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Abstract 
Silicon wire waveguide technology becomes great issue in optical communication system. The 

high index contrast of the silicon wire waveguide induced the birefringence. It played important role in 
silicon wire waveguide loss since it caused polarization dependent loss (PDL), polarization mode 
dispersion (PMD) and wavelength shifting. Hence, controlling birefringence in silicon wire waveguide 
become very important. The current birefringence controlling techniques by using cladding stress and 
geometrical variation in bulk silicon waveguide was presented. Unfortunately, it could not obtain zero 
birefringence when applied to silicon wire waveguide. The over-etching technique was employed in this 
paper to obtain zero birefringence. The tall silicon wire waveguide obtained minimum birefringence 
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1. Introduction 

Silicon wire waveguide structure was fabricated by depositing the silica layer onto the 
silicon using plasma-enhanced chemical vapor deposition (PECVD). The deposition process 
involves temperature of 300o C. Silicon wire waveguide has high refractive index contrast (Δ ~ 
40%). It may lead to birefringence [1]. The presence of birefringence is an important issue in 
silicon wire waveguide because it can induce polarization mode dispersion (PMD), polarization 
dependent loss (PDL) and wavelength shifting [2-4]. In silicon wire waveguide, the birefringence 
is caused by the anisotropic distribution of the stresses induced by thermal coefficient mismatch 
and lattice defect between core and cladding material during deposition process [5-7]. 

The birefringence controlling in large cross-section silicon on insulator (SOI) has been 
reported [8-10]. In [8,9], stress engineering was employed to control birefringence in an Array 
Waveguide Grating (AWG) by varying upper cladding thickness. The birefringence was also 
controlled by changing the silicon waveguide geometry, especially the ridge width. Under stress 
condition, silicon waveguide would have zero birefringence in a wider ridge width [10].  

The birefringence in highly-contrast waveguide such as silicon-on-insulator (SOI) 
waveguide and silicon wire waveguide is largerly dominated by geometrical birefringence [11]. 
In the other hand, the birefringence in waveguides with over-etch has been studied in [11,12]. 
The purpose of over-etching process is to create a pedestal. The pedestal could modify the 
stress distribution in the core [12]. However, the silicon wire waveguide with over-etching has 
not been studied yet. In this paper, the effect of over-etching to control birefringence in silicon 
wire waveguide has been studied theoretically and numerically. Since, the dominant 
birefringence in silicon wire waveguide is geometrical birefringence, the stress birefringence 
from thermal stress can be neglected.  

 
 

2. Research Method 

Figure 1(a) shows the silicon wire waveguide structure. The waveguide core, typically of 
250 nm or 300 nm on thickness and formed from a silicon layer, through photolitography 
process and etched down to the lower cladding. However, the core dimension was varied to 
know the each effect of the dimension. The upper cladding is silicon nitride (Si3N4) with 1 µm in 
thickness. While the lower cladding is silicon dioxide (SiO2) with 3 µm in thickness. The 
refractive index of silicon, silicon nitride, and silicon dioxide in wavelength of 1550 nm are 3.444, 
2.4629, and 1.444 respectively. The numerical approach used Finite Difference Method (FDM) 
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that was performed by using GUI Octave software. The method in this paper divided in four 
main following steps.  

a. Step 1: The core thickness was set fixed. The core width and The over-etched depth 
would be varied. This step as means to know the effect of the core thickness and over-
etched depth to the guided mode in the core region. 

b. Step 2: The core width was set fixed. The core thickness and the over-etched depth 
would be varied. This step as means to know the effect of core thickness and over-
etched depth to the guided mode in the core region. 

c. Step 3: As the result of the step 1 and step 2, the possible core dimension for guiding 
the mode was used to do numerical approach of birefringence. This step is used to 
obtain the smallest birefringence. Figure 1(b) shows the over-etched waveguide. 

d. Step 4: The final step is validation by comparing the result in step 3 to the published 
data. This step is used to know the validity of the over-etched silicon wire waveguide 
numerical approach. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1(a). Silicon wire waveguide cross-section 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1(b). Over-etched silicon wire waveguide 

 
 
3. Birefringence in over-etched silicon wire waveguide 

In silicon wire waveguide without over-etch, the core aspect ratio is defined as, 
 

  
 

 
       (1) 

 
while, the over-etching process in a silicon wire waveguide creates a pedestal that wil modify 
the aspect ratio of the core region. The over-etching can be assumed as the change of the 
aspect ratio of the core accompanied by the a change in material composition (as the core 
material differs from the pedestal material). The aspect ratio of core is redefined as, 
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As change in core aspect ratio and also the compition, the effective index of x and y-
direction could be change. It induced the change in number of guide mode and birefringence. 
The birefringence is defined as the difference between effective index of TM and TE polarized 
fundamental modes [13]. 

 
                     (3) 

 
The total birefringence in over-etched silicon wire waveguide can be approximated as 

the sum of the geometrical birefringence and the over-etched birefringence:  
 

                       (4) 

 
where the geometrical birefringence, defined as the difference in effective indexes 
corresponding to solutions of the scalar wave equation. The geometrical birefringence is stress-
free birefringence. Since the thermal stress was neglected, hence the over-etching birefringence 
defined as the difference in effective indexes of fundamental mode corresponding to solutions of 
the wave equation, with the boundary condition as a function of over-etched depth [14]. 
 

                                     (5) 
 
where the   and   can be obtained by using eigen value equation of TE and TM modes as 
follows, 
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4. Result and Analysis 
 Silicon wire waveguide typically fabricated in thickness of 250 nm or 300 nm. Table 1 
and 2 show the numerical result of the effective index calculation with the width variation. 
  

Table 1. Effective index calculation for thickness of 250 nm 

width TE TM 

300 2.530162 2.448033 

350 2.590297 2.470601 

400 2.644973 2.492485 

450 2.69178 2.512629 

 

Table 2. Effective index calculation for thickness of 300 nm 

width TE TM 

150 2.419512 2.416048 

200 2.457573 2.446684 

250 2.520665 2.486742 

300 2.594384 2.52845 
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From the table above, the silicon wire waveguide with the thickness of 300 nm has lower 
differences in TE and TM effective indexes. This  thickness was used to do step 1. The width of 
350 nm was used to do step 2.  

Figure 2 shows the numerical result of step 1.  The core thickness was fixed at 300 nm 
and the width was varied from 150 – 350 nm. The over-etched depth effect added to the 
calculation. The over-etched depth  was varied from 0 – 200 nm. The upper and lower cladding 
thickness were fixed at 1000 nm and 3000 nm respectively.  
 
 

 
Figure 2. Effective index calculation for step 1 

 
 

For core thickness range of 150 – 200 nm, no mode guided in the core region. While, 
for core thickness range of 200 – 350 nm, both TE and TM mode guided in the core region. This 
result shows that the waveguide with the core width 200 nm and over-etched depth of 200 nm 
has birefringence of -00253. 

Figure 3 shows the numerical approach result of over-etched silicon wire waveguide. 
The core width was fixed at 350 nm and the thickness was varied from 220 – 300 nm. The over-
etched depth was varied from 0 – 200 nm. The upper and lower cladding thickness were fixed at 
1000 nm and 3000 nm respectively 

 
 

 
 

Figure 3. Effective index calculation for step 2 
 
 

. For core thickness range of 220 – 240 nm, only TE mode guided in the core region. 
After over-etching process, both TE and TM mode could be guided in the core region. While, for 
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core thickness range of 240 – 300 nm, both TE and TM mode guided in the core. The result 
shows that over-etching process pulls the mode to the confined part. 

From table1, without over-etching, the core width and thickness that possible to guide 
modes are at 350 nm and 250 nm, respectively. Then the effect of over-etched depth added to 
the numerical calculation of birefringence. The over-etched depth was varied from 0 – 225 nm. 
The upper and lower cladding thickness were fixed at 1000 nm and 3000 nm respectively. The 
result shows in Figure 4. 
 
 

 
(a) 

 
 

 
 
 

Figure 4. birefringence calculation of (a) 350 nm in width and 250 in thickness (b) 250 in 
width and 300 nm in thickness 

 
Figure 4(b) shows the numerical result of the over-etched silicon wire waveguide with 

the core width and thickness was fixed at 250 nm and 300 nm, respectively. The over-etched 
depth was varied from 0 – 225 nm. The upper and lower cladding thickness were fixed at 1000 
nm and 3000 nm respectively. 

The small birefringence value could be obtained by changing the core width to be 
narrower. The adding of over-etched part would pull the non-guided mode to the confined part. 
The tall rectangular core dimension has lower birefringence than the wide one.  
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5. Conclusion 

The effect of over-etching  in silicon wire waveguide has been studied theoretically and 
numerically. The thermal stress effect to the waveguide was neglected since the dominant 
birefringence is geometrical birefringence. Without over-etched the tall waveguide core has 
lower birefringence than the wider one. The ove-etching pull the unguided mode to the confined 
region and minimize the birefringence in silicon wire waveguide. The smallest birefringence is -
0.00253. It could be obtained by the waveguide with the core dimension of 200 nm in width and 
300 nm in thickness. The given over-etched depth is 200 nm. 
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