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Nanostructured spectral filters enabling dynamic color-tuning are saliently attractive for
implementing ultra-compact color displays and imaging devices. Realization of polarization-induced
dynamic color-tuning via one-dimensional periodic nanostructures is highly challenging due to the
absence of plasmonic resonances for transverse-electric polarization. Here we demonstrate highly
efficient dynamic subtractive color filters incorporating a dielectric-loaded aluminum nanowire array,
providing a continuum of customized color according to the incident polarization. Dynamic color
filtering was realized relying on selective suppression in transmission spectra via plasmonic resonance
at a metal-dielectric interface and guided-mode resonance for a metal-clad dielectric waveguide,
each occurring at their characteristic wavelengths for transverse-magnetic and electric polarizations,
respectively. A broad palette of colors, including cyan, magenta, and yellow, has been attained

with high transmission beyond 80%, by tailoring the period of the nanowire array and the incident
polarization. Thanks to low cost, high durability, and mass producibility of the aluminum adopted
for the proposed devices, they are anticipated to be diversely applied to color displays, holographic
imaging, information encoding, and anti-counterfeiting.

Metal-dielectric nanostructures and nanoparticles that exhibit extraordinary light manipulating capa-
bility based on optical resonance have been extensively utilized to embody structural color filters,
which are regarded as a central component in digital display and imaging devices, colorful decora-
tion, anti-counterfeiting, and so on!°. Various types of one-dimensional (1D)”-? and two-dimensional
(2D)'%-* nanostructures have been taken advantage of in order to realize a variety of spectral filters
based on plasmonics in aluminum (Al) metal, taking into account its optimistic properties over com-
monly used plasmonic materials like gold (Au) and silver (Ag)'*%°. In particular, the prominent aspects
of Al encompass its natural abundance, neutral tint, good adhesion to diverse platforms, and excellent
compatibility with the prevalent complementary metal-oxide-semiconductor (CMOS) process'>-2%. So
far, structural color filters were mostly developed to produce one fixed color for a given geometry for
incident white light. Dynamic color filters that enable adaptive color-tuning over a broad spectral range
may be principally essential to diverse applications, such as ultra-fast displays, multi-spectral imaging,
dynamic holographic imaging, information encoding, and stereoscopic color printing?*-?%. Thanks to
the capability of 2D asymmetric nanostructures to excite surface plasmons (SPs) along two orthogonal
directions depending on incident polarization, color filters relying on specially engineered 2D geometries
were previously reported to generate polarization-dependent color output?®?. Implementation of such
polarization-tuned dynamic coloration via simple subwavelength structures, like a 1D metallic nano-
wire (NW) array, without resorting to sophisticated geometries that require critical considerations in
design and fabrication, remains a challenge, considering the fact that SP modes are known to be only
supported for transverse magnetic (TM)-polarized light with the electric field oriented perpendicular
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to the metallic NWs while the optical transmission is significantly prohibited for transverse electric
(TE)-polarized light. This is believed to be the primary reason why studies on the color filters that are
based on a 1D metallic NW array are mainly focused on the generation of colors merely for the TM
polarization, while little attention is paid to the TE case where the transmission is usually low and no
distinct color is available”*52,

It should be remarked that production of two independent colors for both polarizations is an integral
prerequisite for polarization-assisted dynamic color filtering. Colors may be generated through such
1D metallic NW arrays in a subtractive scheme by tapping into the SP resonance (SPR) under the TM
incidence, exploiting the wavelength-selective suppression of transmission®. For the TE case, however,
creation of subtractive colors via such 1D nanostructures poses two paramount issues: firstly, achieving
high transmission across a broad spectral range, and, secondly, inhibition of transmission in the proxim-
ity of specific wavelengths. The former requirement might be satisfied by filling up the slits of the NW
array with a dielectric in order to increase the cutoff wavelength and support cavity modes in the slits as
previously reported®*2, while the latter can be potentially addressed by virtue of other non-plasmonic
phenomena, like the guided-wave resonance (GMR)?*?. Such 1D NW array for mitigating those two issues
can enable enhanced transmission for both TE and TM polarizations, providing independent control of
the locations in relation to suppressed transmissions for the two polarizations.

To date, no attempt has been made towards the embodiment of polarization-controlled dynamic color
filters that incorporate a 1D metallic NW array. In this work, we propose and accomplish highly efficient
polarization-tuned dynamic color filters resting on a dielectric-loaded 1D aluminum (Al) NW array,
by appropriately capitalizing on the SPR in conjunction with the GMR. We are particularly concerned
about the widely tunable color filters drawing upon a 1D Al NW array, the slits of which are fully filled
with a dielectric of SiO, along with an appropriately thick overlay of the same dielectric. The proposed
filters are capable of producing a continuum of colors that is represented by a line on the chromaticity
diagram, delivering the customized color output in accordance with the polarization of incident light,
unlike conventional color filters, which just produce a single fixed color that is represented by a point
on the CIE 1931 chromaticity diagram. The filters exploit the SPR and GMR under the TM and TE
polarizations, respectively, in order to manifest selectively suppressed transmissions at different spectral
positions, thereby enabling the generation of double distinct colors for the two orthogonal polarizations.
For the state of polarization intermediate between the two extremes of TM and TE, the color lying
between the two distinct colors would be generated, signifying that the optical output can be continu-
ously tailored across a wide range of color, by simply adjusting the polarization of input white light. The
mechanism responsible for such polarization-dependent dynamic color filtering has been meticulously
scrutinized by exploring the origin of the polarization-selective suppressed transmission that occurs at
different wavelengths. The proposed nanostructure-based dynamic color filters can be readily applied to
ultra-high-resolution displays, security tags, anti-counterfeiting, and steganography®*?’.

Results

Subtractive Color Filters Featuring Polarization-tuned Transmission Spectra. The proposed
dynamic color filter, whose schematic is illustrated in Fig. 1(a), consists of a 1D Al NW array, the slits
of which are completely packed with dielectric (SiO,) and is covered with a thin overlay of the same
dielectric. The metallic NW array has a thickness of H, (=120nm), a period P along the x-direction,
and a duty ratio of 0.5, which is defined as the ratio ofg the width (W) of each NW to the period (P).
The dielectric overlay has a thickness of Hy (=200nm). The alignment of the electric field (E-field) with
respect to the x-direction in the xz- plane, which is indicated by an angle ¢, determines the polarization
state of the incident light. The light transmission through the filter may be selectively hindered at specific
resonance wavelengths in accordance with ¢, so as to produce adaptively varying colors. For instance,
as depicted in Fig. 1(a), incoming white light is efficiently filtered out to give rise to yellow color for
¢ =0°, i.e. for the TM polarization, while blue color is obtained for ¢ =90°, i.e. for the TE polarization.
The dielectric overlay not only serves as a protective layer against environmental factors but also acts
as a functional layer for dynamic color generation, which will be discussed later in this paper and the
Supplementary Information. Also, it will be addressed later that, for the TM polarization, the filtering of
visible light to produce specific colors is acquired through the SPR, resulting in selective suppression of
transmission while, for the TE polarization, the generation of color is ascribed to the resonance of guided
modes supported by a leaky planar waveguide, which is formed by a core of the dielectric overlay that is
surrounded by claddings of the metallic NW array and air.

Figure 1(b) displays scanning electron microscope (SEM) images of the prepared dynamic color filters
with periods of 300, 380, and 460 nm, respectively, from top to bottom. The generated bright color images
with high contrast are included in the inset, for different polarizations as indicated by the E-field (a blue
arrow). The created Al NW pattern associated with the filters was observed under a high-resolution
SEM (UltraPlus analytical FESEM from Zeiss) while the corresponding color images were captured with
a digital color microscope camera (Leica DFC450), installed to a digital microscope (Leica DM4000 M).
For the filters with P =300, 380, and 460 nm, the color output appeared to switch between the pairs of
yellow and blue, magenta and green, and cyan and brownish red; the former and latter colors of those
pairs being respectively generated for the two orthogonal polarizations, TM and TE. For the dynamic
color filters that were formed on a glass substrate with dimensions of 40 um X 40 pum, a well-defined 1D
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Figure 1. Dynamic color filters comprising of a dielectric-loaded Al 1D NW array . (a) Schematic
diagram of the proposed dynamic color filters comprising of dielectric-loaded Al 1D NW array over a glass
substrate. Incident white light is filtered into different visible colors, in accordance with the polarization
(¢) of the incident light for the filter with a given period P. (b) SEM images of the fabricated filters with
different periods of (i) 300, (ii) 380, and (iii) 460 nm, from top to bottom, including their generated

color images in the inset for different polarization directions as indicated by the direction of E-field (blue
arrow). It can be seen that the colors switched between yellow-blue, magenta-green and cyan-brownish red
respectively for the two orthogonal polarizations, for the filters with P= 300, 380, and 460 nm, respectively.

NW array has been well manufactured, exhibiting high fidelity according to the design, as revealed in
the SEM images.

For the prepared filters with NW periods of 300, 380, and 460 nm, the measured transmission spectra
are respectively depicted in Fig. 2(a) (i), (ii) and (iii), from left to right, under different polarizations
varying from ¢ =0° to 90° in steps of 15°. High transmission surpassing 80% in the visible regime
was attained for both TM (¢ =0°) and TE (¢ =90°) polarizations. For the TM case, the filters with
periods of 300, 380, and 460nm had a broad transmission dip centered at X = ~450, 550, and 650 nm,
respectively. Meanwhile, for the TE polarization, a low-pass transmission characteristic was observed
for the filter with P=300nm. It was found for the other two devices with P =380 and 460 nm that the
low-pass spectral response was locally affected by relatively sharp dips centered at 2 =466 and 540 nm,
respectively. It was confirmed theoretically and experimentally that, for other intermediate polarization
directions residing between ¢ =0° and 90°, the transmission was determined by the combination of the
transmissions in relation to the two orthogonal polarizations. That is, when the transmissions for orthog-
onal cases of & = 0° and 90° were designated as T, and Ty, the transmission for an arbitrary polarization
of ¢ was given by T, = Tycos’¢ + Tgysin’¢*. Supplementary Figure S1(a) shows the corresponding calcu-
lated spectra for the filters with NW periods of 300, 380, and 460 nm, which were obtained by use of a
simulation tool based on the finite difference time domain (FDTD) method (FDTD Solutions, Lumerical,
Canada). The good agreement between the simulation and the measurement results was confirmed from
Fig. 2 and Supplementary Figure S1.

Dynamic Color-tuning and Demonstration of a Broad Palette of Subtractive Colors. For the
proposed color filters, in a bid to have an insight into the color response in terms of the polarization, the
chromaticity coordinates in response to the measured and simulated transmission spectra, as shown in
Fig. 2(a), were calculated by using standard equations®** and plotted in a standard CIE (International
Commission on Ilumination) 1931 chromaticity diagram, as illustrated in Fig. 2(b). The chromaticity
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Figure 2. Polarization-tuned transmission spectra and corresponding color responses. (a) Measured
transmission spectra of the filters with NW array periods of (i) 300, (ii) 380 and (iii) 460 nm, respectively,
from left to right respectively, for different polarization directions from ¢ =0° to 90° in the steps of 15°.
Transmission spectra were highly affected by incident polarization, indicating the polarization-tunability.

(b) Chromaticity coordinates corresponding to the measured spectra for filters with periods of (i) 300, (ii)
380, and (iii) 460 nm in the CIE 1931 chromaticity diagram as polarization angles ¢ varied from 0° to 90° in
steps of 15°.

coordinates for the measured spectra of the filters with P =300, 380, and 460 nm under different polari-
zation angles, varying from ¢ = 0° to 90° in steps of 15°, are depicted in Fig. 2(b) (i) through (iii), respec-
tively. The coordinates for the corresponding simulated spectra are plotted in Supplementary Figures S1
(b) (i) through (iii). In view of the variations in the chromaticity coordinates as a function of the angle
¢, the color emerging from each of the filters can be dynamically customized by altering ¢, as marked by
the black arrow. For the device with P =300nm, the acquired color was tuned from yellow towards blue
when ¢ changed from 0° to 90°, as marked by the coordinates in the diagram. Similarly, as ¢ varied from
0° to 90°, the output color that was available from the filter with P =380 can be tuned across magenta and
green. For the case with P =460 nm, the output color was scanned between brownish red color and cyan.
The coordinates for the simulated and measured spectra offered good correlations. Practically, factors,
including surface roughness, fabrication defects, and non-parallel incident light used for measurements,
which were not fully considered in the simulations, might account for the difference in absolute levels of
the spectra, thus resulting in slight discrepancies between the chromaticity coordinates for the calculated
and measured spectra.

In an effort to assess the effect of the period of the NW array upon the performance of the dynamic
color filters, the transmission spectra with respect to TM and TE polarizations were scrutinized through
FDTD based simulations. Figure 3(a) shows the simulated and measured spectra for an Al NW array
for the TM (¢ = 0°) and TE (¢ = 90°) polarizations, with the pitch ranging from 300 to 460 nm in incre-
ments of 20 nm, with the duty ratio fixed at 0.5. For the TM case, the optical response presented a broad
dip according to the period, following a trend designated by the dashed line, where the position of the
diminished efficiency shifted from X =450 to 650nm in an approximately linear manner, with the pitch
varying from 300 to 460 nm. Meanwhile, for the TE case, the response exhibited a dip dependent upon
the period, following a trend indicated by the dashed lines, where the position of the prohibited trans-
mission almost linearly shifted from % =420 to 538 nm, with the pitch varying from 320 to 460 nm. For
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Figure 3. Period-dependent transmission spectra and corresponding color responses for the TM and TE
incident polarizations. (a) Simulated and measured transmission spectra of the filters for TM (¢ =0°) and
TE (¢ =90°) incident polarizations when the NW array period was varied from 300 to 460 nm. As observed
in both simulation and measurements, transmission dips were witnessed in the case of both TM and TE
incident polarizations, as indicated by dashed trend line tracing the location of the suppressed transmission.
(b) Variation of the CIE 1931 chromaticity coordinates corresponding to the measured transmission spectra
of the filters with different periods of the NWs for TM and TE polarizations, when the NW array period
was varied from 300 to 460 nm in steps of 20 nm.

a pitch of 300 nm, the dip lay in the UV regime below the visible band, which is hidden in Fig. 3(a). The
measured characteristics for both TM and TE polarizations revealed a profoundly lowered transmission
along a dashed trend line, closely resembling that of the simulated results. It may be inferred from the
linear shift in the spectral location of dips with respect to the polarization that a broad palette of colors
can be concocted by altering the period P.

We then corroborated that the period of the NW array can be tailored to demonstrate independent
palette of colors under TM and TE polarizations. Toward that end, for filters with various periods, the
chromaticity coordinates according to the measured responses under TM and TE incidences were plotted
in a standard CIE 1931 chromaticity diagram, as illustrated in Fig. 3(b), while the coordinates for the
simulated responses are illustrated in Supplementary Figure S2. The chromaticity coordinates evolved
along the contour with increasing P, as indicated by the black curved arrow, implying that, besides the
polarization angle ¢, the structural parameter P can become another degree of freedom in customizing
the color output. As observed from Fig. 3(b), the output colors for the filter with a constant P were not the
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Figure 4. Optical micro-photographs in accordance with the period of NW array and incident
polarization. Transmission-mode optical micro-photographs of the 40 ppm x 40 pm sized filters, where the
corresponding images, as the period of the NW array was varied from 300 to 460 nm in steps of 20 nm, are
arranged along the column, while the images for each period of the filters, as the polarization angle ¢ was
altered from 0 to 90° in increments of 15°, are arranged along the row.

same, suggesting that the output color for a filter with a given period P may be adaptively tuned contingent
upon the polarization. An appreciable degree of agreement has been witnessed between the chromaticity
coordinates for simulated and measured spectra, except for the slight discrepancies as aforementioned.

In order to verify that different colors can be generated in accordance with the period of the NW array
and the incident polarization, we have captured optical micro-photographs of the completed dynamic
color filters. Figure 4 presents the transmission-mode images of the color output from the devices, where
the corresponding images, as the period of the NW array was varied from 300 to 460nm in steps of
20nm, are arranged along the column, while those of the filters for each period, as the polarization angle
¢ was altered from 0° to 90° in steps of 15°, are arranged along the row. A wide variety of bright colors
that featured high contrast appeared to be realized in terms of the polarization as well as the periodicity
of the NW array. Consequently, the proposed dynamic color filters are apparently anticipated to outstrip
their conventional cases in regard to the operational range, thereby expediting their applications to the
display and multispectral imaging®.

It is to be mentioned that with an objective of creating a polarization-tuned dynamic color filter,
which gives rise to polarization-selective distinct suppressed transmission at a certain spectral band, we
have probed the effect of the major structural parameters, such as the thicknesses and the duty ratio of
the NW array, in addition to the thickness of the dielectric overlay. It was discovered that, for a 120-nm
thick NW, a duty ratio of 0.5, and a dielectric overlay of 200 nm, subtractive colors could be successfully
produced by ensuring a negligibly small transmission at resonance wavelengths, yet guaranteeing high
transmission efficiency over spectral bands apart from the resonance. Filling of the slits between the
metallic NWs helped enhance the transmission for both TM and TE polarizations while the adoption
of a dielectric overlay with an optimum thickness allowed transmission dips to be formed at the cor-
responding characteristic wavelengths, thereby making it possible to generate colors under both polar-
izations. Details on the transmission and color responses as obtained from the different thicknesses of
dielectric coatings have been addressed in the Supplementary Figures S3 through Sé.

Mechanism for Polarization-tuned Selective Transmission-dips. In an attempt to better under-
stand the core physical mechanism underlying the selective spectral dips in transmission for TM and TE
polarizations, we have inspected the near field profiles at the locations of transmission dips. As shown
in the simulated graphs of Fig. 3(a), for a typical case of NW array with P=380nm, the locations of
near-zero transmission dips were at wavelengths of 559 and 465nm, respectively, for the TM and TE
polarizations. For the TM case, we examined the z-component of the magnetic-field intensity distribu-
tion through a vertical cross-section of two unit cells of the dielectric-loaded Al NWs with a 380-nm
period. As displayed in Fig. 5(a), for the transmission dip located at 1= 559 nm, the magnetic field was
mostly confined at the metal-dielectric top interface, signifying the presence of SP modes, which were
accountable for the substantially inhibited transmission leading to a wide plasmonic bandgap®**’. Similar
field distributions were observed throughout the broad dip of negligible transmission. The z-component
of the E-field intensity distribution was subsequently checked for the TE case. As displayed in Fig. 5(b),
for the dip at 2 =465nm the field was mainly confined in the dielectric overlay atop the Al NW. The
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Figure 5. Field intensity plots at the location of transmission dips. 2D color maps of the z-component
of (a) the magnetic field intensity (|H,?|) at A= 559nm for TM incidence and (b) the electric field intensity
(|E,?)) at the location of the dip at X\ =465nm for the TE incidence, through a vertical cross-section of two
unit cells of the dielectric-loaded Al NW array over a glass substrate.

field of concern was scarcely seen to penetrate into the Al NW towards the substrate, causing a relatively
narrow dip in transmission. Actually the field enclosed in the dielectric overlay was thought to represent
a standing wave along the x-direction, hinting at the excitation of guided modes supported by a die-
lectric planar waveguide®®*. By virtue of the resonance mediated by the guided modes, incoming light
was reflected back towards the incident medium so as to bring up the dip in transmission®®**. Similar
interpretations may be surely applied for other cases with different P.

In order to validate the two principal phenomena of SPR and GMR that were presumed to play a
central role in selectively prohibiting transmissions for the TM and TE incidence, respectively, we super-
imposed the curves corresponding to the analytically derived dispersion relation on the contour maps for
the calculated spectra that were normalized to the area of the slits, as illustrated in Fig. 6(a,b). The ana-
lytical dispersion relation for the SPs excited at a metal-dielectric interface for the TM case is given by*:

Emt (j') €d
Emt (/1) + €4 (1)

where €, and €,,(1) are the dielectric constants of the dielectric and metallic layers, respectively, and m is
an integer signifying the order of resonance. As plotted in Fig. 6(a), the position of simulated transmis-
sion dips for the TM case shifted progressively from X =426 to 708 nm along the yellow dashed line as P
increased from 300 to 480 nm, thereby supporting that the SP resonance was responsible for selectively
inhibiting the spectral transmission. Meanwhile, as shown in Fig. 6(b), the location of the dips in the sim-
ulated spectra for the TE case, which evolved progressively from % =384 to 553nm as P increased from
300 to 480nm, can be accurately predicted by the yellow dashed line, representing the dispersion curve
relating to the metal-clad planar waveguide of air-SiO,-Al configuration. It has been ultimately proven
that the selectively low transmission for the TE polarization is categorically imputed to the presence of
the GMR as predicted. For reference, the dispersion relation for the TE waveguide modes supported by
such waveguide is known to be given by*!:

1 tan71 ﬂ/ko — Cair + tan—l ﬁ/ko — Emt + I
Jea — B/k, eqa — B/k, eq — B/k, (2)
where ¢, is the dielectric constant of air, k,= 2w/A,, A, the free-space wavelength, 3 the propagation con-

stant for the guided modes, and I an integer signifying the order thereof. The GMR is supposed to ensue
when the phase matching condition is satisfied, requiring [ to equal the grating vector G (=2 w/P)*.

p
Asp = —
m

koHd =

Discussion

In summary, we have taken advantage of a dielectric-coated 1D Al NWs built on a glass substrate so
that we can present a new functional device capable of demonstrating highly efficient polarization-tuned
dynamic color filtering with transmission beyond 80% for both TM and TE polarizations. It is based on
selective suppression of transmission at characteristic wavelengths under the two polarizations, stemming
from the SPR at the metal-dielectric interface and the GMR in the metal-air-dielectric waveguide under
the TM and TE incidence, respectively. This was validated by keenly monitoring the near field profiles at
the corresponding locations of different dips for the TM and TE cases. The theoretical prediction of the
phenomena has also been addressed so as to support our discussions using the corresponding dispersion
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Figure 6. Transmission spectra with the dispersion of SP and guided modes included. Contour maps

of the calculated transmission spectra that were normalized to the area of the slits for (a) TM and (b)

TE incidence. The curves for the analytically derived dispersion relations both for the SPs at the Al-SiO,
interface and the guided modes supported by the air-SiO,-Al waveguide were superimposed on the contour
maps, accurately predicting the location of the corresponding dips.

relations. We have presented detailed discussions on the role of the functional dielectric overlay atop the
metallic NW array so that we could achieve dynamic color-tuning by means of simple structures, like
a 1D metallic NW array, without resorting to special geometries of nanostructures. The filter provides
us with two degrees of freedom so as to customize the transmitted colors in transmission mode, i.e. the
periodicity of the NW array, which was pre-determined prior to fabrication, and the polarization of inci-
dent light, which rendered post-fabrication color-tuning possible. Based on the two degrees of freedom, a
broad palette of colors has been demonstrated, including the primary subtractive colors of cyan, magenta
and yellow. Despite the simple structure of devices with a NW array covered with an appropriately thick,
a prominent functionality of dynamic color-tuning has been successfully demonstrated in this work,
thereby eliminating the necessity of special geometries that demand special considerations to design
and fabrication. Although polarization-tuned filtering has been mainly studied in this work, it should be
stated that the structure was conceived as an interesting possibility in which the proposed device could
be designed to make the TM and TE resonances occur at the same wavelength, thereby suggesting polar-
ization insensitive spectral filtering characteristics®. Finally, coupled with the aforementioned distinctive
features of Al in plasmonic or photonic applications, the proposed devices are anticipated to open an
avenue towards further research and development of multi-functional dynamic color filters in AL

Methods

Numerical Simulations. Simulations of the transmission spectra were performed by using a sim-
ulation tool based on the finite difference time domain (FDTD) method (FDTD Solutions, Lumerical,
Canada) taking into account the complex refractive indices of Al and SiO, from Palik*’. Simulations were
performed in the case of a plane wave under normal incidence. We employed a unit cell with periodic
boundary conditions in order to practically mimic an infinite array of NWs. The calculation domain
was divided with a non-uniform mesh refined with a conformal mesh technique, so that the calculation
mesh size was as small as 4 nm**.

Device fabrication. The proposed color filters were fabricated with dimensions of 40 pm X 40 pm. A
120-nm thick Al film was deposited on a glass substrate with an electron-beam evaporator (Temescal
BJD-2000 E-beam/Thermal Evaporator system), which was subsequently patterned by means of an
electron-beam lithography (EBL) system (RAITH 150) using a positive electron-beam resist of ZEP520A4,
and then dry etched in a plasma etcher (Versaline LL ICP Etching system) using a mix of CI2, BCI3,
and Ar gases. Then, a 200-nm thick SiO2 overlay was coated using plasma-enhanced chemical vapor
deposition (Plasmalab 100, Oxford).

Optical characterization. A high-resolution scanning electron microscope (SEM), (UltraPlus ana-
lytical FESEM from Zeiss) was used to observe the created Al pattern. In order to assess the transmis-
sion spectra under different incident polarizations, a calcite crystal polarizer (GTH 10M-A, Thorlabs,
Operating range: A = 350-700 nm) was used to appropriately polarize the collimated beam from a Xenon
lamp (Model Super Bright 152S) and irradiated upon the prepared filters that were mounted on a motor-
ized rotation stage, via a focusing objective lens, while the transmitted light was coupled to a spectrometer
(Avaspec-3648, Avantes) via a multimode fiber. The transmission spectra of the filters were normalized
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with respect to the transmission of a bare glass. The color images of the filters were captured by a digital
color microscope camera (Leica DFC450) attached to a digital microscope (Leica DM4000 M).

References

1.

W

10.

11.
12.

13.

14.
15.

16.
17.
18.
19.
20.

21.
22.

23.
24.
25.
26.

27.
28.

29.

30.

31

33.
34.
35.
. Aguanno, G. D. ef al. Transmission resonances in plasmonic metallic gratings. JOSA B 28, 253-264 (2011).
37.
38.
39.

40.
41.

42.

43.
44,

45.

Yokogawa, S., Burgos, S. P. & Atwater, H. A. Plasmonic color filters for CMOS image sensor applications. Nano Lett. 12,
4349-4354 (2012).

. Nishiwaki, S., Nakamura, T., Hiramoto, M., Fujii, T. & Suzuki, M. Efficient colour splitters for high-pixel-density image sensors.

Nature Photon. 7, 240-246 (2013).

. Xu, T. et al. Structural colors: from plasmonic to carbon nanostructures. Small 7, 3128-3136 (2011).
. Kinoshita, S. & Yoshioka, S. Structural colors in nature: The role of regularity and irregularity in the structure. ChemPhysChem

6, 1442-1459 (2005).

. Rajasekharan, R. et al. Filling schemes at submicron scale: Development of submicron sized plasmonic colour filters. Sci. Rep. 4,

6435 (2014).

. Diest, K., Dionne, J. A., Spain, M. & Atwater, H. A. Tunable color filters based on metal-insulator -metal resonators Nano lett.

9, 2579-2583 (2009).

. Xu, T., Wu, Y., Luo, X. & Guo, L. J. Plasmonic nanoresonators for high-resolution colour filtering and spectral imaging. Nat.

Commun. 1, 59 (2010).

. Zheng, B. Y,, Wang, Y., Nordlander, P. & Halas, N. J. Color-selective and CMOS-compatible photodetection based on aluminum

plasmonics. Adv. Mater. 26, 6318-6323 (2014).

. Ye, Z., Zheng, J., Sun, S., Chen, S. & Liu, D. Compact color filter and polarizer of bilayer metallic nanowire grating based on

surface plasmon resonances. Plasmonics 8, 555-559 (2013).

Chen, Q. & Cumming, D. R. S. High transmission and low color cross-talk plasmonic color filters using triangular-lattice hole
arrays in aluminum films. Opt. Express 18, 1405614062 (2010).

Chen, Q. et al. CMOS photodetectors integrated with plasmonic color filters. IEEE Photon. Technol. Lett. 24, 197-199 (2012).
Lee, H. S., Yoon, Y. T, Lee, S. S., Kim, S. H. & Lee, K. D. Color filter based on a subwavelength patterned metal grating. Opt.
Express 15, 15457-15463 (2007).

Inoue, D. et al. Polarization independent visible color filter comprising an aluminum film with surface-plasmon enhanced
transmission through a subwavelength array of holes. Appl. Phys. Lett. 98, 093113 (2011).

Olson, J. et al. Vivid, full-color aluminum plasmonic pixels. Proc. Natl. Acad. Sci. U.S.A. 111, 14348-14353 (2014).

Shrestha, V. R, Lee, S. S., Kim, E. S. & Choi, D. Y. Aluminum plasmonics based highly transmissive polarization-independent
subtractive color filters exploiting a nanopatch array. Nano Lett. 14, 6672-6678 (2014).

Knight, M. W. et al. Aluminum plasmonic nanoantennas. Nano lett. 12, 6000-6004 (2012).

Knight, M. W. et al. Aluminum for plasmonics. ACS Nano 8, 834-840 (2013).

Clausen, J. S. et al. Plasmonic metasurfaces for coloration of plastic consumer product. Nano Lett. 14, 4499-4504 (2014).

Tan, S. J. et al. Plasmonic color palettes for photorealistic printing with aluminum nanostructures. Nano Lett. 14, 4023-4029 (2014).
Ramadurgam, S., Lin, T. G. & Yang, C. Aluminum plasmonics for enhanced visible light absorption and high efficiency water
splitting in core-multishell nanowire photoelectrodes with ultrathin hematite shells. Nano lett. 14, 4517-4522 (2014).

Ayas, S. et al. Exploiting Native Al,O; for multispectral aluminum plasmonics. ACS Photonics 1, 1313—1321 (2014).
Girard-Desprolet, R., Boutami, S., Lhostis, S. & Vitrant, G. Angular and polarization properties of cross-holes nanostructured
metallic filters. Opt. Express 21, 29412-29424 (2013).

Liu, Z. et al. Dynamical color-controllable lasing with extremely wide tuning range from red to green in a single alloy nanowire
using nanoscale manipulation. Nano Lett. 13, 4945-4950 (2013).

Gritzel, M. Ultrafast colour displays. Nature. 409, 575-576 (2001).

Huebschman, M., Munjuluri, B. & Garner, H. M. Dynamic holographic 3-D image projection. Opt. Express 11, 437-445 (2003).
Ellenbogen, T., Seo, K. & Crozier, K. Chromatic plasmonic polarizers for active visible color filtering and polarimetry. Nano Lett.
12, 1026-1031 (2012).

Goh, X. M. et al. Three-dimensional plasmonic stereoscopic prints in full colour. Nature commun. 5, 5361 (2014).

Laux, E., Genet, C., Skauli, T. & Ebbesen, T. W. Plasmonic photon sorters for spectral and polarimetric imaging. Nature Photon.
2, 161-164 (2008).

Wu, Y. R, Hollowell, A. E., Zhang, C. & Guo, L. ]. Angle-insensitive structural colours based on metallic nanocavities and
coloured pixels beyond the diffraction limit. Sci. Rep. 3, 1194 (2013).

Zeng, B., Gao, Y. & Bartoli, E. J. Ultrathin nanostructured metals for highly transmissive plasmonic subtractive color filters. Sci.
Rep. 3, 2840 (2013).

. Borisov, A. G., De Abajo, F. G. & Shabanov, S. V. Phys. Rev. B. 71, 075408 (2005).
32.

Gao, H., Zheng, Z., Dong, A. & Fan, Z. Extraordinary optical transmission for TE wave through metallic sub-wavelength grating
with slits filled with dielectric. Optik - Int. J. Light Electron Opt. 125, 6687-6690 (2014).

Lim, S. H. & Yu, E. T. Ultraviolet and solar-blind spectral imaging with subwavelength transmission gratings. Appl. Phys. Lett.
95, 161107 (2009).

Shrestha, V. R,, Park, C. S. & Lee, S. S. Enhancement of color saturation and color gamut enabled by a dual-band color filter
exhibiting an adjustable spectral response. Opt. Express 22, 3691-3704 (2014).

CIE Technical Report, Colorimetry, 3rd ed., CIE 15:2004, Commission Internationale de I'Eclairage, Vienna, Austria 2004.

De Ceglia, D., Vincenti, M. A., Scalora, M., Akozbek, N. & Bloemer, M. ]. Plasmonic band edge effects on the transmission
properties of metal gratings. AIP Advances 1, 032151 (2011).

Liang, Y., Peng, W,, Hu, R. & Xie, L. Extraordinary optical properties in the subwavelength metallodielectric free-standing
grating. Opt. Express 22, 19484-19494 (2014).

Nikitin, A. Y., Garcia-Vidal, E. J. & Martin-Moreno, L. J. Enhanced optical transmission, beaming and focusing through a
subwavelength slit under excitation of dielectric waveguide modes. Opt. A-Pure Appl. Op. 11, 125702 (2009).

Sarid, D. & Challener, W. Modern Introduction to Surface Plasmons. (Cambridge University Press, Cambridge, 2010).

Kaminow, I. P, Mammel, W. L. & Weber, H. P. Metal-clad optical waveguides: analytical and experimental study. Appl. Opt. 13,
396-405 (1974).

Park, C. H., Yoon, Y. T. & Lee, S. S. Polarization-independent visible wavelength filter incorporating a symmetric metal-dielectric
resonant structure. Opt. Express 20, 23769-23777 (2012).

Palik, E. D. Handbook of Optical Constants of Solids, vol. 1, 804 (Academic Press, 1985).

Lumerical Solutions, Inc. Homepage https://www.lumerical.com/solutions/innovation/fdtd_conformal_mesh_whitepaper.html.
(accessed Feb. 25, 2014).

Lumerical Solutions, Inc. Homepage http://docs.lumerical.com/en/fdtd/user_guide_mesh_refinement.html. (accessed Feb. 25,
2014).

SCIENTIFIC REPORTS | 5:12450 | DOI: 10.1038/srep12450 9


https://www.lumerical.com/solutions/innovation/fdtd_conformal_mesh_whitepaper.html
http://docs.lumerical.com/en/fdtd/user_guide_mesh_refinement.html

www.nature.com/scientificreports/

Acknowledgments

This work was supported by a National Research Foundation of Korea (NRF) grant funded by the
Korean government (MSIP) (No. 2011-0030079, 2013-008672), and a research grant from Kwangwoon
University in 2015. The work was partly supported by the Australian Research Council Future Fellowship
(FT110100853, Dr. Duk-Yong Choi) and performed in part at the ACT node of the Australian National
Fabrication Facility.

Author Contributions

V.R. performed the design, optical characterization and analysis of the device and wrote the manuscript;
S.S. supervised the analysis and co-wrote the manuscript; E.S. advised and supported in preparing the
manuscript; D.Y. fabricated the device and took the SEM images as well as the colored optical images.
All authors discussed the results and implications and commented on the manuscript at all stages. All
authors have given approval to the final version of the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Raj Shrestha, V. et al. Polarization-tuned Dynamic Color Filters Incorporating
a Dielectric-loaded Aluminum Nanowire Array. Sci. Rep. 5, 12450; doi: 10.1038/srep12450 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

A i mages or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:12450 | DOI: 10.1038/srep12450 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Polarization-tuned Dynamic Color Filters Incorporating a Dielectric-loaded Aluminum Nanowire Array

	Results

	Subtractive Color Filters Featuring Polarization-tuned Transmission Spectra. 
	Dynamic Color-tuning and Demonstration of a Broad Palette of Subtractive Colors. 
	Mechanism for Polarization-tuned Selective Transmission-dips. 

	Discussion

	Methods

	Numerical Simulations. 
	Device fabrication. 
	Optical characterization. 

	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Dynamic color filters comprising of a dielectric-loaded Al 1D NW array .
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Polarization-tuned transmission spectra and corresponding color responses.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Period-dependent transmission spectra and corresponding color responses for the TM and TE incident polarizations.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Optical micro-photographs in accordance with the period of NW array and incident polarization.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Field intensity plots at the location of transmission dips.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Transmission spectra with the dispersion of SP and guided modes included.



 
    
       
          application/pdf
          
             
                Polarization-tuned Dynamic Color Filters Incorporating a Dielectric-loaded Aluminum Nanowire Array
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12450
            
         
          
             
                Vivek Raj Shrestha
                Sang-Shin Lee
                Eun-Soo Kim
                Duk-Yong Choi
            
         
          doi:10.1038/srep12450
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep12450
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep12450
            
         
      
       
          
          
          
             
                doi:10.1038/srep12450
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12450
            
         
          
          
      
       
       
          True
      
   




