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Abstract: Actively tunable or reconfigurable structural colors are highly promising in future
development for high resolution imaging and displaying applications. To this end, we demonstrate
switchable structural colors covering the entire visible range by integrating aluminum nanoaperture
arrays with nematic liquid crystals. The geometrically anisotropic design of the nanoapertures
provides strong polarization-dependent coloration. By overlaying a nematic liquid crystal
layer, we further demonstrate switchable ability of the structural colors by either changing the
polarization of the incident light or applying an external voltage. The switchable structural colors
have a fast response time of 28 ms at a driving voltage of 6.5 V. Furthermore, colorful patterns
are demonstrated by coding the colors with various dimensions of nanoaperture arrays with
dual switching modes. Our proposed technique in this work provides a dual-mode switchable
structural colors, which is highly promising for polarimetric displays, imaging sensors, and visual

cryptography.
© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Structural colors, originating from light-matter interactions, endow the characteristics of high
resolution, reliability, nontoxicity, and durability compared with pigment-based traditional
colors [1,2]. These advantageous features make structural colors an excellent candidate in
high-resolution displays, photodetectors, imaging sensors, and high-density data storage [3-5].
Recently, thanks to the rapid development of advanced nanofabrication techniques, various
structural colors, exploiting metallic or dielectric nanostructures [6—10], diffractive optical
elements [11-16] and photonic crystals [17-21], have been adequately demonstrated. Generally,
structural colors, dependent on the resonance in prefabricated geometry, suffer a restrained
tunability. Consequently, to better satisfy the actual needs, it is highly desirable to further develop
actively tunable or reconfigurable structural colors.

As known, the dimension of individual nanostructure, the lattice arrangement, and the
surrounding medium are critical factors to the optical responses of nanostructures. Thus
far, designing polarization-sensitive structures and exploiting active materials are two major
approaches to achieve the color change. For instance, resonance-based colors based on anisotropic
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nanostructures, such as nanoantennas and cross-shaped nanostructures, can be well tuned by
changing the polarization of incident excitation light [22-24]. Structural colors can be also
tuned by changing the refractive index of the surrounding medium around the nanostructures.
Along this line, many phase-change materials have been introduced, for instances, liquid crystals
(LCs) [24,25], VO, [26], Mg, and TiO, [27-29]. Of the aforesaid active media, LCs have large
continuous variable refraction index, fast response speed, versatile driving schemes, and industry-
compatible fabrication processes [30-34], which make them a superior candidate to generate
actively tunable/reconfigurable structural colors. Recently, the LC-integrated nanostructured
arrays have demonstrated about 100 nm-wavelength shift in the visible range [24,25,35-37].
However, structural colors that can be electrically switched on and off across the visible range
have rarely been demonstrated.

Through deliberate design, high contrast can be achieved from anisotropic plasmonic nanoaper-
tures for the incident light with two orthogonal polarizations [38—41]. Here, we demonstrate
electrically switchable structural colors by integrating aluminum (Al) nanoapertures with nematic
LCs. Full colors covering the whole visible range are achieved via changing the nanoaperture
dimensions. These structural colors can be switched between a colorful state and a faded state by
either applying an external electric field or changing the polarization direction of the incident
light. Our experimental results suggest that the switchable structural colors have big potential for
applications in polarimetric displays, imaging sensors, and visual cryptography.

2. Experimental section
2.1. Nanoaperture array fabrication

The nanoaperture array fabrication processes can be schematically described in Fig. S1 in the
supplementary information. The polymethyl methacrylate (PMMA) solution (ARP672.045, 950k
4.5 wt% in anisole, Germany) was spin-coated on a cleaned indium-tin-oxide (ITO) glass using
a spin coater (SUSS MicroTec-MA6/BA6, Germany). The coating speed is 5000 rpm/s with
the acceleration of 500 rpm/s? for 60 s. The PMMA thickness was ~260 nm. Electron-beam
lithography (EBL) (Nanobeam-nB5, England) was carried out with an exposure dose of 700
uC/cm?. After that, the sample was developed for 65 s in a mixed developer solution including
isopropyl alcohol (IPA) and methyl isobutyl ketone (MIBK) with a volume ratio of 3:1. To
remove the residual gum after the development process and also strengthen the adhesion between
the PMMA and Al layers, inductive coupled plasma (ICP) treatment (GSE200PIlus, North
Microelectronics Company, China) of the sample was further carried out for 10 s. Then a
50 nm-thick layer of Al was deposited using the direct current (DC) magnetron sputtering
(KYKY-500CK-500ZF, KYKY Technology Co., Ltd., China). Finally, the Al nanoaperture arrays
were fabricated. To assemble a LC cell, the ITO glass substrate with the Al nanoaperture arrays
was further spin-coated another ultrathin layer of 5% diluted polyimide (PI) (5260T, Dalton,
China) and then rubbed along the long axis of nanoaperture. We then assembled the nanoaperture
arrays overlaid ITO glass substrate with another PI-coated one to form a twisted nematic (TN) LC
cell. The cell gap was controlled to be 5 um using the ball spacer. The nematic LC E7 (Jiangsu
Hecheng Display Co., Ltd., China) was then injected into the cell by the capillary force on a
heater at 70 °C, which is above the clearing point of LC, to eliminate the disturbance induced by
the anisotropic elasticity.

2.2. Characterization

Surface morphologies of nanoaperture arrays were investigated by the field-emission scanning
electron microscopy (FESEM) (GeminiSEM 300-71-10, Zeiss, Germany) with 5 kV at in-lens
mode. The structural color palettes were characterized using a polarized optical microscope with
an objective lens (magnification: 10x, numerical aperture: 0.3) (Nikon ‘pi’, Japan) equipped
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with removable, rotatable polarizer and analyzer, and a halogen lamp source. The optical
transmission spectra of the fabricated nanoaperture arrays were measured using a UV-Vis-NIR
microspectrophotometer (20/30 PVTM, CRAIC Technologies, USA) at normal incidence with a
75 W broadband xenon source. All the transmission spectra were taken using air as the reference.
The TN LC cell was driven by a square wave voltage with a frequency of 1 kHz, which was
produced by a function generator (DG4102, Rigol, China). The response time of the TN LC cell
was measured using a home-built setup include an oscilloscope (DP0O2024, Tektronix, USA),
detector (Model 2031, Newport, USA), and a single wavelength laser (REO 33361, Research
Electro-Optics Co., USA) operating at 532 nm.

3. Results and discussion

Figure 1(a) illustrates the schematic design of polarization-dependent structural colors based
on anisotropic nanoaperture arrays. The nanoaperture array is arranged in a square lattice with
period P. The nanoapertures are rectangular with width W and length L. In our design, the
aspect ratio of the nanoaperture is always fixed at W/L = 1/2. The thickness of the Al layer is 50
nm. We define the short and long axes of the nanoaperture as x- and y-axis, respectively, and
0 as the polarization angle of the incident light with respect to the x-axis. Upon 0°-polarized
incidence, enhanced transmission happens in the visible range due to the excitation of surface
plasmon polaritons (SPPs). Upon 90°-polarized incidence, there is no obvious transmission
in the visible range. As a result, the SPP-enhanced transmission is highly dependent on the
geometric parameters of nanoaperture arrays. Therefore, the SPP resonance can be effectively
tuned by changing the size and arrangement of nanoapertures. Hence, we achieved a color palette
spanning the entire visible range under the 0°-polarized incidence, as shown Fig. 1(b). The
fabricated nanoaperture arrays are arranged as follows: the period of the square lattice increases
from 150 nm to 550 nm with the step size of 20 nm (from right to left in Fig. 1(b)) and the width
of the nanoaperture varies from 50 nm to 250 nm with the step size of 20 nm (from bottom to
top in Fig. 1(b)). In contrast, when we rotate the polarization direction by 90°, the nanoaperture
arrays demonstrate a significant decrease of the light transmission with only a faded blue color,
as shown in Fig. 1(c). Figure 1(b) and 1(c) were observed under a polarizing optical microscope
and taken with an equipped CCD. The created structural colors in Fig. 1(b) were also calibrated
in the CIE 1931 color space, as shown in Fig. 1(d), showing that we have successfully achieved
the full-color gamut. The slight discrepancy of color performance between Fig. 1(b) and 1(d)
stems from the different sources, in which D65 is exploited in the CIE 1931, while a halogen
lamp is used in our experiment [42].

Spectral and morphological characterizations were carried out on the fabricated nanostructures.
Figure 2(a) and 2(b) present 0°- and 90°-polarized transmission spectra of the fabricated
nanoaperture arrays. The width and period of the nanoaperture arrays were changed from 90/270
to 190/470 nm with the increasing step size of 20/40 nm, respectively. The corresponding SEM
images show good quality of surface morphologies, as shown in Fig. 2(c)-2(h). The measured
size of the nanoapertures is slightly smaller than the designed value, owing to an experimental
error during the fabrication processes. Comparing Fig. 2(a) and 2(b), the nanoaperture arrays
demonstrate a single additive color due to the SPP excitation only upon the 0°-polarized incidence.
By changing both the nanoaperture size and array period, the resonance center wavelength can
be effectively tuned from 400 to 700 nm, covering the entire visible spectrum.

The transmission peaks can be mainly attributed to the light-excited SPPs subject to the
momentum match with the additional momentum provided by periodic nanoaperture arrays
[43—45]. In this way, with the fixed nanoaperture width, the resonance center wavelength changes
linearly with the array period, as shown in Supplement 1, Fig. S2. In addition, the existence of
Rayleigh anomalies (associated with the emergence or disappearance of diffracted orders) results
in a transmission minimum and an asymmetric optical shape, as shown in Supplement 1, Fig. S3
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Fig. 1. (a) Schematic design of polarization-dependent structural colors based on anisotropic
Aluminum nanoaperture arrays. The left bottom inset shows the structural parameters, W,
L, and P, of the nanoaperture array that represent the width and length of nanoaperture,
and nanoaperture array period, respectively. The color palettes illuminated by 0°- (b) and
90°-polarized (c) light. (d) Corresponding positions plotted in the CIE1931 color space for
the created structural colors illustrated in (b).

[45-50]. As expected for Rayleigh anomalies, the spectra have the same minimum position when
they have the same periodicity [51]. Upon 90°-polarized incidence, the nanoaperture arrays
demonstrate extremely low transmission, which is attributed to the low coupling efficiency of
SPPs at the top and bottom interfaces along the long axis of the nanoapertures in square lattice
[38,39], as shown in Fig. 2(b). They only exhibit a pale blue appearance for all the nanoaperture
arrays [45,52]. To evaluate the lifetime of SPPs, we extract the full width at half maximum
(FWHM) with the parameters as shown in Supplement 1, Fig. S3. Increased nanoaperture size
enhances the inelastic collision of electrons, shortening the propagation distance and lifetime of
the SPPs, as shown in Supplement 1, Fig. S4. The propagation length is in the range of 1.2 to 2
pm for the arrays with the parameters in Fig. S3, depending on the resonance position [53,54].

Furthermore, we measured the transmission spectra for the nanoaperture array with W =190
nm and P =550 nm as a function of the incident polarization angle changing from 0° to 90° with
a step size of 15°, as shown in Supplement 1, Fig. S5a. The transmittance changes significantly
with the incident polarization angle, demonstrating maximum and minimum values when the
polarization is parallel and perpendicular to the short axis of the nanoapertures (i.e., the x-axis),
respectively. At the plasmonic resonance of ~684 nm, the change of the transmittance with the
incident polarization angle can be well fitted with a half-cycle sinusoidal curve (see Supplement
1, Fig. S5b), demonstrating a potentially useful approach to determine the linear polarization
direction of the incident light by interpolating the signal. Similar to the reported work [55],
another kind of compact detector with ultra-high resolution, simultaneously obtaining spectral and
polarization information, could be achieved through overlapping different periodic nanoapertures
at a certain angle. The color polarimetry is a promising technique in many fields, such as remote
sensing, target recognition, optical anti-counterfeiting [56—58].
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Fig. 2. (a) 0°- and (b) 90°-polarized transmission spectra of the fabricated nanoaperture
arrays. Typical SEM images of the nanoaperture arrays with the nanoaperture width and
array period being (c) 90 and 270 nm, (d) 110 and 310 nm, (e) 130 and 350 nm, (f) 150 and
390 nm, (g) 170 and 430 nm, and (h) 190 and 470 nm, respectively. Scale bar: 200 nm.

In the following, we demonstrate active control of the transmitted colors by assembling the
fabricated nanoaperture arrays onto an ITO glass substrate with another PI-coated one to form
a TN LC cell. The alignment quality of LC molecules inside the TN cell was investigated
using polarized optical microscopy with two parallel (Supplement 1, Fig. S6) and crossed
polarizers (Supplement 1, Fig. S7). As known, when the incident light with its polarization
parallel to the alignment direction passes through from one side to the other of the TN cell,
the light polarization will rotate 90° along with the twist of LC director due to the well-known
Mauguin effect [59,60]. Therefore, the TN LC cell demonstrates a totally dark state under two
parallel polarizers (Supplement 1, Fig. S6a and S6b) and a bright colored state under two crossed
polarizers (Supplement 1, Fig. S7a and S7b). In contrast, upon application of a sufficient voltage,
the LC molecules will re-orientate along the electric field direction and the twist will disappear
accordingly. As a result, the incident light polarization does not rotate and the TN LC cell
demonstrates an opposite appearance, as shown in Supplement 1, Fig. Séc and S6d, and Fig. S7c
and S7d, respectively. From Supplement 1, Fig. S6 and S7, we can confirm that a high-quality
TN LC alignment has been achieved with the nanoaperture arrays. Meanwhile, the structural
colors still exist with the LC overlayer. This lays the foundation that we could use the LC to
switch the structural colors.

By overlaying LCs on the nanoaperture arrays, their optical responses were further characterized.
Figure 3 illustrates the schematic design and experimental results of electrically switchable
structural colors. From Fig. 3(a) and 3(b), the 0°- and 90°-polarized incident light for the
nanoaperture arrays can be interchanged by switching the LC alignment with an externally


https://doi.org/10.6084/m9.figshare.20457255
https://doi.org/10.6084/m9.figshare.20457255
https://doi.org/10.6084/m9.figshare.20457255
https://doi.org/10.6084/m9.figshare.20457255
https://doi.org/10.6084/m9.figshare.20457255
https://doi.org/10.6084/m9.figshare.20457255

Research Article Vol. 30, No. 18/29 Aug 2022/ Optics Express 31918 |

Optics EXPRESS " N ‘

applied voltage. Figure 3(c) and 3(d) demonstrate the rotation effect of TN LCs when the light
is incident from the PI-coated ITO glass side, as shown in Fig. 3(a), in which 90°-polarized
incident light can excite SPP-activated color rendering, whereas 0°-polarized incident light only
gives faded blue color. In such a case, the TN LC-overlaid nanoaperture arrays render an inverse
polarization-dependent color palette compared to the bare ones. Upon applying a voltage of 10
V, the re-orientation of LC molecules causes the disappearance of the twist and the LC-overlaid
nanoaperture arrays demonstrate an opposite switch effect of the structural colors, as shown in
Fig. 3(e) and 3(f).
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Fig. 3. Schematic of electrically switchable structural colors inside a TN LC cell before
(a) and after (b) electric driving. Polarized optical microscopy images under 0°- (c, e) and
90°-polarized (d, f) incidence at 0 V (c, d) and 10 V (e, f), respectively. (g) Corresponding
positions plotted in the CIE1931 color space for the color palette illustrated in (d). (h)
Optical transmission spectra of nanoaperture arrays labeled with the white squares in (d) and
(e). (i) Optical transmission spectra of nanoaperture arrays labeled with the white squares in
(c) and (f).

Comparing Fig. 3(d) and Fig. 1(b), which correspond to nanoaperture arrays having the
same dimensions, all structural colors exhibit a clear redshift due to the refractive index change
caused by the LC overlayer. For the same nanoaperture arrays with their transmission spectra
demonstrated in Fig. 2(a) and 2(b), the spectral changes upon LC infiltration can be clearly
observed in Supplement 1, Fig. S8. The achieved structural colors after LC infiltration in Fig. 3(d)
are also calibrated in the CIE 1931 color space, as shown in Fig. 3(g), which covers the same
range as the bare nanoaperture arrays. Upon application of an external electric field, 0°-polarized
structural colors in Fig. 3(e) are almost the same as the 90°-polarized ones at 0 V in Fig. 3(d),
which can be further verified by the measured transmission spectra in Fig. 3(h) by selecting three
typical nanoaperture arrays labeled with white squares in Fig. 3(d) and 3(e). From Fig. 3(h),
their spectra are similar except for a slight difference in intensity. The transmittance for blue,
yellow, pink can reach ~16%, a quite high value for the nanoapertures benefiting from the EOT
effect [44]. Similarly, the 90°-polarized structural colors in Fig. 3(f) are almost identical to the
0°-polarized ones from Fig. 3(c), which can be verified in the measured transmission spectra
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from Fig. 3(i) by selecting the same nanoaperture arrays labeled with white squares in Fig. 3(c)
and 3(f). As a result, electrically switchable structural colors can be achieved by interchanging
the incident light polarization via the LC re-orientation.

Switching speed is another key parameter for the actively tunable/reconfigurable structural
colors. Therefore, the response time of our switchable structural colors was further investigated.
Figure 4(a) shows measured transmission spectra as a function of the applied voltage for one
nanoaperture array with the nanoaperture width and array period of 50 and 150 nm, respectively.
As the applied voltage increases, the 0°-polarized plasmonic resonance peak gradually increases
due to the de-twist of LC molecules. The inset in Fig. 4(a) shows the normalized transmission
versus the applied voltage at the wavelength of 400 nm, in good agreement with the electro-optical
curve of typical TN LC cells [61]. From the inset in Fig. 4(a), the measured threshold and
switching voltages are 2.9 and 4.2 V, respectively. We then applied a voltage above the switching
one to drive the sample to measure the response time of the TN LC cell using a home-made
system (see details in Experimental section). Figure 4(b) shows the measured rising (red curve)
and falling (green curve) time at the applied voltage of 4.2 V. The detailed data are listed in Table
S1 and Fig. S9 in Supplement 1. The optimal rising and falling times are 11.2 and 16.79 ms,
respectively, resulting in the total response time of ~28 ms at a driving voltage of 6.5 V, which is
much faster than the reported work based on a chemical reaction [27-29].
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Fig. 4. (a) Optical transmission spectra as a function of the applied voltage for the
nanoaperture array with W =50 nm and P = 150 nm. Inset shows the normalized transmission
versus applied voltage at the fixed wavelength of 400 nm marked with a vertical dash line in
the spectra. (b) Experimentally measured rising and falling time at the applied voltage of
42 V.

Structural colors based on nanoaperture arrays is a highly promising enabling technology for
ultrahigh-resolution display applications. Figure 5 exhibits the resolution patterns of the three
primary red (R), green (G), and blue (B) plasmonic colors. We have achieved the smallest color
pixel with a 2 X 2 array of nanoapertures, resulting in a high resolution of ~27,000, 30,000, and
60,000 dpi (dots per inch) for the R, G, and B colors, respectively. For the practical applications,
in addition to resolution, the most efficient EOT of array with dimensions larger than the SPP
propagation length should be also considered when necessary to achieve the optimal performance
[53,54]. Sometimes, due to the edge effect of the finite array, the nonuniformity of the coloring
can be eliminated at moderate incident angles that do not cause large changes in momentum
compensation [62].

As a proof-of- concept, we have designed and fabricated two passive patterns (“mandarin duck”
and “rainbow”) based on our color database, as shown in Fig. 6. Figure 6(a) and 6(d) illustrate the
SEM morphologies for the two patterns. 0°- and 90°-polarized patterns are displayed in Fig. 6(b)
and 6e, and Fig. 6(c) and 6(f), respectively. As a result, we can not only achieve colorful images
under 0°-polarized illumination but also hide them by rotating the polarization direction of 90°.
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Fig. 5. Resolution testing pattern excited by 0°-polarized incidence based on the Al
nanoapertures for red (a), green (b), and blue (c) colors with the width of 170/110/90 nm
and period of 470/410/210 nm, respectively. (i—iv) The square patterns consist of a 10 x 10,
4x4,3x3,2x2 array of nanoapertures, respectively.

Fig. 6. Two designed “duck” and “rainbow” patterns using our color mapping scheme based
on the bare nanoaperture arrays to experimentally verify the color palette switch effect. The
corresponding top-view SEM (a, d) and captured microscopic images under the 0°- (b, e)
and 90°-polarized (c, f) illumination. Scale bar: 40 um and inset scale bar: 2 pm.
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Assembling the TN LC cell with the above patterns, no switchable chromatic image can be seen
due to the color redshift caused by the LC overlayer. We further re-encoded a snowflake image
using the LC-based color database in Fig. 3. Figure 7(a) and 7(b) show the 0°- and 90°-polarized
images without applying a voltage. Upon applying a voltage, the 0°- and 90°-polarized images
are inversely switched. In this way, one can achieve dual-mode switchable images by either
changing the polarization of the incident light or applying an external voltage, which could be
potentially useful in encryption.

(b)

y

90° @0 V

0° @10V 90° @10V

Fig. 7. The designed “snowflake” pattern using our color mapping scheme based on the LC
overlaid nanoaperture arrays to experimentally verify electrically switchable color effect.
Optical microscopic images captured at applied voltages of 0V (a, b) and 10V (c, d) under
the 0°- (a, c¢) and 90°-polarized (b, e) illumination. Scale bar: 40 pm.

4. Conclusion

In summary, we have achieved structural colors covering the entire visible range by integrating
aluminum nanoaperture arrays with nematic LCs. The geometrically anisotropic design of the
nanoapertures gave rise to a polarization-dependent coloration. By overlaying a nematic LC
layer, we achieved switchability of the structural colors by either changing the polarization of the
incident light or by applying an external voltage. The switchable structural colors have a fast
response time of 28 ms at a driving voltage of 6.5 V. Furthermore, vivid colorful patterns have
been demonstrated by encoding the colors with various dimensions of nanoaperture arrays with
dual switching modes. The proposed technique provides dual-mode switchable structural colors,
which is highly promising for imaging and displaying applications, such as visual cryptography,
security labels, imaging sensors, and ultrahigh-resolution displays.
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