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Near field focusing by edge diffraction

Spherical microparticles have the ability for non-resonant focusing of light in the near field zone, forming nanojet (NJ) beams. Arbitrary-shaped microstructures, with wavelength-scale dimensions, may offer similar functionality with lower fabrication complexity. The focusing properties are ruled by the edge diffraction phenomenon. The diffraction of light on the edge of a dielectric microstructure forms a tilted focused beam which deviation angle depends on the index ratio between the structure material and host medium. The beam geometry and field intensity enhancement can be tuned by varying the curvature of the edge line. Interference of edge diffracted waves from different segments of the edge line creates a condensed beam in the structure medium, the photonic nanojet.

Introduction. Spherical microparticles with wavelength-scale dimensions made of dielectric materials are capable of generating condensed optical beams in the near field zone referred to as photonic nanojets (NJ) [1,2]. Sub-wavelength spot size and multifold field intensity enhancement (FIE) provided by such microstructures paved the way for high-resolution imaging [3,4], spectroscopy [5], optical data storage [1], mask less sub-wavelength lithography [6], and optical networking [7]. The physics of photonic NJs was studied by means of the Mie theory [1] and eigenfunction solution of the Helmholtz equation recast into Debye series [8]. These rigorous analyses explained the formation of tightly confined optical beams in the shadow region of spherical particles, however, they cannot be generalized. We can mention the case of arbitraryshaped microstructures and ridges with rectangular [9,10] or triangular cross-section [11,12] that are also capable of producing a similar near field focusing phenomenon. Thanks to the flat base, cuboid and conical microstructures can be realized on the surface of planar systems, using established nanofabrication methods, and thus offering significant advantages in terms of fabrication and integration compared to spherical particles. Recently, the resonant properties of arbitrary-shaped micro-and nano-particles made of high-index dielectric materials have already attracted much attention for their ability for directional scattering of light, e.g. [13,14,15]. Such particles were used as building blocks for metasurface devices [14,16] proposed as an alternative for standard refractive and diffractive optics [17]. At the same time, the generation of photonics NJ by arbitrary-shaped particles and microstructures made of optical materials has not been explained. Previous numerical and analytical attempts for solving the problem of diffraction by a penetrable isotropic dielectric wedge (e.g. [18]) use approximations with no general solution.

Here, we demonstrate that the generation of NJ beams by microstructures can be explained by the edge diffraction phenomenon which leads, by itself, to light confinement in the near field and local light deviation. In case of wavelength-scale microstructures , the primary NJ beams, associated with different segments of the edge line, can combine together giving rise to highintensity NJ beams observed in earlier publications [ 9,10,11]. The same concept can be used for reshaping a wider wavefront of incident light with the aid of a plurality of edge-like beam-forming elements arranged in 2D or 3D space. It is to be noted that these beam forming elements are all-dielectric non-resonant microstructures. This opens perspective for innovation in a wide range of applications that currently rely on NJ and metasurface solutions. In particular, it may feed further progress in the development of wearable optical technologies [19].

Method. Numerical simulations were carried out using the commercially available solver CST v.17 based on the 3D-FDTD method. A prototype in Fig. 4a,b was fabricated via a modified Laser Beam Record (𝜆 = 405𝑛𝑚) used for the fabrication of DVD and BluRay master discs. It employs a modulated laser beam to expose the studied microstructure. The smallest feature size is on the order of 110𝑛𝑚. The optical images in Fig. 4e were captured using a 3D measuring confocal UV laser microscope Olympus-OLS4000 and were the basis for analysis and comparison with simulations.

Edge effect. The edge diffraction phenomenon in the vicinity of a step on a dielectric layer is qualitatively explained in Fig. 1a. In this example, the structure is assumed infinite along the y-axis where the origin of the coordinate system coincides with the base edge of the step. The structure parts are made of lossless isotropic dielectric materials. The first, third and fourth quadrants are filled with a refractive index 𝑛 𝐻 = 1.5. The second quadrant has a refractive index 𝑛 𝐿 = 1.0. The structure is illuminated by a plane wave propagating in the positive z-axis direction. According to the Huygens-Fresnel principle, each point of a wavefront of the incident wave can be considered as a secondary source of spherical waves and the sum of all secondary waves determines the wave propagation beyond the considered wavefront. In our analysis, for each secondary source, the wavefront in the high index material is calculated considering the phase velocity along the optical path for each ray originating from the source position taking into account the refraction occurring at the vertical boundary (𝑥 = 0, 𝑧 > 0). When crossing the vertical boundary, the circular wavefronts are transformed thanks to the phase delay in the denser medium which is different for each different secondary sources. These transformed waves constructively interfere with the waves propagating upward inside the denser medium along the vertical boundary. The in-phase condition is satisfied along the red arrow plotted through the two circle marks at the intersection of the blue and grey wavefronts. This in-phase condition gives rise to constructive interferences producing local light intensity enhancement. The light confinement along this vector is observed in the vignettes of Fig. 1b, representing near field intensity plots for the same structure, illuminated by TE and TM polarized plane waves from below, with three different values for 𝑛 𝐻 . The elongated red zone corresponds to the high intensity regions referred hereafter as edge diffracted NJ beams. Our analysis shows that the angle of deviation of the NJ beam caused by diffraction of a plane wave on a step with a base angle of 90° is determined mainly by the ratio of indexes of the two media:

𝜽 𝑩 ≈ 𝝅 𝟐 -𝜽 𝑻𝑰𝑹 𝟐 (1)
where

𝜃 𝑇𝐼𝑅 = sin -1 ( 𝑛 𝐿 𝑛 𝐻
) is the critical angle for an optical ray incident on the boundary from a higher index medium. Comparison between the NJ deviation angle predicted by Eqn. (1) and calculated using a full-wave electromagnetic software is reported in Fig. 1c. The profile of the curve is well reproduced, and the mismatch does not exceed 2.5° for the entire range of index ratio. The peak field intensity enhancement (FIE) in the NJ beam is reported in Fig. 1d. A slightly higher FIE value is observed for TM polarization. That is explained by the full transparency of the vertical boundary for TM polarized waves incident near the Brewster angle.

Beam forming. The ability of light confinement with the aid of a single edge of a dielectric microstructure can be used to create various field intensity patterns in the near field zone by varying the shape of the edge line. Fig. 2 illustrates the formation of single-spot and multi-spot patterns in the vicinity of a straight edge of an infinite ridge (Fig 2a,b), a curvilinear edge of a shaped ridge (Fig. 2c), a hollow cavity with circular-(Fig. 2d) and gear-shape-(Fig. 2e) crosssections, and a dielectric pillar (Fig. 2f). The number of hot spots and their shape are determined by the shape of the edge line. A concavity oriented towards the denser medium generates a brighter spot. In this case light is condensed, as edge jets (figured by thin red arrows) are oriented towards a common spot center (Fig. 2c,e,f). On the contrary a convex edge line will spread light in a wider angular domain, attenuating the resultant spot amplitude (Fig. 2d). In case of the pillar (Fig. 2f) the jets are oriented inside the structure and, combining, give rise to a high intensity on-axis beam. Fig. 3 shows the full wave analysis of three illustrative microstructures. The tilted NJ beams originating from the bottom edge of each beamforming element as well as single and multi-spot patterns are well recognized in 2D plots (Fig. 3a,b,c, top row). For selected dimensions, the field intensity enhancement with respect to an incident plane wave in a free space varies from a factor of 4 to 5.5 for the circular and gear-shaped cavities (Fig. 3d) to a factor of 45 for the dielectric pillar (Fig. 3e). Finally, Fig. 3f represents field intensity profiles along z-axis of the dielectric pillar illuminated by a plane wave at different wavelengths. The position of the maxima is nearly stable for all wavelengths and is predicted by Eqn. ( 2):

𝑭 ≈ 𝑹 𝐭𝐚𝐧(𝜽 𝑩 ( 2 
)
where 𝑅 is radius of the pillar and 𝜃 𝐵 is the NJ deviation angle defined by Eqn. ( 1). The dotted vertical line in Fig. 3f indicates the predicted nanojet lens focal 𝐹 given by Eqn. ( 2). This observation confirms the hypothesis about the role of the edge diffraction in the formation of the NJ beams by arbitrary-shaped non-resonant wavelength-scale microstructures .

Results. The light confinement by edge diffraction was observed experimentally using a flower-shape microstructure, which topology comprises a central pillar and a gear-type cavity with six concave segments (Fig. 4). The structure was fabricated using a laser beam recording onto a photoresist material and characterized by means of a laser confocal microscope (see Methods for details). The optical images were captured in different depth planes and postprocessed to extract the relative FIE. The light confinement near the edges is observed both on 1D intensity profiles (Fig. 4d) and 2D images (Fig. 4e). Fig. 5 shows the comparison between the experiment and full wave simulations. Dimensions of the structure correspond to those in Fig. 4b. Here, the structure is illuminated by a plane wave from the top, as in the experiment. The change in the propagation direction of the incident light affects the origin of the NJ beams which now occurs in the vicinity of the upper edge line. 2D intensity maps show the light confinement near the edges (Fig. 5c,d). Fig. 5e presents a 3D view constructed from 14 images slices similar to the ones shown in Fig. 4e. The cavity wall, pillar and hot spots are observed, well correlated to 2D intensity map simulations. 

Conclusion.

Based on numerical simulations done with CST we fabricated a prototype via a modified Laser Beam Recorder used for the fabrication of DVD and BluRay master discs. Analysis confirmed that the beam geometry and field intensity enhancement level can be tuned by varying the curvature of the edge line of a dielectric micro-structure. Understanding the core phenomenon of photonics nanojets releases the constrains on structures shape and opens perspectives for new photonics devices. 
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 1 Fig. 1. Nanojet beam formation in the vicinity of a step on a dielectric substrate. (a) Schematic illustration of the beam formation as a result of constructive interference of the wavefronts originating from secondary sources induced along x-axis by an incident plane wave split between the left (blue wave lines) and the right (grey wave lines) of z-axis. Here 𝑛 𝐻 > 𝑛 𝐿 , 𝑛 𝐻 𝑛 𝐿 ⁄ 1.5. (b) 2D plots of the calculated field intensity for two polarizations of the incident wave and three different values of 𝑛 𝐻 . The structure is illuminated by a plane wave from below with wavelength in vacuum 𝜆 = 500nm. (c) NJ deviation angle 𝜃 𝐵 versus refractive index 𝑛 𝐻 for two polarizations, with 𝑛 𝐿 = 1.0. The reference curve is calculated using Eqn. (1). (d) Field intensity enhancement in the NJ beam for the same configurations as in (c).

Fig. 2 .

 2 Fig. 2. Schematic illustration of the NJ beam formation in the vicinity of a step with straight (b) and curvilinear (c-f) edge lines. The NJ beam and the corresponding field intensity patterns in a horizontal imaging plane 𝑧 = 𝑧 0 are shown in red color. (a) shows a side view of the edge and NJ beam over the substrate (index 𝑛 0 ). Red arrows in (b-f) indicate projections of NJ beams associated with elementary segments of the step edge line on the plane 𝑧 = 𝑧 0 . The number of hot spots in (c) and (e) corresponds to the number of concave segments of the edge line.

Fig. 3 .

 3 Fig. 3. Near-field beam forming by dielectric microstructures. (a) Twodimensional plots of the calculated field intensity normalized by its peak value for the hollow cavity illustrated in Fig. 2d illuminated by a plane wave E={0,1,0} from below. Parameters of the structure 𝑛 𝐿 = 1.0, 𝑛 𝐻 = 1.5, 𝑅 = 500𝑛𝑚, = 2000𝑛𝑚, 𝜆 0 = 550𝑛𝑚. (b) Same as in (a) for the gear-type cavity shown in Fig. 2e with dimensions 𝑅 1 = 500 𝑛𝑚, 𝑅 2 = 600 𝑛𝑚, 𝑅 3 = 250 𝑛𝑚. (c) Same as in (a) for dielectric pillar shown in Fig. 2f with dimensions 𝑅 = 500𝑛𝑚, = 2000𝑛𝑚. (d) Calculated field intensity profiles along x-and y-axis

Fig. 4 .

 4 Fig. 4. Near field focusing with a flower-shape cavity: experimental study. (a) Optical image of an array of flower-shape cavities fabricated in a photoresist layer via UV direct-write approach. (b) Threedimensional profile of the flower-shape cavity reconstructed by means of a 3D measuring confocal laser microscope shown in (c). (d) Field
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  intensity profiles along y-axis measured at different depth planes, as indicated. Negative values indicated correspond to the distance in 𝑛𝑚 to the upper surface of the photoresist layer. The structure is illuminated from the top by a UV laser beam (𝜆 = 405𝑛𝑚). (e) Processed optical images of the structure, illuminated by the UV laser, captured by the confocal microscope, for the depth planes indicated in (d).

Fig. 6

 6 Fig.5shows the comparison between the experiment and full wave simulations. Dimensions of the structure correspond to those in Fig.4b. Here, the structure is illuminated by a plane wave from the top, as in the experiment. The change in the propagation direction of the incident light affects the origin of the NJ beams which now occurs in the vicinity of the upper edge line. 2D intensity maps show the light confinement near the edges (Fig.5c,d). Fig.5epresents a 3D view constructed from 14 images slices similar to the ones shown in Fig.4e. The cavity wall, pillar and hot spots are observed, well correlated to 2D intensity map simulations. Fig. 6 is related to field intensity enhancement. In Fig. 6a simulated profiles in 1D predict the strong field intensity enhancement by edge concavities. The numerical labels in Fig. 6a indicate the NJ beams associated with convex (1) and concave (2) segments of the cavity edge line as well as the central pillar (3). Finally, Fig. 6b represents experimental data extracted from Figs. 4e and 4f. Each curve is determined as the ratio between the field intensity values measured in two different planes inside the structure, namely 𝑧 = -200𝑛𝑚 and 𝑧 = -600𝑛𝑚. This latter plane corresponds to the maximum field intensity for the central pillar predicted by Eqn. (2). The peaks are well recognized, and their position is in agreement with the simulations. The mismatch in absolute values is due to a different normalization factor and diffraction-limited resolution of the imaging system.
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 56 Fig. 5. Near field focusing with a flower-shape cavity: numerical study and benchmarking. (a) and (b) Topology and notations of the flowershape cavity. (c) Field intensity profile in a horizontal plane
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