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Abstract: In recent years, singular optical beams, including optical vortex (OV) beams with
phase singularities and cylindrical vector beams (CVBs) with polarization singularities, have
brought new degrees of freedom for many applications. Although there have been various
microscale devices for OV detection, the detection of CVBs with a microscale device is still
a challenge. Here, we propose a new method for detection of CVBs with a designed on-chip
plasmonic spin-Hall metalens structure. The focal position of the metalens and the splitting
effect of at focus are studied in both an analytical model and numerical simulation. The results
demonstrate that the metalens can not only detect different polarization orders of incident CVBs
but also have an ability to distinguish radial, azimuthal and other vectorial polarization states
under the same order of CVBs. This method has potential applications in compact integrated
optical communication and processing systems.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

As a branch of modern optics, singular optics has attracted broad research interests over the past
decades [1]. Phase singularity and polarization singularity are two typical optical singularities,
and their representative light beams are optical vortex (OV) beams [2] and cylindrical vector
beams (CVBs) [3], respectively. Due to the degree of freedom of orbital angular momentum
(OAM), OV beams have widely been studied and applied in various optical fields, including
imaging and metrology [4,5], optical tweezers [6,7], optical sensing [8,9], quantum optics [10],
and optical communication [11,12]. Like OV beams, the CVBs have the degree of freedom
of vectorial polarization order, that is, different polarization orders of CVBs are orthogonal
to each other [13]. Moreover, for each order of CVB, there are two orthogonally radial and
azimuthal modes, which further enhances the capacity of CVBs as multiplexed channels in
optical communication [14]. In addition, CVBs has also been widely used in other fields such
as super-resolution imaging [15], optical tweezers [16], and longitudinal optical needles [17],
owing to its unique tight focusing and polarization characteristics [18].

Motivated by the great potential of CVBs, various methods have been developed for generating
CVBs, including active and passive ways [19-21]. The detection of singularity beams is very
important for their applications. In particular, the development of on-chip detection methods and
devices plays an important role in the application of integrated optics and nanophotonics. In
recent years, a variety of on-chip OAM detection methods and microscale devices have been
reported, such as plasmonic OAM detector [22-24]. By contrast, the researches of on-chip CVB
detection methods and microscale devices are much less. Traditional methods for detecting
CVBs are usually based on optical diffraction and interference devices, such as g-plate [25,26],
diffraction grating [27,28] and geometric transformation [29], and thus have shortcomings of
the requirement of multiple devices and large volume of optical system, strongly limiting their
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application in compact and integrated optical systems. Thus, how to realize the detection of CVB
with on-chip microscale devices is still a challenge.

In recent years, metasurface devices have deeply been investigated and showed powerful
capability of manipulating light field in micro- and nano-scale [30-33]. Many previous reports
demonstrate that ultracompact on-chip metasurface can achieve nearly arbitrary control of optical
phase and polarization, including anomalous (directional and focusing/diverging) launching
[34-35] and wavefront engineering of evanescent waves and surface plasmon polaritons (SPPs)
[36,37], generation and directional coupling of plasmonic vortices [38,39], mode-selective
coupling with polarization sensitivity [40] and on-chip polarization multiplexing [41], verifying
that it can be a promising candidate for on-chip CVB detection.

In this work, we propose a new method for CVB detection based on an on-chip plasmonic
spin-Hall metalens structure. The designed metalens is composed of spin-sensitive unit cells in a
gold nano-film, and enables the generation of single SPP focus under the incidence of CVB. The
position of the SPP focal point shifts with different orders of CVBs, hence the order of CVB
can be detected by the focal position. Besides the different orders of CVBs, both analytical and
simulated results show that the designed metalens can also distinguish the orthogonally radial
and azimuthal modes under the same CVB order, even other vectorial polarization state between
the radial and azimuthal modes can be judged according to the splitting effect of the SPP focus,
which is superior than many previous designs [42—45]. The proposed structure has great potential
in compact integrated CVB-multiplexing communication and processing systems.

2. Principle of the metalens

The schematic illustration of the proposed on-chip plasmonic spin-Hall metalens is shown in
Fig. 1(a). The metalens consists of two semicircular parts with orthogonally oriented nano-slit
pairs on a gold film (200 nm thickness) and glass substrate. The upper half semicircular part of
the structure (indicated by red dashed box) and the lower half part (indicated by grey dashed
box) are used to focus SPPs excited by the right-handed and left-handed circularly polarization
components of the incident CVB, respectively. The wavelength of incident CVB is 632.8 nm,
which is normally incident to the structure from the bottom. When a CVB of a certain order is
incident, the nano-slits of the metalens excite SPP and then form a strong SPP focus in the center
region as shown in Fig. 1(a), and the focal spot shifts with the change of CVB order.

Taking one of the semicircular parts as example, the schematic diagram with parameters is
shown in Fig. 1(b) to introduce the spin-Hall effect of SPP propagation. The radial vector is &,
and the azimuthal vector is ¢,. 6 is the angle between the radius and the y-axis. The distance
between the two nano-slits of a pair is s = Ay,,/4 (Aspp is the SPP wavelength) in both the
radial and azimuthal directions. The width and length of all nano-slits are 60 nm and 240 nm,
respectively. The period of the nano-slit pairs in the azimuthal direction is P; = Agpp. According
to previous report [35], such orthogonal nano-slits can achieve spin-polarization-controlled
directional coupling of SPPs. For left-handed circularly polarized (LCP) and right-handed
circularly polarized (RCP) light, the SPP excited by the semicircular structure in Fig. 1(b)
propagates inward and outward, resulting in focusing and divergence of SPP, respectively, which
presents the spin-Hall effect of SPP. Therefore, the structure shown in Fig. 1(b) can be used as an
on-chip spin-Hall metalens under LCP incidence. The other half of the whole metalens structure
is symmetric with Fig. 1(b) about the x-axis, and the corresponding propagation behavior of SPP
excited by LCP and RCP light is opposite to that in Fig. 1(b).

The incident CVB with order m can be described by the following Jones vector J,,:

I, = Cos(m‘p + ®0) - :lei(m<p+0(,) 1 + %e—i(mqw@o) 1 0}

sin(me + 0g) 2 —i i
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Fig. 1. (a) The schematic diagram of the on-chip plasmonic spin-Hall metalens structure.
(b) The schematic diagram of the lower semicircular part of the metalens and the definition
of structural parameters. The lower left corner is magnified view of the nano-slits. (c) The
mth-order CVB is comprised of a LCP OV beam with a topological charge of —m and a RCP
OV beam with a topological charge of + m.

where m is the order of CVB, ¢ is the azimuthal angle, and 0y is the initial phase angle [29]. It
can be seen from Eq. (1) that an m-order CVB can be divided into a pair of conjugate OV beams,
including an RCP OV with a topological charge of m and an LCP OV with a topological charge of
-m (as shown in Fig. 1(c)). The total angular momentum of these two parts is j = o + m, where
ois the spin angular momentum with the value of o =1 and -1 for LCP/RCP light, respectively.
When an m-order CVB is incident on the structure as shown in Fig. 1(a), it is equivalent to an
m-order RCP OV and an -m-order LCP OV to generate the focusing and divergence of SPP,
respectively.

According to the 2-D Helmbholtz and Kirchhoff integral theorem, the field distribution at any
point M(x, y) in the convergent SPP field generated by the metalens in Fig. 1(b) can be expressed
as [46],

ikspp(w)R

EZ(x’ y’ w) = 4

{H(()Z)(kspp(w)R)Hgl)(kspp(w)d) cos 3

~HY (ks (@) R) Y (kspp () d) | U (0) exp (=ijp) @)

where kqp,(w) = 27/ Agpp(w) is the wave vector of the SPP, w is the angular frequency of the
light source, R is the radius of the semi-ring structure, 6 is the angle between the normal line
NO at N on the semi-ring and the y-axis (Fig. 1(b)), and S is the angle between NO and MN.

d= \/ (x" = x)* + (y' — y)* is the distance between M(x, y) and N(x’,y’), Hf,])(x) is the Hankel

function of the first kind of order n, H,(,Z)(x) is the Hankel function of the second kind of order
n, U(0) is the amplitude at any point N(x’,y") on the arc, j = o + m is the total angular
momentum of LCP part of the incident CVB, ¢ represents the azimuth angle with tan ¢ = %
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When R > A, the asymptotic expression of Hankel function in Eq. (2) is expressed as:

o= e llo- 5 )
H, ' (x) P l(x > 7

where n represents any integer. Then the E, field of SPP at any point in the focal area of the
metalens structure can be obtained as:

\/Eexp[_ikspp(w)R] f exp[ikspp(w)d]
2r Y \/E

According to Eq. (4), the distribution of SPP field excited by incident CVB with different order
m can be calculated.

To verify the correctness of the above analytical model with Egs. (1)-(4), its calculation results
are compared with the numerical simulation results. All the simulations were carried out using
the finite difference time domain method (Lumerical FDTD Solutions). The FDTD model built
for the simulation of the on-chip metalens has a three-dimensional simulation range of 17 pm in
both x and y direction and 2 um in z direction. All boundaries for the simulation volume are
terminated with perfectly matched layers (PML) to avoid parasitic unphysical reflections. The
grid size is chosen as 20 nm in both x and y direction, and minimum 1 nm in z direction. The
incident circularly-polarized light is composed of two orthogonal lineally-polarized plane-wave
beams of equal intensity but with +n/2 phase difference. The CVB source script is written
according to Eq. (1). The material of metal film is Au with relative permittivity from material
database Au(gold)-CRC. The glass substrate is taken as a lossless material with a constant
refractive index of 1.45.

E (x,y, w) = (1 + cos B)U(0)exp(—ijp)d6 “4)

3. Results and discussion
3.1.  Structure design

Figure 2 shows the design flow of our metalens structure, as well as the theoretical calculation
results and FDTD simulation results at each step. First, a common plasmonic lens [47,48]
composed of a single semicircular slit with a radius of 3.6 um (x6Aspp) and a width of 0.3 um are
considered, as shown in the first line of Fig. 2. Three different incident lights are used to study its
SPP focusing capability, including an LCP OV beam with topological charge / = -3 (Fig. 2(b)),
an RCP OV beam with topological charge [ = 3 (Fig. 2(c)), and a CVB withm =3 and 0y = 0
(Figs. 2(d)-2(e)). It can be observed that the semicircular slit can generate a single SPP focus for
both the LCP/RCP OV beams, but cannot for the CVB. According to Eq. (1), CVB is actually the
superposition of the LCP/RCP OV beams, so the field in Fig. 2(d) is actually the result of the
coherent superposition of the fields in Fig. 2(c) and Fig. 2(b). As the SPP focus fields in Fig. 2(b)
and Fig. 2(c) coherently interfere, multiple SPP hotspots are generated instead of a single focus.

Then, the single semicircular slit is replaced by a semicircular spin-Hall metalens (Fig. 2(f))
composed of nano-slit pairs (lower semi-part of the proposed metalens in Fig. 1(a)), and its SPP
focusing properties under the same three incident lights are shown in Figs. 2(g)-2(j). It can be
found that in this structure the LCP OV beam can generate single SPP focus, while the SPP
generated by the RCP OV beam diverges towards the lower side, which is consistent with the
theoretical predictions of the spin-Hall effect. The CVB can also generate single SPP focus
(Fig. 2(i)) due to its LCP OV component. In Figs. 2(k)-2(0), the performance of the upper
semi-part of the spin-Hall metalens is studied, whose radius of upper semi-ring is 3um (=5Aspp).
It is obvious that the upper semi-part shows the opposite results to that of the lower semi-part,
where the RCP OV and CVB can form single SPP focus but the LCP OV cannot, also owing to
the spin-Hall effect. Finally, the whole metalens structure composed of both upper and lower
semi-parts is studied in Figs. 2(q)-2(t). It can be found that all the three incident lights can



Research Article Vol. 30, No. 7/28 Mar 2022/ Optics Express 10762

Optics EXPRESS \ NN

structure diagram LCP-OV(/=-3)FDTD RCP-OV(/=3)FDTD CVB(m=3)FDTD CVB(m=3)Analysis

Fig. 2. (a) Schematic diagram of a common plasmonic lens, the FDTD simulated amplitude
of E; component distribution of SPP field when the incident light is (b) an LCP OV with
[ = -3, (¢) an RCP OV with / = 3 and (d) a CVB with m = 3, and (e) the analytical
calculation results when the incident light is CVB with m = 3. (f)-(j) are similar as (a)-(e)
but the structure is a semicircular spin-Hall metalens composed of nano-slit pairs (lower
semi-part of the proposed metalens). (k)-(o) are similar as (a)-(e) but the structure is the
upper semi-part of the spin-Hall metalens. (p)-(t) are similar as (a)-(e) but the structure is
the whole metalens structure.

generate single SPP focus in such case, and the intensity of SPP focus under CVB incidence is
obviously stronger than that with only upper or lower half part. In addition, the analytical results
(right-most column of Fig. 2) calculated from Eq. (4) well agree with the FDTD simulation
results, verifying the correctness of the analytical model.

In order to enhance the intensity of SPP focus for easy detection, more semicircular structures
are designed in the spin-Hall metalens. The distance between the two adjacent semicircular
structures in upper half and lower half parts is chosen as A, ~ 0.6 um, and the distance between
the two adjacent semicircular structures on the same side is 24y,, ~ 1.2 um to achieve the
constructive interference at the focus, as shown in Fig. 3. The incident light is a CVB withm =1
and @y = O (the well-known radially polarized light). Figures 3(a)-(c) show the E, component
distributions of SPP focal field formed by the metalens with one, two and three rings, respectively,
and the profiles of focus along the white horizontal dotted line are compared in Fig. 3(d). It can
be observed that as the number of rings (N;) increases, the intensity of SPP focus increases, due
to the constructive interference of SPP generated by each ring. However, it is also found that
the side lobes near the central focus of SPP become stronger (Fig. 3(d)) and the growth of focus
intensity is slowing down (Fig. 3(e)) with more rings. Thus, the proposed metalens with three
rings is finally selected for the following study.
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Fig. 3. (a)-(c) The E; component distributions of SPP focal field formed by the metalens
with one, two and three rings, respectively, when the incident light is a CVB with m = 1 and

0y = 0. (d) The E, amplitude profiles of SPP focus along the white horizontal dashed line
when the ring number changes from one to five. (e¢) The growth of focus intensity as the
number of ring changes from one to five.

3.2. Detection of radial-mode CVBs

Next, we investigate the detection function of the spin-Hall metalens on the incident CVBs with
fixed initial phase angle Oy = O (radial-mode) but different orders m, as shown in the Fig. 4
below. The first column (Figs. 4(a)-(c)) gives three different polarization states of incident CVBs
with order m = —1, m = 1 and m = 3, and the second column (Figs. 4(d)-(f)) shows the
corresponding E, component distributions of SPP focal field, respectively. It can be seen in the
figure that the focus of SPP is located in the center at m = 1, and the focus atm = —1 and m = 3
moves to the right and left side, respectively. The reason is that in the case of CVB with m = 1,
both the LCP OV part (I = —1 and o =1) and the RCP OV part (I = 1 and o = —1) have the total
angular momentum j = o + [ = 0 after spin-orbit coupling in SPP excitation, therefore the SPP
focal position is located in the center of the metalens. When m = —1, for the lower half (upper
half) of the metalens, the LCP (RCP) OV is mainly involved, and the total angular momentum
after spin-orbit coupling is j = 2(—2), which induces +2 order (-2 order) spiral phase in the lower
half (upper half) of the metalens, both making the focus shift to the right side. In the same way,
when m = 3, the total angular momentum of SPP is -2 (2) for lower (upper) half of the metalens,
inducing the -2 order (or+2 order) spiral phase and making the focus shift to the left. To clearly
show the shift of the SPP focal point, in Fig. 4(g) we present the profiles of SPP focus along the
horizontal x-direction with the incident CVB order ranging from -3 to 3, and the corresponding
relationship between the horizontal position of SPP focus and the order of incident CVB is given
in Fig. 4(h) with both results of FDTD simulation and analytical calculation. These results
demonstrate that the horizontal position of SPP focal point has almost a linear relationship with
the CVB order, and the interval between focus points of adjacent CVB orders is about 120 nm.
Since the order of CVB corresponds to the SPP focal position one-to-one, the order of CVB can
be detected according to the SPP focal position.
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Fig. 4. (a)-(c) The polarization distribution of radially CVB withm = =1, m = 1 and m = 3,
respectively, and (d)-(f) are the corresponding Ez component distributions of SPP focal field.
(g) The profiles of SPP focus along the horizontal x-direction with the incident CVB order
ranging from -3 to 3, and (h) shows the corresponding relationship between the horizontal
position of SPP focus and the order m of incident CVB. Both results of FDTD simulation
and analytical calculation are shown.

3.3. Detection of azimuthal-mode CVBs

In most previous CVB detection researches, only the CVB order m is detected, while the radial
and azimuthal polarization modes of the same order m (corresponding to @gp = 0 and Oy = 7/2 in
Eq. (1)) could not be distinguished [42—45]. Here, we demonstrate that the proposed metalens
structure can not only detect the the CVB order m, but also distinguish between the radial and
azimuthal polarization modes. When the incident light is an azimuthal-mode CVB, taking the
azimuthal-mode CVBs with m = —1 and m = 1 as examples, the corresponding polarization
distributions are shown in Fig. 5(a) and Fig. 5(b), respectively. From their E, component
distributions of SPP focal field in Figs. 5(c) and 5(d), it can be found that different to the single
SPP focus generated by radial-mode CVBs (Fig. 4), here the SPP focus is split into two symmetry
parts with respect to the x-axis. To investigate the splitting effect, the phase distributions of the
E, component are analyzed in Figs. 5(e) and 5(f), which both present a phase difference of 7
in the center and prove that the destructive interference of SPP excited by the upper and lower
parts of the structure results in the splitting of SPP focus. For more CVB orders ranging from
-3 to 3, the curves in Fig. 5(g) show their profiles of SPP focus along the vertical line passing
through the two split peaks, all presenting the splitting effect and shifting to the -x direction as the
order m increasing. The corresponding relationship between the horizontal position of the split
SPP focus and the order m of incident azimuthal-mode CVB is given in Fig. 5(h), in which both
the results of FDTD simulation and analytical calculation present a nearly linear relationship
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with one-to-one correspondence. Therefore, the proposed metalens structure can also be used to
distinguish the radial and azimuthal polarization modes of CVB according to the single or split
SPP focus pattern.

-T

-T

—e—simulation
—e—analysis

Amplitude(a.u.)

Focus position(um)

I T PR i E(Lm) o o -%ZVBgrderl 20
Fig. 5. (a)-(b) The polarization distribution of azimuthal-mdoe CVB with m = —1 and
m = 1, respectively, and (c)-(d) are the corresponding E; component distributions of SPP
focal field. (e)-(f) The corresponding phase distribution of E; component of SPP focal
field. (g) The profiles of SPP focus along the vertical line passing through the two split
peaks when the incident light is azimuthal-mode CVB with m changing from -3 to 3. (h)
The relationship between the horizontal position of the split SPP focus and the order m of
incident azimuthal CVB.

3.4. Detection of the initial phase angle of CVBs

Besides the radial and azimuthal polarized modes, we also consider if other vectorial polarization
state between the radial and azimuthal modes can be judged according to the splitting effect of the
SPP focus, which is equivalent to the detection of initial phase angle of CVBs. When the incident
light is CVB with an initial phase angle 0g between @y = 0° and Qg = 180°, the distribution of
excited SPP field also changes. Taking the CVBs with 0y = 45°, @y = 135° (m = 1) as examples,
the polarization distribution of incident CVB is shown in the first column as Figs. 6(a) and 6(b),
respectively, and the £, component distributions of SPP focal field is shown in Figs. 6(c) and
6(d), respectively. It can be found that in these cases, the SPP focus is split into two asymmetry
parts with respect to the x-axis. The asymmetry split focus comes from the interference of the
SPP excited by the upper and lower parts of the metalens, which is affected by the initial phase
of the SPP excited by the upper and lower parts of the metalens (shown in Fig. 6(e) and 6(f))
depending on the @y of CVB. The curves shown in Fig. 6(g) show the profiles of asymmetry
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split focus along the vertical line (white dashed line) shown in Fig. 6(c) and Fig. 6(d) when 0
changing from 0° to 135°, clearly presenting the different splitting shapes of focus at different 0.
To quantify the asymmetry splitting effect, the ratio of peak values of the upper and lower SPP
focal points are calculated. Since Fig. 6(g) shows the peak values of the two splitting upper and
lower SPP focal points (Ey, and Eqown as indicated with black circles in Fig. 6(g)) in respect of

the y =0 axis, the ratio value of (%) can be calculated under the CVB incidence with different
up

initial phases. Figure. 6(h) shows the ratio value of (%) between the two asymmetry peaks of

SPP focus, in which both FDTD and analytical results verify that the ratio of the two asymmetry
peaks changes with the initial phase angle. Thus, this ratio value can be used to judge the initial
phase angle 0y of incident CVB.
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Fig. 6. (a)-(b) The polarization distribution of CVB with @y = 0°, 0y = 135° (m=1). (c)-(d)
The corresponding £, component distributions of SPP focal field. (e)-(f) The corresponding
phase distributions of E; component of SPP focal field. (g) The profiles of split focus along
the vertical lines (as white dashed line in (c) and (d)) when @y changing from 0° to 135°
with 45° interval. (h) The amplitude ratio between the two asymmetry peaks of SPP focus at
different 0.

4. Conclusion

In this paper, a new method is proposed to realize the on-chip detection of incident CVBs by
using a plasmonic spin-Hall metalens composed of orthogonally oriented nano-slits. Both FDTD
simulation and theoretical formulas analysis verify that the proposed method can effectively
realize microscale detection of polarization order of incident CVB by measuring the shift of
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SPP focus generated by the metalens. Besides the polarization order of CVB, we verify that
the designed metalens can also distinguish the orthogonally radial and azimuthal polarization
modes under the same CVB order, even other vectorial polarization state between the radial and
azimuthal modes can be judged according to the asymmetry splitting effect of the SPP focus,
which has not been achieved in most previous works about CVB detection. Although this work is
studied with theoretic calculation and simulation, it can be experimentally verified. The proposed
metalens can be fabricated by the Electron Beam Lithography (EBL) system like previous works
[35,44]. The formed SPP field distribution can be measured by several methods such as a fiber
tip-type near-field scanning optical microscope (NSOM) [22,49-51] or Photoelectron Emission
Microscopy (PEEM) [52]. This work has potential values in many applications such as CVB
multiplexing and processing systems, particle trapping and manipulation, super-resolved imaging,
and integrated photonic devices.
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