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Polarization-Sensitive Structural Colors with Hue-and-
Saturation Tuning Based on All-Dielectric Nanopixels

Bo Yang, Wenwei Liu, Zhancheng Li, Hua Cheng, Shuqi Chen,* and Jianguo Tian

Structural colors generated by the plasmonic resonance of metallic nano-
structures, particularly aluminum, have been intensively studied in recent
years. However, the inherent Ohmic loss and interband transitions in metals
hinder the high efficiency and narrow bandwidth required for pure colors.
Here, arrays of asymmetric titanium oxide elliptical nanopixels on a silica
substrate are utilized to realize polarization-sensitive structural colors with
high saturation, high efficiency (more than 90%), and high resolution. Owing
to Fano resonance resulting from the interference between the radiating

aluminum.['=+7916-18] In the early stages,

gold and silver were the preferred choices
to achieve structural colors. However, gold
is expensive and undergoes interband
transitions at wavelengths in the range
from 400 to 500 nm, while silver is easily
oxidized and sulfated in ambient air.'**l
On the contrary, aluminum is a promising
substitute that is not only stable but also
inexpensive. In recent years, several inves-

waves of dipole resonances and directly reflected waves, perfect narrow
reflected spectra can be formed with nearly ideal efficiency in the visible
spectrum based on this all-dielectric nanostructure. In particular, hue- and
saturation-tuned colors can be simultaneously obtained under two orthogo-
nally polarized incident lights with apparent color contrast. Based on the
superior properties of the titanium oxide metasurface, the proposed design
strategy is anticipated to form a new paradigm for practical applications, such
as high-density optical data storage, nanoscale optical elements, sensing,

security, and so on.

For several years, organic dyes and chemical pigments formed
the most common materials for imaging and display tech-
nologies.'* However, the resolution of these pigments is not
sufficient, and they cannot endure durative high-intensity or
high-temperature illumination.'® In addition, these pigments
are environment-unfriendly and expensive from the perspec-
tive of recycling. In this context, recently, structural colors
have attracted considerable attention as an alternative to pig-
ments since they offer high resolution, are eco-friendly, and
can be tuned dynamically.'->7-1% Structural colors generated
from plasmonic metasurfaces via surface plasmon resonance
have been extensively investigated.l''™3! The building blocks
of plasmonic metasurfaces include gold,™ silver,>®1 and
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tigations on structural colors generated by
aluminum nanostructures have been real-
ized. Yang et al. have utilized aluminum
metasurfaces to realize color palettes for
photorealistic  printing.”l  Nevertheless,
because of the inherent Ohmic loss in
metals, the plasmon resonance peak is
relatively small (and thus inefficient) and
typically spreads over a broad spectral
band, thereby leading to low color satura-
tion and purity.!

In order to overcome these limitations,
an alternative material with negligible
absorption and relatively high refractive index is highly desired
to realize pure and highly saturated structural colors. Recent
investigations on dielectric materials have demonstrated that all-
dielectric metasurfaces (particularly silicon) exhibit remarkable
performances with low loss and strong dipole resonances in the
infrared spectral range. All-dielectric silicon metasurfaces have
been extensively applied to act as Huygens surfaces, multi-
wavelength achromatic metasurfaces, dielectric gradient metas-
urfaces, and so on.1-2)l Nonetheless, amorphous silicon exhibits
high absorption of wavelengths from 400 to 500 nm, which
means that it is difficult to realize high efficiency and narrow
bandwidth for color generation, especially for blue colors.[+27]
Hence, amorphous titanium oxide, with its negligible loss and
relatively high refractive index in the visible spectral range, is
considered as a suitable choice to address these challenges.[?82]
Thus far, titanium oxide metasurfaces have been utilized in
many applications, such as high-numerical-aperture metalenses
in the visible range, color holograms, and wearable optics.3%3!

In this study, we present the strategy of polarization-
dependent color generation with subwavelength resolution in
the reflection mode across the visible range by utilizing amor-
phous titanium oxide elliptic nanopixels deposited on a silica
substrate. We demonstrate that titanium oxide is a remarkable
material to generate structural colors owing to the phenomenon
of Fano resonance and the presence of the photonic band gap.
In addition, we realize the sharp contrast of colors under two
orthogonally polarization states of incident light by varying the
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periods of the nanopixels along the x- and y-axes. In particular,
we simultaneously realize the hue-and-saturation tuning in x-
and y-polarization states by varying the period in one direction.
We also obtain three-primary-color switching (green to blue,
blue to red, and red to green) by varying the polarization degree
from 0° to 90°, which can be extensively employed in informa-
tion coding and display technologies.

The proposed pixels are composed of asymmetric elliptic
titanium oxide nanopillars on a rectangular silica substrate with
varying diameters and periods along the x- and y-directions,
which are referred to as P, and P, respectively, as illustrated in
Figure 1a. The height (H) of the nanopillars is fixed at 300 nm.
The major and minor axes of the ellipse are notated as a and
b, respectively. The angle between the polarization of the inci-
dent light and x-axis is defined as ¢. The incident x-polarized
white light can be filtered into various visible colors by var-
ying the geometric parameters of the nanopixels, as shown in
Figure 1la. Meanwhile, the asymmetric nanopixels can generate
distinct colors for the same nanostructure under two ortho-
gonal polarizations, as shown in Figure 1a,b. The light-matter
interaction is simulated by finite-element method (commercial
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software COMSOL Multiphysics) with periodic boundary condi-
tions in the x- and y-directions to model infinite arrays and per-
fect match layer in the z-direction to mimic a free space.?? The
refractive index of amorphous titanium oxide gradually varies
with wavelength, and the absorption coefficient can be negli-
gible in the visible range.?>31 The refractive index of silica is
set as 1.45.12%]

In order to cover the full color palette, we change the periods
of the nanopixel along the x- and y-directions in the range of
300 to 400 nm with a 25 nm interval. Figure 1c,d schematically
shows the virtual colors of the nanopillars array by varying P,
and P, under x- and y-polarized incident lights, respectively.
The duty ratio is fixed at 0.6 (the corresponding diameters are
180, 195, 210, 225, and 240 nm in that order along both direc-
tions), which is defined as the ratio of the major axes and minor
axes a/b of the pixels to the period P,/P,. A sharp color con-
trast can be obtained under two orthogonally polarized incident
lights for each nanostructure set. Figure 1c shows the colors
can change from blue to green to red with increasing P, for
x-polarized incidence, where P, is fixed at 300 nm. All the pixels
exhibit distinct saturation of blue for y-polarized incidence. The

y-polarization

y-polarization
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Figure 1. Top: Schematic illustrating the architecture of all-dielectric color filter with periodic titanium oxide elliptical nanopixels on silica substrate.
With the same structure, a) x-polarized and b) y-polarized incident white light is scattered back into distinct visible colors due to the asymmetry of
nanopixels. The lattice dimensions of the device are P, and P, along the x- and y-directions, respectively. Bottom: The color palettes for connected arrays
of elliptical pixels with varying periods P, and P,, with step size of 25 nm. The color palettes show reflected color illuminated under c) x-polarized and
d) y-polarized light. The color is obtained via computing the reflection spectrum onto an RGB set.
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Figure 2. Polarization-tuned reflection spectra of pixels indicated by dashed boxes in Figure 1 along with corresponding incident angle dependence.
Simulated reflection spectra obtained upon increasing P, from 300 to 400 nm in a step of 25 nm under a) x-polarized and b) y-polarized light.
The corresponding CIE 1931 chromaticity coordinates of the reflection spectra from ST to S5 for c) x-polarization and d) y-polarization, respectively.

The arrow indicates variation from S1 to S5.

hue- and saturation-tuned colors can also be achieved by var-
ying P, and P, for y-polarized incidence, as shown in Figure 1d.
Hence, the full color gamut can be covered with the use of two
orthogonally polarized incident lights. Particularly, high-quality
blue color can be obtained based on the designed architecture,
which is not possible to realize with plasmonic or amorphous-
silicon-based dielectric metasurfaces.'=+142]

To analyze the reflected characteristics of the nanopixels in
different polarization states, we simulated the reflection spectra
of five nanopixels (corresponding to the geometry param-
eters in the dashed box of Figure 1) for x- and y-polarization
states in Figure 2a,b, respectively. The reflected spectra have a
redshift with the increasing P, for x-polarization. The central
wavelengths of the reflected spectra are 485, 515, 550, 580,
and 610 nm, respectively, when the nanostructure varies from
S1 to S5. The efficiency can also remain as high as =100% for
the five nanostructures. However, the central wavelengths of
the reflected spectra will not have an apparent shift for the same
five nanostructures for y-polarization. Certainly, the efficiency
and bandwidth of the reflected spectra have a slight differ-
ence. According to the color-mixing principle, saturation indi-
cates the proportion of monochromatic light (solid color) with
respect to white light, namely, of the purity of colors.l**l In this
content, the narrower bandwidth of spectra will lead to higher
saturation with an increase in the ratio of monochromatic
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light. Figure 2c,d shows the CIE 1931 chromaticity coordi-
nates, which include the five colors generated from S1 to S5
for x- and y-polarization states, respectively. The approach of
calculating CIE XYZ tristimulus from reflection spectra is
given in Supporting Information. The chromaticity diagram
of x-polarization in Figure 2c¢ has significantly different hues
ranging from blue (206°) to red (357°) due to the presence of
various central wavelengths across the entire visible region.
In contrast, the saturation of the colors in Figure 2d exhibits
significantly decreasing trend from S1 (75.8%) to S5 (48.5%),
where the central wavelength shifts only about 10 nm. Thus,
we simultaneously realize the hue- and saturation-tuned struc-
tural colors under two orthogonally polarization states, which
is desirable for practical applications such as 3D displaying and
data storage.

To investigate the relation between the incident angle
and the resonant peak, we calculated the contour map of
the reflected efficiency as a function of the wavelength and the
incident angle under two polarization states for the periodic
structure with P, = 350 nm and P, =300 nm in Figure 3a,b,
respectively. For nearly all incident angles from 0° to 80°, the
central resonant peaks are 550 and 490 nm for x- and y-polari-
zations, respectively. However, the efficiency of the central reso-
nant peak gradually decreases as the incident angle increases,
with the efficiency being approximately 80% for 32° and
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Figure 3. The sensitivity of incident light. Simulated reflection spectra maps of S3 (P, = 350 nm) as a function of wavelength and incident angle for
a) x-polarization and b) y-polarization. c) Corresponding colors of the structure for varying incident angles in a step of 10°.

40% for 80°. Meanwhile, when the incident angle exceeds 40°,
a certain small resonance around the central resonant peak will
occur and gradually expand in the spectrum. The monochro-
maticity of reflected light gradually decreases, resulting in the
reduced saturation. The corresponding colors under oblique
incident light with a 10° interval are shown in Figure 3c. The
colors under x- and y-polarization states basically remain
unchanged from 0° to 40°. The saturation of colors under both
polarization states gradually reach 0% (white light) when the
oblique incident angle is 80°. Hence, the angular tolerance of
the nanostructure is at least 40°. The proposed nanostructures
can be applied as small-angle displays. Moreover, when the
incident angle is greater than 40°, the saturation of colors varies
apparently from 66.20 to 0.04% by tuning incident angle, which
can be used as a wide-angle detector and an angle-sensitive
microscope.

To further explore the mechanism of light-matter interac-
tion of the reflection spectra, we simulated the magnetic field
distribution at resonant wavelengths of 490 and 550 nm under
two polarization states for S3 in Figure 4. Figure 4a,b shows the
magnetic field distributions [H in the x—z plane at wavelengths
of 490 and 550 nm for x-polarized incident light, respectively.
Figure 4c,d shows the magnetic field distributions [H|in the x—=
plane at wavelengths of 490 and 550 nm for y-polarized incident
light, respectively. Obviously, the magnetic field profiles of the
two polarization states at resonant wavelength (Figure 4b,c) are
the strongest at the center of nanopixel and the weakest in the
vicinity of the nanopixel. This indicates that the magnetic field
is strongly confined in the TiO, pillars. The magnetic field is
weak and primarily located in the interior of TiO, pillar for the
nonresonant wavelength (Figure 4a,d). The resonant mecha-
nisms for both polarization states are identical. It primarily

Adv. Optical Mater. 2018, 1701009

1701009 (4 of 8)

(0 ElE
400

(a) 490 nm

490 nm

200

z (nm)
z (nm)

x (nm)

550 nm

x (nm)

550 nm

<

z (nm)

-100 0 100
x (nm)

-100 0 100
X (nm)

Figure 4. Simulated magnetic field distributions [H| at resonant wave-
lengths (490 and 550 nm) of S3 under the two polarization states. Non-
resonant magnetic field distributions in the x-z plane a) at wavelength
490 nm under x-polarization and d) at wavelength 550 nm under y-polari-
zation. Resonant magnetic field distributions in the x—z plane b) at wave-
length 550 nm under x-polarization and c) at wavelength 490 nm under
y-polarization, respectively.
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Figure 5. RGB switching of designed pixel arrays as a function of the incident polarization angle. a) Simulated reflection spectra of green-blue (G-B)
structure, blue-red (B-R) structure, and red-green (R-G) structure in that order. For each structure, the color changes significantly under x-polarization
and y-polarization. b) Corresponding reflection-mode color responses of three designed structures for varying incident polarization angles in a step of
15°. ¢) Corresponding CIE 1931 chromaticity coordinates for spectra of pixels indicated by the dashed box in (b) (B-R structure). The arrow indicates

variation in the polarization angle from 0° to 90°.

relies on the intrinsic properties of titanium oxide, which can
support dipole resonances and form photonic band gaps due
to the significant refractive index difference between TiO, and
silica via periodic array.””! In addition, the white light incidence
on the periodic structure excites a guided mode via light-matter
interaction on the surface. The mode leaks into the surrounding
environment and interacts with directly reflected light. The
interference between directly reflected light and radiated light
results in Fano resonance with high quality and a sharp peak.'”!
The effects of Fano resonance along with the presence of the
photonic band gap lead to improved reflection spectra, which
can be utilized to generate preferable color impressions.

Since an apparent color contrast of x- and y-polarization
states can be obtained with varying periods, we can also realize
three-primary-color switching for two orthogonally polarized
incident lights, which is significant for data storage and display
technologies. Figure 5 gives three nanostructures corresponding
to S6 (green-blue [G-B] structure with P, = 350 nm, P, = 300 nm,
a = 220 nm, b = 160 nm), S7 (blue-red [B-R] structure with
P, =300 nm, P, =400 nm, a =140 nm, b =260 nm), and S8 (red-
green [R-G] structure with P, =400 nm, P, =340 nm, a =260 nm,
b = 180 nm), respectively. Figure 5a shows the reflection spectra
of three nanostructures, whose peak 1 and peak 2 are located
at 475 and 545 nm, 450 and 600 nm, and 535 and 620 nm for
x- and y-polarized incident lights, respectively. Since the band-
width of the reflection peak is narrow and the efficiency is more
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than 90% for all three nanostructures, the six corresponding
colors exhibit high purity and saturation. Figure 5b depicts the
virtual colors generated by the three nanostructures for various
polarization angles ranging from 0° to 90°. Obviously, the three
nanostructures can achieve switching from green to blue, red
to blue, and red to green via changes only in the polarization
angles. The corresponding CIE 1931 chromaticity coordinates
for the spectra of the B-R structure are shown in Figure 5c. The
colors will gradually shift from blue to purple to red with varying
polarization angles, which results from the reflected response to
polarized light. According to Malus’ law, we have

R(¢,A)=R,(A)sin® @+ Ry (A)cos’ ¢ (1)

where ¢ denotes the polarization angle of incident light and
Ry/Ry, is the reflectance for the electric field being vertical/
parallel to the x-axis. When ¢ varies from 0° to 90°, the reso-
nant peaks of reflection spectra shift at least 100 nm for the
three nanostructures, which means that we can dynamically
tune structural colors via varying the polarization angle of
the incident light to obtain dual or multiple colors. The flex-
ible switching of colors enables a signal nanopixel to encode
dual- or multiple-information states in display technologies. In
this context, our proposed nanostructures can be used to create
micro image display containing high-density storage, digital
displaying, and 3D displaying.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Mixing colors for varying ratios of two pixel types. a) The number of pixels for ST and S5 are Ng; and Nss, respectively. The colors can be tuned
by different ratios of Ns; and Nss. b) Simulated reflection spectra of the four mixed structures (Nss:Ns;). In all cases, the incident light is x-polarized.

c) CIE 1931 chromaticity coordinates for spectra of mixed structures.

Aside from the realization of RGB switching via meticu-
lous design, we next consider probing the mixing principle of
colors. As an example, two types of nanostructures (S5 and
S1 in Figure 1) are arrayed with distinct mixing ratios Ngs5:Ng;
(5:0, 4:1, 2:3, and 0:5 in that order) under x-polarized incident
light, as illustrated in Figure 6a. As mentioned previously, the
individual S1 structure is the blue color pixels while the S5
structure is red color pixels. Figure 6b illustrates the simulated
reflected spectra for the four mixing ratios. The resonant peak
of the spectrum is gradually observed to redshift over the range
from 485 nm (0:5), 520 nm (2:3), and 570 nm (4:1) to 610 nm
(5:0), covering three primary colors of blue, green, and red. The
efficiencies of the mixed colors are 99%, 79%, 51%, and 98%
in that order. The corresponding CIE 1931 chromaticity coor-
dinates for the four ratios are shown in Figure 6c. Given the
coupling effects between the five pixels, the mixed reflected
spectra for ratios 4:1 and 2:3 do not perfectly correspond to the
linear combination of S1 and S5. Several distinct colors can be
obtained by adjusting only the type, ratio, and dimensions of
the pixels, which makes our approach potentially useful in dig-
ital displaying and imaging technologies.

In order to vividly highlight the range of color gamut that can
be covered, and the hue-and-saturation tuning that can be real-
ized, we use MATLARB to print an oil painting “Mother and Son”
utilizing 137 kinds of colors generated by the nanostructures of
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TiO,. They are composed of nanostructures by varying periods
and diameters along two orthogonal directions. Figure 7a,b
presents the structural colors of the reproduction under x- and
y-polarization states, respectively. The colors in two polariza-
tion states are abundant, which can basically cover three pri-
mary colors. A striking contrast of colors can be seen under two
polarization states, such as blue to green (the sky) and yellow to
blue (the coat of the kid and the lining of the hats). Besides, the
colors of both the woman's scarf and the kid’s scarf are orange
with different saturation (85.36% for kid’s scarf and 52.50%
for woman's scarf) under x-polarization. While when the inci-
dent light is the y-polarization state, the hue is 9° for kid’s scarf
and 174° for woman’s scarf. Therefore, the hue-and-saturation
tuning can be simultaneously realized in our study. As the hue
and saturation can be manipulated under different polariza-
tions, this technique may be developed into 3D imaging and
displaying. Such polarization-dependent multicolor nanostruc-
tures could lead to ultrahigh-resolution 3D photographs, paint-
ings, holograms, and anticounterfeiting measures.

In summary, we have demonstrated a polarization-sensitive
color filter based on elliptical titanium oxide nanopixels on a
silica substrate. Fano resonance can be obtained in this archi-
tecture via interference between the radiation waves of Mie
dipole resonance and directly reflected waves, which leads to
generation of narrowband-reflected spectra across the visible

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. A reproduction of the painting “Mother and Son,” printed by Dong Wang. The colors in the reproduction are generated by the TiO, nano-
structures with varying periods and diameters under a) x-polarized and b) y-polarized incident lights, respectively. The copyright permission has been

obtained from the copyright holder.

spectrum. By tuning of the various nanopixel parameters, the
high-saturation and high-resolution structural colors can be
generated with oblique-incident-angle tolerance of up to =40°
for both polarization states.

Particularly, compared with the previous research on struc-
tural colors utilizing TiO,,?" we proposed a novel design
strategy that can simultaneously tune hue and saturation. In
the proposed nanostructures, we not only can vary the major
and minor diameters of the ellipse but can also alter the periods
in the x- and y-directions. The independent variation of periods
along two directions ensures high efficiency (more than 90%
theoretically) for varying polarization angles and considerable
shift (150 nm or so) of the center wavelength under two orthog-
onally polarization states. By varying period and diameter only
along one direction, we can obtain the hue tuning (from blue
to red) under one polarization state and the saturation tuning
(from 48.5 to 75.8% with basically constant hue) under vertical
polarization state. The two attributes of hue and saturation,
which are crucial for the perception of color by the human eyes,
can be flexibly controlled under x- and y-polarization states
based on the designed strategy. Besides, we can implement
RGB switching with high-quality and high-efficiency colors by
accurately designing the parameters of periods and diameters.
Dual and multiple colors can be obtained via varying polariza-
tion angles under one nanostructure. Our results indicate the
potential of our approach in many significant applications,
such as information coding, cryptography, high-density optical
data storage, polarimetry microscopy, security encryption, 3D
displaying, and hyperspectral microscopy.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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