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Image representation of structure color based on edge detection algorithm 
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A B S T R A C T   

The subwavelength structure based on metamaterials is widely used in the field of photonics due to its unique 
electromagnetic properties. Here, a Fabry-Perot-like cavity structure composed of aluminum and silicon mate-
rials is proposed, of which resonance peak can shift in the whole visible light band, and makes the materials 
display different colors. In addition, the edge detection algorithm is used to extract the edge position information 
of the image, so that the image represented by the structure color can be described more accurately. At the same 
time, the combination of structure color and algorithm upgrades the artificial representation of image infor-
mation to intelligent processing. This work provides a valuable scheme for the design of simple nanostructures 
with multi physical mechanisms in the future.   

Introduction 

In nature, the reflection, diffraction, scattering and absorption of 
light provide us with extremely vivid information, especially in color. 
Surface plasmons (SPs), as a carrier of optical information, plays an 
important role in the construction of nanoscale photonic circuits. Sur-
face plasmons (SPs), which include surface plasmon polaritons (SPPs) 
and localized surface plasmons (LSPs), are surface electromagnetic 
waves formed by collective oscillation of free electrons in metals inter-
acting with the incident light field [1–3]. It is a non-radiative localized 
electromagnetic mode existing on the metal surface. Its propagation 
behavior can be adjusted by changing the surface structure of the metal 
[4–9]. With the development of micro-nano processing technology and 
characterization methods, artificially produced nano-microstructures 
have become the main platform for generating structure colors in 
recent years [10,11]. For example, a structure combining silicon mate-
rial and refractive index matching layer was proposed to improve the 
color and brightness of structure color [12]. The silicon nitride subsur-
face was fabricated on the quartz substrate, and the Rayleigh anomaly 
was applied in a relatively short wavelength to successfully suppress the 
high-order Mie resonance, thus producing vivid color pixels [13]. 
Table 1 

Compared with those all-dielectric metamaterials, metallic meta-
materials are superior in the service life and range of devices. In addi-
tion, due to the local field enhancement effect of the SPs excited by the 
oscillation between the photon and electron, it can break through the 
diffraction limit and greatly improve the imaging resolution [14]. These 

characteristics make the SP-based structure color have major applica-
tions in ultra high resolution imaging [15–17], inverse design [18], 
CMOS digital integrated circuit [19–21], light emitting diode [22], 
steganography [23], and many other fields have major applications 
[24–26]. A lot of works show that the resonant frequency of micro-nano 
structures can be adjusted by changing corresponding geometric pa-
rameters as well as the types of bulk materials, so that the structures 
show different colors. At the same time, the enhanced light transfer 
(EOT) effect based on the SPs can make the device obtain better trans-
mittance, that is, the brightness of color. But, in practical applications, 
due to the small size of SP-based devices, the application of structure 
color is limited. Secondly, when drawing large-scale chemical dye image 
on the surface of nano metal, it is often unable to restore the image 
accurately, including the image edge position and color. It has been 
shown that the computer has played an important role in image pro-
cessing technology, and the use of algorithms makes the accurate 
extraction of images more simple [27,28]. The combination of structure 
color and computer algorithm, therefore, can make metal micro- 
nanostructure more simple and practical in image representation, 
color presentation and information hiding. 

In this paper, a double layer metal Fabry-Perot-like (FP-L) cavity 
structure based on silicon and aluminum materials is proposed. In this 
structure, the SPs are excited by metal materials, and optical charac-
teristics is modulated by medium added. By coating different thickness 
of silicon on the surface of aluminum material with holes structure, the 
resonance peak during the visible light band shifts, and then presents 
different colors. In addition, combined with the edge detection 
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algorithm, the edge position information of large-scale picture is 
extracted to achieve more accurate effect in the process of drawing. At 
last, we compare the movement of transmission peak in visible light 
band of different metal materials, and show that silicon materials have 
stronger ability to control light in shorter wavelength due to the stronger 
dispersion effect. 

Design and modeling 

Fig. 1 is a unit cross-sectional diagram, where the brown part is SiO2 
and the blue part is aluminum (Al). Px and Py present the arrays periods 
along X and Y axes, respectively. The Al film thickness is 50 nm, which is 
placed on a quartz substrate with a thickness of 100 nm. Among them, a 
circular hole is arranged on the metal aluminum film through the entire 
thickness of the aluminum film, and the hole is filled with SiO2 material 
of the same material as the base. The whole structure is covered by 
silicon on the surface of Al film. The incident light incidents vertically 
from one side of the quartz substrate to the surface of the metallic film in 
the -Z direction with the electric field in the X direction. We can simulate 
the propagation process of light in periodic subwavelength metallic 
holes by using the FDTD. The EOT effect of subwavelength hole arrays in 
metal film can be characterized by the transmittance T as following [29]: 
T = Pout(λ)/Pin(λ), where Pin(out) is power flux through the metal film. 

Results and discussions 

Considering the important role of FP cavity in enhancing the reso-
nance coupling of photons and electrons, a double layer metal FP-L 
cavity structure is constructed. As shown in Fig. 2(a), we change the 
thickness of the silicon material plated on the surface of the metal 
aluminum film under the condition of different circular hole radius R (R 
= 55 nm-80 nm), and obtain the transmittance spectra. It can be seen 
from the figure that when R remains constant, with the increase of the 

thickness of silicon material, the transmission peak red-shifts, and the 
shift range covers the whole visible band. In addition, when the thick-
ness of silicon material is kept constant, with the increase of R, it is 
obvious that the transmittance increases greatly. Overall, we find that 
the size of the circular hole affects the transmittance, and the thickness 
of the metal film is the reason for the shift of the resonance peak. In order 
to better present the color rendering effect of materials, we invert the 
transmission spectrum simulated by FDTD to CIE1931 color coordinate 
map, and calculate the color coordinate points on the color space map 
[30]: 

X = k
∑

λ
T(λ)I(λ)x′

(λ) (1)  

Y = k
∑

λ
T(λ)I(λ)y′

(λ) (2)  

Z = k
∑

λ
T(λ)I(λ)z′

(λ) (3)  

k = 100/
∑

λ
I(λ)z′

(λ) (4)  

x = X/(X +Y +Z) (5)  

y = Y/(X +Y +Z) (6)  

where the T(λ) is the transmission spectrum we detected; I(λ) is the 
spectrum of the incident light source (D65); And x’(λ), y’(λ), z’(λ) 
represent the tristimulus value. The wavelength ranges are 400 nm to 
700 nm, which basically covers the visible light range. And (x, y) ob-
tained from Eq. (5) and (6) is the chromaticity coordinates of the 
transmission spectrum. As shown in Fig. 2(c), the color display of 
different conditions covers the visible light range. As shown in the 
figure, by changing the thickness of the Al film and the radius of the 
circular hole, we can get different colors in the visible light band. This 
provides an effective way to depict the picture formed by chemical dyes 
on the surface of nanoscale metal materials. 

Considering that there are different metal materials in the structure, 
we first study the case when only a single aluminum material exists. The 
circular hole radius R is kept as 80 nm, we only remove the silicon 
material on the surface of aluminum metal, and the others remain un-
changed. As shown in Fig. 3 (a), with the increase of the thickness of the 

Table 1 
The structure parameters corresponding to the four parts of the insert picture.  

Region R (nm) h3 (nm) 

Part I 55 8 
Part II 70 4 
Part III 80 10 
Part IV 75 6  

Fig. 1. Structural cross-sectional diagram of the unit structure in the X-Y plane. R represents the circle structure radius; h1, h2 and h3 are the thickness of the SiO2, Al 
and Si; Px and Py are the periods; As follows: h1 = 100 nm; h2 = 50 nm; Px = Py = 200 nm; The inset in the upper right corner shows the structure of the different parts 
after layering. Among them, the circular hole is filled with SiO2 and inlaid with the substrate. 
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Fig. 2. (a) Transmittances under the different thickness (0 nm–16 nm) of Si and the hole radius 55 nm-80 nm. (b) CIE1931 color space inversion map distribution 
under different conditions. Among them, the illustration is a partial enlarged drawing. (c) Color display under the different thickness of Al material and radius of the 
circular hole. 

Fig. 3. (a) Transmittances under the different thickness (50 nm-100 nm) of the Al material without the Si. (b) The electric field distribution on the surface of the 
circular hole in the X-Y plane, where the upper left corner is the resonance wavelength and the lower right corner is the thickness of different aluminum materials. (c) 
The electric field distribution inside the circular hole in the X-Z plane. 
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aluminum film, the transmittance decreases slightly (0.58) and the 
resonance peak shifts slightly (17 nm). In terms of the whole visible 
band, we can think that the peak is basically no change. As shown in 
Fig. 3(b), we provide the electric field distribution of X-Y plane with 
different thickness of aluminum film h2. It can be seen from the figure 
that with the increase of the thickness of the aluminum film, the relative 
electric field strength in the hole increases, thus leading to the red-shift 
of the resonance peak [31,32]. On the other hand, we can see from Fig. 3 
(c) that the circular hole through the thickness of the entire aluminum 

film is equivalent to a FP cavity. With the increase of the thickness of the 
aluminum film, the cavity length of the FP cavity increases, which also 
makes the resonance peak shift. As mentioned above, the change of the 
thickness of aluminum film is not the only reason for the shift of the 
resonance peak in the whole visible light band. 

Here, as shown in Fig. 4, we give the electric field distribution dia-
gram of the X-Z plane, corresponding to the case where R is 80 nm in 
Fig. 2(a). It can be seen from Fig. 4 that the relative electric field strength 
in the hole decreases with the increase of the thickness of the silicon 

Fig. 4. When R is 80 nm and different thickness h3 of silicon material is added, the electric field distribution in X-Z plane (that is, the electric field in the center of the 
circular hole along the direction of the incident light propagation). (a-i) Electric field diagram of different thickness h3. The lower left corner is the resonance 
wavelength; The intermediate value is the thickness of the silicon material. 

Fig. 5. Image in different situations; (a) Original image; (b) Gray image; (c) Canny edge position information image; (d) Filled image. Among them, the upper right 
corner is the local enlarged image of the image. 
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material. It is worth noting that the relative electric field strength of the 
silicon material layer gradually increases. In this case, the silicon layer is 
similar to the FP cavity structure, that is, FP-L structure. In a certain 
thickness range (the penetrable range), the greater the thickness of the 
metal layer, the more electrons can be excited to participate in the 
resonance mechanism, resulting in more surface plasmons. It will 
further increase the effective refractive index neff, resulting in the red- 
shift of the resonance peak [33–35]. Besides, with the increase of the 
thickness of metal materials, the resonance coupling between SPPs at the 
metal/quartz interface and SPPs at the metal/air interface is weakened, 

which leads to the attenuation of transmittance. 
In general, we change the thickness of different metals to achieve the 

shift of transmission peak in visible light band, and consequently the 
structure presents different colors. 

Image description based on structure color 

The implementation of metal micro-nanostructure for presenting 
different colors, is increasingly popular in image representation tech-
nology. Here, we present that, based on the double layer metal FP-L 

Fig. 6. The cases when changing silicon material into different materials; (a) transmittances; (b) CIE1931 color space inversion map under different metal materials; 
(c) color presentation under different cases. 
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cavity structure, combined with edge detection algorithm, the charac-
terization of the image can be faster and more accurate. 

Fig. 5 shows the process of edge location information extraction 
using edge detection algorithm (Canny operator), which aims to 
describe the image more conveniently, accurately and intelligently. As 
shown in Fig. 5(a), we randomly selected a cartoon image. In the picture, 
we enlarged and displayed the mouth information. We first process the 
image into a grayscale image, as shown in Fig. 5(b). This is convenient 
for the function to converge at the edge of the image. Finally, Canny 
operator is used to extract the edge position information of the image, as 
shown in Fig. 5(c). In the whole process, we use MATLAB software to 
program and realize intelligent processing. In the process of extracting 
edge position information, the image size is 372 * 372 pixels. After 
processing, we divide the whole picture into 372 * 372 pixels, which is 
convenient for us to extract the location information of each pixel. Here, 
every pixel is a structure unit cell that we use when presenting structure 
color, that is, 200 * 200 nm. At the same time, when the picture is 
depicted on the metal surface, the extraction of position information has 
a better accuracy for the image description, which is similar to copying. 
After extracting the location information of the image, we only need to 
select the appropriate color to fill in the corresponding position. In other 
words, we only need to select the appropriate structure in the corre-
sponding position to depict the image on the metal surface. At the same 
time, the pixels of large-scale image are reduced to 200 * 200 nm level, 
which greatly improves the imaging resolution. As shown in Fig. 5(d), 
we divide the inserted picture (mouth part) into four parts base on the 
edge position information, and fill each part into different structures 
according to the color type in the original picture to show the similar 
color. Among them, at the position where the black line part of the edge 
position is displayed, we directly block the circular hole part using the Al 
material. The details are as follows. 

In this paper, we only focus on the theoretical analysis and software 
simulation part, but not the experimental demonstration. However, 
combined with the existing mature micro-nano technology and detailed 
experiments conducted by other research groups in the literature cited 
in the Introduction, it is sufficient to prove the feasibility of our theo-
retical results. 

In order to highlight the better performance of silicon materials in 
the application of structural color, we replace silicon materials with four 
different materials, includes silver, gold, nickel and Si3N4. In the same 
case, we analyzed the transmittance and color rendering. As shown in 
Fig. 6(a), with the increasing thickness of materials, the transmission 
peak of gold, nickel and Si3N4 does not shift; However, when the 
thickness of silver material is 2 nm, the transmission peak suddenly 
shifts to about 600 nm. With the increase of the thickness, the trans-
mission peak shift is negligible. In practical application, it cannot ach-
ieve better modulation. As shown in Fig. 6(b), because the change of 
transmission peak is not obvious, for the three materials of gold, nickel 
and Si3N4, in CIE1931 color space inversion map, the color distribution 
interval is hard to realize the full coverage of visible light band color. 
Although the color distribution of silver material is relatively wide, 
because we use standard D65 light source, the light intensity is weak in 
the band with larger wavelength (>600 nm), so the overall color 
brightness is weak when the thickness is greater than 2 nm, as shown in 
Fig. 6(c). Compared with the above four types of materials, silicon 
material possesses stronger dispersion as well as absorption in visible 
light range, which efficiently enhance its modulation effect on the 
transmission peak of the structure. 

Conclusions 

In brief, by constructing a double layer metal FP-L cavity structure, 
we can adjust the position of the transmission peak in visible light band 
and show the corresponding color. It is found that the coupling between 
the metal/air layer and the metal/quartz layer can be adjustable by 
changing the thickness of the silicon plated material to control the 

transmittance. At the same time, as the thickness increases, the charge 
density between the layers of silicon material increases, which makes 
the effective refractive index increase. Consequently, the transmission 
peak shifts making the structure present different colors. In addition, we 
use the edge detection algorithm to extract the edge position informa-
tion of the image, which is conducive to more accurate description of the 
chemical dye image on the metal surface. Finally, we compared the 
ability of several different materials to control the transmission peak 
shift, and find that the transmission peak shift in the visible band can be 
easily controlled due to the strong scattering effect of silicon materials. 

The image representation can be greatly improved by the structural 
color. At the same time, combined with edge detection algorithm, the 
image representation process has higher accuracy and intelligence. The 
combination of structure color and algorithm provides a new method for 
the design of plasmonic devices, which enriches the application of metal 
structure in the field of optical imaging and information processing. 
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