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ABSTRACT 

By introducing all-dielectric metamaterials into optical waveguide structures, the cross-talk between 

waveguides can be reduced enabling denser integration in photonic integrated circuits. In this work we present 

results of Finite Element Method simulations to optimize the metamaterial-based cladding of the so called e-skid 

waveguides in order to achieve the longest possible coupling length. We show that e-skid waveguides can have 

significantly longer coupling length compared to strip waveguides due to reduced skin depth. We optimize the Si 

based metamaterial structure in terms of number of silicon ridges, period and fill factor of silicon and show that 

results strongly depend on the chosen surrounding material (air or silicon dioxide). 
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1. INTRODUCTION 

One of the key goals of photonic integration is to scale down the components and connections which enables 

increased functionality of devices and reduced packaging costs. Silicon (Si) photonics enables dense integration 

of optical waveguides (WGs), with typical dimensions at telecom wavelengths of only 450 nm x 220 nm, due to 

large refractive index contrast of Si and SiO2 [1]. Cross-talk between two waveguides is one of the major factors 

limiting further miniaturization of Si photonic integrated circuits (PIC). It limits the minimal separation between 

two WGs, as well as prevents further reduction of WG width. 

One way to overcome these issues is to use all-dielectric metamaterials as the WG cladding. By periodically 

exchanging two dielectric materials with different refractive indexes we can fabricate a composite material which 

can be approximated with a homogenous anisotropic material, if the period is shorter than the wavelength of light. 

Recently a phenomenon of relaxed total internal reflection at the interface of isotropic and anisotropic material   

has been demonstrated [2]. By increasing the permittivity of one material in the direction parallel to the interface, 

the skin depth of electric field can be significantly reduced. This phenomenon is used to design extreme skin-depth 

(so-called e-skid) WGs, which have the potential to reduce cross-talk and further miniaturize WGs subsequently 

increasing integration density. Recently the first E-skid WG has been experimentally demonstrated on silicon 

integration platform consisting of a Si core and a Si/Air (or SiO2) metamaterial cladding [3]. It has been shown 

that the coupling length of TE-like mode (length at which all the power from one WG is transferred to the other 

WG) can be significantly reduced by designing the side cladding from periodical subwavelength silicon ridges.  

The performance of E-skid WGs relies heavily on the parameters of the metamaterial cladding such as period (P), 

fill factor of Si (ff) and number of ridges. In this contribution we show the results of a numerical study to optimize 

the E-skid WG so that cross-talk can be reduced as much as possible for the case of air and SiO2 surrounding. 

2. METHODS 

We applied Finite Element Method (FEM) simulations of E-skid WGs and systems of two WGs using COMSOL 

Multiphysics program package. A 2-D mode analysis was performed to find the propagating modes and electric fields 

in the cross-section of the WG. The coupling lengths were calculated with the eigenmode expansion method (EME) 

[4] from effective indexes of the symmetric and antisymmetric super-modes of the system of two WGs. 

3. RESULTS 

All simulated WGs have a constant silicon thickness (WG height) of 220 nm. The core width was chosen to be 

350nm. The wavelength at which we performed simulations was set to 1550 nm. The substrate is assumed to be 

buried oxide from SiO2 and top material is either air or SiO2. We assumed a minimal lateral feature size of 

fabrication process to be 50 nm. Figure 1 shows normalized x-component of electric field of the first TE-like mode 

of a strip WG (a) and E-skid WG (b) with 4 Si ridges on each side and air as the surrounding material. The period 

(P) is set to 100 nm in this simulation. It can be observed that the evanescent electric field outside of the core of 

the E-skid WG is confined in the wells between Si ridges. In comparison to the strip WG, the evanescent field of 



the E-skid WG is observed to be confined closer to the WG core. This can better be seen from Fig. 2a where x-

components of electric field in the centre cross-section of the WG are plotted. The plotted fields are scaled to the 

constant mode power of 1mW. We can see that electric fields of E-skid WGs are lower outside of WG core 

compared to that of the strip WG. If we only chose two Si ridges, the electric field outside of WG core is stronger 

than if we choose 4, however, it is still significantly smaller than electric field of the strip WG. In case of a SiO2 

surrounding material (Fig. 2b) similar effects can be observed, although they are less pronounced due to higher 

refractive index of SiO2. 

 

Figure 1. Normalized x-component of electric field of the first TE-like mode of a strip WG (a) and e-skid WG (b). Top material is air in both 

cases. Period of metamaterial cladding of E-skid WG is 100 nm and number of Si ridges is 4. 
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Figure 2. X-components of electric field of the strip and e-skid WGs with air (a) and SiO2 (b) as the surrounding material in the middle cross 
section of the WG (as marked with white dashed line in Fig.1). All fields are scaled to the constant mode power of 1 mW.  

 

Further we simulate the system of two adjacent E-skid WGs and check the effects of the geometrical parameters 

of the metamaterial structure on the WG coupling length Lx. The Lx presents the required length of the WG for 

signal to transfer to adjacent WG. In our case it presents a figure of merit of integration density of WGs on a 

photonic chip. Larger the value of Lx is, lower is the signal cross-talk and higher integration density is possible. 

We chose the geometry with centre to centre separation of WGs to be 1.2 µm.  
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Figure 3. Coupling length of e-skid WGs with air top material in logarithmic scale (a) and SiO2 top material in linear scale (b) at different 

periods of metamaterial. Numbers of Si ridges between WGs are also indicated on the graphs. 

Figure 3 shows Lx of E-skid WGs when P is varied. Coupling lengths were calculated only at discrete periods 

at which the gap between WG cores was fully and symmetrically filled with the metamaterial. Number of ridges 
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had to be decreased accordingly as specified by numbers given inside the graph (indicating the total number of 

ridges between WG cores). Lx of WGs with air as the surrounding material was calculated to be 442 µm and 34 

mm for strip and E-skid WG with P = 100 nm respectively. Lx of E-skid WGs with P = 100 nm was increased by 

a factor of 77 in case of air as the surrounding material and by a factor of 4.5 in case of SiO2 as the surrounding 

material compared to strip WGs. As expected from simulations of single WG system, Lx is decreasing with longer 

P and reduced number of Si ridges. In case of SiO2 as the surrounding material, the performance of E-skid WG 

with only one ridge of metamaterial is worse than the performance of the strip WG.  
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Figure 4. Coupling length of e-skid WGs with air top material in logarithmic scale (a) and SiO2 top material in linear scale (b) in 
dependence of fill factor (fraction of Si) of metamaterial. P=185 nm and number of periods is 2. 

We also studied how fill factor (ff) of metamaterial (fraction or duty cycle of Si material) influences the 

coupling length. We present the case with the P of 185 nm (2 ridges of Si on each side) which enables us to vary 

the ff from 0.3 to 0.7 without violating the chosen minimal feature size. Fig. 4 shows Lx in dependence of ff for the 

two surrounding materials. In case of air as the surrounding material (Fig. 4a), the Lx increases drastically when ff 

is increased. In case of 2 ridges of Si (P = 185 nm) and ff of 0.7, the coupling length is 36 cm. By increasing the 

fill factor, the permittivity in the z-direction increases, which further reduces the skin depth. This indicates that we 

can in some cases improve performance of E-skid WGs, by increasing the period and reducing number of Si ridges 

in order to increase the fill factor. The same effect cannot be observed in case of a SiO2 top material (Fig.4b). Here 

the Lx is decreasing, if we increase the ff above 0.5. By increasing the fill factor, the evanescent field decays faster, 

however close to the WG core it is locally larger than in case of ff of around 0.5, which is the origin of the 

unexpected behaviour.    

4. CONCLUSIONS 

We performed FEM simulations of silicon waveguides with metamaterial cladding - E-skid WGs - and 

evaluated the cross-talk between two WGs. We studied how changing number of Si ridges, period and fill factor 

of silicon of the metamaterial cladding influences the coupling length for the case of air and SiO2 surrounding. It 

was determined that in some cases (air as the surrounding material) reducing number of Si ridges and increasing 

the period of the metamaterial to enable larger fill factor of silicon, can result in a significantly longer coupling 

length. This is not the case when top material is SiO2 with higher refractive index, where the effect of duty cycle 

is reversed. Therefore when designing E-skid WGs, care needs to be taken to optimize the metamaterial cladding 

in order to achieve the lowest possible cross-talk. 
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