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ABSTRACT 

We experimentally demonstrate an all-silicon optical transmission controller based on a 

semiconductor-oxide-semiconductor capacitor embedded in a slot photonic-crystal waveguide. We incorporate a 

multimode interference-based structure to reduce the coupling loss induced by the waveguide mode mismatch. We 

perform a detailed DC characterization of the electro-optic device including the DC modulation test and the 

evaluation of the resistance-capacitance constant. The measured modulation curve is in good agreement with our 

theoretical analysis. Calculation of the effective index change indicates as much as 30 times efficiency enhancement 

compared with the slotted silicon rib waveguide. Such a waveguide layer can serve as the active layer for fully 

embedded optical interconnect architecture with minimum power consumption. 
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I. I3TRODUCTIO3 

 

Silicon has been considered as an attractive material option for low-cost photonic circuits. In contrast to those 

conventional optoelectronic components fabricated from III-V semiconductor compounds or electro-optic materials 

such as lithium niobate and nonlinear organic polymers, all-silicon based optical devices offer opportunities for 

monolithic integration with advanced electronic circuits on a single silicon substrate. In the past few years, 

high-speed silicon optical modulator [1-3] has been one of the significant advances in pushing device performance 

for applications ranging from telecommunication down to chip-to-chip interconnection. Nevertheless, it is 

challenging to achieve efficient optical intensity modulation in silicon because the material does not exhibit any 

appreciable electro-optic effect [4]. Therefore, a straightforward integration with high-frequency silicon modulator 

usually requires centimeter-scale active region and inevitable complex electrode design. In order to meet the 

miniaturization demand of high performance mirco- / nano- very-large-scale-integration (VLSI) photonic circuit, it 

would be desirable to achieve more efficient transmission control from structural innovation and optimization. Here 

we describe an approach based on a semiconductor-oxide-semiconductor (SOS) capacitor embedded in a silicon slot 

photonic crystal waveguide that can produce more efficient optical phase modulation compared with those built in 

conventional silicon strip waveguides: we propose a feasible solution to incorporate the novel structure with 

common waveguide interface and demonstrate an all-silicon optical transmission controller with 300µm interaction 
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length and 6V turn-off voltage. 

 

II. SILICO3 SLOT PHOTO3IC CRYSTAL WAVEGUIDES I3CORPORATI3G A3 

I3TERFERE3CE-BASED COUPLI3G STRUCTURE 

 

The light transmission controller presented here is based on a conventional Mach-Zehnder interferometer with a SOS 

capacitor embedded in each of the two arms, as shown in Fig. 1. In order to obtain higher controlling performance, 

we design and fabricate a line defect photonic crystal waveguide with slow photon effect [2]. The width of the defect 

region is ~1.2µm, the center slot width is ~0.1µm, the slab height is ~0.24µm and the lattice constant of the 

hexagonal structure is ~0.4µm. Both modeling and experimental data confirm the waveguide operates with a single 

transmission mode at the wavelength around 1.55µm [5]. Simulation indicates the guided mode is a 

quasi-transverse-electric mode with greatly reduced group velocity near the band edge.  

 

 

Fig. 1. Line defect structure with an oxide slot embedded in a photonic crystal slab. The slot photonic crystal 

waveguide and the silicon strip waveguide are combined by a multimode interference-based coupling structure. 

The interference length LM and the waveguide width WM decide the optical mode profile at the interface as well as 

the coupling efficiency. 

 

We then focus on designing the multimode interference-based coupling structure to achieve practical output power 

level at the end of the active waveguide region. The input strip waveguide is centered with respect to the multimode 
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section and therefore excites the symmetric modes with tunable phase difference. Parameter optimization indicates 

the best coupling efficiency is reached when the phase difference in the multimode section is close to π. Further 

experimental comparison confirms such coupling structure enhances the coupling efficiency by 20dB over 35nm 

optical bandwidth centered on 1.55µm [5]. An insulation gap is introduced in the final device pattern to create strong 

parallel electric field for carrier accumulation. 

 

III. ELECTRICAL CHARACTERIZATIO3 A3D PERFORMA3CE EVALUATIO3 

 

The final device with electrodes deposited at both sides of the waveguide region is shown by a microscopic top view 

in Fig. 2(a). To simplify the device fabrication flow and to limit the additional optical absorption from the 

sandwiched silicon layer, we implement a bulk implantation on the silicon-on-insulator (SOI) wafer with 1×10
17
 

p-doping concentration. We choose aluminum as the electrode material to achieve acceptable contact resistance. 

Measurement shows the final resistance after 900°C thermal annealing is below 5kΩ.                                                                                                                            

 

     

            (a)                                                 (b) 

Fig. 2. (a) Microscopic top view of the symmetric Mach-Zehnder interferometer containing two 

SOS-capacitor-based phase shifters. (b) Simulation and measurement result of device capacitance as a function of 

the applied voltage.  

 

We characterize the electrical properties of the device using a HP-Agilent 4191A impedance/gain-phase analyzer. As 

given by Fig. 2(b), the noise level of the capacitance measurement is ~6 femtofarad. We simulate the 

capacitance-voltage curve and compare with the measurement result. The deviation of flat-band capacitance is due to 

positive oxide charges trapped in the center spin-on-glass trench. The curve slope difference is induced by various 

interface traps around the gate oxide. The negligible asymmetry stems from doping fluctuation and fabrication 

defects.  

Based on the measured electrical parameters, calculation shows the resistance-capacitance time constant of the active 
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arm is below 120ps. Doping profile modification would further reduce the time constant and make the slot 

waveguide-based silicon structure as a good candidate to realize high-speed transmission control.  

 

IV. OPTICAL CHARACTERIZATIO3 A3D EFFICIE3CY COMPARISO3 

 

Transmission control based on Mach-Zehnder interferometer requires dynamic phase shift between the two 

waveguide arms. The phase change in line defect-embedded photonic crystal waveguides depends on the mode 

group velocity, the band shift and the total interaction length. Here we apply carrier accumulation-induced plasma 

dispersion effect to generate the expected band shift. Fig. 3(a) shows the measured modulation curve and the 

simulation result. Both of them indicate ~6V driving voltage is required to generate the π-phase shift between two 

interference arms. The evaluation of band shift distance is based on the plane-wave expansion (PWE) method.  

 

 

(a) 

 

(b) 

Fig. 3. (a) DC modulation curve. (b) Effective index change induced by different driving voltage. 
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In order to compare the efficiency of transmission control, we calculate the effective index change ∆neff of both slot 

photonic crystal waveguide and slot rib waveguide, as shown in Fig. 3(b). With different driving voltage applied, the 

slot photonic crystal waveguide always provides as much as 30 times ∆neff enhancement compared with the slot rib 

waveguide. The significant enhancement stems from the slow light effect of the photonic crystal waveguide.  Power 

consumption and device size needed to modulate an optical signal are thus significantly reduced.  This advantage is 

crucial for fully embedded board level interconnect [6-9] as indicated in Figure 4 where heat dissipation due to the 

fully embedded structure is a paramount concern. 

 

 

Figure 4 Employment of photonic crystal waveguide modulator in fully embedded board level 

optical interconnect with indirect modulation scheme where a CW laser is attached to provide 

constant light source [6-9] 

 

V. CO3CLUSIO3 

 

A carrier accumulation-based efficient transmission controller operating at communication wavelength (1.55µm) is 

demonstrated. A multimode interference-based coupling structure is incorporated to implement feasible waveguide 

combination. The final device is characterized based on electrical and optical performance. The measured device 

properties indicate that such structural innovation would be a practical option to achieve efficient transmission 

control based on an all-silicon optical component. 
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