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Abstract: The authors numerically analyse the performance of a mesoscopic photonic crystal (MPhC) waveguide that could be
exploited to develop a new class of routing elements and a cascadable circuitry taking advantage of the spatial and spectral
reconfigurability that this structure offers. The design of the MPhC was performed by means of the 3D plane wave expansion
method (3D-MPB code), while the MPhC waveguide has been analysed by a 3D-FDTD code. The numerical results show that
the MPhC waveguide exhibits minimal reflections at PhC input interfaces without either affecting the feasibility or the complexity
of the structure, high transmission, strong mesoscopic self-collimation and discrete translational invariance. Moreover, the
influence of the characteristics of the Gaussian source on the collimation phenomenon has been explored by considering

different values of the waist radius.

1 Introduction

Self-collimation (SC) phenomenon, i.e. the optical beam
propagation without distortion and lateral spreading inside a
structure, has become a powerful tool for different applications in
alternative to the typical confining mechanisms such as index
guiding and band-gap-guiding and routing. This phenomenon has
been proved in photonic crystals (PhCs) [1-3] and several 2D PhC
devices based on SC have been demonstrated both theoretically
and experimentally as, for example, waveguides [4], cloaking [5],
Mach—Zehnder interferometers [6], reconfigurable optical switch
[7], splitters [8], quantum walks [9], and encoder [10]. The
traditional PhC allows obtaining efficient SC only in highly
symmetric direction for the lattice and not in arbitrary directions.
For this reason, fixed key design parameters are required, allowing
for only few degrees of freedom and extreme difficulty to combine
in the same structure SC with other optical effects.

In this scenario, mesoscopic PhCs (MPhCs) have attracted the
interest of research as a possible alternative of the traditional PhCs
since they avoid SC limitations [11-13]. The MPhCs support the
mesoscopic  self-collimation (MSC) phenomenon to achieve
‘guideless’ waveguiding in linear media that can be reached by
engineering their angular anisotropy [14]. A MPhC is a 1D
periodic superstructure that can be realised by cascading slabs of
different materials showing opposite spatial dispersion, such as
traditional PhCs and slabs of bulk materials [15-17]. On the base
of the spatial dispersion engineering, for a given direction, MSC is
obtained when the focusing properties of the PhC slabs compensate
the natural defocusing of the bulk material slabs. The ‘guideless’
waveguiding paves the way for the conception of structures
showing discrete (vertical) translational invariance. In these
structures a coexistence of several physical effects can occur [18,
19] that can be exploited to design a full novel class of MSC based
devices, such as high sensitivity and Q-factor microcavities [20,
21], refractive index sensors [22] and optical tweezers [23, 24].

In this paper, we report on the analysis of a three- dimensional
MPhC waveguide, realised by cascading PhC layers and slabs of
bulk materials, considering different values of the Gaussian source
waist radius (i.e. wo=10a/2, 15a/2) in order to put in evidence the
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influence of the source on the collimation phenomenon. For the
optimised source waist radius w, equal to 15a/2, the MPhC
waveguide exhibits (i) minimal unwanted reflections at PhC input
interfaces without either affecting the feasibility or the complexity
of the structure, (ii) high transmission, (iii) strong MSC and (iv)
discrete translational invariance.

2 Design of MPhC waveguide

The MPhC waveguide is a periodic structure realised by cascading
traditional PhC layers and bulk material layers. Fig. 1 shows the
sketch of the MPhC waveguide.

The 3D waveguide is realised by a 270 nm-thick GaAs
membrane (ngaas = 3.4) fully surrounded by air. The mathematical
analysis is the 3D calculation of the geometry of the single anti-
reflection (AR) MPhC multilayer. To observe an AR behaviour of
the MPhC, the waveguide has to show both MSC and high
transmission at the same time. Therefore, the geometrical
parameters of the MPhC have to satisfy the system of algebraic (1),
reported in [15], where the first one represents the MSC condition
while the second and the third equations represent the AR
multilayer conditions:

d./n(u) + dpy/ny, =0
dyny = mAl4 = mal(4u) . €))
denerr(u) = pAl4 = pal(4u)

In these equations nep(u) is the PhC phase index, n.(«) is the PhC
curvature index, u is the normalised frequency (u=a/l), a is the
lattice constant of the PhC, d, is the length of the PhC slabs, d, is
the length of the bulk material slabs, n is the bulk membrane
effective refractive index, and (m,p) are integers.

Fig. 2 shows the map of the isofrequential curves (IFCs) of the
3D-unitary cell of a square-lattice PhC characterised by a hole
radius »=0.28 X ¢ and a lattice constant =360 nm for the first TE
band, obtained by means of the plane wave expansion method (3D-
MPB). The black line corresponds to the IFC showing a null
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Fig. 1 (Top) Sketch of the MPhC 3D waveguide. (Bottom) The unitary cell
of the MPhC
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Fig. 2 [FCs-diagram of the 3D PhC unitary cell: the band diagram
projected on the k-plane. The thick black curve represents the zero-
curvature locus, that corresponds to the PhC self-collimation frequency

curvature. The black line, showing a flat region, corresponds to the
PhC SC frequency.

Fig. 3 shows (a) the effective refractive index neg and (b)
curvature index n., evaluated by the map of IFCs of the 3D unitary
cell of a square-lattice PhC along the T'M-direction, as a function of
the normalised frequency u, calculated for the first TE band.

The evaluation of n.g(u) and nc(u) allows to determine the
triplets (dy, d., u) that satisfy the equation system (1).

Fig. 4 shows the set of retrieved solutions (dy, d¢, u) of the
equation system (1), obtained by minimising the overall error of
the integer approximation for m and p. The green and red triangles
represent the AR (both m and p even) and the high-reflection (HR)
solutions (both m and p odd), respectively. The thick green circle
highlights the AR mesoscopic PhC geometry fixed to design the
MPhC waveguide.

The threshold and the frequency resolution are set equal to 0.05
and 1 x 1077, respectively. The mathematical analysis, i.e. the 3D
calculation of the geometry of the single AR MPhC multilayer,
ends once Fig. 4 is obtained. Fig. 4 allows retrieving the optimal
geometry for the design of the MPhC waveguide that is based on
an AR solution.
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Fig. 3 Indexes
(a) Effective refractive index neff, (b) Curvature index nc, as a function of the

normalised frequency u, calculated for the first TE band of the 3D unitary cell of a
square-lattice PhC
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Fig. 4 Set of retrieved solutions of equation system (1), considering the 3D
PhC unitary cell

In particular, we fixed Nyow =35 and, thus, the mesoperiod is
obtained by interleaving focusing slab, constituted by five rows of
holes of a 45°-tilted hole-type square-lattice PhC (having an overall
width d.=3.536 x a), and defocusing slab, constituted by GaAs
material having width d,=3.1048 xa. The periodic structure,

having a period 2 x a, has a length equal to 40 um along the y-
direction (equivalent to 172 PhC hole rows). The waveguide is 13-
mesoperiod-long along the x-direction.

The analysis of the MPhC waveguide was performed by means
of 3D-FDTD calculation (Lumerical FDTD Solutions). Perfectly
matched layers were imposed at the boundaries of the 3D
computational cell. The structure was excited by injecting a
Gaussian source (1370 nm<A<1670 nm) having a spatial
distribution matching that of the fundamental TE mode (with the x-
component of the electric field E,=0) of the membrane (at A=
1520 nm). Different values of the Gaussian source waist radius (i.e.
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Fig. 5 Transmittance (T), reflectance (R), out-of-plane loss (Up) and
lateral loss (Lateral) spectra, considering the value of the source waist
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Fig. 6 Self-normalised Poynting vector at 1567 nm (linear scale),
considering the value of the source waist radius w, = 15a/2

w, = 10a/2, 15a/2) have been considered in order to put in evidence
the influence of the source on the collimation phenomenon.

3 Numerical results

Fig. 5 shows the transmittance (green curve) and reflectance (red
curve) spectra and the out-of-plane (black curve) and lateral losses
(purple curve).

The transmittance spectrum (Fig. 5) exhibits several peaks with
~66% transmission near the central source wavelength 1o=1520
nm (black dashed line). However, the optimal performance is
achieved for a wavelength 1;=1567 nm with ~85% transmission
(black dashed line) (~15% smaller than the corresponding 2D-
FDTD one reported in [15]), slightly above 4.

A mini bandgap opens around 4= 1545 nm, corresponding to
the dip appearing in Fig. 5. This is due to the overall mesoscopic-
periodicity and shows a low transmission of ~5% (~18% smaller
than the corresponding 2D-FDTD one) with a slight refocusing of
the beam.

When the source waist radius w,, is assumed equal to 10a/2, the
transmittance spectrum exhibits several peaks with ~62%
transmission near the 4y and the optimal performance is achieved
for a wavelength A; = 1587 nm with ~83% transmission.

As for the case w,=15a/2, also in this last case a mini bandgap
opens around 4= 1545 nm showing a transmission of ~5% with a
slight refocusing of the beam.

In order to investigate the MSC (Figs. 6 and 7) and the
influence of the out-of-plane loss (Fig. 8), the total Poynting vector
was evaluated.

Fig. 6 depicts the self-normalised Poynting vector at 1567 nm
(linear scale) in xy-plane, when the source waist radius is w,=
15a/2. The MPhC waveguide shows a negligible reflection at the
input interface (x=—15.78 um) when the optimised wavelength 4,
= 1567 nm is considered. At the same time, a collimated beam over
the whole structure is clearly observable. When the source waist
radius w, is decreased down to 10a/2 (Fig. 7), the AR MPhC
waveguide, at the optimised wavelength A; =1587 nm, does not
show a good collimation.

Fig. 8 shows the self-normalised Poynting vector at 1567 nm in
logarithmic scale in the xz-plane when w,=15a/2 that puts in
evidence the out-of-plane losses (12%). When the source waist
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Fig. 7 Self-normalised Poynting vector at 1587 nm (logarithmic scale),
considering the value of the source waist radius w, = 10a/2
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Fig. 8 Self-normalised Poynting vector at 1567 nm (logarithmic scale),
considering the value of the source waist radius w, = 15a/2

radius w, is equal to 10a/2, the out-of-plane loss (evaluated at the
wavelength 4; = 1587 nm) is slightly up to ~14%.

4 Conclusion

We analysed a 3D MPhC waveguide in GaAs considering different
values of the Gaussian source waist radius (i.e. w, = 10a/2, 15a/2)
in order to put in evidence the influence of the source on the
collimation phenomenon. For the optimised source waist radius w,,
equal to 15a/2, the MPhC waveguide exhibits minimal unwanted
reflections at PhC input interfaces without either affecting the
feasibility or the complexity of the structure, high transmission,
strong MSC and discrete translational invariance.

This study opens the way for the realisation of a brand-new
class of routing elements that can be combined together taking
advantage of the spatial and spectral reconfigurability that these
MSC-based building blocks offer. The simulated MPhC 3D
waveguide could be fabricated, exploiting the MPhC cavity
fabrication protocol reported in [21].
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