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Abstract Subwavelength waveguide gratings (SWG)
are locally periodic structures with parameters that may
vary slowly on the scale of a wavelength. Here the
implementation of a Liineburg lens as a SWG to provide
Fourier optics on a chip and the design of the adiabatic
structures that must be provided to interface SWG
structures to conventional waveguides are considered.
Preliminary findings are reported on the dispersion
engineering of multimode interference couples towards
the ideal port phase relations needed in coherent
applications.

1 Introduction

There is considerable interest in the field of optical com-
munications in the integration of devices using a silicon-
based materials platform to decrease component footprint
and cost. Immense advances have been made, all the basic
functions needed having been demonstrated. Nevertheless,
there remain technical and economic roadblocks to wide-
spread adoption of the technology. A fundamental diffi-
culty is that silicon is not suitable for light emission or, to a
lesser extent, modulation. Si photonics has therefore been
primarily restricted to the integration of passive functions.
Active functions are provided by discrete devices such as
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off-chip lasers based on InP and separately packaged
LiNbO; modulator circuits. Even then there remains a
formidable challenge to the efficient transfer of light
energy between the different waveguide technologies that
must be interfaced.

Rapid and continuous progress in nanofabrication means
that electromagnetic materials can now be engineered at a
subwavelength scale. A recent breakthrough is to use
subwavelength structures to tailor the refractive index and
dispersion properties of integrated components. This has
been applied with great success in a wide variety of
applications of silicon photonics to radically reduce cou-
pling loss, excess insertion loss and crosstalk and to dra-
matically increase the operational bandwidth of
components [1].

Fortunately, it is now practical to engineer the optical
properties of structures on a chip by subwavelength pat-
terning in a single etch step of binary nanocomposite
material with a feature size that is not limited to expensive
high-resolution techniques such as electron-beam lithog-
raphy. This offers fabrication processes amenable to the
economics of mass manufacture.

Our work focuses on subwavelength waveguide gratings
(SWGQG) that are periodic on the scale of a subwavelength
lattice with parameters that vary on a scale larger than a
wavelength. In Sect. 2, the SWG structure, the design and
verification challenges and the principles of homogenisa-
tion are discussed. In Sect. 3 results of simulations of
graded SWG structures are presented and a Mach—Zehnder
interferometer structure for the measurement of the effec-
tive refractive index of SWG is introduced. Section 4
provides a brief discussion on the use of SWG to control
spatial dispersion in the context of approaching an ideal
multimode interference couplers, and Sect. 5 draws some
conclusions.
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2 Homogenisation

In photonic crystal structures a waveguide is typically
created by introducing a line defect. At an operating fre-
quency within the bandgap, guiding may occur due to the
mirror-like effect of the lattice surrounding the defect. At
an operating frequency outside the bandgap, guiding may
occur when the effective index of the lattice is lowered
from that of the line defect (e.g. by hole inclusions).
Subwavelength waveguide gratings are a subcategory of
photonic crystal structure that operate at frequencies below
the bandgap and require no surrounding lattice to guide.
The fundamental wave-guiding principle is the propagation
of the Floquet—-Bloch modes of the SWG. Silicon SWG
crossings and photonic wires have been demonstrated that
have experimentally measured losses of —0.07 dB per
crossing and 3.1 dB cm™', respectively [2], which is
astonishing given that the light passes through 60,000
interfaces every centimetre.

The combination of subwavelength scale nanostructures
with overall component dimensions measured in hundreds
of wavelengths creates computational problems of massive
scale as the current tools require computational meshes that
are sufficiently fine to adequately sample the nanostructure.
Available tools rapidly run out of resources, or produce
results that cannot be trusted. The absence of a reliable
means to model and simulate large-scale nanostructures is
a major roadblock to advances in nanophotonics. Current
tools for component simulation require subwavelength
computational meshes that can only be applied to nanos-
tructured regions a few wavelengths in extent. Modelling at
larger scales requires an abstraction of the properties of the
nanostructure, which summarises its properties pertinent to
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Fig. 1 Equi-frequency contours of the band surface displayed on the
wave vector plane
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the larger scale and smooths over the detail at the smaller
scale. This abstraction is known as homogenisation.
Investigation of the behaviour of the mode and effective
mode index with respect to fill factor of the patterned
structure outside parameter regions where simple effective
material theory applies is the motivation for the study
reported in this paper.

There is a vast literature on homogenisation. Its classic
roots are the Clausius—Mossotti equation [3] that links the
electrodynamics of continuous media to their atomic struc-
ture and the mixture formulae of Maxwell Garnet [4] for the
constitutive parameters of composite materials. Early studies
applied long-wavelength  asymptotic — approximations
because all but simple problems, such as the 1D lamellar
structure analysed by Rytov [5], are intractable theoretically.
A resurgence of interest in homogenisation can be traced to
Prof. Sir John Pendry’s corpus of work on negative refrac-
tive index materials, first postulated by Veselago [6]; and to
an influential paper by Smith and Pendry [7] in which they
pointed out that the electromagnetic fields in a unit cell of a
photonic crystal may be calculated advantageously by
commercial tools; albeit, there remains additional coding to
complete the homogenisation. The method of Smith and
Pendry has been shown to be flawed in certain circum-
stances [8], but that of Pérez-Huerta et al. [9], which draws
on early work by Mochan and Barrera [10], and Mochan
et al. [11] is compelling.

In the case of periodic dielectric structures, one may use
a (commercially available) band solver to find the homo-
genised parameters for internal Bloch modes that describe
light well away from the surface of a finite-sized photonic
crystal where the translation symmetry is broken. The
Bloch mode expansion must be completed by evanescent
Bloch modes, i.e. modes with a complex Bloch wave
vector, which represent waves bound to the surface [12].
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Fig. 2 3D unit cell analysis and the band diagram
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Fig. 3 A FDTD simulation of an incident plane wave focused by a
planar graded metamaterial lens. The local structure of the Bloch
wave as a product of a periodic function with the same period as the
lattice and a Bloch phase factor describing the phase advance across
unit cells is clearly visible
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Fig. 4 A metamaterial Liineburg lens with a diameter of 15 pum; with
the rod diameters varying from 151 nm on the rim to 202 nm in the
centre placed on a hexagonal lattice with lattice constant of 250 nm.
The effective refractive index on the rim was set to 1.4, which leads to
an effective index at the centre of the lens of 1.98. The calibration
used was appropriate to 2D FDTD simulation

Commercial band solvers assume a material of infinite
extent; consequently, resort must be made to general pur-
pose finite element method (FEM) or finite-difference
time-domain (FDTD) solvers with additional programming
effort. For a slab, one must match a Rayleigh plane wave
expansion in the exterior domain to a Bloch plane wave
expansion in the interior domain. The transverse compo-
nent of the exterior plane wave and internal Bloch wave
vector must match by field continuity considerations. This
justifies the use of the effective index of the Bloch mode as
the homogenised index. It also suggests that the correct
method of smoothing the field is to set the amplitude of
spatial frequencies outside the first Brillouin zone to zero.
A plane wave expansion approach similar to that used in
band solvers can then be used to solve for the averaged
fields to find material constitutive parameters. The result is
essentially exact: the full band structure accessible by an
exterior wave may also be reconstructed from the homo-
genised parameters.

Graded structures may be described by introducing two
spatial scales: a ‘slow’ base-space coordinate pertinent to
the variation of the nanostructure parameters (e.g. atom
size, lattice ‘constant’) and a ‘fast’ tangent space coordi-
nate pertinent to a periodic extension of the local nanos-
tructure. The hope is that the structure in the
neighbourhood of the base-space position is well approxi-
mated by the periodic extension of the nanostructure at that
position. This is an asymptotic approximation that we have
applied with success in numerical experiments on the
metamaterial Liineburg lens [13]. A similar approach to
grading but relying on the less precise Maxwell-Garnett
effective index formulae is described in [14].

3 Simulation results

An interest in Fourier optics on a chip [13] provided our
starting point: the implementation of a planar Liineburg lens as
a slowly varying photonic crystal slab waveguide (or ‘meta-
material’). A hexagonal lattice was chosen as this offered a
band structure with circular equi-frequency contours in the
long-wavelength operational limit, shown in Fig. 1.

Fig. 5 MZI structure with one arm patterned structure and the other arm silicon
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Fig. 6 An enlargement of the
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Fig. 7 SEM of two arms of MZI at the central section, holes with
constant diameters

The local index was found by two methods. In the first
method, a band solver was used to predict the homogenised
index of a Bloch mode in a two-dimensional photonic
crystal of infinite extent. This homogenised index was then
used as the core index in an orthodox model of an asym-
metric slab waveguide to predict the effective index of the
mode bound to the slab.

In the second approach, a 3D unit cell is defined by
periodically replicating, in the direction normal to the
plane, the waveguide structure containing a single 2D unit
cell in the plane. The out-of-plane period is chosen large
enough that the waveguide fields are negligible at the
upper and lower end faces of the unit cell. A 3D band

solver is then used to directly determine the effective
index of the fundamental mode of the patterned slab
waveguide structure. A representative 3D unit cell is
shown in Fig. 2, consisting of three layers of air, meta-
material and silica.

The assumption of an infinite number of replications of
the 3D unit cell normal to the plan of the slab is an
approximation given that the slab is only one unit cell
thick, which causes a small error in the field due to the
periodicity assumption. Hence, the 3D band structure sol-
ver for a 2D periodic medium can give an accurate value of
the effective index of the metamaterial, but is computa-
tionally more demanding.

Remarkably, the two methods agree very closely [13].
This indicates first that the evanescent fields generated at
the upper and lower boundaries of the core do not signif-
icantly tunnel across the core despite its small thickness of
300 nm and second that the field continuity conditions at
the core boundaries differ little from that for continuous
media despite the patterning of the core.

To fully exploit the flexibility offered by subwavelength
grating structures they need to be integrated and intercon-
nected by conventional waveguides. In the case of the
Liineburg lens, it is fortunate that the structure naturally
features an adiabatic transition from the exterior domain at
the rim to the interior structure of the lens [13]. The lens
can be made in two ways: using either air holes in silicon
layer or silicon rods in air. Figure 3 shows an example of
subwavelength structure implementation of a planar
Liineburg lens, using air holes in the silicon layer. Figure 4

Fig. 8 FimmProp simulation of K A=IE]
a MZI structure with upper arm - W e (A CE: B B OX DA B A g6 =

E 5 [o wn] [Re_ P 2 ® ® s & 70 ® % 1 10 @ 1% @0 1% 150 1M 180 10 20 20 20 20 20 70 20 20 ) 20 0 30 0 30 zwm]
containing homogenised SWG = L

waveguide and the lower arm
containing standard silicon
waveguides
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Intensity vs. Wavelength
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Fig. 9 MZI output intensity against wavelength for a SWG test
structure of the length 20 um (red) illustrating the spectral fringes due
to the optical path imbalance introduced by the SWG section. Also
shown is the output intensity of an empty MZI (back-to-back MMIs)
(blue) which follows the envelope of the spectral fringes

shows the metamaterial lens structure using silicon rods in
air. The structure of air holes in the silicon layer is pre-
ferred in this study because it offers a wider range of
homogenised index compared to silicon rods in air.

In general, however, it is necessary to provide adiabatic
structures that not only adapt waveguide dimensions but
also adapt the homogenised index. Figure 5 shows an
example of a Mach—Zehnder interferometer with a length
of subwavelength grating waveguides within their arms
adapted to standard silicon waveguides by adiabatic tapers.
The SWG is interfaced to standard silicon waveguides first
by an adiabatic taper with varying width and constant
refractive index and then by an adiabatic taper of constant
width but varying homogenised index. The lower arm
contains standard silicon waveguide identical in the length
with the upper arm, and includes the geometrical tapers and
a solid central section. The homogenized index tapers are

omitted. The imbalance between the arms will allow the
experimental measurement of the homogenised index.

Figure 6 shows an enlargement of the arm showing the
detail of the homogenised refractive index taper, while the
diameter of the air holes is increasing from left to right.
Figure 7 shows the first SEM released of the two arms of
MZI at the central section where the diameter of holes is
constant.

These structures are an example of a case where a
nanoscale simulation over the full device, say using FDTD,
is not reliable. Rather, we have relied on simulation of the
homogenised structures using FimmProp as shown in
Fig. 8, together with the calibration procedure described
for the Liineburg lens.

The experimental confirmation of the validity or other-
wise of the calibration approach awaits the Liineburg lens
and MZI structures to come out of fabrication.

Figure 9 shows the intensity at the output port of the
MZI with wavelength scanned from 1.45 to 1.65 pm for a
SWG test structure (shown in Fig. 8) of length 20 pum (red)
which illustrates the spectral fringes due to the optical path
length imbalance introduced by the test section. These
fringes provide a measurement of the homogenised
refractive index. Also shown is the output intensity of an
empty MZI (back-to-back MMIs, shown in Fig. 10) (blue)
which follows the envelope of the spectral fringes.

4 Discussion

Now that coherent transmission is so well entrenched, extra
care is required to control the phase in addition to the
amplitude of light propagating in photonic integrated cir-
cuits. The phase relationship between the ports of splitters
and couplers is particularly important in applications to
microwave frequency multiplication, advanced I-Q mod-
ulation, optical hybrids for coherent receivers and more

Fig. 10 Back-to-back MMIs to I FIMMPROP Device: MIMI Cascade simulation ] 2| -lo/x|
obtain the envelope of the Image Edt View Utls Window :
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[15-20]. In particular, this leads to the search for a perfect
multimode interference (MMI) coupler in which sub-
wavelength waveguide gratings are used to engineer the
dispersion and anisotropy of the MMI so that a practical
device provides close to the ideal (but normally approxi-
mate) self-imaging behaviour. To this end, a slab waveg-
uide patterned as a photonic crystal in one dimension is
being investigated. Very good agreement between the band
solver and the Kronig—Penney model has been obtained for
Bloch vectors in the plane of the slab and not just normal to
the grating structure. There is, however, a substantial dif-
ference between the mapping of the homogenised index to
the mode effective index via the asymmetric slab waveg-
uide model and the predictions of the band solver for a 3D
unit cell. Whether this is because of the difficulties in
ensuring that a commercial band solver finds the correct
band structure for this geometry or the assumptions
inherent in the indirect approach remain valid is the subject
of further investigation.

5 Conclusions

The continuing improvement in advanced lithography
techniques (such as immersion lithography, extreme-UV
lithography, nanostepping lithography) will enable accu-
rate, large-volume production of subwavelength structures
and devices. The use of SWG structures in integrated
photonics devices is thus likely to continue to expand,
enabling new functionalities and devices to be designed
and fabricated, and these SWG structures will become an
essential tool set in advanced photonic design libraries.
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