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Abstract: Designing color pixels using plasmonic nanostructures and metasurfaces has
become a luring area of research in recent years. Here, we experimentally demonstrated the
voltage tunability of a dynamic plasmonic color filter by using an aluminum grating integrated
with the nematic liquid crystal (LC). Along with a typical substrate coated with rubbed
polyimide film, the aluminum grating itself serves as a molecular alignment layer to form a
twisted LC cell. This hybrid structure allows electrically controlled transmission color by
applying the voltage. A significant spectral tunability of such a device has been demonstrated
by applying the small voltage from 0 to 4 V .
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1. Introduction

Color filtering is a key function in many optical and optoelectronics applications such as
camera, projector, CMOS image sensors, and many imaging and hand-held devices. Recent
developments in plasmonics-based structural color filters can be expected as possible
replacement of pigment-based color printing in the future. The structural color filter exhibits
significant advantages over existing pigment-based technology, such as being compact in size,
rendering non-degradable colors, having resolution well below the diffraction limit, and being
environmentally friendly [1, 2]. The new technique of developing structural color devices
based on femtosecond laser gives a new direction for the possibility of mass production [3].
Different approaches have been suggested to show the capability of structure-based color
filtering, including metallic grating structures [4, 5], metallic disks [1, 6], complementary
metallic design [7, 8], metal-insulator—metal (MIM) structures [9, 10], all-dielectric [3, 11-13],
and hybrid structures [4, 14]. However, the main challenge is to design a tunable color filter.
The capability of a structural color filter is limited owing to the fact that the response of the
color filter is fixed once the device is fabricated. Recently, some research groups have
demonstrated significant tunability of structural color filters by various means. A
non-symmetric structure approach is used to tune the response based on polarization of incident
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light [8, 13, 15, 16]. Unfortunately, the tunability range of these devices is quite narrow, and it
is very difficult to fabricate such structures. Other popular approaches rely on anti-bonding
mode resonances [17] or MIM resonators [9] to tune the resonance wavelengths, but the size of
the MIM-based devices are in the micron range, which is difficult to integrate with chips. It is
obvious that tunable color filtering is still an open area of research. According to the literature,
a couple of new techniques have been disclosed for tuning the color by means of
hydrogen-responsive Mg nanoparticles [18] and mechanically stretchable substrates as active
metasurfaces in dynamic plasmonic color display [19].

In this paper, we integrated the nematic liquid crystal (LC) with a simple aluminum (Al)
grating metasurface. The cell thus formed shows significant spectral tunability by applying
various voltages across the cell thickness. The reason to choose Al is its low interband
transition loss, which can provide more vivid colors [20, 21]. LC has already been used to
design active nanophotonics devices [22-25], beam-steering [26], tunable filters with
microspheres [27], and phase-controlled all-dielectric metasurface [28] to achieve the
tunability of resonance at near-infrared (NIR) wavelengths. An earlier attempt has also been
made to enable the tunability of resonance in the visible range [29, 30]. However, the tunable
color filter using aluminum metasurface in the visible range is less studied, in particular with
the transmission mode. The working principle of our device is based on the fact that LC
possesses both dielectric anisotropy and optical anisotropy, consequently exhibiting
polarization tunability when a small electric field is applied across the LC. This anisotropic
behavior can be easily manifested in a cell with twisted alignment of the LC. In a typical
twisted-nematic cell, an applied voltage imposes an electric torque on the LC molecules against
the restoring elastic one, causing the molecular axis and, in turn, the optic axis of the LC to tilt
toward the field direction. The tilted optic axis thus results in the change in effective refractive
index. We utilized the anisotropic property of LC combined with an Al grating metasurface to
realize the tunability of color filter.

2. Sample Fabrication

The Al grating metasurfaces were fabricated using electron-beam lithography (EBL). To define
a pattern, polymethylmethacrylate (PMMA) of 200 nm in thickness was coated on a typical
indium—tin-oxide (ITO)-coated glass substrate followed by a patterning process. A 90 nm thin
film of Al was deposited by using the E-gun evaporator. The Al gratings would be formed by
lift-off process and they have the desired effect to align the contacting LC molecules to lie
perpendicularly to the grating vector in the metasurface plane.

The ITO glass substrate with an Al grating metasurface serves as the bottom plate of the LC
cell. The top plate of the cell is ITO glass spin-coated with a mechanically buffed polyimide
layer for planar alignment of the LC molecules. The rubbing direction is parallel to the grating
vector when assembled with a cell gap of 5 um. The nematic liquid crystal E7, with

extraordinary refractive index n, = 1.7472 and ordinary refractive index n_  =1.5217 at the

temperature of 20 °C and wavelength of 589.3 nm, was introduced into each empty cell by
capillary action. An alternating current (AC) voltage (1 kHz) was applied across the cell gap
through ITO layers to control the state of LC. The schematic of the cell configuration is shown
in Fig. 1. At null voltage, the polarization direction of linearly polarized light of normal
incidence rotates by 90° after emerging from the cell through the polarization-rotation effect
[31] in a twisted nematic cell as shown in Fig. 1(a). In Fig. 1(b), by increasing the voltage to
unwind the twist and maximize the tilt in the LC bulk, the polarization of linearly polarized
light remains virtually unchanged, in perpendicular to the grating vector.
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Fig. 1. Schematic of the cell composed of sandwiched nematic LC, an Al grating and a
polyimide-coated substrate in the (a) voltage-off and (b) voltage-on states.

3. Spectral Characterization of Metasurfaces

For this work, the grating structures were designed with a fixed duty ratio of 0.5 and with three
distinct widths: 150 nm, 200 nm and 230 nm. Figure 2(a) schematically depicts the design of a
parallel-stripe-patterned grating characterized by the height 4, width w and period (or grating
constant) P (P =2w). Figure 2(b) shows a scanning electron microscope (SEM) image of one
fabricated grating sample having h =90nm, w =150 nmand P =300 nm.

Transmission spectra of each grating were then recorded for both TE and TM cases. All the
collected data were normalized with respect to the bare ITO-coated glass substrate. A camera
was used to take the micrographs of the illuminated area. Figures 2(c)-2(e) show the
comparisons of simulated and experimental spectra of the TM mode for three different grating
structures. Note that the three insets show the correspondingly observed colors in transmission.
Similar measurements were carried out for TE polarized light as shown in Figs. 2(f)-2(h). The
experimental spectra are in reasonable agreement with simulated data.

From Figs. 2(c)-2(e), it is clear that there are pronounced changes in the three transmission
spectra for TM polarization so the change in color is dramatic and vivid. In contrast, the TE
polarization produces featureless-like spectra, giving rise to limited change in color as shown in

Figs. 2(H)-2(h).
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Fig. 2. (a) Schematic of the Al grating on the ITO coated glass substrate. (b) SEM image of
aluminum grating with grating width 150 nm. The simulated and experiment transmission
spectra of the aluminum grating when the incident light is (¢)-(¢) TM polarization and (f)-(h) TE
polarization. The insets show the images directly recorded by optical microscopy with a camera.
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Fig. 3. Simulated transmission spectra of an Al grating integrated with LC for P = 300 nm: (a)
TE polarization; (b) TM polarization. (¢) Change in color from TM to TE polarization as
indicated by the color space coordinates on the CIE-1931 chromaticity diagram.

4. Modeling

In order to fit the experimental observation, simulations were performed by using finite
difference time domain (FDTD) method, (FDTD Solutions, Lumerical). In the modeling, the
LC molecules around the grating slits are parallel to the grating [32]. Therefore, for TE
polarization, the vibration direction of incident optical electric field will be parallel to the

molecular of the liquid crystal, and the effective refractive index of LC is n, = 1.75. On the
other hand, for the TM case, the vibration direction of electric field will be perpendicular to the
molecular axis of the LC in the bulk, and the effective refractive index is n, = 1.52.

Figure 3 shows the transmittance spectra of TE and TM polarizations with LC. By
comparing Figs. 2(f) and 3(a), the resonance peak in the transmittance spectrum of TE
polarization with LC is much higher and sharper than that of in air, so the color will be vivid in
LC. In Fig. 3(a), the resonance peaks around 438 nm and 525 nm are diffraction signals given
by [33]

A=Pn, (D)

where, P = 300 nm is the period of the grating and n, is the refractive index of the

surrounding medium of the grating. In TE polarization, the prime effect is diffraction and
waveguide mode resonance [34], so the extraordinary transmission peaks in Fig. 3(a) would be
influenced by the refractive index of the surrounding medium. Since the refractive indices of
the substrate n,, = 1.46 and of the LC n,. =n, =1.75, there are two peaks at 438 nm and

525 nm. On the other hand, if the refractive index of substrates and liquid crystals could match,
the narrower transmission band could be achieved.

In Fig. 3(b), the broad band resonance dip spanning from 460 nm to 484 nm is due to the
plasmon resonance for TM polarization [34], which is given by [33]

,1:p fi’ )
E, &

where ¢, and ¢ are dielectric permittivity of metal and surrounding medium, respectively.

In TM polarization, the transmittance is near zero from 460 nm to 484 nm because the grating
structures would provide the extra k-vector to excite surface plasmon polaritons [34]. We

observed two resonance dips at 460 nm and 484 nm corresponding to the substrate (&, =1.46%)
and the LC (& = (n,)’ =1.52%). However, the two resonance wavelengths are close to each
other, so the two resonance dips coalesce together to form a broadband resonance dip. A
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CIE-1931 chromaticity diagram is shown in Fig. 3(c) to help visualize the switch of color from
TM to TE polarization.

5. Tunability of Colors

Figure 4 shows the experimental results of Al gratings integrated with LC. The polarization
direction of incident light is parallel to the grating stripes. When the applied voltage is 0 V, the
polarization direction of electric field on the Al grating is twisted by 90° and changed to
become parallel to the grating vector through the LC bulk. Because of the unperturbed
twisted-nematic state of LC configuration, the TM polarization effect could be achieved when
the applied voltage is 0 V in this framework. In contrast, the TE polarization effect could be
achieved when the applied voltage is higher than 4 Vs because the LC molecules are
reoriented vertically to the substrate by the externally applied voltage across the cell thickness
to permit the polarization state of light uninfluenced or untwisted in the passage through the
cell. This is the key to enabling active tuning of color in our device.

By changing the state of LC using a small applied voltage, the color changed along with the
TE and TM polarizations. The variations in color and spectrum with increasing voltage for two
different grating constants are shown in Figs. 4(a) and 4(b). One can see that, with a small
applied voltage, the spectrum and, in turn, color of the cells can be varied. The change from the
corresponding the TM mode at 0 V to the TE mode at 4 Vs thus provides dynamic color
tunability. In Fig. 4(c), the gradual color variation is demonstrated with the applied voltage
from 2 Vs to 4 V.. When the applied voltage is larger than 4 V ,, the color would fix,
because the molecules of LC are untwisted and totally aligned vertically.
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Fig. 4. Experiment results of LC cells with Al gratings when the applied voltage increases from
0V to 10 V,s. The images on the top of spectral are optical images recorded by a CCD camera:
(a) P=300 nm (b) P =400 nm. (c) Transmissive color appearance of the cells at various applied
voltages.

6. Conclusion

In conclusion, we have demonstrated a LC-based tunable color filter, which shows high
dynamic tunability of color in transmission. The integration of LC with a grating structure
allows the broad dynamic tunability in quite controllable manner. By slightly adjusting the
applied voltage between 2 Vs and 4 V,,,, the color spectra changed in a reasonably broad
spectral range. The concept can be extended for integrating LC with plasmonics or all dielectric
metasurface-based color filters to achieve the high quality of color pixels. The integration of
LC with color filters opens a new possibility to make tunable color filter devices.
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