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Toward soliton emission in asymmetric
GaAs���AlGaAs multiple-quantum-well

waveguide structures below the half-bandgap
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We report what is to our knowledge the first experimental evidence of nonlinear beam displacement in a
strip-loaded GaAs�AlGaAs multiple-quantum-well waveguide with an asymmetric, nonlinear cladding. An
intensity-dependent spatial displacement of �2 mm was observed for the guided mode at a wavelength of
1.55 mm. Numerical simulations that correspond to the experiment are also presented. The device has the
potential of providing a soliton-emission-based, ultrafast all-optical switch. © 2000 Optical Society of America
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Nonlinear transverse field effects have been pre-
dicted and studied continually since Kaplan published
his research on refraction upon a nonlinear inter-
face.1,2 The nonlinear interface is typically located
between a linear medium and a nonlinear (Kerr)
medium that exhibits an intensity-dependent re-
fractive index. The initial study and a subsequent
analysis involving Gaussian beams3 predicted jumps
in the ref lectivity on such an interface that were
later observed experimentally with a glass–CS2
interface.4 The proof of principle of nonlinear re-
fraction was thus presented with a large, resonant
nonlinearity. Generalizing the two-medium non-
linear refraction to multilayers introduced the new
field of nonlinear guided waves. Extensive analysis5 – 8

yielded analytical solutions of the so-called nonlinear
modes of these structures. Foreseen applications9

were optical limiting, optical thresholding, and optical
switching. The stability of the analytical solutions in
propagation was later studied.10,11 This study led to
that of the propagation of f ield distributions that were
not solutions of the nonlinear Schrödinger equation,12

followed by the purely numerical study of nonlinear
wave propagation in these structures.13,14 This did
not, however, prevent other analytical studies and new
approaches15 – 18 from being pursued. One interesting
phenomenon that did emerge from the study of the
nonlinear slab waveguide is the emission of the spatial
soliton.19 In this situation, the waveguide is typically
a linear slab waveguide clad with a nonlinear medium
on one side and with a linear medium on the other.
For a given input power, the guided wave would switch
into the nonlinear cladding. It must be remarked that
few corresponding experimental studies have emerged
over the past decades. Experiments that involve
nonlinear waveguides are limited to the observation
0146-9592/00/171282-03$15.00/0
of a saturation in transmissivity,20 again by use of a
large, resonant nonlinearity.

In this Letter we describe the experimental study
of a nonlinear waveguide that relies on a bound elec-
tronic (or nonresonant) nonlinearity. Although we did
not observe the emission of a soliton, we did observe
evidence of a nonlinear transverse effect. This would
be, to our knowledge, the first experimental observa-
tion of a transverse effect in a nonlinear waveguide by
use of a nonresonant nonlinearity.

The waveguide (see Fig. 1) is an AlGaAs
strip-loaded channel waveguide. The guiding layer
is a multiple-quantum-well (MQW) structure. To
produce the nonlinear cladding in this structure we
disordered the MQW layer locally everywhere but in
one of the cladding regions. Inasmuch as disordering
lowers the n2 coeff icient, this altered cladding then
becomes the nonlinear cladding. This recent devel-
opment in superlattice processing has experimentally

Fig. 1. Waveguide and device structures: WG,
waveguide.
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demonstrated a decrease of 64% in the n2 coefficient
after disordering.21

The waveguide is single mode in the 1.55-mm
spectral region. This wavelength is below the
half-bandgap of the MQW waveguide material, so
two-photon absorption is minimized. The wafer
structure was grown upon a SI GaAs substrate,
as illustrated in Fig. 1. The MQW region consists
of 76 periods of 2.8-nm GaAs wells with 10-nm
Al0.4Ga0.6As barriers. We define the waveguide by
strip-loading the structure with 200 nm of SiO2 and
etching 100 nm off the top AlGaAs layer on each
side of the strip. Disordering is achieved through
an impurity-free vacancy-disordering technique21 in
which dielectric caps are used during rapid thermal
annealing to control the outdiffusion of Ga from the
semiconductor. Ga outdiffusion has a substantial
effect on the interdiffusion rates of Al and Ga across
the MQW heterostructures. The sample presented
here used SiO2 and SiO2:P, respectively, to enhance
and inhibit intermixing. Standard photolithography
was used for patterning these dielectric caps. The
losses measured for an undisordered waveguide on the
same wafer were of the order of 1.4 dB�cm. Because
disordering increased scattering, typically doubles
the losses, we estimate a loss of 3 dB�cm for the
intermixed device.

A line-buildout-based optical parametric gener-
ated–optical parametric amplifier system pumped by
a Q-switched, frequency-doubled YAG laser was used
for testing the 3-mm-long sample. The output pulses
had energies of the order of 10 mJ with pulse widths
of 20 ps at a repetition rate of 10 Hz and a wavelength
of 1560 nm. A 403 microscope objective was used
to couple-in a collimated beam of 2.5-mm diameter,
which produced a 1.6-mm spot. The corresponding
Rayleigh length for this setup is �5 mm. The mode
size of the waveguide was 10 mm 3 0.8 mm. The
intensity overlap between the mode and the Gaussian
input beam was �0.3. The beam had to be slightly
decoupled into the waveguide to prevent optically
induced damage. The f luence at the focal point was
suff iciently large to induce optical damage within the
waveguide or at the surface. In view of the overlap
integral and ref lection losses, the maximum coupled
peak power was 25 kW, corresponding to a peak
intensity of 200 GW�cm2, which is the upper limit
for this setup. For these conditions we observed an
intensity-dependent lateral shift of �2 mm for a mode
width of 10 mm. Line scans from the output face of
the device, at high and low input peak intensities,
are illustrated in Fig. 2. Each intensity profile is
normalized to its peak intensities.

We reduce the modeling of the two-dimensional
waveguide (Fig. 1) to a one-dimensional problem
through the effective-index method.22 This reduction
is justif ied because the index step that defines the
slab waveguide (along the y axis) is of the order of
1022, whereas the strip changes in the effective index
of the slab on a much lesser scale, of the order of 1024.
The propagation in the structure can be thus modeled
through a one-dimensional beam-propagation method,
from a nonlinear Schrödinger equation the form
≠2c�z,x�
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where c2�z,x� is the linear intensity, Teff is the
effective thickness of the film, and c2�z,x��Teff
represents an effective intensity. n2�x� is the Kerr
coefficient (in square meters per watt), a is the linear
loss, and b�x� is the propagation constant of the
slab waveguide (along the y axis) for a given lateral
position �x�. Thus b�x��k0 is the effective refractive
index profile of the channel waveguide. b0 is a
propagation constant of arbitrary value (which must
be close to any given value of b�x�] that we set to the
lowest propagation constant of the effective structure
�min�b�x��. n0 is similarly given the value of b0�k0.

We can explain the device’s operation simply and ac-
curately by studying the effective refractive indices at
the nonlinear interface. In essence, if the waveguide
boundary can be cancelled out by the nonlinear contri-
bution to the (effective) refractive index, soliton emis-
sion will occur23 as schematized in Fig. 1.

For modeling, we used known refractive indices
for AlGaAs (the average effective index is near 3.24)
(Ref. 24) and a value of 3 dB�cm for losses, as we
mentioned above. A nominal n2 of 3.3 3 10213 cm2�W
as measured by Yang et al.25 for the MQW layer was
assumed, as well as a 64% decrease of this coeff icient
in the disordered section, as reported. The estimated
refractive-index step is of 4.4 3 1024. With these
values we estimate that the emission threshold cor-
responds to a peak input intensity of approximately
6 GW�cm2 (effective intensity). For that intensity,
the soliton will be emitted after a propagation distance
of 2.6 mm and travel at an angle of 3.2 mrad to the
axis of the waveguide. The output beam profiles for
the near emission that occurs at lower intensities are
presented in Fig. 3. From this f igure we can see that
a 2-mm shift of the beam’s maximum occurs for an
input (effective) intensity of 3.5 GW�cm2. Note that
these simulations were made for input intensities that
are constant in time; i.e., pulse-breakup effects are
not included. Introducing the time dependence in
this case would broaden the output beam as it passed
through intermediate peak input intensities that have

Fig. 2. Beam profiles at the device output face at low and
high intensity.
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Fig. 3. Input and output profiles for several peak input
intensities, illustrating the near-emission and the emission
of a spatial soliton. The peak intensities given are effec-
tive intensities, represented by c2�Teff in Eq. (1).

distinct output profiles, as can be seen from Fig. 3.
This simple decomposition would not be suff icient,
however, to describe the case in which a soliton were
emitted. Indeed, it has been shown numerically26

that the emitted light undergoes some spatiotempo-
ral clustering, which is attributed to modulational
instability.

One fact that we neglected in the modeling pre-
sented here is that the disordering process introduces
a refractive-index change. This change is estimated
to be of the order of 1023 (according to a simple
model,27 it would be 4 3 1023 if complete intermixing
were achieved). The refractive index increases with
disordering. This increase will steepen the refrac-
tive-index step at the nonlinear interface of the
waveguide, because the core index increases.
The other interface is essentially unaffected be-
cause the linear cladding is modif ied in the same
manner as is the core.

One effect of this steepening would be to increase
the emission threshold. Although the threshold can
be signif icantly increased, the effect on the device
function is minor. Another effect of this one-sided
steepening is to introduce an asymmetry in the mode
profile. This asymmetry, conjoined with the Kerr
effect, can lead to mode shape f luctuations that are
independent of the n2 step at the nonlinear interface.
We cannot effectively rule out that the result pre-
sented in Fig. 2 is a mode transition of this nature.
However, our simulations that include the estimated
steepening (not shown) reveal that only the peak
of the mode would shift, rather than there being a
translation of the whole beam as in Fig. 2.

The effect of the waveguide boundary on soliton
emission suggests an improved design for the wave-
guide that includes a well-defined input waveguide fol-
lowed by a tapered section leading to a weakly guiding
channel in which soliton emission could occur more eas-
ily. A curved waveguide can also produce this effect
if it is curved away from the nonlinear cladding.

In conclusion, we have demonstrated experimentally
a spatial nonlinear effect that is attributable to a spa-
tially variant nonlinearity induced by the intermixing
of a MQW layer. The experimental results are con-
sistent with basic numerical simulations. The device
has the potential of providing what may be the f irst
soliton-emission-based, ultrafast all-optical switch.
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