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The concept and design optimization of a polarization-independent dielectric metasurface for the spatial sep-
aration of scalar light beams with different values of the orbital angular momentum are discussed. The meta-
surface is based on an array of Mie resonant nanodisks. The geometrical parameters of a structure working at
a wavelength of 810 nm are obtained and the displacement of beams with different orbital angular momenta
with respect to the axis of the optical system is numerically demonstrated.
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Interest in quantum photonics growing in recent
years has stimulated the rapid development of the fun-
damental and applied studies of this field [1]. A num-
ber of different platforms and approaches have been
proposed, but the most practicable ones seem to be
those that can offer a high level of integration and
miniaturization within a photonic chip on the micro-
and nanoscale, as well as compatibility with the fabri-
cation technologies used in modern microelectronics
[2]. The unique properties of such optical devices fre-
quently allow them to surpass the capabilities of bulk
analogs (e.g., classical refractive optical elements such
as lenses, waveplates, etc.) in controlling nonclassical
radiation [3, 4] and offer broad prospects for scaling.

A specific field in quantum photonics, which is of
particular interest for the problems of cryptography
and computations with nonclassical light, is the study
of electromagnetic radiation possessing orbital angular
momentum [5]. The latter is the contribution to the
angular momentum of a light beam (added to the spin
angular momentum) that depends on the field distri-
bution at each point in space. In contrast to spin angu-
lar momentum, associated with the polarization of
photons and assuming the values of , orbital angular
momentum varies in the range from  to  and pro-
vides theoretically a greater number of available
degrees of freedom, which leads to an increase in the
dimension of the Hilbert space [6]. It was demon-
strated that the benefits of increased dimension
include not only a higher optical data encoding density
per channel [7] but also an enhanced security of com-
munication resulting from higher resistance to exter-
nal interventions [8]. Laguerre–Gaussian scalar light

beams represent an example of radiation carrying
orbital angular momentum [9], which makes them
particularly interesting for quantum cryptography
problems [10, 11]. This interest is primarily related to
the creation of reliable and secure broadband commu-
nication channels for data transmission and process-
ing [12]. However, despite all the advantages of work-
ing with light possessing such a large number of
degrees of freedom, there have been few devices
implemented to date on a compact integrated plat-
form.

In this regard, solutions allowing the control of
light carrying orbital angular momentum that are
based on new approaches and principles are highly
desirable. One of the key tasks in this area is to accom-
plish the spatial separation of scalar light beams with
different values of the orbital angular momentum [13,
14]. This can be achieved using planar optical devices
called metasurfaces, which are two-dimensional
arrays of resonant nanostructures specially designed to
create a complex phase profile [15] for the efficient
generation and control of high-dimension entangled
quantum states [16].

It was shown recently that the use of metasurfaces
based on subwavelength nanoresonators makes it pos-
sible to effectively control both classical [17–19] and
quantum radiation [20, 21]. In particular, it was
demonstrated that, using a metasurface with a special
phase profile consisting of cells of silicon nanoparti-
cles, it is possible to measure and reconstruct single-
and multiple-photon states of light, with reliable
reconstruction of the amplitude, phase, coherence,
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Fig. 1. (Color online) Schematic representation of a reso-
nance silicon metasurface separating scalar beams with
different values of the orbital angular momentum (OAM)
in space.
and entanglement of states encoded in the polarization
of the incident radiation [22].

Here, we consider the spatial separation of scalar
beams with orbital angular momentum using resonant
silicon metasurfaces with a particular phase profile.
The spatial separation of radiation transmitted by a sil-
icon metasurface is depicted schematically in Fig. 1.
As a scalar beam carrying different orbital angular
momenta passes the metasurface, it undergoes a trans-
formation of its phase and splits into two components
corresponding to  and +1. As mentioned above
[23], silicon metasurfaces are used to solve this prob-
lem because of their compact size, ease of manufac-
turing, and compatibility with modern microelectron-
ics industrial technology [24]. In contrast to the previ-
ously presented analogs [14], the silicon metasurface
with a complex surface profile proposed here is also
polarization independent.

The problem of the spatial separation of radiation
carrying different orbital angular momenta has a clas-
sical solution [25], which can be described by the fol-
lowing expressions:

(1)

(2)

These formulas result from the solution of the prob-
lem of mapping an object from the (x, y) to (u, )
plane for the case of the transformation from Carte-
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, where  (here, g is the
transverse size of the transformed beam) and the
parameter b is responsible for the shift of the obtained
image along the u direction. The first transformation
specified by Eq. (1) implements a conformal mapping

 that converts a beam with a helical
phase profile into a laterally elongated beam with a
linear phase gradient. If such a beam passes a lens,
radiation carrying different orbital angular momenta
will be focused at different spots displaced in the lat-
eral direction on the output screen. However, the
change in the optical path length that appears upon
this transformation implies that the filter described by
Eq. (1) introduces a phase distortion in the radiation
profile. To correct this distortion and to collimate the
beam at the output of the optical system, the phase-
correcting transformation described by Eq. (2) has to
be applied. It should be noted that the centers of the
incident beam and the metasurface have to coincide
for performing correct coordinate transformation.
This is required for the subsequent effective spatial
separation of radiation carrying different orbital angu-
lar momenta. Therefore, the helical profile of the
phase of incident electromagnetic radiation is changed
via two transformations: one for the coordinate con-
version and the other for the correction of phase dis-
tortions [26].

In order to perform the spatial separation of scalar
beams according to different values of the orbital
angular momentum with the help of a silicon metasur-
face, certain conditions on the metasurface phase pro-
file should be satisfied [27]. First, it is necessary to
implement such a geometry of the metasurface phase
mask that the transmission coefficient is high (as close
to 1 as possible) at the selected (working) wavelength
and remains constant for the entire range of variations
of the geometrical parameters of the structure. Sec-
ond, it is necessary to ensure that the phase shift of the
transmitted electromagnetic radiation can vary in the
range from 0 to 2π. Taking into account these require-
ments, we carried out numerical simulation of the
transmission coefficient and the phase of the trans-
mitted wave (Figs. 2a and 2b, respectively) for arrays of
silicon nanodisks with a height of h = 130 nm and a
diameter of d = 210 nm. Calculations were performed
by the finite-difference time-domain method in the
Lumerical FDTD software package. The above values
of h and d were chosen because the electric and mag-
netic dipole resonances overlap in silicon nanodisks
with these sizes in the spectral range of interest [28–
30]. At a selected wavelength of 810 nm, there exists a
range of array periods where the transmittance is very
close to unity (Fig. 2c) and the phase of the transmit-
ted wave varies from 0 to 2π (Fig. 2d). This wavelength
is chosen because quantum radiation possessing
orbital angular momentum is frequently implemented
on the basis of a diode laser with a wavelength of
405 nm and a nonlinear crystal (e.g., KTP) in the
regime of collinear generation of biphotons [31].

=v arctan( / )a y x = π/2a g
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JETP LETTERS  Vol. 114  No. 8  2021



SPATIAL SEPARATION OF SCALAR LIGHT BEAMS 443

Fig. 2. (Color online) (a, b) Wavelength, array period maps of the (a) transmittance and (b) phase of the transmitted wave for an
array of silicon nanodisks with a height of h = 130 nm and a diameter of d = 210 nm. (c) Transmittance and (d) the phase of the
transmitted wave at the selected wavelength of λ = 810 nm for an array of silicon nanodisks with a height of h = 130 nm and a
diameter of d = 210 nm versus the array period.

φ

Table 1. Correspondence between the phase range and the
period of the silicon nanodisk array within the squares of
the metasurface

Phase range 0–π/2 π/2–π π–3π/2 3π/2–2π

Period, nm 360 407 460 493
The phase mask for the silicon metasurface was
designed to realize the transformation given by (1).
Figure 3 shows the surface described by Eq. (1) and
representing the variation of the phase profile in the
range of 0–200π. Calculations were performed for an
area of 200 × 200 μm2 corresponding to the sizes of
actual structures. This area was divided into equal
parts in the form of 20 × 20-μm squares, and the val-
ues of the phase were averaged and normalized to the
range of 0–2π within each of these squares. Then, the
period of a silicon nanodisk array corresponding to the
best possible description of the phase change in each
square was determined using previously reported
results [32] (Fig. 3b).

Therefore, we devised the optimum design for the
required silicon metasurface, which represents a two-
dimensional resonant structure divided into square
regions with constant phase. Each of these squares
consists of an array of silicon nanodisks with a height
of h = 130 nm, a diameter of d = 210 nm, and a period
selected according to Table 1.

The described concept of the resonant silicon
metasurface design is not the only possible one, but
JETP LETTERS  Vol. 114  No. 8  2021
the ease of fabrication makes this solution attractive
for experimental realization.

Figure 4 shows the optical setup for the spatial sep-
aration of scalar beams carrying orbital angular
momentum by a system consisting of the silicon meta-
surface performing the conformal coordinate mapping
and the phase-correcting surface; a spatial light mod-
ulator may play the role of the latter. Numerical mod-
eling was performed by solving the Fraunhofer diffrac-
tion equations using the physical optics module of the
Zemax OpticStudio software package. A scalar beam
possessing orbital angular momentum passes a silicon
dielectric metasurface, which performs the coordinate
transformation. The spatial separation of the incident
radiation into spots corresponding to different orbital
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Fig. 3. (Color online) (a) Phase surface determined by transformation (1) and describing the variation of the phase profile in the
range of 0–200π. (b) Layout of the phase mask for the silicon metasurface representing an array of 20 × 20-μm squares corre-
sponding to phase ranges of (blue) 0–π/2, (green) π/2–π, (yellow) π–3π/2, and (red) 3π/2–2π.
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Fig. 4. (Color online) (a) Layout of the optical system for the spatial separation of scalar beams with different orbital angular
momenta. (b) Different phase profiles of the input beam and the corresponding spots in the image plane.
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angular momentum components is observed on a
screen in the image plane. Figure 4b shows the phase
profiles of the input beams and the spots in the image
plane corresponding to these profiles. Beams with
orbital angular momenta l = ±1 and ±3 are consid-
ered. Similar results can be obtained for other cases,
and the above values of l are chosen just for illustrative
purposes. The scalar beams of opposite signs are spa-
tially separated with respect to the central optical axis
of the system: each value of l is characterized by a
localization spot in the X 'Y ' plane shifted along the
Y ' coordinate on the opposite sides from zero,
depending on the sign and absolute value of the orbital
angular momentum. Beams with positive values of the
orbital angular momentum l = 1 and 3 appear above
the OX axis, while beams with l = –1 and –3 appear
below the OX axis. The components characterized by
orbital angular momenta of the same absolute value
but opposite signs shift by the same distance in oppo-
site directions.

To summarize, we have used numerical simula-
tions to investigate resonance metasurfaces, i.e., pla-
nar optical structures consisting of an array of cylinder
silicon nanoparticles featuring high transmittance and
providing complete phase control of the transmitted
light. We have shown that the use of silicon metasur-
faces with a specially selected profile makes it possible
to effectively separate in space components of radia-
tion with different orbital angular momenta. The
results obtained can be used in quantum cryptography
for the development of compact devices for the analy-
sis of nonclassical light.
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