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Abstract: Lithography-free planar structures have been the subject of many studies on structural
coloration in recent years because of mass production and large-area applications. Among
them, the metal-insulator-metal (MIM) structure follows a subtractive color system. However,
the limited gamut of this system hinders a wider application of reflective color filters. We
demonstrate a planar metal-insulator-metal-insulator-metal (MIMIM) structure for a tunable dual-
resonance mode, by combining each single-resonance mode in MIM structures. By controlling
the resonance dips, we obtain standard red/green/blue (sSRGB) in the standard color space for
modern optical devices. The reflectance spectra, color representation, and fabricated samples
verify the dual-resonance tunability and generation of sSRGB colors.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Structural coloration has been intensively studied for key applications in various optical devices.
Conventionally, structural coloration has been based on plasmonic nanostructures, thin films,
and photonic crystals [1-15]. Due to the advantage of high durability with slim dimension,
structural coloration is highly promising for future optical technologies such as bright-field color
prints, nanoscale optical filters, and flexible display systems. Furthermore, using these coloring
schemes, several studies have been reported with nanofabrication processes such as electron
beam lithography or direct laser writing to achieve high color purity and wide color gamut
[16-18]. Although such structures enhance color purities, the use of electron beam lithography
or direct laser writing and patterning lead to difficulties in mass production and large-scale
applications. Nevertheless, for mass production and large-scale applications, lithography-free
planar structures such as multilayer thin-film coatings and metal/insulator multilayers have been
intensively studied in recent years [19-23]. Among them, the metal-insulator-metal (MIM)
resonator has been a strong candidate for color filters due to its strong resonant characteristics.
Due to Fabry-Pérot resonance, strong resonance occurs at the insulator layer between the two
metals by the multiple round trips of light inside the insulator [24]. Fundamentally, in these
thin-film cavities, the resonance is strongly dependent on the thickness of the insulator and the
material of the metal layers. With this resonance characteristic, MIM color filters have been
studied in diverse combinations of reflective or transmissive types [25-31]. In the reflective type,
the color filter with a single resonance mode follows a subtractive color system consisting of
cyan, magenta, and yellow (CMY) as the primary colors. In the color space, however, the limited
color gamut of CMY, which excludes the additive primary colors consisting of red, green, and
blue (RGB), hinders the wider application of reflective color filters. To expand the color gamut
beyond the subtractive color determined by a single resonance dip, reflective MIM structures
need to be combined to modulate multiple resonances.
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In this work, we present a double-stacked metal-insulator (MIMIM) structure with a dual-
resonance mode for various colorations beyond the CMY color range. Compared to the MIM
structure which provides a single resonance mode, the proposed scheme permits a tunable
dual-resonance mode which can be applied for optical devices that require resonance selectivity.
By tuning the resonances, we fabricate MIMIM structures for an optimized RGB coloration
nearly close to standard red/green/blue (sSRGB), which is in the standard color space for modern
optical devices. Optical simulation results support our proposed concept with reflectance contour
maps, light absorption and chromaticity diagrams with color representation.

2. Results and discussion

Figure 1(a) presents a schematic representation of the MIMIM structure for primary additive
colors (i.e., red, green, and blue) with a metal-insulator (MI) layer and the MIM structure, which
are the components of the MIMIM structure. This illustration represents the generation of red,
green, and blue (RGB) colors by stacking an additional MI layer on the MIM resonator. The
inset shows a cross-sectional view of the MIMIM structure; it illustrates the dual-resonance
induced by both the MI layer and the MIM structure. Since the position of the resonance dip is
related to the thickness of the insulator by Fabry-Pérot resonance [24], the insulator thicknesses
lie within the range of 50-305 nm for generating resonance dips in the visible wavelength range
of 380-750 nm. Therefore, these dual-resonance mode structures permit resonance selectivity.
Figure 1(b) represents the absorption profiles for a red-colored MIMIM structure (Au (5 nm)/SiO,
(70 nm)/Ti (5 nm)/SiO, (240 nm)/Au) and two different MIM structures, MIM 1 (upper MIM;
Ti (15nm)/SiO; (240nm)/Au) and MIM 2 (lower MIM; Au (5 nm)/SiO, (70nm)/Au). To
confirm the existence of a dual-resonance mode in the MIMIM structure, absorption profiles are
calculated at 486 nm wavelength, where both the MIM structures generate resonance dips. As the
resonances occur at the insulator between two adjacent metals, the top metals of both the MIM
structures strongly absorb the light at 486 nm. As shown in Fig. 1(b), both the top metals of the
red-colored MIMIM structure also significantly absorb the light. From these results, we infer
that the proposed MIMIM structures have a tunable dual-resonance mode and can be applied to
optical devices requiring resonance selectivity. Using these properties, RGB colors are provided
by the MIMIM structure with different parameters such as the types of metals (i.e., Ag, Au, and
Ti) and the insulator thicknesses (Fig. 1(c)). We observe that the color changes from the case of
MIM (dashed lines) to MIMIM (solid lines). The structural information is illustrated above the
calculated reflectance spectra (i.e., MIM (top left) and MIMIM (top right)). By controlling the
insulator thickness, reflectance dips are generated at the proper region for RGB coloration. The
corresponding international commission on illumination (CIE) coordinates from the reflectance
results are illustrated in Fig. 1(d). It is clear that the colors shift nearly close to SRGB colors by
stacking the MI layer on the MIM resonator.

To demonstrate the optical aspects of the proposed structures, rigorous coupled-wave analysis
(RCWA) method is used to calculate the reflectance of the structures using commercial software
tools (DiffractMOD, RSoft Design Group, USA) [32]. In the calculations, a grid size of
0.1 nm is chosen to calculate the diffraction efficiency, which is enough to stabilize the results.
The reflectance spectra and absorption profiles are calculated by averaging the TE and TM
polarization modes. The colors and the chromatic information from the calculated and the
measured reflectance spectra are estimated using MATLAB (MathWorks, Inc.) [33]. Material
dispersions and extinction coefficients are considered to obtain exact outputs. The optical
constants of the metal and the insulator materials are obtained from previous studies [34].

Figure 2(a) presents a schematic of the MIM structure with the geometric parameters My, I,
My, hj1, and hyyp, which represent the metal substrate, insulator, thin metal layer, height of I;, and
height of M, respectively. Ag, Au, and Ti are considered as the top metals, and their refractive
indices and extinction coefficients are displayed in Fig. 2(b). To confirm the correlation between
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Fig. 1. (a) Schematic illustration of MIMIM structures for RGB coloration, MI layer, and
MIM structure. (b) Absorption profiles of MIM 1 (Au (5 nm)/SiO, (70 nm)/Au), MIM 2 (Ti
(5 nm)/SiO; (240 nm)/Au) and red-colored MIMIM (Au (5 nm)/SiO5 (70 nm)/Ti (5 nm)/SiO,
(240 nm)/Au) at 486 nm wavelength. (¢) MIM and MIMIM structures for RGB coloration,
corresponding colors of structures, and calculated reflectance spectra of the MIMIM and
MIM structures with different metals (i.e., Au, Ag, and Ti) and different thicknesses of layers.
(d) Corresponding chromaticity coordinates from the measured reflectance spectra in (c).

the reflectance dips and the metal-type in the MIM structure, the reflectance contour maps of
different top-metal MIM structures (i.e., Ag (5-20 nm)/SiO; (120 nm)/Ag, Au (5-20 nm)/SiO,
(100 nm)/Ag, and Ti (5-20 nm)/SiO; (100 nm)/Ag) as a function of hy,, from 5 to 20 nm are
displayed in Fig. 2(c). SiO; is chosen as the lossless insulator layer to ensure a strong resonance.
The thickness of the insulator (h;;) is fixed at 120nm, 100 nm, and 100 nm for Ag, Au, and
Ti structures, respectively, in order to compare the shape of each dip at the same wavelength
(550 nm). Since a low refractive index contrast with the top metal film (M) and air reduces
reflection at the air-metal surface, the incident light is transmitted or absorbed more easily into
the layer. Thus, a large amount of transmitted light contributes to multiple light circulation at
the insulator layers, which enhances the resonance. For this reason, the MIM structure with Ti
as the top metal, which has a low refractive index contrast with air broadly in the visible range,
generates a deep and broad resonance dip in the visible wavelength range. The reflectance spectra
also show that the resonance dip gets deeper and broader as the thickness of the top metal film
(hy) increases. Due to a thicker metal film with a higher reflection from the metal-insulator
interface, a stronger resonance occurs in the range of 5-20 nm of hy,,. In Fig. 2(d), the effect
of the metal substrate (M) in the MIM structure is illustrated by reflectance contour plots as
a function of the insulator thickness h;;. The top metal (M») and the top metal thickness (hy)
in both the cases are chosen as Ag and 10 nm, respectively. Since the metal substrate has the
role of a reflector in the MIM structure, Ag and Au (which reflect the light very well in the
visible region) are chosen as the metal substrate. It is obvious that the reflectance at shorter
wavelengths (left region of the dashed line) drops by changing the substrate from Ag to Au.
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Since the refractive index contrast between Ag and SiO; is larger than that between Au and
SiO; at shorter wavelengths (400-550 nm), a high reflectance is observed broadly in the visible
wavelength range at the interface between SiO, and Ag bulk (100 nm), while a reflectance drop
occurs at shorter wavelengths at the SiO,-Au bulk interface. Thus, the Au substrate can be used
instead of the Ag one when the reflectance drop is required at short wavelengths such as red and
green colorations.
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Fig. 2. (a) Schematic illustration of an MIM structure with substrate M, insulator I,
and top metal film M, with labeled thicknesses (hj; and hy,»). (b) Refractive indices and
extinction coefficients of different metals (i.e., Ag, Au, and Ti). (c) Calculated reflectance
contour maps of the MIM structures with different top metals as a function of hy)» from 5 to
20 nm. (d) Contour plots of reflectance variation for the MIM structures with different M
(Ag and Au) as a function of h;j.

Figure 3(a) illustrates a schematic of the MIMIM structure with the parameters My, [}, M, I,
Mas, hj1, hyp, hip, and hy,3, which represent the structural information and the height of the layers.
To compare the resonance dips of the MIMIM structures with those of the MIM structures, the
reflectance spectra of the MIM and MIMIM structures as a function of insulator thickness are
shown in Figs. 3(b) and 3(c). In Fig. 3(b), the simulated results for the lower MIM structure (i.e.,
Au (10nm)/SiO; (110, 140, 170 nm)/Ag) and the upper MIM structure (i.e., Ag (10 nm)/SiO,
(90nm)/Ag) are presented in the left graph, and the result for the MIMIM structure (i.e., Ag
(10nm)/Si0; (90 nm)/Au (10 nm)/SiO, (110, 140, 170 nm)/Ag) is presented in the right graph.
Comparing the MIMIM structure to both the MIM structures, it is observed that the two dips from
the MIM structures are also generated in the MIMIM structure. Moreover, a noticeable red-shift
of the Au dip is also observed in the MIMIM structure with the increase in SiO; thickness (h;;).
If both the resonance dips of the MIMIM structure are generated at a large distance from each
other in the visible wavelength range, the positions of the MIMIM dips are in good agreement
with those of the MIM dips. However, if both the resonance dips are generated close to each other
in the visible spectrum, a mutual repulsive interaction occurs between the resonance dips. This
interaction is caused by the mutual repulsion of surface plasmon modes [35]. Moreover, Fig. 3(c)
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Fig. 3. (a) Schematic illustration of the MIMIM structure with substrate M, insula-
tors Iy, I, and metal films M,, M3 with labeled thicknesses (h;ji, hi2, hyo, and hy3).
(b) Calculated reflectance spectra of the lower MIM structure (i.e., Au (10 nm)/SiO,
(110-170 nm)/Ag), upper MIM structure (i.e., Ag (10 nm)/SiO, (90 nm)/Ag), and MIMIM
structure (i.e., Ag (10nm)/SiO, (90 nm)/Au (10 nm)/SiO; (110-170nm)/Ag). (c) Re-
flectance spectra of the lower MIM structure (i.e., Ti (10 nm)/SiO; (100-140 nm)/Ag),
upper MIM structure (i.e., Ag (10 nm)/SiO, (90 nm)/Au), and MIMIM structure (i.e., Ag
(10nm)/SiO; (90 nm)/Ti (10 nm)/SiO; (100-140 nm)/Ag). (d) Calculated reflectance spectra
of the switched MIMIM structures (i.e., Ag (10 nm)/SiO, (90 nm)/Au (10 nm)/SiO, (110-
170 nm)/Ag and Au (10 nm)/SiO, (110-170 nm)/Ag (10 nm)/SiO; (90 nm)/Ag) as a function
of hj; and hjp, respectively. (e) Reflectance spectra of the MIMIM structures with different
substrates (i.e., Ag and Au).

presents the combined resonance dips of Ag and Ti and the mutual repulsion of surface plasmon
modes in MIMIM structures. To investigate the difference between the upper resonance occurring
at the second dielectric layer (I) and the lower resonance occurring at the first dielectric layer (I;),
we calculate the reflectance spectra of two switched MIMIM structures (i.e., Ag (10 nm)/SiO;
(90 nm)/Au (10 nm)/SiO; (110-170 nm)/Ag (solid lines) and Au (10 nm)/SiO; (110-170 nm)/Ag
(10nm)/SiO, (90 nm)/Ag (dashed lines)) in Fig. 3(d). Compared to the solid lines, the dashed
lines show a deeper Ag dip and a shallower Au dip. These results show that a resonance caused
by the lower MIM structure (M,/I;/M) is stronger than that caused by the upper MIM structure
(M3/1,/M>). Since the resonance caused by the lower MIM structure occurs between the substrate
(M) and the thin metal (M>), it results in a strong resonance. Since the resonance caused by
the upper MIM structure occurs between two thin metal films (M; and M3), it results in a weak
resonance because thin metal films do not reflect light as much as the substrate. This leads to
higher transmission and leakage from the upper MIM cavity after reflecting from the top metal
layer (M3). These results indicate the tunability of the reflectance dip depth by switching the
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positions of the MI layers. As displayed in Fig. 3(e), Au substrate also causes a reflectance drop
at shorter wavelengths in MIMIM structures. From these results, it is apparent that the metal
substrate in MIMIM structures also has the role of a reflector as in the case of MIM structures.
To analyze the proposed structures in terms of coloration, we perform color representations of
RGB colored structures as a function of hyy (5-30 nm) and h;; (120-240 nm (red), 185-305 nm
(green), 50-170 nm (blue)), as displayed in Fig. 4(a). These structures are the same as the
proposed structures presented in Fig. 1(c) (i.e., red: Au (5 nm)/SiO, (70 nm)/Ti (5-30 nm)/SiO,
(120-240 nm)/Au, green: Ti (5 nm)/SiO; (60 nm)/Au (5-30 nm)/SiO; (185-305 nm)/Au, and blue:
Ti (5 nm)/SiO, (50 nm)/Ti (5 nm)/SiO, (60 nm)/Ag). The other parameters (hjy, hy ) are kept
constant except for h;; and hy,. As the reflectance should decrease at shorter wavelengths to
obtain red and green color, Au is used as the metal substrate, while the Ag substrate is used
for the blue-colored structure. Furthermore, Ti and Au are chosen as the top metal layers of
the RGB colored structures to create a proper resonance dip width and depth. From these
color representations, we observe that a variation in insulator thickness (h;;) causes significant
color changes due to the shift in the resonance dip in the visible range. On the other hand, a
variation in metal thickness (hy») causes small color changes since it affects only the depth of
the resonance dip. Figure 4(b) presents the color difference AE of the RGB colored MIMIM
structures as a function of the thickness of the first dielectric (h;;) and the second dielectric
(hpp). AE is a mathematical description of the Euclidean distance between colors produced by
the MIMIM structures and the sSRGB colors in CIE 1976 coordinates, demonstrating that the
proposed structures are optimized to SRGB colors through quantified color examination [36].
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Fig. 4. (a) Color representations of the red structure (Au (5nm)/SiO, (70 nm)/Ti
(15nm)/SiO; (240 nm)/Au), green structure (Ti (5 nm)/SiO, (60 nm)/Au (15 nm)/SiOy
(305 nm)/Au), and blue structure (Ti (5 nm)/SiO, (50 nm)/Ti (5 nm)/SiO;, (60 nm)/Ag) with
different h;; and hy;. (b) 3D contour map of color purity as a function of h;; and hjs. (c)
Reflectance spectra for the RGB structures with different h; as a function of h;p (0-80 nm).
(d) Chromaticity diagrams corresponding to (c).
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Since a small color difference means a high color similarity between two colors, we choose
the smallest values of AE as the optimized conditions for standard red, green, or blue colors.
Figure 4(c) presents the calculated reflectance spectra of the RGB colored MIMIM structures as
a function of hj>. Due to the mutual repulsion of the two resonances, the resonance dip caused by
M, also shifts slightly to a larger wavelength with increasing hj;. By controlling the thickness
of the insulator (hjy), it is possible to generate red, green, and blue colors as shown in the right
side of the reflectance spectra. Figure 4(d) presents the chromaticity diagrams obtained from
the reflectance measurements in Fig. 4(c). This proves that the optimized structures generate
high-purity RGB colors since those are close to the SRGB values.

We experimentally fabricated and measured the reflectance spectra and chromaticity coordinates.
An electron-beam evaporator (KVE-E2000, Korea Vacuum Tech., Ltd., Korea) was used to
fabricate the RGB colored MIMIM samples. Figure 5(a) presents the scanning electron microscopy
(SEM) images of experimental red (i*), green (ii*), and blue (iii*) samples under 50,000 times
magnification. As observed in SEM images, all three RGB samples exhibit 5 layers as we
designed. The calculated and the measured RGB reflectance spectra are plotted in Figs. 5(b) and
5(c), respectively. The measured spectra were obtained using a UV-Vis-NIR spectrophotometer
(Cary 500, Varian, USA) at a normal angle of incidence with a tungsten-halogen lamp source.
The simulated reflectance spectra for RGB colors also show a good qualitative agreement with
the measured reflectance spectra since the shapes of the reflectance spectra and the positions of
the dips are similar to each other. In details, there are slight differences between calculations
and experiments in red (i and i*) and green (ii and ii*) samples. These subtle discrepancies
in the measurement process could be caused by optical properties of reference reflector (i.e.,
Ag substrate) to obtain the reflectance [34]. Also, for universality, since conventional optical
constants from commonly known references [34] were used in the calculation of MIMIM
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Fig. 5. (a) Scanning electron microscope (SEM) images of experimental red (i.e.,
Au(5)/Si0,(70)/Ti(15)/Si0,(240)/Au), green (i.e., Ti(5)/Si0,(60)/Au(15)/SiO,(305)/Au),
and blue (i.e., Ti(5)/Si0(50)/Ti(5)/Si0,(60)/Ag) samples (x50,000 original magnification).
(b) Reflectance spectra of the calculated RGB structures in (a). (c) Measured reflectance
spectra of the experimental RGB samples in (a). (d) Calculated RGB colors (i, ii, iii)
and experimental RGB colors (i*, ii*, iii*) for MIMIM structures. (e) Corresponding
chromaticity coordinates of (c).
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structures, optical properties of fabricated samples may not be matched perfectly with calculation
results. For the red-colored structures (i and i*), the dominant reflectance in the red region
(620-740 nm) produces a red color (Fig. 5(d), i and i"). For the green-colored structures (ii and
ii*), the reflectance peak is in the green region (500-570 nm) to render a green color (Fig. 5(d), ii
and ii*), and for the blue-colored structures (iii and iii*), the dominant reflectance lies in the blue
region (450-490 nm) in agreement with the observed blue color (Fig. 5(d), iii and iii*). Figure 5(d)
presents the images of the experimental samples and the estimated RGB colors. We note that the
real images and the estimated colors are in significantly good agreement with each other. The
chromatic values of the fabricated samples and the calculated values are shown in Fig. 5(e). The
experimental data for red (i*), green (ii*), and blue (iii*) in the CIE color space are comparable
to the calculated data for red (i), green (ii), and blue (iii) colors, respectively. These results
demonstrate the feasibility of high-purity RGB colored MIMIM structures by choosing proper
metals and layer thicknesses without any lithography techniques, thereby enabling large-scale
and mass production.

3. Conclusions

In summary, we presented a large-scale, lithography-free, and fine-tunable dual-resonance
planar MIMIM nanostructure. We inferred that double-stacked metal-insulator layers create two
resonances, which can be tuned across the visible spectrum by altering the geometry such as the
insulator thickness. We also studied the applicability of the well-known metal materials (i.e., Au,
Ag, and Ti) as thin metal films and metal substrates and confirmed that the shapes of the reflectance
dips depend on the metal-type by comparing the refractive indices of the metals. Significantly,
these properties permit wavelength selectivity, which enables us to generate high-purity colors by
controlling the resonance dip. As a demonstration, we successfully generated high-purity colors
nearly close to SRGB colors by optimizing the conditions of insulator thicknesses, types of metals,
and metal thicknesses. Furthermore, the results from the fabricated samples were comparable
to the calculated results, including those for reflectance and color representation. Using this
approach, we believe that the dual-resonance tunability and high color purity features of the
proposed structures can be used in future color applications such as colored solar cell, decorative
devices, large-area with high-resolution color rendering, and wavelength-selective photodetectors.
In addition, for practical applications, we expect that the proposed structure can be applied
as color pixels of different colors using photolithography or shadow mask technique [22,37].
Alternatively, color halftoning can also be exploited to represent various colors with the proposed
MIMIM structures of three primary colors (i.e., red, green, and blue) as the representative result
in our study [38].
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