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Abstract—We have designed and simulated a photonic crystal 

coupler in the GaN-on-Sapphire material system. In this 

asymmetric layer structure, the losses resulting from above light 

line operation can be tolerated with devices having short lengths. 

A 50-50% directional coupler of 5μm length is designed and 

tuning of the coupling ratio using electro-optic effect is presented. 
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I.  INTRODUCTION 

GaN due to its direct bandgap is widely used in light 

generation devices such as LEDs and lasers in the blue-green 

spectral regime. Its transparency, which covers the visible and 

infrared spectrum [1] and electro-optic effect makes it a useful 

material for integrated photonics applications such as second 

harmonic generation [2], quantum computation [3], [4] and 

biosensing [5]. In this study we aim to design a 2D photonic 

crystal (PhC) coupler [6] in the GaN-on-Sapphire material 

system which is available with a thin AlN layer for lattice 

matching. GaN membranes can be achieved with undercutting 

techniques; however this is relatively more complex. Here we 

studied a PhC coupler having an asymmetric layer structure, 

although this increases the losses, with device lengths of the 

order of few microns these could be tolerable. 

II. RESULTS 

The layer structure used is 500nm GaN with a 100nm AlN 

buffer layer on a sapphire substrate. 2D modelling is used 

initially to simplify the problem and reduce the computational 

time [7]. We have used the open–source package, MPB [8] to 

solve band diagrams of PhC structures. In 3D simulations we 

used MEEP [9], another open source FDTD simulation 

package. 

A. 2D Modelling 

The inset in Fig.1(a) shows the simulated structure.  Here the 

material having holes of air has a refractive index of 2.279 

which is the effective index of the fundamental TE mode of 

the slab waveguide. The parameters are r0, r1 and r2, and 

defined as the radius of the background holes, the radius of the 

first and second row of holes neighbouring the defects. The 

lattice constant is represented by a. 

In the band diagram of this coupler structure we see that by 

increasing r2, the bands shift towards higher frequencies. Here 

the bands labelled as even and odd bands are defined 

according to the symmetry of the propagating mode with 

respect to the symmetry axis of the structure. The coupling 

occurs due to the beating of these two co-propagating modes. 

The difference of the wavevectors, Δk of these modes is 

related to the coupling length, L3dB, which is the length when 

the input light from the input is split equally between the 

outputs, and given by the following equation: 
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 For an increase in r2, Δk increases for a fixed normalized 

frequency (the dashed line), resulting in a shorter coupling 

length as shown in Fig. 1(b). 

B. 3D Modelling 

In the actual coupler we cascade the two structures having 

different r2 values. The structure with smaller r2 is used for the 

input and the output regions, whereas the middle part is the 

coupling region where r2 is larger. The top view of the 

simulated 3D structure is shown in Fig.2(a). The coupling 

region is 8 lattice constants in length and the input output 

regions are 5 lattice constants long each. The excitation is a 

Gaussian pulse centered at 800nm wavelength and flux planes 

Fig.1: (a) The even-even and even-odd bands of two different coupler 

geometries. Solid lines are for [r0,r1,r2]=[0.32a,0.34a,0.32a]  and dotted  are 

for [r0,r1,r2]=[0.32a,0.34a,0.38a]. The refractive index of the background is 

2.279.  (b) The 3dB coupling length versus normalized frequency.   The 
3dB coupling length is given in terms of a and is the distance where the 

phase difference between the even-even and even-odd modes is  π/2, that is 

the input power in one of the waveguides is split equally between the two 

waveguides. 



are placed along the waveguide with a lattice constant 

separation. Fig.2(b) shows the flux along the defect 

waveguides at 799.3nm wavelength, for two PhC couplers 

having different hole depths. The solid curves are for infinitely 

deep holes and the circled ones are for the case where holes 

stop at AlN-sapphire interface.  The second case is more lossy 

as expected however a shallow etch into the sapphire layer can 

significantly reduce these losses. 

The device is very sensitive to wavelength such that at 

802nm wavelength full switching of input light to the cross 

port is observed. This requires having tunability of the 

splitting ratio since due to the fabrication tolerances the actual 

device could be different from that required. Thermo-optic 

tuning is possible by changing the temperature of the whole 

sample however for fast response we can utilize the electro-

optic property of GaN.  By applying electric field across the 

material the refractive index can be changed and the desired 

splitting ratio can be achieved. We have assumed that we 

could use a transparent upper electrode such as Indium Tin 

Oxide and a doped AlN layer as a bottom contact. To simulate 

this we have used a coupler structure similar to the one already 

described but this time having a longer coupling length of 11 

lattice constants to enhance the effect of index change. Fig.3 

shows comparison of the unperturbed structure and the one 

with a 0.1% change in the refractive index of the GaN layer. 

This change can be achieved by applying 266V across the 

electrodes. Without any refractive index change 98.5% of the 

power is in the cross port at 800nm wavelength and when 

there is a 0.1% refractive index change the power in the cross 

port drops to 68.5%.  The wavelength where the coupler is the 

most sensitive to changes in the refractive index is around 

800.25nm wavelength.  At this wavelength it is possible to 

steer the power in the cross port from 93.6% to 49.2% with the 

same voltage. 

III. CONCLUSION 

The results show that while the above the light line 

operation and the low index contrast of the wafer structure 

increase losses, it is possible to produce useful integrated 

devices in a very small device footprint. The advantages of 

GaN in terms of non-linearity, light emission and tunability 

combined with the small foot print of PhC devices may 

counteract the reduced performance. 
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Fig.3: The normalized fluxes, at 5.4µm (20a) away from the source, in cross 

port of the coupler structure with respect to wavelength for the original 
refractive index value for GaN (no-circles) and the case when the refractive 

index is changed by 0.1% (circles). 

Fig.2: (a) The top view of the simulated 3D structure. (b) The effect of 
different depth of holes on the behaviour of the coupler.   The solid curves 

show the flux in cross and bar ports in the case when the holes are infinitely 

deep and the circled ones are when the holes pass through GaN and AlN layer 

but stop at the sapphire layer. 
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