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Abstract: An improved modulation efficiency of a Silicon-On-Insulator (SOI)- based optical 
modulator based on Split-Ridge waveguide (SRW) is reported. The optimized  device was designed by 
varying the main parameters affecting the performance of the device utilizing Taguchi Method.  The 
designated parameters are the applied voltage, the doping concentration, the doping position from the 
waveguide wall and the waveguide width. The change of the refractive index and the absorption loss 
were analyzed to determine the optimized parameters. The 3dB bandwidth of the optimized device is 
0.34GHz. Meanwhile, the modulation efficiency of the optimized device is 0.001475Vcm with applied 
voltage of 0.99V showing an improvement of almost 100% from previous work.  
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INTRODUCTION 

 
The size of CMOS devices are decreasing and with electronic interconnects, the device size is almost 

reaching its limitation as many challenging issues such as speed, power usage, cross talk and voltage needed to 
drive the device are yet to be resolved.  Therefore, possible solution to this problem  is by replacing the 
electrical interconnect with an optical interconnects layer. This alternative can double the bandwidth, decrease 
the power usage, increase the speed of the device and laying a possibility of a more complex device design. 

Fiber optics is already dominating the internet and long distance communication with capacity of 
transmitting 150 trilion bit per second. Nevertheless, copper interconnects are still utilized in microprocessors, 
PCs and servers due to the high cost of photonic devices. This is due to the fact that the classic materials used to 
develop optical devices such as indium phosphide, lithium niobate, gallium arsenide and so forth  are expensive 
and the integration onto a silicon chip is impossible. Therefore, the physical manifestation to integrate optical 
and electronic components on silicon substrate was enkindled due to several strong reasons pertaining to the 
characteristics of silicon. Firstly, silicon is the dominating material in developing the microelectronics devices 
and the standard process technology is viable. Next, besides its low cost, silicon possess a high refractive index 
so that the development of a high index contrast waveguide is possible. In addition, silicon has a good optical 
absorption at 1.1 µm wavelength.  In particular, Silicon-On-Insulator (SOI) is becoming a favourite material for 
the development of optical devices as the structure provides high index contrast between silicon and the oxide 
layer.(~3.0)(Reed and Knights 2008,Soref 2006). 

An optical modulator is one of the crucial devices in photonic circuits. Modulation occurs when the optical 
intensity of the material changes via absorption or when the refractive index of the material changes and hence 
modifies the  phase of the propagating wave. The phase change can be converted to intensity change when 
integrated on an interferometer or a resonant device. The optical modulation in silicon-based modulator can be 
achieved through a few methods but for this paper the free carrier dispersion effect is investigated. (Hanim et 
al.2012,Jalali and Fathpour 2006). 

Extensive research on different structures of waveguide for modulation has been done. This  includes the 
Split-Ridge waveguide (SRW) with modulation bandwidth of 20GHz and modulation efficiency of 0.5Vcm with 
an applied voltage of 10V to achieve a π phase shift within 1cm are reported (Gan and Kartner 2005). In this 
paper, the SRW design is studied and improved further.  

Four parameters affecting phase modulator are considered and the most influential parameter will be 
determined using Taguchi method. Taguchi method offers a systematic application for designing and analyzing 
the product quality at the design stage. The optimized product utilizing Taguchi method is robust to the variation 
of experimental conditions and other noise factors. In addition, the designers will be able to determine which 
factors are affecting the product design the most and vice versa. Meanwhile, the Signal-to-noise Ratio (SNR) 
analysis allows the designer to find out the optimal parametric combinations of the product (Phadke 1995, 
H.A.Elgomati et al.2011).This paper presents an investigation of the most influential parameter in designing an 
optical modulator  based on SRW by evaluating the refractive index change, absorption loss and modulation 
efficiency of the device. 
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Theory and Modeling: 
Modelling of the device was done utilizing the semiconductor device simulator, ATLAS and ATHENA 

from Silvaco International. ATLAS and ATHENA modules are a part of a physically-based device simulator 
which provides insight of the real fabrication process. In the simulation, ATHENA predicts the physical 
structures that result from processing. These physical structures are used as input by ATLAS, which then 
predicts the electrical characteristics associated with specified bias conditions. A straight forward determination 
of the impact of process parameters on device characteristics is possible with the combination usage of 
ATHENA and ATLAS. The operation of the device has been approximated onto a two or three dimensional 
grid, consisting of a number of grid points called nodes. The simulation of carrier transportation through the 
structure is possible by applying a set of differential equations which are derived from Maxwell laws onto the 
grids. Therefore, the electrical performance of the device can be modelled in DC, AC or transient modes of 
operation (Silvaco 2011). 

SRW combines the advantages of a buried and ridge waveguide and eliminates the disadvantages of both 
structures. In the buried waveguide structure, the optical confinement is tight due to the small mode size but this 
structure possesses strong heat retention due to the low thermal conductivity in the surrounding silicon dioxide 
and low fabrication tolerances. On the other hand, the ridge waveguide shows a much larger fabrication 
tolerance but with larger mode size and the structure leads to low carrier confinement. Thus, SRW merges the 
advantages of a buried and a ridge waveguide, by possessing a tight mode size and a well confined mode with 
larger fabrication tolerances. In addition, since the single-mode operation is obtained by adjusting the vertical 
dimensions d1 and d2, larger width of the waveguide can be chosen while maintaining the single-mode 
operation. Meanwhile, a good heat sinking is achievable by setting the silicon slab thickness larger than 350nm. 
The device structure is depicted in Figure 1. In the structure, there is a thin SiO2 isolating layer that splits the rib 
waveguide to accommodate good heat sinking of the silicon slab  (Gan et al.2006). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Optical modulator based on SRW 
 
The induced real refractive index (Δn) and optical absorption coefficient variations (Δα) produced by carrier 

dispersion at the wavelength of interest are given by the following equations  
 

At λ = 1.55µm: 
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where electron (ΔNe) and hole (ΔNh)  density changes are in units of cm-3 and Δα is in units of cm-1.  
The modulation phase efficiency is defined by a figure of merit of product VπLπ, where Vπ and Lπ are the 

applied voltage and the length required to obtain a π phase shift of the guided wave, respectively. The lower the 
product VπLπ, the more efficient the phase shifter is. For π-radian phase shift, the estimated Lπ will be: 

 
Lπ = λ / 2∆n                                                                        (3) 

 
where λ is the operating wavelength, ∆n is the change of the refractive index.  
 
Parameters affecting the optical modulator based on SRW such as the applied voltage, lateral doping 

position from waveguide wall, doping concentration and the waveguide width were considered and varied for 
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optimization purposes. Three levels of each control factors were selected for a total of nine experiments as 
depicted in Table 1. Meanwhile, the temperature of the device was chosen as the noise factor for four levels as 
depicted in Table 2. The simulations were done at a wavelength 1.55µm, TE polarized. Then, the refractive 
index change and the absorption loss were calculated using equation  (1) and (2) respectively. The values of the 
parameters were varied according to Table 1. The experiments were simulated utilizing the L9 orthogonal array 
in Taguchi method. Taguchi method eliminates the necessity to run a large number of experiments by 
introducing a specially designed set array of experiments (Phadke 1995, Salehuddin et al.2009). 

 
Table 1: Control factors and their levels 
Table 2: Noise factors and their levels 

Symbol Control factors 
 

Level 1 Level 2 Level 3 

A Voltage (V) 0.99 0.98 0.97 

B Doping concentration (cm-3) 5x1018 5x1020 5x1022 
C Doping position (µm) 2.0 1.5 0.5 
D Waveguide rib width (µm) 5 4 3 
Noise factor Unit Level 1 Level 2 Level 3 Level 4 
Temperature K 299 299.5 300.05 300.1 

 
RESULT AND DISCUSSION 

 
Figure 2 shows the cross section of the simulated optical modulator based on SRW. Upon simulation, the 

electrons and holes concentrations were collected and tabulated in the next table to determine the change of the 
refractive index, absorption loss and eventually the modulation efficiency of the optimized device.  

 

 
 

Fig. 2: Cross section of simulated optical modulator based on SRW 
 
The calculated refractive index change for each experiment was analyzed and processed using Taguchi 

method in order to predict the optimal design and to identify the most influential parameter in designing the 
device. In this paper, signal-to-noise ratio (SNR) of larger-the-best quality characteristics, η is performed. A 
larger SNR value represents better performance characteristics. SNR for ‘larger the better’ is given by: 
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where n is the number of tests in each experiment and Yi  represents the experimental value of refractive 

index change (Salehuddin et al. 2009). The calculated SNR is displayed in Table 3. 
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Table 3: SNR for refractive index change 
Experiment Noise Factor1 Noise Factor2 Noise Factor3 Noise Factor4 SNR 
1 1.79E-3 1.80E-3 1.92E-3 1.94E-3 -54.61 
2 4.83E-3 5.47E-3 4.35E-3 5.14E-3 -46.21 
3 6.83E-3 5.59E-3 7.52E-3 7.49E-3 -43.47 
4 1.61E-3 1.58E-3 1.9E-3 2.04E-3 -55.12 
5 3.5E-3 3.63E-3 3.93E-3 3.77E-3 -48.64 
6 4.69E-3 4.18E-3 4.2E-3 4.65E-3 -47.11 
7 3.88E-3 3.84E-3 3.94E-3 4.2E-3 -48.04 
8 3.07E-3 3.82E-4 3.89E-4 3.9E-3 -67.02 
9 3.55E-3 3.62E-3 3.18E-3 3.71E-3 -49.12 

 
Table 4: Factor effect on SNR for different control factors on refractive index change 

Symbol Control factors Factor effect on SNR (%) 
A Applied voltage (V) 17 
B Doping concentration (cm-3) 23 
C Doping position (um) 35 
D Waveguide width (um) 25 
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Fig. 3: Factor effect graphs for refractive index change 

 
According to Figure 3, the proposed optimized parameters are A1B3C3D2 where the SNR values are the 

highest. From Table 4, it can be seen that the doping position has the most effect on the refractive index change 
with 35%, followed by the waveguide width by 25%, doping concentration by 23% and applied voltage by 17%. 
Confirmation test confirms the prediction with SNR value of -43.31. Nevertheless, the final optimized 
parameters should consider the absorption loss analysis as well. In this case, lower absorption loss is favourable. 
Therefore, SNR for lower-the-better was utilized as in equation (5) for absorption loss analysis. 
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Table 5 shows the value of absorption loss with the calculated SNR. Meanwhile Table 6 depicts the factor 
effects on SNR for each control factors. 

 
Table 5: SNR for absorption loss 

Experiment Noise Factor1 Noise Factor2 Noise Factor3 Noise Factor4 SNR 
1 7.91 7.94 8.56 8.67 -18.36 
2 2.51E1 2.89E1 2.22E1 2.69E1 -28.27 
3 3.74E1 2.97E1 4.18E1 4.16E1 -31.58 
4 6.99 6.83 8.46 9.17 -17.98 
5 1.72E1 1.8E1 1.97E1 1.88E1 -25.33 
6 2.42E1 2.12E1 2.13E1 2.4E1 -27.13 
7 1.95E1 1.92E1 1.98E1 2.13E1 -26.01 
8 1.48E1 1.27 1.3 1.3 -17.49 
9 1.76E1 1.79E1 1.54E1 1.85E1 -24.81 
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Table 6: Factor effect on SNR for different control factors on absorption loss 
Symbol Control factors Factor effect on SNR (%) 
A Applied voltage (V) 9 
B Doping concentration (cm-3) 37 
C Doping position (um) 33 
D Waveguide width (um) 21 
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Fig. 4: Factor effect graphs for absorption loss 

 
Analysis of the absorption loss concludes that the most influential control factor is the doping concentration 

with 37%, followed by doping position with 33%, waveguide width with 21% and the least influential control 
factor is the applied voltage with 9%. Considering both cases, it can be concluded that the doping position and 
concentration play important roles in designing the optical modulator based on SRW. 

The optimized parameters based on the absorption loss is A3B1C1D3. Since the optimized parameters 
based on the refractive index change is A1B3C3D2, therefore the highest factor effect on SNR on each control 
factors should be considered. In this case, by considering both optimized control factors based on refractive 
index change and absorption loss, the overall optimized parameters are A1B1C3D2. Confirmation test on the 
optimized parameters is concluded in Table 7. 

 
Table 7: Confirmation test on optimized parameters 

Factor SNR Predicted range 
Δn -43.31   -41.69<-41.8<-41.85 
Δα -28.75  -32.69<-32.8<32.86 

 
It can be seen that the calculated SNR for the overall optimized parameters deviates by only around 3-12%  

from the predicted range of SNR in both cases. Therefore, the optimized parameters are reliable. Then, the 
modulation efficiency of the optimized parameters was determined to be 0.001475Vcm with applied voltage of 
0.99V and a 3dB bandwidth of 0.34GHz. The modulation efficiency improves from previous work by almost 
100%. 

 
Conclusion: 

The SOI optical modulator based on SRW have been simulated and analyzed for optimum performance. 
The parameters affecting the device such as the applied voltage, doping concentration, doping position from the 
waveguide wall and waveguide width were varied and analyzed using Taguchi method. Meanwhile, the noise 
factor chosen where the temperature which was varied for four levels. Two types of SNR utilized were the 
larger-the-better for refractive index change analysis and smaller-the-better analysis for absorption loss analysis. 
Considering both analysis, the optimized parameters for the device were determined resulting to an improved 
modulation efficiency of the optimized design by almost 100% from previous work. 
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