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Abstract

Thanks to the capability of metasurfaces to sculpt light beams at sub wavelength scales, they provide
amazing functionality that traditional lenses cannot match. Here, we have proposed and
demonstrated by numerical simulation an approach to realize deflecting transmitted beams along x
or y axis whose refraction angle is determined by relative displacement of two cascaded
metasurfaces. The results prove that the refraction angle can be tuned precisely by the relative
movement distance between the cascaded metasurfaces and the refraction angle can be changed
along x axis (or y axis) by moving a metasurface along y axis (or x axis). The metasurfaces are
developed using silicon nanopillars with spatially variant orientations based on Pancharatnam-Berry
(PB) phase with illumination of right-handed circular polarized (RCP) light beams. The uniqueness
of this metadevice with deflectable focal points may open a new avenue for imaging, optical tweezers,
optical spanner and free space communication.

Keywords: metasurfaces; deflection; orbit angular momentum; vortex

Instruction

Metasurfaces, as artificially designed two-dimensional subwavelength arrays, have attracted
tremendous attention since their superior capabilities to manipulate and shape the electromagnetic
waves enable the creation of ultrathin and highly compact optical systems [1]. Recently, metasurfaces
are widely used to modulate amplitude, phase, and polarization of the incident light [2—4].

lensl
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Figure 1. Schematic of the Alvarez metadevice with focal points of deflection. Under the illumination of RCP
light beams, when lensl moves d along x/y axis, light passing through lens2 deflects at the angle of 0=-

arcsin(Ad)along y/x axis.

Vortex beams (VBs) with orbit angular momentum (OAM) possessing nonuniform phase
distributions have various applications, such as optical communication, [5] optical tweezers, [6] and
spanners [7].

The early designed Alvarez metalens devices can only generate varifocal beams [8-11] and the
later designed device generates beams of deflection only in x-z plane and the transmitted beams having no {5115 limits
the application range of the transmitted beams [12]. In order to achieve complex and diverse
diversification of Alvarez metalens functionalities to meet needs of the optical system, it is essential
to redesign metalens devices.

Here we have proposed and investigated Alvarez metadevices, the angle of transmitted beams
from which can be changed precisely by changing the relative distance between the composed two
cascaded metasurfaces, which are parallel placed face to face such that one is upside down with
respect to the other.

2. Principle and Theoretical Analyses

For simplicity, let us start with the metalens devices with tilted transmitted beam of a focal point,
which will be extended complex ones later. The constructed phase distributions of the metasurfaces
are shown in Figure 2 according to the following equation:

27
o (X, y)= — Axy

?,(%Y) =27”(AXV—(\IXZ +yl 4 2o f))

where A, A and f denote wavelength, coefficient and focal length, respectively, x and y are the

(D

coordinates of the x and y axes.

target_phase1(with no move)

i ISP NS A N

Figure 2. Phase distribution of the designed metasurface. Left: phase of the first metalens in incident beams

propagation. Right: phase of the second metalens in incident beams propagation.

The phase of shaping beam passing through the cascaded metasurfaces can be described as equal
(2) or (3).

If the first metasurface which the incident beams hit first moves along y axis, the total phase is
described as
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(X, y) == (X, y +d) + @, (X, y)
:_%Ax(y+d)+277[Axy—27”(«/x2+y2+ f2— f) (2)
=—27”Adx—27ﬂ(\/x2+y2+ f2- f)

If the first metasurfaces moves along x axis, the total phase is described as

P(X,y) ==@(x+d,y) +p,(X,y)
=_27”A(x+d)y+27ﬂAxy—27ﬂ(«/x2+y2+ f2- f) (3)
:—%Ady—zf(q/x%y% f2— f)

Based on Generalized Snell’s Law [1], the phases referring to deflection beams in x-z plane and
y-z plane are

o(X,y) =27ﬂxsin0 (4)

o(X,Y) =277[ysin0 (5)

Where 0 is the angle of deflection.

Compared the first term of equations (2) and (4) (or equations (3) and (5)) and letting
—Ad =sin @, we can draw the conclusion that after the first metasurface moving along y(x) axis, the
transmitted beam changes direction in x-z(y-z) plane and the angle of deflection is
6@ =—arcsin(Ad).

The angles of nanopillars of the two metasurfaces are half of the phase profiles based on PB
phase.

3. Results and Discussion

In this design, the finite difference time domain method is used to calculate the field distribution
after the incident light passes through such metadevice consisting of 100 x 100 nanopillars (with the
corresponding side length of 77.0 um) at normal incidence. Silicon nanopillars having high refractive
index and transmittance at designed wavelength of 1.55um are placed on a glass substrate and used
to modulate the phase of incident light, as shown in Figure 3. The upper surface of the nanopillar in
the second metasurface the incident light passing through is set to z=0. Each nanopillar with an
elliptical cross section has the same shape, with longer semimajor axis, semiminor axis, height and
periodic spacing set to be 0.215 um, 0.130 um, 0.9 um and 0.77um, respectively. We set focal length
and A to 50um and 1/(20A). The deflection angles are set to -30, -15, -5, 0, 5, 15, 30 degrees, so the
corresponding moving distances of the first metasurface(d=-204sin8) are 15.5000, 8.0228, -2.7018, 0,
2.7018, -8.0228, -15.5000 um respectively. RCP is chosen as incident beam for single focus and x-linear
polarized light (XLP) for splitting beams.
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Figure 3. Top and perspective view of the metalens unit cell formed by an elliptical nanopillar sitting on square
substrate with a period Px=Py=0.77um. The nanopillars have a fixed height of #=0.9um, and by changing the

semimajor axis(L) and semiminor axis(W), the units provide phase shifts given by jx and jy, respectively.

3.1. One Focus

The intensity of transmitted beams in x-z(y=0) plane and parallel to x axis passing through points
of the maximum intensity are in Figure 4.

We get the maximum intensity points of the transmitted beams, and calculate the simulated
deflection angles and the relative errors with respect to the designed deflection angles.

With the designed deflection angle increases are -30, -15, -5, 0, 5, 15, 30 degrees, the maximus
intensity points in x-z plane (y=0) are (-27.2,50.5), (-13.6,47.7), (-4.4,46.3), (0,46.3), (4.4,46.3), (13.2,47.7)
and (27.2,50.5), respectively. The referring simulation angles are -28.3075, -15.9137, -5.4287, 0, 5.4287,
15.4683, 28.3075, and the relative errors between simulation and design are -5.64%, 6.09%, 8.57%, 0,
8.57%, 3.12% and -5.64% respectively.

We can draw the conclusion that with the absolute value of designed deflection angle increasing,
the focal lengths increase slightly. The reason is that the deflection causes elongation of the focus and
the amount of light passing through only metasurface increases.

As the Alvarez lens includes two cascaded metalenses and the distance between the two
metalenses along the direction of beam propagation could adjustable, the simulation focus cannot
accurately fall on the design point and can be movable by adjusting the position of the any of the two
metasurfaces.

|E|*2(x-z plane) of -30° deflection 0 |E|*2 of -30° deflection
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Figure 4. The results of simulation for transmitted beams of deflection of -30,-15,-5,0,5,15,30 degrees with
incident beam of 1.55um RCP. Left: intensity of transmitted beams in x-z plane. Right: intensity of of transmitted

beams parallel to the x axis passing through the point of maximum light intensity.

3.2. One Focus with Vortex

By adding the phase of vortex by rotation of the nanopillars, the transmitted beams can carry
vortices. The phase of vortex has two kinds of expressions referring to plus (+) and minus (-) sign,
which mean the phase vortex decreasing or increasing with the azimuth increasing [13]. In this paper,

we choose plus, so the expression is as follows:

#(x,y)=TC- arctan(%) (6)

where TC is the topological, representing the number of cycles of directional variation within the
range of 0 to 360 degrees, (x,y) is the nanopillar’s coordinate of a Cartesian coordinate system.
The phases of two metasurface can be described as

27
o, (X, Y) == Axy

)
py(x,y) = %(Axy-(m  f)+TCarcan (zD

RCP of 1.55um is selected as incident beams. The simulation results are in Figure 5.

Owing to the interference of parts of beams passing through only one metasurface, both the
vortex and intensity of the transmitted beams are not symmetrical in x-z plane and the phase of vortex
will have distortion in x-y plane. when designed deflection angles is not 0-degree, section and line of
drawing (left part and right part of Figure 5) will not be vertical to the direction of beam propagation.
As the designed deflection angle increase, the distortion gradually increases.

The areas with weak intensities in the transmitted foci are where the vortices located in x-z plane.
The x-coordinates of the least intensities are -27.6, -14, -4.4, 0, 4.4, 13.6, 27.6 um. Due to absolute angles
of -30 and 30 are large, the foci deviate from y=0 plane. In this paper, we choose the plane y = 0.4 and
-0.4 um to draw right pictures for -30 and 30 degrees of Figure 5.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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We choose z=50um for +15 and +30 degrees of deflection angles to draw right pictures of Figure
5. We choose z = 47.7um for 0, £5degrees in order to get more clearly pictures.

By calculating the angles of the vortices, we get the deflection angles of transmitted beams that
are -28.8987, -15.6422, -5.2702, 0, 5.2702, 15.2163 and 28.8987 degrees, respectively. The relative errors
are 3.67%, 4.28%, 5.4%, 0, 5.4%, 1.44% and 3.67% respectively for -30, -15, -5, 0, 5, 15, 30 degrees of

designed reflection angles.
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Figure 5. The results of simulation for transmitted beams with vortex of deflection of -30,-15,-5,0,5,15,30 degrees
with incident beam of 1.55um RCP. Left: intensity of transmitted beams in x-z plane. Right: intensity of of

transmitted beams parallel to the x axis.

In the above two discussion, we move the first metasurface along y axis, the transmitted beams
will tilt in x-z plane. As x and y play a role of the same level, after exchanging x and y in the equation
of discussion, the transmitted beams will tilt in y-z plane when moving the first metasurface along x

axis.

3.3. Splitting Beams

As the nanopillars will give an additional phase to the transmitted beams which has an opposite
chirality to the incident one due to geometric phase, the phase of focus referring to the left-handed
circularly polarized (LCP) will have the opposite sign compared to RCP and the deflection angle of
transmitted beams with LCP incident light will have the opposite sign compare to the RCP incident
light. Equation (1) referring to LCP incident light should be changed as

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2
o, (X y)= = Axy

@, (X, y)Z%(AXW(\/XZ +yP 2o f))

As the linearly polarized beam can be decomposed into LCP and RCP, the transmitted beams

(8)

can deflect into two parts which will tilt to left and right respectively based on space multiplexing.
Since the phase referring to LCP and RCP are relatively independent, we arranged the nanopillars
based on space multiplexing [14]. Schematic of the metadevice with RCP and LCP focal points of
deflection is in Figure 6. Compared equation (7) and (8), we can see that both LCP and RCP
transmitted beams have the same phase profiles @i for the first metasurface and different phase
profile for the second one. We select expression of @2 from equation (7) and (8) for RCP and LCP
transmitted beams respectively based on space multiplexing. The nanopillars of RCP and LCP phase
profiles alternately arranged along the x-direction in the second metasurface. The simulation results
for the deflection of -30, -15, 0, 15, 30 degrees for RCP (30,15,0,-15,-30 degrees for LCP) deflection
beams are in Figure 7.

We get the points of the maximum E of the transmitted beams from left pictures of Figure 7 that
are (+27.2,50.85), (+13.2,47.35), (+4.4,45.95), (0,46.30), (+4.4,45.95), (+13.2,47.00) and (+27.2,50.50) for the
designed angles of -30, -15, -5, 0, 5, 15, 30 degrees, respectively. The corresponding angles and relative
errors are +28.1426, +15.5771, +5.4698, 0, +5.4698, +15.6875, +28.3075 degrees and 6.19%, 3.85%, 9.40%,
0, 9.40%, 4.58%, -5.64% respectively. As the absolute values of +5 degree are small, the relative errors
of simulated values are larger than those of other angles.

Figure 6. Schematic of the Alvarez metadevice with focal points of deflection. Under the illumination of XLP
light beams, when lens1 moves d along x/y axis, light passing through lens2 deflects at the angle of O=t+arcsin(Ad)
for RCP and LCP respectively along y/x axis.
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Figure 7. Simulation results for the deflection angles of -30, -15, 0, 15, 30 degrees for RCP and 30, 15, 0, -15, -30
degrees for LCP transmitted deflection beams. Left: Intensity of E in x-z(y=0) plane. Right: Intensity of E passing

through the point of the maximum light intensity parallel to the x axis.

Last but not least, the results are ones of structures of two phase profiles alternately arranged
along the x-direction. As the structures of the cascaded metasurfaces are about both x and y axis
symmetry respectively, there will be the same results of the structure of two phase profiles alternately
arranged along the y-direction, which are confirmed in our simulations.

4. Conclusions

In conclusion, the designed metadevices could achieve all of our design goals. As the devices
are designed based on PB phase, they are broadband ones. The angle of transmitted beams can be
changed precisely by changing the relative distance between the two cascaded metasurfaces. The
deflection direction of the transmitted beams (in x-z plane or y-z plane) also can be changed by
moving direction (along y axis or axis) of the paired metasurfaces.

Both the design parameters and numerical simulations agree well with each other, except for a
slight discrepancy, which can be attributed to the lower accuracy of settings in simulation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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5. Fabrication

Though we have not fabricated the metasurfaces, there are mature technologies available
currently to make the metasurfaces easily by using plasma etching process and electron beam
lithography technique. The simulation results perfectly meet the design expectations, so we have not
made the metasurfaces and conducted experimental verification.
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