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Control of avity solitons and dynamial states in a monolithivertial avity laser with saturable absorberSpeial Issue on Dissipative Optial SolitonsT. Elsass, K. Gauthron, G. Beaudoin, I. Sagnes, R. Kuszelewiz, and S. BarbayLaboratoire de Photonique et de Nanostrutures, CNRS-UPR20, Route de Nozay, 91460 Maroussis, Frane, e-mail:sylvain.barbay�lpn.nrs.frthe date of reeipt and aeptane should be inserted laterAbstrat We present reent experimental results on the ontrol and dynamis of avity solitons in a mono-lithi, vertial avity surfae emitting laser with saturable absorber. On one hand, the fast and independentmanipulation of two laser avity solitons is ahieved and a �ip-�op operation is demonstrated with a singleontrol-beam. On the other hand, a pulsing loalized struture is presented and we demonstrate the ontrolof a pulsing multispot struture that we an swith-on and o�. These results are promising in view of theobtainment of a pulsed and monolithi avity soliton laser.PACS. 42.65.Tg Optial solitons; nonlinear guided waves � 42.65.P Optial bistability, multistability, andswithing, inluding loal �eld e�ets � 42.55.Sa Miroavity and mirodisk lasers � 42.60.Gd Q-swithing1 IntrodutionLarge aspet ratio lasers with saturable absorbers are goodandidates for the formation of laser avity solitons (CSs).Laser CSs are bistable, self-loalized laser spots that anbe independently ignited and manipulated in the trans-verse plane of a nonlinear avity. They have been reportedin vertial avity on�gurations in semiondutor opti-al ampli�ers above threshold [1℄ and in extended av-ity on�gurations with a oupled-avity sheme involvinga saturable absorber [2℄ or a frequeny-seletive feedbaksheme with a grating [3℄. In a reent paper [4℄ we demon-strated the formation and fast swithing on and o� of asingle loalized state in a monolithi, vertial avity laserwith saturable absorber. Spontaneous formation of mul-tispot strutures was also observed. In the latter threesystems there is no oherent injetion involved (no holdingbeam) and loalized states appear as bright lasing spots ontop of a low-intensity (non-lasing), uniform bakground.Using the same monolithi on�guration, we are now ableto demonstrate the independent ontrol of two bistableand self-loalized states, in a fast sequene.In addition to be very simple, ompat and not re-quiring any external oherent injetion, whih an revealvery important with respet to possible appliations to all-optial proessing of information, this system is also veryinteresting for other aspets. As an example, in above-threshold optial ampli�ers, the uniform bakground onwhih CS form has a non-zero intensity and an be Hopfunstable. This is of ourse undesirable and limits the sta-bility range for whih CS are stable. In laser systems, this

bakground is the stable non-lasing state, and the ontrastfor optial strutures depends only on the amount of spon-taneous emission in the non-lasing state. Moreover, mi-roavity systems are essentially single longitudinal-modesystems and as suh are muh simpler to apture with amodel. Existene and basi properties (writing, erasure)of avity solitons in miroavity lasers with saturable ab-sorbers have been studied in [5,6,7℄. It has also been the-oretially found in some parametri regions that avitysoliton lasers an lead to self-pulsing avity solitons [8℄,an interesting prospet from both theoretial and experi-mental point of views.In the following we present reent experimental resultsobtained in a monolithi, vertial avity surfae emittinglaser with saturable absorber. The original avity designallowing the simultaneous presene of a gain and a sat-urable absorption regions inside a miroavity will be pre-sented in setion 2. In setion 3 we present the fast inde-pendent on and o� swithing of two loalized states whileobservations of single, self-loalized and self-pulsing statesare desribed in setion 4. Finally we onlude and giveperspetive to this work in setion 5.2 Cavity designThe realization of an integrated laser soure omprisingan absorptive nonlinearity presents an interest not onlyfor the present study but also in the framework of fabri-ating a ompat soure of light pulses. In the latter ase,a Q-swithing instability is sought and short pulses have



2 T. Elsass et al.: Control of avity solitons and dynamial states...been obtained in eletrially injeted devies [9,10℄. Boththese demonstrations relied on a omplex design and aomplex tehnology in whih the saturable absorber on-sists of a quantum-well plaed either in the upper mir-ror stak or inside a seond avity oupled to the otherone where the gain medium resides. The main hallenge isto position the gain and absorption elements in lose re-gions with maximum interation with the eletri �eld atavity resonane while pumping one of them and not theother one. We have developed an alternative approah inwhih we use optial pumping. While the advent of heap,and high-power pump soures makes it possible to opti-ally pump large areas and potentially obtain high outputpowers, optial pumping allows one to use the oherentproperties of the pump soure to design a ompat andmonolithi avity for self-pulsing or bistable lasers. Thisdesign relies on the tehnique we introdued in [11℄ wherewe showed that e�ient optial pumping of broad areadevies ould be obtained by arefully designing the mul-tilayer mirrors omprising the avity of the semiondutorlaser with the adoption of the design tehniques developedfor dieletri oatings. This is made possible thanks to theever inreasing mastering of semiondutor growth teh-nologies. An optimization algorithm is used to design themultilayer staks and the resulting layer thiknesses are nomore quarter-wave depending on the targeted propertiesof the �nal design. The method works as follows : �rst ofall a set of properties for the �nal avity is hosen. Theseproperties are spei�ed either in terms of the re�etivity,transmittane or absorption spetra, or more globally, e.g.the total pump absorbed in the struture, or even in termsof �eld intensity at given loations inside the struture. Inour ase, we require that a pump window exist aroundthe targeted pump wavelength (800nm), i.e. : we requirelow transmittane of the bak mirror at this wavelength.The main idea being that a pumping window is reatedin the avity spetrum in whih, over a su�iently largeband, the pump is absorbed in the ative region and re-�eted by the bottom mirror of the miroavity so as toavoid heating as muh as possible. Two quantum wells areused for the gain setion and one quantum well is usedfor the saturable absorber setion. We aim at having ahigh pumping e�ieny of the gain medium, while havingno pump at all at the saturable absorber quantum wells.This is aomplished �rst by using di�erent barrier ma-terials for the gain and saturable absorber quantum wells(Fig. 1), and seond by requiring that the pump �eld bealmost zero at the SA quantum well loation.In addition, the bak and front mirror re�etivities aretargeted to be respetively 1 and 0.995 around the av-ity resonane wavelength at 980nm. The bak and frontmirrors are omposed of 79 and 50 layers respetively.All these requirements are translated mathematially byintroduing a distane funtion measuring the departurefrom the ideal properties of the stak and the alulatedones for a given set of parameters. Summing all the ontri-butions together into a single funtion depending on thevariable parameters in the problem (here the layer thik-nesses), the ideal stak is approahed by a minimization

Figure 1. Ative zone of the VCSEL-SA and �eld intensi-ties at the avity resonane (blak, divided by 400) and atthe pump wavelengths (in red, between 795nm and 805 nm)versus the growth depth. The ative zone is omposed of tworegions (in yellow and green) : the SA region (yellow) with one
InGaAs/Al0.22Ga0.78As quantum well and the green one withtwo InGaAs/Al0.05Ga0.95As quantum wells. The �rst few lay-ers omposing the the front and bak mirrors is visible on theright and left resp. of the ative zone. Light grey : AlAs. DarkGrey : Al0.22Ga78As. Note that the SA quantum well is at anode of the pump �elds in the whole range of possible pumpwavelength while being at an anti-node of the �eld at avityresonane.
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Figure 2. Calulated re�etion spetra R(λ) for the bak (red)and front (blue) multilayer mirrors. The orange (resp. yan)rosses indiate the requested re�etivities for the bak (resp.front) mirror. Absorption A(λ) in the barriers of the quantumwells appears in grey. The sought avity resonane is 980nmand the pumping window extends around 800nm.of this funtion. A standard Simplex algorithm is used toperform the optimization in this high-dimensional spae.The results are presented in Fig. 2.The struture has then been grown by metal-organihemial vapor deposition (MOCVD). The re�etivity spe-trum measured on the grown sample is presented in Fig.3.



T. Elsass et al.: Control of avity solitons and dynamial states... 3

Figure 3. Comparison of the optimized alulated re�etivityspetrum (blak) and the one measured experimentally (red).Note the pump window around 780-820 nm and the avityresonane wavelength at 980nm.There is a very good agreement between the alulatedand the measured re�etivity spetrum over the wholewavelength range onsidered. This onstitutes a very goodindiation that the sought parameters have been indeedvery losely approahed, in spite of the fat that a diretmeasurement of the individual parameters of the avity(re�etivity of the mirrors, absorption, intraavity �elds)would be very di�ult to realize.3 On and o� swithing of two avity solitonsin a fast sequeneTheoretial and numerial modelling of laser avity soli-tons [5,6℄ indiate that stable strutures an be obtainedfor nearly idential quantum wells in the gain and sat-urable absorber setions. Individual haraterization ofthe quantum wells grown in our struture have been re-alized by time-resolved photo-luminesene measurementsand gave non-radiative reombination times of 1.2ns and1.6ns for the gain and saturable absorber setions respe-tively. This sample has been used to demonstrate the faston and o� swithing of single loalized states [4℄. Using thesame experimental set-up, we now demonstrate individualmanipulation of two avity solitons in a fast sequene. Theexperimental set-up is desribed in [4℄. The sample is opti-ally pumped with a 90µm diameter, top-hat shaped, spot.Loal exitation is provided by a pulsed Ti:Sa laser with60ps pulse duration and a variable repetition rate thanksto an aousto-opti modulator plaed at the avity outputthat ats as a pulse seletor. The pulse is foused onto thesample down to 10µm. The wavelength of the loal exita-tion is far from avity resonane (∼ 800nm versus 980nm)and provides a loal perturbation in the pumped zone. Itis an inoherent proess that reates loally additional ar-riers. When the broad optial pump is varied, two loal-ized states spontaneously appear in the system (Fig. 4d).

Their pinning positions are ertainly determined by smallinhomogeneities in the sample as is very often observed insuh systems. When the pump is dereased, a hysteresisis present and the two spots swith o� at a lower pumpvalue than the one at whih they swithed on indiatingthe presene of bistability. Starting from the laser o� stateof the system, we position the loal exitation lose to oneof the spots (atually the loal exitation spot is slightlydisplaed from the enter of the strutures to avoid per-turbing the two strutures at the same time). A fast pho-todetetor is used to individually monitor the intensity ateah LS site, along with the loal exitation pulse takenat the output of the pulsed laser. The repetition rate ofthe exitation pulse is 1kHz. On Fig.4 we show the resultsof these repetitive writing-erasure proesses with di�erentpositions of the loal exitation and of the initial ondi-tions. In Fig.4a), the left spot is suessively swithed onand o� while the right spot state is kept unhanged. Thesame operation an be done while the right spot has beeninitially swithed on Fig.4d). Moving the loal exitationspot towards the left spot, it is now possible to suessivelyswith on and o� the left spot while keeping the right spotswithed o�. This is a lear demonstration of independentmanipulation of two spots, done for the �rst time in afast sequene. Indeed in all previous experiments of thiskind, and in partiular in [3,2℄, the sequene was done bymanually hanging the loal exitation position and onlyvery low swithing rates were demonstrated. While it wasnot attempted in the present experiment, we reall that in[4℄ the swithing of an individual spot was demonstratedup to a 80MHz rate and we an presume that the sameperformane ould be obtained here. This demonstrationalso ompletely quali�es the observed spots as avity soli-tons in the sense ommonly aepted in the ommunity(bistable, self-loalized spots that an be independentlywritten and erased).If the loal perturbation is now positioned between thetwo spots (in fat slightly below for pratial reasons, butthis should not have any major physial signi�ane), it ispossible to exite both spots as shown in Fig.5. Then eahtime a pulse exites the CSs, their states are hanged inan independent manner. If, e.g., both CSs are in the samestate initially, eah time a loal exitation is sent eahCS's state hanges synhronously. Similarly, if CSs haveinitially opposite states, the e�et of a pulse is to swapboth states and the �nal states of CSs remain opposite.The exitation of two CSs with a single spot should implythe reation of a struture at the perturbation loationfollowed by a drift towards the pinning positions. However,sine the distane between the two spot pinning positionsis of the same order as the loal perturbation size (the sizeof the loal perturbation is about 10µm and arriers anbe exited on an even greater diameter), we don't expetto be able to show lear evidene for suh a drift.It is interesting to note here that the two struturesare relatively lose one to another, and this does not pre-vent their independent manipulation. Theoretially in [6℄it was noted that in order for two CSs to be indepen-dently manipulable, their minimal distane was to be at
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c) d)Figure 4. Independent and sequential writing-erasure of oneavity soliton while keeping the neighboring avity soliton un-hanged (Fig.4a,b,). The blak trae orresponds to the in-oming loalized exitation pulse and the middle (resp. up-per) trae, green (resp. red) online, orresponds to the leftmost(resp. rightmost) avity soliton. The zero intensity levels of theupper and middle traes (dashed lines) have been arti�iallyo�set by 100 and 50 respetively for larity. Di�erenes in theintensity traes for the right and left avity soliton signals arisebeause of di�erent gains of the APD. An averaged image ofthe two avity solitons onsidered is shown in d).
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b)Figure 5. Independent �ip-�op operation of the two-avitysolitons shown on Fig.4d) starting from di�erent initial ondi-tions (Fig.5a and b) with one single ontrol beam plaed in themiddle of the two strutures.least 60µm. And indeed, in Fig. 2e) in [4℄, we observedtwo neighbouring strutures that we ould not manipu-late independently. One important point is that in thispartiular two-spot struture, the distane between thespots was muh less than in the present ase (the �eld it-self did not go to zero between the two spots) thus givingrise to oupling. In Fig.4d) the two spots are separatedby 28µm, more than two CS diametres (12µm FWHM)and the �eld dereases almost to zero in the region be-tween the two spots. This ertainly explains the fat thatthe two strutures are unoupled. Another oupling meh-anism lies in the arrier distributions and in numerialanalysis, for standard di�usion oe�ients, the lateral sizeof the loalized arrier distributions onstituting the CSis of the same order as the one of the �eld distribution.It is also possible that the numerial modelling underes-timates the spatial noise in the system (either beause ofspontaneous emission or avity detunings [12℄) that pre-

vents the oupling of strutures at small distanes. An-other possible deoupling mehanism ould stem from theavity resonane detuning beause of the small wedge inthe sample. We should also point out that the formationof CS lusters is still the subjet of theoretial [13,14,15℄and experimental work [16℄ and a full omprehension isnot yet ahieved.4 Self-pulsing struturesIn the following we present several experimental obser-vations of the dynamis assoiated with single loalizedstates or lusters of loalized states. The observations aremade in slightly di�erent experimental onditions as inthe previous setions. The main two parameters at ourdisposal are the sample temperature and the loation onthe sample. The impats of these parameters on the phys-ial parameters are the following. Firstly, a temperaturehange will hange the avity resonane wavelength (throughthe temperature dependene of the index of refration)and the quantum-wells' band-gaps. Sine the rate of hangeof the band-gap energy and of the optial avity length aredi�erent (typially measured 0.08nm/K in our samples forthe latter, larger for the former ∼ 0.35nm/K [17℄), an ad-ditional detuning between the band-gap and the avityresonane frequenies will appear. This also hanges thedi�erential gain and absorption, all the more sine we havetargeted our quantum wells to have their band-gaps loseto the avity resonane, a region where these parametersstrongly depend on detuning. Seondly, due to the fabri-ation of the sample, a small wedge is introdued over thewhole sample that makes the avity resonane vary. Thiswedge a�ets also the quantum wells width but this hasa negligible e�et on the band-gaps. The avity resonanetuning range is between 970nm and 995 nm. The loalgradient is however non-uniform and varies on the samplesurfae. It is almost zero at the enter of the wafer fora avity resonane lose to 995nm, below 0.3nm/mm inthe range 980-995nm and has a maximum of 1.5nm/mmtowards the edges of the wafer for short wavelengths.We observe that self-pulsing is generally favoured loseto laser threshold for low heat-sink temperatures (around0◦C or below). It is found here in the whole avity res-onane tuning range. Conversely, bistability an be ob-served at heat sink temperatures above 0◦C and for avityresonane wavelengths in the 970-980nm range . This anbe understood as follows. An inrease of the heat sink tem-perature leads to a stronger linear absorption in the SAsetion, beause the bandgap wavelength will move loserto the avity resonane. This is on�rmed by the fat thatwe observe an inrease of the laser threshold in that ase,and if we are in a parameter region where bistability ex-ists, by an inrease of the hysteresis yle width. Thisbehavior is onsistent with the results of diret numerialintegration of the governing equations ([6℄), varying thelinear absorption γ. In fat, inreasing the laser thresholdmeans that the arrier density at threshold inreases (allthe more when bimoleular reombination is present), andleads to an inrease of the reombination rate of arriers
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15µmFigure 6. 3D and false olor image of the sample surfae witha self-pulsing loalized state. The large light blue disk is the�uoresene from the ∼90µm pumped area. The dynamis as-soiated with this loalized state is shown on Fig.7. The imageis an average image integrated over a time muh greater thanthe harateristi time of the dynamis.in the gain setion. However, sine the arrier reombi-nation rate in the SA setion is not a�eted beause itis unpumped, the arrier reombination time in the gainsetion will be muh faster than in the SA setion. This isknown to favour bistability over self-pulsing, as e.g. shownin [18℄.In our observations, the dynamial signature of self-pulsing �ts well with what we expet from theoretialinvestigations on self-pulsing in lasers with saturable ab-sorbers [19℄. When the pump intensity rosses laser thresh-old, high intensity pulses are emitted. The onset of pulsesorresponds to a homolini bifuration. The intensity ofpulses remains almost onstant when the pump intensityrises, but the pulses repetition rate inreases, starting fromzero. At a ertain point, osillations beome more har-moni and pulses disappear through a Hopf bifuration.This sequene has been observed in our experiment. How-ever, the disappearane of self-pulsing through the Hopfbifuration is sometimes not observed and the system dy-namis evolves towards a omplex non-stationary state,most probably beause of spatio-temporal instabilities.In most experimental onditions, we an observe self-pulsing without spatial light loalisation and light is emit-ted over a large part of the pumped region. However insmaller regions of parameters, we ould observe self-pulsingwith light loalization as shown in Fig.6. The heat-sinktemperature is maintained at −12.6◦C and the pump isjust above laser threshold. The observation is made witha amera having a long integration time so that the dy-namis is averaged on the amera image. The size of theloalized struture is ∼ 17µm FWHM and the laser wave-length is 978.72nm. It appears o�-entered with respetto the pump beam. The temporal dynamis assoiated,reorded with a fast APD (90ps rise-time) is shown inFig.7 while the optial pump is varied sinusoidally at asmall rate (1kHz) around the laser threshold. It onsists

Figure 7. Intensity at the loalized state shown in Fig.6 (inblak) while slowly modulating the pump (in red) around thethreshold pump value Pth. Upper graphs display portions ofthe full time-trae (below) of the pulsing dynamis at variousexess pump from threshold ∆P = (P − Pth)/Pth. Pulses of
∼1ns duration with a repetition period ranging from 8.7ns to4.7ns are learly identi�ed.in a train of pulses whose repetition period depends onthe pump power and varies between &10ns to .4ns andwhose duration is of the order of 1ns. Self-pulsing startswith high-intensity pulses as expeted in the homolinibifuration senario. This dynamial regime is sensitiveto perturbations and in partiular to noise present in thesystem (due to e.g. spontaneous reombination, or pumpnoise) as we an see on the important jitter present in thepulse repetition rate. Part of this jitter is also due to thefat that the system needs to adjust to the pump hangeinduing a small equilibrium temperature hange in theative zone, and quieter pulsed operation ould be ob-tained with a steady pump. We ould not ontrol the stateof the self-pulsing, self-loalized laser, although it shouldbe possible in priniple. The reason why this happens mayome from several auses. Firstly, it is not easy to exper-imentally identify bistability between a self-pulsing stateand a non-lasing state in the presene of noise, all themore that the bistable range is small (as expeted here[19℄). Seondly, it is possible that this observation has tobe ompared to similar results reported in literature insemiondutor systems [20,21℄ where w, loalized stateswhere observed and shown not to be ontrollable (henenot bistable), possibly beause of the trapping potential.Interestingly, at a higher substrate temperature and aslightly di�erent avity resonane wavelength, we observedbistability between a omplex dynamial behaviour andthe non-lasing solution. The sample near �eld is shown onFig.8. As we show below on Fig.9, the system an eitherbe in the laser-o� state or display a omplex, irregularlyspiking dynamis. It is not yet ompletely lear whetherthe dynamis of the total intensity omes from self-pulsingof an inhomogeneous optial struture as a whole in ahaoti regime, or if the dynamis of the individual spots



6 T. Elsass et al.: Control of avity solitons and dynamial states...Figure 8. Inverted on-trast, averaged CCD ameraimage of a three-spot lusterdisplaying a ontrollable dy-namial regime. Heat-sinktemperature is -0.3◦C andlaser light is emitted at976.78nm. The red irlemarks the loation of oneof the spots that appearsweaker than the others.

Figure 9. Control of the irregular spiking with an externalontrol beam having 60ps pulse duration and a repetition rateof 400kHz. The whole near-�eld in Fig.8 is deteted on a fastAPD (blak, and o�seted for larity) and shown with the in-oming ontrol pulses in red. The average ontrol beam poweris 15mW. In inset is a 100ns duration zoom in the irregularpulsing zone.is involved. However, pulses an be identi�ed with shortdurations of the order of 10ns or less.The same perturbation signal as in previous setions issent onto the struture. We observe that eah time a on-trol pulse is sent, the dynamis is either ativated or dea-tivated. Although noise may by itself trigger some spikingevents (possibly outside the ontrollable area of the stru-ture but inside the deteted area), we an observe a veryrepeatable ontrol that is synhronized with the ontrolpulses. This preliminary result shows nevertheless that itis possible to ontrol dynamial regimes with an externalperturbation and is of great interest in the perspetiveof ontrolling self-pulsing loalized strutures predited toexist in mirolasers with saturable absorbers in [8℄.5 ConlusionWe have reported the observation and ontrol of laser av-ity solitons in a monolithi vertial-avity laser with sat-urable absorber. We have desribed the original sampledesign and the fabriation proess. Independent and su-essive ontrol over two strutures is obtained thanks to
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