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Multi-focus optical fiber lens based on all-dielectric
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A multi-focus optical fiber lens is numerically demonstrated based on an all-dielectric metasurface structure. The metasur-
face consists of an array of rectangular silicon resonators with varying widths in order to obtain the required phase dis-
tribution. The core diameter of the multimode fiber is large enough to contain sufficient resonance units. The spatial
distribution of the dielectric resonators is dictated by spatial multiplexing, including interleaving meta-atoms and lens
aperture division, to achieve multi-focus properties. The proposed optical fiber metalens can produce two or three focal
points along the longitudinal direction with high focusing efficiency. The size of every focal point is close to the diffraction
limit, and the relative intensity on each focus can be controlled by adjusting the number of the respective resonators. The
proposed optical fiber lens will have a great potential in the fields of integrated optics and multifunctional micro/nano

devices.
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1. Introduction

A refractive optical device is one of the most important optical
elements in optical systems that can manipulate light beams
such as focusing, deflecting, and reflecting. The change of the
wavefront of a beam is mainly caused by the cumulative
phase of light passing through a medium over a distance.
Consequently, the sizes of the refractive optical elements are
usually much larger than the light wavelength, which limits
the optical device miniaturization. Metamaterials, as a new kind
of three-dimensional (3D) material that can be artificially
designed and manufactured, exhibit exotic properties beyond
natural materials and offer an opportunity to reduce greatly
the sizes of beam shaping elements''). However, the structures
of 3D metamaterials are complex, and their manufacturing
processes are relatively difficult. Metasurfaces, as the two-
dimensional (2D) counterpart of metamaterials, not only
have excellent optical properties, but also have consistent fabri-
cation techniques with current micromachining technologies.
Metasurfaces have ultrathin optical structures composed of sub-
wavelength resonant elements on the 2D planes. By changing
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the shape, size, material, and spatial arrangement of the resonant
elements, the amplitude, phase, and polarization of the beam can
be fully controlled by the metasurfaces®~>!. Plasmonic metasur-
faces demonstrated important applications in the perfect
absorber, beam focusing, anomalous refraction, and reflec-
tion®). A metal-graphene hybrid metasurface is designed to
realize the tunable polarization conversion''*!. However, due
to inherent losses of metal, the optical efficiency of plasmonic
metasurfaces is low. In contrast, all-dielectric metasurfaces have
low losses and high transmission efficiency, which thereby have
attracted much more attention. Among them, the metasurface
based on the Pancharatnam-Berry (P-B) phase would
realize 27 phase modulation and generate an arbitrary wave-
front!'~"*). Such phase modulation depends on the orientations
of the resonators rather than the size and shape. However, P-B
phase-based metasurfaces are only sensitive to circularly polar-
ized light; therefore, they are limited in some optical applica-
tions. Dielectric metasurfaces based on Mie resonance not
only have high transmission efficiency but also are sensitive
to light with an arbitrary polarization direction. When a
beam propagates through the dielectric elements with high
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refractive index, the electric and magnetic dipole resonances will ~ Therefore, the multimode fiber is employed here. The proposed
occur and affect the scattering of the beam. They have been dem-  optical fiber lens has a metasurface structure. The rectangular
onstrated to manipulate the phase!"*™"®], polarization"**"), and ~ amorphous silicon (a-Si) resonators are patterned as meta-
amplitude of the scattered light via spatially and geometrically =~ atoms on the end face of the multimode optical fiber. As shown

engineered resonators. In the past few years, all-dielectric meta-  in Fig. 1(a), the multimode fiber lens can converge an incident

surfaces have been used to design a variety of optical devices, =~ beam into multiple focal points, where the diameter D of the

including absorbers'*"*?), and optical controls for nanostruc-  fiber core is 62.5 um. In order to obtain a focused beam, the spa-
[23]

tured macroscopic objects'”” and computer generated holo- tial phase distribution in the end face of the optical fiber must
grams”**’. At the same time, many dielectric metasurfaces satisfy the following equation:

have been used for focusing close to the diffraction limit***”).

Multi-focus lenses have potential applications in optical com- 20

munication, optical imaging, optical data storage, and optical @(x) =2mzx — 7 ( x? +f > -f )’ (1
manipulation. However, the multi-focal metasurface only
attracts little attention. According to the focus direction, the
multi-focus lenses were divided into transverse focus
lenses'** ') and longitudinal focus lenses!>****]. Most of these
multi-focus lenses have been designed in terms of the P-B phase.
Recently, a multi-foci metalens with polarization-rotated focal
points has been proposed®®), but it only works for circularly
polarized light. Therefore, when incident light is linearly polar-
ized, its focusing efficiency will not exceed 50%. In addition, a
tunable metasurface proposed by Yilmaz et al. achieves multi-
focus beams through a complex two-layer structure™. As a
general optical waveguide, optical fibers have some advantages,
such as immunity to electromagnetic interference, lightweight,
flexibility, and long transmission distance. Therefore, optical
fiber-based microstructures have displayed a variety of interest-
ing functions, such as optical fiber microphones”), delivery
of orbital angular momentum light®), shaping of spatial
beams™®**%, and polarization conversion*. The metasurface
on the end face of the optical fiber can avoid the use of alignment

devices, which is convenient to the integration of the optical sys-
tem and greatly reduces the volume of the optical system.
In this work, we propose a multi-focus and multimode fiber /\
| | | | |

lens with a dielectric metasurface. The full 2z phase modulation

is realized by using a single rectangular dielectric resonator
(RDR). The distribution of resonant elements is designed by ZZ y E, g

spatial multiplexing, including interleaving meta-atoms and lens

where m is a positive integer, x is the distance between the res-
onant element and the core center, f is the focal length, and 4 is
the wavelength of the incident beam. As long as the wavelength A
and the focal length f are determined, the phase distribution
curve of the optical fiber lens can be obtained. In order to realize
a full 2z phase modulation, an RDR is chosen. As shown in
Fig. 1(b), the RDR locates at the center of the unit cell, where
the period of the unit cell is § =500 nm, the height H of the
RDR is 600 nm, and the working wavelength of the fiber lens
is 1300 nm. The refractive indexes of a-Si and the fiber core
are 3.522 and 1.46, respectively. Figure 1(c) shows the relation-
ship between the additional phase and transmittance of the
transmitted light and the width W of an RDR. The simulation
is calculated by the 2D finite difference time domain (FDTD)

(%

aperture division, to achieve the focal points with different focal (@ (b)
lengths. When the beam is incident from the optical fiber to the 1 1
metasurface, it produces different additional phase distributions
and achieves multi-focal points along the longitudinal direction. — Phase/(2m)
The relative intensity of each focal point is controllable by 8 - Transmittance g
adjusting the numbers of RDRs that contribute to this focus. g BE ~ | g
The multi-focus lens can achieve clear images at multiple focal g / \ g
planes. In addition, our multi-focus metalens will have advan- ~ m\/\ 8
tages in nanoparticle manipulation, optical data storage, and / \/
optical information processing.

% 100 200 300 400°

(c) W (nm)

2. Design Principles of the Optical Fiber Lens Fig. 1. (a) Schematic of multi-focus optical fiber metalens. (b) Schematic of a

The core size of the single mode fiber is too small to maintain unit cell composed of a single RDR. The light is incident from the fiber, and the
enough numbers of resonance units, so spatial multiplexing is polarization is along the y direction. (c) The phase (black line) and transmit-
difficult to achieve. By contrast, the core diameter of the multi- tance (red line) variations of the transmitted light with the width W of single
mode fiber is large enough to contain sufficient resonance units. ~ RDR.
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method, where the polarization of the incident beam is along the
long side of the RDR (y direction). When the width W of the
RDR varies from 50 to 400 nm, the full 2z phase modulation
can be achieved.

Firstly, the single focus fiber lens with the focal length of
100 pm is numerically demonstrated. The additional phase dis-
tribution of RDRs along the x direction should satisfy the phase
function in Eq. (1). Thus, as long as the focal length of the fiber
lens is determined, the width of each RDR can be calculated
according to Fig. 1(c). As shown in Fig. 2(a), the solid line
denotes the phase distribution curve calculated by Eq. (1) when
the focal length is 100 pm, and the blue points are the designed
phases of each RDR simulated by FDTD. The field monitor was
placed 200 nm away from the surface of the RDR, and the phases
were calculated at the middle position of each RDR. The inten-
sity distribution of the fiber lens in the x-z plane is shown in
Fig. 2(b). An obvious focus is obtained at the distance of
100 pm away from the fiber end. It can be seen that the calcu-
lated result is in a good agreement with the expected result,
which verifies the correctness of the single RDR simulation
result. Figure 2(c) shows the light intensity distribution on the
focal plane. The full-width-at-half-maximum (FWHM) of the
light intensity at the focal point is about 2.61 pm, which is close
to the diffraction limit calculated by the diffraction formula,

d=122)f/D, (2)

where D is the aperture of the optical fiber lens. According to
Eq. (2), the diffraction limit is 2.54 pm. In addition, the focusing
efficiency is as high as 65.9%, indicating that the optical fiber
lens has high transmission efficiency. The focusing efficiency
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Fig. 2. (a) Phase distributions of the fiber lens. Solid line: analytical phase of
the lens with its focal length of 100 um. Blue points: digitized phase profile
based on FDTD simulation. (b] Calculated intensity distribution of the fiber lens
with the focal length of 100 pm in the x-zplane. (¢) The intensity profile across
the focal plane (z=100 um) of the fiber lens.
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is defined as the measured power in the focus plane with a radius
equal to three times the FWHM spot size divided by the total
incident power!**, The polarization of the transmitted light is
consistent with that of the incident light.

In order to achieve multi-focal functionality, the phase distri-
bution functions corresponding to different focal points need to
be satisfied simultaneously. Spatial division multiplexing,
including the interleaving meta-atoms and the lens aperture
division, is applied to obtain different phase distribution func-
tions. The interleaving meta-atoms method refers to the alter-
nate arrangement of the RDR contributing to different focal
lengths, while the lens aperture division method refers to divid-
ing optical fiber lens into several regions, and then placing multi-
ple RDRs with the same focal length into each region. Here, the
dual-focus fiber lenses with focal lengths of 50 and 100 pm are
demonstrated below. The discretized phase distributions from
the interleaving meta-atoms method and lens aperture division
method are presented in Figs. 3(a) and 3(b), respectively. The
solid lines are the phase curves calculated for the focal lengths
of 50 and 100 pm according to Eq. (1), and the blue solid points
are the positions of the RDRs and the discretized phases of the
two methods. The positions of the RDRs are determined by the
period. As shown in Fig. 3(a), the positions of the RDRs are
chosen alternately on the phase curves of 50 and 100 pm. The
fundamental mode of the fiber has a Gaussian profile; therefore,
the number of the RDRs contributing to the two focal points is
not divided equally. In order to obtain the same intensity at two
focal points, the RDRs near the core edge of the fiber are only
selected on the phase curve of 100 pm to compensate for the light
intensity at the focal point of 100 um. The intensity ratio
between two focal points can be adjusted by using the number
of the respective RDRs. Similarly, for the lens aperture division
method, as shown in Fig. 3(b), the phase distribution at the focal
point of 50 pm can be realized based on the RDRs at the middle
core region, and the rest of the RDRs in the outer core region
contribute to the focal point at 100 pm. By adjusting the size
of the two regions, i.e., the amount of RDRs acting on different
focal points, the intensity ratio between the two focal points can
also be engineered.
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Fig. 3. Discretized phase distributions based on (a) interleaving meta-atoms
and (b] lens aperture division methods for the focal lengths of 50 and 100 pm.
Solid lines: analytical phases. Blue points: the positions and discretized phases
of RDRs used in the calculation.
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3. Simulation Results of the Optical Fiber Lens

Suppose linearly polarized Gaussian light is incident from the
core of the multimode fiber upon the all-dielectric metasurface
lens. The light intensity distributions on the x-z plane of the
bifocal fiber lenses designed by interleaving meta-atoms and lens
aperture division are shown in Figs. 4(a) and 4(d), respectively.
Two obvious focal points are observed at the distances of 50 and
100 pm away from the fiber lens. The simulation results are con-
sistent with the designed lens. The field profiles along the z-axis
direction are shown in Figs. 4(b) and 4(e). The maximum light
intensities at the two focal points are approximately equal. The
depth of the focus at far focal point is longer than that at the near
focal point. The light intensity profiles on the focal planes along
the x axis are shown in Figs. 4(c) and 4(f). The FWHMs of the 50
and 100 pm lenses are 1.81 and 2.61 pm based on the interleav-
ing meta-atoms, while those of the lenses are 2.21 and 2.61 pm
based on the lens aperture division. Both of them are close to
their respective diffraction limits of 1.269 and 2.538 pm calcu-
lated by Eq. (2). The focusing efficiencies of the optical fiber lens
designed by interleaving meta-atoms are 46.7% and 54.3% at two
focal points, respectively, while those of the metasurface lens
designed by aperture division are 52.0% and 57.6%, respectively.
Although the maximum light intensities of the two focal points
on the focal plane are almost equal, the far focal point has a
larger FWHM, and its focusing efficiency is relatively high.
Compared with the interleaving meta-atoms method, the
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Fig. 4. Intensity distributions of bifocal fiber lenses designed by (a)-(c) inter-
leaving meta-atoms and (d)-(f) lens aperture division. The intensity distribu-
tions (a), (d) in the x-z plane, (b), (€] along the z axis, and (c), (f) at the focal
plane (z=50 and 100 um).
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Fig. 5. Intensity distributions of bifocal fiber lens based on interleaving meta-
atoms for different incident wavelengths. The intensity distributions (a) in the
x-z plane and (b) along the z axis.

background scattering light for the lens aperture division
method is more obvious; therefore, the FWHM is rela-
tively wide.

For the different incident wavelengths, the field intensity dis-
tributions of the bifocal fiber lens based on the interleaving
meta-atoms are shown in Fig. 5. The wavelength of incident light
ranges from 1000 to 1700 nm. When the fiber lens is incident
with broadband light, there are still two clear focal points in
the far field. As shown in Fig. 5(a), the focal length for the distant
focus decreases obviously as the wavelength increases, while that
for the near focus changes slightly. The energy ratio between the
two focal points changes, and more energy is focused at the near
focal point as the wavelength deviates from the optimized wave-
length of 1300 nm. The calculated results indicate that the pro-
posed optical fiber lens can realize broadband multi-focal
focusing.

A three-focus optical fiber lens with the focal lengths of 53, 83,
and 138 pm is also demonstrated, and the calculated result is
shown in Fig. 6. The focusing efficiencies of the three foci are
45.8%, 52.5%, and 55.1%, respectively. As the number of the
focal points increases, the focusing efficiency of each focal point
decreases. In addition, the background scattered light becomes
relatively strong. The RDRs not only contribute to one specific
focal point but also cause background noises at other focal
points. The FWHMs of the three focal points are 2.207, 3.411,
and 5.819 pm, respectively, which are larger than those of single
and double-focus lenses. Meanwhile, the calculated focal lengths

30 20 -10 O 10 20 30
x (um)

Fig. 6. Intensity distribution of three-focus fiber lens.
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of the three focal points are also shorter than the design values.
Since the size of the end face of the optical fiber lens remains
unchanged, with the increase of the focal points, the number
of the RDRs for each focal point will become smaller, thus affect-
ing the focusing performance.

4. Conclusion

In summary, we numerically demonstrate a multi-focal optical
fiber metasurface lens designed by interleaving meta-atoms and
lens aperture division. A metasurface with RDRs is designed on
the end surface of the multimode fiber. Multiple focal points can
be generated in the axial direction. The focal lengths are close to
the predicted values. The focusing efficiencies of the optical fiber
lens are relatively high, and the FWHM:s of the foci are close to
the diffraction limit. The optical fiber lens can not only achieve
multi-focus functionality at a single wavelength, but also main-
tain multiple foci across the broad wavelength range. The multi-
focus optical lens can achieve a tunable response if the RDRs are
composed of thermo-optical or electro-optical materials. The
combination of the optical fiber and metasurface can avoid
the use of alignment devices in optical systems and is more con-
venient to optical integration. The multi-focus provides a new
way for optical capturing and holographic imaging.
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