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The request of intra-chip optical interconnects made possible that silicon-on insulator 
(SOI) is currently considered as one of the most promising platforms to achieve dense 
integration of photonic devices at low cost, owing to its high-index contrast and 
compatibility with mature complementary metal-oxide semi-conductor (CMOS) 
fabrication process. Here, we present the design of a highly efficient carrier depletion-
based modulator a 1.31 µm wavelength, which “on”-“off” ratio can be improved via the 
use of an asymmetrical multi-mode interference (MMIs) couplers with low loss penalty. 

The device has been designed using a shallow-etched waveguide configuration (Fig. 1) 
[1]. The silicon semiconductor structure chosen for the creation of a high-speed, high 
efficiency modulator is a vertical pn junction, which ensures a large effective index 
change. Moreover, this approach is more tolerant to potential mask alignment errors 
since its formation is dictated by the implantation energy of the dopants, rather than 
the resolution of the optical lithography. Moreover, the combination of slightly lower 
optical modal confinement, caused by the rib configuration, and wider pn junction leads 
to a higher interaction propagating light and charge carriers. 

 

Fig. 55. (a) 2D-Cut of the vertical pn junction in rib configuration, (b) Schematic of the MZI 
with single phase shifter and arbitrary splitting ratio.  

The phase shifter has been modeled using ATHENA and ATLAS, respectively process 
and device simulation software from SILVACO. They allowed us to simulate the overall 
fabrication process flow, and subsequently the interaction between the optical mode 
and the pn junction under low drive voltage conditions (<2 V) requested by Photonic 
integrated circuit in HPC and optical interconnects applications at 1.31 μm driven by 
advanced CMOS electronics. 

The proposed layout of the modulator is summarized in Fig. 1. It is based on a 
symmetric Mach-Zehnder interferometer (MZI) configuration with a single phase 
shifter and with arbitrary power splitting ratios [2]. The asymmetrical MMI coupler at 
the input of MZI injects more power in the doped (upper) arm and hence helps 
compensate the loss imbalance produced by the active shifter.  As a increasing amount 
of power is fed into the active arm the extinction ratio increase with low loss penalty as 
depicted in Fig 2 (b)..  This design, optimized to operate at 1.31 μm, allows us to reduce 
the requested length of the modulator, leading to a small footprint.  
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Fig. 2. (a) Splitting ratio dependence of insertion losses and extinction ratio. (b) Relation 
between rise/fall time and pn junction width.   

The device can reach high speeds (<15 ps rise and fall times) thanks to the by shrinking 
the pn junction, as shown by Fig. 2(a), acting on the geometry and the doping profiles. It 
shows a good figure of merit, which turns out to be much lower (between 0.4 and 0.55 
V.cm) than typical values obtained from horizontal pn junction schemes (from 2 to 4 
V.cm) at 1.55 µm [3] and 1.31µm [4] even when considering the lower efficiency of the 
free carrier dispersion effect at 1.3 µm wavelength [5]. Other schemes than the 
traditional pn junction such as the MOS can reach this efficiency at the expense of an 
increased fabrication complexity [6]. 

In conclusion, we have presented an efficient and highly tunable device suitable for 
modulation at 1.31 μm wavelength. Its capacity of reaching high speeds and low power 
consumption could make it suitable for HPC and optical interconnects application in 
data centers. 
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