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Abstract: Coupling light into and/or out of a photonic integrated circuit is often accomplished by
establishing a vertical link between a single-mode optical fiber and a resonant waveguide grating, which
is then followed by a tapered waveguide and a single-mode waveguide. The tapered waveguide operates
as a spot-size converter, laterally expanding or contracting the light beam between the single-mode
waveguide and the resonant waveguide grating. In this work, we propose using subwavelength structures
to achieve tapering functionalities. To this end, we designed a metamaterial structure that enables the
modulation of the refractive index necessary to either expand or focus a beam of light. Furthermore, we
simulated the metamaterial structure through adequate numerical methods and the expanding, and
focusing performances were analyzed in terms of efficiency and mode profile matching. We achieved
over 43% and 48% for the integral overlap with the transverse magnetic fundamental mode for the
focusing and expanding configurations, respectively, out of 49% and 51% of power transferred.
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1. Introduction

Photonic integrated circuits usually require a structure to adapt the existing cross-section mismatch in
waveguides of different dimensions. One such case is the vertical coupling of light between an optical
fiber and a photonic integrated chip. For the outcoupling, the electromagnetic (EM) beam of energy
diffracted by a resonant waveguide grating propagates in free space and toward a single-mode optical
fiber, where it couples with its fundamental mode. For the incoupling, the beam of light coming from the
optical fiber is diffracted by the resonant waveguide grating and couples with its fundamental mode.
Either way, the grating structure must be wide enough to ensure efficient coupling with the mode of the
optical fiber. Typical core widths are approximately 10 and 5 um for single-mode optical fibers operating
in the near infrared and visible wavelengths, respectively. Thus, these grating structures must be wider
than the corresponding core width to couple the fundamental mode of the resonant waveguide grating
with the lowest order mode of the optical fiber. Furthermore, the optical interconnects linking operational
structures within the photonic integrated circuit are usually single-mode waveguides, 400-500 nm wide.
So, a spot-size conversion is necessary between the mode profiles of the single-mode waveguide and the
resonant waveguide grating.

Over the last two decades, a less conventional type of cross-section mismatch adapter has been reported —
the denominated non-adiabatic taper. Examples of such structures were reported by Spuhler [1] and
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Luyssaert [2] who, by exploiting the developments in genetic algorithms, announced highly efficient and
compact non-adiabatic taper waveguides. Zhang [3] and Liu [4] used a similar strategy to design their
compact tapers. The former exploited the effective medium theory to place a row of inclusions of a
different material in a linear taper waveguide and numerically demonstrated the contraction of the EM
beam within a short distance. The latter, again by placing inclusions along the sides and in the core of the
propagating structure, obtained a compact staircase-like taper and a rectangular metamaterial waveguide
with perturbations of the core refractive index at locations calculated by an evolutionary algorithm.
Finally, Huang [5] explored the graded index (GRIN) concept by designing a structure consisting of
several layers of alternating materials of different thicknesses, creating a material with a parabolic
refractive index profile along the height of the structure. Our proposed line of action considers a similar
approach, only creating a specific refractive index profile over the width of the structure instead of along
its thickness.

The GRIN acronym is used to describe an inhomogeneous medium where the refractive index varies from
one point to the next. There are three basic types of inhomogeneous media [6]:

o axial GRIN, where the refractive index varies along the optical axis of the medium;

o radial GRIN, where the refractive index varies from the optical axis to the edges of the structure;

e spherical GRIN, which may be thought of as a symmetric index around a point, resulting in
concentric spheres of constant refractive index.

In a GRIN material, the optical rays follow a curved path which, by proper selection of the refractive
index, may have the same effect on light rays as a lens or a prism. Research regarding the use of GRIN
media for optical applications in the macroscopic world has been conducted for many years now, with
Maxwell one of the first scientists to examine it using his own fisheye lens [7], which consisted of a
spherical gradient medium able to focus, at the conjugate points relative to its center, rays of light
emanating from points within or at the surface of the lens. In this work, the proposed structure consists of
a GRIN waveguide wherein the refractive index varies only along the X-axis. This simpler GRIN
structure has been accomplished by engineering a metamaterial region in the wider section waveguide
(Fig. 1). The intended variation of the refractive index was obtained by embedding a lattice of SiO,
cylinders in the SisN, core waveguide. As such, the resulting effective refractive index of the
metamaterial is controlled through the radius of its cylindrical inclusions. This enabled the creation of a
waveguide with a discrete Gaussian modulated distribution of the refractive index along the X-axis,
similar to that previously developed [5], only with the variation of the refractive index along the width
instead of the height of the core waveguide.

The object of interest of our research is shown as a 3D representation (Fig. 1). Although there are two
objects represented, Fig. 1a and b refer to the same structure, where one is the rotated image of the other.
The former shows the structure configuration to perform the focusing functionality over the propagating
light beam and the latter the expanding one. In both structures the input field is symbolized by the orange
rectangles and the detecting monitors are represented by the green objects. This is a SizN4 structure
(brown objects) surrounded by SiO, (light blue object). The darker blueish region results from the
cylindrical inclusions of different radii embedded in the core waveguide. These inclusions are disposed in
a hexagonal lattice, enabling the structure to perform as a spot-size converter.
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Fig. 1. Spot-size converter where the green objects are the detecting monitors, the orange rectangle is the launch field and the
dark blueish region is the metamaterial section: (a) focusing and (b) expanding configurations.

2. Materials and methods

This work presents the results obtained by simulation of a metamaterial structure performing as a
focusing or expanding field waveguide for the transverse magnetic (TM) fundamental mode (the major
component of the electric field is along the Y-axis). This structure is designed to operate at the 650-nm
wavelength to comply with the PIX4life and PIXAPP pilot lines [8] under a multi-project wafer, and
targeting the somewhat recent interest of life sciences in photonic structures, driven mostly by biosensing
and biomedical applications [9-14]. The simulations are conducted in the software platform RSoft [15],
making use of the packages implementing the beam propagation method (BPM) and the finite-difference
time domain (FDTD) algorithm. To perform as a field expander, the involved structures are required to
operate the lateral expansion of the propagating mode fields between two waveguides of different cross-
sections, within the shortest possible length. To accomplish this, we start by generating a generic
Gaussian function with distribution as represented in Fig. 2a. Next, we design a SizsN, rectangular
waveguide 12.35-um wide and 150-nm thick, surrounded by air, and with a refractive index modulated by
the generated Gaussian distribution. The resulting refractive index profile is presented in Fig. 2b.
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Fig. 2. Representation of the Gaussian modulated refractive index: (a) colormap representation of the Gaussian function (color
bar represents the normalized value) and (b) Gaussian distribution of the refractive index of a SizN, waveguide surrounded by air.

The proposed spot-size conversion functionality is based on the same principle that governs macroscopic
optical lenses. By creating dissimilar optical paths for the wave fronts associated with rays of a beam of
EM energy, it is possible to create diverging or converging beams of energy. A structure designed to
converge wave fronts should be able to cancel out the natural divergence verified in a propagating mode
when it crosses an interface to a wider section. Previous assumptions and the research developed by
Safaai-jazi [16] have led to our work involving the GRIN waveguide. Although Safaai-jazi’s work is
based on a ray analysis, he was able to demonstrate that ray paths may be described by modulated
sinusoidal functions, decreasing in period and amplitude, and with a gradual concentration of power from
the larger to the smaller areas, while propagating through a GRIN medium.

So, we initiated this work by considering a rectangular cuboid waveguide with a refractive index profile
modulated to enable field expanding capabilities over a beam of EM energy. For the proof of concept of
our proposal, we start by designing a structure consisting of a wider than thick SisN, input waveguide (1
pm x 0.15 um), followed by a much wider cross-section waveguide (12.35 pm x 0.15 um). The latter
section is designed such that, right after the input waveguide and up to a given length, there is a region
where the refractive index is modulated by the Gaussian function of Fig. 2a. Then, this structure is
terminated by a SisN, waveguide with the same cross-section as the previous region, and the whole
structure is surrounded by a SiO, medium. At the top, the refractive index distribution of the designed
structure and, at the bottom, a cut plane of the refractive index profile at Z = 20 um are shown in Fig. 3a.
The next step consists of dividing the region where the refractive index is modulated by the Gaussian
function into 51 slots of equal width (237.5 nm), and setting each slot with the corresponding value of the
refractive index. This is presented in the upper part of Fig. 3b, and the bottom part shows a cut plane of
the designed refractive index profile at Z = 20 pm.
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Fig. 3. Refractive index profiles (color bars refer to maximum and minimum values): (a) Gaussian distribution profile embedded
in the Si;N, waveguide and (b) Gaussian profile discretized over 51 slots.

To independently engineer the refractive indices of each of the 51 slots, a metamaterial is used. The
effective refractive index of each slot may be engineered by a hexagonal lattice of subwavelength
cylindrical inclusions of a different material embedded in the medium of the slot. Moreover, the effective
refractive index of each slot depends on the filling factor of the cylindrical inclusions, which can be
calculated based on the effective medium approximation using Eq. (1) [17]:

2 2
_ (ngore + nhole)(ngore - neff)

(ngore - nizlole)(ngore + ngff)

M)

where f is the filling factor, n.,.. is the refractive index of the core waveguide, n,,;. is the refractive
index of the cylindrical inclusions, and n.f is the effective refractive index. Furthermore, when
considering a hexagonal lattice inscribed in a slab segment of width d,, and with a lattice constant of
a= 2/3 d,, the diameter D of the cylindrical inclusions is given by Eq. (2):

D =d, /%f = 0.70005d/f. )



Our simulation platform [15] offers the possibility of generating dynamically-sized arrays with a given
lattice, width, and length. Using Egs (1) and (2) allows engineering a metamaterial with a hexagonal
lattice structure for each of the discretized slots. The resulting structure is 13.85-um wide and 24-um long
(Fig. 4, insets show details of cylindrical inclusions of the hexagonal lattice). The final width and length
of the structure are found through simulations where these parameters are iterated and the optimal values
selected. The radius of the inclusions varies in a way to implement the modulation of the refractive index
profile along the width of the structure. This modulation enables control of the beam divergence,
transforming the propagating fields in a collimated wave with the phase front confined within the
boundaries of the waveguide and presenting a profile that matches well with the fundamental mode.

1 )

Fig. 4. Implemented hexagonal lattice in the waveguide (green and orange objects are field monitors and input field,
respectively). The insets show details of the hexagonal lattice structure and of the cylindrical inclusions (brown plane with the red
fixture symbolizes the incoming wave front).

3. Simulations and results

The structure in Fig. 3b is simulated with the BPM to evaluate the spot-size conversion capabilities.
Although we conduct 3D full-vectorial BPM simulations, the solution for the propagating fields provided
by this method does not consider reflections. In fact, we could account for reflections if using FDTD to
simulate and obtain the fields near the geometric interfaces, and then propagating these fields back and
forth with BPM. For the evaluation of the spot-size conversion functionality and because the final
simulations will be conducted with the FDTD algorithm, the BPM is sufficient. The results obtained in
this simulation show the spot-size conversion functionality (Fig. 5) and we can also verify that the field
profile of the propagating mode is preserved throughout the propagation path. The relevant simulation
parameters are as follow:

o Simulation type: 3D full-vectorial BPM;

e Polarization: TM;

e Input field: fundamental mode;

¢ Input waveguide (cross-section): 1 pm x 0.15 pum;

e Output waveguide (cross-section): 12.35 um x 0.15 ym;

o Gridsize (X, Y, 2): 0.01 um, 0.01 pm, 0.02 um (default values);
e GRIN profile length: 17.6 um.
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Fig. 5. Wavefront converging capability: (left) TM, propagation in the X-Z plane and (right) electric field collected at the end of
the structure.

Previous simulation agree with our proposed functionality — a discretized GRIN profile may be used to
converge wavefronts, similarly to the operation of macroscopic lenses. In photonics, this functionality is
usually performed by taper waveguides, but these are long structures of several hundreds of micrometers.
Remarkably, the length of the metamaterial planar waveguide in previous BPM simulation is less than 20
pum. We further investigate and confirm this behavior using a set of simulations implementing the FDTD
algorithm. This algorithm returns the exact field solutions by solving Maxwell’s equations with no
approximations. All discrete refractive index slots in previous structures are replaced by the
corresponding metamaterial segment (a dynamic array of cylindrical inclusions generated with our
software platform) and the simulation is executed with the following relevant parameters:

e Simulation type: 3D FDTD;

e Polarization: TM;

e Input field: fundamental mode;

e Input waveguide (cross-section): 1 um x 0.15 um;

e QOutput waveguide (cross-section): 13.85 um x 0.15 um;

o Gridsize (X, Y, 2): 0.01 um, 0.1/0.01 um (non-uniform grid), 0.01 um;

e GRIN profile length: 24 pum;

e Boundary conditions (min/max): X(Symmetric/PML), Y(PML/PML), Z(PML/PML).

Evolution of the electric field while it propagates throughout the structure is shown in Fig. 6c. It is
evident the transformation operates by the metamaterial structure over the propagating wave front,
approximating it to a collimated beam delimited by the boundaries of the waveguide. Furthermore, we
show the monitored quantities at locations of interest (Fig. 6a), i.e. the overlap integral of the propagating
field with the TMy mode, and the reflected, transmitted, and input powers. The electric field profile of E,
obtained at the end of the GRIN region is shown in Fig. 6b. The relevant metrics for Fig. 6 follow:

e  Only approximately 53.4% of the power present in the launch field is coupled into the structure
(light blue line in Fig. 6a);

e  Over 51.8% of the propagated power reaches the end detector (red line in Fig. 6a);

e  Overlap integral of the propagated fields with the fundamental mode of the waveguide (TMy)
achieves over 48.1% (blue line in Fig. 6a);
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Just over 2.3% of reflected power is detected (green line in Fig. 6a).
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Fig. 6. Field propagation along the structure: (a) propagation parameters monitored — integral overlap with TMO (blue line),
reflected power detected at Z = 0.5 um (green line), transmitted power at Z = 27.6 pm (ForwardOut — red line), and input power
at Z = 2.5 um (ForwardIn — light blue line); (b) transverse profile of Ey monitored at the end of the GRIN region (Z = 27.6 pm);
and (c) Ey propagation showing gradual cancellation of the beam’s divergence (color bar refers to instantaneous field amplitude
invm™).

Next, we further investigate the possibility of this structure being able to operate the opposite way, i.e.
instead of expanding the field, being able to focus the EM fields propagating from a wide into a narrower
waveguide. To this end, we rotate the whole structure 180°, rearrange the locations of all detecting
monitors, use the fundamental mode (still TM,) of the wider waveguide as the input field, and the
simulation is carried out with the same relevant parameters as before. The results are presented in Fig. 7,
and the relevant metrics follow:

e  Only approximately 49.5% of the power present in the launch field is coupled into the structure
(green line in Fig. 73);

e Just below 45.6% of the propagated power reaches the end detector (red line in Fig. 7a);

e Overlap integral of the propagated fields with the fundamental mode of the waveguide (TMy)
achieves just over 43.6% (blue line in Fig. 7a);

e  Less than 2.4% of reflected power is detected (green line in Fig. 7a).
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Fig. 7. Propagation of fields along the structure: (a) propagation parameters monitored — integral overlap with TMg at Z = 29.1
pum (blue line), transmitted power at Z = 29.1 um (ForwardNarrow — red line), and input power at Z = 2.5 um (ForwardWide —
green line); (b) transverse profile of Ey monitored in the narrower waveguide (Z = 29.1 um); and (c) Ey propagation showing
gradual focusing of the EM beam (color bar refers to instantaneous field amplitude in Vm™).

4. Discussion
In this work, we design and simulate a structure that uses a metamaterial to operate as a beam expander or
concentrator. To accomplish this, cylindrical inclusions of a lower refractive index material are embedded
in a rectangular cuboid waveguide. These are subwavelength inclusions in a hexagonal lattice, hence the
intended refractive index may be obtained by the effective medium approximation for a given inclusion
radius. By embedding cylindrical inclusions with varying radii in a hexagonal lattice, we can control the
refractive index of the structure along the X-axis and modulate it with a Gaussian profile.

The results in our FDTD simulations are quite promising. Not only do we observe expansion of the TM
fundamental mode, but the focusing functionality is also verified if the structure operates in the opposite
way. In both functionalities we can achieve over 49% of power transferred into the end waveguide, an
integral overlap with the TM fundamental mode of over 43% and less than 2.4% of reflected power. A
note worth of mentioning, although outside the scope of this work, is the difference in power amplitude
verified between the launch and the propagating fields in the beginning of the simulation — one should
observe that these simulations consider as input an electric field polarized along the Y-axis to excite the
fundamental mode of the structure, while there is a geometric constraint (the thickness of the waveguide)
on the same axis. This excites a stationary wave (TMy) that results from two interfering waves, each
bouncing off either the top or the lower walls of the waveguide, and as a result the power amplitude is
verified in our simulations (approximately 3 dB lower than the launch field, in this case). As such, we



demonstrate the structure’s capability to excite the TMy mode and also obtain the propagation results
through simulation. Finally, we present in Table 1 a summary of the relevant parameters and the
corresponding results, collected in the simulations of both functionalities.

Table 1 Results and relevant parameters for the GRIN planar waveguide.

Power | Overlap | Backward | Taper | Taper
transfer | integral power length | width
Flelds 1 5183 | 04818 00231 | 24pm | O
expansion pum
Fiel .
e c.ls 0.4954 0.4366 0.0237 24 um R
focusing pm

Further work will consist of investigating the applicability of these structures in different wavelength
ranges and the TE polarization, and the fabrication of a physical prototype to verify these simulation
results.
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Highlights

Proposed using subwavelength structures to achieve tapering functionalities

Designed metamaterial structure to modulate refractive index and expand or focus a light beam
Simulated metamaterial structure and analyzed expanding and focusing performance

For focusing and expanding configurations, over 43% and 48% for integral overlap with TM
fundamental mode, from 49% and 51% of power transferred





