OPTOELECTRONICS AND ADVANCED MATERIALS — RAPID COMMUNICATIONS  Vol. 13, No. 11-12, November-December 2019, p.580-586

A single gold metasurface design capable of generating
vortex beams with different topological charges
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A simple approach is proposed to generate vortex beams using a metasurface composed of 31x31 array of sub-wavelength
sized rectangular apertures in a ultrathin gold film. It operates at broadband (800~2000 nm) covering telecom wavelengths,
topological charges of resultant vortex beams are from -4 to +4 and weight coefficient of the desired charge exceeds 0.95
under the incidence of circularly polarized light. Simulation results show that this design is logically coincidence. The
designed metasurface also has advantage of favorable fabrication tolerance and may be a potential candidate in integrated

optical communication system in future.
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1. Introduction

Orbital angular momentum (OAM) of photon, as
proposed by Allen et al. [1], is associated with circular
polarization has a value of A per photon while an optical
vortex beam carries an orbital angular momentum (OAM)
of LA per photon. Vortex beam has a helical phase front
exp(iLp), where ¢ and L are the azimuth angle and
topological charge respectively. Generally, vortex beam
with OAM is characterized by spiral phase wave fronts in
terms of the radiation patterns and hollow magnitudes near
its propagation axis. Different OAMs are classified by the
topological charge (L) and OAM of vortex beam has
unlimited number of eigenmodes (L=1, 2, 3...). Therefore,
it offers an additional freedom besides polarization state,
amplitude and wavelength for optical communication
applications [2, 3]. Due to fascinating properties of OAM,
there are many conventional optical elements capable of
generating vortex beam, such as spiral phase plate, spatial
light modulator, cylindrical lens [4-7] et al. But these
devices are bulky, and not scalable to sub-wavelength size
for integrated optical communication. Compared to
conventional  optical devices, metasurfaces have
advantages of facilitating strong light-matter interaction on
a subwavelength scale, eliminating the higher order
diffraction of beam, and allowing abrupt changes of beam
parameters, controlling the polarization, phase and
amplitude of beam in sub-wavelength resolution [8, 9].
Meanwhile, nano-etching fabrication technology has made
metasurfaces very promising for integration on a photonic

chip [10].

Since Ebbesen et al. [11-13] discovered the
phenomenon of extraordinary optical transmission through
the sub-wavelength sized periodic aperture arrays on metal
films for the first time, then Hasman et al. [14-17] derived
that output light could acquire an additional phase,
so-called Pancharatham-Berry (PB) geometrical phase, by
changing the polarization state of it. Due to metallic
PB-phase metasurfaces have characteristics of simple
principle, easy design, broadband, indispersion etc. more
and more groups have shifted their interests to this field.
As early as 2006, Ruan et al. [18] constructed the
geometrical size of sub-wavelength aperture applicable to
infrared band, then Kang et al. [19, 20] designed a
metasurface generating vortex beam with topological
charge number (L=1) based on PB phase. Later, Zhao et al.
[21, 22] designed metallic metasurface that generated
vortex beam with topological charge from -3 to 3.

In order to develop high efficient vortex-beam-based
metasurface photonics devices, we design a metasurface to
achieve vortex beam under the incidence of circularly
polarized (CP) light. The designed metasurface is
composed of spatial-variant, sub-wavelength sized
rectangular apertures based on an ultrathin Au film. It
operates at wavelengths from 800 nm to 2000 nm,
topological charges of resultant beams are from -4 to +4,
weight coefficient of the desired charge exceeds 95% and
it has advantage of high fabrication tolerance.
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2. Structure and theory

The single rectangular aperture unit perforated in an
ultrathin gold film is modeled as a size of Ixw, a thickness
of h and a lattice constant of d, as shown in Fig. 1(a). We
investigated the normalized intensity of it at the
wavelength from 800 to 2000 nm under the incidence of
linearly polarized (LP) light. The numerical simulations
were performed based on the finite difference time domain
(FDTD) methods. Periodic boundary conditions were
applied in the x- and y-directions and perfectly matched
layers (PML) conditions were applied in the z-direction.
And, refraction index of Au had been considered for more
accurate results. Here T, denotes the normalized intensity
of output light when the input light’s polarization direction
is perpendicular to aperture direction while T, denotes that
when the input light’s polarization direction is parallel to
aperture direction. Because the mediation between
localized waveguide modes and surface plasmon polariton
(SPP) modes contributes to transmission and polarization
[23-26], as can be seen from Fig. 1(b), T, is above 0.2
over a 1200 nm bandwidth (0.8~2.0 um) basically, and
reaches its highest value, 0.79, at 1550 nm, however, T is
less than 0.01 over the whole bandwidth. Thus, we define
the extinction ratio (ER) as 10xlogyo(T./Ty) which can
exceed 25 dB over the bandwidth. According to simulation
results, we can infer that these designed rectangle
apertures can be regarded as local spatial-variant linear
polarizers with high performance over a whole bandwidth.
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Fig. 1. (a) Dimensions of rectangular aperture: 1=630
nm, w=140 nm, h=200 nm, d=700 nm, (b) the
normalized intensity (T and T ) and the extinction ratio
(ER) dependence on input wavelength for the single
rectangular aperture unit
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In this case, an ultrathin Au film has a size of
21.7x21.7 pm and a thickness of 200 nm. These
sub-wavelength sized rectangular apertures perforated in
an ultrathin Au film are distributed by 31x31 array and
rotated by 6(p), € and ¢ are gradually variant rotation
angle and azimuth angle of every rectangular aperture
respectively, the relation of them further satisfies
O0(p)=me+ag, Where m and aq represent the constructive
parameter of metasurface and the initial polarization
orientation for ¢=0 respectively (a,=0 in this design), as
indicated in Fig. 2(a) and 2(b). The geometric parameters
of each rectangular aperture are the same as the single
aperture above mentioned, as indicated in Fig. 2(c).

(d) circularly polarized beam

vortex beam

Fig. 2. Schematic structure of the designed metasurface
(a) geometric parameters of gold film: 21.7x21.7x0.2
wm, sub-wavelength sized rectangular apertures are
perforated in an ultrathin Au film and arranged by
31x31 array distributed uniformly, (b) 6 and ¢ are
gradually variant rotation angle and azimuth angle of
every rectangular aperture respectively, (c) dimensions
of rectangular aperture: 1=630 nm, w=140 nm, h=200
nm, d=700 nm, (d) illustration of converting circularly
polarized light to vortex beam

Next, we use Jones calculus to mathematically show
the evolution of generating vortex beams with different
topological charges after CP beam passing though the
designed metasurfaces, as shown in Fig. 2(d). For

simplicity, we assume an incident plane light as

1 . .
E, = E"(ia]’ where, o=+1 denotes left circularly polarized
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(LCP) or right circularly polarized (RCP) light. The Jones

matrix for wave plate can be written as, J =[t(f) t:i‘ij
s
where t; and t; are the transmission coefficients along the
optical slow and fast axes and ¢J is the phase retardation
therein. Since sub-wavelength sized rectangular aperture
can be regarded as a localized linear polarizer with
polarization direction perpendicular to aperture direction
[27], then the Jones matrix of that is simplified to

00
J :(O 1)' When pass axis of it makes an angle 6 with x

axis, the new transmission matrix T for it can be expressed
as
T=M"(8)x I x M (6)
B sin*6(p)
—sin 6(p) cos ()

[ sin’g —singpcosg
—sin@cos @

cos’ ¢
cos® sin@
—sin@ cosé

—sin 8(p) cos 6(p)
cos’ O(p)

1)

where M :[ ] is a two-dimensional rotation

matrix and 6(p)=me+ay , here 0o=0. Then CP light
illuminating the designed metasurface normally, the output
light can be written as:

Eout =T X Ein
sin® —si 1
| @ sm¢2005go <E,|
—sing@cos cos® ¢ ic @)

. 1 1
_L E,e 2| |+ 1 E,|.
2 —-lo) 2 o

As can be seen from Eq. (2), if the input light is
circularly polarized light, the output lights are
superposition of a cross-circularly polarized light with an
additional phase retardation A® = -20¢ and another
co-circularly polarized light without an additional phase,
and the intensity of them are same. From the literatures
[28, 29], We can know that the additional phase
retardation A® is not introduced through optical path
differences but results from the geometrical phase of
space-variant polarization manipulation. In fact, it is a
manifestation of the geometrical Pancharatnam-Berry (PB)
phase and we can obtain vortex beam with topological

charge (L = -20m) by this design based on PB phase.
Equation (2) indicates that the sign of topological charge
(L) depends on the handedness of input CP light (¢) and
the constructive parameter of metasurface (m).

3. Simulations and discussion

In order to verify properties of our designed
metasurfaces, simulations were performed based on FDTD
method. CP light was incident light and the wavelength
was set to 1310 nm. PML conditions were applied in the
xyz-direction, refraction index of Au was considered for
more accurate results. First, we design four metasurfaces
by the constructive parameter (m = 05, 1, 15, 2
respectively), as indicated in Fig. 3(i). After input light
illuminating the four metasurfaces normally, we obtain the
output beams. However, it is worth noting that output
beams are superposition of two polarized beams (RCP and
LCP beam), according to Eq. (2). In order to separate them,
we can deal them with Eq. 3,

E i E
ke
RCP \/E 1 - Ey

Equation 3 just work as the quarter wave plate and
linear polarized plate in experiment which separates RCP
(LCP) beam from resultant beams. Hence, we can obtain
one of the two components, and spatial phase and spatial
power distributions of them can be shown in Fig. 3.

As can be seen from Fig. 3, when we use RCP light
(o = -1) as input light, Fig. 3(a) shows spatial phase of
LCP output beam and Fig. 3(b) shows polarization pattern
and spatial power distribution of LCP output beam, here
P(I)Lcrrer) denotes spatial phase (power) of left circularly
polarized (right circularly polarized) beam. Yellow circles,
the directions of them represent LCP (RCP) component. It
is obvious that LCP output beam has features of vortex
beam such as: phase pattern jumping from 0 to 2nz (n=1, 2,
3, 4), the number of arms in the spiral phase equaling the
topological charge, a hollow center in the intensity profile
at the beam axis and the ring radius of beam increasing
with charge number. In addition, the relation of spiral
petals of phase distribution and the constructive parameter
satisfies L = -2om (o = -1, m = 0.5, 1, 1.5, 2 corresponding
to L=1, 2, 3, 4). On the contrary, RCP output beam does
not have these features, as indicated in Fig. 3(c) and Fig.
3(d). When we use LCP beam (o=1) as input light,
similarly, Fig. 3(g) show spatial phase of RCP output
beam and Fig. 3(h) show polarization pattern and spatial
power distribution of RCP output beam while Fig. 3(e) and
Fig. 3(f) show them of LCP output beam. It is also obvious
that RCP beam has features of vortex beam while LCP
beam does not. The relation of L and m also satisfies
L=-20m(c=1,m=0.5,1, 15, 2 corresponding to L= -1,
-2, -3, -4). Comparing Fig. 3(a) with Fig. 3(g), we can find
that the spiral direction of phase is reversed. Such
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phenomenon can be easily explained by L = -2mag, where
the sign of topological charge (L) is determined by the
handedness (o) of CP input light. Above simulation results
show good agreement with the prediction of Eg. (2) and
indicate that the designed metasurfaces are capable of
generating vortex beams with topological charges (x1, +2,
13, £4).
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Fig. 3. (a)-(d)Spatial phase distribution, spatial power
distribution and polarization pattern of LCP (RCP)
output beam under the incidence of RCP light, (e)-(h)
under the incidence of LCP light, (i) the designed four
metasurfaces (m=0.5, 1, 1.5, 2)

We further conducted a quantitative analysis of vortex
beam in terms of the intensity, quantity, ratio and weight.
Firstly, we draw the intensities in Fig. 3(b) and Fig. 3(d)
along a radial line as a function of the radius. LCP and
RCP output results are shown in Fig. 4 respectively. Black
(red, blue, green) corresponds to the normalized radial
power through the four metasurfaces. Obviously, we can

see that the normalized power of LCP beam manifests
concentric rings with a hollow center and the radius of the
hollow center increases with m while that of RCP beam
not, from Fig. 4. Concentric rings with a hollow center
owe to the sum of two contributions. One is from the
geometrically propagating wave carrying the geometrical
phase, the other is from the diverging wave diffracted from
the singularity. The interference of the two contributions
then leads to the ringing effect [30].
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Fig. 4. A radial line power distribution of
Fig. 3(b) and Fig. 3(d)

Secondly, we studied on the impact of number of
rectangular apertures. We designed the three metasurfaces
with the same constructive parameter (m=1), but different
array (11x11, 21x21, 31x31 respectively). Here, we still
used RCP beam as input light and focused on the
wavelength at 1310 nm, spatial phase and spatial power
distribution of LCP output beam can be seen from Fig. 5.
Obviously, the more number of rectangular apertures is,
the better quality of vortex beam is. Meanwhile, vortex
beams with more topological charges also can be achieved
by adding m. But achieving more topological charges
needs further increasing PB phase shift between adjacent
apertures which results in discontinuity of spiral phase of
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vortex beam and damages the quality of vortex beam
greatly within the fixed array, moreover, adding m needs
increasing the size of array, which makes metasurface too
large to compatible for integrated optical communication
system.

Fig. 5. Spatial phase and spatial power distribution of
LCP beam through the three metasurfaces (m=1) (a)
11x11, (b) 21x21, (c) 31x31 array respectively under
the incidence of RCP light
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Fig. 6. The dependence of ratio (31, cp/Y Ircp) ON
(a) length and (b) width of rectangular aperture

Thirdly, we considered the fabrication tolerance by
the performance dependence of metasurface on the offset
of length and width of aperture. We used RCP light to
illuminate the metasurface (m=1) at 1310 nm, Fig. 6(a)
and 6(b) show ratio which has been defined by
>l cpld Irep as functions of the length (1) and width (w) of
the aperture. Yl cprcr) denotes that the integrate power of
left (right) circularly polarized beam in the monitor. It can
be clearly seen that ratio changes slightly around 1.045
with | varying from 540 nm to 640 nm (w=140 nm) and it
also changes slightly around 1.05 with w varying from 110
nm to 190 nm (I=630 nm). These results imply favorable
fabrication tolerance of the designed metasurfaces.

Finally, we computed its projection into the spiral
harmonics exp(ing) [31, 32], where n is topological charge,
@ is azimuth angle to determine the weight of the desired
topological charge. A output beam with spiral phase can
be expressed as

E(p.0,2) = Z a,(p,2)exp(ing)  (4)
J_n

nN=-o0

where a =1/ (27)" jOZ”E(p,(p, 2)exp(-ing)de, E(p, ¢, 2)

is the complex electric field, the angular momentum of the
beam is given by

L, =(2¢, /a))i nC,, ®)

where C, =I0r|an(p, Z)|2pdp and YC,=1. Then, C, is

weight coefficient of the n'" topological charge. We further
define weight spectra of topological charges as
P, =10xl0g,,(C,/ 3 C,) . Similarly, we used RCP light
4=

to illuminate the four metasurfaces respectively at 1310
nm, and obtained the electric field data. Then converting
E(x, y, z) into E(p, ¢, z) in polar coordinate, we calculate
the weight coefficient of nine topological charges of
output LCP (RCP) beam, as shown in Fig. 7(a) and 7(b).
Nine bars (gray bar ~ yellow bar) in Legend represent the
weight of topological charge (from -4 to +4) respectively.
It is obvious that LCP beam turns into vortex beam with
different topological charges while RCP beam not,
moreover, the weight spectra of desired topological charge
is larger than 0.95 that further validates our designs.
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Fig. 7. Under the incidence of RCP light, (a) weight
spectra of LCP beam and (b) RCP beam corresponding
to the four metasurfaces at 1310 nm

Though we focus on the wavelength at 1310 nm, our
designed metasurface is also suitable for other
wavelengths, such as 850 nm, 1550 nm etc. It should be
noted that this study has examined only the metallic
metasurface. Due to nonradiative Ohmic losses in metals
etc., the transmission efficiency of the metallic
metasurface is less than that of dielectric metasurfaces
[33-35]. However our designed metasurface has
characteristics of broadband and easy fabrication.
Moreover, the transmission efficiency of the design may
be improved if the parameters of rectangular apertures are
further optimized.

4. Conclusions

In conclusion, we propose a simple approach to
generate vortex beam with different topological charges
(£1, 2, £3, +4) based on the designed ultrathin Au
metasurface. The designed metasurface has characteristics
of multi topological charges, high weight coefficient
(>0.95), broadband including telecom wavelengths and
favorable fabrication tolerance. Simulation results have
demonstrated theoretical derivation and validated our
designs. With future improvement, we may improve the
transmission efficiency by optimizing the geometrical
parameters. Our method may provide a potential for
integrated optical communication system.
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