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Abstract

Dynamic tuning of color filters finds numerous applications including displays or
image sensors. Plasmonic resonators are sub—wavelength nanostructures which can
tailor the phase, polarization and amplitude of the optical field but they are limited
in color vibrancy when used as filters. In this work, birefringence—induced colors of
plasmonic resonators and a fast switching thin liquid crystal cell are combined in a
multicolored electrically tunable filter. With this mechanism, the color gamut of the
plasmonic surface and the liquid crystal cell is mutually enhanced in order to generate
all primary additive and subtractive colors with high saturation as well as different
tones of white. A single filter is able to cover more than 70% of the color gamut
of standard RGB filters by applying a voltage ranging between 2V and 6.5V. This
spectral selectivity is added in transmission without any loss in the image resolution.

The presented approach is foreseen to be implemented in a variety of devices including



miniature sensors or smart-phone cameras to enhance the color information, ultra—
flat multispectral imagers, wearable or head—worn displays as well as high resolution
display panels.

Keywords: Plasmonic colors, liquid crystals, tunable filters, nanoimprint lithogra-

phy, color display, multispectral imaging

The digitalization of urban areas, healthcare, homes or agricultural and industrial pro-
duction has triggered a need for massive deployment of sensing, display and communication
devices. Such an increasing amount of information in a reduced volume and cost calls for
further miniaturization and integration of multiple functions in optoelectronic systems: it
affects in particular consumer smart-phones and wearable displays to airborne detection and
industrial control systems.! For example, image acquisition with spectral information is in-
strumental for industrial quality control, food control,? document security, brand protection
or medical diagnostics.® On the other hand, next generation display technologies (augmented
and mixed reality glasses, wearables) require optimal use of the space while delivering high
resolution pictures. In this context, extensive investigations in the development of filtering
technologies have been performed. Pigment-based filters? are limited in their lifetime and
in the control of their absorption band. Structural colors generated from the patterning of
matter on the length-scale of visible light are not subject to these limitations.® In particular,
interference filters can generate a wide variety of saturated colors but with a large number
of fabrication process steps, scaling with the number of spectral channels.® Colors induced
by resonant nanostructures on the other hand enable patterning of filter sets by variation
of a geometrical parameter.® 7 Metasurfaces are sub-wavelength nanostructured resonators
which can tailor the phase, polarization and amplitude of the optical field to shape the
light wavefront.® They have been introduced as a promising approach to generate physical
colors. 69712
In order to overcome the limited amount of spectral and spatial information of con-

ventional filtering approaches, a dynamic change of the filtered color has been extensively



studied over the last decade: electrically,!’ thermally,'® chemically, magnetically, electro-

14-16 17,18

chemically, mechanically or by polarization.'®?* The main limitation of chemical
processes altering the optical properties of a given material, such as its absorption or refrac-
tive index, is their relatively low switching speed compared to standards of image display
and acquisition devices.!! Liquid crystals, a well-established technology in the display and
imaging industries, can translate an electrical stimulus into a variation of the optical prop-
erties. The combination of liquid crystals with plasmonic nanostructures and metasurfaces
has shown already a great potential,?®?> by e.g. a change of refractive index inducing a

O or controlled orientation of nanoparticles.3!

resonance shift, 262 by polarization rotation,?3
However, the obtained gamut suffers from low color vibrancy is still limited to areas below
20% of the gamut of standard sRGB filters. Recently, the phase retardation induced by bire-
fringent plasmonic resonators has been used to generate larger but incomplete color gamut

21,32 Fast switching liquid crystal filters based on thin cells are also

by mechanical tuning.
limited by their spectral width.33:34

We propose a strategy for an electrically tunable filter combining the birefringence-
induced colors of plasmonic resonators and a thin liquid crystal cell (LCC). By applying
a voltage to the LCC ranging between 2V and 6.5V, a single filter is able to cover more than
70% of the color gamut of standard sRGB filters, thus exceeding state—of-the—art tunable
filters based on liquid crystal technology. In particular, all primary additive and subtractive
colors with high saturation as well as different tones of white are generated. In the follow-
ing, the contribution of the plasmonic resonators to the generated colors is modeled with an
harmonic oscillator model and numerical calculations compared with experimental measure-
ments. An electro—optical model is introduced to analyze the contribution and interplay of
the different optical elements to the transmitted color. In particular, the enhancement of the
plasmonic retardation effect on the spectral bandwidth and color saturation of the LCC is

investigated. Finally, a series of experiments illustrates potential applications in display and

imaging, with a focus on the selection of entrance polarizer orientation and applied voltages.



Construction of the color gamut

Our tunable filter system and its general functioning principle are illustrated in Fig. la.
The plasmonic nanostructure consists in an array of sub-wavelength and highly anisotropic
resonators. Each resonator is a silver nanowire supporting a localized plasmon resonance
for the polarization perpendicular to the lines (TM), while weakly interacting for the po-
larization parallel to the lines (TE). The incident light is linearly polarized at 45° from the
lines. The plasmon resonance for TM polarization yields a transmission dip in amplitude
associated with a variation of the phase retardation between TM and TE polarizations. A
quarter—wavelength retarding plate, a liquid crystal cell (LCC) and a polarizer are combined
in a voltage—controlled polarization analyzer (VCPA). In addition to the rotation of the ana-
lyzing polarization, a voltage applied to the LCC results in additional colors from the liquid
crystal birefringence. Figure 1b shows the color range in transmission through the system
achieved by applying a voltage ranging between 2V and 6.5V. This broad range of color,
reaching 70 % of the area of the triangle spanned by RGB filters in the sSRGB standard using
only a single filter, takes its origin from a mixing of birefringence—induced colors from the
plasmonic structure and the LCC. Spectra at a few selected voltages are shown in Fig. 1c—j.
In particular, the blue and green colors have high saturation degree. For a voltage of 2V,
the analyzed polarization is 0° (TM) and the plasmon resonance is probed, leading to a blue
color (Fig. 1c). For voltages ranging from 3.15 V to 3.55V, the analyzed polarization ranges
from 45° to 60° with respect to the plasmonic array lines. The resulting color induced by
retardation effects in both plasmonic nanostructure and LCC switches rapidly from yellow
to red and magenta (Fig. 1d—f). For a voltage ranging between 3.75V and 4.2V, the analyzed
polarization ranges from 80° to 105°, the light transmitted by the plasmonic nanostructure
is mainly color neutral and the resulting color, mainly induced by the LCC, covers the violet
and blue (Fig. 1g-h). For higher voltages between 5.25V and 6.5V, the cyan color of the
plasmonic nanostructure is mixed with the yellow color transmitted by the LCC to generate

green (Fig. 1i-j). The peak transmission ranges between 15% and 45%.
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Figure 1: (a) Elements of the filtering system with (A) an entrance polarizer, (B) the plas-
monic nanostructures and a voltage—controlled polarization analyzer (VCPA) comprising (C)
a quarter waveplate, (D) a liquid crystal cell (LCC) with main retardation axes rotated by
45° from the main retardation axes of the waveplate, and (E) a polarizer with fixed orien-
tation. The effective orientation of the analyzer is rotated when a voltage is applied to the
LCC. TM and TE polarizations are oriented along = and y axis respectively. The plasmonic
nanostructures are aligned with the y axis. In order to control the color range transmitted
through the system, the polarization analyzer may be rotated with respect to the entrance
polarizer and plasmonic nanostructures (here by an angle of 4° in the x — y plane). (b) CIE
color plot of the transmitted colors as a function of the voltage applied to the liquid crystal
cell extracted from transmittance measurements. (c—j) Measured polarized transmittance
spectra at selected voltages. The transmission spectra are normalized to the transmission of
the input polarizer. 5



We now investigate how the birefringent-induced colors from the plasmonic nanostruc-
ture and the LCC are mixed and build together the transmitted color. The intensity oy
transmitted through the device as a function of the applied voltage V' is the result of contri-
butions from the birefringence of the plasmonic nanostructure and the LCC:

[TTM COS((SV/Q)]2 [TTE Sin(év/Q)P
2 * 2

+ TrmTrg cos(Ag) cos(dy /2) sin(dy /2) . (1)

]out =

where dy is the phase retardation in the LCC induced by the applied voltage, A¢ is the phase
retardation induced by the plasmonic nanostructure and 7y and Ty are the TM— and TE—
polarized light spectra transmitted through the nanostructure. We start our discussion with
the plasmonic nanostructure. In general, it should be anisotropic to generate different TM
and TE responses with a strong phase retardation, and be highly transparent with a stable
spectrum with respect to the incidence angle. We also aimed at using an upscalable and
robust fabrication process based on UV nanoimprint lithography (UV-NIL),35 allowing for
the transfer of a nanoscale pattern into a hybrid polymer (Fig. 2). The high resolution imprint
master is patterned in silicon by electron beam lithography (EBL) and etching (Fig. 2a).
Scanning electron micrographs of the cross section of the master are shown in Fig. 2b. After
the UV-NIL step (Fig. 2¢), the resulting pattern is coated with silver at an oblique angle
in order to have deposition only on the top by self-shadowing. Thus we obtain an array of
isolated silver nanowires with the cross section of an inverted U-shape, a pitch of 160 nm and
a width of 110 nm. These parameters have been chosen in order to maximize the color gamut
and angular stability (simulations in Supporting Information). This approach is increasing
the color saturation as well as the average transmission. Finally, the resulting nanostructure
is immediately encapsulated in order to protect it from environmental deterioration. A cross
section of the nanostructure before encapsulation is depicted in Fig. 3d.

The orientation of the VCPA as a function of the voltage applied to the LCC has been

modelled with Jones matrices (Fig. 2e). The response of the plasmonic nanostructure with
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Figure 2: Plasmonic nanostructure as phase retarder. (a) Nanoimprint master gen-
eration, using electron beam lithography and transfer to silicon by reactive ion etching. (b)
Scanning electron micrograph of the nanoimprint master. Scale bar-100nm. (c¢) Nanoim-
print and thin film coating at oblique deposition angle. (d) Scanning electron micrograph of
cross section of the plasmonic nanostructure coated with gold (A) with the same evapora-
tion angle and thickness as the structure of Fig. 1, as well as Cr (B) and Pt (C) for image
contrast and protection during focused ion beam milling. Scale bar-200nm. (e) Model of
polarization rotation of the analyzer as a function of the voltage applied to the liquid crystal
cell (LCC), with dots showing the voltages used in Fig. 1cj. (f) Measured transmittance
of the plasmonic nanostructure when the LCC-based polarization analyzer is replaced by a
mechanically rotated polarizer whose orientation corresponds to the angles defined in panel
e, with 0° corresponding to an electric field polarization oriented along the y-axis. (g) Cor-
responding CIE colors, where the ellipse corresponds to a continuous change of angle from
0° to 135°. (h) Phase retardation between TM and TE polarizations produced by the plas-
monic nanostructure, measured with ellipsometry. (i) Oscillator model showing transmitted
spectra in the setup of panel f for 0° (blue), 45° (purple), 90° (yellow) and 135° (red). (j)
Simulated electric field intensity enhancement in the unit cell. (k) Numerical simulation of
the plasmonic nanostructure polarized transthittance for analyzer angles corresponding to
panel f.



a 45° entrance polarization and a variable output polarization has been measured and nor-
malized to the spectral response of the polarizer (Fig. 2f), with angles corresponding to the
different voltages applied to the VCPA. The total amplitude includes the transmission spec-
trum of the output polarizer, with an average level of 60%. The plasmonic nanostructure is
resonant at 620nm wavelength and for TM polarization, leading to a dip in transmission for
an output polarization angle of 0°. The resulting transmission spectral is modulated with a
maximum of around 60% and a minimum of around 20%. The output polarization angle of
90° corresponds to a TE response.

A broad range of colors is generated from the plasmon resonance and its birefringence—
induced interferences (Fig. 2g) using tuning by polarization state, as also reported in previous
work as an ellipse in CIE coordinates.?! The gamut area amounts to approximately 30% of
the sRGB filter range. When the output polarizer is oriented at 45° or 135°, the phase retar-
dation is directly contributing to the transmitted intensity by a constructive or destructive
interference effect, yielding a red and cyan color, respectively. These two colors, as well as the
fact that the plasmonic nanostructure is color neutral for orientations around 90° are key to
the generation of the color gamut when combined with the VCPA | as will be discussed later.
A variety of polarization-dependent and retarder structures could be potentially used, !¢
provided that their colors are complementary to the VCPA colors. In contrast, a single
polarizer and any polarization—dependent resonant structure yields only two colors and their
mixing, i.e. a line in CIE coordinates. %3¢

The phase retardation between TM and TE polarizations has been measured with el-
lipsometry, showing a phase jump of 50° around the plasmon resonance (Fig. 2h). The
transition between colors depends on the phase and amplitude response of the plasmonic
nanostructure. This behaviour can be reproduced in Fig. 2i using a harmonic oscillator
model for the TM response. In the Supporting Information, the phenomenological parame-

ters modeling the phase retardation, oscillator amplitude, resonance frequency and losses are

studied, showing how they can influence the spectral response. In particular, it is found that



the saturation of the red color at 45° depends on the amplitude of the phase retardation.
The electric field distribution in Fig. 2j shows an enhancement at the extremities of the
metallic structure for TM polarization (along x-axis). It originates from the excitation of
a localized surface plasmon and dipolar charge distribution at the interference between the
metal and the surrounding dielectric material. Dipolar localized surface plasmon resonances
are known for their large angular stability. They are strongly coupled with the radiating
field, which as an effect increases the resonance bandwidth.?” The effect of the amplitude
and phase retardation of the plasmonic nanostructure on the transmitted color is reproduced
by numerical simulations in Fig. 2k: the plasmon resonance for 0° orientation of the output
polarizer, the constructive interference in the red for 45° and the redistribution of intensi-
ties for 135° generating the cyan. A higher transmission in the blue range stems from the
spectrally flat response of the analyzer, which is particularly impacting the spectra around
90°. As the periodicity of the array is 160nm, grating dispersion or diffraction effects are
avoided. In addition, the planarity of the plasmonic nanostructure is high, which has the
advantage to provide a high angular stability up to 40° tilt (simulations and measurements
in the Supporting Information).

A large variety of colors can be obtained from the plasmonic nanostructure using the
rotation of the analyzing polarization (yellow, magenta, red, cyan or blue), except green.
This color is particularly relevant for visible light filtering. On the other hand, it is shown in
Fig. 3a and e that the LCC alone is able to generate a large color gamut with voltage, which
can be understood by considering a wavelength dependence of the coefficient dy in Eq. (1).
However, a large thickness of liquid crystal molecules is necessary to obtain a complete

33,34,38 and

palette of visible saturated colors, which drastically increases the switching time
hinders applications. Here, the thickness of the LCC is less than 7 microns, which yields
a good switching time (maximum 75+10ms measured for the highest voltage) but also a

high full-width half-maximum (FWHM).3* Fig. 3a shows the transmission of the VCPA at
different voltages, with FWHM up to 180nm at 6.5V.
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Figure 3: Experimental analysis of color contributions in polarized transmission.
(a) Configuration of Fig. 1 without plasmonic nanostructure. (b) With plasmonic nanos-
tructure and 4° rotation of polarization analyzer. (c¢) With plasmonic nanostructure and 45°
rotation of polarization analyzer. In (a—c), the applied voltages are green—2V to red—6.5V,
with 3.15V, 3.45V, 3.55V, 3.75V, 4.2V and 5.25V as intermediate values. (d) Full-width
half-maximum (FWHM) of transmission peaks as a function of the applied voltage: black—
panel a, dashed—panel b, grey—panel c. (e) Corresponding CIE color plots: black—panel a,
white—panel b, grey—panel c. The pseudo—ellipses correspond to a continuous change of volt-
age. The transmission spectra are normalized to the transmission of the input polarizer.
(f) Mechanism of mixing of birefringence-induced colors between the VCPA and plasmonic
nanostructure (Plas.) placed between polarizers (Pol.), showing true colors extracted from
panel a (top), Fig. 2f (middle) and panel b (bottom).

10



In the configuration including the plasmonic nanostructure (Fig. 3b), the VCPA is ori-
ented in such a way that the TM polarization is probed at a voltage of 2V. Voltages at 2V and
4.2V yield a blue color despite the fact that they correspond to perpendicular polarizations
(Fig. 2e): this is due to the fact that the plasmon resonance excited under TM polariza-
tion solely contributes to the transmitted spectrum at 2V, while at 4.2V the LCC mainly
contributes to the transmitted color (Fig. 3e). A strong effect is the reduction of FWHM
of the transmission peaks at high voltages (Fig. 3d). This is achieved by combining the
cyan nanostructure (orientations above 100° in Fig. 2f) to the birefringence-induced colors
of the LCC (transmission spectra above 4V in Fig. 3a). As a consequence, the transmission
at large wavelengths is reduced and the FWHM reduced. In the Supporting Information,
pictures and a video of the fabricated device of lateral dimension 20mm as a function of the
applied voltage is shown, for the cases without (Fig. 3a) and with the plasmonic nanostruc-
ture (Fig. 3b). Figure 3c shows a configuration aimed at enhancing the red. The entrance
polarization is rotated by 45° from the plasmonic nanostructure so that the color is dom-
inated at low voltages by the red of the nanostructure, which is more saturated than the
birefringence—induced red of the LCC. From Figure 3d, the effect of FWHM reduction is
also reproduced at high voltages because the nanostructure still possess a cyan transmission
spectrum between 135° and 180° analyzing polarization (Fig. 2f).

Overall, red is obtained from the plasmonic structure, blue from the LCC and green from
the combination of cyan and yellow from the plasmonic structure and the LLC, respectively.
Other colors such as violet, magenta, yellow, cyan, turquoise and different tones of white
are generated at intermediate voltages. The area of gamut in the CIE coordinates covers
70%-75% of the sRGB filter range using this approach (white and grey curves in Fig. 3e).
In comparison, previous works report on an area of approximately 15%27 using active liquid
crystal tunability and 30% by polarizer rotation.?! A maximal unpolarized transmission of
50% is allowed by the system due to the polarization selection of the entrance polarizer:

after passage through the first polarizer, up to 100% of the light can be transmitted in cer-

11



tain configurations, depending on the phase retarders and output polarizer configuration.
The entrance polarizer can also be actively tunable in order to address unpolarized light.
We highlight that the birefringence-induced colors of the plasmonic nanostructure and the
LCC are complementary and their mixing is the key to achieve a broad color gamut, as
sketched in Fig. 3f. Plasmonic nanostructures possess unique birefringence properties com-
pared to liquid crystals, enabling the generation of a broader palette than thin liquid crystal
tunable filters, including green. The thin LCC is able to generate a blue with saturation
comparable to standard filters at 4.2V, but lacks other saturated primary colors. A possible
way to construct a tunable filter with fully saturated RGB colors could be envisioned as
follows: a retarder nanostructure which has saturated red and green for two polarization
orientations, and is color neutral for the polarization orientation corresponding to 4.2V. In
the Supporting Information, spectra and colors are reconstructed from polarization—resolved
transmission measurements the phase retardation measurement of the plasmonic nanostruc-

ture and Eq. (1), thus validating the model.

Display and imaging applications

Figure 4: Tunable filter for colored display. The input polarizer is patterned with 18
different orientations in the shape of a chameleon. The polarizing orientation determines the
range of accessible colors as well as the voltage at which they appear. (a) OV (b) 3.2V (c)
3.4V (d) 3.8V (e) 4.3V (f) 4.9V (g) 6.3V (h) 8.5V.
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In order to illustrate the potential of this approach for displays, a large area device
has been realized using an organic light emitting diode (OLED) and an input polarizer
(element (A) in Fig. la) patterned with different orientations encoded in an image of a
chameleon (Fig. 4). The plasmonic nanostructure is identical to Fig. 2. More details on
the design and fabrication of the input polarizer are provided in the Supporting Information
and the methods section. The plasmonic nanostructure and LCC are homogeneous over
the device area. For orientations of 0° and 90° (stripes), the field incident on the plasmonic
nanostructure is polarized such that only the TE and TM response are observed and the phase
retardation effect does not contribute to the colors. For orientations of 45° and 135°, all colors
reported in Fig. 1 are observed (skin of the chameleon), in particular the green color obtained
by combining the cyan of the plasmonic nanostructure and the yellow of the LCC. The
background contains random orientations of the input polarizer, thus no observable change
of color is observed. Deviations from the colors extracted from transmission measurements
in the rest of the manuscript originate from the spectral distribution of the OLED and the
spectral response of the image sensor used for recording the pictures. In order to build
a display device based on the tunable filter, the electrically active layer would have e.g. a
backplane equipped with an array of thin film transistors.?® The image information would be
encoded in the backplane, while the plasmonic nanostructure does not need to be patterned
and aligned at pixel scale. The generation of colors inside the ellipse in the CIE plot of
Fig. 1a would be performed in a time sequence and the effective color reconstructed by
time—-averaging. It should also be noted that in addition to the primitive RGB colors, other
colors such as white, yellow, orange, magenta, turquoise or cyan can directly be obtained
without having to mix together the primitive colors. This property may potentially open
opportunities for displays for rendering more natural colors. In addition, since the size
of the display is only limited by the pixel resolution, our tunable filter may be used for
the miniaturization of wearable displays, including in particular projectors for head—worn

displays for virtual and augmented reality. For example, birefringence—induced colors of
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liquid crystals have been used to build a color display in a liquid crystal on silicon (LCOS)

reflective spatial light modulator.

Figure 5: Tunable filter for color imaging. (a) Reference image. (b) Image reconstructed
after acquisition at three different voltages, corresponding to blue, red and green. (c) Image
after white balance. (d) Image after white balance and gamma correction.

Conversely, our tunable filter can be used for imaging applications. In Fig. 5, a RGB
imaging device is built with the tunable filter and a single channel camera. The image of a
color checker is recorded by a camera equipped with the tunable filter at different voltages.
For a more balanced color distribution, the tunable filter is used in a configuration where
the plasmonic nanostructure is rotated by 45° from the analyzer (Supporting Information).
The plasmonic nanostructure is identical to Fig. 2. The selected voltages correspond to the
blue (4.4 V), green (10 V) and red (3.6 V). A simple image processing consisting of a white
balance and gamma correction taking into account the logarithmic response of the human
eye (gamma factor 1.6, following e.g. Burgos*! allows the construction of the image shown
in Fig. bc. All colors are well reproduced, thus showing that color information is obtained
without compromising the image resolution. As all components in the device are planar,
they can be integrated on chip for compact vision systems. Alternatively, this approach can
be used to miniaturize the imager for the same pixel size, which can be a key advantage
in portable or wearable imaging devices. We also envision this device to provide spectral
information well beyond the three primary colors without compromising the image resolution
by using more voltages and a more elaborate image processing algorithm, for e.g. high

resolution multispectral imaging.3*%? The orientation of the entrance polarizer can also be
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electrically tuned to generate polarization—resolved imaging.

The ability to generate all available colors in a short time frame is therefore calling for
developments in fast switching liquid crystal devices with minimal frequency of 180 Hz, a
requirement for typical display applications. Considering that the response time of a LCC
is proportional to the square of the cell thickness,3?3* the approach presented here allows
for a drastic reduction of the cell thickness compared to liquid crystal filters and presents
a high potential for high frequency switching and low power consumption. Finally, it could
also be applicable to reflective or transflective displays by including multiple transmissions

in the different layers.3%40

Conclusions

This Article has reported on an electrically tunable filter with wide color gamut, achieved by
the mixing in transmission of birefringent—induced colors from a plasmonic nanostructure and
a LCC. A broad variety of colors can be spanned upon application of a voltage in the range
between 2V and 6.5V. In particular, red is obtained from the plasmonic structure, blue from
the LCC and green from the combination of cyan and yellow from the plasmonic structure
and the LLC, respectively. Other colors such as violet, magenta, yellow, cyan, turquoise and
different tones of white are generated at intermediate voltages. Overall, an area above 70%
of the standard sRGB filter range is covered with a single tunable filter. Compared to liquid
crystal tunable filters, the resonance spectral width of the transmitted light is decreased
from 180nm to 120nm in the green range and the corresponding color saturation greatly
improved. The nanostructures support a strong plasmon—induced birefringence, have a peak
transmission up to 80% and an acceptance angle of 90°. The construction of the colors
transmitted by the tunable filter has been modeled and validated through a series of optical
characterization of the individual elements. Finally, a colored image has been acquired using

the filter in combination with a grey level camera.
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The fabrication of the plasmonic nanostructures has been performed by UV nanoim-
print technology and silver deposition which is up-scalable for mass manufacturing.**** The
plasmonic nanostructure and the LCC are realized individually and the two components
are eventually combined in a final assembly step, thus simplifying future system production
at industrial scale. A variety of anisotropic nanostructures could potentially be applicable,
including aluminum structures compatible with CMOS processes, >4 hybrid?* or dielec-
tric22:36:46 structures. The latter structures have the potential for generating low bandwidth,
i.e. large color saturation, provided a minimization of the angular acceptance for practical
applications. Symmetry—broken structures have the ability to support subradiant modes
with low bandwidth.4"*8 The effect can also be extended to other spectral ranges, such as
the near infrared or short—wavelength infrared by adaptation of the structure parameters
and materials.

The demonstration of an electrically tunable filter with large color gamut makes a step
forward in the miniaturization of display and imaging devices. Its implementation is envi-
sioned in high resolution and high switching speed display panels, reflective or transflective
displays, or in miniature projection systems in wearable or head—worn devices. The ad-
ditional spectral information beyond RGB filters can be used on smart-phone cameras for
enhanced color rendering, towards highly integrated and versatile multispectral imaging sys-

tems for a broad variety of applications such as industrial or personal quality control, food

control? or personal diagnostics.?
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Oscillator model. Modeling and optimization of resonance-induced colors in the nanostruc-
ture. Full system spectral reconstruction. Measurement of transmission of the plasmonic
nanostructure as a function of polarization, tilt angle and orientation of the principle axis.
Construction of input polarizer with multiple orientations. Filter configuration for image

acquisition. Photograph sequences and videos of devices.

Methods

Fabrication of plasmonic nanostructure The fabrication of the plasmonic nanostruc-
ture is based on UV-nanoimprint lithography (UV-NIL). The patterning of the nanoimprint
master has been performed with EBL (Raith EBPG 5000+ system operated at 100 keV)
as the nanostructure needs to have low line edge roughness, be mechanically stable, and its
height should be on the order of 120 nm. The EBL tool has a low field stitching error of
~20-30 nm for fields of 320 pm. A 100 mm Si wafer was initially covered with 20 nm of Cr
in a blanket deposition by electron beam evaporation. A thin ~100 nm PMMA layer was
subsequently spin-coated onto the Cr layer and exposed by EBL. The wafer was developed
in an MIBK:IPA 1:3 solution and the pattern was then transferred from the PMMA layer
onto the Cr layer by plasma etching of the Cr (Cl-based plasma). The PMMA layer was
subsequently stripped in an acetone bath and the grating pattern was transferred into the
Si wafer by inductively coupled plasma reactive ion etching (ICP-RIE) at a very low pres-
sure of 8 mTorr and a temperature of 5°C. A mixture of C4Fg and SFg was used in a 3:1
ratio, which resulted in a well-controlled and anisotropic etch.*® Finally the Cr mask was
removed by Cl-based plasma etching. The imprint material is Ormocomp from Microresist
Technology, on a borofloat glass substrate. A loss of depth of 5% to 10% at each generation
is expected during imprint, which was considered in the original design and fabrication of
the nanoimprint master. Two depositions of silver are performed at an angle of 75° to the

normal of the substrate, calibrated such that the total thickness is 20nm. The encapsulation
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is performed by drop—casting and curing a thick layer of Ormocomp with a borofloat glass

plate on top.

Cell preparation A formulation of photoalignment polymer is spin—coated onto two I'TO
coated glass substrates. After spin-coating, the substrates are subjected to a baking proce-
dure consisting of pre-baking at 80°C and post-baking at 200°C. Then, the substrates are
exposed to p-polarized UVB light having an incidence angle of 40° respective to the sub-
strate normal. The plane of polarization is parallel to the substrate’s shortest edges. The
cells are assembled with the two substrates, the exposed polymer layers facing the inside of
the cell. The substrates are adjusted relative to each other such that the induced alignment
directions are parallel to each other, with a gap of approximately 7 microns. The cells are
capillary filled with liquid crystal MLC-6610 (Merck, negative dielectric anisotropy). Fi-
nally, after soldering wires to both sides, the filled cells are further subjected to a thermal
annealing, thereby completing the cell process. The cells configuration is vertical alignment
(VA), which means the liquid crystal molecules are almost perpendicular to the substrates,
with a pretilt angle of approximately 88° in the absence of electric field, thus giving virtually
no retardation. When increasing the (AC) voltage, the molecules continuously rotate until
being parallel to the substrate, giving more than one full wave of retardation. A quarter
waveplate foil (Edmund Optics) is laminated onto one side of the cells, with its fast axis at
45° compared to the cells’ edges. A film polarizer (Edmund Optics) is laminated onto the
other side of the cells, with its absorption axis corresponding to the quarter waveplate’s fast
axis, thus building a polarization analyzer with voltage-controlled orientation. The LCC
switching time has been measured between crossed polarizers from 10% transmission to 90%
RMS for a voltage of 6.5V at ambient temperature. The rise and release times have been

measured to 45+8ms and 75+10ms, respectively.

Fabrication of patterned polarizer A photoalignment material is spin—coated onto a

glass substrate and cured before exposure in a direct polarization writing machine. Pixel-
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defined areas are subjected to polarized irradiation using 16 different azimuthal angles, cov-
ering a 180° range. Then, a formulation of dichroic dye and liquid crystal monomer mixture
(host-guest system) is spin—coated onto the stack, followed by a final step of annealing and

cross-linking with UV-A.

Modeling and measurement of system electro—optical response The electro-optical
response of the system is modeled using Jones matrices. The entrance polarizer is placed
at 45° from the polarization axis of the plasmonic nanostructure. The field transmitted
by the plasmonic nanostructure is generally described by a Jones vector Tj, including a
TM-polarized amplitude coefficient Ty, a TE-polarized amplitude coefficient Trg and a
phase delay A¢ between the two polarizations. These responses depend on the wavelength,
which is kept implicit in the following for clarity. The system also comprises a quarter—
wavelength plate, a liquid crystal cell with fast and slow axis rotated by 45° from the axis
of the quarter—wavelength plate, and a polarizer with fixed orientation, represented by their
respective matrices Ay, L and P,,. The amplitude of the field transmitted through the

system is therefore:

Tout:Pout'L'A4'T‘in (2)
Qi —im Trum i
_ Loy cos(dy/2)  —isin(dy/2) e /4 ‘O A Ad )
00 —isin(dy/2)  cos(dy/2) 0 e/t TL\E
1 .
= —= (TTM62A¢ COS((S\//Q) + TTE Sln(dv/Q)) R (4)

V2

where dy is the phase delay induced by the voltage-dependent birefringence dyn (V') in the

liquid crystal material of thickness t and can be modeled by:

. Qﬂévn(V)t
by = = (5)
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The intensity of the transmitted field can be simplified to:

[TTM COS(5v/2)]2 + [TTE sin(dv/Q)]Q

Toutl? =
[ Tou| 2 2

+ TrvTrg cos(Ae) cos(dy /2) sin(dy /2) . (6)

In the case of a linearly polarized input light Ti, = (cos@,sin6)*, the system simplifies to a
polarization analyzer whose axis depends on the applied voltage: [Ty |* = cos?(6 —dy/2). In
the Supporting Information, this model is used to fully reconstruct the voltage-dependent
spectra of the full system in Fig. 1 from optical measurement of polarized transmission and
phase retardation of the nanostructure, together with the birefringence—induced colors of the

LCC.

Numerical simulations The numerical simulations of the nanostructure transmission
have been performed with the rigorous coupled wave analysis using 60 Fourier harmonics.”
The silver permittivity has been extracted from experimental values.’® Owing to the surface
scattering and grain boundary effects in the thin film, its imaginary part is multiplied by
a phenomenological factor of two. The silver structures are completely surrounded by a
homogeneous medium with the permittivity of Ormocomp.

Surface integral equation (SIE) with periodic boundary conditions was used to compute
the intensity of the near field at the resonant wavelength in the unit cell of the plasmonic
nanostructure.’® The cross-sectional SEM measurement was used to design the simulated
geometry. The transmission spectrum for an incident TM-polarized plane wave was first

calculated. The electromagnetic field intensity was then computed at resonance (wavelength

of 677 nm) in a cross section of the unit cell.

Optical measurements The retardation spectrum of the sample was measured with an
ellipsometer. In the basic transmission system, a variable polarizer converts light from
the source to an input beam with a known and adjustable polarization. The output of the

variable polarizer is then passed through the sample under study and the output polarization
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determined using a polarization analyzer. The transmission spectra where measured with a
spectrometer (SpectraScan PR-735, Photo Research). The elements represented in Fig. 1a
were placed between the light source and the spectrometer, such that the light is normally
incident to the samples. The intensity transmitted through the input polarizer was used to
normalize the spectra. A function generator was used to drive the polarization analyzer with
a square waveform of 50% duty cycle and amplitude varied from 0Vgps to 6.5V gas. For
the imaging experiments of Fig. 5, the device of Fig. 1a was placed in front of a monochrome
CCD camera (Baumer TXG14). The object to image (colorChecker, X-Rite) was placed at
about 50cm to the imaging setup and was illuminated with a LED screen (Dérr LP-400).
Three monochrome images were acquired at the voltages corresponding to the primary colors.
The reconstruction of the colored image was then performed numerically by using a color
map defined by the RGB coordinates of the colors of the tunable filter corresponding to

those three voltages.

Structure analysis Scanning electron microscope (SEM) images were obtained with an
FEI Helios focused ion beam (FIB) SEM. In order to image the cross section of the plasmonic
metasurface before encapsulation, gold was evaporated instead of silver under the same
conditions because of the fast oxidation of silver in air. The total thickness evaporated
was measured on a glass substrate. A Cr layer was sputtered on the sample prior to SEM
imaging in order to have a conducting surface and also to obtain a good contrast with the
evaporated gold layer. For the FIB milling, a Pt layer was previously deposited in order to

avoid damaging the sample during the milling process.
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