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Abstract

:

A study for the performance of the Sunflower (circular symmetric structure) quasi-periodic photonic crystal superlens is presented. A series of parameters, including thickness, refractive index and duty cycle, of the Sunflower structure are discussed. The analysis of this study illustrates that the Sunflower structure could provide excellent focusing imaging due to its good circular symmetry and also have negative refraction in low refractive index materials. It provides an important way to choose an alternative to positive refraction lenses in the future.
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1. Introduction


In recent years, a negative refraction lens that can break the diffraction limit has become a hot research area. The dispersion characteristics of electromagnetic wave transmissions cause negative refraction in periodic photonic crystals, and the frequency range of negative refraction can be found by calculating the frequency surface [1,2,3]. However, the anisotropy of the dispersion of periodic photonic crystals makes the negative refraction more complex. Periodic photonic crystals could achieve far-field imaging only by designing a complex structure and using some non-dielectric properties as the matrix material [4]. In order to achieve uniform dispersion and far-field focusing, it is necessary to choose a structure with high symmetry to construct the lens; photonic crystals with a quasi-periodic structure just meet this requirement. Compared with negative refractive index media and periodic photonic crystals, quasi-periodic photonic crystals have the following advantages: (1) using pure dielectric materials without introducing metal wire arrays, the evanescent wave can also be amplified and the diffraction limit can be broken; (2) non-near-field absolute negative refraction imaging can be achieved without introducing structural correction [5].



In 2004, Feng et al. [5] prepared twelve Stampfli-type quasi-periodic photonic crystals and studied the imaging characteristics of this flat plate structure to point light source. The simulation is performed by using the multiple scattering method. Zhang and Li et al. [6] have studied the focusing effect in twelve-fold Penrose-type quasi-periodic photonic crystal flat lenses. It is pointed out that the focusing imaging characteristics of quasi-periodic photonic crystals come from the high rotation symmetry and its negative refraction effect by using the multiple scattering method. Gennaro et al. [7] used a two-dimensional full-wave method to study the influences of the thickness and the width of the 12-fold Stampfli-type quasi-periodic photonic crystal plate on the sub-wavelength focusing and imaging characteristics and pointed out that the focusing imaging is greatly affected by thickness, but not by width. Gennaro et al. [8] experimentally verified a series of conclusions about the generation of the negative refraction effect and point source focusing reported by the research group of the Institute of Physics, Chinese Academy of Sciences in 2005. Ren et al. [9] of Tianjin University calculated the negative refraction and non-near field imaging characteristics of twelve Stampfli air hole quasi-periodic photonic crystals by using the finite-difference time domain (FDTD) method. Then, the influence of the surface cross-section of 12 Stampfli air hole quasi-periodic photonic crystal flat lenses on electromagnetic wave propagation and focusing is calculated [10]. Ren et al. [11] used the finite-difference time domain (FDTD) method to analyze the influence of the position disorder and the radius disorder of scatterers on the focusing of a plate lens. The analysis of focusing imaging characteristics of photonic crystals mostly involves periodic photonic crystals, or octet, dectet, twelve-fold Penrose-type and twelve-fold Stampfli-type quasi-periodic photonic crystals [12]. Focusing imaging characteristics of Sunflower-type quasi-periodic photonic crystals have not been studied much. Previous studies of the Sunflower structure have focused on its use as a high-Q microcavity laser [13], its large curved waveguide due to its smooth structure [14], and its gradient lens based on Sunflower photonic crystals [15,16]. This paper presents the focusing imaging characteristics of Sunflower-type quasi-periodic photonic crystals.




2. Structure Design of Sunflower Quasi-Periodic Photonic Crystal Superlens


A Sunflower quasi-periodic photonic crystal (QPC) is aperiodic, but the dielectric column is systematically distributed on an air background, which is shown in the x-z plane as follows:


   x =  α Ncos   (    2  m π    MN    )    ,   z =  α Nsin   (    2  m π    MN    )  ,   m = 1 ~ MN   



(1)




where a is the distance between two adjacent circles as the lattice constant, N is the ordinal number of each circle from inside to outside, M is the number of dielectric columns in the first ring, m is the variable and x, z are the coordinates of each medium column. The six-weight Sunflower structure is mainly studied, so M = 6 is substituted into this formula.



Although the air column structure is easily prepared, the surface reflectivity of the flat lens is high. Only the Sunflower-type flat lens with SiO2 dielectric column is considered. The central symmetric point of the flat lens (as shown in the rectangular frame) for a six-weight Sunflower quasi-periodic photonic crystal coincides with the origin O of the 2-d plane xoz. (Figure 1). Supposing the object distance of point light source is u, the thickness of lens is d and the image distance is v.




3. Relationship between Imaging Characteristics and Thickness


It is well known that the traditional optical lens has concave and convex thicknesses, of which the shape and thickness affect its performance. Therefore, researchers often change the shape, structure and size of the lens to suit its specific application. However, the limitations of aberration and the large size of an ordinary lens are not conducive to the fabrication of a micro-lens, which is an important imaging component in integrated optics. Researchers have found that photonic crystals could break through the diffraction limit and become one choice for making micro-lenses. First of all, the influence of the thickness for a flat lens on its imaging characteristics is discussed in order to select a reasonable number of layers (thickness) for further analysis. When assessing the imaging characteristics on different thicknesses, the lattice constant is fixed at 0.3. Generally, the larger the radius of the photonic crystal dielectric column, the easier the experimental preparation will be. A Sunflower photonic crystal structure has no translational symmetry. Note that the z position of the point light source is set as x = 0, whose distance from the lens is half the thickness of the lens. According to the negative refraction focusing theory of a flat lens mentioned in the literature, the distance from the flat surface is U = d/2, which is a necessary condition for point light source imaging. Because the first Brillouin region that exists in the two-dimensional periodic photonic crystals does not exist in quasi-periodic photonic crystals, there is no isofrequency surface to describe the negative refraction effect, but the photonic band structure of quasi-periodic photonic crystals is easy to obtain. The Sunflower QPC also has no available isoplane. Therefore, for any quasi-periodic Sunflower photonic crystal flat lens, the passband wavelengths outside the band gap could be explored one by one based on this relation to find the focusing and imaging bands. The calculation method in the following sections is similar and would not be further described. Only the transmission spectra of nine-layer Sunflower QPCs with refractive index 1.6 and refractive index 2.0 are given here, as shown in Figure 2.



The above peaks of transmission spectrum are grouped one by one to observe whether there is negative refraction imaging. It is found that when the refractive index increases to 2.8, the overall transmittance decreases obviously and the reflection increases. Therefore, only the transmission spectra of the Sunflower lens with 17, 13, 9 and 5 layers and refractive indexes 1.6, 2 and 2.4 were calculated, respectively. The relative intensity Ip is listed as shown in Table 1.



According to the data analysis in Table 1, it could be concluded that when the number of layers is nine, there are more effective values with better efficiency. Therefore, in the following discussion, the number of layers is fixed at nine for discussing. The intensity distribution diagram with nine layers, refractive index 1.6 and wavelength 1.7 µm is shown in Figure 3. An interesting pattern could be found from Table 1: focusing occurs at 5, 9, 13 and 17 layers with 4 layers apart. From the literature [16], we know that changing the thickness of the lens not only affects the stable focusing phenomenon of the lens, but also affects the focusing imaging characteristics of the lens to point light source. In the region where the focusing phenomenon can occur, changing thickness will affect the surface condition of the lens, thus affecting the image intensity, image quality and image distance of the lens, which do not change monotonously with the lens thickness. Its fundamental cause or physical mechanism is that because of the two-dimensional photonic crystal structure of the quasi periodicity, when the thickness of the lens is monotonously changed, the arrangement of scatters on the front and back surfaces does not change regularly. As a result, when the light wave from the point light source propagates to the front surface of the lens, its wavefront will split in different directions, that is, a large number of photons will scatter in different directions on the surface and the lens. As a result, the intensity, width and direction of the two-photon beam emanating from the surface behind the lens are not regular and, finally, the image intensity, image quality and image distance of the point light source from the lens do not change monotonously. However, the focus phenomenon is not due to the thickness of the lens or the specific conditions of the surface, because it can produce an obvious two-photon beam. For the two-dimensional photonic quasicrystal plate lens with the parameters set by us, the thickness that can produce the focusing phenomenon is at and near the corresponding thickness of the main channel that can produce the annular photon flow. In other words, the farther away from these thicknesses, the farther away from the main channel of annular photon flow, the less easily the focusing phenomenon is produced.




4. Relationship among Imaging Characteristics and Refractive Index and Duty Cycle


The Sunflower quasi-periodic photonic crystal, like periodic photonic crystals, can be constructed of two pure dielectric materials: a high dielectric column in a low dielectric background and a low dielectric column in a high dielectric background. Since air is often used as a medium with a low dielectric constant in theory, the structural arrangement factor in photonic crystals is called air hole or rod in most literatures. The medium with the high dielectric constant is usually called the matrix. Because dielectric column quasi-periodic photonic crystals have no absorbability without structural modification, and have low reflectivity, they have become a research hotspot. Sunflower QPC has the same advantages.



It is well known that the matrix relative dielectric constant (or refractive index), one of the basic parameters of QPC, is also the basic parameter of the Sunflower photonic crystal, which determines the physical characteristics of Sunflower QPC, such as the photonic band structure and band gap characteristics. Therefore, the focusing effect of the Sunflower QPC flat lens could be effected. In addition, compared with periodic photonic crystals, the dielectric column (or air hole) of Sunflower QPC has rotational symmetry, though not translational symmetry. The duty ratio of the dielectric column (or air hole) will influence the effective relative permittivity. Then, it will influence the physical properties of the Sunflower QPC, such as the photonic band structure and the photonic band gap. Furthermore, the photonic band structure influences the focusing characteristics of the photonic quasi-crystals. Therefore, it is significant to study the focusing imaging characteristics of the Sunflower photonic crystal with different duty ratios. Nevertheless, most of the previous research methods use a fixed single refractive index to study the impact of the duty ratio on imaging characteristics, or a fixed duty ratio to study the impact of refractive index on imaging characteristics. As mentioned above, the difference of duty cycle will affect the effective relative permittivity and thus the focusing characteristics. Hence, it is necessary to study the duty cycle and the refractive index together to increase the coverage of the study. Since the duty cycle of 0.5 will cause the overlap of the dielectric column, it is meaningless to continue this study and will not be included in the discussion here. The method is the same as the previous section.



The calculation shows that there is no good imaging when the duty cycle is 0.1, 0.2 and 0.25. Consequently, only the data table and light field distribution map of duty cycle 0.3, 0.35, 0.4 and 0.45 are given.



The calculated values are compared with different duty ratios and refractive indexes in Table 2. According to the table, some intensity distributions with better values are shown in Figure 4. The point light could be imaged behind the Sunflower QPC lens with different duty ratios, refractive index and wavelength. The imaging characteristics vary with the parameters of each part of the lens.




5. Conclusions


In this paper, the Sunflower-type quasi-periodic photonic crystal superlens was studied. A series of parameters including thickness, refractive index and duty cycle of the Sunflower structure were compared. It is found that a point light source could be imaged well through the Sunflower-type QPC superlens based on its good circular symmetry. In previous studies on periodic or quasi-periodic photonic crystal superlenses, materials with a high dielectric constant were mostly used, while the Sunflower QPC lens also has a good superlensing effect in low dielectric constant materials. The Sunflower QPC superlens has the advantages of having a simple structure and a better imaging effect compared with a traditional quasi-periodic photonic crystal superlens. It provides an important way to choose an alternative to superlenses in the future and also has some reference significance for the selection of meta-surface materials.
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Figure 1. (1) Sunflower structure schematic diagram. (2) Analysis model of imaging characteristics of 2D QPC flat lens. 






Figure 1. (1) Sunflower structure schematic diagram. (2) Analysis model of imaging characteristics of 2D QPC flat lens.



[image: Crystals 12 01134 g001]







[image: Crystals 12 01134 g002 550] 





Figure 2. Transmission spectra of 9-layer Sunflower flat lens with different refractive indexes. 
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Figure 3. Intensity distribution of the 9-layer flat lens at refractive index 1.6 and wavelength 1.7 µm. 
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Figure 4. Light intensity distribution of 9-layer superlens under different conditions: (a) duty cycle is 0.3, refractive index is 1.8 and wavelength is 1.8; (b) duty cycle is 0.35, refractive index is 2.6 and wavelength is 2.6; (c) duty cycle is 0.4, refractive index is 1.6 and wavelength is 1.8; (d) duty cycle is 0.45, refractive index is 2.6 and wavelength is 2.5. 
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Table 1. Parameters of effective convergence points corresponding to different layers.
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	Layers
	The Refractive Index (n)
	Wavelength (µm)
	Ip (arb. Units)





	17
	1.6
	1.36
	32



	17
	2
	1.55
	4



	13
	1.6
	1.65
	24



	13
	2
	1.75
	8



	13
	2.4
	1.9
	5



	9
	1.6
	1.5
	56



	9
	1.6
	1.6
	48



	9
	1.6
	1.7
	46



	9
	2
	1.7
	52



	9
	2
	1.8
	56



	9
	2
	1.9
	60



	5
	1.6
	0.7
	1



	5
	2
	1.66
	4
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Table 2. Effective convergence-point parameters corresponding to different duty cycles and refractive index.
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	Duty Cycles
	The Refractive Index (n)
	Wavelength (µm)
	Ip (arb. Units)





	0.3
	1.6
	1.5
	56



	
	1.8
	1.8
	64



	
	2.0
	1.9
	60



	
	2.2
	2
	56



	
	2.6
	2.4
	44



	0.35
	1.6
	1.6
	25



	
	1.8
	1.9
	40



	
	2.0
	1.9
	55



	
	2.2
	2.3
	45



	
	2.4
	2.3
	40



	
	2.6
	2.6
	56



	0.4
	1.6
	1.8
	72



	
	1.8
	1.9
	55



	
	2.0
	2.2
	25



	
	2.2
	2.3/2.4
	60



	
	2.4
	2.4
	64



	
	2.6
	2.3
	64



	0.45
	1.6
	1.9
	56



	
	1.8
	2
	48



	
	2.0
	2.2
	40



	
	2.2
	2.1
	52



	
	2.4
	2.4
	72



	
	2.6
	2.6
	80
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