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Over the last years, the silicon photonics platform has become the most cost-effective 
technology for the implementation of photonic integrated devices. The integration of 
materials such as barium titanate (BaTiO3 or BTO) compatible with silicon CMOS 
photonics has been shown as promising way to achieve electro-optic (EO) modulation 
by way of Pockels effect [1-3].  

In this work, the proposed hybrid BTOSi waveguide structure for enabling EO 
modulation is shown in Fig. 1(a). A layer of amorphous silicon is deposited on top of the 
previously grown BTO and then etched down to from the waveguide. The design of the 
optimum waveguide parameters has been previously reported [2]. The Mach-Zehnder 
modulator schematic is shown in Figure 1(b). Here, the optimization of the RF 
electrodes above the optical structure is investigated.  

 
Fig. 1. (a) Schematic of the waveguide cross-section and (b) schematic of the ground-

signal-ground (GSG) coplanar electrode above the MZI structure. 

A layer of silicon oxide (SiO2) is usually deposited over the waveguide structure to 
protect the devices. Additional process steps of e-beam lithography and etching are 
required to open lateral windows in the SiO2 layer in case we want to place the 
electrodes on top of the BTO layer. Alternatively, the electrodes could be directly placed 
on the SiO2 thus simplifying the fabrication process. However, such approach will also 
have an impact on the modulation performance. Figure 2(a) shows the modulation 
efficiency, VπL, as a function of the separation between electrodes, S, for different SiO2 
thicknesses, tSiO2. Simulations have been carried out with COMSOLTM. The modulation 
efficiency has been calculated by simulating the effective index change through Eq. (1) 
in which only the Ex component of the applied electric field has been considered, 

Δn ´ 1
2 ��C��                                                           (1) 

where n is the refractive index and r is the electro-optic coefficient in the BTO.  
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Fig. 2. (a) Modulation efficiency as a function of the separation between electrodes for 
different SiO2 thicknesses.  (b) Ex and Ey are shown in logarithmic scale and calculated in 
the center of the BTO as a function of the separation between electrodes for tSiO2=500nm. 

In Fig. 2(a), it can be seen that the highest modulation efficiency is achieved when the 
electrodes are placed on top of the BTO. Furthermore, the simulated results perfectly 
agree with the well-known analytical expression of    

¬̂ L ´ Ùr
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where λ is the wavelength, S is the separation between the electrodes and ΓTE is the EO 
overlap integral for TE polarization [2]. The modulation efficiency decreases when the 
electrodes are directly placed on the SiO2 upper cladding due to the lower overlap 
between the electric field in the BTO layer and the optical mode. Furthermore, Eq. (2) is 
no longer valid as the SiO2 thickness increases. In fact, it is interesting to notice that the 
modulation efficiency is almost independent of the electrodes separation for the 
thickest value of 50nm. This allows to have more flexibility to optimize the RF 
performance. It can be seen that a high modulation efficiency of 2.1V·cm may be 
achieved for a 500nm thick SiO2 layer by placing closer the electrodes, S=2µm, without 
increasing the optical losses, which are also depicted in Fig. 2(a). This waveguide 
structure allows us to design a symmetric coplanar electrode with impedance around 
50Ω and an EO bandwidth higher than 40Hz. Furthermore, optical losses due to the 
metal located above the waveguide (Fig. 1(b)) are also minimized for a SiO2 thickness of 
500nm. On the other hand, we have also analyzed the influence of the two components 
of the applied electric field to validate the approximation taken into account in Eq. (1). 
Results shown in Fig. 2(b) for tSiO2=500nm clearly exhibit that the Ey component is 
negligible in the BTO layer comparing to Ex. The same performance has also been 
obtained for different SiO2 layers.  

To summarize, the RF electrodes in a hybrid BTOSi waveguide structure have been 
designed for optimum EO performance. It has been shown that placing the electrodes 
above a layer of SiO2 simplifies the fabrication process and allows a high EO bandwidth 
with a slight penalty on the modulation efficiency. This work was supported by the 
European Commission under project FP-ICT-2013-11-619456 SITOA. 
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