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temperature of 53 K. At 180 K, the maximum output 
power was 252 mW/facet with a slope efficiency of 188 
mW/A per facet, which exceeds all previously published 
mid-IR laser results at this temperature. 
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NONLINEAR OPTICS 
Tunable Mid-infrared Sources by Difference 
Frequency Generation in GaAs Waveguides 
A. Fiore, V. Berger, E. Rosencher, P. Bravetti, and J. Nagle, Labo
ratoire Central de Recherches, Thomson CSF, Domaine de Cor
beville, France. (A. Fiore is presently at the Dept. of Electrical 
and Computer Engineering, Univ. of Calif. at Santa Barbara.) 

N onlinear frequency conversion provides coherent 
sources in frequency regions where lasers are diffi

cult to obtain.1 GaAs and AlGaAs have very high sec
ond order susceptibilities [χ (2 )(GaAs) = 240 pm/V in 
the near-infrared] and are widely transparent in the 
infrared. These facts, together with the possibility of 
integration with sources, make these materials attractive 
for nonlinear frequency converters. Frequency conver
sion in GaAs-based waveguides may lead to widely tun
able infrared sources by difference frequency generation 
(DFG), frequency converters around 1.55 μm, and all-
optical processing at 1.55 μm. For the nonlinear conver
sion process to be efficient, the phase velocities of the 
interacting waves must be matched. In most nonlinear 
materials, this is achieved by using the natural birefrin
gence of the crystal: Different waves travel with different 
polarizations, and the effect of dispersion is compensat
ed by the birefringence. However, GaAs and AlGaAs are 
isotropic materials, so birefringence phase-matching 
cannot be used. An artificial, "form" birefringence can 
be induced2 by stacking layers with different refractive 
indices. In this case, the two polarizations, parallel and 
normal to the layers, experience different interface 
boundary conditions, so their effective phase velocities 
are different. To maximize the birefringence, a multilay
er with high index contrast is required. We have recently 
demonstrated3, 4 that huge form birefringence and 
phase-matching can be achieved in multilayer GaAs/(Al 
oxide) waveguides, obtained by selective lateral oxida
tion5 of GaAs/AlAs heterostructures. 

The structure of our waveguides is shown in Figure 
la, together with the calculated mode fields, for a differ
ence frequency generation process, ω3 = ω2 - ω1. The 
near-infrared pumps are confined in the multilayer 
GaAs/oxide core. The larger mid-infrared wave (λ = 5 μm) 
extends over the outer Al 0 . 7Ga 0 . 3As core and is confined 

by the bottom Al 0 . 9 5Ga 0 . 0 5As cladding layer. Form bire
fringences as high as 0.2 were measured3 in these oxi
dized waveguides. A cw Nd:YAG laser (λ = 1.32 μm) 
and tunable cw Ti:sapphire laser (λ = 1.05 μm) were 
simultaneously end-fire coupled in a 3-μm large, 
1.6-mm long waveguide in the TE and TM polarization 
respectively. Figure lb shows the measured mid-infrared 
power as a function of wavelength. The sinc2 peak is a 
signature of phase-matching: Only a set of frequencies 
(ω1, ω2, ω3 satisfies the phase-matching condition. The 
conversion efficiency is 50% W - 1cm - 2. By changing the 
guide temperature, we were able to tune the infrared 
wavelength over a 0.4 μm range, as shown in the inset 
(see Fig. lb). To the best of our knowledge, this is the 
first time that nonlinear frequency conversion at λ > 5 
μm is demonstrated in a waveguide. 

The GaAs/(Al oxide) system holds great potential for 
the realization of infrared compact tunable sources. By 
lowering residual losses and using higher pump powers, 
tens of μW tunable mid-infrared power can be obtained 
from two near-infrared semiconductor lasers. Prelimi
nary results show that phase-matching can also be 
achieved for frequency conversion at λ = 1.55 μm. Inte
gration of the nonlinear guide with the source might 
open the way to monolithic semiconductor optical 
parametric oscillators in the near- and mid-infrared. 

Fiore Figure 1. (a) Electric fields in the oxidized multilayer wave
guide; T E ω 1 ( λ = 1.32 μm), T M ω 2 ( λ = 1.04 μm). T E ω 3 ( λ = 5 μm). 
The waveguide core is composed of three repetitions of GaAs 
(325 nm)/AI oxide (40 nm). (b) Infrared power as a function of 
wavelength in a 3 μm wide and 1.6 mm long oxidized waveguide. 
The pump powers are 3 mW (Ti:sapphire) and 0.2 mW (YAG). 
Inset; Infrared wavelength as a function of guide temperature. 
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Self-Focusing, Switching, and Spatial 
Solitons in Quasi-Phase-Matched Quadratic 
Media 

Yuri S. Kivshar and Ole Bang, Optical Sciences Centre, Aus
tralian National Univ., Canberra, Australia, and Carl Balslev 
Clausen, Technical Univ. of Denmark, Lyngby, Denmark. 

R ecently, the study of effects produced by the para
metric wave mixing in quadratic nonlinear optical 

materials has attracted growing attention because of 
exciting prospects for all-optical switching devices. 1 

Many of the theoretically predicted effects, such as large 
nonlinear phase-shifts and spatial two-component soli-
tons (fundamental and second harmonic , mutual ly 
trapped), have already been observed experimentally, 
e.g., in a K T P bulk crystal and L i N b O 3 slab waveguides. 
However, for the quadratic nonlinearity to be effective, 
the wavevector mismatch between the fundamental and 
second harmonic must be small. So far the efficiency has 
been quite low, mainly due to restrictions imposed by 
the use of birefringent phase-matching techniques, and 
consequently, the required input power has been high. 

Currently the future of all-optical devices based on 
quadratic nonlinearities is connected with the so-called 
quasi-phase matching (QPM) technique by which one 
can achieve phase-matching in any material. Using the 
Q P M technique means that the largest component of 
the second-order susceptibility can be used to increase 
opt imum efficiency for parametric wave-mixing and 
second harmonic generation (SHG) in an optical medi
um with a quadratic response. 2 The main principles of 
Q P M , known since 1962, are based on a periodic modu
lation of the second-order susceptibility to create an 
additional wavevector that can compensate for the mis
match between the harmonics. Recently, experimental 
difficulties have been overcome and stable Q P M struc
tures have been developed, e.g., by means of domain 
inversion in ferroelectric materials, proton exchange, 
and etching and cladding. 

How different is the physics of parametric wave mix
ing in conventional and Q P M materials? This is an 
important question in understanding the principles of 
QPM-based all-optical switching devices, and to predict 
whether parametric self-focusing can be achieved in 
Q P M materials. Recent results obtained by our group 3 

indicate that parametric wave mixing and light self-
trapping in Q P M media can be described by effective 
averaged equations that include not only the quadratic 
nonlinearity, but also induced cubic nonlinearities. This 
reveals an important physical mechanism in Q P M 
materials: A n induced competition between quadratic 
and cubic nonlinear effects that could lead to novel 
applications of materials with large second-order non
linear response. 

We considered Q P M in a quadratic nonlinear slab 
waveguide, by which only the nonlinear susceptibility is 
modulated and described by a real periodic function. 3 

We rigorously showed that the dynamical equations, 
with the parametric coupling varying periodically, can 
be averaged, assuming that the wavenumber of the 
Q P M modulation is sufficiently large. The dynamics are 

Kivshar Figure 1. Excitation and propagation of a QPM soliton. Left: intensity of the fundamental mode, contour plot with 10 equidistant 
levels. Right: variation of the peak intensities of the two harmonics. 

28 Optics & Photonics News/December 1997 


