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Bessel Beam Generated by the Zero-Index Metalens
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Abstract—Bessel beam is an important propagation-invariant optical field. The size and shape of its
central spot remain unchanged in the long-distance transmission process, which has a wide application
prospect. In this paper, we find that zero-index media (ZIM) metalen can be designed to realize the
unique Bessel beam. On the one hand, based on the metal-dielectric multilayered structure with sub-
wavelength unit cells, the anisotropic epsilon-near-zero media (ENZ) metalen is proposed for generating
the robust Bessel beam, which is immune to the defects placed in the transmission path or the inside
of the structure. The ZIM metalens uncover that ENZ media provide a new way to generate Bessel
beams beyond the conventional convex prisms. On the other hand, with the help of the uniform
field distribution of ZIM, enhanced (multi-channel) Bessel beams based on multiple point sources (exit
surfaces) are studied in the isotropic ENZ metalens. In addition, the Bessel beam generated by the ZIM
metalen has also been extend to the epsilon-mu-near zero metamaterial realized by two-dimensional
photonic crystals. Our results not only provide a new way to generate Bessel beam based on the ZIM
metalens, but also may enable their use in some optical applications, such as in fluorescence microscopy
imaging, particle trapping, and wave-front tailoring.

1. INTRODUCTION

Metamaterials, artificial materials composed of subwavelength unit cells, provide a powerful platform
for manipulating the propagation of light [1]. Zero-index metamaterials (ZIMs), an important class of
artificial materials with ultra-small isofrequency contour (IFC) have been intensively investigated [2-31].
In ZIMs, relative permittivity (¢) and/or permeability (u) are near zero. If only € or only p is near
zero, the ZIM is also called an e-near-zero (ENZ) or a p-near-zero (MNZ) media, respectively. When ¢
and p are near zero at the same time, ZIM corresponds to EMNZ media [22]. Because of their small
refractive index (n = /e\/n), ZIMs support propagating modes with extremely large wavelength. As
a result, ZIMs can be utilized to realize energy tunneling [2-4], directional emission [11, 16], wavefront
shaping [17], cloaking [22, 28], etc. In addition, unusual transportation properties of the light in ZIMs
have been demonstrated, such as enhanced optical nonlinearities [18] and magneto-optical effects [19].
Therefore, ZIMs provide a powerful means of controlling the interaction between light and matter.

On the other hand, Bessel beams have attracted much attention due to their rich physics as
well as wide applications [32-57]. Bessel beam is a fundamental non-diffracting beam with the
unique self-healing property, which was firstly proposed by Durnin et al. as a special solution of the
Helmholtz equation [32,33]. In essence, Bessel beams are the interference patterns of plane waves,
which accumulate almost the same phase change in the propagation direction. This kind of waves can
travel a very long distance without altering their transverse intensity pattern, leading to promising
applications that include optical manipulation [34, 35], micro-drilling [36], and optical trapping [37, 38].
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So far, there are many ways to generate Bessel beams, including holograms [39-41], axicons [42-45],
localized modes [46, 47], guided modes [48], metallic subwavelength aperture [49], annular-type photonic
crystals [50] metasurfaces [51-53], and cylindrical antenna [52]. In addition, controllable Bessel beams
of arbitrary order have also been studied [55-57]. Specially, metamaterials have recently been proved
to be a new way to design Bessel beams beyond the conventional convex prisms [28,29]. Guo et
al. theoretically demonstrated that a point source instead of the plane wave can realize the Bessel beam
with a self-healing function through a planar slab. Its working principle is mainly derived from the
directional propagation and negative refraction characteristics of the linear-crossing metamaterials [29].
Their remarkable finding of the non-diffraction beam in metamaterials enables the exploration of new
regime about Bessel beams.

Based on the effective medium theory (EMT), ENZ media have been widely constructed by the
metal-dielectric multilayered structures with subwavelength unit cells [27]. In this paper, we study
a new scheme to realize Bessel beams with the effective ENZ media. In contrast to the traditional
convex prism, we find that the ZIM metalen greatly enriches the means to realize the Bessel beam. We
can control the transmission direction and distance of Bessel beam flexibly by changing the angle of
metalen. Moreover, we demonstrate the self-healing behavior of Bessel beam by introducing a small
defect in the transmission path. The robustness of the Bessel beam has also been verified when the
different defects are embedded in the structure. Based on the uniform field distribution of ZIM, the
enhanced (multi-channel) Bessel beamswith multiple point sources (exit surfaces) are studied in the
isotropic ENZ metalens. Although our discussion is based on ENZ media, a similar argument can be
extended to the MNZ media when the permittivity and permeability are exchanged [58]. In addition,
when two-dimensional (2D) photonic crystal (PC) is equivalent to ZIM, we also study the Bessel beam
generated by the effective EMNZ metalens. Our results provide a new perspective to design novel
optical devices with diversified shapes and open novel routes to exploit advanced materials for steering
the electromagnetic waves in nano-scale structures.

2. PHYSICAL MECHANISM OF BESSEL BEAM GENERATED BY METALEN
WITH ENZ MEDIA

The metalen realized by ENZ media can generate Bessel beam, which can be explained well by its
control of electromagnetic wave transmission direction. For a traditional convex prism of a dielectric,
the corresponding transmission property of electromagnetic wave is shown in Fig. 1(a), and the working
principle of metalen realized by ENZ media is shown in Fig. 1(b). We use Computer Simulation
Technology (CST) software to simulate the magnetic field distributions of ZIM metalens. Compared
with Figs. 1(a) and 1(b), we can find that although the shapes of the two kinds of prisms are different,
both of them can realize interference and generate Bessel beam when the plane wave passes through
them. Specially, when the electromagnetic wave is output from the ENZ media, it can only follow
the direction perpendicular to the interface, and this wave modulation behavior has also been used
for directional radiation [11,16]. So, for ENZ media, the direction of electromagnetic wave can be
controlled arbitrarily by changing the angle of the exit interface [17]. Here, by using this wavefront
shaping property of ENZ media, we design the new metalen with ENZ media to generate Bessel beams.
For convenience, we reduce the 3D structure to the 2D case in which the transverse-magnetic (TM)
polarized wave (E,, E, H,) propagating in the zoz plane and the dimension in the y direction are not
considered. The simulation results of Bessel beam generated by convex prism with dielectric (¢ = 2.25)
and metalen with ENZ media (¢ — 0) are shown in Figs. 1(c) and 1(d), respectively. The angles of
convex prism and metalen are both @ = 10°, shown in Figs. 1(c) and 1(d). Actually, such control
behaviors remain for the metalen, even when the anisotropic permittivity is considered by setting the
permittivity of the ENZ media to ¢, — 0, €, = 3, as displayed in Fig. 1(e). Therefore, we can flexibly
control the transmission direction of light passing through the metalen, and the unusual design actually
exists in both isotropic and anisotropic ENZ media.
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Figure 1. Comparison of Bessel beams generated by traditional convex prism and new metalen. (a)
Schematic of Bessel beam generated based on the traditional convex prism with high permittivity
dielectric. (b) Schematic of Bessel beam generated based on the new metalen with ENZ media. (c)—(e)
Simulated magnetic field distributions of H, for the traditional convex prism with dielectric (e = 2.25),
isotropic ENZ media (¢ — 0), and anisotropic ENZ media (¢, — 0g, = 3), respectively. In all three
cases, the angle of prisms is a = 10°.

3. BESSEL BEAM GENERATED IN EFFECTIVE ENZ MEDIA OF
METAL-DIELECTRIC MULTILAYERS

3.1. ENZ Mediarealized by the Metal-Dielectric Multilayers

In the visible range, metal dielectric multilayered structure can be used to create ENZ media, as
schematically shown in Fig. 2(a). According to EMT, the anisotropic effective permittivity of the
system can be expressed as [58, 59]:

€1 =p-em+(1—p)-ep, (1)
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where 1 and // indicate the components perpendicular and parallel to the optical axis (z axis),
respectively; p = dag/(dag + dsio,) is the filling ratio of the metal layer; and ej(ep) and dps (dp)
are the permittivity and thickness of metal (dielectric) layer, respectively. In this work, dielectric is
selected to be SiOg with ep = 2.39 [60]. Metal is selected to be Ag because Ag is a good candidate
as plasmonic material in the infrared and visible regions [60,61]. The permittivity of Ag is described
by a Drude model ej; = €00 — wg /(w? 4+ iw~y.) where 4 is the high-frequency permittivity with a
value of 5 for Ag. w, = 1.38 x 10 rad/s denotes the plasma frequency, and yc = 5.07 x 103 rad/s
is the damping frequency [61]. We assume djp; = 10nm and dp = 48 nm, and thus p ~ 0.17. Optical
frequency varies in the vicinity of 542 THz, i.e., wavelength in the vicinity of 553.5 nm, which is much
larger than the thickness djs + dp of the unit cell, and thus the EMT is valid. From Egs. (1) and (2),
the anisotropic permittivity of the multilayered structure is drawn in Fig. 2(b). The effective real
(imaginary) parts of permittivity components €, and & /, are represented by the blue and red solid
(dashed) lines, respectively. By tuning the sign of £, from positive to negative, a topological transition
of the IFC from closed elliptical to open hyperbolic dispersion can be generated [59]. In particular,
€1 ~0.009 4 0.042¢ and €,, ~ 3.02 + 0.003i, when the frequency is f = 542 THz, which corresponds to
an anisotropic ENZ media. Therefore, we construct the effective anisotropic ENZ media based on the
metal-dielectric multilayered structure.
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Figure 2. Schematic of the effective anisotropic ENZ media and the effective permittivity. (a) The
anisotropic ENZ layer can be mimicked by a metal dielectric multilayered structure in visible region.
(b) Effective anisotropic permittivity parameters based on the multilayered structure. The real and
imaginary parts of the anisotropic permittivity are marked by solid and dashed lines, respectively. At
frequency 542 THz, the corresponding effective permittivity is Re(e; ) — 0, which is marked by the blue
star.

3.2. The Control of Light Transmission by the Anisotropic ENZ Media

The propagation properties of electromagnetic waves in media depend on the dispersion in wave-vectors
pace characterized by the IFCs. Tuning the shape of IFCs can lead to many unusual propagation
phenomena. The corresponding dispersion relation of the effective ENZ media is described by [58, 59]:

k2 k2
T z k2 3
£, €x — 0>y ( )
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where k, and k, are the x and z components of wave vectors in the metal-dielectric multilayered
structure, respectively. kg = w/c is the wave vector in vacuum. According to Eq. (3) Re(k./ko) of the
effective ENZ media at a fixed frequency is f = 542 THz, illustrated by red solid curve in Fig. 3(a).
This very flat elliptic curve indicates that the metal-dielectric multilayered structure can be regarded
as an anisotropic ENZ media at the working wavelength. In addition, the IFC of the air is plotted
with blue dashed curve in Fig. 3(a). The black arrows denote the direction of the wave vector in the
anisotropic ENZ media and air at output. The red and blue arrows indicate the direction of the gradient
of wave vectors, namely the direction of energy flow in the anisotropic ENZ media and air at output,
respectively. The unique IFC of anisotropic ENZ media makes it possible to realize the collimation
effect of light. In addition, because the wave vector (wavelength) along the propagation direction is
very small (large), there is almost no phase accumulation when light propagates in anisotropic ENZ
media. When the electromagnetic wave is incident on the interface from the anisotropic ENZ media at
an angle of 6; relative to the exit interface, the exit angle will change to 03, as shown in Fig. 3(a), and
05 is less than A, which makes it possible to produce Bessel beam with metalen made of anisotropic
ENZ media. The magnetic field H, distribution of the normal incident plane wave passing through the
wedge structure designed by the anisotropic ENZ media is shown in Fig. 3(b).
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Figure 3. The manipulation of anisotropic ENZ media to the electromagnetic waves. (a) IFC
of the anisotropic ENZ media. (b) The corresponding magnetic field distributions of H, when the
electromagnetic wave passes through a wedge structure designed by effective anisotropic ENZ media.
The angle of wedge structure is a« = 10°. The transmission direction of electromagnetic wave and the
normal direction of interface are indicated by white arrows and white dashed line, respectively.

3.3. Bessel Beam Generated by the Metalen with Effective ENZ Media

Based on the anisotropic ENZ media realized by the metal-dielectric multilyered structure, we design
metalen for generating Bessel beam. When frequency is f = 542 THz, the magnetic field H, distribution
of the new metalen with o = 10° is shown in Fig. 4(a). Because of the interference, non-diffraction
Bessel beam is generated. In order to see more clearly, the upper row and lower row correspond to the
magnetic field H, distributions with and without phase, respectively. The result in Fig. 4(a) meets well
with that of the homogeneous media shown in Fig. 1(e). Specially, in order to optimize the parameters
of optical devices, we also study the dependence of Bessel beam on the angle of metalen. Fig. 4(b) shows
the magnetic field H, distribution of the new metalen with a = 5°. Similar to Fig. 4(a), the upper
and lower rows of Fig. 4(b) correspond to the magnetic field H, distributions with and without phase,
respectively. Comparing Figs. 4(a) and 4(b), we can clearly see that different wedge angles have certain
influence on the direction of the output beam and the propagation distance of the non-diffraction Bessel
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Figure 4. The dependence of Bessel beam on the angle of the metalen with effective anisotropic ENZ
media. (a) Magnetic field distributions of H, when the angle of metalen is o = 10°. (b) Similar to
(a), but for the angle of metalen is & = 5°. The upper row and lower row correspond to the field
distributions with and without phase, respectively.

beam. More specifically, the smaller the angle of the metalen is, the longer the transmission distance is.
For the case of a = 5°, the beamwidth remains almost the same after propagating 48\. Therefore, the
angle of metalen made of the effective anisotropic ENZ media can be used as a good degree of freedom
to control the direction of output beam and the transmission distance of Bessel beam.

3.4. Robustness of Bessel Beam Generated by the Effective ENZ Lens

In this part, we study the unique self-healing properties of Bessel beams. The self-healing properties
of Bessel beams mean that even though the field is distorted by opaque defect, the original properties
of the field can be restored after a short transmission distance. When frequency is f = 542 THz, the
corresponding magnetic field H, distribution of the new metalen with av = 5° is shown in Fig. 5. Fig. 5(a)
and Fig. 5(b) correspond to the magnetic field H, distributions with and without phase, respectively.
The small metallic defect (diameter equal to 300nm) used to verify the self-healing Bessel beam is
marked by black arrows. From Fig. 5, we can see that the non-diffraction Bessel beam generated by
metalen can recover after encountering metal defect in short distance, which proves the robustness of
Bessel beam to defect.

In addition, the Bessel beam generated by ZIM metalens when the perfect electric conductor (PEC)
defects are embedded in the structure is also studied. Taking the triangular defects (TDs) for example,
the Bessel beam can also be generated because the wave can perfectly pass through this defects [22], as
shown in Fig. 6(a). The robustness of the Bessel beam generated by the ZIM lens is also demonstrated for
two circle defects (CDs) in Fig. 6(b). Fig. 6(c) shows the normalized magnetic field |H,| distributions
along the x direction in the external interface which are marked in Figs. 6(a) and 6(b). The |H,|
distributions of the cases without defects, with CDs and TDs are shown by the solid green, blue, and
purple lines, respectively. Compared with Figs. 5 and 6, it can be clearly seen that the Bessel beam
generated by the ZIM lens is robust whether the obstacles are inside the structure or on the path of
interference, which is difficult to reach by the traditional convex dielectric lens.

A further comparison between effective medium simulation and exact periodical structure
simulation is studied in Fig. 7. Without the loss of generality, we consider the ZIM metalens with
defects. It can be seen that when the wave is incident on the structure with two tiny PEC defects, the
Bessel beam can be generated almost without being affected by the defects. Especially, the results of
effective medium structure [Fig. 7(a)] agree well with the results of the multilayer structure [Fig. 7(b)],
thus the effective medium theory works well for the Bessel beam generated by the ZIM metalens.
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Figure 5. The Bessel beam with self-healing in the metalen with effective anisotropic ENZ media.
Magnetic field distributions of H, when the angle of metalen is o = 5°. The small metallic defect used
to verify the self-healing Bessel beam is marked by the black arrows. For clarity, (a) and (b) represent
field distribution with and without phase, respectively.
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Figure 6. The robustness of Bessel beam against to the inner defects. (a) Magnetic field distributions
of H, when two triangular defects (TDs) are introduced to the effective anisotropic ENZ media. The
angle of metalen is @ = 10°. (b) Similar to (a), but for the circle defects (CDs) introduced to the
structure. (c) The normalized magnetic field |H,| distributions along the x direction in the external
interface that are marked in (a) and (b).

4. EFFECTIVE CONTROL OF BESSEL BEAM BASED ON ZIM METALENS

4.1. Enhancement of the Bessel Beam by the Collective Radiation

In the previously reported Bessel beam generated by the linear-crossing metamaterials, it is difficult to
achieve intensity enhancement, owing to the limited choice of plane wave and the positional uncertainty
brought by the point source [29]. In this section, we distribute N point sources with voltage U = 1V into
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Figure 7. The comparison between effective medium simulation and exact periodical structure
simulation Bessel beam generated by ZIM metalen. The magnetic field distribution H, of the (a)
effective medium and (b) multilayer structure.

a isotropic ENZ metalen. The isotropic ENZ media can be easily realized by the metals [1], conductive
oxides (such as aluminum-doped zinc-oxide [62]), doped semiconductors [63], etc. Because of the uniform
fields in the ZIM metalens N point sources are equivalent to one point source with effective voltage NU.
This provides a way to enhance the strength of Bessel beam just by adding the number of point sources.
Fig. 8 gives the Bessel beam generated by putting a point source inside the isotropic ENZ metalen.
Without the loss of generality, the position of the point source deviates 20 nm along z direction from
the center of the ENZ. In addition to the excitation of plane wave in above sections, the Bessel beam
can also be realized by the point source in the ZIM metalens, as shown in Fig. 8(a). In particular,
the normalized magnetic field |H,| distribution along the x direction in the external interface is shown
in Fig. 8(b). It can be clearly seen that the field intensity is localized in the center. Moreover, the
dependence of intensity on the position of point source is studied in Figs. 8(c) and 8(d). When the
source moves along the x direction from the center of the ZIM metalen, the field intensity at the center
of the external interface is shown in Fig. 8(c). It can be found that when the excitation source deviates
from the center in the = direction, the intensity of the Bessel beam generated by ZIM metalen will be
reduced. On the other hand, Fig. 8(d) shows the field intensity at the center of the external interface
when the source moves along the z direction from the center of the ZIM metalen. In this case, the field
strength increases as the source approaches the interface. Therefore, for the Bessel beam generated by
the ZIM metalen, the constructive interference depends on the position of the point source.

Next, the enhancement of the Bessel beam by the collective radiation of ZIM metalen is
demonstrated. Considering different numbers of point sources along the z direction with d, = 0nm,
the magnetic field distributions of H, is shown in Fig. 9. It should be noted that considering better
constructive interference to enhance Bessel beam, different numbers of point sources are symmetrically
placed about the center x = 0. We can see that no matter how many point sources, the ZIM metalens
can produce Bessel beam well. In order to clearly show the field distributions, different color bars are
used. Especially, for the cases that the number of the sources is N =1, 2, 3, 4, 5, and 6, the color bars
[—c(V/m), ¢ (V/m)] where ¢ = 50, 100, 150, 200, 250, and 300, are used, respectively.

In order to quantitatively analyze the influence of the number of point sources on the Bessel beam
strength, the magnetic field |H,| distributions along the z direction in the external interfaces are shown
in Fig. 10(a). Especially, the upper (lower) row denotes the case where the number of sources is odd
(even). Fig. 10(b) shows the magnetic field strength |H,| extracted from the center of the external
interface as a function of the number of the point sources. For the special angle of metalen o = 10°,
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Figure 8. The Bessel beam generated by putting a point source inside the isotropic ENZ metalen. (a)
Magnetic field distributions of H, when the position of the point source deviates 20 nm along z direction
from the center of the ENZ structure. The angle of metalen is o = 10°. (b) The normalized magnetic
field |H,| distribution along the z direction in the external interface that are marked in (a). (c¢) The
normalized magnetic field |H,| extracted from the center of the external interface when the point source
moves along the x direction. (d) Similar to (c¢), but for the point source moves along z direction.

except that the number of point sources is N = 6, the magnetic field strength of the system increases
with the increase of the number of point sources. In fact, from Fig. 8(c) [Fig. 10(a)], we can find that
the magnetic field strength decreases (increases) as the point source deviates from the center in the
x direction (the number of point sources increases). Therefore, for the case that the number of point
sources is N = 6, the field strength will be slightly reduced compared with the number of point sources
N =5, which is caused by the competition of the position and number of point sources.

4.2. Influence of Different Positions on Collective Radiation Forming Bessel Beam

The collective radiation of ZIM metalens is related not only to the number of point sources, but also to
the position of point sources. Recently, the metasources composed of several point sources with flexible
electromagnetic wave control have been proposed [64]. Here, considering the number of point sources
N = 7, the magnetic field distributions of H, of the Bessel beam generated by the metasources in the
ZIM metalens are shown in Fig. 11. Four configurations of the metasources are marked by the white
dots in Figs. 11(a)-11(d), respectively. Similar to Fig. 10(a), the magnetic field |H,| distributions of
the Bessel beam excited by the metasources along the = direction in the external interfaces are shown
in Fig. 12. Four configurations (I, II, III, and IV) are represented by the blue, green, yellow, and pink
lines, respectively. It can be clearly seen that the magnetic field strength of the Bessel beam generated
by the ZIM metalen can be efficiently controlled by changing the configurations of the metasources.
Then we study the field strength at different positions when the number of point sources is NV = 6,
as shown in Fig. 13. Magnetic field distributions of H, when the positions of the six point sources
move 310nm and Onm are shown in Figs. 13(a) and 13(b), respectively. The center of the structure
is represented by a black dashed line. Especially, Fig. 13(c) gives the magnetic field |H,| distributions
along the z direction in the external interfaces. The magnetic fields |H,| extracted from the center
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Figure 9. At the center of the ENZ structure d, = 0 nm, magnetic field distributions of H, for different
number of the point source inside the ENZ metalens along x direction: (a) N =1; (b) N =2; (¢) N = 3;
(d) N =4; (e) N =5; (f) N =6. The angle of metalen is « = 10°. The external interfaces are marked
by the black dashed lines.

of the external interface for the cases d; = 310nm and d, = Onm are 327.57V/m and 242.42V /m,
respectively. We can find that the field strength of the case that one of the point sources is placed at
the center of the structure is higher than that of the source deviates from the center.

4.3. Multichannel Bessel Beams Generated by the ZIM Metalens

In addition to that the intensity of the Bessel beam can be enhanced by the collective radiation of
the multiple excitation sources, multi-channel Bessel beam is also a significant advantage of the ZIM
metalens due to the uniformed field in the ZIM structure [65]. The schematic of anisotropic ENZ
structure with four concave exit surfaces is shown in Fig. 14(a). In this case, when a point source is
placed at the center of the ZIM metalen, four Bessel beams can be generated in different channels,
as shown in Fig. 14(b). In order to show the generated Bessel beam more clearly, the corresponding
magnetic field strength distribution is given in Fig. 14(c). Especially, the magnetic field | H,| distribution
along the z direction [which is marked by the black line in Fig. 14(c)] is shown in Fig. 14(d). It should
be emphasized that the unevenness of metalen will unavoidably lead to the leakage of electromagnetic
waves in diagonal directions, as shown in Figs. 14(c)-14(d). In order to suppress this unexpected



Progress In Electromagnetics Research, Vol. 174, 2022 99

T T T T T T T 450 — : . —_—
400 1
300
E 200 | 3507
100 +
0 E 2507
400
300
_ | 150
E:“ 200 !
100 l
| 50+t
0 c 1 1 1 L 1 | | | | | 1
0 1 2 3 4 5 1 3 5 7
x (um) n
(a) (b)

Figure 10. The magnetic field |H,| dependent on the number of the point sources. (a) The magnetic
field |H,| distributions along the x direction in the external interfaces that are marked in Fig. 9. The
upper (lower) row denote the case where the number of the sources is odd (even). (b) The magnetic
field |H,| extracted from the center of the external interface as a function of the number of the point
sources.
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Figure 11. Magnetic field distributions of H, for seven point sources placed inside the ENZ metalens
according to different configurations, which are marked I, II, III, and IV respectively. The angle of
metalen is a = 10°. The external interfaces are marked by the black dashed lines.

leakage, a modified ZIM metlen with four concave exit surfaces is designed in Fig. 14(e). Similarly, the
corresponding magnetic field distributions are shown in Figs. 14(f)-14(h). In particular, from Fig. 14(h),
it can be clearly seen that the strength of the magnetic field away from the center is greatly inhibited.
Therefore, the multi-channel Bessel beams can be easily generated by the ZIM metalens with multiple
concave exit surfaces.
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Figure 12. The magnetic field |Hy| distributions along the z direction in the external interfaces that
are marked in Fig. 11.
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Figure 13. The Bessel beam generated by six point sources in the ZIM metalens. (a) Magnetic field
distributions of H, when the position of the six point sources moves 310 nm along z direction from the
center of the structure. (b) Similar to (a), but for d, = 0nm. (c) The magnetic field |H,| distributions
along the x direction in the external interfaces.

4.4. The Difference between Isotropic ENZ and Anisotropic ENZ Metalens for
Generating the Bessel Beam with Point Source

It should be emphasized that when the plane wave is incident on the ZIM metalen, both isotropic and
anisotropic media can generate Bessel beams. However, in the case of point source, only isotropic media
can be used to realize the Bessel beams, as shown in Fig. 15. From Fig. 15(a), we can clearly see that
the Bessel beam can be generated by the concave metalen with isotropic ENZ media. On the contrary,
the beam generated from concave exit surface is almost the same as the flat exit surface. Therefore,
considering the point source, only isotropic ENZ metalen can be used to generate Bessel beams.

Figure 16 gives the difference between isotropic ENZ and anisotropic ENZ metalens when the point
source is moved outside the structure. It can be clearly seen that the Bessel beam can also be generated
by the isotropic ENZ metalen when the point source is moved outside the structure, which is shown in
Fig. 16(a). On the other hand, different from plane wave incidence, Bessel beam generated by point
source cannot be extended to the anisotropic ENZ media, as shown in Fig. 16(b).
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Figure 14. The multichannel Bessel beam generated by the ZIM structure. (a) Schematic of the
isotropic ENZ structure with four concave exit surfaces. (b) Magnetic field distributions of H, when
the angle of metalen is a = 10°. (c) Similar to (b), but for the |H,| distribution without phase. (d) The
magnetic field | H, | distribution along the z direction that are marked in (c). (e)—(h) Similar to (a)—(d),
but for the modified ENZ structure with four concave exit surfaces.
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Figure 15. The difference between isotropic ENZ and anisotropic ENZ metalens for generating the
Bessel beam with point source. The magnetic field distribution H, of the (a) isotropic ENZ metalen
and (b) anisotropic ENZ metalen when putting a point source inside the structure. The upper row and
lower row correspond to the field distributions with and without phase, respectively.

5. BESSEL BEAM GENERATED BY EMNZ METALEN BASED ON 2D PHOTONIC
CRYSTALS

In the above introductions, we only use the ZIM metalens realized by the ENZ media. In this section,
we utilize a 2D dielectric PC at Dirac-like point at Brillouin zone center [22] to realize EMNZ metalens.
For the PC-based EMNZ media in Fig. 17(a), the background medium could be air [22] or low-index
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Figure 16. The difference between isotropic ENZ and anisotropic ENZ metalens when the point source
is moved outside the structure. The magnetic field distribution Hy of the (a) isotropic ENZ metalen and
(b) anisotropic ENZ metalen when putting a point source is moved outside the structure. The upper
row and lower row correspond to the field distributions with and without phase, respectively.
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Figure 17. The Bessel beam generated by the effective ZIM based on the 2D photonic crystal (PC).
(a) Schematic of the 2D PC constructed by a square lattice of Si cylinders with radius and relative
permittivity d = 0.2a and & = 12.11, respectively. (b) Photonic band structure for the TE polarization
(with the electric field parallel to the cylinders) in a 2D PC. (c) Electric field distributions of E, at
412.5 THz when the angle of metalen is o = 45°. (d) Similar to (c), but for the angle of metalen is
a = 20°. The reference region is painted in gray. (e), (f) Similar to (d), but for the waves incident at
the lower left small port without (e) and with (f) embedded obstacles.
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dielectric such as SiOg [24]. Here, the 2D PC is constructed by a square lattice of Si cylinders with radius
and relative permittivity d = 0.2a and € = 12.11, respectively. The lattice constant is represented by
a = 400nm. The band structure of the PC is calculated by COMSOL MULTI-PHYSICS and plotted in
Fig. 17(b). The linear dispersion bands intersect at the Dirac-like point f = 0.55¢/a, with an additional
flat band which corresponds to an effective EMNZ media [22]. In order to verify the EMNZ obtained
by the 2D PC, Fig. 17(c) shows the field distribution of EMNZ metalen with o = 45° at f = 412.5 THz.
The propagating phase of electric field in the 2D PC is uniform, which ensures that the phase of the
electromagnetic wave emitted from the interface is consistent. The output direction and phase plane are
represented by the arrows and dashed lines, respectively. Then the effective EMNZ metalen is designed
with o = 20° to generate the Bessel beam. The corresponding electric field is shown in Fig. 17(d).
Because the PC is composed of a square lattice, it is difficult to realize the ideal interface when the
angle of metalen is small. Nevertheless, the Bessel beam can be seen from Fig. 17(d), which is marked
by the gray shaded region. Fig. 17(e) shows the electric field distributions of E, when the waves are
incident at the lower left small port. Compared with Figs. 17(d) and 17(e), we can find that at the
Dirac-like point frequency, waves incident from the lower left channel can turn around a 90° bend and
appear through the right exit interface with little distortion. In particular, based on the property
that the embedded defect is invisible inside the ZIM, Fig. 17(f) gives the electric field distributions
of E, when a small magnetic conductor (PMC) defect is embedded in the effective EMNZ metalen.
Although the quality of Bessel beam generated by 2D PC will be affected by irregular interface, it can
still demonstrate the principle of Bessel beam generated by EMNZ metalens.

6. CONCLUSION

In summary, we present a novel method to generate Bessel beams in the visible region using ZIM
metalens. The diffraction of the generated Bessel beam is weak even it propagates in a long distance.
Interestingly, we can control the direction of the output beam arbitrarily and control the propagation
distance of Bessel beam by tuning the angle of metalen with ENZ media. The generated non-diffraction
Bessel beam exhibits not only self-healing behavior after encountering an obstacle in the beam path,
but also robustness against the inner defects. Moreover, based on the uniform field distribution of ZIM,
the enhanced and multi-channel Bessel beams based on the multiple point sources and multiple exit
surfaces have been demonstrated, respectively. In addition, the Bessel beam generated by the ZIM
metalen has also been extended to the EMNZ media realized by 2D PCs. Our results not only provide a
new way to generate Bessel beam, but also provide a way to design novel optical devices with excellent
performance by using the ZIM.
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