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Photonic nanojet of cylindrical metalens
assembled by hexagonally arranged nanofibers
for breaking the diffraction limit
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We designed a novel cylindrical metalens assembled by
hexagonally arranged close-contact nanofibers. A near-field
focusing nanojet with a full-width at half-maximum
(FWHM) waist, 26.7% smaller than the Abbe diffraction
limit for 532 nm wavelength light, is observed at the bottom
of a 1600 nm diameter cylindrical metalens assembled by
160 nm diameter nanofibers irradiated by a plane wave from
the top. Using differently sized nanofibers as building blocks
to assemble the metalens, the waist size of the produced pho-
tonic nanojet in the near-field zone and the lateral resolution
of the focus can be flexibly adjusted, simultaneously break-
ing the diffraction limit. ~ © 2016 Optical Society of America

OCIS codes: (160.3918) Metamaterials; (290.0290) Scattering;
(050.1940) Diffraction; (230.0230) Optical devices.
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The Abbe diffraction limit, A/27,, defines the size of the small-
est feature that can be observed by an optical imaging system,
where A is the wavelength of the incident light, and 7, is the
refractive index of the light-traveling medium. A photonic
nanojet is a narrow and high-intensity electromagnetic beam
that propagates into the background medium after focusing
a plane wave with a dielectric microcylinder or microsphere,
whose diameter is greater than the wavelength of the plane wave
[1]. Lu et al. first demonstrated this enhanced optical near-field
phenomenon using a micro silica sphere in 2000 [2]; then, in
2004, Chen et al. found that a transparent dielectric microcy-
linder with a wavelength-scale radius can generate a similar ef-
fect and produced a FWHM waist that was slightly smaller than
A/2 [3]. Since then, the properties of these scattering distribu-
tions have been explored both analytically and numerically by
previous researchers [4-6], and the relationship between the
microsphere/cylinder, the photonic nanojet, and the refractive
index of medium has been explored. Li ez al. reported that both
the maximum intensity and the FWHM waist of the nanojet
increase with the growth of the microsphere diameter [7]. Guo
et al. indicated that the ideal refractive index contrast between
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the microsphere material and the surrounding medium to ob-
tain a higher numerical aperture (NA) for the microsphere is
about 1.5-1.75 [8]. Also, in the imaging application field,
Wang et al. invented a 50 nm resolution nanoscope that uses a
photonic nanojet of optically transparent microspheres to over-
come the white light DL, and this achievement is used in the
application of in vivo observations for life science research [9].

On the other hand, negative refraction and metal-based met-
alenses (e.g., the Pendry superlens) [10] and hyperlens [11]
have been developed and have gained huge interest in the past
decade. These developments are benefiting from the huge
progress achieved in plasmonics and metamaterials research,
which provides possibilities for artificially manipulating material
properties not found in nature, e.g., negative refractive index and
anisotropic materials [12]. It is well known that subwavelength
information carried by an evanescent wave cannot be collected
by a conventional optical lens and contribute to imaging because
evanescent waves are nonpropagating in a normal material envi-
ronment, which is the meaning of a DL in the frequency domain
[11]. In order to acquire this ability, a metalens is capable of con-
verting high wave vector waves to low wave vector waves and
making their information collectable, which is called magnifica-
tion mechanism [12]. Some of the early metalenses possessed
superresolution; however, they were not able to focus plane
waves because of the lack of a phase compensation mechanism.
Contrarily, a conventional optical lens can focus a plane wave
via a curved surface due to fundamental optics Fourier trans-
forms [10]. Subsequently, various metalens designs emerged
and simultaneously had both functions through matching the
phase condition by using plasmonic waveguide couplers
(PWC) [13-16] and gradient-index (GRIN) metamaterials with
refractive-index variations [17,18].

In this Letter, we seek the combination of the metamaterial
concept with a photonic nanojet. The idea is to use nanofibers
as building blocks to create a microsized artificial metalens. By
varying the compositional nanofiber diameter, we shall be able
to tune the focusing property of the metalens according to our
needs. Our work is new and has never been reported before in
the literature. Using a full-wave simulation approach (CST
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Fig. 1. CST model (D = 1600 nm and 4 = 80 nm) and the ap-
plied boundary conditions, with the inset containing diagrams of (R)
the reference microcylinder and (N) the nanofiber metalens with
d = 320 nm.

studio), we investigated the field propagation of a plane wave
(4 = 532 nm) passing through a D = 1600 nm diameter cyl-
inder metalens assembled by hexagonally arranged nanofibers
(n; = 1.5) in the air (refractive index of background medium,
n, = 1) and found that superresolution will be generated with
FWHM waists of triggered photonic nanojets much smaller
than the Abbe diffraction limit. To understand the mechanism,
the nanofibers’ diameters were varied (4 = 40, 80, 160, 320,
and 640 nm) in the simulation. The obtained field distribu-
tions were also compared to a reference, which was a homo-
geneous material microcylinder with the same 1600 nm
diameter and refractive index, 7; = 1.5. Meanwhile, we also
plotted the power flow streamlines for the homogenous refer-
ence and the composite (for nanofibers with 640 nm diameters)
metalens, which reveal the complex nature of the light flows in
micro/nano scales.

Geometrically, this novel metalens is structured such that
multiple hexagonally arranged close-contact nanofibers fully fill
a cylindrical space with a certain diameter of 1600 nm; accord-
ingly, the number of nanofibers is inversely proportional to the
thickness of the nanofibers due to the fixed cross-sectional area of
the metalens. The diagram of the 4 = 320 nm metalens is
shown in the inset of Fig. 1. A 532 nm wavelength plane wave
is incident at the top of the metalens with a transverse magnetic
(TM) mode, where the incident magnetic field vector is
perpendicular to the axis of the cylindrical metalens cross sec-
tion. While the cross section is on the x—y plane, the axis of re-
gard is placed along the z axis, as shown in Fig. 1. To simulate
a nanofiber’s large ratio of length to diameter, the length of
the metalens along the z axis is defined as infinitely long via the
proper boundary condition “electric (£, = 0),” which means
that at the z-axis direction, the metalens will operate like a per-
fect electrical conductor, and a model with a small z-axis dimen-
sion (10 nm) can guarantee the accuracy of the calculation and
reduce the number of meshes. At the x- and y-axis directions,
the boundary conditions are both “open (add space)” to leave
enough space to present electronic and power flow distributions
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of light in the background medium-air, as shown in Fig. I.
The refractive index of the nanofiber, 7,, is set to 1.5, and back-
ground medium is air, whose refractive index, 7,, is 1. Also, the
same modeling conditions are applied to the reference model,
which is a 1600 nm diameter microcylinder of homogeneous
material without the nanofiber assembly; the diagrams for it
are in the inset of Fig. 1.

Figure 2(a) presents the classical two-dimensional (2D) elec-
tric field enhancement, £, distribution (x—y plane) of a micro-
cylinder made of a homogeneous material (7, = 1.5), which is
the reference with the same modeling conditions as the novel
metalens assembled by nanofibers. It shows that a plane wave
propagates from the top, and the typical microcylinder near-
field focusing effect is observed. Consequently, there is an
intensity peak of the electric field, known as the photonic
nanojet, at the bottom of the cross section of the microcylinder.
Its £ enhancement is about 7.84, compared to standard plane
wave intensity of 1, and the FWHM waist is 198 nm, larger
than the DL of the 532 nm wavelength plane wave (177.3 nm).
The same figures representing novel cylinder metalenses as-
sembled with nanofibers of five different diameters (4 = 40,
80, 160, 320, and 640 nm) are shown in Figs. 2(b)-2(f). With
a decrease in nanofiber diameter, the frequency of the alternat-
ing change in refractive index is larger due to the smaller space
left for background medium-—air in the metalens. In fact,
the electric field distributions of the metalenses, as shown in
Figs. 2(b)-2(f), are similar to that of the reference model in
Fig. 2(a). The focusing effect still plays the most important role
in the propagation of the plane wave in the metalens, and the
photonic nanojet is located at the interior of the nanofiber at
the lowest position of the cross section. Thus, compared to
reference model, photonic nanojets created by different sized
nanofiber assembled metalenses have much stronger £ electric
field enhancement and smaller FWHM waists. Their E2 pro-
files at the most enhanced position are plotted along the x axis
in Fig. 2(g), and all results are also summarized in Fig. 2(h).
These indicate that a batch of nanofibers is able to focus a spot
far smaller than that of the reference, even at the Abbe diffrac-
tion limit. The Abbe diffraction limit of 532 nm wavelength
light (DL = 177.3 nm) and the FWHMs of nanojets gener-
ated by the reference (198 nm) and the 4 = 160 nm nanofiber
metalens (130 nm) are marked for comparison in Fig. 2(g). In
Fig. 2(h), a dashed line to show DL appears at the 177.3 nm
position on the x axis. All scatters representing the metalenses
are on the left of the dashed line, while only the scatter for the
reference is on its right. The smallest FWHM waist (130 nm)
achieved by the 4 = 160 nm model is 26.7% smaller than the
DL. Meanwhile, the highest £ enhancement of the electric
field is delivered by the same model, reaching 17.242, larger
than that for the other sizes of nanofibers, and almost 2.2 times
that of the reference model in this case. When used in super-
resolution imaging applications, these metalenses will be used in
combination with a conventional objective lens. When the met-
alens focus is located inside it, as in the cases of Figs. 2(b)-2(f),
a magnified real image will be formed. Otherwise, a magnified
virtual image will be formed when the focus is located outside
of the lens body, like the reference case of Fig. 2(a) [9]. It should
be noted that the cylindrical metalens generates a 1D superre-
solution image along the fiber. However, a complete large-area
2D superresolution image can be obtained by rotating the
cylindrical fiber lens in a circular manner.
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It is obvious that the improved superresolution in the
proposed metalens originates from the introduced material in-
homogeneity. The metalens is essentially a dense multiple scat-
tering media with varying effective refractive index along the
propagation direction. In such media, the optical fields evolve
through both homogenous and evanescent waves. New regimes
of light transport emerge because of the near-field coupling
between individual scattering centers at mesoscopic scales [19].
The excited evanescent waves in the artificial media carry
higher spatial frequency components and are essential to gain-
ing higher spatial resolution beyond the DL. In homogenous
media (reference case), however, no evanescent wave compo-
nents will be excited inside the lens body, and its resolution is
limited by diffraction. DL circle in frequency field is shown in
Fig. 3(a), where £, and £, are wave vectors along the x and y
axes, 7. is effective refractive index along propagation direction,
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and kj is the incident beam wave vector. For metalens £, factor
identifies lateral resolution and it is possible to be larger than
the circle radius and plays the most important role to obtain
FWHM waist smaller than DL. In addition, the superresolu-
tion and the relationship between nanostructures and light
frequency in the proposed metalens may have a physical con-
nection with the photonic crystal, which is a material using
a regular arrangement of structures, e.g., nanospheres, to attain
a spatial periodicity in their dielectric constant in order to bend
or inhibit the propagation of a certain light frequency [20].
At micro and nano scales, light interacts with objects differ-
ently than what is expected from geometrical optics in a ray trace
picture. Full-wave simulations have revealed the very complex
nature of light power flow at such scales [21,22]. Figures 3(b)
and 3(c) show the streamlines of power flow for the reference
microcylinder and the metalens assembled from nanofibers with
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(a)—(f) 2D electric field distributions for the reference (homogeneous) and metalenses assembled with nanofibers with & = 40, 80, 160,

320, and 640 nm, respectively. (g) £2 profiles of the most enhanced positions along the x axis for the nanofiber metalenses and the reference.
(h) Electric field enhancement and FWHM waists of metalenses derived from different diameter nanofibers.
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(a) Diffraction limit curve in the frequency field. (b) Streamlines of power flow for reference microcylinder model. (c) Streamlines of power

640 nm diameters. From Fig. 3(b), it can be noted that there are
several singular points located around the edge of the reference
microcylinder. The phase trajectories in the vicinities of the sin-
gular points form the clockwise vortexes that are in the relatively
low electric intensity areas. It is known that phase trajectories of
the system contain 1.5 degrees of freedom in the vicinity of the
singular points, and the related clockwise vortex shape represents
a stable focus in the phase space [23]. Also, power flow couples to
the other planes through these singular points [22], which are
caused by relatively low field intensity in these areas. Meanwhile,
the nanofiber-assembled metalens has few singular points, as
shown in Fig. 3(c), which indicates that more energy could
be used for focusing on the same phase. An individual nanofiber
still functions like a single nanolens, and an alternating refractive
index change due to a novel hexagonal arrangement is capable of
driving and guiding the power flow to the bottom nanofiber and
maintaining a strong focus with outstanding electric intensity for
the photnic nanojet. In Fig. 3(c), there are three obviously high-
intensity streams (dark red) entering the metalens from the top
three nanofibers, and their intensities increase after passing
through them. Finally, these three high-intensity streams con-
verge at the bottom of the lowest positioned nanofiber, which
results in an area in the metalens whose electric field intensity
is 14.608 times enhanced.

In conclusion, after numerical simulation, a cylindrical met-
alens assembled by hexagonally arranged transparent nanofibers
(n; = 1.5) can successfully achieve lateral resolution beyond the
Abbe diffraction limit (1/27) under the irradiation of 532 nm
wavelength light in air (z, = 1) for imaging applications, and
the smallest FWHM waist of photonic nanojet is only 130 nm,
which is 26.7% smaller than the DL. A hexagonal arrangement
of the nanofiber material leads to an alternating change of re-
fractive index between that of air and nanofiber material, which
effectively develops homogenous and evanescent waves accom-
panied with near-field coupling of scattering centers, and more-
over, compresses the waist size and focuses more power flow for
the subsequent photonic nanojet.
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