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Abstract We present results from a new method that allows us to design the mode fields for 3D photonic 
crystal heterostructure cavities, in the domain where the perturbation used to create the cavity is weak. The 
method, based on a perturbation treatment from solid-state physics, enables the rapid computation of the main 
features of 3D cavity modes for an arbitrary perturbation and is several orders of magnitude faster than direct 
numerical methods. We use this method to study optimal confinement of resonant states in these structures.  
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The efficient confinement of light in optical microcavities has emerged as one of the most important applications of 
photonic crystal slabs. In particular, photonic crystal double-heterostructure cavities (Fig. 1) are very promising 
because the Q-factors of these structures can be made to be very high; for this reason they are attractive to 
researchers seeking to enhance nonlinear interactions, and they have been proposed for use in a range of applications 
including all-optical switching and low-threshold lasers [1,2]. The flexibility of these structures has been underlined 
by the recent demonstration of the feasibility of obtaining high-Q resonators via an optically-induced change in the 
refractive index [3].  

An important tool in achieving these high-Q cavity designs is tailoring of the envelope of the cavity mode: For a 
high-Q cavity one aims to have a quickly-decaying function in real space and at the same minimize the overlap 
between the confined mode and the light-cone: in this way the power lost to the boundaries of the photonic crystal 
and to free-space will be minimized. The ideal combination is one of “gentle confinement” that results in a Gaussian 
profile for the envelope of the cavity mode [2]. This strategy is however qualitative rather than quantitative, and so 
direct numerical computations must be employed to verify that the intended result is achieved. However, such 
calculations are extremely computationally expensive – a single computation sufficiently reliable for experimental 
design can take many hundreds of CPU hours. For weaker perturbations, which are typically required for ultrahigh 
quality factors and  occur for optically-induced cavities, the situation is more dire – the resonance spreads out a long 
way from the perturbation centre and so a proportionally large computational domain is necessary for the field’s 
accurate calculation. In these situations the accurate computation of the resonant fields is almost beyond the reach of 
direct numerical methods such as FDTD.  

We present here results from a new method for cavity mode design for 3D heterostructure cavities, based on a 
semi-analytic model valid in the regime where the perturbation to the refractive index is small. The method is based 
on the framework of Luttinger and Kohn from the Solid-State Physics literature [4] and involves a derivation of a 
differential equation (DE) for the envelope function of the cavity mode:  

 

 
 
Figure 1: The geometry of a 3D 
photonic crystal heterostructure 
considered here. A weak perturbation 
to the photonic crystal waveguide 
mode induces a cavity mode localized 
at the centre of the perturbation.  
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Here ωL is the frequency of the band edge, CL is the band curvature and EkL is the Bloch mode on the band edge. 
The coefficients of this DE then depend on the perturbation to the refractive index δε and on the properties of the 
band-edge modes, for which there exist a number of fast and efficient solvers. The splitting of the problem into the 
computation of the Bloch modes and the solution of a scalar DE results in an accurate method that is orders of 
magnitude faster than solving the complete problem: once the Bloch modes of the unperturbed structure are known a 
wide variety of perturbations may be explored very rapidly. 

a) 

 

 

Figure 2: a) Comparison 
between cavity modes computed 
using direct numerical 
computation with FDTD (top) 
and our semi-analytical model 
(bottom).The resonant 
frequency is d/λ = 0.3160  b) 
Comparison showing the 
computed envelope function for 
the cavity mode. The resonant 
frequency calculated from 
perturbation theory is  d/λ = 
0.3158.  It should be noted that 
there are no fitting parameters 
in this computation.   

 

b) 

 

 

Using this method we are able to quickly and accurately characterize the envelope functions for 3D resonators 
(see Figure 2). We are also able to quantify both the resonant frequency and the degree of modal confinement as a 
function of perturbation strength, which will be very useful in evaluating candidates for optically-induced cavities. 
Because the method can be employed for an arbitrary perturbation, this allows us to optimize cavity designs using 
realistic computation times.  
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