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ABSTRACT: Plasmonic effects associated with metallic nanostructures have been
widely studied for color generation. It became apparent that highly saturated and
bright colors are hard to obtain, and very small nanostructures need to be fabricated.
To address this issue, in this study, we employ metal−insulator−metal sandwich
nanodisks that support enhanced in-phase electric dipole modes, which are blue-
shifted with respect to a single metal disk. The blue shift enables the generation of
short wavelength colors with larger nanostructures. The radiation modes hybridize
with the Wood’s anomaly in periodic structures, creating narrow and high-resonance
peaks in the reflection and deep valleys in the transmission spectra, thus producing
vivid complementary colors in both cases. Full colors can be achieved by tuning the
radius of the nanodisks and the periodicity of the arrays. Good agreement between
simulations and experiments is demonstrated and analyzed in CIE1931, sRGB, and
HSV color spaces. The presented method has potential for applications in imaging,
data storage, ultrafine displays, and plasmon-based biosensors.
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Manipulating the interaction between light and matter
at different length scales has been explored and
applied since the ancient ages in human history,

during which colors generated by nanoscale metallic objects
have been used to create exquisite decorations and patterns,
such as nanoparticles (NPs) in stained glasses and the well-
known dichroic Lycurgus Cup.1 These effects relied on
localized surface plasmon resonances (LSPRs) of NPs and
their associated strong optical response that can be tuned by
changing the NPs’ size, shape, arrangement, or material.
Recently, with the aim toward higher resolution, higher fidelity,
color tunability, and ultrathin devices for imaging and display
technologies, plasmonic nanostructures have received a
burgeoning amount of interest driven by their ability to
generate a wide range of colors by tuning the plasmon
resonance.2−4 Using metallic nanoantenna arrays with alumi-
num (Al),5−10 silver (Ag),11−13 and gold (Au),14,15 different
colors have been realized by varying the geometry and the
period of the antennas.2 Nanoholes in a metal film have also
been intensively studied because of the enhanced transmission
at specific frequencies associated with the excitation of surface
plasmon polaritons (SPPs) at the metal surface in the vicinity of
apertures.15−20 The central excitation frequency of SPPs can be

tuned by varying the apertures’ size, shape, and distribution. In
addition, plasmonic hybridization induced by disk−hole
coupling21−26 results in a low-energy (bonding) mode and a
high-energy (antibonding) mode. Changing the physical
structure of the disk and aperture is an efficient method to
shift the bonding mode to make color filters. Besides, gap
plasmon-based reflective color filters also provide a reliable way
to encode information into subwavelength color printing.27 The
possibility to excite plasmon modes at two different wave-
lengths, that is, different colors, in orthogonal directions
enables color selection between them with an appropriate
polarization.15,28−30

However, the spectra obtained with plasmonic structures
exhibit a relatively large full width at half-maximum (fwhm).
and the peak heights and valley depths are relatively
small,6,10,19−22,25−29 which reduce the saturation and brightness
performances. To achieve purer colors, a Febry-Peŕot cavity
with multilayer films,31−40 guided mode resonances,41 or
gratings42−50 have been employed to realize high saturation
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colors and high brightness, although they are not suitable for
ultrasmall pixel design when compared to plasmonic nano-
antenna arrrays. Dielectric metasurfaces with high refractive
index, such as silicon (Si),51−53 have also been explored
recently, although they also suffer from limited saturation and
brightness. In addition, most of the previous reports on
plasmonic colors have mainly focused on the hue performances
and lack an analysis of saturation and brightness.
To tackle the challenge of highly saturated and bright color

generation with plasmonic structures and maintain the pixel
design functionality, we use tandem nanodisk arrays to realize
vivid red−green−blue (RGB) colors in reflection and cyan−
magenta−yellow (CMY) colors in transmission. The main
principle used here is the hybridization between Wood’s
anomaly and the enhanced in-phase electric dipole mode of the
nanodisks pair, which produces a high narrow peak in reflection
and a deep valley in transmission when choosing the
appropriate radius and period. In addition, this method enables
the fabrication of short wavelength colors with relatively large
nanostructures. Simulations and experiments agree very well
and are also compared with the Commission Internationale de
l’Eclairage (CIE),54 standard RGB (sRGB), and hue saturation
value/brightness (HSV/HSB) color spaces. The structure
discussed in this paper can be applied for encryption,
holograms, high-density optical data storage, biosensors, and
security applications.

RESULTS AND DISCUSSION

Figure 1a shows the schematic drawing of a tandem nanodisk
square array with period P and radius R on a silica (SiO2) glass
substrate. The thicknesses of the Ag and aluminum oxide
(Al2O3) layers are H = 30 nm and h = 20 nm, respectively.
These two parameters have been first optimized to obtain the
highest reflection peak at P = 380 nm and R = 80 nm (Figure
S1 in Supporting Information). The thicknesses are maintained
the same for all colors in the following study, thus enabling one
to print a broad variety of colors on the same substrate. The
sample is prepared with the procedures described in the
Methods section and Figure S2 in Supporting Information. A
52° side view of the scanning electron microscopic (SEM)
image of the fabricated nanostructures is shown in Figure 1b.
For a single tandem structure, the scattering cross section

spectrum has a broad resonance at high frequency ω+ and a
narrow one at low frequency ω−, as shown in Figure 1c. The
optical response of this metal−insulator−metal (MIM)
sandwich structure can be qualitatively understood by
considering the two metal nanodisks as coupled point dipoles
and described as two oblate spheroids with polarizability α11,55
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i, respectively; Li is the geometrical factor of a spheroid; ω0i and
ω are the localized surface plasmon resonance frequency and
light frequency in vacuum, respectively; and νc is the collision
rate for the electrons in the spheroid metal. When the sandwich
structure is illuminated from the top, the two polarizabilities
hybridize with each other, leading to the two hybridized
plasmon frequencies55
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where d is the distance between the centers of the two oblate
spheroids. The two resonant modes are identified as an in-
phase (ω+, symmetric) mode at higher frequency and an out-of-
phase (ω−, asymmetric) mode at lower frequency.56 The
corresponding charge distributions can be seen from the insets
in Figure 1c. Other approaches such as the homogeneous
uniaxial layer approach, the dynamic Yamaguchi approach, or
the island film theory can also be applied to get insights into
this structure.57 The low-energy asymmetric mode produces a

Figure 1. (a) Schematic drawing of the tandem nanodisk square
array with period P, radius R, and thicknesses of the Ag layers H
and of the Al2O3 layer h. The structure is illuminated at normal
incidence with y-polarized white light. (b) SEM image of the
fabricated sample in 52° side view; scale bar: 500 nm. (c)
Calculated scattering cross section spectrum for a single in-tandem
structure. The insets represent the corresponding charge distribu-
tions for the in-phase and the out-of-phase modes.
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virtual current loop due to retardation effects; therefore, a
magnetic moment is generated and the magnetic field is
enhanced between the two metal disks. This has been used in
surface-enhanced Raman scattering (SERS),58−60 sensors,61,62

high Purcell factors,63 negative refractive indexes,64 and so on.
Particularly, trapezoidal sandwich structures can further
enhance the magnetic field and exhibit Fano resonances.65−69

The sharpness of the resonance can be measured by the quality
factor (Q factor, which is proportional to the resonance
frequency divided by the fwhm); the Q factor of the out-of-
phase mode is higher than that of the in-phase mode, as seen
from Figure 1c. However, most of the energy radiation is
caused by the latter mode, in addition, whose resonance peak is
enhanced and blue-shifted when compared with the single
nanodisk,61,70,71 which is beneficial for full color generation
because larger structures are easier to fabricate (see the
quantitative comparison of resonances between the sandwich
structure and single nanodisks in Figure S3 in the Supporting

Information).72 To take advantage of this, the whole sandwich
structure is chosen to have the same radii between the top and
bottom disks to minimize the magnetic mode and enhance the
electric mode.
In the simulations with finite-difference time domain

(FDTD) and a surface integral equation (SIE) (see
Methods),73−75 the light with y-polarization is at normal
incidence on the in-tandem structure array, as shown in Figure
1a. Figure 2a,b shows the reflection and transmission of the
nanodisk array with fixed period P = 380 nm and varying radius
R from 50 to 120 nm (see the dependence of reflection and
transmission on the incident angle for TE and TM polarizations
in Figure S4 in the Supporting Information). The vertical
features labeled with 1 and 4 are caused by Wood’s anomalies
in air and on the substrate, respectively; those labeled with 2
and 3 correspond to the high-order modes76−78 of the sandwich
structure (see charge distribution in Figure S5 in the
Supporting Information), which has also been confirmed by

Figure 2. (a) Reflection and (b) transmission for nanodisk arrays with a period of 380 nm and radii ranging from 50 to 120 nm. (c) Reflection
and (d) transmission for nanodisk arrays with a radius of 80 nm and periods ranging from 280 to 480 nm.

Figure 3. (a) Simulated and (b) experimental reflection spectra. (c) Simulated and (d) experimental transmission spectra. (e) Corresponding
SEM images with period and radius values indicated on the right. Scale bar: 200 nm.
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varying the value of the period P from 280 to 480 nm at a fixed
radius R = 80 nm; features 2 and 3 do not shift with the period
(Figure 2c,d). The mode labeled with 6 corresponds to the out-
of-phase mode (see magnetic field in Figure S5 in the
Supporting Information). The main resonance (labeled with
5) is the hybridization mode between the in-phase mode and
Wood’s anomaly (4), which generates a relative narrow
resonance when compared with that of a single structure
(compare with Figure 1c). When the radius and period are
reduced, the main peak from the hybrid mode undergoes a blue
shift, thus generating a different color (Figure S6 in the
Supporting Information). By varying both P and R in the
simulation, we can obtain their optimized combination for one
color, at which a good balance between the fwhm and the
magnitude of the peak/depth of the valley can be reached. This
way, all of the colors can be obtained by different parameter
combinations of the period and the radius. Here, we inspect 16
different samples with periods P ranging from 250 to 450 nm
and radii R from 35 to 110 nm (see the parameter

combinations in Table S1 in the Supporting Information).
Figure 3 shows the simulated and experimental reflection and
transmission spectra for six typical colors with the correspond-
ing SEM images and parameters listed on right (see full
experimental reflection and transmission spectra for 16 samples
in Figures S7 and S8 in the Supporting Information). The
experimental results (Figure 3b,d) are in good agreement with
the simulations (Figure 3a,c). Peaks and valleys induced either
by the out-of-phase mode or by the high-order modes are not
observed in the experiment. One reason is because of the
inhomogeneous broadening caused by the defects in fabricated
nanostructures, as illustrated in Figure 3e; another one is that
they are perturbed by the surface fluctuations of the deposited
Al2O3 film in the sandwich structure. Inhomogeneous broad-
ening also widens the main resonance from the hybrid mode,
whereas the fwhm still remains narrow. Although the peak
heights and dip depths are slightly reduced, we measure
extremely good performances with 70% reflection and 18%
transmission efficiencies (97 and 1% for the simulations).

Figure 4. Reflection (left column) and transmission (right column) colors for tandem nanodisk arrays with different radii and periods.
Measured (a) reflection (from dark blue to red) and (d) transmission (from yellow to cyan) image colors for 16 samples. Scale bar: 40 μm.
(b,e) Simulated colors and (c,f) experimental colors. The six colors corresponding to Figure 3 are marked with double rings. The white
dashed lines with the arrow represent the evolution trend for the colors when the radius and period are increased.
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The experimental vivid color images for reflection and
transmission are shown in Figure 4a,d, respectively (see
simulated colors in Figure S9 in the Supporting Information).
As seen from these pictures, with increasing radius and period,
the reflection color varies from dark blue (at the bottom-left
corner) to red (at the top-right corner); synchronously, the
transmission color changes from yellow to cyan. To compare
the color performances between the experimental results and
the simulations, we first calculate the tri-stimulus values by
integrating them over the visible range of wavelengths with the
following equation54

∫ λ λ λ λ=M k E P m( ) ( ) ( )d
360

780

(3)

where M = X, Y, Z and the corresponding m is x, y, z,
respectively.54 In eq 3, k is a normalizing factor; E(λ) is the
relative spectral power distribution of the illuminant; P(λ) is
the spectral reflectance/transmittance of the surface, that is, the
simulated and experimental spectra; m(λ) is the color-matching
function. Here, color-matching functions with CIE1931 2°

standard observer under illumination D65 from the American
Society for Testing and Materials E308-01 (ASTM, 2001)79 are
employed, and the data are interpolated with a resolution of 1
nm from the original data at 10 nm interval (Figure S10 in the
Supporting Information). The chromaticity coordinates can
then be computed from the tri-stimulus values by

= + +m M X Y Z/( ) (4)

In the CIE1931 chromaticity space, it is convenient to visualize
the color trends (represented by dashed white lines with arrow
in Figure 4)reflection colors in blue−green−red sequence
and transmission in complementary colors yellow−magenta−
cyan sequence, with increasing radius and period. The
experimental colors (marked in blue) fit well with the
simulation ones (marked in red). For comparison, the
corresponding colors of the simulated and experimental spectra
in Figure 3 are marked with double rings. In contrast to Figure
4b, the experimental reflection colors in Figure 4c converge
toward the white point (marked with the white spot,
illumination D65), which is due to the broadened resonance

Figure 5. Reflection (left) and transmission (right) colors in HSV color space. (a,e) Top views of the HSV color cones with hue and saturation
information on simulated (red hollow circles) and experimental colors (blue hollow circles). (b,f) Color differences (simulation −
experiment) for hue − ΔHue. (c,g) Saturation and (d,h) value (brightness) for simulations (solid circles) and experiments (hollow circles),
respectively. The labels correspond to the differences. The black dashed lines and numbers represent the average differences between
simulation and experiment in the corresponding diagrams.
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peaks and the elevated intensity out of resonance, whereas the
experimental transmission case in Figure 4f is quite similar to
the simulation in Figure 4e. When the spectra are multiplied
with the Gaussian-type color-matching functions,80 we can
easily draw the conclusion that in our structure the reflection
colors are more sensitive than the transmission ones. The
colors are additionally compared in the sRGB and CIEXYZ
color spaces considering the luminance Y (Figure S11 in the
Supporting Information). We can see that, by using sandwich
structures, a wide range of colors can be generated in the sRGB
space. In addition, due to the value of Y being equivalent to
luminance expressed in units of cd/m2 for the 1931 standard
observer, uniform luminance for these colors can be realized by
adjusting the power distribution in the illuminant spectrum.
To further analyze these colors numerically, we convert them

into the HSV color space by color matrix transformation (see
the HSV color cones in Figure S12 in the Supporting
Information). Figure 5a,e shows the top views for the HSV
color cones for reflection and transmission, respectively. The
experimental results (blue hollow circles) are linked with their
simulated counterparts (red hollow circles) and labeled with
sequence numbers according to Figure 4. The differences
(simulation − experiment) of hue (ΔHue) in Figure 5b,f are
mostly in the small range between −24 and +45° for reflection
and between −22 and +46° for transmission. The large
deviation from simulation, 93° for the 16th sample in the
reflection, can be understood by the rather small amount of red
color-matching function around 700 nm, which means that the
real color here is very sensitive to the line shape of the
spectrum, while people’s eyes are relatively insensitive in this
range. Figure 5c,g and Figure 5d,h show saturation and value
(brightness) for the simulations (solid circles) and experiments
(hollow circles), respectively. Discrepancies are also visible for
the same colors. Most of the reflection colors have saturation
values close to 1, whereas some of them decrease in the red
range due to the similar reason for the hue; however, they still
have good performances in saturation. The decrease of
saturation and increase of value observed experimentally can
be explained by the same reason as the convergence effect
observed previously in the CIE1931 chromaticity space. In the
case of transmission, the saturation is relatively low when
compared with the reflection, but the brightness maintains a
high levelmore than 0.8 with some colors reaching even 1. In
Figure 5, the average levels of ΔHue, saturation and value, are
represented with black dashed lines and numbers, which
quantitatively explain the better performances for colors in
transmission than in reflection, when considering the agree-
ment between simulated and experimental results in the
CIE1931 chromaticity space.
Figure 6a,b shows the experimental reflection and trans-

mission colors for fabricated capital letters in serif font Georgia
captured by optical microscope, respectively. The parameter
combinations for radii and periods are carefully chosen from
the previously described 16 cases to generate the rainbow
colors in reflection. The colors are kept complementary in
reflection and transmission, and the full details of this famous
font are clearly reproduced in our experiment. From the SEM
image of the middle part of letter “E” in Figure 6c, we can find
that even a few periods of the nanodisks can maintain a good
color performance. This example, with its simulations and
experiments, indicates that the structure discussed here could
be an appealing candidate for plasmonic color applications.

CONCLUSION
In summary, we have proposed a practical way to realize high
saturation and brightness colors by using tandem nanodisks
made of Ag−Al2O3−Ag, in which the hybridized mode between
the in-phase electric dipole mode and Wood’s anomaly
dominates the color generation. Since the plasmonic
resonances can be tailored by changing the radius of the
nanodisk and the period of the array, 16 samples with different
parameters have been examined and their reflection and
transmission colors analyzed in CIE1931, sRGB, and HSV
color spaces. The experimental results agree well with
simulations. This tandem structure has many advantages, such
as tunability and robustness for full color generation, ease of
fabrication due to a relatively large nanodisk radius, even for
short wavelength colors, high saturation and brightness, and
complementary colors in reflection and transmission directions.
We believe that this system could provide a general platform for
plasmonic color printing, high fidelity color rendering, spectral
filtering, sensors, etc. In addition, dynamic color tunability could
also be achieved when the structure is combined with
electrochemical bias,81 liquid crystal,82 or other refractive
index tunable materials.

METHODS
Fabrication. A Ag−Al2O3−Ag sandwich film was first deposited on

a float glass wafer (thickness of 550 μm Guinchard, optical glass
Switzerland) using an evaporator (Leybold Optics LAB600H, pressure
1 × 10−5 mbar) with deposition rates of 8 Å/s for Ag and 4 Å/s for
Al2O3. Then a 20 nm Si sacrificial layer was deposited on top of the
sandwich film by magnetic sputtering (Pfeiffer SPIDER 600) at room
temperature with a deposition rate of 11 Å/s. Afterward, the wafer was
dehydrated for 5 min at 180 °C on a hot plate. Subsequently, 180 nm
hydrogen silsesquioxane (HSQ) (XR 1541 006 Dow Corning) was
spin-coated at 2000 rpm. The nanodisks were patterned using electron
beam lithography (Vistec EBPG5000 system) with a 100 keV electron
beam (current 200 pA). The patterned wafer was developed with
tetramethylammonium hydroxide solution for 30 s, washed with DI
water for 10 min, and dried with nitrogen gas. The sample was ion-
etched at −10 °C for 150 s using an argon ion beam etcher (Veeco
Nexus IBE350). Finally, HSQ and Si layers were removed by wet
etching at 60 °C for 1 min (KOH, 40%, Plade Six Sigma), and the
sample was showered with DI water before being dried with nitrogen
gas. To remove contamination and residues, the sample was immersed

Figure 6. Experimental (a) reflection and (b) transmission colors
for fabricated letters in serif font Georgia. Scale bar: 10 μm. (c)
SEM image for the middle part of the letter “E”. Scale bar: 2 μm.
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in deionized water at 60 °C for 2 h and dried with nitrogen gas. The
sample was stored in a Dry Keeper (Sato Keiryoki MFG Co. Ltd.),
which was purged continuously with Ar2 gas at 20 °C at 1.013 Pa
pressure and 5 nL/min to keep the metal nanostructures stable.
SEM and Optical Characterization. The SEM micrographs of

the nanodisks were characterized with a Zeiss Merlin field emission
scanning electron microscope (Carl Zeiss Jena GmbH) at 2 keV.
Reflection and transmission color images of the sample were
characterized using the Nikon Optiphot 200 inspection microscope
(10×, NA = 0.25 objective). A CCD camera (Digital Sight DS-2Mv,
Nikon) was used to record the images of the sample, and the images
were processed with NIS-Elements F3.2 software. The spectra
(reflection and transmission) were characterized with a visible
spectroscopy system based on an inverted optical microscope
(Olympus IX-71) coupled to a spectrometer (Jobin Yvon Horiba
Triax 550). The sample was illuminated using a halogen white light
source focused onto the sample using an objective (20×, NA = 0.4).
The reflected light was collected through the same objective and
recorded using a spectrometer. The reflected intensity was normalized
by the spectrum of the lamp obtained by reflection measurements with
a silver mirror (Thorlabs PF 10-03-P01). The transmission spectra
were measured with the same objective. The transmitted light through
the nanodisk array was normalized by the transmitted light through a
reference glass substrate. A polarizer (LPVIS050-MP, Thorlabs) was
used to set linear polarized light illumination for both reflection and
transmission measurements.
Numerical Simulation. Optimization of the nanodisk thicknesses,

parameter sweep of the radius, period of the tandem nanodisk arrays,
and calculations of electric and magnetic fields were performed by a
FDTD method based commercial software (FDTD Solutions,
Lumerical, Canada). The charge distribution was calculated with a
SIE based in house code. The permittivity of Ag was interpolated from
Johnson and Christy’s data.83 The refractive index of Al2O3 was from
the Palik’s data,84 and the refractive index of the SiO2 substrate was set
to 1.52 for all of the calculations.
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