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Abstract:



Broadband resonant scattering in a visible region that can be obtained by coupled multiple silicon nanocylinders. For a single high refractive index silicon nanocylinder, the electric dipole and magnetic dipole resonances can be observed. By constructing a silicon nanocylinder dimer, the interaction between the particles plays an important role in broadband scattering. Interestingly, due to magnetic-magnetic dipole interaction, a splitting phenomenon of magnetic resonance mode is revealed. A new magnetic resonant mode emerges at a longer wavelength in dimer and trimer by changing the diameter of one nanocylinder in dimer or trimer, and the gap size between nanocylinders. The scattering bandwidth can further increase with the effect of substrate, which is attributed to the extension of resonant mode into substrate. The broadband optical response can be revealed by the calculated scattering resonant spectra and the spatial electromagnetic field distributions. Furthermore, the transmission of periodic nanocylinder structure, including single nanocylinder and dimer, is demonstrated. By decreasing the gap between nanocylinders in dimer for periodic array structure, a new electric resonant mode occurs. These results can provide a guideline to realize broadband resonant optical elements.
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1. Introduction


With the rapid development of information technology, the requirement of components tends to be miniaturized and integrated. But, due to the limitation of the diffraction limit, the traditional optoelectronic components in nano-size can not get effective photoelectric information dissemination and utilization. Then, the nanophotonics become a hot research field. For example, the resonant nanostructures [1] have a large scattering cross-section [2], and they can concentrate, redirect, and manipulate light [3,4] at the surface of many optical devices [5], such as solar cells [6,7], sensors, etc. They can also optimize the coupling and capture of light. In recent decades, some considerable researches have focused on the design, construction, and synthesis of different plasma nanostructures [8,9], such as nanorods, nanoshells, nanocyclic rings, nanoscale [10], nanowires, and nano crescents. As a kind of nano-scale optical control method, plasma resonance [11] of metal nanostructures has attracted much attention in optical, biomedical, and nonlinear materials.



However, the metal nanostructure has a small dielectric constant and a large non-radiation loss (such as ohmic loss) [12,13,14]. So, its related application performance is limited to further develop, especially in visible region. In general, the intrinsic dielectric constant of the dielectric material is large, and the non-radiation loss is very low. So, dielectric material with a high refractive index can effectively suppress the radiation loss and non-radiation loss to construct the nanostructure with low absorption loss [15]. Dielectric nanostructured materials with a high refractive index have recently risen to prominence for the control of light [16]. They give a novel way to directly engineer electromagnetic field response at optical frequencies. Specially, these high refractive index nanoparticles can be designed to a new building block for scalable, tunable, and low-loss metamaterials [17]. A single dielectric spherical nanoparticle exhibited both magnetic dipole and magnetic dipole resonances. Unlike plasmonic nanoparticles, the magnetic resonance, demonstrated in silicon [18] and gallium arsenide nanoparticles [19], results from circular displacement currents that are driven by an incident electric field. However, most researches have concentrated upon single nanoparticle or periodic structure [3,8,9,13]. Recently, nanodimer nanoparticles can offer further tunability and engineering capabilities for electric dipole or magnetic dipole resonances [20,21]. Also, it can reveal the physics of hotspots and near-field distributions, which is important for nanoparticles with Fano-type resonances and strong interparticle interactions [17,20,21]. Dimer nanoparticles with high refractive index materials have recently been studied in numerical calculations [22,23] and in experiments at microwave frequencies [24,25]. Dielectric nanoparticles can reduce quenching and provide higher quantum efficiency of localized emitters, which is important for engineering emission at the subwavelength scale [22]. Thus, dielectric nanoparticles can be frequently applied in efficient magnetic scatterers [26], with possible application in metamaterials [27], metasurfaces [28], nanoantennas [29], and optical on-chip integration devices exhibiting unusual scattering properties [30].



In this paper, we systematically studied the resonant scattering and coupling properties of multiple dielectric nanocylinders in visible spectrum. The resonant performances of nanostructures composed of one, two, or three silicon nanocylinders are demonstrated numerically by finite difference time domain method [31]. We also studied the transmission characteristics and resonance of the periodic arrays of the nanocylinder structure. By adjusting the geometric parameters of silicon nanocylinder arrays, the electric dipole and magnetic dipole resonances can be selectively enhanced or suppressed for different applications.




2. Theoretical Modal of Coupled Nanoparticles


When the feature size of the high refractive index dielectric nanoparticles is significantly smaller than the incident wavelength, the resulting optical resonance can be described by the effective electric dipole and magnetic dipole as [32]:
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(1)




where [image: ] and [image: ]denote the induced electric and magnetic dipoles, respectively, and [image: ] and[image: ] are the electric and magnetic polarizabilities, respectively, and [image: ] and[image: ] are the incident fields.



When considering the interaction between multiple nanoparticles, the electric and magnetic fields at the ith particle, as caused by the jth particle, can be represented by [32]
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(2)




where[image: ] denote the direction vector from the jth particle to ith particle. The coefficients aij, bij and dij are expressed as:
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(3)




where rij denotes the distance between ith and jth particles and k = 2π/λ. Thus, the total induced electric and magnetic dipoles can be derived as [32]:
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(4)




where [image: ] represents the speed of light in vacuum. When [image: ], [image: ] and [image: ] → 0 with [image: ] → ∞, the electric and magnetic dipoles can be regarded as equivalent to that of a single nanoparticle. When [image: ] → 0, the scattering characteristics changes dramatically. According to Equation (4), the electric-to-electric interaction, the electric-to-magnetic interaction, and the magnetic-to-magnetic interaction can be found. The coupled nanoparticles can achieve versatile functions by these induced interactions.




3. Resonant Scattering of Nanocylinders


3.1. Scattering Characteristics of Single Nanocylinder


The schematic of nanocylinder is shown in Figure 1. The light source is incident from the top of the nanocylinder particle. The displacement current can be formed in nanocylinder by the electric field of the incident light, resulting in the formation of the in-plane magnetic dipole [18,19,20]. Silicon material for nanocylinder is used because it is a high refractive index material with a relatively low absorption loss in the visible spectrum range, and it is compatible to nanophotonic devices and semiconductor components. In our simulation, the total field scattering field (TFSF) light source of finite-difference time-domain method (FDTD) was applied as the excitation source. The scattering cross-section and the electromagnetic field distribution of the nanocylinder or nanocylinder array were accurately calculated by FDTD method.


Figure 1. (a) The schematic of nanocylinder, the direction of the red arrow indicates the direction of the displacement current, and the incident wave is normally incidence; and, (b) Interaction between nanocylinders with and without substrate.
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Firstly, we study the scattering properties of single nanocylinder, as in Figure 2. [image: ] is defined as the scattering cross-section of a single silicon nanocylinder in air. The scattering cross section for a silicon nanocylinder with height and diameter of 100 nm is demonstrated. It can be seen that the scattering peaks are at 433 nm and 494 nm, respectively. We can use the field profiles inside the nanocylinder to identify the electromagnetic resonant modes and the corresponding current loops in Figure 3. Figure 3 shows the electric field vector distribution at the center of nancylinder. It can be revealed that the resonant mode at [image: ] corresponds to the electric dipole (ED) mode, and the resonant mode at [image: ] corresponds to the magnetic dipole (MD) mode based on the field lines loop induced by the driving field. In order to further reveal electromagnetic field characteristics of nanocylinder, the electromagnetic field distribution in Figure 4 is plotted at [image: ] and [image: ], respectively. From the electric field distribution in Figure 4a, a linear electric field distribution in the center of nanocylinder at [image: ] is shown, and there is a displacement current loop with the circulating electric field at [image: ] in Figure 4c. From the magnetic field distribution, there is a node at the center at [image: ] in Figure 4b, which indicates the presence of electric dipole. There is an antinode at the center at [image: ] in Figure 4d, which is consistent with a magnetic dipole. By the vector field lines and the electromagnetic field distributions, it can be revealed that the scattering resonant mode at [image: ] can be attributed to the electric resonance, and the scattering resonant mode at [image: ] originates from magnetic resonance.


Figure 2. Scattering cross-section of a single silicon nanocylinder.
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Figure 3. The electric field vector distribution of the XOZ cross-section at the center of nanocylinder. (a) at [image: ]; (b) at [image: ].
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Figure 4. (a) The electric field distribution and (b) the magnetic field distribution at [image: ] at XOZ plane through the center of the nanocylinder, respectively; (c) The electric field distribution and (d) the magnetic field distribution at [image: ] at XOZ plane through the center of the nanocylinder, respectively.
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Figure 5a shows the scattering spectra for particle radius from 50 nm to 70 nm, with the height of 100 nm. It can be seen that the scattering resonant modes, ED and MD, show a clear red-shift and an increase in [image: ] for increasing nanocylinder diameter. For the diameter of 140 nm, the higher order mode of electric duadrupole occurs at visible spectrum. In Figure 5b, the influence of particle height with diameter of 100 nm to scattering resonance is shown. With the increase of height, the two maxima of the scattering cross-section show a clear redshift, and the amplitude increases. For the nanocylinder with a height of 50 nm, it is not sufficient to support the MD mode, so the amplitude of MD resonance is smaller. It is expected that MD resonance can not be supported if the height of particle is too shallow to drive the displacement current loop. Also, since [image: ] inside and outside the particle, the magnetic current loop that is caused by the dipole moment can extend to the outside of the particle.


Figure 5. Scattering spectra of a single silicon nanocylinder with (a) various radius R and (b) various height of nanocylinder in air.
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3.2. Scattering Characteristics of Double-Nanocylinders-Combination


Next, we study the interaction between two identical silicon nanocylinders by changing the spacing g between two particles in Figure 6. When the gap g is comparable to the diameter 100 nm of nanocylinder, the scattering performance is similar to that of a single nanocylinder, except for the enhancement of scattering amplitude. The amplitude of electric dipole resonance is lower than that of magnetic dipole resonance, and both resonant modes are separated completely. As the spacing becomes smaller, the interaction between two nanocylinders becomes stronger, and a broadband scattering characteristic occurs.


Figure 6. Scattering spectra of double-nanocylinders-combination with the decreasing spacing from 100 nm in air. g represents the spacing between two nanocylinders. The diameter and height are 100 nm.
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In order to intuitively understand the effect of strong interaction of nanocylinders in close proximity on broadband scattering properties at the gap g = 10 nm, we study the electric and magnetic field distributions at the XOZ plane (y = 0). From the scattering cross-section curve, we select two positions: at λ = 444 nm and at λ = 499 nm, which have deviated from the electrical resonance at λ = 433 nm and the magnetic resonance at λ = 494 nm of a single nanocylinder.



From the electromagnetic field distribution in Figure 7, it can be seen that the strong electric field is concentrated on the gap between nanocylinders. In Figure 7a,b, at the electric field distribution indicates a roughly linear distribution, while the magnetic field shows an approximate node, implying the electric dipole resonant mode. It is obvious that the field distribution in dimeric nanocylinders demonstrates asymmetric features, which is attributed to the strong interaction between dimer. From Figure 7c,d, at the electric field, introduces a displacement current loop and the magnetic field indicates an antinode in each nanocylinder. These characteristics exhibit magnetic dipole resonance. It is interesting that by the enhancement of interaction with a decrease of gap, the scattering resonant bandwidth, including ED and MD, is broadened. The ED and MD resonances nearly merge with each other and form hybrid broadband resonant mode.


Figure 7. The intensity distributions of electric field and magnetic field of the dimer with gap g = 10 nm at (a,b) [image: ] and (c,d) [image: ], respectively, at XOZ plane.
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Next, the interaction of two different nanocyinders dimer is illustrated in detail by calculated scattering spectra in Figure 8. The scattering spectra were calculated with the two different nanocylinders at the unchanged gap width of 100 nm from Figure 8a–d. The diameter of one nanocylinder is 100 nm, and the diameter of the other nanocylinder is varying from 100 nm to 130 nm. In the case of Figure 8a, the scattering spectrum is similar to that of a single silicon nanocylinder, which indicates that the interaction between two nanocylinders is weak. As the diameter of the right nanocylinder in the double-nanocylinders-combination increases, the scattering amplitude of the electric resonance is decreased, and it shifts slightly closer to the mainly magnetic dipole resonance. When the diameter of the right nanocylinder is increased to 110 nm in Figure 8b, a newly emergent mode occurs. After carefully analysis, it results from the interaction of two nanocylinders. This new mode introduces a splitting phenomenon of magnetic dipole resonance. This mode can be named as “MD2”, and the original magnetic dipole resonance can be called as “MD1”. The splitting of “MD1” and “MD2” results from the magnetic-magnetic interaction in both of the nanocylinders. With the increase of diameter, the newly magnetic mode of “MD2” is redshift, but the resonant frequency of “MD1” is unchanged. Because of this splitting performance of magnetic resonance, the dimeric silicon nanocylinders shows a clear broadband scattering effect.


Figure 8. Calculated scattering spectra of dimers. (a–d) the diameter of left nanocylinder is unchanged, the nanocylinder gaps are unchanged with g = 100 nm, and the diameter of the right nanocylinder is changed from (a) 100 nm to (d) 130 nm. (e–h) nanocylinder gaps varying from 100 nm to 10 nm, Both silicon nanocylinders are different with the diameter 100 nm of left nanocylinder and the diameter 110 nm of right nanocylinder.
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From Figure 8e–h, it is found that the resonant frequency of “MD2” is unchanged with the varying gap between two nanocylinders when the diameter of one nanocylinder is 100 nm and the diameter of other nanocylinder is 110 nm. The resonant amplitude of “MD2” is clearly increased, and it can be comparable to that of “MD1” in Figure 8h. Therefore, a broadband scattering resonance can be revealed by the coupling interaction effect between closely two nanocylinders. In order to further demonstrate the interaction, the scattering spectra were calculated as a function of the gap size in Figure 9 when the diameter of one nanocylinder is 100 nm and that of the other nanocylinder is 140 nm.


Figure 9. Scattering spectra of two-different-nanocylinders-combination with the decreasing spacing from 100 nm in air. The height of cylinders is still 100 nm, while the diameter of the left nanocylinder is 100 nm, and the diameter of the right nanocylinder is 140 nm.
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3.3. Scattering Characteristics of Three-Nanocylinders-Combination


Next, we study the scattering characteristics and resonances of the three identical nanocylinders combination in Figure 10. By constructing trimeric silicon nanocylinders, more complex interaction can be introduced. Figure 10 shows the scattering performance of trimeric silicon nanocylinders with the gap from 100 nm to 10 nm. It is clear that the scattering performance is consistent with that of a single nanocylinder when g is 100 nm, showing a weaker interaction among three nanocylinders. As the spacing becomes smaller, the interaction becomes stronger and the obvious magnetic resonance splitting emerges as the gap is 50 nm. The newly “MD2” is more pronounced than that in the dimer. When g = 10 nm, the “MD1” seems to be disappeared, the “ED” and “MD2” modes become dominant scattering resonance. Because of the intense interaction, the splitting resonant modes result in a distinct dip, which is disadvantageous in broadband application. Furthermore, the scattering characteristics of three-different-nanocylinders-combination are studied in Figure 11. Two resonant peaks at short wavelength are close to each other and are mixed to form an electromagnetic resonant mixing mode with decreasing spacing. The magnetic resonance mode is becoming more and more significant when the spacing is decreased among three nanocylinders.


Figure 10. Scattering of three- identical-nanocylinders-combination with decreasing spacing from 100 nm in air. The height and diameter of three same nanocylinders are both 100 nm.
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Figure 11. Scattering spectrum of three-different-nanocylinders-combination with decreasing spacing from 100 nm in air. The size of two different kinds of cylinders are: ① the height and diameter are 100 nm; and, ② the height is 100 nm and the diameter is 140 nm.
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4. Influence of Substrate on Scattering Resonances


In fact, nanostructures can not be applied separately from substrate. For example, many optical elements can be efficiently applied when the electromagnetic field in nanoparticles are strongly coupled to substrate, hoping to absorb as much light as possible, such as photodiodes, solar cells, and so on. So, we place the nanoparticles on substrate to study the scattering characteristics. This interaction with a substrate must affect the electrical resonance, the magnetic resonance of the particles, and the interaction between them.



Figure 12a shows the scattering spectra of a single nanocylinder with and without substrate. “N”-curve indicates scattering without substrate, and “Y”-curve indicates scattering with a semi-infinite substrate of silica. It can be seen that the resonant frequency of ED and MD is slightly changed. The bandwidth of total scattering increases due to the presence of substrate. In addition, the electromagnetic field distributions are shown in Figure 12. The electric field in resonant mode is slightly extended into substrate, which result in enhancement of scattering bandwidth.


Figure 12. (a) Scattering cross-section of a single silicon nanocylinder with a height of 100 nm and a diameter of 100 nm on a semi-infinite substrate of silica. The N-curve describes the scattering spectrum when there is no substrate, and the Y-curve describes the scattering spectrum of the structure on the substrate; (b–e) The electromagnetic field of the single-silicon-nanocylider on a semi-infinite substrate of silica at [image: ] and [image: ]; (b,d) The electric field distribution of the longitudinal section along the XOZ plane through the center of the nanocylinders; (c,e) The magnetic field distribution of the longitudinal section along the XOZ plane through the center of the nanocylinders.
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Furthermore, the effect of substrate on scattering resonances to double silicon nanocylinders and trimer nanocylinderts is shown in Figure 13. A clear performance is that the bandwidth of scattering resonances increases when the silicon nanostructure is located on the silica semi-infinite substrate. This indicates that the effect of resonant modes can be extended into the substrate. The substrate provides an additional height to the nanoparticles, so that a part of the electromagnetic resonance mode extends into the substrate, and the resonant modes are obviously widened.


Figure 13. Scattering cross section for (a) the double-nanocylinders-combination; (b) two-different-nanocylinders-combination; and, (c) three-identical-nanocylinders-combination; (d) three-different-nanocylinders-combination on a semi-infinite substrate of silica. The dimensions of the nanocylinders: ① the height of 100 nm and the diameter of 100 nm and ② the height of 100 nm and the diameter of 140 nm.
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5. Resonant Characteristics of Nanocylinder-Periodic-Array


Next, in order to further understand the effect of the interaction between nanoparticles, we have attempted to study the electromagnetic dipole resonance of the nanocylinder-periodic-array. Firstly, we designed a single nanocylinder periodic array without substrate, which is shown in inset of Figure 14. The period “T” of nanostructure is 400 nm along both x-direction and y-direction. The height and diameter of nanocylinder are 100 nm. From Figure 14, it can be seen that the resonant frequency of ED and MD is unchanged when compared with that for a single nanocylinder due to the negligible interaction between nanocylinders.


Figure 14. The transmission and reflection of the single nanocylinder periodic array without substrate.
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In Figure 15, the transmission characteristic of double-nanocylinders periodic array is indicated with varying gap from 100 nm to 10 nm. When compared with Figure 14 for a single nanocylinder periodic structure, the transmission for both resonances is smaller, which indicates that the resonant effect of double nanocylinders is enhanced due to the interaction in periodic array in Figure 15. It is interesting that when the gap is decreased to 10 nm, a newly electric resonant mode emerges, which is shown by a red arrow in Figure 15. This newly emergent mode can be attributed to electric-electric interaction. Therefore, when the resonance characteristics of a periodic array are studied, we should not only take into account the interaction between particles in each period, but also take into account the interaction between periods.


Figure 15. The transmission of double-nanocylinders-periodic-array, and one period in array is consisted of two silicon nanocylinders. The height and diameter of both nanocylinders are 100 nm. The period T of array is 400 nm.
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6. Summary


The resonant characteristics of dielectric nanocylinders in visible spectrum is systematically studied. When decreasing the spacing between nanocylinders, the interaction between the particles changes from weak to strong. Magnetic field in the nanocylinders in dimer and trimer affect with each other, leading to the introduction of a new magnetic resonance mode. The compact nanocylinders structures combination presents a broadband scattering when compared with a single silicon nanocylinder. The effect of substrate on resonant scattering performance is demonstrated, which results in the enhancement of bandwidth of scattering. The resonant scattering characteristics in periodic array structure are also revealed. These results can be applied to develop various broadband resonant devices.
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