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Abstract: A high-resolution and angle-insensitive structural color
generation platform is demonstrated based on triple-layer aluminum-silica-
aluminum metamaterials supporting surface plasmon resonances tunable
across the entire visible spectrum. The color performances of the fabricated
aluminum metamaterials can be strongly enhanced by coating a thin
transparent polymer layer on top. The results show that the presence of the
polymer layer induces a better impedance matching for the plasmonic
resonances to the free space so that strong light absorption can be obtained,
leading to the generation of pure colors in cyan, magenta, yellow and black
(CMYK) with high color saturation.
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1. Introduction

Recently, plasmonic metamaterials and metasurfaces [1-4] have generated great interest due
to their ability to strongly confine surface plasmons [5] and control the properties of light at
will in various applications, such as optical imaging [6,7] biochemical sensing [8,9]
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information processing [5,10] and solar energy harvesting [11,12]. Among all these efforts,
structural color printing based on plasmonic metamaterials has recently been demonstrated
[13-15], showing not only two-orders of magnitude higher spatial resolution [16-18]
compared to the traditional pigment-based color printing techniques, but also a high
sustainability [14] and great potential for electro-optic tenability [19]. The majority of
previous works on plasmonic color printing are based on nanostructures made of noble metals
such as silver [17,18,20-22] and gold [13] due to their lower ohmic losses in the visible
spectrum. However, the interband transition of gold limits rendering colors at wavelengths
shorter than 550 nm [13,23,24], while silver nanostructures are extremely susceptible to
oxidation and sulphidation which results in the degradation of the perceived colors [14,21,25].
Moreover, silver and gold are not compatible with complementary metal oxide semiconductor
(CMOS) fabrication processes, which prevent their practical applications [26]. Meanwhile,
plasmonic color generation based on aluminum [14,15] has recently obtained extensive
interest due to the high plasma frequency of aluminum in the UV region [27] together with its
cost-effectiveness and sustainable merits [24,26]. Furthermore, the low quality factor of
aluminum plasmonic nanostructures introduces a lower spectral sensitivity for distinct colors
and thus gives a large tolerance to critical-dimension control in the fabrication [14].

Although aluminum is an attractive substitute metal material for plasmonic color printing,
the color performance of the previously reported aluminum-based platforms is still limited by
the loss-induced linewidth broadening of plasmonic resonances [14,27-29], which will
significantly reduce the color purity in addition to color saturation or brightness. Furthermore,
although aluminum forms a self-limiting impermeable native oxide layer [30] against
oxidation and sulphidation, a mechanical protection layer is always desirable for ambient use
in practical color printing applications with high reliability and long durability. Here we
introduce and demonstrate an aluminum-based structural color generation platform to
improve the color purity and saturation that are not well addressed in the previous works. The
platform is based on aluminum plasmonic metamaterials supporting plasmonic resonances
with strong and narrow-band light absorption in the visible range. A thin transparent polymer
layer is coated on top of the metamaterials to not only protect the surface from scratching and
contamination but also greatly enhance the color performances. The existence of the polymer
layer leads to a better impedance matching for the plasmonic resonant modes to the free space
and thus providing enhanced light absorption for the generation of pure colors in cyan,
magenta, yellow and black (CMYK) with high saturation.The plasmonic resonance redshift
induced by the polymer layer can be readily compensated by geometrical adjustments in the
fabrication. Moreover, the color purity and saturation can be further improved by taking
advantage of a higher order plasmonic resonance with narrower spectral line width introduced
by the polymer layer.

2. Device design and fabrication

The aluminum-based plasmonic color printing metamaterials are fabricated as follows. First,
the metal-dielectric-metal three layer stack consisting of a top 30 nm aluminum (Al) layer, a
45 nm silica (SiO;) spacer and a bottom 100 nm thick Al mirror is deposited at room
temperature on a silicon wafer by a combination of reactive magnetron sputtering and
electron-beam evaporation, with a base-pressure of 2 x 107 Torr. Samples are transferred
between physical vapor deposition systems through a load-lock at a pressure of 2 x 107 Torr
or better. The designed circular hole arrays arranged in triangular lattices with period P and
hole radius r are then patterned on the top Al layer using a focused ion beam system (FEI
Helios Nanolab 600 DualBeam). Figure 1(a) illustrates a schematic of the aluminum
plasmonic metamaterials consisting of three functional layers. Figure 1(b) shows a cross-
section scanning electron micrograph (SEM) image of one fabricated sample with P =260 nm
and » = 90 nm. The transmittance of the metamaterials is totally eliminated (7 = 0) by the
presence of the bottom thick Al layer due to the small penetration depth of light. Here the
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triangular lattices are chosen instead of the square lattices, due to the fact that the hole arrays
of triangular lattices have a larger wavelength interval between the first two plasmonic
resonances compared to that of square lattices with the same lattice periods [31]. Therefore,
the color cross-talk between different plasmonic resonances can be greatly reduced to enhance
the color purity. Furthermore, the triangular lattice exhibits an inherently polarization
independent property [7].

Fig. 1. (a) Schematic of four unit cells of the circular hole arrays of triangular lattice fabricated
on the Al-SiO,-Al triple layer structure. (b) A cross-section SEM image of the fabricated
aluminum plasmonic metamaterial with period and hole size of 260 and 180 nm, respectively.
(c-e) SEM images of three samples with different geometric parameters of period and hole
radius (c: P = 240 nm, » = 75 nm; d: P = 270 nm, » = 85 nm; e: P = 320 nm, » = 100 nm).
Insets: Optical reflection microscopy images of the entire 20 x 20 um? arrays. Scale bars: 500
nm.

3. Optical response characterization and effect of the presence of a protection layer

The optical response of the fabricated plasmonic metamaterials is characterized in the visible
range with an optical reflection measurement setup. Fig. 1(c)-1(e) show the SEM images and
bright-field optical microscope images of three selected samples (20 x 20 um?) with different
periods and hole radii, corresponding to three primary colors of yellow, magenta and cyan in
the CMYK color system. Similar to the mechanism of surface plasmon enhanced optical
transmission through metallic subwavelength hole arrays [1], highly confined propagating
surface plasmons are excited on the top Al layer of the structure. The SiO, spacer acts as a
bridge to couple surface plasmons on two opposite Al-SiO; interfaces [32] within the spacer,
forming a magnetic dipole resonance with anti-parallel current flow [33,34]. The coexistence
of electric dipole resonance and magnetic dipole resonance of the plasmonic metamaterials
results in the matched impedance to the free space, leading to low reflection and thus strong
light absorption [35]. As shown in Fig. 2(a), five fabricated plasmonic samples are
characterized to investigate the effects of geometrical tenability on the optical reflection
spectra and corresponding colors. As the lattice period increases from 240 nm to 370 nm and
the hole radius varies from 75 nm to 100 nm, the measured plasmonic resonance wavelength
undergoes a redshift from 444 nm to 658 nm and the observed bright-field optical image
changes color gradually from dim yellow to bright magenta, cyan and light green. When the
lattice period and hole radius increase to 420 nm and 110 nm, respectively, the second-order
plasmonic resonance with a narrow line width and near perfect absorption (4 = 1 — R =90%)
emerges at the wavelength of 443 nm while the first-order resonance is pushed out of the

#243144 Received 17 Jun 2015; revised 22 Aug 2015; accepted 4 Sep 2015; published 18 Sep 2015
© 2015 OSA 21 Sep 2015 | Vol. 23, No. 19 | DOI:10.1364/0OE.23.025329 | OPTICS EXPRESS 25332



visible spectrum, leading to a much brighter yellow color appearance as compared to the first
sample with 240 nm period and 75 nm hole radius. The fabricated metamaterials are also
analyzed with numerical simulations based on the finite element method. The permittivity of
Al is obtained from a refractive index database [36] and the simulation results show good
agreement with the experimental data.

As mentioned above, a protective layer is always desired for use in harsh ambient
environment, in order to keep off not only chemical degradations such as oxidization and
contamination but also mechanical damages. In this way, the effects of a protective thin
polymer layer on the optical reflection spectra and perceived color performances of the
aluminum plasmonic metamaterials are studied. The five fabricated structures are then coated
with a 100 nm thick poly(methyl methacrylate) (PMMA) layer. Figure 2(b) shows the
measured and simulated optical reflection spectra and respective bright-field microscope
images. As compared to the optical reflection curves from the bare structures, the addition of
a thin PMMA layer leads to a notable redshift of the resonance wavelength due to the increase
of refractive index. Furthermore, the second-order plasmonic resonance is now introduced in
the visible range for structures with periods longer than 270 nm. Notably, the reflection
intensity at the plasmonic resonance is significantly reduced so that stronger light absorption
is achieved for all the metamaterials. For example, for the sample with P =270 nm and » = 80
nm, the measured minimum reflection intensity decreases from 0.32 at the resonance of 500
nm for the bare structure to 0.13 at the resonance of 584 nm for the PMMA-coated one.
Additionally, near perfect light absorption is obtained (4 =95%) for the PMMA-coated
metamaterials presenting the second-order plasmonic resonance, as shown in the last two
panels of Fig. 2(b). The second-order plasmonic resonance mode also provides a much
smaller linewidth (with the full width at half maximum around 55 nm) and larger reflection
intensity contrast (about 0.45) for the two PMMA-coated structures with P =370 nm and P =
420 nm, enabling the generation of purer and brighter colors with higher saturation compared
to the colors obtained from the bare structures.
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Fig. 2. Experimental (black solid) and simulated (red dashed) optical reflection spectra of the
samples with successively increasing periods and hole radii (from top to bottom: P = 240420
nm and » = 75-110 nm) for both (a) the bare and (b) the PMMA-coated samples. Insets: The
measured optical images of fabricated 20 x 20 um* metamaterials. (c) Calculated reflectance
spectra of two selected samples (black/red dashed: P = 270 nm and » = 80 nm without/with
PMMA coating; blue solid: P = 420 nm and » = 110 nm with PMMA coating). (d) Cross
section of the time-averaged electric field magnitude distributions (1 nm above the top metal
surface) at the resonance wavelengths (marked by the arrows in panel (c)). (¢) Cross section of
the time-averaged magnetic field magnitude (color map) and electric displacement (white
arrows) distributions for the metamaterials without and with PMMA coating at the resonance
wavelengths.
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The underlying mechanism of the improved color saturation from the PMMA-coated
metamaterials can be explained by the electromagnetic field distributions at the plasmonic
resonances (marked by the arrows in Fig. 2(c)). For a selected sample with P =270 nm and »
= 80 nm, the calculated time-averaged electric field distributions of the first-order plasmonic
resonances at 4 (bare structure) and 1, (PMMA-coated structure) are plotted respectively in
the top and middle panels of Fig. 2(d), from which the excitation of propagating surface
plasmons on the top Al layer is clearly shown. The presence of the PMMA layer introduces
stronger electric field concentrated at the edges of the circular holes. Meanwhile, according to
the calculated magnetic field distributions (color map) and the electric displacement
distributions (white arrows) at the resonance wavelengths of 4; shown in the top panel of Fig.
2(e), the propagating surface plasmons excited at the Al-air interface interact firstly with that
excited on the top Al-SiO; interface and are then coupled to the bottom Al-SiO, interface
across the dielectric spacer [32], thus forming a magnetic dipole resonance with an anti-
parallel current flow at the top and bottom Al-SiO; interfaces [33,37]. When a PMMA layer
having a similar dielectric constant as that of the silica spacer is applied on the metamaterial,
the refractive indices of the media around the top Al layer are matched, forming a
symmetrical configuration where only the Al-dielectric surface plasmon modes are supported
(i.e., AI-PMMA/AI-SiO; mode) and the Al-air surface plasmon mode is eliminated. These
two modes form a coupled or hybrid surface plasmon mode with enhanced electromagnetic
field intensity around the top Al film due to the minimized energy difference between them,
as the scenario of dielectric-encapsulated transmissive Al hole arrays [31,38]. Then, the
coupling of the above hybrid surface plasmon mode of the top Al film and surface plasmon
waves induced on the bottom Al-SiO, interface can also be enhanced, resulting in a stronger
magnetic dipole resonance within the PMMA-coated MIM nanostructure (as shown in the
middle panel of Fig. 2(e)) and thus enhanced light absorption. On the other hand, by putting
the PMMA layer, a better impedance matching condition between the plasmonic resonant
mode and the free space is satisfied, resulting in a near perfect absorption at the resonance
wavelength. A slight linewidth broadening of the plasmonic resonance is also observed for the
PMMA-coated structure (red dashed curve in Fig. 2(c)) due to the fact that the PMMA layer
induces a weaker confinement of the electromagnetic field within the silica spacer.

In order to better illustrate the effect of PMMA layer on the resonance profiles, we also
investigate numerically the electromagnetic field distributions of the second-order plasmonic
resonance of the 420 nm sample (» = 110 nm), and compare it with the first-order mode of the
270 nm sample (» = 80 nm) due to the close proximity of the two resonant wavelengths (Fig.
2(c)). It is noteworthy that the second-order plasmonic resonance presents not only a much
stronger electromagnetic field enhancement as compared to that of the first-order mode, but
also demonstrates a tremendous field redistribution and concentration of both electric and
magnetic fields, as can be seen in the bottom panel of Fig. 2(d) and 2(e). For example, unlike
the first-order mode where the magnetic field is concentrated within the silica spacer just
under the hole edges, much more enhanced magnetic fields are well-confined in both the
silica spacer at the center of each hole and the PMMA layer above the hole edges for the
second-order mode. According to the above observations, the following two advantages are
drawn from the second-order plasmonic mode: on one hand, the significantly enhanced
electromagnetic field of the second-order mode provides a better impedance matching to the
free space, resulting in near perfect light absorption; on the other hand, the well-confined
electromagnetic field helps to suppress the radiative losses, reducing the linewidth of
resonance as compared to that of the first-order mode. Combining the effects of the PMMA
layer induced redshift of spectrum and the formation of coupled surface plasmon mode on the
top Al film (as shown for the 270 nm sample) and the inherent properties of the second-order
plasmonic mode, the structural color printing platform demonstrates its flexibility and
applicability in creating pure colors with high saturation or brightness.
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Fig. 3. (a) The measured bright-field microscope images of the bare metamaterials with period
varying from 160 nm to 360 nm and hole radius ranging from 40 nm to 120 nm. (b) The bright-
field microscope images of the PMMA-coated structures. (c¢) Original image of our created
watercolor painting. (d) The measured optical microscopy image of the uncoated plasmonic
painting. (¢) The measured optical microscopy image of the PMMA-coated plasmonic
painting. Scale bars: 10 ym.

To further illustrate the effect of the protective PMMA layer on perceived color
appearances of the above plasmonic metamaterials, the bright-field microscope images of
color palettes including more than 90 fabricated samples without and with the PMMA coating
are compared in Fig. 3. The lattice period P ranges from 180 nm to 420 nm with a 20 nm step
and the hole radius r increases from 40 nm to 120 nm with a 5 nm step. As shown in Fig. 3(b),
three primary colors as well as intermediate colors are achieved with high color purity and
saturation resulting from the addition of the PMMA layer. The gamut of the color palette
indicates that by making the appropriate combination choice of the structure lattice period and
hole radius and by taking into account the thin polymer layer, a specifically desired color
appearance can always be tailored [13]. To demonstrate the applicability and suitability of the
aluminum plasmonic metamaterials for color printing applications, a micrometer scale
plasmonic printed copy of a watercolor art painting we drawn [Fig. 3(c)] is fabricated and the
visual performance of the plasmonic painting without and with the PMMA coating is tested
under microscope. By choosing the appropriate lattice periods and hole radii for each colored
area and also by taking into account the effect of the frequency redshift induced by the
PMMA layer, the desired image colors are well reproduced with a relative higher color
brightness and visual contrast, as illustrated in the image of the PMMA-coated plasmonic
painting [Fig. 3(e)] presenting a better color fidelity as compared to that obtained for the
uncoated one [Fig. 3(d)].

4. Angular dependence of optical spectral responses

The angular dependence of the optical spectral response is also investigated by numerical
simulation for a PMMA-coated metamaterial with P = 270 nm and » = 80 nm under both s-
polarized (electric field parallel to y axis) and p-polarized (magnetic field parallel to y axis)
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incidence, as shown in Fig. 4. It is noted that the excitation of surface plasmons via the lattice
coupling limits the angle independence of the reflection spectra for the p-polarized light.
However, the effect of lattice coupling on the spectral response is much less pronounced for
the s-polarized light as shown in Fig. 4(b), where the minimum reflection remains lower than
5% even at large incident angles (70°), benefited from a strong, robust magnetic dipole
resonance, although a small resonance splitting is observed at incident angles larger than 30°.
The angle-resolved chromaticity coordinates under the s-polarization have been calculated
from the simulated optical reflection spectra [Fig. 4(c)], which confirms a stable color
appearance under large viewing angles up to 70°.
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Fig. 4. (a) Incident angle dependence of the simulated reflection spectra under (a) the p-
polarized light and (b) the s-polarized light for the PMMA-coated metamaterial with P = 270
nm and » = 80 nm. (c) Incident angle resolved chromaticity coordinates calculated from the
reflection spectra under the s-polarized light.

5. Broadband absorptance for achieving black color

Finally, black color can also be designed and demonstrated in the PMMA-coated aluminum
metamaterials by utilizing both the first-order and the second-order plasmonic resonances,
where broadband near perfect light absorption covering the entire visible frequency range is
simply achieved by adjusting the hole arrays of triangular lattices. Our approach to realize
broadband perfect absorbers is in contrast to previous works achieved by employing relatively
complicated nanostructures such as multiple resonators within one unit cell [39,40] and three-
dimensional tapered multilayer structures [41]. As shown in Fig. 5(a), due to the coexistence
of both the first-order and the second-order plasmonic resonances and the satisfied impedance
matching condition to the free space, the optical reflection intensity across the entire visible
spectrum is significantly reduced by the addition of the PMMA coating for a selected sample
with P = 340 nm and » = 120 nm, which results in the near perfect light absorption at the two
plasmonic resonance wavelengths at 480 nm and 610 nm of the first-order and the second-
order modes, respectively. The experimental results shown in Fig. 5(b) agree with the
numerical simulations and the measured absorption of over 0.8 is obtained in the wavelength
range of 400—750 nm as shown in the inset. The microscope images of the sample with and
without PMMA coating further verify that an almost pure black color is perceived under
bright field optical microscope when a thin PMMA layer is coated on the structure.
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Fig. 5. (a) Calculated reflectance spectra of the designed metamaterial with P =340 nm and » =
120 nm without (red dashed) and with (black dashed) PMMA coating for realizing pure black
color. (b) Measured reflectance spectra of the fabricated metamaterial without (red solid) and
with (black solid) PMMA coating. Insets: Optical reflection microscopy images of the
fabricated sample and the corresponding absorption spectrum of the PMMA-coated one.

6. Conclusion

In summary, we have demonstrated a structural color generation platform presenting high
spatial resolution and high color saturation. Aluminum metamaterials with tunable first-order
and second-order plasmonic resonances and near perfect light absorption across the visible
frequency range have been achieved by simply scaling the lattice period and hole radius in the
structural design. A thin polymer coating layer induces not only a redshift in the spectra, but
also a coupled surface plasmon mode of the top metal layer that helps to form a stronger
magnetic resonance within the MIM structure, resulting in an enhanced light absorption.
Furthermore, a second-order plasmonic resonance is induced by the polymer layer with well-
confined and significantly enhanced electromagnetic fields. These two effects thus enable the
resonant modes to satisfy the impedance matching condition to the free space with the
reduced linewidth, leading to improved color performances such as enhanced color purity and
saturation in the aluminum-based color generating metamaterials. Additionally, the polymer
coated metamaterials exhibit low dependences on oblique incidence angles for the s-polarized
light. We have also demonstrated the black color with the designed PMMA-coated structures.
Our proposed pigment-free CMYK structural color printing platform utilizing aluminum
plasmonic metamaterials are well suited for applications such as anti-counterfeit tag and
security marking where erosion- and friction-resistant, robust color performance is required.
Furthermore, the top and bottom metal layers of the metamaterial can be integrated as the
electrodes for functional electro-optic devices.

Appendix
1. Numerical simulation

Finite element method (FEM) simulations are performed to obtain the optical reflection
spectra and field distributions using COMSOL Multiphysics. In the simulations, periodic
boundary conditions are employed along the x and y axes to account for the periodic
arrangement of the unit cells. Perfectly matched layers (PMLs) surrounded by scattering
boundary conditions are utilized along the propagation direction (perpendicular to the planar
metamaterial) in order to avoid multiple reflections due to the geometry truncation. Measured
permittivity of Al (imaginary part multiplied by factor of 2 to account for surface
irregularities and additional losses induced by fabrication) and SiO, are employed in the
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simulations. Besides, finite-difference time-domain (FDTD) simulations are also carried out
to check the results obtained by the FEM method.

2. Metamaterial fabrication

The metal-dielectric-metal three layer stack consisting of a top 30 nm aluminum (Al) layer, a
45 nm silica (SiO,) spacer and a bottom 100 nm thick Al mirror is deposited at room
temperature on a silicon wafer by a combination of reactive magnetron sputtering and
electron-beam evaporation, with a base-pressure of 2 x 107 Torr. Samples are transferred
between physical vapor deposition systems through a load-lock at a pressure of 2 x 10~ Torr
or better. The circular holes of triangular lattices are patterned on the top of the first Al layer
of the metamaterial structure using a one-step focused ion beam milling (FEI Helios Nanolab
600 DualBeam) with a gallium ion current of 28 pA and an accelerating voltage of 30KeV.
Then a thin layer of PMMA (950-A2 in anisole, Michrochem), a commonly used positive
electron-beam resist, is spin-coated (2,000 rounds per min) on top of the fabricated aluminum
metamaterials. We choose PMMA in the present work due to its chemical and mechanical
stability and the accurate control of the thickness by adjusting the spin speed or the molecule
concentration. The thickness of the coated PMMA polymer layer is also determined through
X-ray reflectivity (Philips X'Pert-MRD) measurement.

3. Optical spectrum characterization

We characterize the optical reflection spectra of all samples in the visible range (400—800 nm)
with a home-built optical measurement system. Halogen illumination is directed to the sample
area through a x 50 objective lens with the numerical aperture of 0.42 and the reflected light
from the metamaterial is collected by the same objective lens and collimated through a
pinhole to define the sample area. Subsequently, the collected signal is directed to a fiber-
coupled optical spectrometer (LR1, ASEQ instruments) to record the reflection spectra. The
measured reflection spectra of all samples are then normalized by that from a silver coated
mirror (THORLABS) which has optical reflection larger than 97.5% in the visible range.
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