in Figured 2C and 2D. A commercial tool based on the
finite difference time domain (FDTD) method (Lumeri-
cal, FDTD Solutions) was utilized in order to explore the
polarization-dependent transmission spectra at normal
incidence, angle-resolved transmission spectra, and
intensity distributions of E- and H-field. The refractive
index of a-Si:H used in the simulation, as plotted in Figure
S7, was measured by a reflecto-spectrometer (Scientific
Computing International, Filmtek 4000), which operated
in the spectral regime from 450 to 1650 nm. The Filmtek
4000 measuring system employed the Scientific Comput-
ing International company’s generalized material model
with advanced global optimization algorithms for high-
precision refractive index measurement. By using Filmtek
4000, two spectroscopic reflection data were gathered
from the a-Si:H film on the glass substrate at normal and
70° incidences. These two reflection data were then fitted
with the material model to derive the complex refractive
index of a-Si:H. The complex refractive index of the non-
hydrogenated a-Si originated from Palik [48].
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