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Abstract

:

In order to eliminate the influence of the high-order magnetic dipole modes in the short-wave range of the high-refractive-index dielectric grating, we propose a thin film filter to cut off the “useless” short-wave. In this way, the high-order magnetic dipole can be suppressed, and the quality of the structure color is highly improved after the thin film filter cut off the incident light in the non-resonant band. The combined application of the thin film filter and the grating filter not only avoids the problem of too big film layer thickness, but also reduces the manufacturing process cost. For example, the film system (basic film system 0.5 L H 0.5 L) and thickness of green, 15° and 45° incident film filters are 21 layers, 1.76 μm and 41 layers, 4.02 μm. The color coordinates corresponding to the calculation results occupy a large area on the Commission Internationale de l’Eclairage 1931 (CIE 1931) chromaticity diagram, which proves that this design scheme can effectively improve the structural color quality. This method obtains excellent theoretical simulation results. This has important implications for high-end imaging equipment and sensors.
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1. Introduction


As the carrier of visual information in nature, color affects all aspects of human clothing, food, housing, and transportation [1,2,3]. With the rapid development of science and technology, human have higher and higher requirements for color quality. Traditional color dyes are not suitable for harsh environments and sophisticated systems [4]. Thin-film color filters are widely used in various precision optical systems. Ultra-narrow bandpass filters can produce high-quality colors, but the total thickness of the film layer often reaches tens of microns, and the requirements of the preparation process and equipment are extremely strict, which greatly increases the difficulty of preparation. Fabry–Perot (FP) cavity film (Metal-Insulator-Metal) realizes color filtration by adjusting the thickness of the intermediate medium layer (the thickness of the cavity), which has the advantages of low cost, simple design and manufacture [5,6,7,8], etc. Therefore, it is widely used. Considering that the extinction coefficient of metal materials cannot be ignored, the incident light is inevitably absorbed, thereby reducing the saturation and brightness of the color.



Driven by preparation methods such as nanoimprinting [9], photolithography/cite [10], and beam etching [11], we can see the shadow of metasurfaces in the fields of biomedicine [12], aerospace [13], energy [14], and communications [15,16]. Compared with thin-film color filters, the color quality of metasurface color filters has been greatly improved, but it is accompanied by problems such as higher cost. The physical mechanism of structural color generation is the modulation of optical properties such as phase, polarization, and amplitude of electromagnetic waves by metasurfaces. Based on the difference of materials, it can be divided into: plasmonic metasurface color filter [17,18,19,20] and all-dielectric metasurface color filter [21,22,23,24]. The local thermal damage caused by the absorption of metal materials greatly limits the application of plasma color filters. High-refractive-index all-dielectric filters have the advantages of low loss and high radiation efficiency and are one of the hotspots in current research. High-refractive-index dielectric (Si, Si3N4, TiO2, etc.) metasurface structures based on Mie resonances, such as nano-blocks [25,26,27], disks [24,28], and gratings [29,30], have been demonstrated to yield high-purity structural colors. However, due to the influence of higher-order Mie resonances, it is difficult to obtain highly saturated structural colors with this metasurface color filter. This effect is most pronounced when getting red. In order to further improve the quality of structural color, researchers have proposed various schemes to suppress the generation of higher-order Mie resonances, such as adding antireflection coatings above and below the metasurface of high-refractive-index dielectrics [31]. This method increases the cost and difficulty of preparation while improving the color saturation. Si3N4 nano block designed by Jhen Hong Yang et al. uses Rayleigh scattering (RA) to suppress high-order Mie resonance in a short wavelength range by adjusting the structure size [32]. In order to consider high-saturation structural colors and reduce the cost and difficulty of fabrication, we carried out and published related research on the suppression of high-order dipole modes in the short-wave range of HfO2 gratings. Based on Mie resonance mechanism of high refractive index dielectric materials, we obtained low full width of half maximum transmission (FWHM) (~2 nm) and high-quality factor Q (~424.5 nm) excellent characteristics after changing the duty cycle. It is of great significance for the application of sensors [30]. To find a low-cost and efficient means of inhibition will further expand its application areas.



In this paper, we have designed several all-dielectric filters for different structural colors in order to cut off the medium and short wavelengths of the incident light. In this way, after passing through the HfO2 grating, there will be no higher-order dipole modes in the reflection spectrum of the “processed” band, which prevents the occurrence of this problem from the root. Filter and grating structures have high sensitivity to the angle of incidence, which also destroys the quality of the color spectrum. The structural color is enhanced at both 15° and 45° incident angles. Red and green are distributed around the contour of the chromaticity diagram. Comparing the positions of chromaticity coordinates on the CIE 1931 chromaticity diagram, it is proven that the proposed scheme can effectively improve the quality of structural color. This promotes the development of applications such as high-precision display imaging equipment.




2. Model Building and Simulation


The single-layer hafnium dioxide (HfO2 ≈ 2.15) grating constructed on K9 glass was simulated by the finite difference time domain method, and the reflection spectra under different grating sizes were obtained. The incident light was vertically incident on the grating, the X and Y directions of the simulation interval were set as periodic boundary conditions, and the Z direction was set as the PML boundary condition. A high precision mesh (mesh = 6) was selected. Figure 1a is a schematic diagram of the structure of the HfO2 grating. The size, thickness, and period of the grating are defined as D, H, and T, respectively. The thickness H of the HfO2 grating was 140 nm, fixed duty ratio (D/T = 4/7). During the change of the grating period from 240 nm to 420 nm, the resonance position of the reflection spectrum was flexibly regulated, as shown in Figure 1b. As the grating period increased, the intensity of the formant decreased gradually. Weaker higher-order dipole modes could be observed in the short-wave range, destroying the saturation of the structural colors. In order to prove the physical mechanism of the structural color generation, we analyzed the magnetic field distribution at the resonant peak position of the reflection spectrum when the grating period T = 385 nm (D = 220 nm), as shown in Figure 1c. The annular displacement current generated by the incident electromagnetic wave excited the magnetic dipole resonance, so that the magnetic field was confined in the high-refractive-index dielectric material HfO2 grating.



After the incident light was filtered by the filter, the non-resonant region in the reflection spectrum was filtered, and the processed incident light was incident into the grating structure at the same incident angle θ (relative to the filter and grating), thereby improving the quality of the structure color, as Figure 2 shows. In order to cut off the short-wave region of the reflection spectrum, we used the thin film design software Essential Macleod to design filters with three different film systems. The initial film systems of the filters were respectively (0.5 L/H/0.5 L)n. The coefficient n is an adjustment factor for the filter steepness, and the larger the coefficient, the higher the filter steepness. The high and low refractive index materials were tantalum pentoxide (Ta2O5 ≈ 2.14) and silicon dioxide (SiO2 ≈ 1.46), respectively.




3. Results and Discussion


The equivalent interface method can be used to calculate the total reflectivity and transmissivity of multilayer dielectric films and metal films. The corresponding admittance results were obtained through the film characteristic matrix:


       B     C      =     ∏   j = 1  K        cos  δ j       i   η j    sin  δ j        i  η j  sin  δ j      cos  δ j               1       η  K + 1          



(1)




where K is the total number of film layers, j is the jth layer of film, the multilayer film is equivalent to a single layer of film, the equivalent interface admittance Y = C/B, and the total reflectivity R is expressed as:


  R =      η 0  B − C    η 0  B + C            η 0  B − C    η 0  B + C      *   



(2)







Red, green, and blue are the three primary optical colors, which can be mixed in different proportions to present various colors. The RGB color purity determines the size of the triangle area of these three points on the chromaticity diagram. The area of the triangle in turn determines the number of colors that can be combined. Figure 3a–c are the spectral responses of the incident light incident on the filter and HfO2 grating at an incident angle of 15°, corresponding to blue, green, and red in the optical three primary colors, respectively. The cut-off wavelengths of the filters were 436 nm, 518 nm, and 589 nm, respectively. The number of film layers for red, green, and blue filters were 51, 21, and 21, respectively. The total film thickness of each film layer was 5.052 μm, 1.76 μm, and 1.426 μm, respectively. The reflectivity of the filter is defined as R1, and the reflectivity of the HfO2 grating is defined as R2. Without considering other optical losses, the final reflectivity of the entire system is Rfinal = R1 × R2. The passband part had high transmittance, and the transmittance exceeded 99%. This means that the function of the filter in the whole system was only the short-wave range cut-off, and the impact on the real working band was minimal. Figure 3d–f are the final response of the reflectance spectrum after filtering and HfO2 grating. The results show that the filter had almost no effect on the spectrum in the long-wave range after filtering the short-wave.



As the angle of incidence increased, the reflectance spectra of the filter and grating structures were severely damaged, affecting the quality of the colors produced. The high sensitivity to angle makes them unsuitable for working conditions of large angle incidence. We further explored the color quality at an incident angle of 45°. In order to reduce the cost of the filter, only the short-wave reflection cut-off and the transmission cut-off near the resonance wavelength were constrained in the design process. Figure 4a–c are the spectral responses of the filter and the HfO2 grating at an incident angle of 45°, corresponding to blue, green, and red in the optical three primary colors, respectively. The cut-off wavelengths of the filters were 439 nm, 472 nm, and 567 nm, respectively. The number of film layers for red, green, blue filter films was 41, 41, and 31 respectively. The total film thickness of each film layer was 4.594 μm, 4.02 μm, and 2.44 μm. The black curve corresponds to the reflectance spectrum of the filter, and the red curve corresponds to the reflectance spectrum of the HfO2 grating structure. With the increase of the incident angle, the peak intensity was greatly reduced and the side-peak interference at the off-resonant peak position became more obvious. Figure 4d–f are the final responses of the reflectance spectrum after filtering and HfO2 grating. Although the short wave was effectively cut off, the increase of the angle will cause the side peak interference at the non-resonant position to be obvious.



The location of the chromaticity coordinates on the chromaticity diagram is undoubtedly one of the best ways to judge the quality of structural colors. The CIE 1931 chromaticity diagram describes a color space mathematically. Chromaticity coordinates are defined as (x, y), which are calculated from tristimulus values (X, Y, Z), x = X/(X + Y + Z), y = Y/(X + Y + Z). Tristimulus values are determined by Equations (3)–(5) [31]:


  X =  1 k  ∫ D  λ   x ¯   λ  R  λ  d λ  



(3)






  Y =  1 k  ∫ D  λ   y ¯   λ  R  λ  d λ  



(4)






  Z =  1 k  ∫ D  λ   z ¯   λ  R  λ  d λ  



(5)




where R(λ) represents the reflection spectrum, D(λ) represents the energy distribution of the illumination, and    x ¯   ,    y ¯    and    z ¯    represent the color vision parameters of the standard observer human eye. The chromaticity coordinates were calculated by the above formula, and the chromaticity coordinates of HfO2 grating and “HfO2 grating + filter” were drawn on the CIE 1931 chromaticity diagram under the incident angles of 15° and 45° to form an intuitive comparison, as shown in Figure 5. “o” and “*” are the chromaticity coordinates of HfO2 grating and “HfO2 grating + filter” under 15° incident angle, respectively; “x” and “+” are the chromaticity coordinates of HfO2 grating and “HfO2 grating + filter” under 45° incident angle, respectively. The distribution range of RGB three colors obtained at 15° incidence angle in the chromaticity map was far beyond the simulation results reported by Jhen Hong Yang et al. [32], which means that this method effectively improves the color quality. With the increase of the angle, the chromaticity coordinates of the three colors of RGB moved to the center of the chromaticity diagram, the area enclosed by the three became smaller and smaller, and the structural color quality of the HfO2 grating is obviously reduced. The use of filters effectively overcame this problem, and the chromaticity coordinates of the three primary colors corresponding to the incident angles of 15° and 45° approached the contour position of the chromaticity diagram. The color quality of the 15° and 45° incident angles incident on the “filter + grating” was significantly improved compared to the HfO2 grating alone, but the color quality of any combination will decrease with the increase of the incident angle.



The structural colors obtained by several combinations were compared, as shown in Figure 6. Figure 6a,b are the blue, green, and red obtained by the HfO2 grating and the “Filter + HfO2 grating” at 15° and 45° incident angles, respectively. The highest quality of structural color was obtained with the “Filter + HfO2 grating” at an incident angle of 15°. The red and green qualities obtained by the four combinations were from high to low: “15° + Filter + HfO2 grating” > “45° + Filter + HfO2 grating” > “15° + HfO2 grating” > “45° + HfO2 grating”. The blue produced by both combinations at 45° incidence were of lower quality than the blue obtained at 15°.




4. Conclusions


In conclusion, in order to suppress the high-order dipole modes generated by the high-refractive-index dielectric material HfO2 grating in the short-wave direction, we propose to use a filter to directly filter the short-wave non-resonant region, thereby retaining the true working band. The simulation results verify the feasibility of this method. Considering the high sensitivity of the HfO2 grating to the angle of incidence, this also destroys the color quality. In order to illustrate the impact of the incident angle on the color quality, we discussed the structure colors obtained at the incident angle of 15° and 45° and compared the extent to which this method can improve the color quality. The chromaticity coordinate distributions at incident angles of 15° and 45° were calculated and compared, and it was proven that this method can effectively improve the saturation of structural colors and obtain high-quality colors at large angles. The color quality can be improved by using thin film filters to suppress higher-order dipole modes. Compared with the method of multilayer all dielectric nanostructures to suppress higher-order dipole modes, this method reduces the difficulty and cost in preparation. This research provides a new idea for suppressing higher-order dipole modes, which can be applied in imaging devices with demanding precision and metrics, and sensors for the visible light range.
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Figure 1. (a) Schematic diagram of the HfO2 grating structure; (b) with a fixed duty ratio (D/T = 4/7) and grating thickness (H = 140 nm), the grating period T (from 240 nm to 420 nm) was swept; (c) the magnetic field distribution at the grating period T = 385 nm and the resonance peak λ = 533 nm. 
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Figure 2. Schematic diagram of incident light after passing through filter and grating. 
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Figure 3. The light was incident at 15°, (a–c) correspond to the blue, green, red, black lines in the optical three primary colors represent the reflection spectrum of the filter, and the red line represents the reflection spectrum of the HfO2 grating. (d–f) Reflectance spectra of filters and HfO2 gratings. 
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Figure 4. The light is incident at 45°, (a–c) correspond to the blue, green, red, and black lines in the optical three primary colors represent the reflection spectrum of the filter, and the red line represents the reflection spectrum of the HfO2 grating. (d–f) Reflectance spectrum of filter and HfO2 grating. 
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Figure 5. The distribution of chromaticity coordinates of the HfO2 grating and the “filter + HfO2 grating” on the CIE 1931 chromaticity diagram at the incident angles of 15° and 45°. 
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Figure 6. (a,b) are the blue, green and red obtained by incident on the HfO2 grating and the “filter + HfO2 grating” at 15° and 45° incident angles, respectively. 
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