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Abstract: The polarization-independence optical metasurface has attracted great interests
due to breaking the polarization limitations. In general, polarization-independence charac-
teristics of metasurface almost always originates from the polarization-independence char-
acteristics of the used resonant antenna itself. In this paper, a novel approach is proposed
to achieve polarization-independence metasurface based on the irrotational nanobricks.
Firstly, the intrinsic characteristics of a half wave plate has been investigated, which can
realize co-polarization transmission of X-linear-polarization (XLP) and Y-linear-polarization
(YLP) lights, and cross-polarization transmission of circular polarization (CP) light, simulta-
neously. Eight high-efficiency silicon nanobricks with the phase shifts over 27 are designed
as the basic unit cell, which have the same transmitted amplitude and phase for the CP
and XLP light, and the phase difference for XLP and YLP light. We have also designed
the beam deflector, metalens and vortex beam generator, which possess identical function
for cross-polarized CP and co-polarized XLP and YLP light, respectively. These results
can promote the deeper understanding of metasurface, and give a new method to design
polarization-independent optical devices.

Index Terms: Metasurface, spin, phase modulation, polarization-independence.

1. Introduction

Optical metasurfaces, a two-dimensional planar metamaterials, have been successfully designed
to achieve unusual electromagnetic properties, which can arbitrarily manipulate wavefront by con-
trolling the amplitude, phase, and polarization of output light [1]-[3]. The metasurface is generally
composed of nano-antennas or meta-atoms which can bring forth arbitrary abrupt phase shifts
by changing geometric shape, sizes or materials. Different from the conventional optical devices,
metasurface optical devices possess ultrathin, low-cost, highly integrated characteristics, which
will promote the development of nano-optoelectronics and microdevices. The initial metasurface
optical devices consist of metal nanoantennas, and they suffer from low efficiency due to the ohmic
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losses [4]-[8]. For achieving high transmission efficiency, reflective metasurfaces [9] and dielectric
metasurfaces [10]-[12] have gained significant attentions in recent years. Dielectric metasurfaces
are made from high refractive index materials, by which various optical components with high
transmission efficiency have been demonstrated, including beam shapers [13], [14], metalenses
[15], [16], holograms [17], [18], optical vortex generators [19], [20], chiral metasurface [21], [22]
and achiral metasurface [23]-[26].

Although the metasurfaces can achieve the control of light at sub-wavelength scales, there
is still a big challenge for some practical applications of metasurfaces due to their polarization-
dependence for incident circularly polarized (CP) light. As far as we know, the polarization states
of CP light can also be manipulated by the metasurfaces, which are closely related to the
Pancharatnam-Berry (PB) phase, and the sign of PB phase is jointly decided by the sign of the
orientation angle of the basic nanoantennas and the polarization states of the incident circularly
polarized light [27], [28]. Various optical devices of metasurface based on PB phase are designed,
such as, dual-polarity metalens [29]-[31] spin-dependent beam splitters [32], vortex phase plate
[33], [34], holograms [35], [36] and so on. These metasurface devices possess different functions
for left-handed circularly polarized (LCP) and right-handed circularly polarized (RCP) incidences.
Recently, some polarization-independent metasurface have been reported, and they are all com-
posed of elements with rotational invariance or with the symmetrical axis’s orientation angle
of 45° or 135° [37]-{41]. And the spin-independent metalens composed of two polarity-inverse
multiplexing metalenses with the same focal length have also been reported [16], [42]. However,
to our knowledge, the spin-independent metasurfaces composed of spin-independent nanobricks
without rotation have not been proposed and investigated before, and the polarization-independent
metasurfaces composed of polarization-dependent nanobricks without rotation also have not at-
tracted people’s attention before.

In this paper, a series of novel polarization-independent metasurface have been proposed for
linear polarized (LP) and CP incident lights, which is constructed by silicon nanobricks as half
wave plate. These ingenious silicon nanobricks possess the same transmitted amplitude and
phase for CP and X-linear polarized (XLP) light, the phase difference is for XLP and Y-linear
polarized (YLP) incident lights, so, the metasurface possesses the co-polarized and cross-polarized
transmission function for LP and CP incidences, respectively. And the phase variation from 0 to
2ris determined just by the lengths of two arms of the silicon nanobricks instead of conventional
rotation of the nanostructures. A detailed theoretical analysis based on the Jones matrix and the
numerical simulations are employed to confirm the polarization-independence of the metasurface
and the intrinsic characteristics of a half wave plate (HWP). The polarization-independent beam
deflector, metalens and vortex beam generator are designed based on eight nanobricks, which
can achieve identical function for CP and LP incidences. Our design breaks people’s cognition that
the metasurface applicable to CP light depends on PB phase, and also breaks the cognition that
the metasurface with polarization independence will have certain symmetry.

2. Design and Analysis

As everyone knows, the relation in the linear-polarization bases between the incident (E’) and
transmitted (E') electromagnetic waves can be described using the Jones matrix:

E1_ . [& [Ty
)= [g] e = [75 "

And, in the circular-polarization base, the relationship between incident and transmitted electro-
magnetic waves can be expressed by the transformation matrix S:

t i
[a]=s[2] @
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Fig. 1. Schematic of the Si nanobrick.

There is a conversion relationship [41]:

£]-+ [5] - 217

And, the transmitted electric field for incidences with any polarization states can be reduced to
E= [EyE;W], wheregis the phase delay between E, and E,. If t;x = t,, and ¢ = =, the metasurface can

be seen as the half wavelength plate (HWP), where t/t,, express the XLP /YLP transmission
coefficient, respectively. When the incident light is the circular polarized light, the polarization
conversion efficiency can achieve 100%.

For an anisotropic nanobrick structure, there is basically no coupling between the XLP and the
YLP light, soTy, = T)x = 0; if tx = t,yandy = =, then, T,x = —T,y,and anisotropic nanobrick structure
can be seen as an HWP. Under the incidence of XLP light, the transmitted field can be expressed as

Ef = [ 9 ][3] = Tw[4]- Under the incidence of YLP light, the transmitted field can be expressed as

0 —T
El =" f}][?] = —Tu[3]- Under the incidence of LCP light, the transmitted field can be expressed

asE} = [TO "][7] = Tw[4]- Under the incidence of RCP light, the transmitted field can be expressed

as Er' = [ %][{] = T[}]- In a word, under the incidence of XLP, YLP, LCP and RCP light, the

transmitted field of a HWP can be expressed as

T€o  XLP
T YLP

= 4
Tix€ross LCP “)
Txx€cross  ACP

where &, is the co-polarization of the incident light, and &ssis the cross-polarization of the
incident light. That is to say, the anisotropic nanobrick structure, whose t, = t,,and ¢ = 7, pos-
sesses co-polarization transmission function for XLP and YLP incidences, and possesses cross-
polarization transmission function for LCP and RCP incidences, simultaneously. And equation 4
also implies that t = tip = ta,0xx = P1r = daL, Where @5 is the phase for the LCP transmission
from the incident RCP light, and all of the other elements possess similar definitions, this is
an intrinsic characteristics of HWP. It's worth mentioning that the anisotropic nanobrick structure
have been researched extensively [43], [44], however, the particular characteristics have not been
excavated, and meanwhile the designed metasurface will be polarization-independent, and pos-
sess the co-polarized and cross-polarized transmission function for XLP, YLP and CP incidences,
respectively.

In order to design a spin-independent HWP with high transmission in the wavelength of 1500 nm,
the Si nanobrick adhered to glass substrate is chosen as the basic cell, as shown in Fig. 1(a), the
phase accumulation stem from the wave guiding effect proportional to the height, and the height

E' =
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Fig. 2. The phase shift ¢xx(a), ¢yy (b), ¢1r (c), and ¢pg, (d) of the Si nanobrick as a function of length
L and width W under the XLP, YLP, LCP, and RCP incidences, respectively. (e) The cross-polarized
transmitted amplitudes and phase shifts under LCP and RCP incidences for eight nanobricks. (f)
The co-polarized transmitted amplitudes and phase shifts under XLP and YLP incidence for eight
nanobricks.

is optimized as 800 nm to realize full 2rphase modulation. The lattice constant P is designed
as 700 nm, which is less than half wavelength and can effectively prevent the diffraction. The
desired phases of ¢x, ¢y, ¢1r, $r. could be obtained through changing the length and width of
the Si nanobricks, as shown in Fig. 2(a)—(d). Through simulation analysis based on finite-different
time-domain (FDTD) method with the periodic boundary conditions in the x- and y-directions, we
selected four nanobricks with the same amplitude and phase difference of almost = /4, as shown
in Fig. 2(a)—(d), there are¢gy, = ¢r = prrande = wfor four nanobricks. The structure parameters
of four nanobricks are set as Ly = 450 nm, W; = 260 nm, L, = 380 nm, W, = 260 nm, L3
= 390 nm, W3 = 220 nm, L, = 400 nm, W, = 180 nm, respectively. The four structures are
then rotated 90° counterclockwise to obtain four new nanobricks of equal amplitude and phase
increase of 7. Above all, the eight nanobricks possess the same transmitted amplitude and phase
for LCP and RCP incidences, as shown in Fig. 2(e), so we can say that the metasurface is spin-
independent. At the same time, due to ty = t,, and ¢ = wof the eight nanobricks, as shown in
Fig. 2(f), the metasurface will be HWP with high efficiency and spin independence. It's worth noting
thatt,, = fipr = tar, dxx = PR = PrL, and the metasurface will have the same optical function for XLP,
YLP and CP light. The simulation results agree well with the theoretical analysis, and the proposed
intrinsic characteristic of the HWP is also perfectly validated. Meanwhile, we can also say that the
metasurface is polarization-independent. However, the polarization-independent principle of the
metasurface is completely different from our previous work in which the unit cell itself is polarization-
independent [35].
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Fig. 3. Transmitted cross-polarized electric field of the beam deflector under LCP (a) and RCP
(b) incidence. Transmitted co-polarized electric field of the beam deflector under XLP (c) and YLP
(d) incidence. The transmittance as a function of deflection angle under LCP, RCP (e) and XLP, YLP
(f) incidence.

To testify our proposed method, firstly, we design a beam polarizer to deflect the CP and LP
light into the same directions with high efficiency. As shown in Figs. 2(e) and (f), eight nanobricks
can achieve very high cross polarized transmission for CP incidence and co-polarized transmission
for XLP and YLP incidences, in which the phase delays are = /4 between neighbouring unit cells.
The overall phases of the eight nanobricks cover 0—2x, which can be used as a supercell of the
beam polarizer. As shown in Figs. 3(a, b) and (c, d), the simulated electric fields show that the
cross polarized CP and co-polarized XLP and YLP transmission light have been refracted into
the same directions. Figs. 3(e) and (f) show the deflection angles are -16°, —16°, —17° and —15°
for LCP, RCP, XLP and YLP light, respectively, which agree with the theoretical value of —16°
based on the generalized Snell’s law:6;, = sin~"(sing; + 1/8P). The tiny distinction between XLP and
YLP light may be due to the non-symmetrical characteristics of the nanobricks and the setting of
the periodic boundary condition, in which periodic boundary condition of unit cell is used along x
and y direction, and periodic boundary condition of supercell is used only along y direction. The
above phenomena prove our designed beam deflector is polarization-independent for LP and CP
incidences.

To testify the feasibility of our design philosophy, we arrange 40 nanobricks to form a cylindrical
metalens with a numerical aperture (NA) of 0.86, and the metalens can converge the CP and
LP light into the same positions with high efficiency. For CP incidence, the phase shift of the
cross-polarized transmitted light should satisfy ¢(x) = 27 /A(v/ X2 + 2 — f). If the focal length f and
wavelength A is determined, the phase shift at different locations can be determined, in which f
= 8 um and A = 1500 nm. Due to the special design of the selective eight nanobricks shown
in Figs. 2(e) and (f), the metalens will focus the cross-polarized CP and co-polarized XLP and
YLP transmission light to the same position. As shown in Figs. 4(a-d), the simulated electric field
intensities show that the cross-polarized CP and co-polarized XLP and YLP transmission light
possess the same focusing phenomenon, in which the light is well focused at preset position of f
= 8 um. The full width at half maximum (FWHM) along the x direction of the focus are 715 nm,
715 nm, 756 nm, 678 nm respectively for LCP, RCP, XLP and YLP incidences, and depth of focus
(DOF) are all nearly 2.5 um respectively for LCP, RCP, XLP and YLP incidences, and the focusing
efficiency reach to 73% for CP incidence. These specific data show that the metalens possess the
excellent focusing performance for LP and CP light, and further prove that our designed metalens
is polarization-independent for LP and CP light.

In order to further verify the reliability and universality of the design method, we also design
an optical vortex generator based on the designed metasurface, which can produce vortex beam
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Fig. 4. Simulated intensity distributions of the metalens under LCP (a), RCP (b), XLP (c) and YLP
(d) incidence. The red lines indicate the profiles of the FMWHs and DOFs of the focus. (e) The top view
of the designed metalens.
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Fig. 5. Schematic of the polarization-independent vortex beam generator.

for CP and LP incidence, as shown in Fig. 5. Based on selected eight spin-dependent nanobrick
with 7 /4 phase shifts, a vortex beam generator with the topological number | = 1 is designed,
which is comprised of 16x16 nanobricks, and eight sectors with = /4 phase intervals are array
incrementally (a phase shift of 2x is realized around the center of the vortex beam generator). The
intensity distributions and phase profiles of the cross polarized CP and co-polarized XLP and YLP
transmission light are shown in Fig. 6. The wavefront are all counterclockwise for the LCP RCP
XLP and YLP incidence light, which means the vortex beam with / = 1 have been generated for
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Fig. 6. The intensity and phase distributions of the produced vortex beam under LCP (a), RCP (b), XLP
(c), and YLP (d) incidence.

four kinds of polarized incidences. That is to say, the vortex beam generator is also polarization-
independent for LP and CP light.

3. Conclusions

In summary, a series of high-efficiency polarization-independent metasurface are demonstrated
based on skillfully designed eight irrotational nanobricks with polarization-dependence. The clever-
est design for nanobricks is the HWPs that there are the same transmission for cross polarized
CP and co-polarized XLP light, and there is a phase difference between XLP and YLP inci-
dences, in which the intrinsic characteristic of the HWP is firstly explored and excavated. Although
these nanobricks are polarization-dependent, the metasurface composed of these nanobricks are
polarization-independent, and they possess the same transmission function for co-polarized XLP,
YLP and cross-polarized CP light. A polarization-independent beam deflector is demonstrated,
which can redirect the incident CP and LP lights to an identical refraction angle. A polarization-
independent metalens is also demonstrated, which possess the same focusing effect for CP and LP
incidences. Finally, a vortex beam generator is demonstrated, which can produce the vortex beam
with the same topological number for CP and LP incidence. All these metasurface possess the
same function for CP and LP incidences. Our design method can promote strongly the development
of polarization-independent metasurface and integrated optics.
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