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We theoretically demonstrate a compact all-dielectric metasurface fiber-tip lens composed of sub-wavelength
amorphous silicon on the end face of a multimode fiber. The full 2z phase control was realized by varying
the widths of resonant units. The tunable focal length is achieved by using the thermal-optic effect of amorphous
silicon. The focal length increases from 309 pm to 407 pm when the temperature changes by 300 K. The temper-
ature controlled all-fiber integrated lens is compact and with high efficiency and provides an excellent platform of
a fiber-tip lab. Meanwhile, the proposed fiber lens does not have any structural changes during dynamic tuning,
which improves the durability and repeatability of the devices.
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Plasmonic metasurfaces have low transmission efficiencies
due to intrinsic metal loss. In contrast, all-dielectric
resonant metasurfaces avoid absorption losses and can en-
hance the transmission efficiency. The all-dielectric meta-
surface has become a new trend in the metasurface field in
recent yearsZ, The dielectric metasurfaces based on high
refractive index dielectric material such as silicon®?,
phase-change material®¥, and titanium dioxide™? have
demonstrated that they can achieve various electromag-
netic responses as metallic counterpartst®2?, which pro-
vides new opportunities to improve the efficiencies and
performance of metasurface devices. All-dielectric meta-
surface refers to an ultra-thin two-dimensional (2D) struc-
ture that is composed of periodic dielectric resonators,
which can efficiently manipulate the electromagnetic
characteristics of electromagnetic waves such as the phase,
amplitude, polarization, and transmission mode 2. The
traditional convex lens controls the wave front by chang-
ing the thickness of the lens to form a curved shape?.
However, due to low refractive indices of conventional op-
tical materials, a bulky thickness is usually required to
achieve the full 2z control of the phase, and the miniaturi-
zation of optical devices is too difficult to achieve. A met-
alens, an ultra-thin planar lens based on a metasurface, is
miniature and with high quality. The focal length tuning
over a wide range is urgently required in cameras, cell-
phones, and other wearable mobile devices2¥. Recently,
reported tunable focusing metalenses were mostly
achieved by deformation flexibility of elastic materials,
which can produce a steerable deformation under external
mechanical or electrical stimuli®®2). Although these meth-
ods can provide a wide-range focal length modulation, ad-
ditional mechanical or electrode structures increase the
difficulty of the design and fabrication and also limit
the miniaturization of optical devices. Due to small size,
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long-distance transmission, and flexibility, the optical
fiber offers an excellent platform for achieving micro—nano
optical devicesZ2. The fiber-based integrated system can
greatly simplify the operating procedures of optical devi-
ces and reduce the size of the optical systems since they do
not require strict spatial alignment and coupling optical
path. Meanwhile, it can also eliminate the influence of
oblique incidence of the light on device performance.

In this work, we demonstrate a tunable all-dielectric
metasurface lens based on a fiber tip, where sub-
wavelength amorphous silicon units are designed on the
end face of a multimode fiber. The focal length of the
metasurface lens can be tuned by changing the tem-
perature due to the high thermal-optic coefficient of
amorphous silicon. The temperature controlled all-fiber
metasurface lens is compact and with high efficiency
and can interconnect with conventional optical fiber sys-
tems. Meanwhile, the proposed fiber-tip lens will not have
any structural changes during dynamic tuning, which
improves the durability and repeatability of the devices.
The proposed lens is integrated on the fiber end, greatly
reducing the size of the focusing lens system.

The single mode fiber is difficult to achieve high-
efficiency focusing due to the small size of the core, which
limits the number of the attached resonators. However,
the multimode fiber has a large core size and core end,
and thus it can support a large number of resonators,
so high-efficiency focusing based on multimode fiber-tip
integration can be achieved. The lateral view diagram
of the all-dielectric fiber lens is shown in Fig. 1(a). The
resonators with constant width (w =1 pm) composed of
amorphous silicon are arranged on the end face of the
multimode optical fiber. The resonators can be fabricated
on the fiber tip by a micromachining technology2Z. The
high thermo-optic effect of the amorphous silicon is used
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Fig. 1. (a) Schematic of the all-dielectric fiber-tip lens. (b) The
effective refractive index of a single resonator as a function of the
width of silicon. Phase distributions of the resonators with
the silicon widths of (¢) 500 nm and (d) 600 nm. (e) The changes
of the phase delay and transmittance of the resonator as a func-
tion of the width of silicon. The width of the silicon resonators of
the optimized fiber-tip lens is chosen between two black dotted
lines.

to modulate the refractive index of the amorphous silicon
and achieve dynamic control of the focal length. The
thermo-optic coefficient of amorphous silicon film can
reach the order of 2.3 x 10~* within the near-infrared
wavelength range at room temperature (300 K)Z2J. As
the light from the multimode fiber core is incident into
a single resonator, the phase delay depends on the height
h, width w, and refractive index ng of the silicon elements.
In order to simplify the calculation of fiber integrated de-
vices, the propagation properties of the resonator unit cell
and lens are investigated using the 2D finite-difference
time-domain method (FDTD, Lumerical FDTD Solu-
tions). In reality the nanoscale concentric dielectric ring
resonators are distributed on the fiber end face. The
change of effective refractive index caused by the spatial
arrangement of the resonators can enable phase delay
modulation in the range from 0 to 2z. In the simulation,
the wavelength 1 is 1300 nm, the height of the resonators is
fixed at 400 nm, and the period of the resonators is 1 pm;
the refractive indexes of the amorphous silicon and the
fiber core are ng = 3.52262Y and n.,, = 1.4579, respec-
tively. Figure 1(b) shows the relationship between the
effective refractive index of the single resonator and the
width of silicon. When the period of the resonators is con-
stant, the effective refractive index initially increases rap-
idly and then slowly approaches its asymptote with the
increasing width of the silicon unit; therefore, the variable
silicon resonators could be used to achieve the full 2z phase
modulation. The phase distributions introduced by the
resonator with the silicon widths of 500 nm and 600 nm
are shown in Figs. 1(c) and 1(d), where the height of
the resonator is 400 nm. The phase delay between
the two resonators is approximately z at the same

propagation distance. The phase delay and the transmit-
tance of the single resonator are shown in Fig. 1(e) for
varying width w of silicon. When the width w is changed
from 500 to 800 nm, the resonator can achieve an ideal
phase delay in the range from 0 to 2z, and the phase delay
increases with the increasing width of the resonator. The
changes of the phase delay and the transmittance are
attributed to the electric and magnetic dipole resonances
in the single resonator. If the space between two adjacent
silicon resonators is too small, near-field coupling will oc-
cur, and the strong interaction between them will affect
the transmission phase distributions, as a result increasing
the difficulty in the device design. In order to avoid near-
field coupling and reduce the difficulty of the fabrication,
the width of silicon is selected in the range from 500 nm to
800 nm [the region between two black lines in Fig. 1(e)],
and the aspect ratio of the silicon resonator unit is 0.5-0.8.

The aperture D of the designed all-dielectric fiber-tip
lens is 50 pm, and the lens contains 48 resonators. To
achieve the focal length f, the phase function ¢(z) on
the fiber end is required to satisfy the following formula:

:ﬁ_27r\/f2+x2

P(x) 1 1 + 2max. (1)

The phase distributions on the fiber end for different
focal lengths are shown in Fig. 2(a). The phase function
becomes flat as the focal length becomes larger for the
same operating wavelength. The phase delay increases
with the increase of the focal length at the same z-axis po-
sition, which is more obvious when the position is closer to
the edge of the fiber-tip lens. Linearly polarized Gaussian
light polarized perpendicularly to the z—y plane was
launched from the core of the multimode fiber upon the
all-dielectric metasurface lens. In the simulation, the
length of the multimode fiber is 2 pm. Figure 2(b) shows
the calculated electric field intensity distribution of the fo-
cusing beam at room temperature of 300 K. The focal
length is about ~309 pm and agrees well with the designed
value of 300 pm. The electric field intensity along the z
direction at the focus spot (y = 309 pm) is displayed in
Fig. 2(c). The full width at half-maximum (FWHM) of
the focus spot is about 9 pm. The transmittance of the
fiber-tip lens is 46.6%. The simulation results show that
the all-dielectric metasurface based on the multimode
fiber tip can achieve the focusing performance.

The refractive index of the amorphous silicon can be
modulated due to its high thermo-optic effect, so the dy-
namic manipulation of the focal length can be achieved.
Here, the thermo-optic coefficient of the fiber core and
cladding can be ignored due to the tiny change of the re-
fractive index of silica in the considered temperature
range. The field intensities of the all-dielectric fiber-tip
lens at different temperatures are shown in Fig. 3. The
focal length changes from 309 pm to 407 pm when the tem-
perature increases from room temperature to 600 K. The
relationship between the focal length and the temperature
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Fig. 2. (a) Phase distributions for different focal lengths
(1300 nm). (b) The field intensity distribution of the fiber-tip
lens with the focal length of ~309 pm. The color bar indicates
the electric field intensity. (c¢) Normalized electric field intensity
distribution of the fiber-tip lens along the x axis at the focal plane
(y = 309 pm). The FWHM is 9.0 pm.

is depicted by a yellow dashed line. The temperature
sensitivity S of the focal length is approximately
0.33 pm/K. The figure of merit (FOM), which is defined
as the ratio between the tuning of focal length S and focal
length f, is 0.11 K~! (FOM = S/f). The electric field
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Fig. 3. Change of focal lengths of the fiber lens for different
temperatures.

intensities along the y direction (z = 0 pm) are displayed
in Fig. 4(a). Obviously, the depth of focus of the focusing
beam along the y direction increases with the temperature.
Figure 4(b) shows the normalized electric field intensity
distributions of the fiber-tip lens along the z axis at
the focal length. The FWHMs of the focus spots
are 9.0 pm, 9.5 pm, 11.6 pm, and 10.2 pm for the temper-
atures of 300 K, 400 K, 500 K, and 600 K, respectively,
approaching the value calculated by the diffraction limit
formula,

)
d=122%, (2)

where the aperture D is equal to the size of the fiber-tip
all-dielectric metasurface. The FWHM of the focus spot
increases by 1 pm in the temperature range of 300 K.
The good focus effect can always be maintained as the
temperature varies. The absolute focusing efficiency of
the fiber-tip lens is ~30% for different temperatures, as
shown in Fig. 4(c).

In conclusion, a compact tunable all-dielectric multi-
mode fiber-tip lens based on the high thermo-optic effect
of amorphous silicon was demonstrated. The rectangular
amorphous silicon nanoresonators were arranged on the
end face of a multimode fiber to construct an all-dielectric
metasurface lens. By varying the width of resonators, the
full 2z phase control was realized. The tunable range of the
focal length is up to 100 pm when the temperature changes
in the range of 300 K. The multimode interference in the
multimode fiber can be avoided by splicing a piece of mul-
timode fiber with the single mode fiber to form an end cap.
The temperature controlled all-fiber integrated lens is
compact and with high efficiency and provides an excel-
lent platform for realizing the fiber-tip lab. Meanwhile, the
proposed fiber lens does not have any structural changes
during dynamic tuning, which improves the durability
and repeatability of the devices. In addition, the proposed
fiber-tip lens does not require strict spatial alignment and
coupling optical path, which greatly simplifies the operat-
ing procedures of optical devices and reduces the size of
the optical systems.
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