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Nonlinear interaction between a coherent electric field and a semiconductor medium inside a high
Fresnel number cavity may give rise to the formation of cavity solitons. It is theoretically predicted
that the position of these structures, mutually independent and bistable, can be controlled by
gradients in the injection beam. Using a liquid crystal light valve to spatially modulate the phase of
a coherent beam injected into a broad area vertical cavity semiconductor laser, the authors create
reconfigurable arrays of cavity solitons. Fast time scales associated with semiconductor lasers and
plasticity of localized structures suggest their potential for optical data processing. © 2006
American Institute of Physics. �DOI: 10.1063/1.2388867�

Localized structures are a subject of active research in
several physical systems, optical among others �see Ref. 1
for a review�. From a heuristic point of view, in optics, they
can be seen as bistable �and individually addressable� high
intensity spots independent from each other sitting at any
arbitrary position on a homogeneous background. Therefore,
they can straightforwardly be used as means of encoding
binary information in the transverse plane of optical systems.
Their experimental observation in semiconductor media2,3

paved the way to very promising applications in real telecom
devices, thus increasing their fundamental interest. In par-
ticular, their nature of nonlinearity-induced structures implies
their plasticity, as opposed to structures resulting from per-
manent device engineering.4 In fact, from the theoretical
point of view, since they sit on a translational invariant back-
ground, the translation is a neutral mode: localized structures
can exist at any given position in space, and the energy cost
to induce their motion is zero. This means that any parameter
gradient will cause a localized structure to drift5 and to sit on
the local point where the gradient vanishes. In this way, the
creation and reconfiguration of an array of cavity solitons
can be achieved through a suitable spatial modulation of a
parameter.6–8 So far, at least in semiconductor devices, local-
ized structures �unavoidably subject to several gradients�
have shown to be pinned by small scale material defects.9 In
this letter, we report on the experimental demonstration of
phase induced positioning of localized structures in semicon-
ductor, effectively realizing an optically reconfigurable array
of independent bistable optical bits.

We perform an optical injection experiment in a broad
area vertical cavity semiconductor laser at 980 nm. Thanks
to an optically addressable spatial light modulator, we are
able to tailor the phase profile of the injected beam, provid-
ing the suitable phase landscape to pin the localized struc-
tures. The experimental setup is shown in Fig. 1.

While the simplest method to prepare the injection beam
profile would involve a simple liquid crystal display operat-
ing at 980 nm, the lack of such device imposes one to pre-
pare the profile in two stages, using both a computer con-
trolled liquid crystal display �LCD� and a liquid crystal light
valve �LCLV� �a detailed introduction is available in Ref. 10,
for example�.

A LCLV is an electro-optical device which allows for
phase profiling. It is composed by a writing and a reading
side: the phase profile of a beam �reading beam� reflected on
the reading side is modulated proportionally to the intensity
profile of the beam �writing beam� applied onto the writing
side.

The writing side of the LCLV is shined by a 658 nm
beam whose intensity profile is controlled by the computer-
driven LCD placed between the two polarizers �P and A in
Fig. 1�. Then, the phase of the reading beam reflected on the
other side of the LCLV is modulated accordingly. This beam
will be used as the injection beam for the vertical cavity
surface emitting laser �VCSEL� in our experiment.

In order to monitor the obtained phase profile, an addi-
tional mirror �MP� is placed to form with the LCLV a Mich-
elson interferometer, whose fringes can be monitored on the
unbiased VCSEL output mirror. This interferometric scheme
allows one to display the phase profile applied on the VC-
SEL as an intensity profile on the charge coupled device
�CCD� camera. Of course, while performing the experiment,
the path to the mirror MP is blocked, such that the intensity
modulation visible on the right panel of Fig. 1 is absent. An
example of the applied phase profile is shown in Fig. 1 �right
panel�, where the VCSEL is not biased and therefore it acts
as a linear reflector. The curved fringes correspond to the
Michelson interference fringes without phase modulation,
while the regularly placed spots show the presence of the
additional local phase shift induced by the LCLV. Previous
characterization of the LCLV showed that the maximal phase
difference that can be locally imposed by optically address-
ing the LCLV is of 0.8�±0.05 rad. Then, in the case of the
computer generated pattern shown in Fig. 1, top right, the
black spots determine in the injection beam a phase shift of
0.8�±0.05 rad with respect to the white background. The
transition between these two values, which is steplike in the
LCD, results in a phase slope in the injection beam of
0.1� rad/�m as measured in the interferogram in Fig. 1,
bottom right. This spatial bandwidth limitation is due to the
imaging and downscaling processes.

The device under study is a circular broad area �200 �m
diameter� VCSEL provided by ULM Photonics and emitting
at 980 nm. It is electrically pumped such that it is below the
stand-alone laser emission threshold, but above transparency,
operated then as a nonlinear optical amplifier. The optical
injection is provided by a tunable edge emitting laser, whosea�Electronic mail: stephane.barland@inln.cnrs.fr
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coherent output is amplified up to 700 mW via a tapered
semiconductor optical amplifier �OA�. After passing through
a 40 dB return loss optical diode, the resulting field is Fou-
rier filtered, collimated, and directed towards the LCLV un-
der normal incidence. A zero order half-wave plate is used in
order to perfectly match the direction of the beam polariza-
tion with the director of the liquid crystal of the LCLV, pro-
viding in principle a phase-only modulation of the reading
beam. A nonpolarizing beam splitter allows us to direct part
of the beam reflected on the LCLV towards the VCSEL. Two
lenses �together with the collimator in front of the VCSEL�
form on the VCSEL the downscaled image of the LCLV.
This allows us to apply on the VCSEL an injection beam
whose phase profile is determined by the image displayed on
the computer controlled LCD, although with a spatial band-
width limitation as described previously. The optical power
available for injection is of the order of 20 mW, mainly due
to the losses induced by the Fourier filter, the beam splitters,
and the rather low reflectivity of the LCLV. The injection
beam �in absence of spatial modulation� is prepared to mini-
mize its width in the far field and has a diameter of about
300 �m in the VCSEL near field.

The near field emission of the VCSEL is monitored on a
CCD camera, while an array of 6�1 avalanche photodiodes
with 300 MHz bandwidth allows for the fast detection of the
VCSEL output at different regions of the near field emission
profile. This fast detection gives a complementary informa-
tion with respect to the CCD camera which provides only
time-averaged detection.

We show in Fig. 2 the near field of the VCSEL emission
when the injection beam is applied, with parameter values
suitable for the observation of localized structures �see Ref. 9
for a complete description�. On the left, the LCLV writing
beam is blocked and no phase modulation is present on the
injection beam. On the right, the writing beam is applied on
the LCLV, imposing on the VCSEL output mirror the phase
profile shown in the interferogram on the bottom right panel
of Fig. 2.

The left image shows a rather complex intensity profile,
where no localized structures are observed. Indeed, it has
been shown that the stabilization of localized structures in
VCSELs requires extremely fine tuning of alignment condi-
tions in order to compensate for the different gradients
present in the device �thermal profile, bias current distribu-
tion, and inhomogeneous cavity resonance9�. Careful exami-
nation of the picture reveals the presence of two defect lines,
one horizontal in the lower part of the device and the other
one about 45° from the horizontal, due to defects in the semi-
conductor structure �at least partially related to device ag-
ing�. These defect lines limit rather severely the region of

space suitable for the observation of localized structures.
Nevertheless, on the right picture, for identical parameter
values, bright spots form at the locations defined by the in-
jection beam profile, since the phase landscape imposed by
the spatially modulated injection beam is sufficient to stabi-
lize localized structures.

However, localized structures are known �if brought
close enough one to the other� to organize in clusters,11 often
with hexagonal symmetry.12 Therefore, in order to fully dem-
onstrate their arbitrary positioning, and to illustrate the re-
configurability of a cavity soliton array, we applied a square
symmetric modulation of the phase of the injection beam.
The effect of this modulation is shown in Fig. 3. We show a
series of near field images for increasing bias current values,
from left to right and top to bottom. On the first picture �in
the homogeneous part of the device�, only one bright spot is
present. Increasing the bias current, a second spot appears,
followed by a third. The last image shows an array of local-
ized structures, organized on a square grid, showing the ar-
bitrary positioning of localized structures induced by con-
trolled gradients in the injection beam. Note that on the first
pictures, an intensity modulation is visible at the locations
where cavity solitons will be pinned. We emphasize that,
while the modulation of the injection beam is intended to be
only a phase modulation, a small amount of intensity modu-
lation is hard to avoid, due to imperfect imaging of the
LCLV on the VCSEL and/or small intensity effects in the
LCLV. However, this intensity modulation �averaged on a
cavity soliton size� is smaller than the long-range inhomoge-
neity of the injection beam intensity in the region of interest
�less than 15%�. The intensity modulation that appears in
Fig. 3 is mostly a result of �eventually nonlinear� amplifica-
tion of the injection beam in the VCSEL cavity. Finally, we
notice that, while each structure switches on in a subcritical
way �i.e., there is a bias current region for which each struc-
ture is bistable�, the structures could not be made all bistable
for the same current value. This phenomenon can be attrib-

FIG. 1. Left: experimental setup. M,
980 nm master laser; G, grating; OD,
optical isolator; OA, optical amplifier;
SF �1 �2�, spatial filter; HW, half-wave
plate; MP, mirror; LCLV, liquid crystal
light valve; R, 658 nm laser; P, polar-
izer; LCD, computer controlled liquid
crystal display; A, analyzer. Right, top:
Computer image displayed on the
LCD. Right, bottom: Intensity visual-
ization of the resulting injection phase
profile on the VCSEL when the path to
mirror MP is open, forming a Michel-
son interferometer.

FIG. 2. Near field images of the VCSEL with coherent injection; dark areas
correspond to high intensity. On the left, no phase control is applied. On the
right, a hexagonal phase profile is imposed on the injection beam, stabilizing
localized structures at well defined positions.
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uted to residual long range inhomogeneities, mainly in the
local resonance frequency of the VCSEL structure.9,13

In spite of the device homogeneity limitations, which
will doubtlessly be overcome by the steady improvement of
growth processes, we have realized an optically reconfig-
urable array of cavity solitons in a VCSEL used as a nonlin-
ear optical amplifier. We believe that, together with the fast
time scales involved in cavity soliton switching in

semiconductors,14 the plasticity of cavity solitons illustrated
here gives them great potential in terms of all-optical data
processing.
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