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Increasing Integration Density of Photonic Integrated
Circuits by Employing Optimized Dielectric
Metamaterial Structures

Andraz Debevc ™, Marko Topic¢

Abstract—All-dielectric metamaterial structures in the role of
the cladding of optical waveguides (WGs) in photonic integrated
circuits (PICs) are investigated and optimized by means of numer-
ical simulations to increase the integration density of PICs. First
the role of the refractive index (material platform) on the effects
of metamaterial cladding is studied. The results of a quantitative
analysis show that only material platforms with a high refractive
index contrast (such as existing Si or membrane InP platform) can
noticeably benefit from optimized metamaterial cladding in terms
of integration density. Furthermore, we perform a comprehensive
optimization of the geometry of metamaterial claddings in Si plat-
form to achieve the lowest possible gap width between cores of two
adjacent WGs, while keeping the cross-talk bellow the targeted
limit of —30 dB at the length of 2 mm. By doing this we can, for the
first time, explicitly show how much the integration density of a PIC
can be increased. We demonstrate that a metamaterial cladding
can, in best case, reduce the gap width by 60 % compared to Si WGs
with normal cladding in case of 450 nm wide core. The wavelength
dependence and sensitivity to fabrication variability are also stud-
ied, revealing a trade-off between the lowest possible integration
density and usable wavelength range. We show that a sizable
decrease in gap width at a wide usable wavelength range is possible,
demonstrating that waveguides with metamaterial cladding have
the potential to be utilized in future applications requiring a high
integration density of PICs.

Index Terms—All dielectric metamaterials, cross-talk,
integration density, photonic integrated circuits, silicon photonics.

1. INTRODUCTION

HOTONIC Integrated Circuits (PICs) can perform a large
P number of functionalities on a single chip. By scaling down
photonic components and connections the functionality of PICs
can be increased and packaging costs of single components
eliminated. Different material platforms to fabricate PICs have
been developed, such as InP [1], Si [2], SigNy [3], SiOy [4],
LiNbO3 [5], polymers [6] and others. Material platforms with
moderate to high refractive index contrast, among them Si-based
and membrane InP [7], enable denser integration of optical
waveguides (WGs) and other components with sub-micrometer
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dimensions at telecom wavelengths [8]. However, optical cross-
talk between waveguides is still one of the major factors limiting
the integration density of PICs [9]. In case of Si material a
minimal separation of at least one to multiple micrometers needs
to be enforced between waveguiding structures [9]. Considering
the typical width of a Si strip waveguide of 450 - 500 nm [10] we
can assume that on average at least two thirds of a typical PIC
needs to be void in order to keep cross-talk below the desired
limit. Various cross-talk mitigation techniques [9], [11], [12]
therefore get the attention of researchers.

All-dielectric metamaterials have been introduced as one of
the possible solutions to tackle the challenge of higher integra-
tion density [13], [14]. The subwavelength structures of meta-
materials offer control over refractive index of optical material
in different directions, opening up a new degree-of-freedom
to control light in the photonic integrated design [15]-[19].
A basic all-dielectric metamaterial structure consists of two
or more periodically exchanging dielectric materials with dif-
ferent refractive indices. Usually one dielectric material is the
same as the material of the WG core, whereas the other one
is the material of the surrounding medium. Due to advanced
fabrication techniques such as deep ultraviolet and e-beam
lithography that are used to fabricate PICs, metamaterials can
readily be integrated with PICs [20]. If the spatial period of
the metamaterial is significantly smaller than the wavelength
of light, the metamaterial acts as a uniform anisotropic material
with different refractive indices along different lateral directions
[21]. By adjusting the geometrical properties of the metamaterial
subwavelength structure and the axis of polarization and light
propagation we can achieve optical properties that would not
be possible with conventional optical structures. Metamateri-
als can, in general, assist standard integrated passive optical
components such as grating couplers [22], edge couplers [23],
directional couplers [24], polarization rotators and splitters [25],
waveguide bends [26] and many others in achieving wider band-
width, smaller footprint, decreased losses etc. In sensing appli-
cations metamaterials can significantly increase the sensitivity
of various sensor designs [27]. In many of these applications the
metamaterials are designed in such a way that the geometrical
features in the metamaterial structure are perpendicular to light
propagation. This can effectively increase the size of the propa-
gating optical mode. In contrast, if the features of metamaterial
are in parallel to light propagation, the potential to achieve a
higher confinement of the propagating mode in a waveguide
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can be utilized [28]-[30]. It has been demonstrated already that
a waveguide with a dielectric metamaterial at the sides can
exhibit a faster decay of evanescent field in the cladding region
of the waveguide compared to a conventional strip waveguide
[29], [31]. Adjacent waveguides with all dielectric metamaterial
cladding can therefore have a considerably smaller overlap of
evanescent fields compared to strip waveguides with a regular
non-structured cladding, effectively lowering the cross-talk [28].
By manipulating the geometrical parameters of the metamaterial
structure, the cross-talk can be further reduced, as studied in [9],
[12], [28], [32].

In this paper we perform a comprehensive numerical analysis
and optimization of integrated waveguide structures with all-
dielectric metamaterial cladding. While previous publications
[28], [32], [33] have been focused on Si platform only, we first
explore, by simulations, the potential of metamaterial claddings
in a broader scope of platforms and quantify the related ef-
fects. Based on the determination of coupling lengths between
WGs we give directions which existing or emerging material
platforms can benefit from metamaterial cladding. Further in-
vestigations and optimizations are then focused on Si material.
Previous studies of Si waveguides with metamaterial cladding
investigated the structures in terms of reducing the coupling
length of WGs [12], [28], [32], [33], which does not necessarily
lead to the highest integration density due to metamaterial
structure size (related to the period and number of ribs), as
well as the complex non-linear relations between geometrical
parameters and coupling length. We show in this paper the op-
timized geometry of metamaterial structures to assure minimal
separation between WGs for a certain cross-talk limit (30 dB at
the WG length of 2 mm). This limit is for example even a stricter
condition than suggested in [9]. This way we can explicitly
demonstrate how much integration density can be increased by
employing optimized metamaterial cladding. Potential radiation
losses are also discussed. Furthermore, the analysis is upgraded
with the study of wavelength dependency of the effects related
to metamaterial claddings. This is an important aspect of the
design since most applications of PICs require a reasonably wide
bandwidth. Moreover, we extend the numerical simulation study
to address and quantify effects of structure fabrication tolerances
on the performance of metamaterial claddings. While pioneering
studies [28] revealed the potential of metamaterial claddings to
reduce the cross-talk between WGs, our work builds on that
and provides an explicit insight into how much the integration
density of PICs can actually be increased demonstrating a feasi-
bility of this approach. Wavelength dependence and fabrication
tolerance studies presented in this paper in our opinion also
bring us a step further towards real applications of WGs with
metamaterial cladding.

II. THEORETICAL BACKGROUND AND METHODS

A. Structure Geometry

The analyzed system of two strip WGs with metamaterial
cladding, presenting the main structure, is symbolically depicted
in Fig. 1(a). The WG cores on top of a substrate stack (a general
platform) are surrounded with subwavelength ribs from the same
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Fig. 1. (a) An example of a system of two strip WGs with a metamaterial
cladding. (b) Partial cross-section of the structure with actual metamaterial
cladding with three ribs on both sides (top) and the EMT approximation of
the rib subwavelength structure (bottom).

material as the WG core, forming a metamaterial cladding. The
gap width W, between WG cores is in our cases adjusted
in such a way, that the cladding structure is symmetrical with
respect to both WGs and that the gap is perfectly periodically
filled with metamaterial rib structure. This means that the Wy,
consists of a given number, N, of periods, P (where one P
includes one rib and one corresponding spacing, see Fig. 1(b)
(top), plus an additional spacing just before the next core, see
Fig. 1(a)). The W, parameter will be used in our analysis as
an indicator of integration density (smaller W, directly means
higher integration density). In Fig. 1(b) (top) the cross-section
of a single WG core with metamaterial cladding is shown for
simplicity, presenting a part of the entire structure of Fig. 1(a).
Main geometrical parameters of metamaterial cladding are de-
fined in the figure: the period P, the width of a rib W,.;3, the fill
factor ff = W,;;, / P and the number of ribs N.

B. Theoretical Background

As mentioned, the metamaterial cladding exhibits anisotropy
in refractive index due to its subwavelength structure. In case
of a regular structure of the strip WG system the total inter-
nal reflection (TIR) condition at the interface of two isotropic
materials dictates that the refractive index of the incident (WG
core) medium needs to be higher than the refractive index of
the second medium (WG cladding). In case of the structure with
metamaterial cladding the second medium can be considered as
anisotropic, exhibiting a different refractive index in the direc-
tion perpendicular to the interface than in the direction parallel to
the interface. The TIR condition depends only on one component
of refractive index of the second medium —relaxed TIR condition
[30]. In case of TM-polarized light the refractive index of the
incident medium needs to be higher than the refractive index of
the second medium perpendicular to the interface and in case of
TE-polarized light the refractive index of the incident medium
needs to be higher than the refractive index of the second medium
in parallel to the interface. This means that for integrated strip
WGs with an anisotropic cladding, the TIR condition for TE-like
modes depends only on the perpendicular refractive index of
the cladding. The parallel component of refractive index of the
cladding can therefore be arbitrarily increased while maintaining
the TIR condition assuring that the mode remains guided in
the WG. As a consequence the evanescent fields extending into
the cladding are confined closer to WG core [29], [30], leading
to a smaller cross-talk. By optimizing the actual geometry of
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the metamaterial the cross-talk and consequently the distance
between two adjacent WGs can be reduced.

Linked to the cross-talk we will first focus on the coupling
length parameter, L, which is defined as the length at which all
the power from the excited WG couples to the adjacent WG.
Supermode method [34] is used to calculate the Lx from the
difference of effective refractive indices (1) of the symmetric
and antisymmetric modes of the system of two WGs, following
equation 1, where A is the wavelength of light in vacuum and

Ao
Le= SanT (1)

An.y is the absolute effective refractive index difference of
a symmetric and antisymmetric mode. In case of a WG with
isotropic cladding, the n.g of the symmetric mode is always
larger than that of the antisymmetric mode. This is called a trivial
coupling regime. In case of a WG with anisotropic cladding
however, a so called non-trivial coupling regime can be achieved
where the n.g of the antisymmetric mode is larger than that
of the symmetric mode. This only happens in a limited region
of the parameter space. At the transition from a trivial into a
non-trivial coupling regime there exists a certain combination
of parameters at which An.g is zero. This means that there is
a singularity in L, where it approaches infinity and the cross-
talk is completely suppressed [33]. This exceptional coupling
point can be reached by tuning the components of the refractive
index of anisotropic side cladding. Also the points around this
singularity point exhibit high L, values. In case of a real rib
subwavelength metamaterial structure this region of large L,
can be achieved by tuning the geometrical parameters (ff, P, N).
By making use of this effect the coupling length can be orders of
magnitude higher (for a comparable W, and W) than that
achieved by only employing a metamaterial cladding to increase
the evanescent field decay in the cladding such as in [28].

Another approach to mitigate cross-talk is to introduce an
asymmetry into the system of WGs in order to achieve phase
mismatched WGs. This can be done either by employing dif-
ferent core widths [9], or by introducing asymmetry into the
cladding [35]. Such an approach in combination with metama-
terial cladding could possibly yield even better results in terms of
integration density, however it would introduce additional com-
plexities into the design since different propagation constants of
WGs would need to be accounted for. In this paper we therefore
focus only on symmetric structures, since we think they present
a more universal solution.

C. Methods

The geometry of the metamaterial cladding can be considered
in the analysis in two ways: as it is (rigorous approach) or it can
be approximated, in a simplified approach, with a homogeneous
anisotropic material by employing Effective Medium theory
(EMT) [21] as shown in Fig. 1(b) (bottom). When infinitesimally
small period of metamaterial structure is assumed, the fill factor
is the only geometrical parameter (besides refractive indices)
that governs the properties and anisotropy of the structure.

In the EMT approximation the parallel and perpendicular
refractive indices (with respect to the WG) of the substitute
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homogeneous material can be calculated from equations 2,
where 7., is the refractive index of a higher index constituent
material (core material) and 74,round 1 the refractive index of
a lower index constituent material (surrounding material) and ff
is the area fill factor.

0= 12 F5 02 (1= 11)
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For the Si platform, which was used in detailed analysis we
used Lorentz model to approximate the refractive index of Si
[36]. The refractive index of SiO, was chosen to be constant
(1.47) in the simulated wavelength range.

As asimulation tool a commercially available software COM-
SOL [37] was employed to perform a 2-D Finite Element
Method based mode analysis in the cross-section of WG systems
to find propagating modes and their effective refractive indices.
We calculate it by means of supermode theory as described
in previous paragraphs. This approach was used in both cases,
when analyzing metamaterial cladding with the actual geometry
of rib subwavelength structure as well as when applying the
EMT approximation. The analysis of WGs with metamaterial
cladding shown in next sections is made only for TE modes,
since the metamaterial cladding structure (as shown in Fig. 1)
does not carry the potential to reduce the cross-talk for TM
polarized modes as has been reported already in [28].

III. RESULTS AND DISCUSSION
A. Material Refractive Index Variation

Results of variation of material refractive indices of the WG
core and the surrounding are presented first. This way we are
able to demonstrate the effects related to metamaterial cladding
for different material platforms. In this general study the EMT
method was employed, where infinitesimally small period of
the metamaterial structure, compared to light wavelength was
assumed. Besides scanning different refractive indices of the
core and the surrounding materials, we simultaneously varied the
metamaterial structure in terms of ff parameter. The simulations
were performed at the chosen wavelength of 1550 nm (central
c-band wavelength, defined in vacuum). SiO» layer (infinite
thickness assumed in simulations) was considered as the top
layer of the substrate in all the cases.

Results of the analysis are presented in Fig. 2. L, parameter is
monitored as a function of different combinations of the core
and the surround material for a selected WG structure with
metamaterial cladding. Refractive indexes of selected optical
materials most often used in photonic integration are marked
by dashed lines on the plots. A broader range of investiga-
tion enables us to quantify the effects related to metamaterial
claddings also for alternative and novel material platforms. Let
us first elaborate on the results presented in Fig. 2(a) and 2(c)
where the core refractive index n.,,. is changed from 2.0 to 3.7
(vertical axis) and the ff from 0.1 to 0.9 (horizontal axis). Air
with n =1 (a) and SiO, with n = 1.47 (c) are considered as the
top surrounding material (represented by blue colour in Fig. 1),
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Fig.2. Coupling length of WGs as a function of fill factor and refractive indices
of constituent materials for TE mode. EMT of the metamaterial cladding was
used in these simulations. Refractive indexes of Si, InP, SigN4 and SiO» are
marked on the plots with dashed lines. (a) Refractive index of surround material
is fixed to 1 (air) and the ff and the refractive index of the core material are varied.
The width of waveguide core is linearly adjusted with the change of refractive
index in order to ensure light propagation and single-mode condition (see main
text). (b) Refractive index of core material is fixed to 3.48 (Si) and the ff of
metamaterial and the refractive index of the surround material are varied. The
width of the waveguide core is fixed to 500 nm in this case. (c) Refractive index
of surround material is fixed to 1.47 (SiO5) and the ff of metamaterial and the
refractive index of the core material are varied. The width of waveguide core is
linearly adjusted with the change of refractive index. (d) Refractive index of the
core material is fixed to 2 (SigNy) and the ff of metamaterial and the refractive
index of the surround material is varied. The width of the waveguide core is
fixed to 1500 nm in this case.

the bottom surrounding material is SiO,, as mentioned. The
corresponding values of L, are colour-coded (see legend). The
Wap parameter is fixed to 700 nm in these cases. The vertical
thickness of the waveguiding layer and metamaterial structure
was set to 220 nm (in all simulations). However, the width of the
core (W) was linearly adjusted from 450 nm at n.0,. = 3.7
(Si) to 1500 nm at n.,, = 2 (Si3N4) to consider the single mode
condition in relation to n.,.. variation. A general observation
from these results is that L, values around the maximal regions
are significantly higher in case of air surrounding (Fig. 2(a))
compared to SiOs (Fig. 2(c)). In both cases a trend can be seen
that L, increases with higher refractive index of the core material,
however, a decrease in L, can be observed for the air case at 71,
> 3.4 and ff > 0.4. In case of air as the surrounding material we
can observe a narrow region at high values of n.,.. where Ly
increases significantly (unlimitedly as shown later in Fig. 2(e)).
This effect at certain combinations of 7, and ff does not occur
in case of SiO4 surround. Before discussing the obtained results
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further, we introduce and describe the plots of Fig. 2(b) and
Fig. 2(d).

In Fig. 2(b) and 2(d) ncere is fixed to 3.48 (Si) (b) and 2.0
(Si3Ny) (d) while n4y,roung 18 varied (vertical axis). The core
width is fixed to 500 nm and 1500 nm in case of Si and SigNy
material, respectively. In case of Si core, we vary the nyrround
from 1 to 2 and in case of SigN, core only from 1 to 1.6, since
at higher values the condition for total reflection of the mode is
violated. We can observe that in case of Si core the L, decreases
with higher values of 74y,round- A Narrow region can be seen
at small values of 74,,0unq Where the L, increases significantly
(unlimitedly as shown later in Fig. 2(f)). In case of SigN, core the
L, is significantly shorter due to a lower refractive index contrast
between 7.y and Ngyrroung. Similar to the case of Si core,
the L, also decreases with higher values of 7y,0und, hOWever,
the change is significantly smaller (note that the colour-code is
changed in this case for better visibility). No singularity can be
observed in this case.

In Fig. 2(e) and 2(f) selected vertical cross-sections (at ff'
= 0.5) from Fig. 2(a)—~(d) are shown to additionally identify
the dependency of L, on ngore and ngyrround, respectively. In
addition, L, curves corresponding to the WGs with a normal
cladding are added for comparison. Please note that 7n.,,. and
Nsurround are now represented on horizontal axes, whereas the
vertical axes are simulated L, values. In Fig. 2(e) we can observe
that by n.,. variation and air surround, L, values of WG
structures with metamaterial cladding are higher compared to
that of WGs with normal cladding, when 7., is higher than 2.4.
In case of SiO4 surround this happens when 7., is higher than
2.9. The difference in L, values are also significantly smaller
compared to air surround. In case of 7sy,r0unqg variation and Si
core, we can see that L, of WGs with metamaterial cladding
is larger compared to that of WGs with normal cladding when
Nsurround 18 between 1 and 2. The increase in L, is the biggest
when ngyround 1S below 1.4. In case of SizNy core the situation
is reversed and the L, of WGs with metamaterial cladding drops
below the L, of WGs with normal cladding.

We can observe that in case of air surround (Fig. 2(a) and
Fig. 2(c)) there exist certain combinations of 7., and ff where
L, rises dramatically. This effect has already been introduced in
Section II.B. Since simulations are limited by a finite mesh, we
cannot obtain infinite Lx. We can however detect the transition
point of a symmetric and antisymmetric mode. In Fig. 2(e) and
2(f) we indicate this singularity with a dashed vertical line to
mark the infinite L, in this point. Note that, when relevant, the
same approach will be taken in other figures of this paper as
well.

Presented results in Fig. 2 reveal that a high refractive index
contrast between the core and surround material is crucial for
efficient performance of metamaterial cladding in WG struc-
tures. The refractive index contrast of air (1) and SigNy (2.0),
for example, is too low for the metamaterial cladding to increase
the coupling length. It can be observed in Fig 2(e) and 2(f)
that there exist regions where L, corresponding to the structure
with metamaterial is even lower than that of WGs with normal
cladding (dashed curves below the full ones). In case of Si core
(Neore = 3.48) the refractive index contrast is sufficiently high
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so that the L, can be increased with air surround (nsyrround =
1) as well as SiOy surround (7 5yroung = 1.47). The infinite L,
however, can only be achieved in case of the surround refractive
index below 1.4. Presented results emphasize the importance of a
high refractive index contrast platform such as Si or membrane
InP for the performance of WGs with metamaterial cladding.
WGs fabricated on low and medium refractive index contrast
platforms such as SiOs, polymers, SigN,4 and conventional InP
will not benefit from metamaterial cladding.

B. Optimization of Metamaterial Structure

In previous section we scanned different materials (refractive
indices) for best operation of metamaterial structures in the role
of the WG cladding. Results showed that one of the promising
platforms in this respect is Si (with air as the top surrounding
material). Our further research and optimization is focused on
this material platform, silicon on insulator (SOI), where air was
considered as the top surrounding material. Rigorous simula-
tions, where the exact geometry of the metamaterial structure
is assumed, were performed here. Besides ff, other geometrical
parameters of the metamaterial structure were varied and opti-
mized.

In order to quantify the potential increase in integration den-
sity, a limitation for the cross-talk at a certain WG length was set:
in our case we selected the value of —30 dB at the WG length of
2 mm. The selected condition requires the L, of (at least) 0.1 m.
In our further analysis we included strip WGs with four different
widths, W ... = 350, 400, 450 and 500 nm. The thickness of
the WGs was 220 nm in all cases. Considering the cross-talk
condition we calculated the corresponding minimal gap between
the WG cores (Wyq,). We consider W, as an indicator of
integration density on a chip. In case of a metamaterial cladding,
this gap is filled with a metamaterial subwavelength structure
(ribs and gaps). When adjusting the geometry of this structure
we are limited by minimal feature size of the selected fabrication
process. We choose this limit to be 50 nm, as this is considered
to be the limit of electron-beam lithography [15]. As a reference
we first simulated WG structure with normal cladding (air as
top surround in this case) and determined minimal Wy,,. The
obtained values are Wy, = 1.974 ym, 1.466 pim, 1.251 ym and
1.130 pm for W, of 350 nm, 400 nm, 450 nm and 500 nm,
respectively.

We optimized the metamaterial cladding in terms of high
integration density to obtain minimal W, with different meta-
material structures: different values of P and N of Siribs between
strip WG cores, variation of ff parameter while keeping the
cross-talk bellow the selected reference value of —30 dB (at the
length of 2 mm). For each combination ff was varied from 0.1
to 0.9. In simulated structures the values of Wy, are defined by
P, N and ff so that the gap between WGs was always perfectly
periodically filled with the metamaterial structure. For a chosen
combination of P and N, W, therefore linearly decreases when
increasing ff.

First we present the results of L, for selected parameters of
metamaterial structures (ff; N, P and consequently W) for the
Si platform. Then we will proceed with evaluation of integration
density linked to minimal W,
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Fig. 3. Coupling length of WGs as a function of fill factor of metamaterial
structures for the TE mode. By changing the ff parameter (bottom horizontal
axis) it has to be noted that also the gap width W4, (top horizontal axis) is
changed, as the ff value affects the width of the (last) spacing as well (Wyqp =N
x P + spacing width). The dashed horizontal line signifies the coupling length
dictating —30 dB of cross-talk. Gray vertical lines signify the limits within which
the selected minimal-feature-size condition (50 nm) is satisfied. The results are
shown for two selected fixed periods of 125 nm and 3 ribs of metamaterial (a),
a period of 150 nm and 3 ribs of metamaterial (b), a period of 125 nm and 4 ribs
of metamaterial (c) and a period of 150 nm and 4 ribs of metamaterial (d).
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Fig. 4. The gap width Wy, as a quantitative indicator of integration density,

as a function of of fill factor of specified metamaterial structures. Results are
shown for different spatial periods and numbers of ribs. Points on the graph
depict maximal coupling lengths, lines are drawn only for the span of fill factors
when the coupling length is longer than 0.1 m. Reference lines depicting W4y
of WGs with normal cladding are added to illustrate the increase in integration
density. Results are shown for a W, of 450 nm (a) and 500 nm (b).

In Fig. 3(a)—(d) results of simulations for selected combina-
tions of P = 125 nm and N = 3 (a), P = 150 nm and N =
3(),P=125nmmand N =4 (¢) and P = 150 nm and N =
4 (d) are shown. We only show the most representative results
with selected combinations of parameters where the effect of
metamaterial cladding is the most pronounced. Results of more
tested combinations of parameters are gathered later in Fig. 4.
Reference lines of L, = 0.1 m are added. In this analysis Si
WGs with four core widths were included, W;y.e = 350, 400,
450 and 500 nm. In all graphs we can observe that there exist
certain combinations of parameters where the L, is above the
targeted reference L, value or even it rises dramatically due to
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aforementioned singularities described in section II.B. We can
see that there is a limited band of ffs around the singularity where
the L, is larger than the reference value. Vertical lines on the
graphs depict the limits of the area where the minimal feature
size of the metamaterial structure is larger than the chosen limit
of 50 nm. To ensure that the structure can be fabricated with
current state-of-the-art fabrication processes such as e-beam,
the parameters need to be chosen in a way that the peak of L,
appears in between those limits. In case of of P = 125 nm and
N = 3 there is no singularity for W ;.. = 350 nm, 400 nm and
450 nm and the L, does not exceed the reference value. Two
peaks where L, exceeds the reference level can be observed in
case of W, = 500 nm, however they only occur when the
metamaterial structure has feature sizes smaller than 50 nm. In
case of P = 150 nm and N = 3, the peaks of coupling length
exceeding the reference level can be observed at two widest
cores. Left peaks can be chosen so that the minimal feature
size condition is satisfied. In case of N = 4 there exist peaks
of coupling length exceeding the reference level at both shown
periods (P = 125 nm and P = 150 nm). The peaks can be chosen
so that the minimal feature size condition is satisfied. In case of
P = 150 nm the peaks can be observed for all four core widths.
To find more possible structures with L, exceeding the se-
lected reference level we tested metamaterial cladding with
different combinations of spatial period P (125, 150, 175 and
200 nm) and number of Si ribs between WG core N (2, 3, 4
and 5). Furthermore, from these results we highlighted the W,
parameter as a quantitative indicator affecting the integration
density. From this point on we focus only on two core widths
(Weore =450nm and W ... = 500 nm) since they present typical
values for strip WGs in most Si integration platforms. In Fig. 4
we gathered the results of many tested parameter combinations,
all yielding L, values above the chosen reference level for the
case of W e =450 nm (a) and W, = 500 nm (b). The graphs
show W, as a function of ff for all these combinations of the
parameters. The combinations of number of ribs in between
WG cores and period are marked for each case in the graphs.
The symbols on the graphs depict peak (singularity) positions
and the lines depict the spans of values where L, is above the
reference level. The required gap width of WGs with normal
cladding is marked on the plots to illustrate how much the
gap width is reduced by employing the metamaterial cladding.
We only show results for structures with minimal feature sizes
larger than 50 nm to ensure they are amenable for fabrication
with electron-beam lithography [15]. In our analysis we found
7 possible structures with W, smaller than 0.8 um (this value
corresponds to minimal Wy, for normal cladding) at both core
widths. These are the cases with significantly higher integration
density compared to WGs with normal cladding. The minimal
achieved W, was 0.50 pm in case of 450 nm wide core and
0.51 pmin case of a 500 nm wide core. Compared to waveguides
with normal cladding this represents a 60% and 55% decrease in
minimal W, in case of W 4., = 450 nm and W, = 500 nm
respectively. This means an improvement in the integration
density of 45% and 38% in case of W ;.. = 450 nm and W,,.
= 500 nm respectively. A general trend can be observed that the
cases with a smaller W, exhibit a narrower range of suitable ff
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values where the crosstalk stays below the reference level. We
also tested structures with two ribs (N = 2), but there was no case
where L, would exceed the reference value, since the singularity
effect did not occur. Since we only show results for a discrete set
of periods, the minimal achieved W, is not exactly a theoretical
global minimum of the optimization problem, however we can
assume that the achieved result is not far from it. This is because
we cannot achieve a singularity when accounting for fabrication
limitations in case of N = 3 and P = 125 nm, so it is safe to
assume that the W, below around 0.45 pm is not possible.
Structures with W, close to that value have singularities very
close to min. feature size limit, which is not desired. Structures
in case of N = 3 and P = 150 nm exhibit singularities with
some margin of ffs with respect to min. feature size limit and
can therefore be seen as more practical.

Note that structures with larger periods (P = 200 nm) exhibit
larger minimal feature sizes of around 100 nm making them
amenable for fabrication also with state-of-the-art wafer-scale
optical lithography [15].

With respect to integration it is also important to address
the losses. Sidewall scattering losses are an important effect
originating from fabrication imperfection that is limiting the per-
formance of WGs, however it has been shown that the scattering
losses of WGs with metamaterial cladding are comparable or
only slightly higher than those of WGs with normal cladding
[28].

Another important aspect of integration density are bend
losses limiting the minimal bend radii of WGs. We performed
3-D FEM simulations to obtain bend losses of WGs with normal
cladding and WGs with metamaterial cladding for the case of
a 90° bend and 5 mm bend radius. The simulations inherently
accounted for both radiative losses as well as mode mismatch
losses at the transition from straight to bent WG. However, the
scattering losses due to imperfect surfaces are not included in
simulations. We tested structures with minimal W, for both
core widths. Simulations revealed that WGs with metamaterial
cladding exhibit slightly increased bend losses compared to
WGs with normal cladding — by 0.0034 dB and 0.0038 dB in
case of W, =450 nm and 500 nm respectively. This however,
represents less than 0.1% of power loss per bend compared to
WGs with normal cladding in both cases. Our simulations also
confirmed that for WGs with narrower cores (W ... = 350 nm)
exhibiting stronger evanescent field in the cladding, the bend
losses of WGs with metamaterial cladding can even be smaller
than the bend losses of WGs with normal cladding. This has been
previously also experimentally demonstrated in [28]. Since the
performance of WGs in terms of bend losses is not significantly
impaired by employing a metamaterial cladding, we predict that
stricter constraints with regard to minimal bend radii do not need
to be imposed.

Since the performance of metamaterial cladding depends on
refractive indexes of constituent materials (as shown in chapter
IIT.A.) and since the dependence is strongly nonlinear around
optimal points (singularities), it is expected that temperature
will have a noticeable impact on the performance. Applications
would therefore require precise temperature control of the whole
chip, or micro-heaters would need to be integrated with the WGs
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Fig. 5. (a) Coupling length in dependence of wavelength of light at three
different periods of metamaterial structure (P = 150, 175 and 200 nm) with 3
ribs. Dashed line depicts the reference coupling length of 0.1 m above which
the cross-talk condition is satisfied. A\ depicts the wavelength range where this
condition is satisfied. (b) Coupling length in dependence of wavelength of light
for the same structure while accounting for fabrication variabillity. Red line plot
shows the coupling length of ideal (targeting) structure and grey line plots show
coupling lengths of randomly generated structures within a chosen tolerance of
+/— 1 nm of every lateral edge of the structure. (c) and (d) usable wavelength
range of all the optimized structures with Wgap smaller than 0.8 um. Results
are shown for the ideal case and fabrication tolerance of +/— 1 nm and 4/— 2.5
nm for Wcore = 450 nm (c) and Wcore = 500 nm (d).

to precisely tune the central wavelength, which is a standard
procedure in Silicon photonics [38]. Since already a slight
change in refractive index of one of the constituent materials
cannoticeably change the coupling length around the singularity,
the effect could in principle be used for optical switching as an
alternative application.

C. Wavelength Range and Sensitivity to Fabrication
Tolerances

Up to this point the simulations were carried out for a single
wavelength of 1550 nm (specified for vacuum). To test the
wavelength dependence of the effects related to metamaterial
cladding we performed a wavelength sweep from 1500 nm to
1600 nm for every optimized parameter combination from Fig. 4.
In Fig. 5(a) we show wavelength dependency of L, just for the
cases corresponding to N = 3, W ... = 450 nm at three different
periods, P = 150 nm, 175 nm and 200 nm. We can see that
the peaks of L, are at 1550 nm, since that was the wavelength
at which we optimized the structures. Minor deviations of the
peak positions are attributed to a finite mesh when optimizing the
structures with respect to ff. From these results we can determine
the usable wavelength range (AA), where L, is longer than the
selected reference level. It can be seen that the range increases
with longer periods as well as wider WG core. The smallest A
occurs in case of structures with the smallest gap width (AA =
12 nm for W . = 450 nm and AL = 31 nm for W_,,.. = 500
nm). This indicates that there exists a trade-off between usable
wavelength range and gap width (integration density).
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In the last part of the paper we investigate how the fabrication
tolerances affect the optical properties of the analyzed structures.
In particular, small deviations in lateral dimensions of the meta-
material features are under the scope. To account for fabrication
variability, we assumed that the position of every edge of the
structure can be at a random position within a chosen tolerance.
This covers a wider range of possible fabrication imperfections
than if we only account for a change in linewidth. To ensure the
validity of the supermode theory approach, we enforced the sym-
metry of the structure. It is expected that such approach yields
a worst case scenario, since asymmetrical structures typically
exhibit longer coupling lengths. For each optimized structure
we generated 20 randomly modified structures with a uniform
distribution of edge deviation.

We limit our investigation of sensitivity to fabrication im-
perfections to deviations in lateral dimensions of fabricated
structures. We performed a parameter variability analysis of
optimized structures. Fig. 5(b) shows selected results of this
analysis for the case of N = 3, W,y = 450 nm and P =
150 nm. Red line plot represents the wavelength dependency
of an ideal (as designed) structure and grey line plots are results
generated by fabrication variability analysis where lateral edges
of the structure are randomly positioned within a small chosen
tolerance +/— 1 nm. We can see that varying the structure in
this range does not significantly change the shape of wavelength
dependency of L. Simulation showed that these small structure
variations do not significantly affect the evanescent field decay in
the cladding region of waveguides, however, they can introduce
a shift of wavelength at which the propagating constants of a
symmetric and antisymmetric mode are equal. This means that
the peaks of L, can appear at different wavelengths within a
certain margin. By accounting for this margin, the A effectively
shrinks. In case of the structure shown in Fig. 4(b) the AA
is reduced from 12 nm (ideal case) to 8 nm, considering the
aforementioned tolerance range of +/—1 nm.

The tolerance study was applied to all optimized structures
with W, smaller than 800 nm. Often the application will re-
quire a certain wavelength range of operation and the fabrication
process will have limitations introducing geometrical variations
of fabricated structures. To present the trade-off between in-
tegration density, usable wavelength range and sensitivity to
fabrication variability more systematically, we show horizontal
bar charts of wavelength range for all the optimized structures
with the W, below 0.8 pum (Fig. 5(c) and 5(d)). Results for
A are shown for the ideal case as well as for the case of three
fabrication tolerances: +/— 1 nm, +/— 2.5 nm and +/— 5 nm.
The full width of a bar represents AX in the ideal case, the
width of a single hatched bar represents AX in case of +/- 1
nm tolerance, the width of a double hatched bar represents A\
in case of 4+/- 2.5 nm tolerance and a chessboard patterned bar
represents A in case of +/- 5 nm tolerance. Such fabrication
tolerances are strict, yet achievable with current state-of-the-art
fabrication processes [39].

Results indicate that the structures with narrower W, are in
general exhibiting narrower wavelength ranges and are also more
sensitive to fabrication variability. For the tolerance +/- 1 nm, all
the structures exhibit a wavelength range where cross-talk can
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be reduced bellow the reference level, even in case of structures
with the smallest W, for both cases, W, = 450 nm and 500
nm. The already narrow wavelength ranges of these structures
in the ideal case however, get even narrower by accounting for
fabrication variability with +/- 1 nm. In case of variation in the
range of +/- 2.5 nm, the three structures with the smallest Wy,
cannot reliably reduce the cross-talk bellow the reference level,
when W,,,. = 450 nm even only at the central wavelength. In
case of W, = 500 nm this happens only for one structure. Two
structures with reasonably wide wavelength range at assumed
fabrication variability 4+/- 2.5 nm are N = 4, P = 150 nm and
Wyap = 677 nm with AX = 25 nm in case of Weoe = 450
nm and N = 3, P = 175 nm and Wy, = 606 nm with Ax
= 28 nm in case of W, = 500 nm. In both cases the W,
is still reduced by 46% compared to waveguides with normal
cladding representing a 34% and 32% increase in integration
density for W, = 450 nm and 500 nm respectively. Structures
with wider gap widths are exhibiting wider AA up to over 100
nm in case of Wy = 500 nm, N = 4, P = 175 nm and W,
= 795 nm, however the gap width is reduced by only 30% in
this case which represents a 21% increase in integration density.
In case of variation in the range of +/- 5 nm and W ... = 450
nm only one structure with the widest Wy, exhibits a usable
wavelength range. In case of W, = 500 nm usable wavelength
range existin case of 4 structures with the widest Wy,,,. The Wy,
is therefore reduced by at most 37% and 40% for W.,,. = 450
nm and 500 nm respectively. This represents a 27% increase in
integration density for both core widths. AA in these two cases is
relatively wide: > 75 nm and > 64 nm for W ,,. = 450 nm and
500 nm respectively. A general trend can be observed that WGs
with W, = 500 nm exhibit wider wavelength range compared
to WGs with W.,,.. = 450 nm in case of ideal structures as well
as when we account for fabrication variability.

IV. CONCLUSION

In this paper we showed the results of a numerical study of
integrated optical waveguides with all-dielectric metamaterial
cladding. We tested the capability of metamaterial cladding to
reduce the cross-talk between waveguides for different material
refractive indices (platforms). Results confirmed that a high
refractive index contrast is crucial for desirable performance.
This makes the platforms, such as Si most promising to further
increase the integration density of the components. Based on
these findings we optimized Si WGs in terms of minimal gap
between WG cores to stay below the chosen reference cross-
talk level of —30 dB at WG length of 2 mm. We assumed a
minimal feature size of optimized structures to be 50 nm to
ensure that they are amenable for fabrication. This way we were
able to quantitatively demonstrate the capability of metamaterial
cladding to increase integration density of PICs. We have shown
that in the best case the gap width can be reduced by 60% in case
of Weore =450 nm and 55% in case of W .. = 500 nm compared
to waveguides with normal cladding. This represents a sizable
increase in integration density of Si WGs. Furthermore, we
studied the wavelength dependence of optimized metamaterial
structures as well as their sensitivity to fabrication variability.
A general trend was observed that structures with the lowest
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achieved gap width tend to exhibit the narrowest wavelength
range and the highest sensitivity to fabrication variability. This
trade-off needs to be taken into account when designing waveg-
uides with metamaterial cladding. For example, a compromise
can be drawn for a structure with a reasonably wide wavelength
range AL = 25 nm (W e = 450 nm, variation of +/- 2.5 nm)
and a still significant decrease in gap width of 46% compared
to WGs with normal cladding. If application requires a wider
wavelength range, or if fabrication tolerance is larger, another
structure can be chosen exhibiting a decrease in gap width of
37%, which still represents a noticeable increase in integration
density. All in all waveguides with all-dielectric metamaterial
cladding can pave the way towards chips with a higher number
of components on the same surface area in case of applications
requiring a large numbers of waveguides, without significantly
compromising the performance.
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