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. antennas for comprehensive spatial engineering of the properties of optical fields. The capability of such
structure is illustrated in the design of a device that can be used to produce a radially polarized vectorial
beam for optical needle field generation. This device consists of uniformly segmented sectors of high
efficiency MIM metasurface. With each of the segment sector functioning as a local quarter-wave-plate
(QWP), the device is designed to convert circularly polarized incidence into local linear polarization to
create an overall radial polarization with corresponding binary phases and extremely high dynamic
range amplitude modulation. The capability of such devices enables the generation of nearly arbitrarily

complex optical fields that may find broad applications that transcend disciplinary boundaries.

Recently, nano-antenna-based metasurfaces have drawn tremendous attentions due to their extraordinary
capabilities for optical manipulation and modulation. By introducing exotic properties, metasurfaces appli-
cations have been well investigated in the fields of anomalous reflection and refraction!, metasurface QWP23,
meta-lenses*?, meta-holography®’, metasurface deflector?, surface plasmon source’, vector beam manipulation'?
and etc. In the quest of miniaturization for photonic device, researchers have realized optical components like
polarizers and QWPs on challenging scales through subwavelength periodic arrangement of two-dimensional
metallic nano-structures. In particular, by adjusting geometry and periodicity*?, metasurface based on inter-
leaved nano-rod antennas or V-antennas has been demonstrated for the implementation of broadband
quarter-wave-plates. In addition, the scattering efficiency of reflection type meta-waveplates can be further
improved with the use of MIM structure without sacrificing the desired manipulation capability!"'2. Hence, with
a circularly polarized illumination, devices that consist of segmented MIM meta-quarter-wave-plates can be
designed for high efficiency generation of spatially polarized light with phase and amplitude modulations. These
nano-engineered vectorial optical fields find broad potential applications, such as optical needle field (ONF)
generation under high numerical aperture (NA) focusing'.

The so-called ONF is substantially polarized along the propagation direction with extended depth of focus
(DOF) and can be generated through the focusing of filtered radial polarization'-'%. It has attracted many inter-
ests as a promising candidate in polarization sensitive orientation imaging'?, particle manipulation® and so on.
Based on the method of reversing electric dipole array radiation, a discrete complex pupil filter has been designed
for easier implementation of desired incident field for ONF generation!’. This complex filter gives rise to spatial
polarization, phase as well as amplitude modulations to the input optical illumination. It also motivated a trans-
mission type slot-antenna-based metasurface design for realizing ONF, whose field modulation function has been
experimentally verified!®. However, although this work provides guidance of vectorial optical field engineering,
the transmission type structure suffers a very low scattering efficiency. On the other hand, reflection type meta-
surfaces have become promising candidates for novel optical manipulation owing to their high efficiency and
broadband performance!?!,

In this paper, an MIM hybrid reflection type nano-antenna-based metasurface is demonstrated to illustrate
its capability of spatially modulating the phase, amplitude as well as polarization of optical fields with high effi-
ciency. A specific device capable of creating a radially polarized vectorial beam for ONF generation is shown as
an example. Functioning as local QWP, MIM metasurface with segmented sectors is designed to convert incident
circular polarization into local linear polarization to create an overall radial polarization with corresponding
binary phases and desired normalized amplitude modulated from 0.071 to 1'7. In this design, zones with periodic
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Figure 1. Plots of discrete complex reflection modulator (a) Normalized amplitude of discrete reflection filter
along radial direction; (b) simulated normalized intensity distribution near focus (ONF polarization direction is
marked with light blue arrows).

Ring # 1 2 3 4 5
[Pnorm 0.071 0.145 0.133 0.478 1
P(rad) 0 T 0 T T
Wosem 0.105 0.065 0.13 0.05 0.055
T 0.263 0.613 0.800 0.920 0.973

Table 1. Design parameters for discrete complex reflection metasurface design in polar coordinate. (|7|,orm:
normalized amplitude; ¢: phase; w,o.,,; normalized ring width; r.: ring center position).

arrangements of double metallic nano-bars with perpendicular placement, and single nano-bars are carefully
engineered to realize different modulation requirements while maintaining n/2 retardation. Besides, MIM disk
structures are applied for eliminating undesired reflection through deflection. The overall hybrid metasurface
structure integrates several functions within one device, leading to a compact device for vectorial optical field
engineering that may enable highly desirable solutions for optical integration.

Results

Design of discrete complex reflection modulator for vectorial field generation. To obtain the
desired complex optical field for ONF generation, a method based on reversing the radiation pattern of electric
dipole has been developed!”!8. A filter consisting of concentric rings with discrete amplitude and binary phase is
designed to obtain extended DOF with uniform axial intensity profile and high purity longitudinal polarization.
To simplify the complexity of fabrication and design, we demonstrate a device with five modulation rings for ONF
generation with 5X DOF by following the method reported in'” (Fig. 1(a)). The design parameters are summa-
rized in Table 1. After the modulated radial polarization light passing through a high NA lens, a longitudinally
polarized light at focus is expected with a flat-top intensity of 5X DOF (Fig. 1(b)).

Design of reflection type metasurface based on nano-bars structures. To engineer the complex
modulation capabilities with maximal flexibility, a reflection type MIM nano-antenna-based metasurface is cho-
sen due to its high efficiency. With a nano spacer sandwiched between the upper metallic arrays and the bottom
mirror-like metal layer, gap plasmon resonance can be exploited to facilitate the reflection light manipulation
based on cautious adjustment of structure parameters?>**. As one of the simplest structures, metal nano-bar is
chosen to be the unit cell of the upper antenna layer for the realization of /2 retardation with high conversion
efficiency as demonstrated in*. In their work, a broadband reflectance of about 90% can be reached with the sup-
port of MIM nano-bar antenna, which can be used to meet the reflection requirement with the highest amount in
our design (Ring #5). However, structures with additional degrees of freedom are still needed in order to realize
the normalized amplitude modulation ranged from 0.071 to 1.

To access that modulation range for the other four rings, a metasurface based on interleaved gold nano-bars
are employed for the upper layer structure. In our design, the nano-bars are periodically deposited on a glass
thin layer with an optically thick gold bottom layer at the bottom, giving rise to an MIM structure or so-called
continuous-layer gap plasmon resonators (Fig. 2(d,e))**. For each of the unit cells, the resonator basically per-
forms either as a magnetic dipole formed by electric currents flowing through upper metallic bar and bottom layer
or an electric dipole depending on resonance conditions. With proper choice of unit cell dimension, the desired
gap plasmon resonance can be controlled, resulting in minimum reflection with most of energy being stored
within the glass spacer region. From this point, the structures enable the functions either as on-resonance perfect
absorbers or off-resonance reflective components handled through adjustment of the geometry. Furthermore,
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Figure 2. MIM metasurface design (a) Overall schematic plot of the reflection type MIM metasurface (Rings
#1~#4 with light yellow color are composed of double nano-bars structures, while brownish ring stands for Ring
#5 composed of single nano-bars); (b) one of the 32 sectors extracted from the first ring; (c) zoom-in for double
nano-bars array rotated by 0 in the local coordinate of the sector; (d) schematic plot for orthogonally patterned
MIM double nano-bars unit cell; () MIM single nano-bar unit cell.

if two orthogonal arrays of nano-bars are interleaved with each other, a desired reflection phase difference can
be engineered by keeping one array of nano-bars above resonance and the other below resonance. Particularly,
by perpendicularly positioning two arrays of nano-bars with a proper nano spacing for coupling purposes, the
T/2 phase retardation can be reached with each of the nano-bars corresponding to orthogonal polarizations®?.
Hence, behaving as alocal QWP through balancing the phase retardation, the metasurface can generate a radially
polarized modulated field if a circular polarization light is applied (Fig. 2(a)). With considerable degrees of free-
dom, these interleaved nano-bar MIM structures are expected to cover our amplitude modulation range while
maintaining the phase retardation to be 7/2.

Extracted from a rectangular lattice with A, by A, subwavelength periods, the unit cell of orthogonally pat-
terned nano-bar MIM structures is displayed in Fig. 2(d). A glass spacer layer with thickness f, is sandwiched
between an antenna layer composed of gold nano-bars array and a bottom reflection layer. The bottom layer
thickness #, is chosen to be over 80 nm, which can be considered as a perfect reflector at our working wave-
length 1064 nm. The two nano-bars are placed perpendicularly along their corresponding axes respectively with
a separation gap of g, giving rise to an overall symmetric “T” shape. Through balancing the effective coupling
distance and fabrication capability, the separation gap g is fixed to be 10 nm. The lengths and widths of nano-bars
are expressed by a; and b; (i=1, 2) as shown in the plot, which requires systematic exploration for resonance in
pursuit of the desired reflection field. Similarly, in Fig. 2(e), the single nano-bar (a; x bs) is deposited on the same
glass layer.

Consisting of the corresponding nano-antenna arrays, each ring is split into 32 uniform centrosymmetric
sectors as shown in Fig. 2(a). In one specific ring, each of the 32 sectors has the same configurations of periodicity
and geometry for the nano-antenna. Here, the scattered field is investigated in the local coordinates (X, Y’) for the
sector region, where they are actually the azimuthal and radial directions respectively under the laboratory coor-
dinates. In order to create an overall radial polarization output, the two-dimensional antenna array is required to
rotate by an amount of 6 (Fig. 2(c)) to align local output linear polarization to local Y’ axis. With proper structure
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Figure 3. 2D mapping plots for MIM metasurface Ring #1 (A, =330nm, A, =250nm, b; =b, =25nm)
(a) the amplitude of reflection |r|; (b) phase retardation A¢; (c) output linear polarization angle o (d)
modulated reflection phase ¢,

design, the retardation, defined as “A¢ = (¢, — ¢,)”, can be fixed as £7/2, and thus a QWP function is realized.
Under normal incident circular polarization illumination, the output Jones vector ], can be expressed as (for
both /2 cases),
o 6
- e%el’r, ( cos £ tana sin@ )
out ~2|r] \=sind £ cosftana (1)
Here, the amplitude of reflectance |r] is expressed by r,and ryas|r| = [(|r[* + Ir, [*)/2; “a” is the angle inter-
sected between the X axis and the output linear polarization direction with “tanc = r,/r,”. Therefore, when
Ap=m/2,let 0 =7r/2+ a, then:

e1(</7x+0t+‘n/2) r.

A 01 _ & 01
TR | T2 |-
cos « cos « 2)
where ¢,/ = ¢, + a + ©/2. On the other hand, when A¢ = —7/2,let § =7/2 — o, then:
i(g,—a+m/2) 0 ig /1 0
m:e(—ﬂ[_ : ]:errx A ]
2| cos o 2|r cos o 3)

where ¢,/ = ¢, — a + ©/2. ¢,/ and ¢, are modulated reflection phase along X axis, which are actually the
binary phases for different rings given in Table 1.

To meet the modulation requirement, we systematically investigate the geometric parameters for the nano
structures. In this design, 3D modelling and numerical simulation for unit cell is accomplished based on finite
element method (FEM, COMSOL Multiphysics™) with the permittivity of materials from Palik’s?®. Under peri-
odic boundary conditions, the double nano-bar antenna is illuminated by normal incident light with X and Y
polarization respectively. Then, the complex reflection field is collected at the input port for further analysis.
Firstly, to find the candidate structures, the thicknesses of the layers require optimization for minimum reflec-
tion, while fixing the other system parameters as constants (A, = AY: 260nm, b, = b, =25nm, a, = 145nm,
a,=135nm, initial parameters are chosen based on fabrication capability). In this case, the MIM structure
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Figure 4. 2D mapping plots for MIM metasurface Ring #5 (A, = A,=190nm) (a) the reflection amplitude |r|;
(b) phase retardation A¢; (c) output linear polarization angle o; (d) modulated reflection phase ¢,”. (The dotted
lines represent the retardation contour for —m/2 (black) and ©/2 (white) respectively).

behaves similarly to the well-known metamaterial perfect absorber?”?¢, whose resonance condition can be found

based on the transmission line theory. This theory is borrowed from LC circuit design that can realize lowest
reflection by satisfying the impedance matching to free space. By adjusting the thicknesses of nano-antenna f,,
and spacer t,, the minimum reflection amplitude |r| of 0.166 is obtained when ¢,,=20nm and #,= 55 nm, which
are within the fabrication capability of available tools. From this configuration, further optimization is imple-
mented through the adjustment of unit cell period. For Ring #1, an asymmetric rectangular lattice (A, =330nm,
/A, =250nm) is used to reach the resonance conditions of gap plasmon for both directions respectively. Under
on-resonance state, a reflection amplitude |r| as low as 0.056 can be obtained based on proper choice of nano-bars
dimension as shown in Fig. 3(a). If we slightly change the current parameters, one of the nano-bars can be shifted
above resonance, while the other below resonance. This gives rise to the possibility of flexible control for phase
difference. With appropriate amount of shift, two retardation contours for —n/2 (black) and 7/2 (white) can be
found as represented by the dotted lines. By searching parametric combinations along these contours in both
Fig. 3(a,d), the requirements for both amplitude and phase can be satisfied while maintaining the QWP function.
After cautious considerations, a double nano-bar unit cell with a, = 146.4nm, a,=139.2nm, b, = b,=25nm is
selected to achieve a reflection amplitude |r| of 0.0585 and a modified reflectance phase ¢,’ of 0 rad at the same
time. Also, by following Fig. 3(c), the rectangular lattice needs a counterclockwise rotation with the amount 6 of
159.1 degrees (= w/2 + «) to align the output linear polarization to the radial direction under the laboratory
coordinates. Similarly, parameters for the double bars nano-antenna in Ring #2, #3 and #4 can be found with the
same methodology. On the other hand, in the case of Ring #5, a single nano-bar MIM unit cell is chosen due to its
relatively high reflection and straightforward geometry (Fig. 2(e)). Similarly, by fixing its lattice to be square array
of 190 nm periodicity as illustrated in Fig. 4, the amplitude reflection |r| can be reached as high as 0.826 with a
modified reflection phase ¢,/ of & rad. All of the geometric configurations for the five segmented QWP rings that
can completely satisfy the modulation requirements are summarized in Table 2.

Design of MIM disk structures. To eliminate the undesired reflection light within Regions #0 (Fig. 2(a)),
an MIM disk metasurface with the same thickness is applied to deflect the incident circular polarization light
off normal direction. The disk structure is chosen to handle the circular polarization input considering its
polarization-independent shape. With the square period fixed as 260 nm for each of sub-units, the reflection
phases of different disk sizes are simulated and a curve of disk diameter vs. reflection phase is shown in Fig. 5(d).
Five gradual phases with a constant step of 0.4 rad are extracted to cover a full wave of 1064 nm (Table 3). By
placing these 5 sub-units of MIM disk structures along the X-axis, a super-periodic array (54, X A,) is obtained
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Figure 5. MIM disk structure design (a) MIM disk structures unit cell; (b) deflection behavior of MIM disk
array; (c) scattered electric field distribution for 5 super-periods of unit cell with Y polarized incident light
(the relative power flow is marked with light blue arrows); (d) disk diameter vs. reflection phase (the chosen
diameters are marked with red dots).

7] 0.0585 0.12 0.11 0.395 0.826

[#laorm 0.071 0.145 0.133 0.478 1

p(rad) 0 T 0 T b

(a1, ay) (146.4,139.2) | (134.9,127.4) | (145.3,141.8) | (154.8,153.0) | (a5, by)=(141.0,123.3)
(by, by) (25, 25) (20, 20) (25, 25) (45, 45)

(nm)

(A /ly) (nm) (330, 250) (240, 230) (330, 260) (330, 250) (190, 190)

a (deg) 69.1 3.7 30.0 50.4 432

0 (deg) 159.1 86.3 60.0 140.4 46.8

Table 2. MIM metasurface structures parametric configurations.

that performs the deflection function through anomalous reflection (Fig. 5(a,b)). The deflection angle 6, is cal-
culated as 54.9 degree’.

Furthermore, without loss of generality, we simulated the deflection performance with Y polarized inci-
dent light for the narrowest part in this design (the region between Ring #3 and #4), which contains merely 5
super-periods along X axis as shown in Fig. 5(c). The light blue arrows represent the relative power flow given
by the scattered field, whose lengths illustrate the power flow amplitude in logarithmic scale. Here, the simu-
lated deflection angle is found to be 54.6 degree, which agrees very well with the theoretically predicted value.
Apparently, higher deflection efficiency is expected if more super-periods are added to the structure. To check
the completeness of our model, the same structure is illuminated with X polarized incident light resulting in 64 of
55.4 degree. Hence, with engineered super-periodic structures filled in the gaps between those rings, a near-zero
reflection in normal direction is realized. This completes a hybrid MIM metasurface design with proper choice of
three different nano-antennas that can be used for ONF generation at near IR wavelength.
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D 76 168 186 204 250

©p 0.91 0.51 0.11 —0.29 —0.69

Table 3. Reflection phases of the chosen disk diameters (D: diameter in nm; ¢p,: phase in « rad).

Discussion

In conclusions, a hybrid reflection type MIM metasurface of nano-antennas at near IR wavelength is designed,
modelled and numerically proved for vectorial light engineering. Functioning as a segmented QWPs, it converts
incident circular polarization to radially polarized complex field with modulated amplitude, phase and specific
spatial polarization. The gap plasmon resonance derived from the structures is manipulated by adjusting the
antenna dimensions in pursuit of desired optical performance. Using nano-antenna arrays, the modulated field
can cover a normalized amplitude range from 0.071 to 1 with binary phase control. As an example, a device design
that is capable of creating complex field for ONF generation with a flat-top DOF of 5\ is demonstrated. The
reflection type MIM metasurface offers promising possibilities for a new class of compact optical components for
complex vectorial light generation and manipulation based on nano-scaled structures.

Methods

Simulation method. The full-wave simulations of the characteristics of metasurface unit structures are per-
formed using the radio frequency module of the commercial software COMSOL. The unit MIM structure shown
in Figs 2(d,e) and 5(a) are surrounded by periodic boundaries conditions, which are applied to simulate the over-
all periodicity. The scattered electric field distribution is calculated by the post-processing available in COMSOL.

Theoretical derivation of output scattered field in Jones vector form. Under normal incident cir-
cular polarization illumination, the output Jones vector J,,, can be derived as,

]out = MRM in:RmirrorR(_e)MR(a)]in
(1 0)<c030 fsinG)emﬁ" x 0 (C0s0 sinQ)L(l)
0 —1/\sin@ cos6 / |r| |0 rye1A¢ —sinf cos@) .2 \i

% | 1y cos?0 + r, sin®fe2? + ir, cosf sin — ir, cos f sin fe

. o iAG i 2 >
21| | =, cosf sin + r, cos sin fe'>’ — ir, sin 0 — ir, cos’ fe

iAo

iAo

; 2 . ) . .
¢% | rycos"0 £ 1, cos0sinf £ ir, sin" 0 + ir, cosf sind

. 2 . . . 2
21| | =7, cosf sinf + r, cos” @ & ir, cosf sin @ — ir, sin” §

-
_ el%e! rx( cos@ £+ tanasinf )
~2|r] \=sinf £ cosftana (4)

Here, ], is the normalized circular polarization input; Mgy, is the Jones matrix representation of reflection metas-
urface; R, is the reflection factor; R(6) is the rotation matrix with the angular amount of 6.

Calculation of deflection angle 6.

27 dx 2 A,

04 = arc sin[i@] = arc sin[io'zm] = 54.9deg
A )
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