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This work reveals new possibilities for creating controllable photonic nanojets
(PNJs) and their complexes, “photonic multijets” (PMJs), characterized by the
specific morphological and energy-concentrating properties. These specific
light structures can be generated upon scattering a monochromatic plane wave
by a mesoscale dielectric semicylinder (SC) with geometric asymmetry (its flat
surface is inclined with respect to the incident wave). An output field in the
form of PMJ unites several interrelated PNJs of comparable intensities. The
main spatial features of the separate PNJs, produced in this process, and their
interrelations, are investigated via computer modeling based on the COMSOL
Multiphysics environment and finite-difference time-domain (FDTD) method.
The number, positions, orientations and intensities of the PNJs depend on the
SC size, orientation and dielectric parameters as well as on the exciting-light
wavelength. The modeling results show the possibilities for purposeful creation
and control of the PMJs with desirable characteristics. In particular, excitation
by bi-chromatic light with two different wavelengths enables realization of a
passive switching element capable of dynamically altering the electromagnetic
field distribution depending on the irradiation spectrum. This can be used for
creation of optical splitters and switching devices. Their potential characteristics
are discussed as well as the prospects for experimental implementation and
applications in optical signal-processing systems.

KEYWORDS

bichromatic excitation, controllable intensity distribution, dielectric semicylinder, light
scattering, optical splitter, optical switch, photonic nanojet

1 Introduction

In the past decades, alongside plasmonics, dielectric photonics has been rapidly
developing [1], as a branch of research associated with increasing the efficiency
of interaction between incident radiation and matter. This domain offers new
fruitful opportunities for creating sensor structures, manipulating and controlling
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nanoparticles, enhancing the quantum yield of luminescence,
and approaches to super-high-resolution optical and terahertz
microscopy [1]. The efficiency of corresponding devices, compared
to plasmonic systems, is explained by the absence of disadvantages
originating from high losses inherent in plasmonic structures [2, 3].

Generally, dielectric photonics is based on the use of
optically transparent micro- and nanostructures to create
specific conditions for propagation, focusing, and conversion
of electromagnetic radiation [4, 5]. Dielectric micro- and
nanoparticles, microresonators, waveguides, metasurfaces, etc.,
realize direct channels to purposeful and highly efficient formation
of structured electromagnetic fields across a wide spectral
range—from visible to terahertz [4, 6–9]. Controlled resonant
effects, such as Mie resonances, make it possible to form directional
scattering, concentrating energy in subwavelength regions and
implementing the functions of miniature lenses, filters, and sensors
[9, 10]. Their unique abilities are employed in integrated photonic
devices [5, 6], which find applications in nanometrology, biomedical
imaging, quantum and nonlinear photonic technologies, and optical
communications [4, 11].

One of the most spectacular manifestations of the principles
and achievements of dielectric photonics are photonic nanojets
(PNJs)—strictly-localized high-intensity optical beams formed due
to the interaction of electromagnetic radiation with dielectric
microparticles [7–10, 12–16]. Generally, the PNJs appear as a result
of scattering an “exciting” regular wave by transparent particles of
various shapes with mesoscale characteristic size (of the order ≲ 10λ
where λ is the radiationwavelength). In such systems, the geometric-
optics phenomena (refraction, reflection, focusing, caustics) are
combined with the diffraction, resonance and near-field effects
(multipole Mie scattering, whispering-gallery modes, evanescent
waves). The corresponding interference processes, involving a lot of
interrelated factors, provide extraordinary spatial redistribution of
light energy with the formation of narrow focused channels on the
shadow side of an illuminated particle [9–16]. In particular, many
PNJ structures realize subwavelength energy concentration and
focusing a light beam into extremely small areas beneath the usual
diffraction limit [4, 10, 12–16], which can be used for probing and
optical capture of microscopic objects [4, 11], and for increasing the
sensitivity of optical diagnostics [10, 12, 13]. The key parameters of
the PNJs: their geometric configuration, length, width, details of the
intensity distribution depend on the shape, size, and material of the
dielectric micro-object involved. Most commonly, PNJs are formed
due to employment of microspheres, cylinders, disks, microprisms
made of silicon, glass, quartz, polymers, ceramics as well as some
biological materials, including cells and spider silks [4, 6, 13, 17].

Especially interesting features of the PNJ behavior can
be observed if the scattering microstructures are of special
configurations with broken symmetry [12, 13, 18–23]. These
include trapezoids [18, 19], cropped spheres and cylinders, as well
as geometrically perfect “patched” particles (with lateral masks
attached to their surface) [20, 22], orwith specially applied difference
in optical properties of their “right” and “left” parts, sometimes
called “Janus particles” [20, 23]. Under such conditions, the localized
output beams change their direction of propagation due to the
action of structure elements of the object, which results in curved
PNJ trajectories, thus forming “photonic hooks” (PHs) [18–23]. In
essence, PHs represent bent PNJs where the high-intensity region

is concentrated near the curved trajectory; this makes them a near-
field counterpart of the paraxial Airy beams [24]. The PHs are
unique light structures demonstrating curved trajectories with the
radius of curvature reaching subwavelength values (<λ/2); likewise,
the minimal width of a PH can be obtained smaller than the width
of a PNJ formed by a symmetric particle, and also lies deep in the
subwavelength range (<λ/2) [19, 20].

In extreme cases, employing mesoscale particles of specially
designed complex structure, the PHs may show rather exotic
configurations with several bends, loops, etc., [18–20]. In such
“deviant” PNJs, a localized propagating PNJ-beam sequentially
responds to local phase delays of the interfering contributions,
consecutive events of directional scattering and local field
enhancement (and, possibly, to local inhomogeneities of the
medium) [10, 13, 19, 20, 25]. All these events induce changing
the PNJ direction, thus producing a complex spatial field pattern,
sometimes of the multilobe nature, which can be termed “photonic
zigzag” (PZ) [26]. Important advantages of the PHs is their
sensitivity to the scattering conditions (i.e., the particle position,
orientation, radiation wavelength, etc.) which can be controlled
deliberately. As a result, programmable PNJ trajectories can be
formed on the subwavelength scale, opening up new possibilities
for controlled energy and signal transfer in nanophotonic devices
and creation of compact optical circuits for information processing,
where PHs act as a kind of “optical router” [4, 25, 27, 28].That is why
PHs are relevant for the development of integrated photonic chips,
nanophotonic sensors, and next-generation optical microscopic
systems [4, 9, 10, 13, 25, 27, 28].

In the following Sections, a new way for generation and
possible application of complex PNJ structures is considered, which
is perspective for creation of optical splitters and light switches
in optical-communication devices. As a PNJ-generating element,
we study a conventional dielectric particle of the semicylinder
(SC) shape positioned with geometric asymmetry with respect
to the incident (exciting) plane light wave (see Figure 1). Our
approach, based on the numerical simulation of the electromagnetic
processes in this system, is outlined in Section 2. In Section 3,
the main features of the generated PNJs, PHs and associated light-
structure components are discussed using the examples of excitation
by a plane wave with a wavelength of 632.8 nm. It is shown
that the total field pattern contains several interrelated PNJs of
comparable intensities which can be considered as a “photonic
multijet” (PMJ) structure. The remarkable feature of the PMJ is
that its configuration and intensity distributions clearly depend on
the scattering conditions: SC size, orientation and the incident-
light wavelength. This fact opens the ways for controllable PMJ
creation, with desirable positioning of separate PNJs, which can
be used, e.g., for the wavelength-dependent switching of the light
energy transfer. To estimate the prospects for switching mode of
operation, comparative evaluation of the PMJ patterns excited by
monochromatic light with two wavelengths, λ1 = 1310 nm and λ2 =
1550 nm, is performed in Section 4.These values are chosen because
in these ranges losses in silica fiber are minimal, making them the
standard in fiber-optic communication systems [28]; furthermore,
λ1 corresponds to zero dispersion in standard fibers, where light
pulses propagate without temporal stretching, while λ2 corresponds
to minimal loss (∼0.2 dB/km) and is often used for long-distance
communication lines.
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FIGURE 1
Illustration of the computational domain, including a dielectric SC,
embedded into free space (FS), and surrounded by a PML border. The
SC diameter is d, its orientation is characterized by the angle α.

In Section 4, we compare the output field patterns, formed
by spatially identical plane waves with the wavelengths λ1 and
λ2, incident on a semi-cylinder of Figure 1. It is revealed that
PMJs excited by the λ1-radiation and λ2-radiation show specific
configurations; some of their spatial features coincide whereas
others are clearly distinct. This testifies for the possibility of a
selective control of the corresponding light fluxes by changing
the wavelengths and the SC orientations, which, in turn, inspires
ideas for controllable light splitting and/or routing via transition
from λ1 to λ2 and vice versa. Some principal capabilities and
limitations of hypothetical PMJ-based photonic devices are briefly
outlined. In Section 5, we summarize the main regularities of the
SC-generated PMJs, possible applications of such structures, and
prospects of their further development.

2 Mathematical model of the light
structure formation by dielectric
semicylinder with geometric
asymmetry

We consider a PNJ-structure formation in the process of plane-
wave scattering at a dielectric particle of the SC shape (Figure 1).
The study is performed by means of numerical modeling conducted
via COMSOL Multiphysics environment employing the Wave
Optics Module [26, 29]. This module provides dedicated tools for

computing the electromagnetic wave propagation and evolution in
linear and nonlinear optical media, and enables accurate simulation
of the electromagnetic field spatial distribution and optical design
optimization.

In our model, the scattering object is a SC, enclosed within
the free-space (FS) volume (air/vacuum); to exclude occasional
reflection and scattering effects, the whole computational domain
is conventionally surrounded by the perfectly-matched absorptive
layer (PML) [30]. The SC material is supposed non-magnetic
(relative permeability μr = 1), but with expressive and adjustable
dielectric properties described by real refractive index nr or
permittivity εr = nr

2. The SC geometry is characterized by its
diameter d and the plane-face orientation angle α with respect to
the y-axis, opposite to the incident-wave direction.

It should be noted that characteristics of the PNJs, formed due
to scattering at the structure illustrated by Figure 1, are mainly
determined by their configuration in the (x, y)-plane (transverse
plane) presented in the figure. We suppose, as usual, that the
cylinder length is of the same order of magnitude as its diameter;
then, if the incident plane wave propagates perpendicular to the
cylinder axis, and if the wave is polarized in the z-direction, the
transverse (x, y) and longitudinal z variables are well separated. The
specific PNJ features with extraordinary energy concentration and
local light amplification are formed in the asymmetric transverse
section while the longitudinal effects along the cylinder axis are
just usual effects of the strip diffraction. Therefore, analysis of the
2D problem described by Figure 1 is quite informative; possible
corrections associated with the longitudinal inhomogeneity have
generally rather weak effect on the PNJ spatial structure in the
middle SC section (see the brief discussion at the end of this
Section). On the other hand, reduction of the 3rd dimension permits
to essentially increase the accuracy of the finite-difference time-
domain (FDTD) method, used in the COMSOL calculations, due
to employment of a finer discrete grid. Therefore, a 2D formulation
of the problem allows, in fact, the correct reproduction of the key
parameters of the SC-generated output field, while ensuring an
optimal balance between calculation accuracy and computational
efficiency.

In the scheme of Figure 1, the incident monochromatic plane
wave is characterized by the electric field distribution

E inc(y, t) = Re[Einc(y)e−iωt], Einc(y) = ezEincz (y) = ezE0 exp (−iky)
(1)

where Eincz is the z-polarized complex amplitude, ez is the z-directed
unit vector, k =ω/c is the radiation wavenumber, c being the velocity
of light in vacuum [31]. Accordingly, the scattered field can be
expressed as

E(x,y) = ezEz(x,y) . (2)

Modeling of the interactions induced by the wave (1) in the
SC and in the environmental media was performed by the FDTD
method, based on the discretization of the Maxwell differential
equations. In order to improve the accuracy of calculations,
following to works [32, 33], a non-uniform numerical grid with a
maximum cell size of λ/5 at the dielectric-air interface was used.
At the SC–FS and FS–PML boundaries, the standard boundary
conditions for the electromagnetic fieldswere applied; at the external
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boundary of PML, the fields are supposed to vanish. Simulations are
facilitated by the fact that, like the incident field (1), all the scattered
and transformed constituents of the electromagnetic field are z-
polarized, so the whole field existing in the computational domain
due to the SC illumination is described by the single z-component,

Es(x,y) = ezEs(x,y), Es(x,y) = Eincz (y) +Ez(x,y) . (3)

It is this field that is the subject of simulations.
Main limitations of the presented 2D consideration are

estimated in the Appendix. It shows that the 2D Equations 1–3
produce appropriate results for the middle SC cross section, equally
distanced from the SC bases, if the SC length in the z-direction h
is of the same order of magnitude as d, or higher. It is this cross
section z = 0 that is implied in Figure 1 as well as in all other
figures below. Possible corrections include the non-zero longitudinal
field components Ey

s, and the z-variability of the field components.
Associated errors may be most noticeable near the SC surfaces (e.g.,
at z = ±h/2; x, y ∼ d/2) but are smoothened with growing off-SC
distances. In general, possible relative errors in the field magnitude,
associated with the finite SC length, are of the order (kh)−2, which,
upon the usual mesoscale conditions, does not exceed 1% and thus
does not impugn the wide validity of the 2D-simulation results
presented in this paper.

3 Photonic nanojets formed upon
excitation by the plane wave with λ =
632.8 nm

We start with the example where the SC of refractive index nr =
1.46 (i.e., quartz glass) is illuminated by the plane wave of He-Ne
laser radiation, λ = 632.8 nm. The general view of the scattered-
light distribution obtained in this case is presented in Figure 2;
here and in all further figures, the calculated field intensity |Es|2 is
normalized with respect to the incident-wave intensity |E0|2 (see
Equations 1, 3). Additionally, the figures illustrate the distribution
of the time-averaged energy flux, calculated as the time-averaged
Poynting vector [34].

It is seen that the scattered energy is distributed rather
inhomogeneously; regions of the well-expressed energy
concentration are formed. In the symmetric case (the SC plane
face is orthogonal to the incident wave, Figure 2b), the picture
resembles usual focusing, with the distinction that the light
convergence occurs in the near-field zone and with participation of
evanescent-field contributions. It represents a classic PNJ involving
the whispering-gallery modes [13, 15, 35], and serves here as a base
of comparison.

Remarkably, if the SC is situated asymmetrically (Figure 2a),
the scattered-field pattern demonstrates more impressive energy
concentration and contains higher number of bright details as
compared to the symmetric configuration presented in Figure 2b.
That is why the asymmetric situations will be in the focus of
our further consideration. Specifically, instead of a single vertical
PNJ of Figure 2b, in Figure 2a several curved strips of high
energy concentration cross the bottom boundary of the image
approximately at x ∈ (−3, −2), x ∈ (2.5, 3.1), and x ∈ (3.6, 4.0).
Positions, shapes and intensities of such crooked PNJs can be

modified via changing the SC properties and geometry, which opens
a potential channel for their control and regulation.

As in conventional PHs [18–23], formation of such complex
spatial light patterns, with alternating energy “clots” and
“rarefactions”, is caused by the interference of refracted and reflected
waves, together with the waveguide and evanescent modes formed
by the scattering particle. When an incident plane wave interacts
with the convex andflat surfaces of a particle, the optical path lengths
in different regions are unequal, leading to phase shifts between the
partial waves emerging from different parts of the dielectric SC.
As a result of the superposition of these waves in the near field, an
oscillatory redistribution of optical intensity is formed on the SC
shadow side, manifested as alternating field maxima and minima.
In particular, the brightest energy clot of Figure 2A, approaching
the bottom boundary at x ∈ (−3, −2), forms a “prototype” of the
zigzag-shaped PH.

Further analysis of some specific asymmetric scattering
geometries can be performed with the help of Figure 3 where
the results of numerical modeling are presented as maps of the
field |Es(x,y)/E0|

2 for different values of the SC orientation angle
α and diameter d. It illustrates how the impressive PNJs can be
formed at certain combinations of d and α (Figures 3a,b), and
how these are gradually transformed into PZ [26] structures
(Figures 3c,d).

Despite the common physical nature with previously reported
PH configurations [18–23], the field excited by asymmetric SC
shows remarkable distinctions:

1. First to note, the transformed field contains not one but
several PNJs of different but comparable intensities and shapes,
forming what can be called a “photonic multijet” (PMJ) for
convenience (see Figure 3c).

2. Accordingly, the intensity of a separate PNJ becomes
noticeably lower than for the conventional PHs (however,
the intensity contrast with the adjacent “dark” regions remains
rather high, 3–10 dB).

3. Another distinctive feature is the specific shape of the brightest
PNJs, with two or more bends, justifying the “zigzag” name.
The “perfect” PZ is well visible in Figure 3c but the PNJs
crossing the bottom border of the images at x ≈ 2 in Figure 3a,
b can be considered as “broken” PZs, or not fully formed PZs.
It should be noted, however, that, although PZs expose certain
specific details of the field configuration, physically these are
merely a morphological variation of PHs.

4. This specific morphology is apparently associated with the
diffractive origin of the SC-generated PNJs, which causes
the root-parabolic trajectory y ∝ √x [20, 36] for relatively
large distances (several wavelengths behind the SC), while
for conventional PHs the Airy-accelerating behavior y ∝ x2

is more typical [18–23]. Just near the SC output surface, the
“Airy-type” behavior prevails but with growing distance of
propagation, the root-parabolic law becomes dominant; this
reasoning provides a qualitative explanation of the zigzag-like
PNJ origin. Additionally, the root-parabolic PNJs’ evolution
determines a specific silhouette of the whole SC-produced
field pattern, PMJ, which unites these PNJs into a single
complex. Its boundaries are approximately depicted by blue
dashed lines in Figure 3c.
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FIGURE 2
Normalized intensity distribution of the wave with λ = 632.8 nm transformed by the SC with d = 5 μm, nr = 1.46. (a) “Geometric-asymmetry” case, α =
40°; (b) symmetric case, α = 90°. The black arrows show directions of the local energy flow density (Poynting vector).

The revealing and characterization of the output-field PMJ
structures is, probably, the most remarkable result of the paper.
It clearly indicates that an asymmetric SC may act as the source
of a coherent set of interrelated PNJs of comparable intensities,
whose configurations can be controlled and regulated together
and in which the properties of individual PNJs interact and
complement each other. Generally speaking, the PMJ is not
absolutely new object: Situations of multiple PNJ generation
are well known (see, for example, [14, 15, 18, 37–40]) and
are employed, e.g., for the formation of arrays of nanoholes
and nanopillars in the photoresist layers [40]. But usually
such PNJ combinations are formed by rather complex optical
constructions based on arrays of identical symmetricmicroparticles,
or phase diffraction gratings [14, 15, 37]. Similar principles
govern the formation of special PMJ configurations by composite
microparticles of complicated shape, composed of several identical
cylinders or spheres (“photonic molecules”) [38]. Situations of
PMJ generation by single microparticles of asymmetric shape
or under the asymmetric illumination (the most close to the
one considered here) were also described [18, 39] but treated
as occasional curious facts, without delving into their specific
features or methods of control. In this paper, the SC-generated
PMJs will be subjects of deeper inspection, with special attention
to their controllability, purposeful modification and probable
applications.

As usual [12–16, 18–23], a characteristic feature of every
PNJ in Figures 2a, 3a–d is the subdiffraction concentration of
optical energy. The minimum value of the full width at half-
maximum (FWHM) of the PNJ intensity distributions presented
in these figures equals to δ ≈ 250 nm, which is below the
classical diffraction limit λ/2 and is close to the focal-spot sizes
available for the conventional PHs [18–23]. For comparison, the
Abbe diffraction limit of traditional optical microscopy [34],
δ = 0.5λ/NA ≈ 348 nm (for the numerical aperture of the

microscope objective NA ≈ 0.9), is also inferior to the degree
of light-energy concentration available for PNJs presented in
Figures 2, 3.

While the extra-narrow squeezing of optical energy
concentration is typical for any PH and symmetric PNJ structures
(like that in Figure 2b), the characteristic lateral shifts of the focal
maxima, and their trajectories in the (x, y)-plane appear due to
asymmetry of the SC configuration characterized by the orientation
angle α. Figure 3 clearly demonstrates how the shapes of PNJs are
influenced by the angle α and the SC diameter d (with respect to λ).
A general conclusion can be derived that for a given SC diameter
d, a “perfect” PZ near the vertical axis (x = 0) can be obtained at
a certain orientation angle α, accompanied by several “side” root-
parabolic PNJs. With deviation from this “perfect-PZ” orientation,
the PZ becomes discontinuous, while the side PNJs are spatially
shifted and deformed. More specifically, increasing d/λ results in
more extended PNJs in the y-direction (not shown in Figure 3)
with gradual shifts of the PNJ trajectories toward the y-axis (which
complies with diffraction-based origins of the PZ structure). The
whole PMJ pattern shrinks in the horizontal direction accordingly.
Changes of both α and d contribute to the energy redistribution
between the separate PNJs, preserving the subdiffraction
squeezing effect.

These observations underlie the principles of the purposeful
PMJ-structure regulation and highlight the potential of asymmetric
dielectric-SC scatterers for implementing controllable local
displacement and manipulation of light clots in subwavelength
photonic systems. For example, existence of several non-
overlapping PNJs offers several independent energy-transfer
channels. At certain conditions illustrated by Figure 3, two or
three of the PNJs are especially bright and can be chosen for
specific light splitting and signal branching. In more detail, the
backgrounds for possible PMJ applications are discussed in the
next Section.
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FIGURE 3
Generation of the PMJ and zigzag-shaped PH by means of variations of the SC diameter d and the orientation angle α: (a) d = 2 μm, α = 0°; (b) d = 5 μm,
α = 0°; (c) d = 2 μm, α = 50°; (d) d = 5 μm, α = 50°. An example of the zigzag-shaped formation (photonic zigzag, PZ) and contours of the entire output
PMJ structure are marked in (c) by the dotted and dashed lines. The black arrows show directions of the local energy flow density (Poynting vector).

4 Potential applications for separation
and switching of optical signals

The general ideas, developed in the previous Section based on
the modeling results, illustrated in Figures 2, 3, can be applied
for creation of the specific tools for separation and switching of
optical signals in fiber-optics communication systems and in data-
processing technologies.

Due to the dependence of the SC-generated field structure
on d/λ, this task can be realized via excitation of the same
SC element by incident monochromatic radiation with different
wavelengths. As was indicated in the Introduction, there are
meaningful reasons to choose λ1 = 1310 nm and λ2 = 1550 nm, and
now we proceed to modeling the behavior of SC scatterers of the
type, described in Figure 1, under the plane-wave illumination with
such wavelengths.

Continuing the consideration of Section 3, we start with the
situation where the SC material is fused silica (SiO2) with the

refractive index nr1 = 1.447 (at λ1) and nr2 = 1.444 (at λ2) [41]. As in
all other examples, the incident radiation approaches along the–y-
direction (Figure 1). Upon the modeling, values of the SC diameter
and orientation angle were variable, and some results are exposed in
subsequent figures.

Figures 4a,b shows the intensity maps and Poynting vector
distributions for two SC configurations characterized by the same
asymmetry (angle α) but differing by the SC diameters and radiation
wavelengths. However, in the images 4a and 4b the ratio d/λ ≈ 0.846
is approximately preserved. As can be seen from the figure, the PZ
and PNJ shapes for the wavelengths λ1 and λ2 demonstrate high
similarity, which confirms the decisive role of the d/λ parameter
in their formation. Nevertheless, some differences in fine details of
the PNJ configurations may be visible (Figures 4a,b), which can be
attributed to the small difference in the refractive indices of the SC
material for λ1 and λ2.

Now consider additional possibilities for the purposeful PMJ-
pattern formation, emerging from the variability of the SC material
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FIGURE 4
PMJ patterns for wavelengths (a) λ1 = 1310 nm, and (b) λ2 = 1550 nm. The SC material is fused silica; for λ1 (a), d1 = 4.149 µm, α = 35°; for λ2 (b), d2 =
4.897 µm, α = 35°. The black arrows show the direction and magnitude of the local Poynting vector.

properties. Next figures perform a comparison of the fields excited
by the input waves with the wavelengths λ1 and λ2 passing through
the SC with the same geometrical and dielectric parameters: in
Figure 5, d = 7 μm, α = 20°, nr = 1.7, and in Figure 6, d = 6 μm, α =
12°, nr = 1.6 (such refractive indices are available, for example, for
flint-glass or BGGglass [41]). In both cases, a clear spatial separation
of the scattered fields formed by the wavelengths λ1 and λ2 can be
observed at the SC output.

The image of Figure 5a shows that the PNJs of sufficient intensity
with a wavelength of λ1 = 1310 nm cross the bottom boundary at
intervals: x ∈ (−8.5, −7.5), x ∈ (−6.7, −5.8), x ∈ (2.3, 3.3). On the
contrary, the PNJs of λ2 = 1550 nm (Figure 5b) cross the bottom
boundary at intervals x ∈ (−8.0, −6.8), x ∈ (3.7, 4.5), x ∈ (6.0,
7.0). Only at negative x these intervals partly overlap; therefore,
in the x > 0 region, the PNJs of different wavelengths do not
intersect in the space. Likewise, in Figure 6a the four PNJs with
a wavelength of λ1 = 1310 nm cross the lower boundary of the
figure at intervals x ∈ (−8.25, −7.85), x ∈ (−6.6, −5.3), x ∈ (2.15,

3.0), x ∈ (4.55, 5.0), and in Figure 6b, the four PNJs with λ2 =
1550 nm cross the bottom border at intervals x ∈ (−7.85, −6.6), x
∈ (1.0, 2.0), x ∈ (3.75, 4.75), x ∈ (6.25, 7.25). All these intervals
practically do not overlap, and the corresponding PNJs for λ1 and
λ2 are spatially separated. Accordingly, the micro-receivers properly
placed at the corresponding areas (for example, PIN photodiodes
with the input window size < 3 μm [42, 43] and/or equipped by the
appropriate field diaphragm) will allow for separate registering the
signals with wavelengths λ1 and λ2. This means that the SCs of the
types presented in Figures 5, 6 can act as wavelength splitters that
can be implemented in photonic microcircuits.

Another interesting version of the PMJ structure is realized at
the output of a fused-silica SC with parameters d = 4 μm, α = 25°
(Figure 7). In this case, nr1 = 1.447 (at λ1 = 1310 nm, Figure 7a) and
nr2 = 1.444 (at λ2 = 1550 nm, Figure 7b). The PNJs with wavelength
λ1 cross the bottom boundary of Figure 7a at intervals x ∈ (−6.0,
−5.0), x ∈ (−3.8, −2.7), x ∈ (2.8, 3.8), x ∈ (5.2, 5.8), and those with
λ2 = 1550 nm cross the bottom boundary of Figure 7b at intervals
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FIGURE 5
Views of the PMJ patterns excited by the incident plane waves with wavelengths (a) λ1 = 1310 nm and (b) λ2 = 1550 nm. The SC parameters in (a) and
(b) are identical and equal to: d = 7 μm, α = 20°, nr = 1.7. The black arrows show the direction and magnitude of the local energy flow density
(Poynting vector).

x ∈ (−4.4, −2.8), x ∈ (1.0, 2.2), x ∈ (3.8, 4.7), x ∈ (6.0, 6.75). Like in
cases of Figures 5, 6, most of these intervals do not overlap. However,
contrary to Figures 5, 6, the interval x ∈ (−3.8, −2.7) of Figure 7a
essentially overlaps the interval x ∈ (−4.4, −2.8) of Figure 7b. Thus,
we can conclude that a sort of spatially distributed sensor selectivity
can be realized: Signals of different wavelengths can be registered
separately by micro-receivers placed in the region x > 0, while
the combined signal uniting the contributions of λ1 and λ2 can be
“captured” by an entrance window positioned, e.g., at x ∈ (−4, −2.8),
and transmitted to further circuit elements.

The series of examples can be continued but the results already
obtained are sufficient to indicate certain expected applications of
the switching elements based on the SC with geometric asymmetry,
considered in this paper. At present, two modes of operation can be
envisaged.Thefirst one is the switchingmode,where the SC scatterer
acts as a passive switching element capable of dynamically altering
the electromagnetic field distribution depending on the spectral

conditions of the external irradiation (1310 nm or 1550 nm),
opening up potential applications in nanophotonic systems for
controlled signal modulation. The second one is the splitting mode,
where the two signals propagate together (e.g., along a single-mode
optical fiber) and are then precisely separated. Consequently, the
generated optical signals can be switched to prescribed routes based
on the PNJs’ trajectories of the PMJs. Existence of several PNJs in the
field formed by an asymmetric SC provides a theoretical possibility
of combining several functionalities in a single SC-based mesoscale
optical element.

The analysis of a specific operating switching system is not a goal
of this paper but the numerical simulation enabled us to estimate
some relevant parameters:

1. The expected energy losses of switched signals are significant,
65%–80%, i.e., they require theuseof aquantumsignal amplifier.
Such a high level of losses is explained by the two main reasons:
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FIGURE 6
Views of the PMJ patterns excited by the incident plane waves with wavelengths (a) λ1 = 1310 nm and (b) λ2 = 1550 nm. The SC parameters in (a) and
(b) are identical and equal to: d = 6 μm, α = 12°, nr = 1.6. The black arrows show the direction and magnitude of the local energy flow density
(Poynting vector).

inevitable division of the field energy between several channels,
some of which take no part in the energy transfer, and the
2D character of individual PNJs, due to which the energy only
concentrates in the transverse cross section (x, y) but still scatters
along the z-axis (see Figure 1). In the prospective applications,
the second effect may probably be removed or weakened, e.g.,
via additional focusing along the z-axis.

2. The negative expectation of high losses is partly balanced by
low dimensions of the anticipated optical switch: these can
be significantly smaller than the dimensions of systems with
dichroic filters, diffraction gratings or dispersion prisms and
can be encapsulated in a fiber-optic cable.

3. Spectral mixing of channels is at least 15 dBwhen using a 1 μm
slit in front of the signal receiver (photodiode or optical-fiber
input window).

The latter indicator is not very favorable. Even reducing the slit
width to 0.75 μm enables a spectral-noise decrease up to 25 dB,

which is worse in comparison with wavelength dividers based
on dichroic elements, where the separation reaches 30 dB. But
the undoubted advantage of the proposed PMJ-based approach is
the possibility of creating devices with much smaller dimensions.
Anyway, the detailed analysis of its possible applications and specific
device configurations should be the subject of a special work.

To finalize the discussion on practical implementation of the
above-described PMJ principles, we briefly touch the problem of
suitable and reliable manufacturing of high-quality transparent SCs
with a diameter of 2–5 μm. A detailed investigation of this problem
is, again, beyond the scope of the paper but we can mention some
promising principles of the expected technologies.

Traditional methods of processing glass and other materials
(grinding, polishing) are not suitable for such miniature sizes and
complex shapes. However, there are several new methods for the
SC manufacturing. In the microlens laser marking method [44], a
laser beam is focused and modifies a material according to a pre-
designed 3D pattern. The final SC structure is then formed using
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FIGURE 7
Views of the PMJs excited by the incident plane waves with wavelengths (a) λ1 = 1310 nm and (b) λ2 = 1550 nm. The SC material is fused silica, its
geometric parameters in (a) and (b) are identical and equal to: d = 4 μm, α = 25°. The black arrows show the direction and magnitude of the local
energy flow density (Poynting vector).

etching or plasma polishing. A much more accurate method uses a
photoresist or electron beam resist, which is applied onto the source
material, exposed, and developed [45]. Typically, the SC is fabricated
as an element of a microlens array on a substrate, rather than as a
separate element [46].

To create a SC of the required size on the base material, deep
reactive ion etching (DRIE) with a plasma containing inert or
reactive gases (e.g., CF4, C4F8, or SF6) can be used [47]. To improve
the optical quality and reduce surface roughness, thermal smoothing
(post-etch annealing) can be applied: the etched structure is
subjected to high-temperature (over 1000 °C) annealing [48]. At
this temperature, surface tension can smooth out etching-induced
micro-irregularities, making the surface more optically clean and
smooth, which is critical for a high-quality mesoscale element.
Another, much more precise method of reducing surface roughness
is CO2 laser polishing (Laser Smoothing) [49]. The final SC quality
is assessed by two main parameters: accuracy of its dimensions

and accuracy of its profile, using the scanning electron microscopy
(SEM) or atomic force microscopy (AFM) [50]. Its optical validity
is limited by the surface roughness, which should not exceed a few
nanometers [51].

An alternative approach to the SC fabrication, which may be
essentially simpler upon the laboratory conditions, can be realized
on the ground of the optical-fiber manufacturing technologies,
which are now well developed [52]. Normally, these enable to
produce a high-quality optical fiber of the required diameter and
refractive index. At the next stage, the fiber segments are glued to a
high-quality strictly-flat substrate and polished to half the diameter.
All assembly operations can be carried out under a microscope
using a micromanipulator; the microcylinder orientation is carried
out with the help of a microgoniometer (generally applied for
orientation of crystals).

This combination of technologies opens the possibility for
creating complex photonic structures of arbitrary geometry with
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high optical surface quality and controlled refractive parameters. All
this may be applied for fabrication of the photonic splitter developed
in this paper, which thus will combine compactness, technological
compatibility with existing optical platforms, and scalability, making
it promising for the use in nanophotonics, sensor systems, and
next-generation optical communications.

5 Conclusion

This paper presents the results of computer simulation of
the plane-wave scattering on a mesoscale dielectric semicylinder
(SC). It was revealed that the transformed field pattern presents
highly inhomogeneous structured-light distribution, with possible
concentration of the light energy within several strictly localized
trajectories (photonic nanojets–PNJs) [9–16]. These PNJs, generally,
possess curvilinear shapes thus belonging to the family of photonic
hooks (PHs) [18–23], and all together form the so called “photonic
multijet” (PMJ). The observed scattering-field patterns (number
and intensities of separate PNJs, their spatial positions, shapes and
orientations) depend on the SC dielectric parameters, its size (relative
to the incident radiation wavelength), and its orientation with respect
to the incident wave. The most interesting behavior appears when the
SC plane face is oriented at a certain angle (different from 0° to 90°)
with respect to the incident light direction (“geometric asymmetry”
condition). Accordingly, several configurations with the geometric
asymmetry were considered in more detail.

The modeling results testify for the productivity of the PMJ
concept: the asymmetric-SC-generated field can be considered as
a single complex, in which the separate PNJs evolve coherently,
interacting and complementing each other. The configuration and
intensity characteristics of the PMJ field depend on the incident-
light wavelength and the SC geometry, which opens ways for
its deliberate modifications and control. Accordingly, our results
show that the SC-generated fields (PMJs) and their structure
elements (PNJs) can be employed for creation of controllable
photonic switches and splitters for optical signal processing,
data storage and transformation. The envisaged photonic splitters
may be useful for controlling the directions of predominant
light propagation (output channels), their efficiencies (intensity
distribution between the different PNJs) and spatial localization.
The simulation results determine the key optical parameters and
optimized geometric characteristics of the proposed switching
elements, indicate ways for their control and regulation, as well
as prospects for their experimental implementation, which is
important for the construction of integrated nanophotonic circuits.

A distinctive feature of the proposed splitter design is the
possibility of efficient separation ofmonochromatic light components
with two specified wavelengths (λ1 = 1310 nm and λ2 = 1550 nm).
Peculiar features of the scattered fields formed by the separate
spectral components enable the creation of spectral-sensitive
photonic switches, spectral routers, etc., compatible with the existing
telecommunications infrastructure. The detailed analysis of a specific
operating switching system is beyond the scope of the present paper
and should be a subject of a separate work, but some relevant
estimations made in Section 4 indicate that the SC-generated PMJ
structuresmay be considered as a prototype of efficient and practically
suitable photonic devices. The results of PMJ modeling open the way

to the implementation of SC-based microscale photonic switches and
spectral routers that can be built into integrated photonic circuits
without the need for additional components.

Finally, it is reasonable to mention some limitations of
the proposed approach and plausible prospects of its further
development. Probably, the main limitations originate from
simplifications inherent in 2D consideration accepted in this
paper. This issue is considered in Appendix and in the final
paragraph of Section 2 where it is shown that, despite the possible
distortions at localized spatial regions near the SC surface, it gives
appropriate results for the general PMJ field configuration and the
individual PNJs’ morphologies in the plane z = 0 corresponding to
the middle SC section, provided that the SC end faces (bases) are
separated from this plane by the distance ≳ λ.

On the other hand, restriction to the plane-wave exciting
light, polarized strictly along the SC axis, leaves aside many
attractive incident-wave configurations and associated influences on
the scattered-field behavior. Expectedly, interesting modifications
of the scattered field may be observed if the incident light
possess additional structural properties, e.g., circular polarization,
phase/polarization singularities, or orbital angular momentum [31,
53–59]. We hope that such modifications will be subjects of further
studies, which, however, are beyond the scope of the present work.
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Appendix: Validation of the 2D model

Maxwell equations for the harmonic light fields oscillating with
frequency ω in a non-magnetic dielectric medium with permittivity
ε can be written in the form [34]

∇×Es = ikHs, ∇×Hs = −ikεEs,∇Hs = 0, ∇(εEs) = 0. (A1)

where Es, Hs are the complex-valued time-independent phasors
introduced like Einc in Equation 1. From Equation A1, the equation
for the electric field immediately follows:

∇2Es + k2εEs = ∇(∇Es) . (A2)

Under the usual conditions where the medium is homogeneous,
the r.h.s of (A2) vanishes, and it reduces to the Helmholtz equation.
Now consider application of Equation A2 to the problem of Figure 1,
and recast it using the Cartesian components of the electric field.
For simplicity, we suppose Ex

s = 0, so that the field contains a single
linearly polarized transverse component Ez

s (as was supposed in the
main text) and, probably, the longitudinal component Ey

s (note that
the condition Ex

s = 0 is not critical, and the same reasoning can be
reproduced for non-zero Ex

s). Then, Equation A2 reduces to

∂2Ez
s

∂x2 +
∂2Ez

s

∂y2
+ k2εEz

s =
∂2Ey

s

∂z∂y
,

∂2Ey
s

∂x2 +
∂2Ey

s

∂z2
+ k2εEy

s =
∂2Ez

s

∂z∂y
.

(A3)

Note that the “pure” 2D model is described by the 1st

Equation A3 with zero r.h.s., and our present task is to estimate this
“perturbing” r.h.s., ∂2Ey

s/∂z∂y. To this end we recall that, according
to Equation 1, all components contain rapidly oscillating multipliers
like exp(–iky), due to which an asymptotic relation takes place: ∂/∂y
∼ –ik. Further, let the SC bases (end faces) be situated in planes z =
±h/2, i.e., its length (distance between the forward and backward

ends) equals to h, and we consider the field in the middle plane z =
0, equally removed from both ends. In this situation, the derivatives
with respect to z also obey an asymptotic relation, now of the
form ∂/∂z ≲ 1/h. Taking into account that the x-sizes of the field
inhomogeneities in calculated examples (Figures 2–7) are less than
the wavelength, the relation ∂/∂x ≳ 1/λ ∼ k can be safely accepted.
Then, the magnitude of the l.h.s of the second Equation A3 can be
estimated as ∼ k2Ey

s while estimation of its r.h.s. gives ∼ (k/h)Ez
s.

Therefore, from the correspondence k2Ey
s ∼ (k/h)Ez

s, the asymptotic
relation follows between Ey

s and Ez
s:

Ey
s ∼ (kh)−1Ez s. (A4)

This is a reasonable evaluation of the strength of the longitudinal
component of the PMJ field. After substitution of this result into the
r.h.s. of the 1st Equation A3, we find that this r.h.s. is of the order ∼
h–2Ez

s, whereas its l.h.s. is ∼ k2Ez
s. In other words, the r.h.s. of the 1st

Equation A3, supplying the corrections for the finite SC length, is of
the order of (kh)−2 with respect to the “main” l.h.s. Accordingly, the
expression (kh)−2 quantifies the possible relative errors associated
with the restricting to a “pure” 2D model (with discarded r.h.s. of
the 1st Equation A3). For example, if λ = 1310 nm and h = 6 μm,
kh = 28.8, and (kh)−2 ≈ 0.0012. This means relative errors at the level
of 0.1%, which is not critical for themeaningful interpretation of the
results and their discussed applications.

Of course, the above reasonings are essentially based on
the presumption that the field is considered far from the sharp
boundaries where ε is discontinuous, and spatial derivatives of the
field componentsmay increase dramatically. If the considered points
deviate from the SC middle section or approach close to its surface
(reaching the distances ≲ λ), the picture will be much less favorable.
Nevertheless, there are wide areas of the (x, y)-plane where the
2D approximation describes the transverse cross section of the
SC-generated PMJ with accuracy sufficient for many applications.
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