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Fast manipulation of laser lo
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tures, CNRS-UPR20, Rte de Nozay, 91460 Mar
oussis, Fran
eThe date of re
eipt and a

eptan
e will be inserted by the editorAbstra
t We show the spontaneous and 
ontrolled for-mation of bistable and lo
alized laser spots in the trans-verse se
tion of a monolithi
 verti
al 
avity laser witha saturable absorber. Su

essive in
oherent writing anderasure is obtained up to 80MHz repetition rate with a60ps lo
alized ex
itation. We also show the formation of
lusters of laser lo
alized states. All these observationsare in good qualitative agreement with existing models.PACS:42.65.Tg, 42.65.P
, 42.55.Px1 Introdu
tionAfter the �rst demonstrations of 
avity solitons in semi-
ondu
tor opti
al ampli�ers [1,2℄, mu
h e�orts have beendevoted towards �nding simpler s
hemes and implemen-tations to observe 
avity solitons. Of su
h s
hemes, 
av-ity soliton lasers o

upy a primordial pla
e. Re
ently,demonstrations have been reported in a verti
al 
avitylaser with external feedba
k grating [3℄, and mutually
oupled, verti
al 
avity lasers [4℄. Both these s
hemesmake use of external 
avities. We propose a more inte-grated implementation making use of a monolithi
 verti-
al 
avity laser with intra
avity saturable absorber (SA).This allows a system more 
ompa
t, more immune to me-
hani
al vibrations or alignments problems, and readily
omparable to existing theories that deal with single lon-gitudinal mode systems.Cavity soliton lasers are broad area devi
es able tosustain self-lo
alized mi
ro-lasers. These mi
ro-lasers mustshare, in prin
iple, the same properties as their 
ounter-parts in amplifying systems, that is to say 
avity solitonsin these systems are stationary, individually 
ontrollableopti
al stru
tures. Their size and shape are �xed by thesystem parameters and one 
an ex
ite or shut them downat any transverse lo
ation of the system. Although notyet demonstrated, laser 
avity solitons 
an also be putinto motion in appropriate intensity gradients. A �rst re-sult in that dire
tion is presented in [5℄. All these prop-Corresponden
e to: sylvain.barbay�lpn.
nrs.fr

erties may be exploited for a
hieving new fun
tionalitiesin the �eld of all-opti
al pro
essing of information.From a theoreti
al point of view, 
avity solitons aredissipative opti
al solitons appearing in the transverseplane of a broad area, nonlinear 
avity. Their existen
eis often linked to the presen
e of bistability, or multista-bility [6℄, between a stable, uniform, ba
kground and apattern forming instability . This regime 
an be obtainedthrough 
oherent inje
tion with a holding beam in theamplifying (or slightly above threshold [7℄) regime, witha wavelength sele
tive feedba
k or in the laser regimewith a SA.The latter system has been extensively studied the-oreti
ally and numeri
ally in the seminal work on laserautosolitons (see e.g. [8℄ and referen
es therein) and lateron in semi
ondu
tor systems in [9,10℄. It is shown thatstable laser lo
alized states 
an appear in the laser regimebut 
lose to threshold, along with a great variety ofhigher-order stru
tures. With respe
t to systems mak-ing use of opti
al inje
tion, 
avity soliton lasers have,in addition to being individually manipulable sour
es ofmi
ro-lasers, the obvious advantage of being mu
h sim-pler to operate sin
e they only need one sour
e of (in
o-herent) pumping. This pumping 
an be provided eitherthrough ele
tri
al inje
tion, or as we shall use, opti
alpumping. The advent of 
heap, high-power �ber 
oupledsour
es makes these ones more and more interesting forappli
ations. Moreover, they allow to easily shape op-ti
al inje
tion and to obtain a good uniformity of thepump with simple means. Sin
e no spe
ial pro
essingis required, we expe
t also less defe
ts to be 
reated inthe stru
ture, and this reveals parti
ularly useful in this
ontext : lo
alized states are known to be very sensi-tive to defe
ts and tend to get trapped at their lo
ation[11,12℄. At last, opti
al pumping allows us to design amonolithi
ally integrated VCSEL with intra
avity sat-urable absorber. A 
areful engineering of the 
avity isperformed in order to optimize the pump e�
ien
y andto minimize the generation of heat into the sample [13℄.In the following we �rst des
ribe our sample and the ex-
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z and S. Barbayperimental setup we used. We then present experimentalresults showing the formation of bistable, lo
alized laserspots and show their basi
, fast, opti
al manipulationwith an external beam.2 Experimental setup and resultsOur sample 
onsists in a verti
al-
avity surfa
e emittinglaser (VCSEL) that was grown by metal-organi
 
hemi-
al vapor phase deposition. The details on the design ofthe stru
ture 
an be found in [13℄. Basi
ally, the devi
eis 
omposed of optimized ba
k and front multilayer mir-rors sandwi
hing an a
tive zone with two In0.2Ga0.8As/-Al0.05Ga0.95As quantum wells a
ting as a gain materialand one In0.2Ga0.8As/Al0.22Ga0.78As quantum well a
t-ing as a saturable absorber. Both quantum wells aregrown for a nominal 980nm peak photolumines
en
e inthe lasing 
onditions. The quantum wells' nonradiativere
ombination rates have been measured by time-resolvedphotolumines
en
e and are found to be respe
tively 1.2and 1.6ns for the gain and saturable absorber. The multi-layer mirrors are 
omposed of alternating Al0.22Ga0.78As/-GaAs layers giving a nominal 0.999 and 0.996 ba
k andfront mirror re�e
tivities and a 5ps photon lifetime.The experimental setup is shown in Fig.1. The VC-SEL temperature is tuned and regulated by a Peltier
ooler and a feedba
k loop. The pump beam is deliveredby a high-power, �ber-
oupled, laser diode array emit-ting around 800nm. The output fa
et of the multimode800-µm-diameter �ber is imaged onto the sample surfa
eto a 70-µm-diameter disk thanks to a mi
ros
ope obje
-tive (MO). The pump ex
itation is then mostly uniformon this area and has a top-hat shape. The intensity re-�e
ted by the sample is then analyzed by a CCD 
amera(CCD), a 5GHz avalan
he photodiode (APD) and anopti
al spe
trum analyser (OSA, Yokogawa). Anotherphotodete
tor (bandwidth 15MHz) monitors the pumpbeam intensity that 
an be set by an arbitrary waveformgenerator (SG). The generator output 
onsists in a smallamplitude ramp with a period of 1ms on top of a larger
onstant bias. A 1GHz bandwidth digital os
illos
opea
quires the signals from the di�erent dete
tors.Di�erent experimental 
onditions 
an be obtained by
hanging three parameters (that are not fully indepen-dent) :�rst of all, due to the fa
t that a small wedge isintrodu
ed into the 
avity be
ause of the growth pro-
ess, a variation of the operating lo
ation on the sampleimplies a small 
hange of the 
avity resonan
e. Howeverthis wedge does not a�e
t in the same way the quan-tum wells (their bandgaps vary little on the whole sam-ple's surfa
e), thus a 
hange in the operating lo
ationon the sample's surfa
e 
orresponds to a detuning be-tween the 
avity resonan
e and the gain and absorptionbandgaps. Then, temperature also in�uen
es the 
av-ity resonan
e by thermal expansion of the sample andthereby modi�
ation of the length of the 
avity. It also

Figure 1: (
olor online) Experimental setup. LD : laser diode,SG : signal generator, Ti:Sa : Titanium Sapphire laser, AOM :a
ousto-opti
 modulator, PD : photodiode, APD : avalan
hephotodiode, CS : 
ube splitter, BS : beam splitter, MO : mi-
ros
ope obje
tive, PC : Peltier 
ooler, CCD : CCD 
amera,OSA : opti
al spe
trum analyzer.modi�es the position of the gain and saturable absorbermaterial bandgaps and thus 
hanges the index of refra
-tion of ea
h layer 
omposing the sample. In
reasing thetemperature redshifts both 
avity resonan
e and gap po-sition. Finally, the aforementioned parameters in�uen
ethe pump power intensity, hen
e the 
arrier density, 
loseto laser threshold : by in
reasing it, the gain peak isblue-shifted be
ause of Coulomb e�e
ts and its heightin
reased. The experimentally available range of varia-tion of the heat-sink temperature lies between -20◦C and25◦C, giving a 
avity resonan
e tuning range of about45nm ; the estimated bandgap tuning range is 13nm .The 
avity resonan
e on the sample varies little in the
enter of the sample but 
an vary appre
iably 
lose to itsedges. The 
avity resonan
e 
an then be tuned between
∼972nm and 997nm .Fig.2 (a) shows a near �eld image of what 
an beseen far above threshold (with a pump power twi
e thatof the threshold). Laser emission �lls the disposable sur-fa
e and extends up to the size of the pump spot. Never-theless, when getting 
lose to threshold, spot-like lo
al-ized stru
tures 
an form. These spots are either pa
kedin 
lusters (or 
omplexes) of two to �ve spots (Fig.2 (b)-(e))or appear as single lo
alized spots depending on theoperating 
onditions : substrate temperature, lo
ationon the sample (see �gure 
aption). Ea
h spot is station-ary in time and has a full width at half-maximum of
∼ 10µm. The multispot and single spot stru
tures donot appear in general at the 
entre of the pump beam.These 
lusters are very similar to the ones presented inmodels of laser lo
alized states [14,15,16,17℄ in whi
h



Fast manipulation of laser lo
alized stru
tures in a monolithi
 verti
al 
avity with saturable absorber 3

Figure 2: Near �eld average images of the laser output. Allimages' width are equal and the pump diameter is 70µm. (a)Above threshold (T=9.70°C, λ=982.7nm, Pp=130mW 
w),(b)-(f) At threshold, for di�erent lo
ations on the VCSELand for di�erent pump powers. (b) T ∼ 2°C, λ=973.9nm,
Pp=57mW ; (
) T ∼ 2.6°C, λ=979.6nm, Pp=21mW ; (d) T ∼

2.6°C, λ=981.2nm, Pp=23mW ; (e) T ∼ 2.6°C, λ=980nm,
Pp=20mW ; (f) T ∼ 1°C, λ=977.3nm, Pp=61mW .the intera
tion and motion of laser solitons were inves-tigated theoreti
ally.Fig.2 (f) shows a single spot. This spot is bistableas shown on Fig.3 : when the pump intensity is varied
lose to the laser threshold, the systems swit
hes be-tween the o�-state (the system is uniformly non-lasing)and the on-state (a single laser spot appears) with a widehysteresis 
y
le very stable in time and against noise.Swit
hing between the ON and OFF states by lo
allyex
iting the sample was also a
hieved. Lo
al ex
itationis provided by a �writing� beam, emitted by a Ti:Sa laserand superimposed to the pump beam. Its full width athalf maximum is about 50µm, its wavelength (795nm) isslightly di�erent from that of the pump wavelength, andthe repetition rate of its 60-ps-duration pulses 
an bemodi�ed from 80MHz to a subharmoni
 by an a
ousto-opti
 modulator-based pulse pi
ker (AOM in Fig.1). Itprovides a lo
alized kink in the 
arrier distribution anddoes not interfere with the pump nor the laser �elds. Aphotodiode (PD) monitors the writing beam signal.Su

essive writing-erasure of the lo
alized stru
turewas possible for repetition rates of the lo
al ex
itationranging from 4kHz (Fig.4 (a)) to the maximum rateavailable in the experiment of 80MHz (Fig.4 (b)). Itis important to stress that, with respe
t to previousdemonstrations in laser systems [4,3℄, writing and era-sure are a
hieved here with very short pulses (60ps), upto high repetition rates, and with the same beam 
har-a
teristi
s : power, pulse duration and lo
ation of thewriting beam.More spe
i�
ally in a system with exter-nal feedba
k grating [3,18℄ and in a mutually-
oupledlaser system [4℄, writing and erasure of a 
avity solitonare a

ompanied by long transients (some hundreds of

Figure 3: Bistability 
y
le of the single spot. Same experi-mental 
onditions as in Fig.2 (f).nanose
onds for the erasure pro
ess in both 
ases) dueto the presen
e of the external 
avity. Moreover in theseexperiments a swit
hing pulse duration of several tens ofnanose
onds is used.The possibility to swit
h the lo
alized stru
ture onand o� at high repetition rates and with the same beam
hara
teristi
s reveals 
ru
ial for the targeted appli
a-tions of lo
alized stru
tures to information pro
essing. Itwas also noti
ed that su

essive and su

essful writing-erasure is only a
hieved for de�ned ranges of the avail-able parameters (pump power and writing beam power);otherwise, the 
ommutation is not 
onsistently e�e
tiveand an in
oming pulse does not swit
h on or swit
h o�a lo
alized spot. Therefore, parameters have to be ad-justed 
arefully so as to insure that ea
h pulse sent willwrite or erase at will, a

ording to the sought fun
tion-nality.When looking 
loser at the pro
esses of writing (Fig.4(
)) and erasure (Fig.4 (d)), one 
an see di�erent be-haviors appearing. Indeed, writing turns the system intothe on-state by going through a stage of damped os
illa-tions, while erasure sharply turns the system o�. Theseos
illations 
onsist in a train of de
reasing amplitude,short pulses, with a period of several ns. They 
an beattributed to the damping of a stable Hopf mode that isex
ited by the writing pulse. Thus, the writing pro
esstakes roughly 10ns to 
omplete (to bring the lo
alizedstru
ture up to a steady state) while the erasure pro-
ess takes a shorter time, less than a ns. This is in sharp
ontrast to what was reported in [19℄ in an external-
avity system where swit
hing a stru
ture on and o�with an in
oherent external perturbation o

urs after along transient of the order of 600ns. This is also di�er-ent from the in
oherent swit
hing dynami
s observed inamplifying systems [20℄ where the in
oherent swit
h onwas due to the lo
al heating of the sample through thelo
alized pumping, giving rise to a delay very sensitiveto noise in the swit
hing on of a lo
alized state.
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essive writing-erasure for a panel of repeti-tion rates : from fWB=4kHz (a) to fWB=80MHz (b). Mag-ni�
ations of the writing (
) and erasure (d) pro
esses at
fWB=80kHz (the writing beam is sent at 11.3ns). (T ∼ 1°C,
Pp=60mW 
w)A theoreti
al analysis of the swit
hing dynami
s of
avity solitons in a VCSEL with intra
avity saturableabsorber has been performed in [21℄. In this paper, in-
oherent inje
tion is investigated numeri
ally and thesame behavior as the one observed in our experiment isreported : on the one hand, the writing pro
ess 
onsistsin a large pulse followed by damped os
illations leadingthe system to the upper state. On the other hand, in theerasure pro
ess, the intensity shows only a small bumpthat appears with the writing beam and then rapidlyfalls down to the laser o� state. Lo
al ex
itation or era-sure of the lo
alized stru
ture is obtained by 
hangingthe spot size. A large spot allows to swit
h-on the lo-
alized state, whereas a small spot allows to swit
h-o�the stru
ture. The latter 
ase is easily understood whenre
alling that a hole in the gain 
arrier density is presentat the same time as a lo
alized peak of the intensity ex-ists. Hen
e it is su�
ient to ��ll� the 
arrier density holewith 
arriers to bring the system ba
k to its homoge-neous state and then swit
h o� the lo
alized state. Onthe 
ontrary, the swit
h on of a lo
alized state is lessobvious sin
e lo
ally adding some 
arriers, starting froma uniform state, one must end up with a hole in the gain
arrier density. This is only possible thanks to a me
ha-nism involving spatial 
oupling : a large ex
itation beam,as shown in [21℄, 
an produ
e an ex
itation that 
ollapsesin its 
enter so as to form a hole in the 
arrier densityand allows the appearan
e of a lo
alized state. In ourexperiment, both the swit
h-on and swit
h-o� pro
esseso

ur with the same spot size.The numeri
al analysisperformed in [21℄ shows that the spot sizes that allowthe CS writing and erasure are parameter dependant.
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k) and sinusoidal pump (red)
orresponding to the two-spot stru
ture 2 (e). Same experi-mental 
onditions as in Fig.2 (e).Although the writing pro
ess seems to generally requirea larger spot size than needed for the erasure pro
ess,an overlapping of the spot size ranges for whi
h CS 
anbe written or erased is not overruled. This 
ould o

urin our spe
i�
 
ase and would explain the observations.Moreover, the system in Figure 2 (e) 
omposed oftwo spots was found to be multistable. When varying si-nusoidally the pump beam, one spot sometimes turns o�before the other one (Fig.5). This implies that the twospots have the same upper threshold (when the pumppower in
reases) but a di�erent lower one (when thepump power de
reases). As a 
onsequen
e, it is not pos-sible to write them separately : the two spots form a
oupled state (a 
omplex as in [22,23,15,16℄) and there-fore are not spatially de
orrelated.This idea is validated by the theory in [10℄ that givesthe distan
e over whi
h two lo
alized stru
tures 
an beindividually manipulated. Any stru
ture written in thevi
inity of another one (less than 60µm) will form a 
lus-ter and not two independent lo
alized stru
tures. Indeed,even though the intensity in ea
h stru
ture falls o� expo-nentially fast, the phase asso
iated with ea
h mi
rolaserextends over mu
h greater distan
es and may providethe 
oupling me
hanism. In our experiment, we 
ouldnot individually manipulate two CS be
ause the pumpdiameter was limited to 70µm. A larger pump diameterwith the same external parameters leads to a 
hange inthe spatio-temporal dynami
s of the VCSEL possibly be-
ause of a larger amount of heat produ
ed by the sampleor be
ause the system developed a spatially-dependanttemporal instability [10℄, inhibited at smaller pump di-ameters.
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lusionIn 
on
lusion we have shown the fast swit
h-on and o�(writing and erasure) of a single lo
alized laser spotwith an in
oherent, lo
al and pulsed ex
itation at a rep-etition rate up to 80MHz . This result has been ob-tained in a 
ompa
t, opti
ally-pumped, monolithi
 VC-SEL with intra
avity saturable absorber. The swit
h-ing dynami
s is shown to be 
onsistent with what is ex-pe
ted from numeri
al works, and even if not yet in theGHz range, shows major improvement over what wasreported in other systems. This is en
ouraging in viewof appli
ations in the information pro
essing �eld, sin
ethe swit
hing time itself is quite small and the transientdue to the presen
e of relaxation os
illations 
ould 
er-tainly be attenuated by a proper 
hoi
e of the workingparameters, as e.g. the photon lifetime in the 
avity, eventhough its e�e
t on the lo
alized states stability is di�-
ult to predi
t.A
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