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Abstract: Metasurfaces can arbitrarily manipulate the amplitude, phase, and polarization of optical
fields on subwavelength scales. Due to their arbitrary manipulation and compact size, the metasur-
face can be well integrated with optical fibers. Herein, we demonstrate a polarization-dependent
metasurface using birefringent meta-atoms, which can independently control X- and Y-polarization
incident light. Each meta-atom allows for the division of phase into 16 steps ranging from 0 to 2π for
both X- and Y-polarization, resulting in 256 nanopillars selected from the meta-atom library to satisfy
the required phase. With the different effective refractive indices of the cuboid meta-atoms along the
X- and Y-axis, we can achieve collimation of the X-polarization emitted beam from an optical fiber
while deflecting orthogonally polarized light. As a result, the proposed metasurface collimates an
X-polarized beam with a beam radius of 20 µm at z = 1 mm and 43.9 µm at z = 2 mm. Additionally,
the metasurface can effectively deflect the Y-polarized beam to 36.01◦, consistent with the results
of the theoretical computation. The proposed metasurface exhibits a deflection efficiency of 55.6%
for Y-polarized beams with a relative polarization efficiency of 82.2%, while the efficiency for the
X-polarization is 71.4%. Our work is considered a promising application for optical communication,
sensing, and quantum measurement.

Keywords: metasurface; birefringence; polarization-dependent; collimation; deflection

1. Introduction

Optical fiber has become a mature and popular light conduction tool, with excellent
characteristics such as low loss, strong anti-interference ability, light weight and other ad-
vantages. It has achieved remarkable success in the optical sensing and telecommunications
industries. Widely employed in the medical sector for manufacturing endoscopes and other
imaging devices, optical fiber also serves as the primary medium for transmitting signals
and data in the field of communication. Recently, with the development of processing
technology, the integration of optical components with optical fibers, known as “lab-on-
fiber” technology, provides a powerful platform for device integration and miniaturization.
Researchers have integrated optoelectronic functional materials and small-size optical
devices into the end face of optical fiber, thereby creating a new optical fiber probe for use
in microscale applications. It has gained significant attention across various fields such
as sensing [1,2] and endoscopic imaging [3]. Traditional bulky optical components like
gradient-refractive-index (GRIN) lenses [4,5], plane-concave lenses [6], and refractive ball
lenses [7,8] have been mounted on the end face of the optical fiber to achieve corresponding
functions in fiber optic imaging, sensing and light field modulation. There is no doubt
that “lab-on-fiber” further expands the application scenarios of optical fibers. However,
these traditional optical components are limited in function and occupy significant space
for phase accumulation in the process of light propagation.

Fortunately, the emergence of metasurfaces in the last decade have has provided
a promising solution to the limitations of traditional optical devices. Metasurfaces are

Photonics 2024, 11, 474. https://doi.org/10.3390/photonics11050474 https://www.mdpi.com/journal/photonics

https://doi.org/10.3390/photonics11050474
https://doi.org/10.3390/photonics11050474
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://doi.org/10.3390/photonics11050474
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics11050474?type=check_update&version=2


Photonics 2024, 11, 474 2 of 11

two-dimensional artificial structures consisting of metal or dielectric. They have drawn
significant interest for their exceptional ability to manipulate wavefronts at subwavelength
scales [9] and their high degree of freedom, allowing for simultaneous modulation of
multiple characteristics of the light field, such as phase, amplitude, polarization, etc. Such
versatility has led to numerous applications including metalens [10,11], nonlinear op-
tics [12,13], polarization control [14,15], holography [16,17], and imaging [18]. Furthermore,
the exploration of metasurfaces is no longer limited to a single function, but realizes a
variety of functions through one metasurface, such as the generation of different holo-
grams for different polarizations [19], the generation of different near field and far field
images [20], and so on. However, most of these metasurfaces are discrete devices without
integration with the light sources. The characteristics of the metasurfaces structure and
material, in conjunction with the high aspect ratio and planar cross-section of the optical
fiber, promote the emergence of fiber metasurface which represents a novel form of “lab-
on-fiber”. The principal processing techniques employed for fiber-loaded metasurfaces
include focused ion beam (FIB) milling, electron beam lithography (EBL), nano-transfer,
and direct laser inscription. The integration of the metasurface with optical fibers brings
a disruptive revolution in wavefront modulation engineering, with applications ranging
from biosensors [3,21], to optical tweezers [22,23], to optical endoscopes [24,25]. Unlike
the discrete metasurfaces, the fiber metasurfaces, as a form of “lab-on-fiber”, realize the
integration with light sources, and usually only achieve a single or similar function of the
light field control [26,27], which limits the original advantages and the development of the
fiber metasurface in optics, communications, etc.

Apart from the previously mentioned applications, fiber metasurfaces are also finding
applications in emerging domains, such as Rydberg atom-based receivers. In a Rydberg
atom-based receiver, two laser beams with wavelengths corresponding to ~852 nm and
~510 nm are employed [28] as the probe laser and the coupling laser, respectively, to prepare
cesium (133Cs) Rydberg atoms by the two-photon resonance excitation method. The beam
size of the probe laser is crucial in Rydberg atom-based receivers as it affects the average
time of Rydberg atoms staying in the interaction volume, which is inversely proportional
to the bandwidth of the receiver. Thus, a smaller beam waist of probe laser can effectively
increase the instantaneous bandwidth of the receiver [29]. While a structure with a GRIN
lens loaded on the end facet of an optical fiber has been proposed for this purpose [30],
limitations in GRIN processing technology prevent achieving a beam waist smaller than
300 µm. Nevertheless, the robust wavefront control capacity of metasurfaces makes it
possible to generate probe lasers with a narrow beam waist, overcoming the limitations of
GRIN lenses. Additionally, maintaining consistent beam polarization between the probe
laser and the coupling laser in the vapor cell is crucial to avoid introducing of additional
noise and a reducing measurement sensitivity. This is typically achieved using polarization-
maintaining fibers to transmit both lasers. However, the cost of polarization-preserving
fibers may become prohibitive for the longer lengths required in actual application sce-
narios. As a cost-effective alternative, single-mode fibers can be employed, but they do
not inherently preserve polarization. This presents an opportunity for fiber metasurfaces,
which can simultaneously account for beam polarization and diameter modulation, a
capability not yet utilized in Rydberg atom-based receivers. By leveraging the wavefront
modulation capabilities of metasurfaces, it is possible to enhance the performance of such
receivers beyond current limitations.

In this article, we propose a fiber metasurface operating at a wavelength of 852 nm for
the independent manipulation of the wavefront of orthogonal linear polarized beams. We
set the X-polarization as the desired polarization of the probe laser, while the Y-polarization
beam should be deflected to eliminate its effect on the system. By exploiting the bire-
fringence properties of nanopillars, the fiber metasurface achieves beam collimation for
X-polarization and deflection for Y-polarization of the optical fiber-emitted beams inde-
pendently. The target phases obtained by the propagation of the fiber-emitted beam are
discretized into 16 steps from 0 to 2π. Then, the corresponding meta-atoms with high
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transmission coefficients are selected from the libraries to match the discrete target phases.
Full wave simulation results indicate that meta-atoms with a lattice constant of 360 nm and
a height of 550 nm can cover the 2π phase modulation range for both X- and Y-polarization.
The proposed metasurface effectively collimates the highly divergent Gaussian beam from
the optical fiber while deflecting the beam with orthogonal polarization to a 36.01◦ angle,
consistent with the theoretical predictions. The proposed fiber metasurface offers a novel
solution for the modulation of probe laser in the Rydberg atom-based receiver, while also
simplifying the structure of multifunctional optical devices and expanding the application
scenarios of the “lab-on-fiber”.

2. Design of the Polarization-Dependent Metasurface
2.1. Design of Birefringent Meta-Atoms

To obtain independent control of orthogonal line polarizations, birefringent rectangu-
lar nanopillars are selected as meta-atoms. The transmission matrix of these meta-atoms
can be described as [31]

T =

[
txxeiφx 0

0 tyyeiφy

]
, (1)

where the elements in the counter-diagonal are 0 because no coupling between X-polarization
and Y-polarization is expected in the meta-atoms, txx is the transmission coefficient of an
X-polarized beam, tyy is the transmission coefficient for a Y-polarized one, and φx and
φy represent the accumulated phase resulting from propagation along fast and slow axes
within the meta-atoms, respectively, akin to oriented dielectric waveguides. The relevant
phases can be expressed as

φx,y = 2π/λ0ne f f _x,yd. (2)

where ne f f _x and ne f f _y represent the effective refractive indices for the X-polarized beam
and Y-polarized beam, and d is meta-atom height. The non-rotationally symmetric struc-
tures exhibit varying equivalent refractive indices for different polarizations of light, and
the equivalent refractive indices ne f f would change with the geometric parameters of struc-
tures. The metasurface realizes independent wavefront shaping for different polarizations
on subwavelength scales by introducing distinct phase shifts at the interface between the
two media, according to Equations (1) and (2).

In order to achieve the independent modulation for different polarizations, typical
cuboid nanopillars made of crystalline silicon (Si) with a refractive index of 3.65 at the
wavelength of the probe laser of the Rydberg atom-based receiver are chosen as meta-atoms
to realize the birefringence property. The substrate is made up of SiO2 with a refractive
index of 1.52 at the operating wavelength as well. As shown in Figure 1, the nanopillars’
height of H = 0.55 µm is fixed, and the side lengths of the nanopillars Wx and Wy vary
from 0.06 µm to 0.32 µm as alternatives for the meta-atoms composing the proposed fiber
metasurface. Given that the wavelength of the probe laser required to excite the 113Cs
atoms in the vapor cell to become Rydberg atoms in the Rydberg atom-based receiver
system is 852 nm, here we set the operating wavelength as 852 nm. The meta-atoms
lattice constant of p = 0.36 µm, which is smaller than the wavelength in the substrate and
greater than the diffraction conditions [32,33], λ0/2n < p < λ0/n, where n represents
the refractive index of the substrate, to ensure the existence of only zero-order diffraction
for normal incidence and only feeble first-order diffraction for the oblique incidence case.
The target meta-atoms libraries have been built as shown in Figure 2a,b, which show the
transmission coefficients and phase shifts of the meta-atoms for X-polarized beam as the
function of Wx and Wy. Figure 2c,d show the transmission coefficients and phase shifts for
the Y-polarized beam, which is diagonally symmetric with that for the X-polarized beam
incidence. The simulation results show that most of the nanopillars have high transmission
coefficients for both X- and Y-polarized beams and phase shifts range from 0 to 2π.
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2.2. Design of Metasurface

Considering the requirement of the Rydberg atom-based receiver of the probe laser,
the metasurface is expected to collimate the X-polarized beam (desired) and deflect the
Y-polarized beam (unwanted) of the optical fiber emitted light, as shown in Figure 3. The
proposed metasurface aims to realize wavefront modulation of the beam emitted from the
single-mode optical fiber SM 780-HP (Nufern, Coherent Inc., Saxonburg, PA, USA). The
fundamental mode of a step-index fiber, which is approximated by a Gaussian beam with
the beam waist located at the end facet of the fiber [34,35], can be expressed as follows [36]

E(r, z) = A0
ω0

ω(z)
e
− r2

ω2(z) e−i[k(z+ r2
2R(z)−arctg z

z0
)], (3)
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where A0 is the amplitude, ω0 is the beam waist located in the fiber’s end facet, ω(z)
is the beam radius at the axial distance z, R(z) is the radius of curvature, and z0 is the
Rayleigh length. In Equation (3), the phase of the last exponential term is indicative of
the divergence of the Gaussian beam. Consequently, in order to realize the collimation
of the X-polarization beam after passing through the proposed metasurface, the desired
phase should be the opposite of the phase of the fundamental Gaussian mode shown in
Equation (3), as illustrated in the following:

φx(x, y, z) = k
(

z +
x2 + y2

2R(z)
− arctg

z
z0

)
, (4)

where k is the wave number in the medium, z is the propagation distance, (x, y) is the
coordinate in the metasurface, R(z) is the curvature radius of the wavefront, z0 is the
Rayleigh length. We set the beam radius of the incident beam as 25 µm which requires
a diverging distance of z = 233.42 µm to verify the proposed metasurface. The radius of
the metasurface is set as 28 µm to leave a margin for the incident beam. Then, the desired
phase for the X-polarized beam to realize collimation only is shown in Figure 4a.
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In order to obtain beam deflection of the Ypolarization in the X-Z plane, a linear
gradient phase along the X-axis should be introduced according to the generalized Snell’s
law [37]:

sinθtnt − sinθini =
λ0

2π

dΦy

dx
, (5)

where θt is the angle of refraction, θi is the angle of incidence, nt and ni are the refractive
index of the refracted medium and the incident medium, λ0 is wavelength in free space,
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Φy is the desired phase of the Y-polarization beam on the metasurface, and dΦy
dx is the

phase gradient discontinuity of Y-polarization along the X-axis at the interface. Equation (5)
indicates that metasurfaces have the capability to refract beams to arbitrary angles.

To prevent the divergent light of the Ypolarized beam from entering the photodetector
behind the vapor cell after interacting with the atom, we also need to apply a collimating
phase to make it deflected more thoroughly. For a metasurface, the larger the number
of meta-atoms, the better the performance tends to be. Therefore, given of the deflection
angle and the number of meta-atom period, we consider four meta-atoms as a big period
that should cover the phase from 0 to 2π for the Y-polarized beam and only introduce the
gradient phase along the X axis. Thus, the gradient phase is set to dΦy

dx = π/2. The expected
phase of the Y-polarization can be expressed as follows, according to Equations (4) and (5):

φy(x, y, z) = k
(

z +
x2 + y2

2R(z)
− arctg

z
z0

)
+

π/2
p

x, (6)

where p is the period of the meta-atom as mentioned before, and x is the abscissa of the
proposed metasurface. The first term on the right side of Equation (6) is the collimation
phase of Y-polarization, which is in line with that of the X-polarization. The second term is
the desired deflection phase changing only along the X axis, which is shown in Figure 4b.
Then, the desired phase of the Y-polarized beam is obtained by Equation (6), which is
the superposition of the collimation phase and the deflection phase, is demonstrated in
Figure 4c. Then, the deflection angle of the Y-polarized beam obtained by Equation (4) is
36.27◦, which means the Y-polarized beam can be completely deflected out of the vapor
cell at a distance of approximately 2.87 mm from the beam’s outgoing surface, according
to the structure of the fiber-coupled vapor cell probe in [28]. The collimating phase is also
applied to ensure the Y-polarized beam can be completely deflected out of the vapor cell.

The purpose of the proposed metasurface is to collimate the probe laser with X-
polarization beam to ensure it has the same polarization as the coupling laser, and acts
effectively on the Cs atoms in the vapor cell. However, the Y-polarization beam (unwanted
beam) only needs to be excluded from the vapor cell to avoid the sensitivity degradation of
the system caused by the introduction of different polarization. To realize the functions
of the proposed metasurface efficiently and feasibly, it is discretized from 0 to 2π into
16 discrete phases average with a step size of π/16. In order to prioritize the probe
laser with X-polarization to realize good collimation, we first select meta-atoms with
high transmission that satisfy each of the 16 discrete phases of the X-polarization beam,
respectively. Then, among these pre-selected meta-atoms, we further refine our selection
to those that precisely fulfill the 16 discrete phases of Y-polarization under the premise of
satisfying 16 discrete phases of x polarization, respectively. Consequently, the combination
of 16 discrete phases of the X-polarized beam and 16 discrete phases of the Y-polarized beam
results in a total of 256 phase combinations. This represents the 256 high-transmittance
meta-atoms that satisfy the X- and Y-polarized discrete phase responses that are selected
from the meta-atom libraries, which is indicated by markers in Figure 2. The squares
and triangles in Figure 2 mark the meta-atoms with X-polarization phase shifts of 3π/4
and 13π/8, whose geometric parameters can be found in the library. The white dots
indicate the remaining selected meta-atoms with different phase responses. Figure 5a,b
illustrates the actual phase responses of the 256 selected meta-atoms to the X- and Y-
polarized beam, respectively. The abscissa represents the ideal discrete phase response of
the selected meta-atoms and the ordinate means that of the Y-polarized beam. The phases
range of the selected meta-atoms spanning from 0 to 2π, are in good accordance with the
discrete phases of X-polarization. Due to the priority given to ensuring the alignment of
X-polarization, it is inevitable that the phase’s responses to the Y-polarization are not as
perfect as that of the X-polarization beam. Figure 5c,d show the transmission of the selected
meta-atoms to the X- and Y- polarized beam, which illustrates that transmission coefficients
of the 256 selected meta-atoms to the both X- and Y-polarization are higher than 81%. As
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shown in Figure 6a,b, the phase profile along x = 0 of the X-polarization and Y-polarization
theoretical phase and discrete matching phase provided by the selected meta-atoms are
nearly consistent, respectively. Figure 6c shows the structure of the proposed metasurface
obtained by mapping the metasurface’s discrete phases to the geometries of the meta-atoms
marked in Figure 2.
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3. Results

To verify the functions of the metasurface, the metasurface’s structure demonstrated
in Figure 6c is simulated by Ansys Lumerical FDTD. The emitted beam from the opti-
cal fiber with X- and Y-polarization are imported into software as the incident beam to
validate the functions of the proposed metasurface, whose electric field distribution is
calculated by Equation (3). Considering the computer memory and the symmetry of X-and
Y- polarization desired phases, we utilize symmetric and anti-symmetric boundaries to
reduce the simulation region by half, while the remaining boundary conditions are set
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to PML. Figure 7a shows the optical fiber emitted beam with Y-polarization is deflected
via the proposed metasurface. The far field intensity distribution shown in Figure 8b
illustrates that the Y-polarized beam is deflected in the X-Z plane with an angle of 36.01◦

and unchanged in the Y-Z plane. The practical deflection angle of 36.01◦ is basically in
line with the theoretical result of 36.27◦ obtained by Equation (5). The error between the
theoretical and practical deflection angle is because the proposed metasurface is finite and
the phase responses of the meta-atoms which make up the metasurface are not exactly
the same as the ideal phase. The wavefront shown in Figure 7c indicates that the optical
fiber emitted beam with Y-polarization becomes a plane wave after passing through the
proposed metasurface, which means the Y-polarized beam is collimated by the metasurface.
And the angle between its wave vector and the incident wave vector is 36.01◦, which
further proves the proposed metasurface realizes deflection with an envisioned angle. The
transmission efficiency of the metasurface to the Y-polarization is 67.8% and the relative
deflection efficiency of 82.2%, according to the definition in [38], resulting in an absolute
deflection efficiency of 55.7%. These results imply that the proposed metasurface realizes
collimation and deflection for the Y-polarized beam simultaneously as designed, which
has the capability to reduce the interference of the Y-polarization component of the probe
laser on the X-polarization beam component in the vapor cell of the Rydberg atom-based
receiver compared with the beam that is not modulated by the metasurface.
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Figure 8a shows the uncollimated beam emitted from the optical fiber in Y-Z plane,
and the normalized electric field intensity at three representative positions along the
propagation direction, that is, z = 0.233 mm, which is the diverging distance of fiber emitted
light, z = 1 mm and z = 3 mm. It can be observed that the beam without collimation by the
metasurface diverges rapidly, which extends from a beam radius of 25 µm at z = 0.233 mm
to a beam radius 106.7 µm at z = 1 mm, and that ulteriorly diverges to 319.7 µm at an axial
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distance of z = 3 mm. Figure 8b demonstrates the illumination intensity of the collimated
beam with X-polarization in Y-Z plane and the cross-section electric field intensity of three
positions, which is the surface of the proposed metasurface, z = 1 mm and z = 3 mm. The
beam collimated by the metasurface has a beam radius of 25 µm, which is set, then becomes
a beam radius of 20 µm at an axial distance of 1 mm, and that further enlarges to a beam
radius of 43.9 µm at the axial distance of z = 3 mm, implying that the proposed metasurface
exhibits excellent collimation function for X-polarized beam. And the intensity of the
collimated beam in cross-sections presents a weak distribution around the stronger central
intensity, which is still consistent with the Gaussian distribution. The collimated beam can
be regarded as a zero-degree deflection, which has a total efficiency of 71.4%. Figure 8c
shows the beam emitted from the fiber without collimation is a spherical wave. However,
as demonstrated in Figure 8d, the beam collimated by the proposed metasurface appears
as a plane wave, which implies that the metasurface designed here realizes collimation for
X-polarization effectively with the deflection of the Y-polarized beam.

4. Discussion

In this paper, a multifunctional fiber metasurface is proposed to realize collimation
of the X-polarization and deflection of the Y-polarization of the fiber-emitted beam. The
introduction of birefringent meta-atoms with different lengths and widths enables the
realization of independent modulation of X- and Y-polarization. The required phases for X-
and Y-polarizations were obtained from an approximate representation of the Gaussian
beam fundamental mode and a gradient phase distribution. In order to achieve the desired
function more efficiently, the phase distributions of the two polarizations are discretized
to match the meta-atoms with different phase shifts. The nanopillars constituting the
bifunctional metasurfaces exhibite phase responses to different polarizations that match the
required phases for different polarizations. Additionally, to validate the theoretical design,
full-wave simulations are performed to verify the effectiveness of the proposed metasurface.
The simulation results demonstrate that the metasurface effectively achieves collimation for
the X-polarization with a total efficiency of 74.1%. For the Y-polarization, a beam deflection
of 36.01◦ is achieved with a total efficiency of 55.7% and the relative deflection efficiency
is 82.2%. The proposed metasurface realizes the collimation of the small-diameter beam
incident into the vapor cell and the selection of the beam’s polarization, which satisfies
the requirements of the high performance Rydberg atom-based receiver for the probe laser.
The proposed metasurface based on a fiber-optic platform is capable of overcoming the
limitations of conventional GRIN lenses, including their bulkiness and the unrealizable
beam diameter for the beam collimation. In summary, the proposed metasurface not
only proposes a novel solution for enhancing the performance of the Rydberg atom-based
receiver through beam modulation, but also enriches the functionality of the metasurface
based on the optical fiber platform.
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