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Design of Photonic-Molecule-based Multiway
Beam Splitter/Coupler with Variable Division Ratio

Yury E. Geints
V.E. Zuev Institute of Atmospheric Optics, 1 Acad. Zuev square, Tomsk, 634021, Russia

Abstract: Optical beam splitter is used for dividing an input optical beam into several separate beams with
specific power ratio. Usually, conventional beam splitters have bulky dimensions and fixed dividing ratio
which significantly limit the design of new miniaturized optical devices and integrated optical circuits. We
propose and investigate a novel physical concept of a miniaturized planar optical splitter/coupler with a
switching element in the form of a photonic molecule (PM) pair dispersing input optical fluxes along multiple
ways with variable power proportions. The structural design of the proposed splitter is based on a silicon-on-
insulator (SOI) platform and composed of high-quality resonators in the form of electromagnetically coupled
submicron-sized microcylinders. The control on the power division ratio and the selection of optical beam
directions is realized by tuning the photonic splitter structure to the corresponding resonance of PM
supermode. Compared to known analogues, the proposed design is easy to fabricate, suitable for integration
into a "System-on-a-chip" platform and can dynamically change the beam power division ratio by input wave-
phase manipulation.

1. Introduction

Dielectric microresonators have long been actively used in disk lasers [1], high-resolution
spectroscopy [2], laser frequency stabilization [3], add-drop filters for compact wavelength division
(de)multiplexing [4, 5], dispersion compensation of optical fiber transmission lines [6],
implementation of all-optical switching for optical signals [7, 8], optical nodes of quantum computers
[9], as well as beam power dividers [10, 11] and inertia-free optical couplers [12, 13].

Generally, an optical beam splitter (BS) is a device for splitting an optical beam incident on its
input port into two or more separate beam(s) with specific power ratio(s) and optionally field
polarization states. Typically, glass plates or prisms with semi-reflective coatings are used in the
design of beam splitters. However, in the spatial scales of nanophotonics devices, as well as in the
geometry of planar on-chip optical elements, the bulky dimensions of conventional beam splitters
and their usually fixed power division ratio significantly limit the design of new miniaturized optical
devices and make it difficult to build integrated optical circuits. This challenge has stimulated the
development of BS-devices based not on differential refraction of optical fluxes but on the principle
of diffraction division of an input optical signal into separate beamlets by interaction (transmission)
with specially designed diffractive optical elements (DOEs). Thus, such DOEs can be, e.g., ring
resonators integrated into photonic crystals [14, 15], specially shaped reflecting/transmitting
metasurfaces and meta-lattices [11, 16, 17] providing angular beam separation, as well as planar
conventional Y-branch splitters with a complex hierarchy [18].

Recently, optical splitters based on planar disk or ring traveling/standing wave resonators
realized as an integrated element inside photonic crystals [8, 15] or directly on a silicon-on-insulator
(SOI) platform [4, 5, 19] have become widespread. Typically, such splitters function in a narrow
spectral range near the eigenmode resonances of a microcavity, when the incoming optical radiation
is coupled to the resonant modes and redirected into signal collection channels (drop ports). The main
advantages of such BS devices are their planar design suitable for operation directly as part of a
photonic SOl microchip, as well as low insertion losses of the optical signal, typically <-8 dB. Another
profit of resonance-based dividers is that they can function as narrow passband filters allowing an
optical signal passing only within the resonance contour of cavity eigenmode.
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The most common structural design of resonant beam splitters (RBS) is usually composed of
several high-quality (high-Q) resonant DOEs (ring, disk, microcylinder, microsphere) coupled to the
commutation buses in the form of rectangular or cylindrical waveguides forming the through and
drop-ports of the optical signal output. The resonators themselves are usually in close subwavelength
contact with each other in a serial [4] or parallel structural topology [5, 20]. In optical splitters based
on multimode interaction, the interconnection of resonant elements and waveguide buses is realized
by indirect coupling of evanescent electromagnetic fields of the eigenmodes. The presence of several
resonators in the RBS design improves its filtering properties. At the same time, the topologies of
dividers and couplers with nested [21] and cascade-arranged microrings [22] are also reported, which
possess increased sensitivity of the whole device.

At the same time, specific photonic structures - photonic molecules (PM), formed by
electromagnetic coupling of two or more optical microcavities have recently gained increasing
scientific interest [23, 24]. This physical molecular analogy stems from the special optical PM
properties which are manifested themselves in the fact that the normal electromagnetic modes of a
PM constituted of several interacting "photonic atoms" and the electronic states of real atoms of
matter combined into a molecule behave in a similar way. In other words, a single optical resonator
is treated as a photonic atom, while several optically coupled resonators are treated as the photonic
analog of a matter molecule. With these high-dimensionality of composite structures, controlled
interactions between light and matter can be achieved and even enhanced by manipulating the
coupling or matching of individual resonators including their mechanical and optical tuning [25-27].

To date, quite a few different topological forms of PMs are studied including basic diatomic
molecules, molecular chains, and complex 2D structures [28]. Meanwhile, a common property of all
PMs is the appearance of specific structural electromagnetic superlattice modes, usually referred to
as the supermodes, resulting from the collective resonant interaction of the optical fields of all atoms
in a photonic molecule [29]. This strong coupling produces a new hybridized spectrum of
eigenfrequencies of molecular photonic structure as a whole [26]. PM supermodes differ in the type
of optical coupling of atoms and form bonding (even) and anti-bonding (odd) modes, which means
the corresponding symmetry or antisymmetry of the electric field distribution with respect to PM
axis [30]. In addition, with the change of the type of interatomic coupling, the quality factor (Q) of
PM supermodes also changes demonstrating in some cases a drastic increase relative to the Q-value
of an isolated resonator [25, 31].

Typically, photonic molecules are excited using a single optical channel through a PM matched
tapered fiber [26], or by illuminating the molecule with free-space coupled radiation [32]. Recently,
in our work [31] a scheme using simultaneously two optical buses with varying phase difference was
proposed to enhance or suppress the generation of certain supermodes of the molecule and thus
control its spectral response. According to the structural parameters, the photonic molecules
consisting of planar resonators are similar to the resonant beam splitters discussed here. Both
photonic structures have coupling resonant cavities and excitation/emission channels. In this
connection, however, the possibility of using PMs with complex topology possessing rich spectrum
of supermodes as an element of RBS has not yet been discussed in the literature.

In this paper, we propose a new theoretical concept of a resonant optical beam power splitter
based on the photonic molecules (PM-BS) with different topologies. We consider a PM formed by
quazi-planar resonators in the form of several silicon microcylinders with subwavelength thickness.
The main advantage of the proposed PM-based optical splitter over known analogs is its multiway
operation, which allows redirecting the input optical signal into several oppositely directed drop
channels with varying power ratio. Additionally, by adding another input channel, PM-based beam
splitter can function as an optical coupler, which mixes signals from the input ports and directs them
to one or more output channels. Unlike similar metasurface-based beam dividers [33, 34] in terms of
the functionality, the proposed beam splitter is much simpler and cheaper in fabrication, suitable for
the “System-on-a-chip” integration, and can dynamically change its power splitting ratio by
spectrally tuning to a different resonant supermode of the constituting PM. Moreover, another
advantage of the proposed RBS is its ultra-compact design with the dimensions typically not
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exceeding several optical wavelengths as compared to the optical splitter based on ring resonators

[3].

2. PM-BS structural model and working principle

Without reducing the generality of the problem considered, we further analyze a certain PM
topology built from identical photonic atoms in the form of a circular cylinder of a diameter, say,
D =1200 nm and height & =600 nm placed in the nodes of a rectangular 2D-lattice with the period
d =1270 nm. Different number of PM atoms can form photonic structures with either two or four
interacting resonators. According to the physical type of this optical field coupling, we will refer to
the serial arrangement of atoms as "2s" and "4s" configurations as depicted in Fig. 1(a) and (b),
whereas a mixed type of serial-parallel bonding is labeled as "2s-p" molecule and shown in Fig. 1(c).
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Figure 1. Structural types of PM-based optical splitters with (a, b) serial (2s and 4s), and (c) serial-
parallel (2s-p) electromagnetic coupling of atoms in photonic molecules PM1 and PM2 (outlined with
dashed ovals). Optical signal is injected through the central waveguide (red arrow) and collected in
the through and drop ports labeled as P1 and P2 to Ps, respectively.

PM is assembled on the SOI platform with a silicon dioxide (SiO2) substrate and is structurally
characterized by the interatomic gap, g = 300 nm. Crystalline silicon (Si) with refractive index n=3.5
and almost zero optical absorption (x ~ 10-") in the telecommunication spectral band centered on the
wavelength A=1330nm [35] is chosen as the material for photonic atoms. To enhance the
functionality, the considered photonic splitter is composed of two PMs coupled through a central
waveguide (Fig. 2a,c) acting as an input port. On the lateral sides of the splitter structure, two more
waveguides are mounted at certain distance from the outermost atoms (250 nm) serving for the
collection the divided optical beams. All waveguides can be fabricated from the core of a single-mode
optical fiber (SiOz), or through the etching of a dielectric photoresist (e.g., PMMA). The refractive
index of the waveguides during the simulation is chosen as n1=1.5.
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Figure 2. 3D-design of proposed photonic (a) splitter and (b) coupler on the SOI platform with input
and drop ports labeling. (c) PM-BS structural scheme and (d) the working principle.

An optical wave with TE-mode polarization (Fig. 2d) having an electric field vector directed
along z-axis (out of the plane of the figure) is fed to the input of the splitter. After interacting with the
resonant structure (PM), the divided optical fluxes are captured by the through and drop ports 1 to
5. When operating as a coupler (Fig. 2b), the operation order of optical ports is reversed. Now, ports
4 and 2 become input ports and the remaining ports become signal acquisition ports.

The spectral range of the input wave is chosen to include one of the high-Q eigenmode
resonances of the cylindrical atom. This resonant mode exists in the form of a standing or traveling
wave and is often referred to as the "whispering-gallery mode" (WGM) [36]. In order for the PM to
function as a coherent resonant photonic structure, it is necessary to require a sufficiently high-Q
values of the microcavity used to ensure the WGM excitation. Since the surface of a dielectric atom is
not totally reflective, the optical fields of the eigenmodes leak out the resonator boundaries and in
this sense the WGMs in an open resonator are the quasi-bounded or quasi-normal electromagnetic
modes. The optical coupling between the PM atoms is precisely due to these leaking evanescent fields
[37]. Thus, in the situation considered the eigenmode TEz: in a silicon cylinder is chosen as the
fundamental resonance (Fig. 2d) having quality factor Q=8500 at the wavelength A =1338.2 nm.
Note, that according to the adopted notations for the electromagnetic eigenmodes of a sphere, the
subscripts "7,1" denote the semi-number of optical standing wave antinodes along the azimuthal
direction (along the cylinder rim) and the number of maxima along the radial coordinate,
respectively.

The numerical solution of the Helmholtz wave equation for the electromagnetic field in the
investigated photonic structure is performed using the Wave Optics module of COMSOL
Multiphysics 5.1 software, which exploits the finite element method (FEM). Without limiting the
generality, we use the 2D formulation of the problem as shown in Figs. 2(c, d). In this case, the whole
photonic structure is surrounded by a rectangular region of perfectly absorbing layers (PML) to
prevent wave reflection from the boundaries. The optical radiation is input through the
corresponding COMSOL digital ports. For the numerical discretization of all simulation domains a
mesh with triangular elements and a maximum edge size of A/40 is used. The wavelength sweep is
performed by creating a parametric study in the range of 1333 nm <A <1343 nm, which includes all
supermodes of the considered PM topologies based on the TE7,: resonance of single atom.
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Figure 3. (a) Resonance spectrum of a 2s-p photonic molecule showing different types of supermodes.
(b) 2D-distributions of the normalized amplitude | E:| (color maps) and the Poynting vector S(x,y) for
three principal PM supermodes. The numbers indicate the proportions of the optical energy splitting
which is inputted through central waveguide.

To understand the PM-BS operation principle, we consider the resonance spectrum of a 2s-p
molecule, which is shown in Fig. 3(a) as the dependence of Pi-port transmittance on the optical
wavelength. As seen, the spectrum of such a molecule contains a total of 4 collective supermodes,
each of them being fourfold degenerate due to high spatial symmetry of the PM atomic structure.
Here, three groups of resonant supermodes can be distinguished [31]: (i) anti-bonded modes with
A=1335.1 nm and 1335.3 nm, (ii) bonded modes with A=1340.68 nm, and (iii) a mixed type
supermodes centered at A = 1338 nm.

In the anti-bonded molecular supermode the phases of field oscillations in all atoms are opposite
and mirror-symmetric with respect to the symmetry axis of the molecule. Practically, the anti-bonded
supermode can be considered as the eigenmode resonance of the half-PM located near a perfectly
reflecting mirror. Previously [38] on the example of a dielectric sphere on a mirror it was shown, that
in this case the blue shift of TE-mode resonance is realized. Similar effect is observed for the anti-
bonded supermode of a photonic molecule. In contrast, the bonded supermode is red-shifted within
the PM spectrum and demonstrates the appearance of strong bonds between electric fields of atoms.
As in an ordinary molecule of a matter, a PM exhibits strong interference and hybridization of optical
eigenmodes (molecular energy terms), which is expressed in mode splitting and appearance of new
collective field oscillations (low-energy sublevels). The mixed-type PM supermode bears the imprint
of both bounded and anti-bounded modes, and the distribution of interatomic optical fields here is
characterized simultaneously by symmetry along one direction and antisymmetry with respect to
another plane.

In Fig. 3(b), the streamlines of the Poynting vector are plotted for each of the selected

supermodes, defined as S =(c/8m)Re I:EXH*}, where E and H are electric and magnetic field

vectors, respectively, and c is the speed of light. It can be seen that in resonance, the streamlines of
vector S are captured from the feed waveguide by nearby atoms of the molecule and then directed
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into the hybridized field of PM supermode formed by the coupling of atomic resonant modes.
Photonic molecules on both sides of the feed waveguide always have a counter-directed circulation
of optical energy and produce the regions of field singularity such as optical vortices and saddles,
which is typical for standing-wave resonators [38]. The most distant atoms of photonic molecules
(relative to input waveguide) drop a part of the energy flux into the lateral waveguides and the rest
of mode optical energy is looped again in the molecular supermode.

It is also clearly visible that the PM-BS structure disperses the optical fluxes to all ports in both
forward and reverse directions in different proportions, which depend on the particular excitation
supermode. Consequently, the splitting ratio of the input optical signal can be controlled by varying
the optical wavelength. This is one of the main advantages of the proposed photonic structure.

3. Structural types of PM-based beam splitter

Worthwhile noting, the presence even in the simplest diatomic molecule of two coupled
resonant microcavities not only enriches the spectrum of its electromagnetic modes but also opens
new paths of the optical energy transportation. This is illustrated in Figs. 4(a,b), which show the most
important characteristic of the optical splitter, the split ratio, for two photonic structures assembled
from (i) a pair of ring resonators similar to that proposed in Refs. [5, 22], and (ii) two PMs of 2s type.
Different color bars indicate the relative fraction of the total optical power directed to the
corresponding splitter port. The negative values correspond to reverse power directed into ports 2
and 4.

Clearly, for a two-ring splitter one can obtain only single dividing proportion between the
optical ports, namely (rounded) 1:3:0:3:0, as shown in the schematic of Fig. 4(a). In other words, at
the resonance of this structure (A =1338.3 nm) nearly 6/7 of total input beam power is reversed into
the drop ports 2 and 4, while 1/7 of total power passes through into port 1. The beam power
practically does not enter the through ports 3 and 5, i.e. such a photonic structure works as a resonant

filter [5].
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Figure 4. (a) Splitting ratio for a pair of microrings in resonance. The inset shows the Poynting vector
streamlines. (b) Spectral dependence of the relative power directed in the ports of proposed PM-BS
based on two diatomic 2s-PM. S streamlines are shown for the two supermode resonances.

A completely different situation is observed in the PM-based splitter shown in Fig. 4(b). Here,
two high-quality (Q ~ 10°) resonances at the wavelengths 1337 nm and 1339.4 nm can be found in BS
spectral response function. At each of these supermodes, a different beam splitting is realized.
Importantly, at the red-shifted bonded supermode the input beam is divided equally among all ports
of the splitter, while at the blue-shifted anti-bonded resonance the power in the pass-through port is
twice as high as that in remaining drop ports. Meanwhile, out of resonance the majority of input
power passes unchanged into port 1, and the photonic splitter is in the off-line state.

The analysis of Poynting streamline maps shows that in the case of the anti-bonded resonance,
the input optical energy flux is equally divided between the upper and lower parts of the photonic
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molecule because the optical fields of molecule parts are in antiphase. In contrast, at the resonance of
the lower-frequency bonded supermode, the fields of atoms and both (left/right) molecules are phase-
matched and constructively interfere in the region of the input central waveguide which leads to the
division ratio change towards higher power in the through port 1.
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Figure 5. Spectral dependence of the dividing ratio of PM-PS designed on a pair of (a) 4s and (b) 2s-p
molecules.

In Figs. 5(a,b), the working diagrams of splitters based on photonic molecules of 4s and 2s-p
types are plotted. The splitting coefficients realized for the main resonances of these photonic
structures are highlighted. Obviously, different molecular structures and different supermodes of the
molecules produce very different splitting ratios of the input beam power into the output
waveguides. Indeed, it is possible to obtain an equal power distribution among all ports (ratio
1:1:1:1:1 at A =1336 nm of 4s-molecule), shifting the dividing balance toward the pass-through port
(ratio 2:1:1:1:1 at A=1335.1 nm and 3:1:1:1:1 at A =1340.7 nm of molecule 2s-p), or redirecting the
divided optical beams predominantly toward retro-ports 2 and 4 (ratio 1:3:0:3:0 for 1338.1 nm mode
of molecule 2s-p, and ratio 2:2:1:2:1 at A = 1340.2 nm in molecule 4s).

Moreover, the spectral position and quality factor of the supermodes in PM with selected
topology can be easily tuned by the interatomic gap (¢) adjustment [Geints2023tyr]. Importantly, we
have performed the stability analysis of PM structure to the fabrication errors related with random
deviations of atomic position, which is controlled by the g-parameter. It turns out, that the tolerance
of the supermode resonance to random shifts in the interatomic gap is about 10 nm for the anti-
bonded and bonded modes, whereas only 70 nm changes in g could spoil central mixed supermode.
Such structural tolerances are quite achievable in modern ion/electron beam lithography processes.

4. Design of PM-based optical coupler
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Now recall the switching photonic structure shown in Fig. 2(b). Such a device allows all-optical
mixing and switching of different optical signals through the interference coupling into single
molecular supermode. In this case, two optical beams are input to the coupler, and demultiplexing is
performed in ports 1 through 4. Note, here we do not consider the design of a classical multi-
frequency add-drop filter, but assume that both input optical signals are at the same wavelength. The
relative power arriving at the optical ports of the coupler based on th photonic molecule pair having
two and four atoms (2s and 4s molecules) is shown in Figs. 6(a,b) as a function of the input radiation
wavelength.
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Figure 6. Spectral dependence of relative optical power in the output ports of PM-based coupler for
(a) 2s u (b) 4s PM structures.

Evidently, the distribution of optical fluxes during their coupling occurs in a similar way as in
the optical splitter discussed above, except that the coupler always operates symmetrically, i.e. the
power in pass-through ports 1 and 4 is always the same. Only the mutual proportion of optical beams
directed to the drop channels 2 and 3 changes.
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dephasing A¢. (b-c) Poynting vector streamlines in the 2s-PM coupler at (b) A¢=0 and (c) Ap=mn
radians at 1339.4 nm bonded supermode resonance.

Interestingly, if a phase shift is introduced in one of input optical ports, as shown in Fig. 7(a),
the PM optical coupler becomes the ability for adjusting the fraction of power directed into each
output port separately. Indeed, when the phase of the input ports is matched (A¢ =0, Fig. 7b), the
incoming optical flux is equally divided between the upper and lower PM atoms, and then
constructively interfere within central waveguide to form equal-power beams in opposite directions.
Controversially, when the input ports are operating in antiphase (A¢ =m, Fig. 7c), the supermode
optical fields of left and right molecules cancel each other out in the coupling area, and thus power
output to ports 2 and 3 nearly terminates and the signals at these ports drop to ~ -17 dB. In
intermediate situations, A¢ <, a smooth adjustment of the power proportion in each of the output
ports can be realized. Importantly, when the photonic coupler is tuned to a different resonance,
particularly the anti-bonded supermode (1337 nm), the considered structure functions in a mirror
image manner with the same variation in phase delay between 0 and & radians.

5. Conclusion

In summary, we present the physical concept of a micrometer-scale planar optical
splitter/coupler-on-photonic molecule that distributes one or two input optical beams to multiple
routes with variable power ratios. A structural design of such a photonic device on SOI platform is
proposed. The power division ratio of input beams is controlled by tuning the structure to the
corresponding resonance of the photonic molecule hybridized supermode. Compared to known
analogs, the proposed conceptual model is characterized by relative simplicity and cheapness in
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fabrication, is suitable for integration into a "system-on-a-chip" platform, can dynamically change the
beam power division ratio, and is able to produce counter-directional optical flows.
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