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Optical bistability and stationary patterns in photonic-crystal vertical-cavity
surface-emitting lasers
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We report the experimental observation of optical bistability and coherent transverse pattern
formation in optically injected, photonic-crystal vertical-cavity surface-emitting lasers, electrically
biased below threshold. For injected frequency blueshifted with respect to the cavity resonance, the
system exhibits optical bistability and the injected uniform plane-wave breaks up, giving rise to
honeycomb- and rolls-like transverse patterns. By comparison with numerical simulations we
associate the observed phenomena with the onset of a modulational instability, and discuss the
application of this device as an optical memory based on the cavity soliton conce&20®
American Institute of Physic$DOI: 10.1063/1.1853509

Vertical-cavity surface-emitting lase(¢CSELS9 are in- In this letter we report the experimental observation of
herently one-dimensiondllD) photonic band gap devices optical bistability and modulational instabilty in PCSELs.
along the longitudinal direction. The single axial optical The experimental results are in very good agreement with
mode allowed by the\ cavity can in fact be regarded as a preliminary theoretical calculations, and the results of nu-
deep levelin the 1D photonic band gap determined by themerical simulations open perspectives for innovative appli-
distributed cavity mirrorsy DBRs). However, in the trans- cations of these devices in the field of optical information
verse plane, broad area VCSELs naturally exhibit translaprocessing.
tional symmetry and a spatiotemporal dynamics determined The metallorganic-vapor-phase-epitaxy-grown,  top-
by a large number of transverse modes. Even though th@mitting PCSELs under investigation were designed for
competition among transverse modes is usually detriment@&Mission near 960 nm. The AlGaAscavity with three In-
for the coherence of the laser emission, under proper condf@@As quantum wells is followed on tigeside by a/2 layer
tions, it gives rise to stationary, highly symmetrical optical containing a 25-nm-thick AlAs oxidation layer at the mini-
patternsl. The direct extension of the photonic-crystal con-Mum of the optical field. The top DBR consists of 19 periods
cept to the cross section of the device has led to variou§’ P-doped GaAs-AlGaAs./4 layers, whereas the bottom
approaches attempting to control the transverse mode dy?BR consists of 30 periods of-doped GaAs-AlGaAa/4
namics in VCSELS: from drilling deep holes in the top dis- ayers. Electrical confinement and improved heat dissipation

tributed Bragg reflectofDBR)® to patterning the reflectivity '€ achieved \_N'th a 1ﬁlr_n lateral wc_at-omdatlon Of. the AlAS.
of one of the mirrors by selective metal evaporaflom layer. The periodic spatial modulation of the cavity reflectiv-

either case an intentional point-defect is created that breal{%’ tﬁeagggge;ngybmgsgsocﬁ;?oﬁ%ﬁﬁggﬁﬁ %:)Or:/:;c??nmp
the periodic modulation of the refractive index in the cross y P

' LT . . _the form of a metal grid. The grid defines<@ elements of
section of the VCSEL thus confining light in a single trans 4% 4 um?, separated by Lm metal stripes. The chosen
verse mode. . , 0
Instead of being interested in the modal pattern abovéthkn.es.S 0f~180 nm of the cap layer provides about 2%

flectivity modulatiorf

. f
the laser threshold, we focused our attention to the modale The experimental setup is the same as reported in detail
in Ref. 9. Briefly, the output of cw Ti:sapphire laser of wave-

behavior of photonic-crystal VCSELE&CSELS biased be-
low the laser threshold, but above the transparency Cam%ngth No=27C/ w, Was tuned near the PCSEL resonance
W\CZZ’JTC/CUC), and loosely focused with a beam waist of

density. In this excitation regime, the inverted population
provides a steady energy storage which equally feeds allo pum. The packaged device was mounted onto a Peltier
gooling stage and biased below the laser threshold by a low-

transverse cavity modes in the narrow spectral range of th
cavity linewidth, and the PCSEL performs like a uniformly noise dc current. The biasing of the PCSEL in the transpar-
ency region provided the required nonlinearity while reduc-

excited nonlinear Fabry—Perot cavity. It is well known that a
ing the optical power necessary to achieve the optical

semicondéjctor Fabry—Perot cavity develops optical
bistability, and, under quite general circumstantese in- bistability or modulational instability threshold. The light re-

terplay of the nonlinearity with diffraction can also give rise facteq from the cavity was characterized in terms of inte-
to a modulational instability. When a system crosses theyated intensity and near-field patterns. The measured cavity
modulational instability threshold, various interesting sceesonance wak,=964.42+0.01 nm with half-width at half-

narios of modal pattern competition emerge, including:maximum«=167+5 GHz. All measurements were taken un-
winner-takes-all dynamics, cooperation, time alternation, loyer steady state excitation.

calization, or even space-time chdos. In Fig. 1 we show the observed near-field for different
values of the cavity detunin@=(w.—wp)/«, Obtained at

¥Electronic mail: dabbicco@fisica.uniba.it fixed bias current and optical excitation df=16 mA
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FIG. 2. (a) Experimental optical bistability measured @&t -1.3. (b) Mea-
sured and calculated area of the bistability loop as a function of the cavity
detuning.

Before commenting on the relevance of these results, we
compare the experiments with the theoretical predictions
based on the model of Ref. 10 properly adapted to account
for the modulation of the cavity transmission in the PCSEL.
For the same set of the model parameters used in Ref. 10, we
calculated the area of the hysteresis in the input—output in-
tensity of the homogeneougplane-wavg solution, as a func-

FIG. 1. Transverse optical patterns observed in the near-field imaging of thgOn of the cavity detuning. The comparison with the corre-

PCSEL surface for different injected wavelength, corresponding to a cavitySppnding eXperimental_ Val}JeS is ShOWD _in Figh)2and it is
detuning#: —1.5(a), —1.2(b), -0.8(c), —0.6(d). quite satisfactory considering that no fitting parameters have

been used. Moreover, numerical simulations considering a

slightly larger square PCSEL of 2010 pixels, with the
(I6/1,=0.9 and Py=200 uW, respectively. Different pat- same aperture:stripe rati@:1) of the metal grid and a 5%
terns show up for -2 #<<-0.8. At large negative detuning amplitude modulation, returned stationary optical patterns re-
[Fig. 1(@)] a complex pattern appears that looks like the honmarkably similar to the experimental ones, as shown in Fig.
eycomb structures often predicted in simulations of actives.
devices® The square-like pattern observedéat—1.2 [Fig. The concurrence of modulational instability and optical
1(b)] is clearly affected by the grid symmetry and it is neverbistability is often seen as the sufficient condition for the
realized in numerical simulations which consider infinite existence of cavity solitor(si:Ss).15 CSs can be thought of as
sample cross-section or periodic boundaries. By tuning theelf-confined structures generated by shining a narrow laser
injected field closer to the cavity resonance, the frequentlypulse into the coherently driven nonlinear cavity, so that lo-
observed roll-like pattern emerges a£-0.8 [Fig. 1(c)], calized high intensity peaks appear in a homogeneous back-
whereas a further reduction of the detuning causes the syground of radiation of much lower intensity. In the presence
tems to jump on to the homogeneous stidiry. 1(d)]. Al-
though the patterns appear to be distorted by the boundari
and by the identified gradients in the cavity frequency and
current distribution across the sample até¢aey evolve from
the simpler toward the more complex structure for increas-
ingly negative detuning, according to the quite general be-
havior in nonlinear resonatots.

In itself, this is a direct experimental observation of a
modulational instability in a semiconductor microresonator
with spatially modulated reflectivity. Previous experiments
considering the effects of a spatially modulated feedbac @)
have been either performed in slow-response materials, like
liquid*? or photorefractive crystaf$ or materials of prob-
lematical integration with semiconductor technology, like
gas vaporéf1 However, the relevance of the present results is
not limited to the field of optical instability in transverse
nonlinear optics, where they demonstrate that the modulatio
of the cavity reflectivity imposed by the metal grid preserves
the global coherence of the system. These results also p
forward the PCSEL concept in the vastly explored region of
optical information processing, where optical bistability is
quite a general requirement for any device suitable for appli-

cations. In fact, in the same frequency range where patterrﬁel 3. Transverse optical patterns generated by numerical simulations, as

appeargd, Fhe PCSEL also showed optical bistability, as regescribed in the text, for increasing values of the cavity detuning feoro
ported in Fig. 2a). (d).
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conceiving simpler schemes for plastic, dynamically recon-
figurable pixel arrays.

In conclusion, we have reported experimental evidence
of optical bistability and stationary patterns in photonic crys-
tal VCSELs electrically biased below the laser threshold.
Such patterns emerge from the self-organization in the trans-
verse profile of the optical intracavity field, which appears to
be influenced but not dominated by the symmetry breaking
of the contact grid. Numerical simulations confirmed the ex-
perimental results and allow us to foresee that localized
(@) (b) structures should be observable in these devices.

FIG. 4. Numerical simulation of the CS dynamics: device size and the This work was supported by Ministero dell’Universita e
model parameters are the same as in Fig. 3, except for the aperture:stripga||g Ricerca(MIUR) under project FIRB-RBAUO1ES55.
ratio that has been doubleda) CSs individually addressed at different The Authors wish to thank Dr. Sven Eitel of Avalon Photo-
nearby locationgopen circleg converge toward the nearest attractor site . . ’

(black doy. (b) Actual size of one CS in its final stationary position after NICS LTD for providing the samples and Leonardo Amato for
shifting from the switch-on locationwhite open circlg White dots show  his contribution to the early stage of this work.

the regular pattern of all the complete attractors grid.
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