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zLaboratoire de Photonique et de Nanostru
tures, LPN-CNRS/UPR20, Route de Nozay, 91460 Mar
oussis, Fran
eCompiled February 19, 2009Cavity Solitons in semi
ondu
tor ampli�ers were, from the beginning of their study and observation, obtainedeither spontaneously or in a 
ontrolled manner by lo
al 
oherent ex
itation. We des
ribe in this letter twoexperiments demonstrating 
oherent and, for the �rst time, in
oherent writing and erasure of 
avity solitons inan opti
ally pumped verti
al-
avity semi
ondu
tor ampli�er by short opti
al pulses. 
© 2009 Opti
al So
ietyof Ameri
aOCIS 
odes: 190.4420,250.5980Cavity Solitons (CS) are self-lo
alized spots formingin the transverse plane of a nonlinear 
avity. They havebeen observed in various ma
ros
opi
 systems [1,2℄, andpredi
ted [3℄ and observed [4℄ in semi
ondu
tor systemstoo. They form in a spatially extended, bistable andmodulationnally instable system and appear generallyas bright spots sitting on a dark ba
kground. CS 
an beindependently addressed with a 
ontrol beam, and 
anbe manipulated with the aid of phase or amplitude gra-dients of some 
ontrol parameters. These pe
uliar prop-erties make them good 
andidates for all-opti
al infor-mation pro
essing appli
ations. They 
an be thought ofas logi
al bit units for parallel information pro
essing,with re
on�gurable 
apabilities. For that purpose, semi-
ondu
tor materials reveal parti
ularly 
hallenging forthe times
ales (1 ns or less) and spatial s
ales (∼10µm)involved. The writing and erasure of CS represents a �rstkey step in the manipulation of these bits of informationand will be the subje
t of this paper.Swit
hing of spatial stru
tures has already been dis-
ussed by several authors [4�6,9,10℄. In Ref.6, a multiplequantum well mi
ro
avity is inje
ted by a gaussian 
o-herent �eld of 50 µm in diameter. In
oherent swit
hingon and o� of dark states (in re�e
tion) is observed byappli
ation of nanose
ond pulses with orthogonal polar-ization with respe
t to the inje
ted �eld. In this regimehowever, the defo
using nonlinearity requires high inten-sity driving �eld for spatial stru
tures to appear thatlimits the working diameter and indu
es a thermallydriven dynami
s with slow response times [8℄. Moreoverthe tight Gaussian ex
itation 
reates high gradients ofthe parameters that hinders self-lo
alization e�e
ts. InRef.7 and in a similar system, the spontaneous swit
hingof a unique spatial stru
ture is shown with and withoutan opti
al pump below transparen
y in addition to thegaussian 
oherent inje
tion. However, writing or erasureof the bistable spatial stru
ture by an external beamis not studied and the same restri
tions on the tightpump and ex
itation apply. In a di�erent system, 
oher-ent CS swit
hing on and o� has been demonstrated in a150 µm diameter pumped verti
al-
avity semi
ondu
torampli�er [4, 9, 10℄. The 
avity is ele
tri
ally pumped be-

low threshold but above transparen
y and 
oherently in-je
ted 
lose to the 
avity resonan
e frequen
y by a broad,external driving �eld (holding beam HB) of wavelength
λi. In this regime, the driving �eld intensity needed fornonlinear spatial stru
tures to appear is substantially de-
reased thanks to the fo
using opti
al nonlinearity, hen
ethermal e�e
ts 
an be greatly redu
ed. In addition, thelateral extent and uniformity of the system allows forself-lo
alized states to appear. Part of the driving beamis used to lo
ally ex
ite in phase, or out of phase, thetransverse plane of the 
avity and lead to the 
reation orannihilation of the CS. However the in
oherent swit
h-ing of CS in the amplifying regime has not been shownso far. The possibility to ex
ite a CS with an in
oherentbeam 
an reveal very interesting sin
e it eliminates theneed for a 
ontrolled phase mismat
h between the ex
i-tation and the driving �eld. In this paper we report onthe in
oherent and 
oherent writing and erasure of CSin a broad-area, opti
ally-pumped, verti
al 
avity semi-
ondu
tor ampli�er.This result has been obtained in an opti
ally pumpedmi
roresonator thanks to an original 
avity design [11℄.Opti
al pumping is used here in order to improve theuniformity of the pumped region and to further redu
e
(a) (b)Figure 1. Near-�eld images of the re�e
ted inten-sity for an opti
al pump diameter of 120µm and a
∼50mW HB power. (a): regular pattern (λi = 888.38nm,
Ip = 38kW/
m2). (b): two self-lo
alized spots (λi =

888.23nm, IP = 14kW/
m2).1
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Figure 2. (a): lo
al intensity at a CS (Iloc) vs HB power.Inset: 
orresponding near-�eld images in the upper andlower bran
hes. (b): triggered 
oherent writing and era-sure of a CS. Dark line: Iloc, dashed line: 100ns pulsetrigger (rising edge) and grey line and right axis: phasemismat
h φ (see text). Parameters are λi = 883.09nm,
IP = 39kW/
m2 and PHB ∼ 60mW.the heat produ
ed by the pumping.The 
avity is 
omposed of two aperiodi
 AlAs/AlGaAsmirrors designed for e�
ient opti
al pumping at 800nm.As a result, a pump window 
reated on the high en-ergy side of the multilayer mirror stop-band allows op-ti
al pumping over a 20nm spe
tral width with a maxi-mum pump absorption. The a
tive zone is 
omposed of abulk GaAs layer, surrounded by two AlGaAs absorbingspa
ers. The total 
avity has a resonan
e around 880nm.The 
avity is �rst grown upside-down by metal-organi

hemi
al vapor deposition. The sample is then bondedonto a SiC substrate using a AuIn2 layer. After et
h-ing away the GaAs substrate, we �nally obtain a 
avitywith optimized pumping and heat dissipation, whi
h are
ru
ial requirements if one wishes to pump large diam-eter 
avities [12℄. The sample temperature is 
ontrolledby a Peltier element and a feedba
k loop at tempera-tures 
lose to 275K with a stability of about 10

−2K. A800nm high-power �ber-
oupled laser diode array pro-vides a uniform pump intensity of several Watts. Theoutput fa
et of the opti
al �ber is then imaged ontothe sample so as to form a 120µm or 70µm diameterpump region, with good uniformity. The laser thresholdis 
rossed for a pump intensity IP ∼ 38kW/
m2 in the
ase of a 70µm pump diameter, whi
h is 
onsistent withstandard GaAs material parameters, and mirror re�e
-tivities of 0.986 and 0.995 for the front and ba
k mirrorsrespe
tively. However, due to a mu
h stronger heating,laser a
tion is not rea
hed with that pumping intensityand a 120µm pump diameter. Small signal ampli�
ationmeasurements performed with a lo
al probe indi
ate thatampli�
ation is present over the whole 
avity resonan
efor a pump at least equal to 18kW/
m2. The pump powerat transparen
y is not known pre
isely but 
an be esti-mated around 10kW/
m2. A broad 
oherent beam pro-du
ed by a Ti:Sa laser is then inje
ted onto the sample.The near-�eld of the sample is re-imaged on a CCD 
am-
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Figure 3. Triggered in
oherent swit
hing-on of a CS witha lo
al 60ps writing pulse. Upper tra
e: lo
al intensity atthe CS. Lower tra
e: 60ps writing pulse trigger. Param-eters are similar to those of Fig.4.era and a fast dete
tor (90ps risetime) for lo
al dynam-i
al measurements. When the inje
tion wavelength λi isblue-detuned with respe
t to the 
avity resonan
e, theformation of broad patterns is observed (Fig.1a). Thesepatterns are well known in this kind of system [13, 14℄and show spontaneous symmetry breaking with hexago-nal stru
tures at the 
enter and boundary-indu
ed 
ir
u-lar stru
tures at the borders. In some parameter ranges,the pattern redu
es to one or several self-lo
alized spots(Fig.1b), with no apparent symmetry, and whose 
har-a
teristi
 size is 
learly independent of the boundariesof the system or of the spe
i�
 set of parameters used.When the HB power PHB (�g.2(a)) is varied, a hysteresisloop appears in the lo
al response of the system betweenthe ON-state, when the spot is present, and the OFF-state when it is absent, establishing the bistable 
hara
-ter of the spots. The broad hysteresis is a 
onsequen
eof the fa
t that the system is operated in the ampli-�
ation regime. A very similar s
enario happens whenvarying slightly the pump power around a 
onstant bias(to avoid thermal e�e
ts as mu
h as possible) instead ofthe HB intensity, however in that 
ase the hysteresis ismu
h smaller.In a �rst experiment, we set the system 
lose to the
enter of the lo
al bistability 
y
le. The pumped diam-eter is 70µm. Part of the HB is re
onditioned to givea 10µm diameter spot in the sample plane. The phasemismat
h between the HB and the lo
al ex
itation beam(writing beam) is 
ontrolled thanks to a mirror mountedon a PZT. An ele
tro-opti
 modulator is pla
ed on thewriting beam path to deliver 100ns width pulses. Thewriting beam power on the sample is of a few milliwatts.A

ording to the phase di�eren
e φ between the two 
o-herent beams, the lo
al pulse adds up or subtra
ts tothe HB intensity. By ramping the PZT and by trigger-ing appropriately the writing pulse, the lo
al disturban
eswit
hes the CS on and o� repeatedly (see �g.2(b)). In-deed it has been shown theoreti
ally and experimen-tally [10℄ that CS swit
h on 
an happen over a rangeof phase di�eren
es and writing beam intensities withan asso
iated swit
h on delay. The smallest intensity is2
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(a)

(b)Figure 4. Fast in
oherent writing (a) and erasure (b)of a CS by a triggered 60ps pulse. Thi
k line: lo
al in-tensity at the CS. Thin line: writing/erasure pulse. Theparameters are: λi = 876.95nm, Ip = 26kW/
m2 and
PHB ∼ 65mW.asso
iated with a zero phase di�eren
e and the short-est delay. The jitter in the CS swit
h on and o� (�g.2)is however as
ribable to a me
hani
al hysteresis in thePZT displa
ement, given the very di�erent times
ales atstake (ms versus ns for the swit
h on delay). The swit
htime is very fast, of the order of 1 ns.In a se
ond experiment, we repla
e the 
oherent writ-ing beam by a pi
ose
ond Ti:Sa laser operating 
loseto 795nm, a wavelength 
ompatible with the sample'spumping window, and delivering triggerable 60ps pulses.The lo
al ex
itation is obtained by mixing this beamto the pump beam with a beam splitter and imaging iton the sample surfa
e to a diameter 
omparable to theone used in the latter experiment. We show (�g.3) thattriggered CS swit
hing-on is possible as in the 
oherentex
itation 
ase. A me
hani
al shutter erases the CS byshutting down the HB after ea
h writing pulse. The min-imum average power required is of the order of 1mW. Inthis type of ex
itation, the pulse 
reates 
arriers at highenergy that 
as
ade very rapidly to the bottom of thebands. By 
ontrast to the 
oherent ex
itation, writing isinitiated by the lo
al ex
ess of 
arriers. The 200ns delayin the CS swit
h-on (�g.4a) 
an be attributed to a lo-
al thermal e�e
t or have a dynami
al origin. In the �rst
ase, lo
al ex
ess of 
arriers lo
ally heat the material, re-sulting in the displa
ement of the hysteresis 
y
le and inthe swit
h-on delay. In the se
ond 
ase, non
riti
al slow-ing down that has already been observed in this kind ofsystem [16℄ 
an also result in large delays. Surprisingly,we 
ould also erase in
oherently the CS as shown on�g.4b. However in that 
ase swit
hing-o� is obtained bysetting the pump bias away from the 
enter of the hys-teresis 
y
le, 
loser to the swit
h-o� threshold, and we
ould not in the same experiment swit
h-on and o� CSrepeatedly. The exa
t me
hanism by whi
h swit
hing-o�o

urs is 
urrently under investigation. A 
arrier-indu
edindex of refra
tion 
hange 
ould be responsible for an in-
rease of the swit
h-o� threshold for the HB intensity asobserved in Ref.15 in a simple �ip-�op semi
ondu
torampli�er. Lo
al heating 
ould also have similar e�e
ts,

limiting the devi
e bandwidth, but the absen
e of delayin the erasure of a CS seems to indi
ate a fast me
ha-nism, based on the 
arrier dynami
s.The lo
alized spots generally appear in the 
entralzone of the 
avity, where a pump-indu
ed transversethermal gradient is present. The 
enter of the pumpedzone, where heating is more pronoun
ed, has thus a redshifted 
avity resonan
e whi
h translates into a maxi-mum of the �eld-
avity detuning, attra
ting the lo
al-ized spot. Cavity resonan
e gradient 
ombined to therelatively narrow parameter spa
e region where bistable,self-lo
alized spots 
an appear make that CS 
annot bewritten and erased at any transverse position of the 
av-ity. However, we 
ould independently ex
ite too nearbylo
alized spots in sequen
e by a an in
oherent ex
itation,thus demonstrating their CS 
hara
ter.In 
on
lusion we have shown the fast 
oherent and,for the �rst time, in
oherent swit
hing on and o� of 
av-ity solitons in a verti
al 
avity surfa
e opti
al ampli�er.In
oherent writing and erasure of CS opens new per-spe
tives for opti
al information pro
essing with CS asit greatly redu
es the requirements on the writing beam.We a
knowledge support from the EC through theIST-STREP proje
t N.004868 (FunFACS) and theRï¾ 1
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