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Transformation optics and infrared metamaterials for optical devices

R. Ghasemi1, N. Dubrovina1, P.-H. Tichit1, A. Lupu1,2, and A. de Lustrac1,*
1Univ. Paris-Sud, Institut d'Electronique Fondamentale, UMR 8622, 91405 Orsay Cedex, France

‎2CNRS, Orsay, F-91405, France

*corresponding author, E-mail: andre.de-lustrac@u-psud.fr
Abstract

The coordinate transformation approach is applied for the design of an optical mode adaptor between two different width waveguides in the near IR telecom optical domain. The control of the mode profile in the adaptor is achieved by considering a composite waveguide consisting of a thin metamaterial (MM) layer intercalated between 2µm thick SU8 photoresist slab and a glass substrate. We demonstrate that intercalated metafilm enables the realization of a space coordinate transformation and allows a precise control of the light propagation in the composite waveguide. Numerical simulations and experimental realizations of the metamaterial layer are performed in order to validate the device concept and realization feasibility.
1. Introduction

Metamaterials have recently attracted considerable interests because of their unusual properties, not encountered with conventional materials and allowing their applications in a novel class coordinate transformation based devices [1-10]. By using these new properties, it becomes possible the creation of innovative components such as “perfect lens” to produce images beyond the diffraction limit, modulators and cloaks that able to make the region of space invisible [1-8]. Despite these very attractive features, the there is a number of issues limiting MMs implementation, especially in the optical domain. These structures are often metallic with important losses due to the high absorption coefficient of metals in the infrared and visible domains. In addition, the fabrication of these composite materials having subwavelength dimensions requires nanoscale precision control[9]. Given the current state of nanotechnology, optical MMs can be realized in a simple way by planar monolayer structures. In a precedent study we have demonstrated that planar MMs can be used in guided wave configuration by placing a sheet of MMs on the top of the Silicon slab waveguide [10]. In this study we further extend the concept to a different kind of technological implementation. We aim to demonstrate that an efficient control of the light flow by a thin metamaterial layer can be also achieved in the case of lower index waveguides with different MM layer disposition.

2. Mode adaptor for the waveguides with low refractive index

The considered structure consists of two different width waveguides with an intermediate mode adaptor region between. The waveguides are made of SU8 photoresist which refractive index n=1.96. The width of the wide waveguide is around 10µm and that of the narrow one is 2µm. The intermediate region acting as mode adaptor is composed of a thin metafilm, and SU8 layer on a glass substrate (figure 1). To verify the operation of such a mode adaptor the following calculations are performed at the wavelength λ=1.55µm.

	[image: image9.emf]

	Figure 1: (a) Geometry of the mode adaptor considered in this study. (b) Cross-sectional view of the input wave guide, (c) cross- sectional view of the mode adaptor.


As we shown in [10], the first step corresponds to the calculation of the mode adaptor  using Comsol multiphysics based on the finite elements method in 2D and then in the second step to the calculation of the transition in 3D. Figure 2 shows the calculated propagation of the light in the taper in 2D with HFSS and COMSOL respectively. We see that the signal was efficiently transmitted from the input waveguide to the output waveguide.

On the example shown in the figure 1, the adaptor metafilm is located beneath the SU8 layer (the region shown in orange in the figure 1). Another possible configuration would be place the metafilm on the top of SU8 layer. To determine what configuration is optimal a series of simulation was performed in which the metafilm is placed in two positions, above and below the SU8 layer.
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	Figure 2: Propagation of the electric field (
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) between two waveguides in presence of mode adaptor (a) with HFSS (b) with COMSOL.


Comparing the efficiency of two configurations, the transition between the two waveguides is more efficient when metafilm is located below the SU8, as represented in the figure 2. The thickness of the transformed region may be the cause of this result. The thickness of the transformed region plays an important role in the transmission. To find out the suitable thickness of the transformed layer different cases were tested.

	[image: image4.wmf]

	Figure 3: Propagation of the transversal energy in the structure (a) thickness of mode adaptor  is about 30nm (b) thickness of mode adaptor  is 100nm


In the figure 3 we compare the propagation with two optimized thicknesses of 30 (a) and 100 nm (b) respectively. It should be noted that to reduce the computational time and improve the results precision, we have exploited the symmetry of the structure to reduce the size of the computational domain. Initially, the considered cases seems identical but looking more closely at the distribution of the energy in XY plan, the metamaterial layer will tend to control the signal between the waveguides by compressing itself. But, as it demonstrated in figure 3, the role of mode adaptor is much more efficient for a thickness of 100nm, as compared to 30nm. In the case of 30nm we can say that the signal is less confined by the mode adaptor (metamaterial layer). One can explain this fact by the weak thickness of 30nm compared to 2µm height of the SU8 layer of the structure.
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	Figure 4: Top: Studied structure in 3D. Middle: Graph of the transmission in function with f. bottom: the distribution of transversal energy in different coordinate of x: (a) x=0.5µm, (b) x= 2.5µm and (c) x= 4.2 µm.


3. Results

As we demonstrate in the reference 10 the transmission critically depends on the proportionality factor in the expression of the permittivity (reminder: corresponds to a factor of space compression in the transformed region). 

This result implies that the interactions between the transformed optical region and the SOI waveguide must be carefully adjusted. By plotting the transmission in function of f, we find the optimized value of f is equal to 2. In the next figure this graph with its results in structure is presented. In the most favorable case, the signal is much more confined and symmetric, and the profile of the electric field remains quite Gaussian. At the end of the taper the signal is well confined in the small waveguide. 

4.  Discretization

The next figure shows the complete transition in 3D with a discretization of the metamaterial layer.
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	Figure 5: Geometry of the structure in 3D with a discretization of the metamaterial layer.


This discretization is the first step conducting to the design of a realistic device. The yellow layer contains the discretized units cells of the metamaterial layer. As in the reference 10 each cell corresponds to a different value of permittivity tensor. The next step will be the replacement of each cell by the real materials cell [11]. Regarding the sub-wavelength features, optical MMs can be reasonably described in terms of effective electromagnetic parameters. However, there are several experimental or fundamental difficulties to retrieve these parameters from the measurement of thin films of MMs. Generally speaking the dielectric permittivity and the magnetic permeability can be retrieved from the transmission and reflection of a single layer at normal incidence, provided by an interferometer technique which is used to simultaneously measurement of the phase and the amplitude of both coefficients [12-14]. But this procedure is not well applicable in our case [15]. Another difficulty is the fact that the layer of metamaterial has two different interfaces such as one with the air and the other with a dielectric substrate in our case. It should be noted that the retrieval method proposed by Smith et al. consider that the MMs as a homogeneous layer to which it is possible to reverse the scattering data to determine the refractive index and the impedance from transmission and reflection coefficients calculated for normal incidence. Lupu et al. [15] has shown that this method can be generalized through the inversion of the characteristic matrix of medium in the most general case of oblique incidence using a particular solution of Smith’s generalized formula. In this study we are interested to this point.

5. Fabrication

In view of the realization of the mode adaptor, we start to develop the fabrication process of the MMs in a clean room. As show in figure 6, we think make the final device with a layer of metallic cut wire, whose dimensions vary to achieve the space transformation. At this stage of our study, we were able to fabricate a multilayer metamaterial made of metallic cut wires on planar substrate, as shown in the views of SEM in figure 6. The dimensions and the period of the cut wires are sub-micron so that the entire layer behaves as a homogeneous medium in wavelength. Therefore, these structures can be performed by electron beam lithography followed by metallization (Ti-Au) and a lift-off procedure (figure 6(a)). Looking to develop the fabrication, we arrive to have the multilayer structures (4 layers) on the glass substrate (figure 6(b)).
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	Figure 6: (a) monolayer of gold cut wire: length 440nm, width 30nm, and thickness 50nm (b) 4 layers of gold cut wire made on a glass substrate separated by a 65 nm dielectric layer.


We should mention that the thickness of the wires is 50nm; the width is about 30 nm and their length 440nm. We control the position of each wire layer with respect to its neighbors. So we can obtain different optical index easily [16, 17]. Figure 7 present the numerical simulations and experimental results of these structures.
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	Figure 7: (a) monolayer of gold cut wire: length 440nm, width 30nm, and thickness 50nm (b) 4 layers of gold cut wire made on a glass substrate separated by a 65 nm dielectric layer.


The black curve correspond to the single cut wire with 440nm length, 30nm width and 50nm thickness and the red one to the paired cut wires with the same dimension and without any coordinate shifts with the respect to the first level. The transmittance and reflectance spectra were measured under normal incidence with a Fourier Transformed Infrared spectrometer Varian 600. As we can see in the figure 7, the numerical simulations are in excellent agreement with experimental results. 

The fabricated multilayer MMs structure represents the first step toward the realization of a mode adaptor. Its utility is also quite important to develop the fabrication of devices designed by transformation optics on glass substrate.

6. Conclusions

The first important point of this study is the demonstration that a thin layer of MMs calculated by transformation optics and placed between two waveguides whatever of their refractive index (low or high) can control the signal propagation through the structure. On the other hand the considered approach can be applied to different geometries, suggesting that the planar MMs have great potential in integrated optics. The second point is the realization of multilayer metamaterial allowing the engineering of refractive index at infrared wavelengths
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