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Abstract

:

The photonic hook (PH) is a new type of curved light beam, which has promising applications in various fields such as nanoparticle manipulation, super-resolution imaging, and so forth. Herein, we proposed a new approach of utilizing patchy microcylinders for the generation of PHs. Numerical simulation based on the finite-difference time-domain method was used to investigate the field distribution characteristics of the PHs. By rotating the patchy microcylinder, PHs with different curvatures can be effectively generated, and the PH with a bending angle of 28.4    ∘    and a full-width-half-maximum of 0.36   λ   can be obtained from 1   μ  m-diameter patchy microcylinders.






Keywords:


photonic hook; photonic jet; patchy particles; microspheres












1. Introduction


Photonic nanojets (PJs) are narrow, high-intensity, non-evanescent light beams generated at the shadow side of dielectric particles when irradiating the particles with light waves [1]. They can propagate a distance longer than the wavelength of the incident light while keeping a minimum beamwidth smaller than   λ  /2,   λ   is the wavelength of the incident light [2]. PJs show promising applications in various fields, such as micromaching [3], single-particle manipulation [4], optical sensing [5,6], super-resolution imaging [7,8,9,10], and so forth. Within this context, many efforts have been made to design dielectric particles that can generate PJs with special characteristics [11,12].



In 2015, Minin et al. theoretically discovered a new type of PJ, which has a curved structure similar to the shape of a hook [13]. They called the curved PJ as a photonic hook (PH). The PH is formed when electromagnetic waves pass through a dielectric trapezoid particle composed of a cuboid and a triangular prism. The combined effects of the phase velocity difference and the interference of the waves lead to a curved high-intensity focus [14]. The PH phenomenon was later experimentally observed in the terahertz and optical range [15,16]. It can also be applied to the generation of curved surface plasmons [17].



PHs can be effectively generated from dielectric particles with asymmetric geometries, such as dielectric trapezoids [14,15] and dielectric cylinders with glass cuboids inside [18], or by using particles with an asymmetric distribution of refractive index (RI), such as Janus particles [19], Janus microbar [20], and so forth. Rotating the particles or adjusting the shape of the particles can effectively change the characteristics of the generated PHs [19]. Special illumination conditions, such as partial illumination [16,21] and nonuniform illumination [22], can also be used to generate PHs. In this way, PHs can be generated using microcylinders with a symmetric geometry and a uniform RI distribution [16,22]. In addition to obtaining PHs in the transmission mode, Liu et al. proposed the formation of PHs in the reflection mode [23], in which they used dielectric-coated concave hemicylindrical mirrors to bend the reflected light beams. Geints et al. also proposed the formation of PHs in the specular-reflection mode under the oblique illumination of a super-contrast dielectric particle [24]. Moreover, multiple PHs can be effectively generated using twin-ellipse microcylinders [25], adjacent dielectric cylinders [26] and two coherent illuminations [27]. The PHs have promising applications in various fields, for example, nanoparticle manipulation and cell redistribution [12,28]. Recently, Shang et al. reported the super-resolution imaging using patchy microspheres [29]. Unlike conventional microspheres, which have a symmetric PJ, the patchy microspheres have a curved focusing and show an improved imaging performance due to the asymmetric illumination. Asymmetric illumination is a technique to enhance the imaging contrast in conventional bright-field microscopic systems [30], and now it is widely used in computational microscopic imaging to produce phase contrast [31]. In addition, Minin et al. reported the contrast-enhanced terahertz microscopy under the near-field oblique subwavelength illumination based on the PHs formed by dielectric mesoscale particles [32].



In this work, we show that the PHs can be generated using patchy particles of dielectric microcylinders that are partially covered with Ag thin films. Numerical simulation based on the finite-difference-time-domain (FDTD) method was performed to investigate the characteristics of the PHs. The spatial distribution of the Poynting vector and the streamlines of the energy flow in the simulated light field were given to illustrate the formation mechanism of the PHs. By adjusting the RI of the background, the diameter of the patchy microcylinder and the opening angle of the Ag films, PHs with various curvatures and intensity enhancement abilities can be effectively formed. In addition, the method of tuning PHs by rotating patchy microcylinders was also discussed in this paper.




2. Simulation Method


Figure 1a,b are the schematic drawing of the 3D stereogram and 2D sectional view of the investigated model. A dielectric microcylinder was created for two-dimensional simulation with the FDTD method using Lumerical FDTD Solutions. The top surface of the cylinder is covered with a 100 nm-thick Ag film. As shown in Figure 1b, an intense focusing of light will occur on the rear side of the cylinder when a P-polarized monochromatic plane wave (  λ   = 550 nm) propagating parallelly to the X axis passes through the cylinder. In this study, the RI of the cylinder is set to be 1.9, the same as the RI of BaTiO    3    (BTG), a high-index dielectric material widely used in microsphere-based applications [3,9]. The diameter of the cylinder varies between 1–35   μ  m and the RI of the background changes between 1.00–1.52. For the entire computational domain, non-uniform meshes with RI-dependent element size were used and all of them are smaller than   λ  /50. As shown in Figure 1b, the PH’s degree of curvature is defined by the bending angle   β  , which is the angle between the two lines connecting the start point with the hot point, and the hot point with the end point of the PH, respectively. The hot point is defined as the point with the largest intensity enhancement (I     m a x    ), and the end point is defined as the point on the middle line of the PH with an intensity enhancement factor of I     m a x    /e [16,23]. The hook height increment H and the subtense L of the curved photonic flux are also shown in Figure 1b.




3. Results and Discussion


First, we compared the optical field of the 35   μ  m-diameter pristine cylinder and patchy cylinder under plane wave illumination. The background medium here is microscope immersion oil (MIO, n    2    = 1.52). As shown in Figure 2a, the incident light passing through the pristine cylinder forms a conventional PJ on the shadow side of the cylinder. The generated PJ has a symmetric ∣E∣    2    distribution with the the midline of the PJ as the center of symmetry. On the contrary, as for the patchy cylinder shown in Figure 2b, the upper part of the incident light is blocked by the Ag film covered on the top surface of the cylinder, so only the lower part of the incident light can enter the patchy cylinder. A curved light beam, that is, a PH, with a bending angle   β   = 12.5    ∘   , a hook height increment H = 1.51   μ  m and a subtense L = 28.81   μ  m is generated at the rear side of the cylinder. Compared with the pristine cylinder, the patchy cylinder has a smaller intensity enhancement ability, as the I     m a x     is 36.0 and 14.3 for pristine and patchy cylinders, respectively.



As reported in the previous work [19,23], the formation mechanism of PJs and PHs can be analyzed using the time-averaged Poynting vector. In this work, the Poynting vector (blue conical arrows) of the optical field of the pristine and patchy cylinders under plane wave illumination is simulated with the FDTD method (Figure 2c,d), and the corresponding field-lines of the Poynting vector distribution are shown as the black lines in Figure 2a,b. As shown in Figure 2c, the spatial distribution of the Poynting vector inside and near the pristine cylinder is symmetric to the midline of the PJ (Figure 2c). Because the length of the conical arrows is proportional to the value of energy flux, the area containing longer arrows indicates a higher energy flux in that area. We can see that the energy flow corresponding to the pristine cylinder’s optical field is focused into a classical PJ at the shadow side of the cylinder (Figure 2c). However, as for patchy cylinders, part of the incident light is reflected backwards to the space by the Ag film, which breaks the symmetry of illumination and makes the energy flow inside the microcylinder unbalanced. This asymmetric flow of energy is then focused into a curved beam after leaving the patchy cylinder, as shown in Figure 2d.



Next, the background medium was changed to air (n    2    = 1.0) (Figure 3a) and water (n    2    = 1.33) (Figure 3b) in order to investigate the influence of background RI on the characteristics of PHs. As shown in Figure 3a, when the background RI is 1.0, the light entering the microcylinder will be reflected multiple times by the Ag film. The direction of light propagation is thus changed from Path 1 to Path 2 on the first reflection, and then from Path 2 to Path 3 on the second reflection. When the background RI is 1.33, the patchy cylinder forms a jet-like beam with a bending angle   β   = 15.4    ∘   . The subtense and height increment of the beam are L = 6.17   μ  m and H = 0.30   μ  m, respectively. The beam has the greatest intensity outside the cylinder with an enhancement factor of I     m a x     = 24.8. Considering that water is one of the most commonly used biocompatible materials, studying the PHs in water is of great importance for the practical applications of such curved beams. Therefore, we will use n    2    = 1.33 as the RI of the background medium in the following studies.



The influence of particle diameter on the characteristics of PHs is also investigated in this study. Patchy cylinders of various diameters between 1   μ  m and 20   μ  m are illuminated with plane waves (  λ   = 550 nm). The RI of the cylinder and the background medium is fixed at n    1    = 1.90 and n    2    = 1.33, respectively. As shown in Figure 4a, a 20   μ  m-diameter patchy cylinder generates a PH with a bending angle   β   = 17.6    ∘   , a hook height increment H = 0.52   μ  m and a subtense L = 7.19   μ  m. The cross-sectional intensity profiles of the PH retrieved from the orange dash lines also confirm the curved trajectory of the I     m a x     position along the X axis (Figure 4b). We found that the PHs generated by smaller patchy cylinders have a slightly greater curvature and a smaller subtense length and height increment, as the 10   μ  m- and 5   μ  m-diameter patchy cylinders can produce PHs with   β   = 18.8    ∘   , L = 3.03   μ  m, H = 0.10   μ  m (Figure 4c) and   β   = 20.2    ∘   , L = 1.33   μ  m, H = 0.05   μ  m (Figure 4d), respectively. The intensity enhancement ability is found to be weaker in small particles. The I     m a x     = 13.3 (Figure 4a), 10.4 (Figure 4c), 7.3 (Figure 4d) for 20   μ  m-, 10   μ  m-, 5   μ  m-diameter patchy cylinders, respectively. This difference in intensity enhancement ability is due to the fact that large particles can collect more light waves and focus them onto a narrow space, leading to a higher I     m a x     at the focal point. However, there is no PH phenomenon in the optical field of patchy cylinders when the cylinder diameter is reduced to 2   μ  m (Figure 4e) and 1   μ  m (Figure 4f), because the light scattering of dielectric particles with a diameter close to the wavelength of the incident light tend to be localized in the forward direction and no jet-like fields can be generated [11].



In this study, we showed that the curvature of PHs can be changed by rotating the patchy cylinder. As shown in Figure 5a, a 35   μ  m-diameter patchy cylinder (n    1    = 1.9) fully immersed in water (n    2    = 1.33) with 1/4 of its surface covered by Ag films (  α   = 90    ∘   ) is used for demonstration. The patchy cylinder is rotated clockwise around the center of the cylinder. The rotation angle (  θ  ) is defined as the angle between the horizontal line and the left edge of the Ag film.   θ   is negative when the left edge of the Ag film is lower than the horizontal line, and positive when the left edge of the Ag film is higher than the horizontal line. As shown in Figure 5a, the PH with a bending angle   β   = 12.1    ∘    is generated when the patchy cylinder has a rotation angle   θ   = −10    ∘   . Increasing   θ   from −10    ∘    to 30    ∘    leads to the formation of PHs with a higher curvature (Figure 5d). The PH with a maximum bending angle   β   = 23.4    ∘    can be generated at   α   = 30    ∘    (Figure 5b). Then, the curvature of the PHs becomes smaller as   θ   is further increased from 30    ∘    to 90    ∘    (Figure 5d). However, when   θ   is between 45    ∘    and 80    ∘   , the light beams formed at the shadow side of the patchy cylinder is similar to a PJ, and its intensity distribution is approximately symmetric to the midline of the model, as shown in the inset of Figure 5d. The bending angle of the PH decreases to   β   = 15.2    ∘    at   θ   = 90    ∘    (Figure 5c).



As shown by the black line in Figure 5e, the subtense L of the PH increases from 13.33   μ  m to 18.23   μ  m when   θ   increases from −10    ∘    to 20    ∘   , and then it decreases to 15.18   μ  m when   θ   further increases to 45    ∘   . When   θ   is between 45    ∘    and 80    ∘   , the focused light has a structure similar to a symmetric PJ (the inset of Figure 5d). The light beams show a curved shape again when   θ   is between 80    ∘    and 90    ∘    (Figure 5c), and the subtense L decreases from 17.68   μ  m to 15.10   μ  m when increasing   θ   from 80    ∘    to 90    ∘   . The PH’s height increment H at different rotation angles   θ   is shown as the red dots in Figure 5e, and its changing trend is similar to that of the subtense L. As shown by the red line in Figure 5e, the maximum height increment is obtained at   θ   = 30    ∘    with H = 1.56   μ  m. Then, the height increment drops to H = 1.07   μ  m when   θ   increases from 30    ∘    to 45    ∘   . When   θ   is between 80    ∘    and 90    ∘   , the height increment decreases as the rotation angle increases, with a value of H = 1.32   μ  m (  θ   = 80    ∘   ) and H = 0.97   μ  m (  θ   = 90    ∘   ), respectively.



Figure 5f,g shows the value of I     m a x     (black line in Figure 5f), the corresponding full width at half maximum (FWHM) (red line in Figure 5f) and the position of I     m a x     (Figure 5g) at different rotation angles. The distance between the I     m a x     position and the right edge of the cylinder is denoted CP. We found that the patchy cylinder has the greatest focusing ability (Figure 5f) and the farthest focal point (Figure 5g) when   θ   is between 45    ∘    and 70    ∘   , but the light beams focused by the patchy cylinder have a structure similar to a PJ, as shown in the inset of Figure 5d. Therefore, the patchy cylinder with a rotation angle   θ   = 30    ∘    shows the strongest bending ability as well as a good focusing performance.



Next, we changed the diameter of the patchy cylinders between 1   μ  m and 10   μ  m, while keeping the opening angle   α   of the Ag film as 90    ∘   , the rotation angle   θ   of the patchy cylinder as 30    ∘   , and the RI of the cylinder and the background medium as n    1    = 1.90 and n    2    = 1.33, respectively. As shown in Figure 6, in all four cases, the light beams with a curved structure are formed on the shadow side of the plane-wave illuminated patchy cylinder. Different from the results obtained using the patchy cylinders with half of their surfaces covered with Ag films (  α   = 180    ∘   ) (Figure 4e,f), the patchy cylinders with a smaller coverage of Ag film (  α   = 90    ∘   ) can generate PHs even when the diameter of the cylinder is below 5   μ  m (Figure 6c,d). The curvature   β   of the PH increases and the subtense L and the height increment H of the PH decrease as the diameter of the cylinder decreases. The characteristics of the PHs are   β   = 21.2    ∘   , L = 6.31   μ  m, H = 0.50   μ  m (Figure 6a),   β   = 24.3    ∘   , L = 3.26   μ  m, H = 0.21   μ  m (Figure 6b),   β   = 26.9    ∘   , L = 2.40   μ  m, H = 0.05   μ  m (Figure 6c) and   β   = 28.4    ∘   , L = 0.55   μ  m, H = 0.01   μ  m (Figure 6d) for 10   μ  m-, 5   μ  m-, 2   μ  m- and 1   μ  m-diameter patchy cylinders, respectively. We also found that the PHs generated from small particles have a smaller FWHM at the I     m a x     position. In this study, the minimum FWHM at the I     m a x     position is 196 nm, corresponding to ∼0.36   λ  , which is generated from the 1   μ  m-diameter patchy cylinder (Figure 6d).



The patchy particles proposed in this work can be fabricated using the glancing angle deposition (GLAD) method. The GLAD is a technique that transports vapor deposition to a target at an inclined angle relative to the plane of the particle arrays [33,34]. In the GLAD process, particles within the same monolayer act as deposition masks for neighboring particles and thus patchy particles can be produced in a single deposition at a high yield of around 3.2 × 10    5    patchy particles per 1 cm    2    area for 2   μ  m-diameter microspheres. The GLAD technique allows the precise positioning of patches onto the particle surface by controlling geometric parameters like the deposition angle, the diameter of particles, and so forth. In addition, the GLAD technique can be applied to the deposition of functional patches with various optical properties, such as the anti-reflection coating, thin-film polarizers, and so forth. Multiple patches can be fabricated on a single particle using GLAD technology multiple times.




4. Conclusions


In conclusion, the generation of PHs from patchy microcylinders was investigated in detail in this study. The patchy microcylinders are dielectric cylinders whose surface is partially covered with Ag thin films. The fabrication of patchy cylinders can be realized using the GLAD method. Numerical simulation based on the FDTD method was used to investigate the characteristics of the PHs. By rotating a 35   μ  m-diameter patchy cylinder around its center, the bending angle of the PH can be changed between 12.1    ∘    and 23.7    ∘   , the subtense of the PH can be changed between 13.33   μ  m and 18.23   μ  m, and the height increment of the PH varies between 0.67   μ  m and 1.56   μ  m. PHs with a bending angle of 28.4    ∘    and a FWHM of 0.36   λ   can be obtained by using a 1   μ  m-diameter patchy cylinder.
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Figure 1. Schematics of a patchy microcylinder illuminated by plane waves: (a) 3D stereogram and (b) 2D sectional view. 
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Figure 2. (a) PJ formed by a 35   μ  m-diameter pristine BTG microcylinder immersed in MIO; (b) PH formed by a 35   μ  m-diameter patchy BTG microcylinder immersed in MIO; (c,d) Corresponding Poynting vector of (c) the pristine microcylinder and (d) the patchy microcylinder. 
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Figure 3. Optical fields of 35   μ  m-diameter patchy microcylinders immersed in (a) air and (b) water. 
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Figure 4. (a) Optical field of the 20   μ  m-diameter patchy microcylinder and (b) the cross-sectional profiles of the corresponding PH. (c–f) Optical fields of the patchy microcylinders with a diameter of (c) 10   μ  m, (d) 5   μ  m, (e) 2   μ  m and (f) 1   μ  m. 
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Figure 5. (a–c) PHs generated by the 35   μ  m-diameter patchy cylinder at different rotation angles: (a)   θ   = −10    ∘   , (b)   θ   = 30    ∘   , (c)   θ   = 90    ∘   . (d–g) Characteristics of the PHs as a function of rotation angle   θ  : (d) bending angle   β   and the focus of a patchy particle at   θ   = 60    ∘    (the inset), (e) subtense L (black line) and hook height increment H (red line), (f) maximum intensity enhancement factor I     m a x     (black line) and the corresponding FWHM (red line), (g) distance between the I     m a x     position and the right edge of the cylinder (CP). 
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Figure 6. Optical fields of the patchy microcylinders with   α   = 90    ∘    and   θ   = 30    ∘   . The diameter of the cylinder is (a) 10   μ  m, (b) 5   μ  m, (c) 2   μ  m and (d) 1   μ  m, respectively. 






Figure 6. Optical fields of the patchy microcylinders with   α   = 90    ∘    and   θ   = 30    ∘   . The diameter of the cylinder is (a) 10   μ  m, (b) 5   μ  m, (c) 2   μ  m and (d) 1   μ  m, respectively.



[image: Photonics 08 00466 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png





nav.xhtml


  photonics-08-00466


  
    		
      photonics-08-00466
    


  




  





media/file2.png
\\\\ (a)
\\\

Patchy
pa rticle >

3D stereogram

Lo

Incident wave

i

2D sectional view

" Photonic

hook






media/file5.jpg





media/file3.jpg
10pm

(@

g fim 0=35um






media/file1.jpg
\\\\\ @ | |®

A

B

2D sectional view

3D stereogram






media/file7.jpg
=150 n=133






media/file10.png
H (um) FWHM (nm)

o o o o
=] © N «Q = =] S =]
~ - - S 0 ~ © h
PR T B B 1 ] ] o
- = ~ =
— —_— =
o (o)) ey (%))

\
\
\

0(°)

. Q\
SR






media/file12.png
(a) Ag film s 2

o = 30;\‘(:7' -
------------ _‘,’f/
n,=19  n=133
SN | =119 ) |, =7.3
m Hm .
el SV E 438 nm i 25 " FWHM =407 nm

ﬂy/ o=zum | 0=1um
L | —

n,= 1.33

l.x = 4.5
FWHM =275 nm

ax = 3.8
FWHM =196 nm






media/file9.jpg
(8

“
a(°)

g
(W) WHMA





media/file0.png





media/file8.png
D=20 um

(C) D=10um (d) o~

5 “m 777777777777 2 um ______________

n,=1.90 - n,=133






media/file11.jpg
las =73
(e—
FWHM =407 nm

Iy, = 4.5
WHM =275 nm FWHM = 196 nm






media/file6.png





