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Usingthetightly focussedaserbeamwithin a confocalluminescencenicroscopene wereableto induce
electric spacechage beldsthroughphotoionizationof tracedefectsin lithium niobate. Thesebeldsare
sufbcientto selectiely inducedomaininversionwhenaadditionalexternalbeldis appliedthatis below the
regular coercie Peld. Oncea domainis nucleatedt grows laterally in a directionthat canbe dictatedby
thelaser We studiedthe presencendtherangeof the spacechage beldsutilizing theelectro-opticakffect
andthe Starkshiftsobsenedin emissiorspectreof Er*™ ions.
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1 Introduction The ferroelectric,lithium niobate(LiNbOs3), is an extensvely studiedmaterialwhich
hasvery favorableacousto-opticaklectro-opticakndnonlinearoptical propertiesin therecentyearsthe
nonlineapropertieshave beenexploitedin combinatiorwith the capabilityto obtainquasi-phasematching
throughperiodicallychangingthe direction of the ferroelectric180* domaindirection. In mary applica-
tionsof thisso-callecberiodicallypoledLiNbO3 (PPLN),suchasnonlinearfrequeng corverters photonic
band-gapevices, electro-opticBragg switches anddatastorage/1D4],it is crucialto createprecisefer-
roelectricdomain patternswith small featuresizes. Using electrodegatternedby optical lithography
periodically poled componentswith period lengthsdown to 3:m have beenfabricated[5, 6]. Smaller
structureshowever, aredifpcultto achieve with thesetechniquesandthusalternatve methodsare un-
derinvestigation,ncluding the useof anatomicforce microscopg7], electronbombardmenf8b11]and
UV light [12D16].Several groupshave studiedlight inducedpoling effects,which have goodpotentialto
reducefeaturesizes. Optical periodic poling hasbeenreportedfor lithium tantalatecrystals[12,13]. In
this techniqueusing UV light, interferencepatternsaretransferednto domainstructuresusingunstruc-
turedelectrodes.More recently the inBuenceof UV light hasbeenexploited alsoin LiNbO3 by Suhara
etal. [14] andBuseetal. [15,16]. In our group,we have recentlydevelopeda techniqueto directly write
stableferroelectricdomainpatternsinto lithium niobatecrystalsusingvisible light from an argon laser
tightly focussedo a diffraction limited spotin a confocalluminescencenicroscope. The patternspro-
ducedexhibit featuresizesdown to 2sm andshaw very little strain. The coercie beldwas reducedby as
muchas30%. Basedon the dynamicsof the writing processwe attributedthe reductionin coercve peld
to spacechage bPeldsproducedby photoionizatiorof defects.In this paperwe will give furtherevidence
for this. F&¢+/Fet

2 Experimental methods and results Figurel shavsthe setupthatwe have usedin ourlight induced
domaininversionexperiments.It allows applicationof a high electric peldandaccesgor a microscope
objective with high numericalaperture.In the depictedsampleholderelectric Peldswere appliedusing
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Fig. 1 Schematiof the home-luilt confocalluminescencenicroscopeandhigh voltagesampleholder (BS: Beam
splitter, MO: Microscopeobjective, L: Lens).For scanningourposeshewholemicroscopés moved in x, y andz. On
theright adomainstructure'written” with this set-upis shovn.

liquid electrodes Alternatively, the samplecanbe placedin a liquid helium cooledmicroscopecryostat.
In bothconbgurationghediffractionlimited spotsizewas about500nmleadingwith 100mWlaserpower
from abbercoupledargonlaserto intensitiesof 400GW/cn?. Intheluminescencenode theemissionight
is collectedthroughanotherbberanddetectedisinga 0.5mmonochromatoanda liquid nitrogencooled
CCD. Thewholemicroscopeaunit canbemoved in xyz directionwith 50nmresolutionusingpiezo-electric
actuators.Simultaneouslya CCD cameraattachedo the confocalmicroscopeallows regularmicroscope
obsenationof thesample.

As samplematerialwe usedcongurentLiNbO;3 z-cutcrystals,0.5mmthick, eitherundopedsupplier:
Thorlabs)or dopedwith asmallconcentratiomf 4-10~* mol% Er*+ ionsin themelt (supplier:Deltronics).

In abrstsetof experimentsywe obsenedthechangen refractive index alongthecrystallographia-axis
asthefocusedaserbeam(488nm,60mW) s hitting the samplealongthe c-axis. This canbe madebest
visible by depictingthe increaseof phasecontrastseenfor a PPLN sample.Due to the tensorcharacter
of the electroopticakffect, anelectricbeldwill inducerefractive index changesn oppositedirectionfor
domainspointing up anddown. This leadsto a phasecontrastmaking the domainpatternvisible. As
shawvnin Fig. 2, thedomainpatterncannotbe seeninitially but becomewisible within afew secondsfter
thelaserhasbeenswitchedon. Theinducedcontrasremaingor severalminutesatroomtemperaturesit
low temperature$4K) the effectis evenmorepronouncedandpersistentor long times(hours).In earlier
studies[17], we have excludedsampleheatingand the associategbyroelectricaleffect asthe important
contributorunderthesallumination conditionsandthereforeve assumehatspacechagebeldsarecreated
throughphotoionizationof tracedefects. Although the illumination is very local, the enhancedontrast
stretchever several 100 um indicatingthatthe chage neutralityin the sampleis perturbedover awide
range.Thisis consistentvith our obsenationduring poling experimentshatgroving domainfeaturesare
attractedstronglytowardsthe laserspotover long distances.

In orderto quantifythesizeof theinducedpelds we make useof Er**+ defectsasprobeionsfor electric
Pelds[18]. Underapplicationof an externalelectric beld, theseions exhibit a characteristicStark shift
of their optical transitions. The mostsensitve transitionswithin the greenemissionfrom the S; /2 State
depictedin Fig. 3(a)show at low temperature§T=4K) a shift of about3x10~* meVem/k\ As shovn in
Fig. 3(a), we canobsene sucha shift underintenselight illumination aswell. However, the small size
(0.1meV)requiresmeasuremerdt low temperaturesat which the emissionlines are sufeciently narraw.
The measurement&ere performedin our confocalluminescencenicroscopgFig. 1) in which the same
tightly focussedaserbeamthat excitesthe luminescencealsoinducesthe spacechage beldsandfor this
reasonpur probeion allows detectionof the electricbeldsvery locally in the centerof thefocus.
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Fig.2 Microscopeimagesof aPPLNdevice for differenttimesafterthelaser(488nm,60mwW)hasbeenswitchedon.
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Fig. 3 (a)Spectrakhiftsobsenedin thegreenemissionof Er** jonsin LiNbO3 after300sof intensdight illumina-
tion application.(b) shift of thepeakshavn in (a) asafunctionof time afterlaserhasbeenswitchedon. (c) Amplitude

of the shift appearingight afterthelaseris switchedon.

In Fig. 3(b), we follow the spectrapositionof theemissiorpeakasafunctionof time afterthelaserhas
beenswitchedon. We seethatat leasttwo processetake placeon two differentdifferenttime scales.(1)
A fastprocesgapprox.2ms)thatleadsin our measurement® anessentiallyinstantshift thatis reversed
afterthelaseris switchedoff. The shift increasesvith laserpower andsaturategollowing anexponential
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Fig. 4 Schematidllustrationof the spacechaige beldscreatedby intenselaserillumination.

dependeng(seeFig. 3(c). Thissuggesadynamicmodelin which ashallov trapis involvedwhich allows
rapidbacktransfeof theelectron.(2) A slow proces410-100s)with arateproportionakto thepumppower.
Theinducedshiftsarealmostpermanensuggestindrappingin deeptrapsand/oratconsiderablelistances
from the electrondonor This is further supportedoy the obsenation that, oncethe effect from process
(1) is subtractedthe Pnalshift is independentf laserpower. For both processesthe locally obsered
spectrakhiftsareequalto the onesfor externally appliedbeldsof about200-500kV/cm. Thesevoltages
arein the orderof the breakthrougtvoltage[19] andin fact, we obsered phenomendhat suggesthata
breakthroughook place.In sereralinstanceshe shifts suddenlydisappearedndbuilt up again.

3 Discussion and Summary The reportedobsenationsshav that extendedspacechage beldsare
createdin the vicinity of the intenselaserbeam. Thesebeldsare a consequencef photoionizationof
tracedefectsthatleadsto a positively chagedareawithin thefocusandsomevhatnegative awvay from the
laser Thestronglyinhomogenousatureof theillumination will lead,asindicatedin Fig. 4, to Peldsthat
will addto an alreadyappliedbeld makingit possibleto overcomethe coercive beldto trigger domain
inversionandto guidethe directionof the growth of thedomain. The underlyingdefectsthatareinvolved
in the photoionizationaremostlik ely the samethatleadto optical (photorefractie) damageg.g.: Fe**/
Fe**. Photoionizatiorandthe light inducedbirefringenceunderhigh intensity hasbeeninvestigatedoy
KrStzigetal. [20] atintensitylevelsthatare, however, still ordersof magnituddower thanthe onesused
in ourwork. Neverthelessthe conclusionthata Fe*+/ Fe*+ modelwith a niobiumantisiteasanadditional
photoactve centershouldapplyto ourobserationsaswell, atleastfor thelower power levelsthatwe used.
In theilluminatedregion, tracesof F&#+ will be photoionizedand, possiblythroughmultiple captureand
excitationprocessegheelectronis trappedn thedarkregions,by a niobiumanti-site.At low temperature
this trap hasa sufpcientlyhigh binding enegy (0.38eV)to make it stable.For this reasonijt is the prime
candidatefor the slow processobsened. At this point, we canonly speculateaboutthe natureof the
shallov trapthatis involvedin the fastprocess.A possibility areanti-sitesthatare perturbedoy therare
earthdopantthatwe useasour probe.In orderto furtherclarify, the natureof the involved defectson the
effects,we planadditionalstudiesjncludingvariationof the dopantsandLiNbO; stoichiometry
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