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Abstract 

 

Semi Conductor Optical waveguides, being the basis of active and passive devices 

are widely used in the field of integrated optics. Main advantages of such wave 

guides are their well defined refractive index profiles and geometric shapes, with 

high controllability and reproducibility which help to understand the propagation 

properties in such wave guides more appropriately. Here rib wave guides are 

considered as this structure allows the greatest versatility in device design though it 

is relatively easy to fabricate. The basic concept of the waveguide design employed 

here is its compositional changes to determine the refractive index profile in the 

vertical direction where the three regions of the rib structure are divided into zones 

with specific refractive indices. As for these types of structures no precise analytic 

solution is obtained, different numerical techniques have been implemented for their 

study in terms of their modal analysis. Accordingly, an accurate Higher Order 

Compact (HOC) Finite Difference Method (FDM) is applied here for the 

investigation of refractive index profile of GaAs and GeSi rib wave guide structure to 

show their effect on transmission properties of the guided wave using Helmholtz 

wave equation. The difference in surface and contour plots of the polarized E- field 

solution clearly show the material dependence on transmitted waves. As strong 

optical field concentration with high optical confinement and power density in small 

volume is of great importance for guided-wave optoelectronic devices, we have also 

studied the variation of optical confinement factor with no. of parameters to 

understand the propagation properties appropriately. 
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1. Introduction 
 

Modal analysis for optical waveguides is one of the most important areas in 

modelling and simulation of guided-wave optics. If the governing equations and their 

boundary conditions are provided, it is easier to implement Finite Difference Method 

(FDM) which commonly used second order central difference scheme giving 

computational instability with non-physical oscillation in the solution domain. Again 

higher order FDM of conventional type do not allow direct iterative technique, but 

compact type is an exception allowing Successive over Relaxation (SOR) iteration to 

be applicable for its solution for small grid sizes and grid ratios. So here Higher 

Order Compact (HOC), actually fourth order, semi-vectorial FDM has been used to 

determine the fundamental TE-polarised solutions of the Helmholtz equation in 

GaAs and GeSi rib waveguide structures with arbitrary refractive index profiles [1, 2, 

3, 4]. Dependence of corresponding fields’ confinement factor is also studied here. It 

is found that this simple method produces results in good agreement with other 

published results. 

 

The waveguide theory and basic idea of optical confinement factor are discussed in 

section 2 and the used numerical expression is given in section 3. Section 4 presents 

results and relevant discussions giving concluding remarks in section 5.  

  

2. Waveguide Theory  
 

A typical structure of a rib wave guide [5] used by us has rib width  2w  and inner 

rib height 2h (Fig. 1) where λ is the free-space optical wavelength. Rib outer region 

has a thickness of 2hr  where r represents outer-inner ratio of the rib. The three 

regions have refractive indices of 
0 1 2n ,n ,n  respectively at our chosen λ value. Now 

for harmonic wave propagation in the z  direction along a rib waveguide, the field 

can usually be considered as [1] 
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Here dielectric constant ( , )x y  is piecewise constant throughout the solution domain 

and permeability   is completely constant, x and y represent the coordinates of the 

transverse section of the waveguide. 

       Then using the Maxwell's equations in the source free regions, and following 

usual procedure we obtain the Helmholtz wave equation for quasi TE modes (with 
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xE  continuous across horizontal interfaces but discontinuous across vertical 

interfaces) as the eigen solutions of the equation  

 

             2 2 2[ ]T x xk E E                                                                                         (5)    

with 2

T  as the Laplacian operator acting on x and y and 2  is the eigen value and  
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                                                                          (6) 

the propagation constant, is  undefined at internal dielectric inter-faces where k(x, y) 

is discontinuous. Here    is the angular frequency and ( , )n x y is refractive index.  

 

Our derivation of Finite Difference Scheme [8] yields the algebraic eigen value 

equation of the form 

 

              2

TE TE TE TEA E E                                                                                                 (7)  

in which TEA   is a real non symmetric band matrix, 2

TE  is the TE propagation      

eigen value and 
TEE   is the corresponding normalized eigen vector representing the 

field profile xE  

                                             
                               Fig 1: A semiconductor rib waveguide structure 

 

2b. Optical Confinement Factor 

 

Now to measure the field confinement quantitatively, here we focus on a very 

important parameter - the Optical confinement factor   which is usually defined as 

the fraction of the squared electric field confined to the active region. Now in active 

photonic devices as it is generally only the core material that provides gain, the 

cladding remaining transparent, the confinement factor is expressed as 
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where the integration in the numerator  is evaluated over the core of the waveguide 

and that in the denominator over  the total field residing in core and cladding region 

[10]. Here we have studied their dependence on various parameters related to 

waveguide structure. 

 

3. Numerical Expression 
 

In order to solve Eq. (7) numerically by compact fourth order finite difference 

method, we have used nine point fourth order approximation [6] to Helmholtz wave 

equation where finite difference grid lies within a rectangular solution domain. Then 

following the scheme developed in [6] a simultaneous system of linear algebraic 

equation with nine-diagonal non symmetric coefficient matrix is obtained as 

 

 

, 1, 1 , 1, 1 , 1, 1 , 1, 1 , 1, , 1, , , 1 , , 1 , , 0i j i j i j i j i j i j i j i j i j i j i j i j i j i j i j i j i j i jA E B E C E D E Q E F E G E H E M E                                                                                                                                                                                                                                                              

                                                                                                                                    (8) 

 

where A,B,C,D,Q,F,G,H,M are the coefficient  matrices given in [6]. 

 

Eq.(8) containing TE eigen value problem is solved by Successive Over Relaxation 

method (SOR) which enables the normalised electric field profiles profile to be 

determined for given  , the component of the propagation constant in the 

propagation direction of the wave vector where we have chosen zero field values at 

the outer boundary of the solution domain . A new code is therefore been developed 

for these nine-diagonal coefficient matrix system to incorporate the rib structure 

parameters in the solution domain and to exhibit their effect on optical confinement 

factor calculation.  

 

4. Results & Discussion  
      
The scheme used  here  is  applied  initially [6] to investigate propagation mode of  a 

dielectric rib waveguide structure [3] considering the guiding region only,  for GaAs 

waveguide in terms of surface and contour plots of their fundamental TE field profile 

by varying the grid sizes and grid ratios. This structure incorporates many of the 

features found in practical waveguide devices.  

 

 

Here we extend our scheme to investigate TE propagation mode by considering 

dielectric rib waveguide structure incorporating cladding and substrate regions also. 

To study the material dependence on propagation mode, the GeSi-on-Si hetero 

structure is additionally being focussed. It has air cladding where 3.6 refractive index  

corresponds to a waveguide core layer of  GeSi, an alloy which in addition to 

improve the performance of silicon transistors in many ways, have also shown their 

potential as the building blocks of active integrated optical devices and is transparent 

at 1.3 m . It can be mentioned that the GaAs/GaAlAs hetero structure rib waveguide 

considered earlier has GaAs guiding layer which is bound by air and a Ga0.75Al0.25As 
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confining layer at wave lengths of 1.55 m . The GaAs provides a direct band gap, 

high electron and hole mobility, and semi-insulating substrates, the combination of 

which allows to make high speed, monolithic, optoelectronic integrated circuits. 

Actually these two semi conductor waveguides are mostly used in optoelectronic 

integrated circuits. The corresponding geometrical and optical parameters of the 

structure are given below in Table 1 and Table 2.   

 

Table 1 

Table 2 

 

Refractive 

indices 

n1 n2 n0 

GaAs/GaAlAs  3.44 3.34 1.0 

GeSi-on- air 3.6 3.5 1.0 

 

Here it may be mentioned that there are a variety of factors to be considered in the 

design of waveguide devices depending upon its specific use and the corresponding 

property to be studied. The rib wave guide considered here has relatively large 

vertical refractive index steps of n  2.44 and 0.1 corresponding to GaAs guiding 

layer bound by air and a Ga0.75Al0.25As confining layer and of n   2.6 and 0.1 for 

GeSi guiding layer relative to the surrounding media. In the lateral direction rib 

height is less than the width which allows the mode to extend laterally making this 

structure to be particularly useful for directional coupler as strong coupling between 

adjacent guides result in short coupling lengths. 

Corresponding surface and contour plots of the E-field following our numerical 

scheme are shown in figs. (2-5) which clearly indicates   that different materials of 

the optical wave guide affect the propagation property significantly for a given 

structure. Comparison of the plots (Figs. 2 & 4) for GaAs with those of Stern [1] 

(Figs. 5a & 5b) confirms that our numerical scheme yields accurate results.  

              
Fig 2: Surface plot of TE field profile in      Fig 3: Surface Plot of  TE field profile in 

GaAs material system taking hx=0.09,         GeSi material system taking  hx=0.09,             

 hy=0.09                                                         hy=0.09 

 

w  h  r  0y  
2y  

2x  
xh  

yh  

0.645 0.080645 0.6 0.525 5.025 3.00 0.09 0.09 
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Fig 4:Dimensionless TE contour in GaAs    Fig 5: Dimensionless TE contour in GeSi  

material system taking hx=0.09 , hy=0.09    material system taking hx=0.09, hy=0.09                                                                   

 

Here we have also estimated the values of  the confinement factor  for TE mode as 

0.99928628 for GaAs structure and 0.992080268 for GeSi structure. Corresponding 

contour plots for GaAs and GeSi are shown in Figs. 6 & 7 respectively. The shape of 

the contours obtained are very much expected as rib structure under consideration 

has very small guiding region compared to the substrate region. Fig.6 when 

compared with Fig. 2.10(a) (pp. 24) of Wagner[7]  shows good agreement.   

 

            
            
 Fig 6: Dimension less TE contour in                Fig 7: Dimensionless TE contour in 

 GaAsmaterial system taking hx=0.09,              GeSi material system taking hx=0.09, 

hy=0.09  with  Γ = 0.99928628 [10]                 hy=0.09, with Γ = 0.992080268 [10]                      

 

Moreover, we have tried to show the optimization of our rib structure’s geometrical 

parameters to maximize its power confinement. It has been found that this 

confinement factor is a function of the core width, the material indices, and the 

wavelength [9]. Since it is desirable to have waveguide with high power confinement 

in its core, we show variation of power confinement in core,  core with core width 

in Fig.8. Core height is kept constant at 0.1 m .  

It can be noted that  core increases with increase in core width and saturates after a 

certain value. In this paper, keeping other geometrical parameters unchanged, rib 

width has been varied upto 6 m  for both of the material systems. An optimum core  

 



Higher order compact (HOC) finite difference method (FDM)                               375 

 

 

width can be chosen to have high power confinement, small effective mode area and 

small waveguide dimensions [8]. It is shown in fig. 8 that the confinement factor has 

been reached to the saturated value for both the material systems when rib width is 

greater than or equals to 2.0 m , the so called optimum width. 

 
 Fig.8 Variation of Confinement Factor      Fig. 9 Variation of Confinement Factor 

 with Rib Width in different  material         with  Rib Height in different material                 

 system                                                         system                                              

                                                            

Similarly the variation of optical confinement with core height is studied and the 

corresponding plot is given in Fig. 9 where rib height has been varied from 0.1 m  to 

0.13 m .  From the Fig. 9, it is found that optical confinement factor is saturated 

when rib height is greater than 0.12 m  for GaAs material system and rib height is 

greater than 0.115 m  for GeSi material system giving optimum rib height to be 

more than 0.1 µm on an average. The estimation of these optimized rib width and 

height in confinement factor study may be related to the fact that, rib width should be 

not less than 2.0 m and rib height should be not less than 0. 1µm for optical wave 

guide design as mentioned by Robertson et al [3].  

To further maximize the rib waveguide sensitivity to confinement factor, we have 

investigated the influence of w /h ratio, assuming h = 0.1 m . The result is given in 

Fig.10 where variation of electric field confinement in the core region with ratio of 

rib width and rib height for GaAs and GeSi material system has been shown. 

                         
Fig10. Variation of Confinement factor with rib width-height ratio in different material 

systems 
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There is significant error in estimation of confinement factor when rib width and rib 

height ratio is very small and less than one. It can be noted that Γ increases with 

increase in core width-height ratio. A minimum core width-height ratio can be 

chosen (here 5) to have high power confinement.   

 

The wavelength dependence of confinement is also studied and the results are shown 

in Figs.11 and Fig.12. Nearly 25 % confinement variation is observed over 0.13 m  

wavelength range for GaAs rib waveguide where as 4.5 % confinement variation is 

observed for GeSi case over 0.06 m  wavelength range. 

 

            
 
  Fig.11 Variation of Confinement Factor         Fig.12 Variation of Confinement Factor 

   with Wavelength in GaAS material               with wavelength in GeSi material 

    system                                                            system 

 

 

Lastly we have verified the accuracy of our numerical scheme by showing the plots 

as given below. 

 

                      
 

Fig.13: Confinement Factor vs. No. Of iterations for various grid ratios in GeSi material 

system 
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Fig.14:  Confinement Factor vs. No. Of iterations for various grid ratios in GaAs material 

system 

 

 

From Fig.13 & Fig.14, it is clearly shown that confinement factor reaches fast to the 

optimum value for both the material systems when grid ratio decreases.  

 

5. Conclusion  
 

So our Higher Order Compact Finite Difference Scheme shows expected variation of 

the propagation property when applied to different rib wave guide structures and 

study of optical confinement factor predicts some deeper insight for such wave 

guides’ properties. 
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