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ABSTRACT 
A new implementation of bidirectional eigenmode expansion and propagation algorithm for the modeling of 
three-dimensional waveguide structures is presented. The eigenmodes, which are used for expansion of unknown 
field, are searched numerically using a full vector finite-difference or finite-element modesolver. The technique 
is applied to the modeling of high-Q one-dimensional photonic crystal nanocavity and its results are compared 
with results obtained by three other independent techniques. 
 
Keywords: eigenmode expansion, numerical modeling, photonic crystals, high-Q nanocavities 

1. INTRODUCTION 
Currently, as photonic and/or plasmonic nanostructures are becoming very attractive components for photonics 
devices, among other important experimental and technological aspects, new modeling activities are of high 
interest in connection towards their direct application to realistic 3D problems to be solved and optimized. 
Clearly, such demands necessitate very efficient and reliable computational methods. One possibility is to 
perform rigorous simulation in the frequency domain using analytical modal techniques, such as the bidirectional 
eigenmode propagation [1] (BEP, also known as the mode matching method), which are based on the expansion 
of the unknown field into a set of the orthogonal waveguide modes. This approach is particularly advantageous 
for the structures composed of longitudinally uniform waveguides (“sections”). In principle, the modal methods 
can deal with the structures of arbitrary length (the number of the sections can influence only the total 
computational time) and readily provide device characteristics such as transmission, reflection or radiation loss. 
Recently, this approach has been extended to 3D structures [2,3]. Waveguide modes have been calculated using 
the finite-difference technique under the semi-vector approximation [2] or in the full-vector formulation [3].  

 
Figure 1. The photonic crystal cavity device coupled to a waveguide. The cavity is formed by the InP sections, 

the waveguide functions as input/output coupler. The 3D view only shows the Si and InP sections. The structural 
parameters are described in the text. 
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In this work, we briefly report about simulation of photonic crystal nanocavities using our own implementation 
of full-vector BEP for 3D structures. Moreover, we present comparison with other established techniques. Short 
description of the all techniques is the following. 

• Bidirectional eigenmode expansion and propagation algorithm (BEP) was implemented at Brno 
University of Technology. We have used two different full vector techniques for searching of 
eigenmodes: a freely available finite-difference modesolver [4] and/or a finite-element commercially 
available software COMSOL Multiphysics.  The techniques were effectively combined with the 
propagation algorithm of numerically-stable scattering matrices where the interface matrices were 
determined from overlap integrals of modal fields [2,3,5]. Resonance wavelength and Q factor are 
calculated from eigenvalues of reflectivity matrix. 

• The finite-difference time-domain (FDTD) method, using a freely available software package [6].   
• The time-harmonic, higher-order 3D finite element (FE) solver JCMsuite with adaptive meshing has 

been used to compute resonance modes and corresponding complex eigenfrequencies of the cavity [7]. 
From the complex eigenvalues, resonance wavelength and Q factor are derived [8]. 

• Aperiodic rigorous coupled wave analysis (aRCWA). This is Fourier expansion scheme which uses in-
house robust 3D tool which effectively combines both 2D mode solver (based on 2D periodic RCWA 
tool in a combination with the isolating boundary conditions, either complex coordinate transforms or 
PMLs [9,10]), with the help of both ASR technique [11] and/or the application of structural symmetries 
[12], again combined with advanced “grating-oriented” schemes of scattering matrix formalism. 
Altogether, this efficient tool has been already successfully applied to both subwavelength [13] and 
plasmonic 3D nanostructures [14]. Resonance wavelength and Q factor are calculated from 
transmission spectra. 

For the simulation we used a hybrid cavity structure which research has been conducted within the European 
Action COST MP0702. Note, that the full results of the study will be published elsewhere [15]. Here, the cavity 
serves as an example of novel and promising structure used for presentation of BEP and comparison of the 
numerical techniques. The structure, which is illustrated in Fig. 1, consists of a size-modulated 1D stack cavity 
coupled with the waveguide. It has been shown that such stack cavities (a simple periodic array of dielectric 
blocks) can reach ultrahigh Q factors provided widths of the blocks (i.e. here the widths of InP sections in x 
direction) are properly modulated near the cavity center [16].  

2. RESULTS 
Referring to Fig. 1, we used the following parameters for the calculation: InPy = 0.7 μm, InPz = 0.35 μm, Siz = 
0.22 μm and BCBz  = 1.0 μm. Refractive indices in various materials are 3.46 (Si), 1.45 (silicon oxide), 3.17 
(InP) and 1.54 (benzocyclobutene, BCB).  

Center positions of the InP sections are regularly spaced with period a = 0.35 μm. We use 10 unmodulated 
‘mirror’ sections (Nmir = 10) with width wmir = 0.2 μm. The number of modulated sections on each side of the 
center is Ncav and we consider modulation of section widths of the form 

 ( ) cavNi
N

iiw ...1,
3

)1(1μm 0.15)( 2
cav

2

=






 −
+=  (1) 

We searched for the fundamental cavity quasi-TE mode (electric field parallel with y). In Fig. 2, we show 
cavity characteristics and compare results of BEP, FDTD and FE techniques. (Note, that in the scale of the 
graphs the FD and FE based BEP techniques provide identical results. Therefore we present results of the FE 
based BEP only.) It is seen that the different methods generate results which give the same qualitative picture; 
showing their good applicability. However, results differ significantly on an absolute scale. This demonstrates 
that accurate computation of 3D resonators remains a challenging problem.  

As the second alternative modal technique, we have applied the aRCWA method based on the free-space 
Fourier harmonic expansions, rather than on waveguide eigenmode expansions, as in the BEP case. Figure 3 
hence shows, as an example here, the convergence Q factor behavior of BEP and aRCWA techniques for Ncav = 
11. As can be seen, although Q factor values are not again directly comparable, similar agreement as reached 
with other two methods has been obtained. Note that the mode numbers in the two figures are, in fact, not 
directly comparable due to the different nature of the expansion modes. Furthermore, as was expected, the 
effectively needed number of modes is much larger in aRCWA as compared to waveguide modes applied 
directly to BEP. The origin of these discrepancies will be discussed and further investigated. 
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Figure 2. Q-factor and normalized resonance frequency a/λ provided by three numerical techniques for the 

cavity shown in Fig. 1. (a) and (b) show results for single cavity without waveguide. (c) BEP results for single 
cavity (No wg.) and hybrid cavity with various values of  Siy  (in μm). (d) Hybrid cavity with  Ncav = 10. 

 

 
Figure 3. Convergence behavior of BEP (a) and (b) aRCWA . The structure is as in Fig. 1 with Siy  = 0.50 μm 

and  Ncav = 11. 

3. CONCLUSIONS 
In summary, we have developed a bidirectional eigenmode expansion algorithm for the modeling of 3D 

waveguide structures. The technique has been applied to the novel and promising structure, high-Q one-
dimensional photonic crystal nanocavity, which research has been conducted within the European Action COST 
MP0702. Simulations results have been compared with results obtained by three other independent techniques. 
The all techniques have appeared efficient in providing the important cavity characteristics, with their 
advantages and disadvantages. Presented results indicate that accurate computation of 3D resonators remains a 
challenging problem which should be further investigated. 

(a) 

(c) (d) 

(b) 

(a) (b) 
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