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Abstract: In this study, we propose a multi-color detector using a simple plasmonic metamaterial
structure consisting of a silver and a indium phosphide. The color detector is composed of a metal
strip with a periodicity in the x-axis direction on a layer of the dielectric material located on a metal
substrate. This color detector can control the spectrum absorbed in the dielectric material layer by
changing the thickness of the dielectric material layer or the width of the metal strip. The triangle
formed by the three primary colors, namely, red, green, and blue, which are representatively detected
by optimizing the color detector using only silver and indium phosphide, covers 44% of the standard
Red Green Blue (sRGB) region. Furthermore, the area of the triangle obtained by further optimization,
such as changing the material to gold or gallium phosphide or changing the period of the metal stirp,
can aid in the detection of a larger number of colors covering 108% of the sRGB area.

Keywords: surface plasmon; metamaterial; color detector

1. Introduction

Metamaterials, which have been attracting increasing attention recently, exhibit a special
phenomenon owing to their unique optical properties, which are not exhibited by natural materials [1–3].
Metamaterials have been representatively applied in the field of cloaking because they can alter the
optical geometry as desired by controlling their permittivity and permeability [4–6]. In addition,
metamaterials have also been applied to optical filters [7,8] and phasers [4–6,9], owing to their
ability to control wavefront polarizations. Moreover, the strong light–matter interactions achieved in
metamaterials enable an increase in the efficiency of ultrathin devices by confining the electric fields to
the active layer of the device [10–16].

A color detector that detects the color of incident light is essential for creating a human-like
optically constructed system [17], artificial retinas [18], and hyperspectral imaging [19,20]. In particular,
a color detector in the visible light region is vital, because it can detect information in a similar manner
to visual human perception. However, the majority of the color detectors that have been previously
studied require materials with bandgaps matching the respective colors to detect multiple colors.
The limitations arising from the use of multiple materials ultimately complicates the structure of
multicolor detectors. In addition, hundreds of nanometer-thick color detectors are required to create
artificial retinas.

In this study, we propose a metamaterial structure that strongly focuses the light of a specific
wavelength on the absorption layer. Using this metamaterial structure, even when a single material
with a fixed bandgap is used as the active layer, the detected color can be different, depending on the
metamaterial structure parameters [21,22]. In this study, we simulated the proposed structures to detect
the three primary colors, namely, red (R), green (G), and blue (B), by controlling the parameters of the
metamaterial composed only of silver (Ag) and indium phosphide (InP). Applying the same principle
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as that of the human eye, the color detector is able to recognize various colors by combining the three
primary colors already detected in the proposed metamaterial. In addition, we further optimized the
three primary detected colors to appear more vivid by varying the metals, active material, and period
of metamaterials, while maintaining the basic shape of the simple structure. The simple structure
enables the development of extremely thin color detectors with a total physical thickness of less than
200 nm. Furthermore, the color detectors also have a high spatial resolution owing to their small
pixel size.

2. Materials and Methods

We theoretically proposed a subwavelength thickness RGB color detector by using a metamaterial
consisting of metal (Ag) strips on an ultrathin high-absorbing semiconductor material (InP) planar layer
with a silver substrate, as shown in Figure 1. The silver strips with a width of w and a height of 100 nm
were placed with a one-dimensional periodicity of 400 nm. The thickness of the InP layer is represented
as t. The detected color can be easily controlled by adjusting the width of the silver strips and thickness
of the InP layer. The color detectors have a limited operation spectral range, which determines the
detection color. Here, the detection color was defined by converting the absorbance spectrum into
the corresponding color. In addition, we further optimized the color detector to cover a broader color
space by changing the metal to gold (Au) or the semiconductor layer to gallium phosphide (GaP) or by
using a wide periodicity. The optical properties of the metals Ag and Au and dielectric material, InP,
are applied to the simulations by referring to the papers written by Johnson [23] and by Aspnes [24],
respectively. InP is also considered as dispersive media for the wavelength range from 400 nm to
700 nm.
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Figure 1. (a) 3D and (b) 2D schematics of the color detector. The Ag rectangular parallelepiped shaped
strips are placed on the active layer. The strips are arranged with a one-dimensional periodicity of
400 nm and a height of 100 nm. The active layer composed of InP is between the Ag substrate and
the strips. The width of each strip (w) and thickness of the layer (t) are key parameters to control the
absorption of the active layer. The unit cell for computing is defined from the center of the strip to the
center of the next strip.

The InP semiconductor layer was employed as an absorbing material for the detector with a
varied thickness (t) less than 100 nm, which is much smaller than the target wavelength range of visible
light. The silver strips with a height of 100 nm were placed on the InP layer with a one-dimensional
periodicity (a) of 400 nm along the x-axis. In addition to exciting the resonance in the InP layer for the
incident light, the silver strip and substrate were also employed as electrodes to receive the carriers
generated by the incident light. The InP layer can absorb only light of a desired color when the
appropriate structure parameters, w and t, are chosen. The absorbed spectrum can also be controlled
by changing the periodicity and height of the strips or by using another metal or absorber. The effective
detector thickness estimated as the sum of the thickness of the InP layer and height of the silver strips
was less than only 200 nm.



Sensors 2019, 19, 4103 3 of 10

We determined the absorption spectrum of the InP layer by using the finite element method
(COMSOL Multiphysics [25]). Absorption spectrum with different values depending on the
wavelengths makes human feel the colors by stimulating the three cone cells of the human eye
differently. The detection process can be similarly realized using a Commission Internationale de
l’Eclairage (CIE) Coordinate Calculator [26]. Then, the absorption spectrum was converted to the
detection color by using the CIE Coordinate Calculator [ref]. We chose three structures that could
measure the red, blue, and green detection colors to form the largest triangle in the CIE color space.
By using the detected values in the three RGB detectors, one can determine the color of the incident light,
provided that the color is placed inside the triangle with three points, indicating the corresponding
RGB colors, in the CIE space.

In COMSOL Multiphysics, the boundary condition on both sides of the unit cell was applied with
a periodic boundary condition for achieving same environment in which metal strips are arranged
periodically along the x-axis. The upper and lower sides of the unit cell was set to the ports. The normal
incident light is assumed by setting the upper port to excite the incident wave. We measured the
absorption of the active layer by detecting reflection and transmission at the upper and lower ports
while the wavelength of the incident light changes from 400 to 700 nm. In this finite element method
(FEM), we measured the absorption of the active layer by detecting reflection and transmission at the
upper and lower ports. In addition, the absorption was also calculated by spatially integrating resistive
loss, the inner product of the current density and electric field, over the active layer. Both methods
match within the error tolerance.

3. Results and Discussion

In our simulation, we investigated the absorption spectrum as functions of the width (w) of the
Ag strip and thickness (t) of the InP layer. Figure 2a–c illustrate the absorption spectrums as a function
of each parameter, such as w with t fixed at 60 nm (Figure 2a); t with w fixed at 350 nm (Figure 2b);
and t without Ag strips on the InP layer (Figure 2c). The absorption spectrum changed when w or t
changed, because the plasmonic resonance that corresponds to the peak of the absorption spectrum
was excited at the edge of the strips, and the absorption spectrum’s wavelength depends on w and
t [10,15]. The wider w in Figure 2a moved the absorption spectrum’s peak to the longer wavelength
region, because the resonant wavelength of the metal–insulator–metal (MIM) mode generated in the
gap between the Ag strips shifted to the red region when the gap decreased due to the larger effective
refractive index [27]. The thicker t in Figure 2b also moved the peak to the longer wavelength region,
because a larger field overlap of the plasmonic mode in the InP layer induces a larger effective index.
Figure 2d depicts the electric field intensity and absorption mode profile in a structure with Ag strips
for the plasmonic mode with the peak wavelength of the absorption spectrum. Light is strongly
absorbed in the corners of the Ag strips and the InP layer just under the air gap, where the electric field
intensity is strongly confined.

Furthermore, the absorption can be significantly enhanced by the interference effect [28] owing to
the strong phase change in the large absorption coefficient layer in the ultrathin layer, although the
layer is too thin to generate the conventional Fabry–Perot resonance. Even with an 8-nm thickness
of the InP layer, the absorption peak at 415 nm reached 85%. The absorption peak also shifted to the
longer wavelength region for the thicker InP layer, as depicted in Figure 2c. To understand this large
absorption phenomena, we investigated the reflected phase change of the thin InP layer (t = 3 nm) in
comparison with the case with the silver substrate without the InP layer.

Figure 2e depicts the x component of the electric field (Ex) with and without the 3-nm InP layer
on the Ag substrate. The maximum point of Ex moved by 33 nm from z = 235 to 268 nm due to
the existence of the 3-nm thick InP layer, which is extremely small when compared with the light
wavelength of 400 nm. The ultrathin InP layer placed on the flat silver is suitable for detecting blue
color light, because strong resonant absorption is observed when an extremely thin highly-absorbing
media is placed on the metal with a finite optical conductivity [28].
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Figure 2. Absorption spectrums detected by the metamaterial detectors (a) when the width (w) of
the strip varies with the thickness (t) of the indium phosphide (InP) layer fixed at 60 nm; (b) when
t varies with w fixed at 350 nm; and (c) when t varies without the Ag strips. The insets depict the
narrowest/widest width (w) and thinnest/thickest thickness (t) structures. (d) Electric field intensity
(up) and absorption mode profiles (down) when w = 359 and t = 56 nm, in which the color red is mostly
detected. (e) Field profiles of the x component of the electric field (Ex) when light is incident on an
Ag substrate with or without a 3-nm InP layer for the incident light with a wavelength of 400 nm.
The left side profile and red line represent the Ex field when the light is incident on the Ag substrate.
The right side profile and blue line represent the Ex field with a 3-nm InP layer on the same substrate.
(f) Detected color by the color detector for various strip widths and InP layer thicknesses.
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Based on the absorption spectrum for various strip widths and thicknesses of the InP layer,
Figure 2f illustrates the color absorbed in the proposed detector structures. Here, the detected color was
obtained by converting the absorption spectrum into the color using the CIE Coordinate Calculator [26].
Therefore, we can control the detected colors (blue, green, and red) as required, as depicted in Figure 2f,
because the spectrum can be varied by varying t and w. The left side of Figure 2f depicts the detected
color when w is 0 nm, i.e., there is no Ag strip on the InP layer, and the structure consists of only the
InP layer and the Ag substrate. As depicted in Figure 2f, the blue color can be detected by the structure
when w = 0 nm and the values of t is less than 10 nm.

Figure 3a illustrates the absorption spectrum of the three structures to detect the red, green,
and blue colors. The colors in the circles in Figure 3a were obtained from the chromaticity values
determined by transforming each absorption spectrum. In the structure with t = 56 and w = 357 nm,
the resonant peak of the red color spectrum was maximum at λ = 662 nm. The peak of the green
color spectrum was maximum at λ = 531 nm in the structure with t = 24 and w = 239 nm. To detect
the blue color, a thin InP layer with a thickness of 3 nm on the Ag substrate was used without any
Ag strip (w = 0 nm). The peak absorbance of each structure was larger than 50% despite the deep
subwavelength thickness of the absorption layer that composed InP, which was less than 100 nm. In the
structure with metal, there were two absorptions: the metallic absorption and the InP absorption. In this
paper, we consider only the absorption in the InP active layer in the absorption spectrum, which can
contribute to the operation of photodiodes. The corresponding colors of the absorption spectrum
in Figure 3a are represented in the CIE color space, as shown in Figure 3b. The three color points
(black dots) were chosen to have the largest triangle area while maintaining the proposed structure
consisting of the InP layer and Ag strips and substrate. The chromaticity values of the detected color
of the proposed structures (black) and standard red green blue (sRGB) (gray) are depicted in Figure 3b.
The triangular region of the optimized color detector, which represents the possible colors that can be
detected, covered 44% of the sRGB color region. In other words, we can distinguish 44% of the colors
that are represented by an sRGB-based device. The insets of Figure 3a, which indicate the detected
colors, show the relatively low-chromaticity colors: namely, red, green, and blue.
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Figure 3. (a) Absorption spectrums and (b) color coordinates in the CIE color space for three
representative detector structures for the colors red, green, and blue. The red and green colors are
detected by the structure in which the Ag strips have values of width (w) = 357 nm, thickness (t) = 56 nm,
and w = 239 nm, t = 24 nm, respectively. The blue color is detected by the structure of the InP layer
with t = 3 nm on the Ag substrate without the Ag strips. The scaled schematic of each structure is
depicted below the graph. The colors detected by each structure are plotted as the colored solid circles,
as depicted in the insets of (a). The triangular region between the three black dots in the CIE color space
in (b) represents the possibly detectable colors for the proposed color detectors. This region covers 44%
of the sRGB (gray).
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In Figure 3, we suggested three representative structures to detect the three colors—namely,
red, green, and blue—by varying the thickness (t) of the InP layer and the width (w) of the Ag strip
to obtain the largest detectable color area in the CIE color space, while maintaining the material
compositions (InP, Ag) and the period of the strips (400 nm). To achieve a higher chromaticity detected
color, we investigated the further optimization of the three colored structures by varying the metal
(Figure 4a,b), period of the strip (Figure 4c,d), and absorption material (Figure 4e,f). In each additionally
optimized structure, the thickness (t) of the absorption layer and the width (w) of the metal strip were
scanned for the further optimization of the detected colors.
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Figure 4. Absorption spectrums of the absorption semiconductor layer in the three representative
structures (black dotted lines) of Figure 3 and the three additionally optimized structures (red, green,
and blue solid lines) for the colors of (a) red, (c) green, and (e) blue. The red optimized structure has
the structure parameters of w = 331 nm and t = 44 nm, in which Ag is replaced by Au. The green
structure (w = 669 nm, t = 96 nm) has a different period of the Ag strips (a’ = 800 nm), and the blue
structure (t = 64 nm) has a gallium phosphide (GaP) layer as the absorption layer instead of the InP
layer. (b) Absorption spectrums of the metals, Ag (black dotted line) and Au (red line), in the structures
detecting the red color. (d) Colors detected by the structure with a double period a’ of 800 nm for various
strip widths and InP layer thicknesses. (f) Imaginary part of the refractive index for the absorption
layers, InP (black dotted line) and GaP (blue line).

First, the red color structure was re-optimized by changing the metal from Ag to Au. The broad
peak in the short wavelength region of 400–500 nm in the absorption spectrum (black dotted line)
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of the InP layer of the structure with Ag was suppressed in the case (red line) of the structure with
Au, as depicted in Figure 4a. This is because Au absorbs significantly more light than Ag in the
wavelength range of 400–500 nm, as illustrated in the absorption spectrum of the metals including the
strips and substrate in Figure 4b. Additionally, the InP absorption was further enhanced in the long
wavelength region of 600–700 nm due to the lower absorption of Au than that of Ag. Consequently,
the InP absorption spectrum of the optimized structure with w = 331 nm and t = 44 nm exhibited a
more vivid red color.

Similarly, the blue color structure was re-optimized by changing the absorber from InP to GaP,
which suppressed the absorption in the long wavelength region. The absorption spectrum (black
dotted line) of the InP layer in the structure detecting the blue color in Figure 3 shows the non-negligible
absorption in the long wavelength region in Figure 4e. On the other hand, when the InP layer was
replaced with a GaP layer, the absorption (blue line) in the long wavelength region was strongly
suppressed, owing to the larger absorption at 428 nm. This is because the extinction coefficient of GaP
has a meaningful value only below a wavelength of 460 nm, whereas that of the InP has a considerably
large value over the whole visible wavelength range.

The green color structure was optimized in a different way. In the structures depicted in Figure 3,
w was limited to a value up to 400 nm, because w must be smaller than a, which was fixed at 400 nm.
Due to this limit, the near-infrared peak cannot be removed by choosing any t and w. For further
optimization of the green color, the period was increased to 800 nm, so that a larger range of width
could be chosen. In contrast to the structure with a = 400 nm, where the green color was rarely observed,
in the structure with a = 800 nm, the green color was more vivid and more commonly detected by the
structure with a wider w of approximately 600 nm, as illustrated in Figure 4d.

Figure 5a illustrates the absorption spectrum for the red, green, and blue colors for the second
optimized structures depicted in Figure 4a,c,e. The colors detected by the second optimized structure
were more vivid when compared to those detected by the first optimized structure in Figure 3, which can
be clearly observed in the converted colored circles of Figures 3 and 5. Figure 5b depicts the color
coordinates of (a) in the CIE color space. The first optimized structure covers only 44% of the sRGB
region by changing only t and w. The second optimized structure detects a larger number of colors
with a larger gamut in the triangle, as depicted in Figure 5b, in which the area is even larger than the
sRGB (gray line) region, i.e., 108% of the sRGB region.
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respectively. The colored circles indicate the detected colors corresponding to the absorption spectrum.
First (open circle, dashed line) and second (solid circle, solid line) optimized structures of (b) represent
the structures in Figures 3 and 4, respectively.
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4. Conclusions

We proposed a color detector that uses plasmon resonance to efficiently detect visible light.
The color detector, consisting of a layer of dielectric material sandwiched between the metal substrate
and the periodic metal strips, absorbs lights with a wavelength-dependent efficiency. The absorption
spectrum calculated by COMSOL Multiphysics [25] can be converted into the detectable colors by
using the CIE Coordinate Calculator [26]. When selecting the three primary colors, namely, red, green,
and blue, we chose to have the largest area in the CIE color space because the colors inside the triangle
were detectable using a combination of the three color detectors, similar to the perception of the color
of an object by a human.

In the first optimized structure composed of only Ag as the metal and the InP as a dielectric
material, the width of the metal strip and the thickness of the InP layer were changed to optimize the
detected colors with a larger gamut. In structures that detected colors corresponding to red (w = 357,
t = 56) and green (w = 239, t = 24), the peak of the absorption spectrum could be controlled depending
on w and t due to the MIM plasmon resonance formed between the strips. The detector for the blue
color strongly absorbed the light in a thin InP layer of only 3-nm thickness without the Ag strips.
Consequently, 44% of the sRGB region could be detected by the first optimized structure.

In the second optimized structure, the red color was further optimized by changing the metal from
Ag to Au, because Au absorbs more light than Ag in the short wavelength region near 415 nm, and the
net absorption of the InP layer decreases in the short wavelength region. On the other hand, the blue
color was optimized by changing the dielectric material from InP to GaP, because GaP has a negligible
extinction coefficient at long wavelengths. To optimize the green color, we changed the periodicity of a
= 400 nm to a = 800 nm, which increased the possible range of the strip width without changing the
metal or dielectric material. The region of the detectable colors in the second optimized structures was
108% of the sRGB region in the CIE color space. In other words, the sRGB-level colored image could be
detected by the proposed color detectors if the set of color detectors, red, green, and blue, are arranged.
The proposed detector has the thickness of only less than 200 nm, and the size of a single detector is
smaller than 1 µm. Therefore, submicrometer, ultrathin color detectors with a larger color gamut based
on the proposed structure can be exploited in numerous applications, such as artificial retina [18] and
various color image sensors [19,20].

In the proposed structures, light intensity in the InP layer is strongly enhanced by exciting
localized plasmonic modes at the corners of the Ag strips or inducing the interference effect [28] in
the ultrathin, highly absorbing media, InP layer. The enhanced light intensity contributes to increase
more photogenerated carriers, which can be detected as a photocurrent by using the silver strips and
substrate as electrodes.

We demonstrated that various colors can be detected with a simple unit structure composed of a
solitary metal and a dielectric material, by controlling the width of the metal strip and thickness of
the layer. Therefore, the detectors can be applied to multiple devices that detect specific wavelengths.
In addition, the performance of the color detectors can be improved by selecting other materials or
changing the parameters that have not been considered in this study.

Author Contributions: Methodology, Y.J.L. and S.-H.K; validation, Y.J.L. S.H., Y.K., and S.-H.K.; investigation,
Y.J.L. and S.-H.K.; writing—original draft preparation, Y.J.L.; writing—review and editing, S.-H.K.; supervision,
S.-H.K.; project administration, S.-H.K.; funding acquisition, S.-H.K.

Funding: This work was supported in part by the National Research Foundation of Korea through the Korean
Government under Grants NRF-2019R1A2C4069587. This research was supported by the Chung-Ang University
research grant in 2017.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2019, 19, 4103 9 of 10

References

1. Smith, D.R.; Pendry, J.B.; Wiltshire, M.C.K. Metamaterials and negative refractive index. Science 2004, 305,
788–792. [CrossRef] [PubMed]

2. Kildishev, A.V.; Boltasseva, A.; Shalaev, V.M. Planar photonics with metasurfaces. Science 2013, 339,
12320091–12320096. [CrossRef] [PubMed]

3. Vivek, A.; Shambavi, K.; Alex, Z.C. A review: Metamaterial sensors for material characterization. Sens. Rev.
2019, 39, 417–432. [CrossRef]

4. Pendry, J.B.; Schurig, D.; Smith, D.R. Controlling electromagnetic fields. Science 2006, 312, 1780–1782.
[CrossRef] [PubMed]

5. Liu, R.; Ji, C.; Mock, J.J.; Chin, J.Y.; Cui, T.J.; Smith, D.R. Broadband ground-plane cloak. Science 2009, 323,
366–369. [CrossRef] [PubMed]

6. Ni, X.; Wong, Z.J.; Mrejen, M.; Wang, Y.; Zhang, X. An ultrathin invisibility skin cloak for visible light. Science
2015, 349, 1310–1314. [CrossRef] [PubMed]

7. Jiang, D.Y.; Yang, W.M.; Liu, Y.J.; Liu, H.L.; Teng, J.H. The development of a wideband and angle-insensitive
metamaterial filter with extraordinary infrared transmission for micro-thermophotovoltaics. J. Mater. Chem.
C 2015, 3, 3552–3558. [CrossRef]

8. He, K.; Liu, Y.; Fu, Y. Transmit-array, metasurface-based tunable polarizer and high-performance biosensor
in the visible regime. Nanomaterials 2019, 9, 603. [CrossRef]

9. Chen, W.T.; Zhu, A.Y.; Sisler, J.; Bharwani, Z.; Capasso, F. A broadband achromatic polarization-insensitive
metalens consisting of anisotropic nanostructures. Nat. Commun. 2019, 10, 355. [CrossRef]

10. Esfandyarpour, M.; Garnett, E.C.; Cui, Y.; McGehee, M.D.; Brongersma, M.L. Metamaterial mirrors in
optoelectronic devices. Nat. Nanotechnol. 2014, 9, 542–547. [CrossRef]

11. Rufangura, P.; Sabah, C. Dual-band perfect metamaterial absorber for solar cell applications. Plasmonics 2015,
120, 68–74. [CrossRef]

12. Tang, J.; Xiao, Z.; Xu, K. Ultra-thin metamaterial absorber with extremely bandwidth for solar cell and
sensing applications in visible region. J. Opt. 2016, 60, 142–147. [CrossRef]

13. Fang, J.; Wang, D.; DeVault, C.T.; Chung, T.-F.; Chen, Y.P.; Boltasseva, A.; Shalaev, V.M.; Kildishev, A.V.
Enhanced graphene photodetector with fractal metasurface. Opt. Mater. 2017, 17, 57–62. [CrossRef]
[PubMed]

14. Shameli, M.A.; Salami, P.; Yousefi, L. Light trapping in thin film solar cells using a polarization independent
phase gradient metasurface. J. Opt. 2018, 20, 125004. [CrossRef]

15. Lee, Y.J.; Moon, K.; Kwon, S.-H. Enhanced Conversion Process in a Sub-wavelength Thin Upconversion
Layer by Using Metamaterial Mirror. Plasmonics 2019, 1–6. [CrossRef]

16. Lu, H.; Guo, X.; Zhang, J.; Zhang, X.; Li, S.; Yang, C. Asymmetric metasurface structures for light absorption
enhancement in thin film silicon solar cell. Nano Lett. 2019, 21, 45901. [CrossRef]

17. Fan, D.; Chen, X.; Zhang, T.; Chen, X.; Liu, G.; Owais, H.M.; Kim, H.; Tian, Y.; Zhang, W.; Huang, Q.
Design of anthropomorphic robot bionic eyes. In Proceedings of the ROBIO 2018, Kuala Lumpur, Malaysia,
12–15 December 2018.

18. Xia, P.; Hu, J.; Qi, J.; Gu, C.; Peng, Y. MEMS-based system and image processing strategy for epiretinal
prosthesis. Bio Med. Mater. Eng. 2015, 26, S1257–S1263. [CrossRef]

19. ElMasry, G.; Kamruzzaman, M.; Sun, D.-W.; Allen, P. Principles and Applications of Hyperspectral Imaging
in Quality Evaluation of Agro-Food Products: A Review. Crit. Rev. Food Sci. Nutr. 2012, 52, 999–1023.
[CrossRef]

20. Huang, H.; Liu, L.; Ngadi, M.O. Recent developments in hyperspectral imaging for assessment of food
quality and safety. Sensors 2014, 14, 7248–7276. [CrossRef]

21. Ogawa, S.; Kimata, M. Wavelength- or polarization-selective thermal infrared detectors for multi-color or
polarimetric imaging using plasmonics and metamaterials. Materials 2017, 10, 493. [CrossRef]

22. Montoya, J.A.; Tian, Z.-B.; Krishna, S.; Padilla, W.J. Ultra-thin infrared metamaterial detector for multicolor
imaging applications. Opt. Expr. 2017, 25, 23343–23355. [CrossRef] [PubMed]

23. Johnson, P.B.; Christy, R.W. Optical constants of the noble metals. Phys.Rev. B 1972, 6, 4370–7379. [CrossRef]
24. Aspnes, D.E.; Studna, A.A. Dielectric functions and optical parameters of Si, Ge, GaP, GaAs, GaSb, InP, InAs,

and InSb from 1.5 to 6.0 eV. Phys. Rev. B 1983, 27, 985–1009. [CrossRef]

http://dx.doi.org/10.1126/science.1096796
http://www.ncbi.nlm.nih.gov/pubmed/15297655
http://dx.doi.org/10.1126/science.1232009
http://www.ncbi.nlm.nih.gov/pubmed/23493714
http://dx.doi.org/10.1108/SR-06-2018-0152
http://dx.doi.org/10.1126/science.1125907
http://www.ncbi.nlm.nih.gov/pubmed/16728597
http://dx.doi.org/10.1126/science.1166949
http://www.ncbi.nlm.nih.gov/pubmed/19150842
http://dx.doi.org/10.1126/science.aac9411
http://www.ncbi.nlm.nih.gov/pubmed/26383946
http://dx.doi.org/10.1039/C4TC02892A
http://dx.doi.org/10.3390/nano9040603
http://dx.doi.org/10.1038/s41467-019-08305-y
http://dx.doi.org/10.1038/nnano.2014.117
http://dx.doi.org/10.1016/j.vacuum.2015.05.033
http://dx.doi.org/10.1016/j.optmat.2016.07.023
http://dx.doi.org/10.1021/acs.nanolett.6b03202
http://www.ncbi.nlm.nih.gov/pubmed/27966986
http://dx.doi.org/10.1088/2040-8986/aaea54
http://dx.doi.org/10.1007/s11468-019-00911-2
http://dx.doi.org/10.1088/2040-8986/ab0a53
http://dx.doi.org/10.3233/BME-151423
http://dx.doi.org/10.1080/10408398.2010.543495
http://dx.doi.org/10.3390/s140407248
http://dx.doi.org/10.3390/ma10050493
http://dx.doi.org/10.1364/OE.25.023343
http://www.ncbi.nlm.nih.gov/pubmed/29041635
http://dx.doi.org/10.1103/PhysRevB.6.4370
http://dx.doi.org/10.1103/PhysRevB.27.985


Sensors 2019, 19, 4103 10 of 10

25. COMSOL Multiphysics®, Version 5.4. Available online: www.comsol.com (accessed on 4 September 2019).
26. Mathworks. Available online: https://kr.mathworks.com/matlabcentral/fileexchange/29620-cie-coordinate-

calculator (accessed on 4 September 2019).
27. Kwon, S.-H. Plasmonic ruler with angstrom distance resolution based on double metal blocks. IEEE Photonics

Technol. Lett. 2013, 25, 1619–1622. [CrossRef]
28. Kats, M.A.; Blanchard, R.; Genevet, P.; Capasso, F. Nanometre optical coatings based on strong interference

effects in highly absorbing media. Nat. Mater. 2013, 12, 20–24. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

www.comsol.com
https://kr.mathworks.com/matlabcentral/fileexchange/29620-cie-coordinate-calculator
https://kr.mathworks.com/matlabcentral/fileexchange/29620-cie-coordinate-calculator
http://dx.doi.org/10.1109/LPT.2013.2272785
http://dx.doi.org/10.1038/nmat3443
http://www.ncbi.nlm.nih.gov/pubmed/23064496
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

