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We have observed optical patterns in GaAs/GaAlAs vertical-cavity microresonators. Rolls, rhombs,
or hexagons were obtained depending on the wavelength detuning. We show that cavity thickness fluc-

tuations contribute to pattern selection.

PACS numbers: 42.65.5f, 42.65.Tg, 47.54.+r, 68.65.+9

In the last decade extensive work has been carried out
in thefield of transverse nonlinear optics, motivated by the
possibility of observing optical self-organization such as
spatial solitons or global optical patterns. These structures
arise from the interplay of nonlinear light propagation with
transverse mechanisms such as light diffraction or trans-
verse diffusion of excited states [1]. A serious difficulty
for achieving self-organization is the intrinsic lack of sta-
bility of solitons propagating in a space with a number of
transverse dimensions greater than one. In order to circum-
vent this fundamental limitation, specific systems based on
nonlinear resonators have been proposed, taking into ac-
count transverse diffractive and possibly diffusive mecha-
nisms. This has introduced the phenomenology necessary
for describing patterned or localized optical states in cav-
ities, among which cavity solitons (CS) [2—4] are a very
appealing class. There, the cavity feedback isakey mecha-
nism to stabilize localized state. As for experiments, soli-
tons have been evidenced in macroscopic resonators [5,6].
The self-confining properties of CS make them candidates
for storing and processing al-optical information bits, es-
pecialy in controlled and reconfigurable optical arrays[3].
This self-organization not only allows self-pixellation of
processor arrays, or aternative and elegant solutions to ad-
dressing problems at high packing densities, but also pro-
poses quite innovative processing schemes including, e.g.,
operative modes of the cellular automaton type [7].

In optical information processing and more particularly
in optoelectronics and telecommunication, 111-V semicon-
ductor microresonators offer a wide range of functional
applications such as sources, amplifiers, modulators, and
bistable memory elements. This is for a large part due to
the combination of micrometer-scale integration, large ma-
teria flexibility, and intrinsic stability of their geometrical
properties. At the same time, recent modeling schemes
have introduced direct gap semiconductors as candidate
materials for reaizing the active part of a nonlinear mi-
croresonator. In particular, the main (heavy hole) exci-
tonic line displays nonlinearities analogous to that of an
atomic two-level system [8], while, below the band gap,
the Urbach’s tail can be represented by a simple model
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of saturable refractive index [9] displaying a negative dis-
persive nonlinearity. These models showed that a modu-
lational instability (MI) of the homogeneous input-output
curve causes the formation of globa patterns and stable
CS. Inthese systems, the patterns are intimately linked to
CS, and the observation of the former can be considered
as an intermediate milestone in the quest for the latter [4].
In this Letter, we report experimental observations of
periodic optical patterns in a passive nonlinear resonator.
These observations were performed by use of a monolithic
microresonator structure with characteristic longitudinal
dimensions on the micrometer scale and by exploiting the
variety of linear and nonlinear optical properties of I11-V
semiconductors. Two samples—A and B—grown by
metalorganic vapor-phase epitaxy techniqgue (MOVPE)
were used. They share a common basic structure
consisting of a back mirror made of 23.5 pairs of a
GayoAlg1As/AlAs dternation of quarter-wave layers, a
front mirror comprising 17 pairs of the same alternation,
and the active layer between the two mirrors. The active
layer of sample A comprises a nonlinear multi-quantum-
well (MQW) layer including 18 GaAs wells of 100 A
thickness separated by 100 A -thick Gay7Alg3As barriers.
The gap of the MQWSs was determined by photolumines-
cence and found at 849 nm. The cavity resonance was
tuned to A = 875 nm. In sample B the active part is a
simple 31/2-thick GaAs layer whose gap is a 872 nm.
The cavity resonance is set at 900 nm. Because of the
growth conditions, the samples display both short-range
thickness fluctuations trandating into interface roughness
a the atomic level, and a long-range deterministic thick-
ness gradient. Our experiments show a marked sensitivity
to thickness fluctuations even on the scale of a single
atomic layer, due to the large finesse of these devices.
The excitation scheme took into account that the beam
should be much larger than the diffraction length a =
VAL F /272 that defines a transverse length scale, where
L isthe active layer thickness, A is the excitation wave-
length, and F the cavity finesse. The cavity finesse of
our samples lies in the range 500—800, and consequently
the diffraction length is typically 4.5 um. Thus the beam
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diameter was set to 60 um. The experimental setup uses
an argon-ion-pumped CW titanium-sapphire laser source.
The near infrared linearly polarized Gaussian beam is then
modulated by an acoustooptic modulator generating tri-
angular or rectangular pulses whose duration is limited
to 4 us in order to avoid thermal effects. A polarizing
beam splitter (PBS) and a quarter-wave plate (QWP) are
used to separate the incident and the reflected beams. The
incident beam is focused a normal incidence onto the
sample through a 8 X microscope objective. The reflected
beam is detected in paralel by two different sensors: a Si
avalanche photodiode (Si-APD) measures the intensity of
thereflected beam and comparesit to areferencein order to
determine the transient reflectivity, while a charge-coupled
device (CCD) cameraresolves spatialy the time-averaged
transverse distribution of light of the near field imaged
onto it.

Samples were studied in a regime corresponding to an
amost purely saturable defocusing nonlinearity. The in-
tensity levels of the rectangular pulses alowed setting the
system to arbitrary biases with respect to the switching
point. We thus polarized sample A below threshold. As
the laser was tuned towards the cavity resonance, the re-
flected beam acquired a spatial structure exhibiting in-
creasing contrast and regularity. It should be stressed that,
at fixed frequency, these patterns could be observed at arbi-
trarily low intensities [Fig. 1(a)], i.e., no observable tran-
sition between a homogeneous and a patterned response
could be detected. These patterns seem to appear with-
out any instability threshold, their contrast fading together
with the decrease of intensity of the input beam. When
increasing the intensity beyond the plane wave bistability
threshold [10], instead, the beam center switchesinto alow
reflectivity state while the peripheral part (still below bista-
bility threshold) retains the origina patterns [Fig. 1(b)].
Therefore these patterns arise from a Ml in the high re-
flectivity branch.

Various patterns were observed, depending on the cav-
ity detuning from resonance, but also on the precise part

FIG. 1. (@) lrregular pattern generated by the modulational in-
stability of the high reflectance branch of a 60 um diameter
Gaussian beam, incident on sample A at 879.11 nm. At higher
(b) intensities, spatial switching brings the center of the beam
to a lower reflectivity state, leaving the outer part of the beam
in its patterned state.

of the sample we used. Because of the wedged thickness
of the sample, the position of the laser spot on it deter-
mines the spectral position of the Fabry-Perot resonance.
Figure 2 shows three patterns observed for different po-
sitions on samples A and B and excitation wavelengths.
Different patterns have been observed, with their geome-
try evolving continuously as afunction of the cavity detun-
ing, from stripelike to quasirhomboidal or from rhombs to
quasihexagons. As the detuning is decreased (in absolute
value) towards resonance, the nonlinear interaction due to
the increasing intracavity intensity tends to promote a pat-
tern with a higher degree of symmetry.

The spatial fluctuations of layer thickness appear to be
a determining factor in the stability of optical patterns. By
trandating the sample in the transverse plane under afixed
incident Gaussian beam, the patterns move together with
the sampleirrespective to the boundary conditionsimposed
by the beam. In our opinion, the predominance of thick-
ness fluctuations over beam boundary conditions in fixing
spatialy the optical patterns comes from the conjunction
of (1) a MI on the high reflectivity branch of the input-
output characteristics (2) the absence of a threshold for
these MI. This prevents the existence of a sharp switching
front that would act as a strong boundary condition im-
posed by the field on the formation of patterns. Because
the beam diameter is much larger than the diffusion and
diffraction lengths, the phenomena observed can be ana-
lyzed within plane wave framework. This approach is also
supported by the observation of pattern formation through-
out the beam profile, as a consequence of the absence of an
MI threshold: in a plane wave model there are no intensity
contours at finite distance that can impose a strong bound-
ary condition to patterns. Therefore, in the following, we
shall adopt the model of Spinelli et al. [8], regardless of
the Gaussian profile of the incident beam.

While athorough theoretical interpretation of the obser-
vations presented so far is the subject of a further publi-
cation, we report here some results obtained by adapting
the models of [8,11] to our structures. We analyzed the
behavior of distributed-Bragg-reflector (DBR) microres-
onators based on MQW and bulk active layers under off-
resonance conditions and found no qualitative difference
between them. Therefore we illustrate here results relative
to the ssimpler MQW model which describe the nonlinear
coupling to the material by means of an effective two-level

FIG. 2. Images of patterns of various geometrical character-
istics on sample A: (@) rolls at 875.68 nm and (b) rhombs at
875.70 nm; and sample B: (c) hexagons at 906.27 nm.
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transition. The dynamics of the intracavity field and of the
carrier density include paraxial diffraction and diffusion.
The equations can be cast in the form [8]:

OE 1 —iA
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+iV’E, (1
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The quantities E, E;, and N are the normalized profiles
of the intracavity and injected fields and carrier density,
respectively. Time and spatial variables have been scaled
to the cavity linewidth « and diffraction length a, respec-
tively, 0 = (wcay — w;)/k is the normalized cavity de-
tuning, y isthe normalized carrier recombination, A isthe
detuning of the band-gap edge from laser frequency, 8 is
the carrier pair recombination rate, and d = lzD /a? isthe
scaled diffusion coefficient. The parameter C is propor-
tional to the nonlinear absorption coefficient. Diffraction
and diffusion are described by the transverse L aplacian op-
erator V3 = 9%/9x% + 92/ay>.

We chose a parameter set compatible with the measured
quantities and verified the behavior, of the determin-
istic MI in the high reflectivity branch of the bistable
stationary curve. As can be seen on Fig. 3, a M| affects a
sizableregion of thelower excitation branch. Some prelim-
inary simulations showed that the pattern can “follow” the
sample when the medium’ s dynamics enslaves the field's,
while for fast media this phenomenon does not appear.
Mostly, we have concentrated on the mechanism re-
sponsible for the sensitivity of MI threshold on the fluc-
tuations of the cavity resonance frequency. The dominant
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FIG. 3. Thehomogeneousinput-output field curve for adevice
similar to sample A (line). The broken line is the unstable
portion of the curve. The points result from simulations that
include the thickness fluctuations with different amplitudes and
mark the maximum intensity of a noisy pattern. Arrows mark
the intensity of the transition to a self-organized structure.
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systematic source of inhomogeneities in epitaxial samples
originates from monolayer-thick (~3 A) interface steps
[12]. As the number of interfaces is around 100, the local
thickness of aresonator is a particular realization of some
random variable, which results in a local Fabry-Perot
resonance frequency becoming a random function
of position in the transverse plane, i.e, wc.w(F) =
Weav[l + £q(F)] where .,y is now the mean reso-
nance frequency, ¢ = Sw /@,y iS the mean fluctuation,
¥ = (x,y) and ¢(#) is a normaly distributed random
function whose correlation length . defines the typi-
ca dimension of transverse uniformity, and has a
spectral distribution §(K). Then the random detuning
6 = 6[1 + nq(#)] is introduced in the model equa-
tions (1) and (2). For any variable X = E,E*, or N,
with stationary value Xg, the spatiotemporal stability is
studied by analyzing the behavior of small perturbations
to such solutions of the form X(¢,7) = X5 + x(¢,7),
where the perturbation for the field and the carriers
(x =e,e’ or_n) has the spatiotemporal expansion
x(t,7) = [#(K)exp[iKF + A(K)t]dK, introducing the
modulation wave vectors K and the Lyapounov coeffi-
cients A(K). Standard techniques yield the equation of the
field fluctuation component e¢(K) as

MK)e(K)=—(1 +i0)e(K) — ifn f dk G(K)e(K — k)

+2Ci(1 — iA)/(1 + A?)
X [Esii(K) + (Ns — 1)&(K)] — iK28(K).
3

Thetwo other equationsfor é*(f() and ﬁ(f() haveasimi-
lar form. The second term in the right-hand side of Eq. (3),
scatters the field component (K — k) to the other é(f( ),
via the component §(K) of disorder. This is reminiscent
of the mechanism of erosion of a band-gap edge due to
the presence of structural disorder in a crystal [13]. Ina
similar way, this mechanism can relax the sharp M| thresh-
old so that patterns can appear at a lower intensity. The
relaxation of the M1 threshold is controlled by the spec-
tral properties of the distribution ¢(#) which has its peak

a If(ﬂl = 27 /l.. Its relative values with respect to the
wave vector at M1 threshold determines the efficiency of
the scattering mechanism.

It is beyond the scope of this paper to solve the
analytical problem raised by these fluctuations. However,
an extended trail of analyses and simulations has been
performed, including the Gaussian beam profile and the
stochastic process ¢(7) with parameters apt to meet the
typical features of the actual layer fluctuations. Ranges
for noise strengths and correlation lengths have been kept
between n = 1, corresponding to a mean fluctuation of
one linewidth, and » = 5, our typical evaluation for the
current samples. While this work is still in progress it is
aready clear that correlated fluctuations can significantly
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FIG. 4. Moving the excitation wavelength up to the resonance
value reveals materia structure defects on which self-organized
patterns nucleate. Roalls: (a) 875.57 nm, (b) 875.81 nm;
rhombs: (c) 875.62 nm; (d) 875.96 nm.

lower the M1 threshold. Figure 3 shows three input-output
curves for increasing values of the noise strength. The
points correspond to the maximum intensity of the pattern
observed in the transmitted beam. The steep part of the
curves corresponds to a transition towards a self-organized
pattern which occurs for injected intensities lower than
that of the homogeneous case. Although the calculated
patterns are not periodic, the amplitude of the transition
seems to decrease correlatively with the decrease of the
threshold in a manner reminiscent of the experimenta
behavior. Experimental measurements of the correla-
tion length obtained by evaluating near resonance the
average size of dark regions—at resonance—and bright
regions—out of resonance—showed that this length is
smaller than the resolution of our optical imaging system,
i.e, 1 um. If one compares it to the typical value of
pattern periodicity (10 wm), one seesthat our experiments
lie in a strong scattering regime.

Pattern shapes may even be more strongly induced by lo-
calized material or structural defects. Figure 4a(4b) shows
how the striped (rhomboidal) patterns shown in Fig. 2a
(2b) are generated by two crossed linear defects. These
defects are revealed when, as in Fig. 4, the field is closer
to resonance than in Fig. 2, where no defects are visible.
Finally, no defects were detectable under the patterns of

Fig. 2c, yielding hexagons with the highest degree of sym-
metry.

In conclusion, in this Letter we reported the observa-
tion of spontaneous pattern formation in a passive micro-
resonator. These patterns originate from the competition
of transverse diffusion, diffraction, and dispersive bandtail
nonlinearities. We have also stressed the major contribu-
tion of material imperfections to the threshold of pattern
formation. Modeling corroborated our interpretation of the
role of the fluctuations, both as boundary conditions and
as enhancement mechanisms. Asprecursors, these patterns
are a strong indication of the possibility of observing lo-
calized states in the form of CS. Work is in progress in
our laboratories in order to confirm this assertion.

Similar work performed by Taranenko and Weissis also
in progress in PTB-Braunschweig, in the frame of this
project.
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