Progress In Electromagnetics Research Letters, Vol. 96, 121-128, 2021

Ultraviolet Vortex Generation through All-Dielectric Nano-Antennas
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Abstract—Metamaterials have revolutionized the research in conventional electromagnetics. They
display unique properties which can be used for the manipulation of electromagnetic waves in unexpected
ways. In this research, a diamond nano-antenna is designed and optimized using the CST Microwave
Studio, which uses Finite Difference Time Domain (FDTD) method. The designed unit cell shows
high polarization conversion rates (PCR) for ultraviolet (UV) frequencies (especially the UV-B band)
whilst covering Panchatram-Berry (PB) phase. The unit cell is then used to design metasurfaces
that generate light beams carrying Orbital Angular Momentum (OAM) of different orders. Through
the design of two dimensional metamaterial surfaces, the behavior of electromagnetic beams can be
changed on subwavelength scale. This has led to a number of applications related to nanotechnology. A
vortex beam carries Orbital Angular Momentum (OAM) which has played a vital role in increasing the
bandwidth and data rate of optical communication systems. Therefore, OAM beams having different
topological charges have been generated at 294nm to propose an improvement in Free Space Optical
(FSO) communication. Optical links also function as a suitable substitute for applications where Radio
Frequency (RF) communications may not be effective. The proposed theoretical model is expected to
open new horizons in optical communication by incorporating the use of nanoscale devices with high
efficiencies in the ultraviolet regime.

1. INTRODUCTION

Light carries linear momentum as supported by Poynting’s theory of electromagnetic radiation pressure
and momentum density. Subsequently, Poynting also explained the spin angular momentum, which is
linked to the circular polarization of light. However, another closely related property of light named
‘Orbital Angular Momentum (OAM)’ was explained years later in 1992 [1], which is due to helical phase
fronts of electromagnetic waves. Orbital angular momentum has since been an area of keen interest for
researchers. Nowadays, OAM beams are famously known as vortex beams.

Metamaterials have opened up a completely new dimension in the field of optics because they
display unique characteristics when electromagnetic waves interact with them. The word ‘metamaterials’
describes the class of artificially engineered materials that display properties not commonly found in
naturally occurring materials. In this regard, metasurfaces have been under discussion for quite some
time now. Metasurfaces stem from the idea of planar optics/photonics [2]. They are so thin that
they are considered as two-dimensional surfaces. They consist of nano-antennas which can change the
properties (like polarization, phase, etc.) of the incident beam and result in the achievement of different
phenomena on nanoscale. These nano-antennas are sub-wavelength structures that provide resonance
for particular frequencies.

Since metasurfaces are small compared to the traditional devices, they offer a suitable alternative to
be used in opto-electronic devices. Metasurfaces have initially been linked to plasmonic materials, but
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plasmonic nanostructures suffer from higher losses and heating. They may also not be compatible with
complementary metal oxide semiconductor fabrication processes. Therefore, in this work, focus has been
given to optically resonant ‘dielectric’ nanostructures since they can give higher device efficiency [3, 4].
The primary focus of this work is on the use of diamond nano-antennas.

Over the past years, generation of vortex beams through different novel methods has been
introduced. Some of the conventional methods include spiral phase plate [5, 6], spiral parabolic antenna,
and circular antenna array [7-9]. However, the traditional techniques are bulky and difficult to integrate
in nanoscale optoelectronic devices. Therefore, metasurfaces are presented as a possible alternative to
this problem.

The current focus of research is on the use of nanotechnology to generate vortex beams. For
example, Yue et al. [10] recently demonstrated a method of generating vector vortex beams using a
single plasmonic metasurface. They used gold nanorods to design a reflection-based metasurface for
vortex generation at 697 nm. Similar works on plasmonic metasurfaces’ use in vortex beam generation
include [11-14]. In contrast with the discussed approaches, optical vortex beams have also been
demonstrated through the use of dielectrics, which promise a higher efficiency. The progress reported
in [15-19] is based on the use of dielectric nanostructures for optical vortex generation.

The key features of the quoted works are mentioned in Table 1. The generation of ultraviolet
vortex beams still seems a less discovered topic, whose importance cannot be ignored in terms of the
wide variety of applications associated with vortex beams [20].

The primary motivation behind this work is optical communication, particularly free space
optical communication (FSOC) in the ultraviolet regime. The importance of Radio Frequency (RF)
communication has been well acknowledged till today, but factors like attenuation, energy efficiency
restrictions, and RF interference can cause the RF communication links to become ineffective [21].
Under such circumstances, Optical Wireless (OW) links can provide a cost effective solution because
they are immune to electromagnetic interference and free from licensing requirements. Links using
ultraviolet wavelengths have been under considerable attention for the past half century. The area of
ultraviolet communication dates back to the 1960’s when the UV-C band (200-280 nm) was essentially
introduced as a means of Non Line of Sight (NLOS) communication. Recently, the UV-B wavelengths
(280-315 nm) have also been proposed as potential candidates for optical communications. In one of
the latest works, a communication link was successfully shown with a UV-B wavelength of 294 nm [22].

Optical vortex beams can be used as information carriers in ultraviolet communication systems
since they provide an alternative degree of freedom known as mode/spatial division multiplexing
(MDM/SDM). This is especially important in terms of bandwidth of operation and data rate. Therefore,
OAM beams have played a phenomenal role in bringing about the terabit revolution in optical
communications [23-25].

2. DESIGN AND ANALYSIS

An important part of this work revolves around the study of material properties that can provide high
efficiency for ultraviolet region. Diamond appears to be the right choice since it shows resonance on
the incidence of ultraviolet frequencies. Figure 1 presents the dielectric dispersion properties of the
materials used in this work [26].

The meta-atom shape used is a nano-brick, and the mathematical description for it is provided.
The nano-brick can be rotated to tailor the wave-fronts of the incident electromagnetic waves. The
rotation angle of the nano-brick can be represented as 6. The relation of the rotation angles with
the transmitted electromagnetic beam is explained through the expressions given below. The rotation

matrix of the nanobrick is
cos@ sind
R(0) = [ —sinf cosf } (1)

The transmission matrix 7" can be evaluated as [27]

cos sin@}[Tm 0 ][ cos 0 Sine}

—sinf cosf 0 T —sinf cosf

E =T E (3)

T' = R(—0)-T - R(9) = {



Progress In Electromagnetics Research Letters, Vol. 96, 2021

Table 1. Comparison of the work presented in the paper with other contemporary works.
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Figure 1. Material dispersion parameters of (a) diamond and (b) silicon dioxide used in this work.

—

FE;, is the polarization of the incident beam. In this case, it is left circularly polarized, as expressed
by the Jones vector. Solving E; gives us an interesting solution. The transmitted beam (E;) comprises
two components. The nanobrick converts incident Left Circular Polarization (Ercp) beam into Right

Circular Polarization (ERCP) accompanied by a phase shift equal to twice of the rotation angle of the
nanobrick. A part of the incident polarization can be seen on the transmitted side as well. T7; and Tbs
represent the transmitted co-polarization intensities.

An important part of this work is the design of the nanometer sized unit cell which has been
further used to design the metasurfaces. Figure 2 shows the nano-structure designed in this work. The
metasurfaces, proposed in this work, consist of a large number of such unit cells with different rotation
angles. The rotation angles of this unit cell determine the phase and shape of the transmitted beam.
The unit cell shown not only serves the required function of shaping the electromagnetic beams, but
also displays high efficiency in the targeted region. The dimensions of the optimized unit cell have
been finalized to suit the particular application. The length (L) = 150 nm, width (W) = 55nm, and
height (H) = 325nm are the dimensions of the diamond brick. The periodic dimensions of the substrate
(silicon dioxide) are pr = py = 205 nm.

Figure 2. Diamond meta-atom with silicon dioxide substrate.

The designed unit cell provides high Polarization Conversion Rate (PCR) for ultraviolet frequencies.
PCR indicates the ratio of the converted cross polarization intensity (I.r0ss) compared to the total
intensity of co-polarization and cross polarization (I, + Icress). High values of PCR provide effective
results at the targeted wavelength.

PCR = cross/(Ico + Icross) (6)

The response of the nano-antenna for the ultraviolet wavelengths has been shown in Figure 3. Figure 3(a)
indicates the intensity of converted cross-polarized electromagnetic beam whereas Fig. 3(b) indicates
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the intensity of the co-polarized beam. It can be seen that tremendously high efficiencies have been
achieved, through this unit cell, in the ultraviolet regime whilst also converting the incident polarization.
The achieved efficiencies are as high as 90%. The targeted UV-B wavelength lies in the range of very
high efficiency response. This provides the motivation behind the design of ultraviolet metasurfaces
through this particular unit cell. Figure 4 further illustrates these significant features of the unit cell
design. The PCR and phase coverage at 294 nm are depicted in Figure 3 as well. The unit cell can
be seen to show high values of PCR for all rotation angles at 294 nm. This plays a pivotal role in the
design of metasurfaces because different rotation angles of the unit cell have been used in the design
to generate the required phenomenon of vortex beams. Also, it is noteworthy that Panchatram-Berry
phase control can be achieved through the unit cell design parameters. For different angles of the unit
cell, the phase changes in a fashion that it covers a range of 2. This is also depicted by phase diagrams
reported later in the paper.

Further, metasurfaces have been designed with 50 x 50 meta-atoms, which means that the overall
size of each metasurface is 105.0625 um? (10.25 um by 10.25 um). The designed metasurfaces have
been simulated using CST Microwave Studio which uses Finite Difference Time Domain (FDTD) to
provide electromagnetic solutions. The time domain solutions match with the expected plots. The
phase function for the metasurfaces is given below:

D = ko (\/F2+:c2—i—y2—F>+mtan_1(y/:c) (7)
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Figure 3. Transmitted co-polarization (a) and cross-polarization, (b) intensities of the diamond unit
cell.
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Figure 4. (a) Transmittance plotted against the degrees of rotation of the unit cell, (b) Panchatram
Berry (PB) phase of the unit cell.
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where F' and m represent focal length and topological charge of the vortex beam, respectively. ®
determines the phase profile of the metasurface and is governed by the rotation angles of the nanobricks.
The simulation results for m = 0,2 and 4 have been reported in the results.

3. RESULTS

When m = 0, the metasurface generates a zero order vortex beam. A zero order vortex beam can
also be referred to as a meta-lens. Meta-lens has a lot of applications in planar optics. In fact, they
constitute one of the most prominent ideas in this field.

Figure 5(a) shows the resulting electric field intensities. It depicts how the incident plane wave has
been converged to a single focal point. The results of the 2D (z-y) electric field monitor have clearly
proved that the proposed metasurface design has resulted in electric field concentrating at one point.
Figure 5(b) shows the phase along the normal to the z-y plane monitor. Complete phase control has
been achieved as promised by the unit cell design.

Metasurfaces have also been designed for vortex beams with orders 2 and 4. The orders were
chosen in a way to distinguish the working principle of metasurfaces in relation with the Orbital Angular
Momentum. Results for those vortex beams are as given below.

The comparative results provide a lot of insight into the nature of vortex beams. Figures 6(a) and
(b) show how vortex beams look when being seen through cross-sections of z-y electric field monitors.
The characteristic donut shape of the vortex beams can be clearly observed since the intensity of the
electric beam is almost zero in the middle of the beam. It can be noticed that as the topological charge
increases, the donut of the vortex beam becomes larger as Fig. 6(b) shows a bigger shape than Fig. 6(a).
Phase depiction of the vortex beams is also presented in Figure 6(c).

(b) X

Figure 5. (a) Electric field distribution behind a meta-lens, (b) phase distribution of normal component
beyond a meta-lens.
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Figure 6. (a) m =2, (b) m = 4 vortex beams’ electric field distribution, (c) phase (Normal) associated
with vortex beams.
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4. CONCLUSION

This work has discussed the problem of optical communication in the ultraviolet regime using
metamaterials. Optical communication has presented itself as a strong substitute for RF communication
due to a wide range of benefits over the RF spectrum. Till today, the interaction of metasurfaces
with incident electromagnetic beams is under discussion. This work is an effort in this domain where
metasurfaces have been proposed to shape the incident electromagnetic beams into vortex beams. The
proposed designs can convert any polarization beam into a vortex beam. It is worth noting that the
generation of ultraviolet vortex beams through metasurfaces is still an obscure idea, which has been
targeted in this work. Through this work, it can be expected that the terabit/s data rate barrier can
be approached in the ultraviolet regime too. This work is going to introduce nanoscale structures into
free space optical communication, thereby reducing device size and increasing efficiency of operation.
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