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Abstract: We demonstrate a high effective nonlinearity in high refractive-index-contrast gallium 
nitride waveguides by performing four-wave mixing characterization. The intrinsic material 
nonlinearity (n2) of gallium nitride is extracted at telecom wavelengths. 
OCIS codes:(190.4390) Nonlinear optics, integrated optics; 190.4380) Nonlinear optics, four-wave mixing. 

 

Gallium nitride (GaN) is a potential good candidate for integrated nonlinear optics, owing to a large bandgap 
(3.4 eV), large intrinsic nonlinearities (both χ(2) and χ(3) ) and excellent thermal properties [1]. However, there are 
only a few investigations on nonlinear phenomena in the integrated GaN platform [2]. Here we present a systematic 
study of four-wave mixing in high confinement GaN waveguides and extract the intrinsic nonlinearity (n2) at 
telecom wavelengths for the first time.  
A 700-nm thick GaN film was grown on sapphire in the Dragon-125 MOVPE system using a low-temperature GaN 
nucleation layer annealed under H2-free ambient for promoting planar growth of the thin layer. Hereafter, 
waveguides were patterned using e-beam lithography in HSQ resist, and etched in a chlorine-based ICP-RIE. Finally 
the devices are clad with 250 nm ALD and 2000 nm e-beam evaporated Al2O3, which ensures good thermal 
properties and a refractive index match with the substrate. The cross-section dimension of the waveguides under 
investigation is 700×800 nm2, which ensures single mode operation. Fig. 1(a) shows the calculated dispersion for the 
waveguide. The waveguide is tapered to 4 µm at both sample facets for a better chip-to-fiber coupling efficiency and 
angled 16 deg to reduce reflections. Fig. 1(b) shows a cross-sectional view of the fabricated GaN waveguide at the 
sample facet. 

        
Fig.1 GaN waveguides:  (a) Dispersion. Insert: mode profile, (b) Cross sectional view of coupling taper out region. 

 
The insertion loss is shown in fig. 2a and is seen to be flat all the way up to a coupled power of 24 dBm 

(coupling loss 4 dB), in accordance with the large bandgap of GaN. Next to it, in fig. 2b the transmission spectrum is 
shown, which is seen to vary by up to 5 dB which is indicative of some scattering processes in the waveguide, which 
are probably due to fabrication imperfections such as sidewall roughness and local defects. 

The conversion efficiency (CE) has been measured for a 9 mm long device versus coupled pump power and is 
shown in fig. 3a. The signal power was 12 dBm. Assuming no pump depletion (valid for the low CE’s observed 
here) an effective nonlinearity γ=8W-1m-1 is found fitting the following equation [3] to the data. 

 

                                                               = ( )

( )
= (0)                             (1) 

  

where = (1 − )/  (the propagation loss is estimated from the round trip loss of rings and the cut-back 
method to be around 3.5 dB/cm). Since the chip conversion efficiency is rather low and the pump to signal spacing 
is small for this experiment, four-wave mixing in the several meters of fiber in the setup contributed around 10-20% 
of the observed idler. Therefore, for all the measurements, a reference measurement with only fiber-to-fiber 
coupling (no chip) was made, where the distance between the lensed fibers was adjusted such that the IL matched 
that of the chip. This made it possible to measure the idler power generated only by the fiber, which could then be 
subtracted from the idler power generated when the chip was inserted, to give the idler generated by only the chip. 
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Fig.2 GaN waveguides linear properties:  (a) Total insertion loss (IL) vs. input power at 1560 nm. (b) Transmission spectrum of the 

waveguide at 1dBm input power. 
 

From the measured effective nonlinearity the material nonlinearity was extracted via the relation =
2 /  yielding n2 = 7.8 × 10 m2W-1 which is comparable to values previously obtained for GaN thin films 
at visible wavelengths [4], and is higher than several other popular nonlinear platforms, cementing the promise of 
GaN for integrated nonlinear photonics. 

The very small dispersion and short device length ensures relatively broadband conversion efficiency of the 
waveguides, see fig. 3b. The relatively large variations in CE can partly be explained from the transmission 
spectrum, where there is noticeable variation in the spectrum probably due to fabrication imperfections. Integrated 
THz ring resonators with intrinsic Q’s of 105 and dimensions 700nm x 1250nm for anomalous dispersion  were also 
fabricated and the threshold for OPO in a critically coupled resonator can be calculated from the equation [5] 

Pth= 2  yielding a threshold power of 1.4 W (bus coupled power). Further improvement in Q will lower 

this and already for Q=266000 the threshold for OPO is reduced to 200mW, with further reduction as the losses are 
lowered even more. 

         
Fig.3 GaN waveguides nonlinear properties:  (a) CE vs P0 (pump power at the start of the waveguide). Insert: Four-wave mixing spectrum 

(b) CE vs signal detuning. 
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