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Using thetightly focussedlaserbeamwithin a confocalluminescencemicroscopewe wereableto induce
electricspacecharge Þeldsthroughphotoionizationof tracedefectsin lithium niobate. TheseÞeldsare
sufÞcientto selectively inducedomaininversionwhenaadditionalexternalÞeldis appliedthatis below the
regularcoercive Þeld. Oncea domainis nucleatedit grows laterally in a directionthatcanbedictatedby
thelaser. Westudiedthepresenceandtherangeof thespacechargeÞeldsutilizing theelectro-opticaleffect
andtheStarkshiftsobservedin emissionspectraof Er3+ ions.

1 Introduction The ferroelectric,lithium niobate(LiNbO3), is anextensively studiedmaterialwhich
hasvery favorableacousto-optical,electro-opticalandnonlinearopticalproperties.In therecentyears,the
nonlinearpropertieshavebeenexploitedin combinationwith thecapabilityto obtainquasi-phasematching
throughperiodicallychangingthedirectionof the ferroelectric180o domaindirection. In many applica-
tionsof thisso-calledperiodicallypoledLiNbO3 (PPLN),suchasnonlinearfrequency converters,photonic
band-gapdevices,electro-opticBraggswitches,anddatastorage[1Ð4],it is crucial to createprecisefer-
roelectricdomainpatternswith small featuresizes. Using electrodespatternedby optical lithography,
periodically poled componentswith period lengthsdown to 3µm have beenfabricated[5, 6]. Smaller
structures,however, aredifÞcult to achieve with thesetechniques,andthusalternative methodsareun-
der investigation,includingtheuseof anatomicforcemicroscope[7], electronbombardment[8Ð11]and
UV light [12Ð16].Severalgroupshave studiedlight inducedpoling effects,which have goodpotentialto
reducefeaturesizes.Optical periodicpoling hasbeenreportedfor lithium tantalatecrystals[12,13]. In
this techniqueusingUV light, interferencepatternsaretransferedinto domainstructuresusingunstruc-
turedelectrodes.More recently, the inßuenceof UV light hasbeenexploitedalsoin LiNbO3 by Suhara
et al. [14] andBuseet al. [15,16]. In our group,we have recentlydevelopeda techniqueto directly write
stableferroelectricdomainpatternsinto lithium niobatecrystalsusingvisible light from an argon laser
tightly focussedto a diffraction limited spot in a confocalluminescencemicroscope.The patternspro-
ducedexhibit featuresizesdown to 2µm andshow very little strain.Thecoercive Þeldwas reducedby as
muchas30%. Basedon thedynamicsof thewriting process,we attributedthereductionin coercive Þeld
to spacechargeÞeldsproducedby photoionizationof defects.In this paperwe will give furtherevidence
for this. Fe3+/Fe2+

2 Experimental methods and results Figure1 shows thesetupthatwehaveusedin our light induced
domaininversionexperiments.It allows applicationof a high electricÞeldandaccessfor a microscope
objective with high numericalaperture.In the depictedsampleholderelectricÞeldswereappliedusing
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Fig. 1 Schematicof the home-built confocalluminescencemicroscopeandhigh voltagesampleholder(BS: Beam
splitter, MO: Microscopeobjective, L: Lens).For scanningpurposesthewholemicroscopeis moved in x, y andz. On
theright adomainstructure"written" with this set-upis shown.

liquid electrodes.Alternatively, thesamplecanbeplacedin a liquid heliumcooledmicroscopecryostat.
In bothconÞgurations,thediffractionlimited spotsizewasabout500nmleadingwith 100mWlaserpower
fromaÞbercoupledargonlaserto intensitiesof 400GW/cm2. In theluminescencemode,theemissionlight
is collectedthroughanotherÞberanddetectedusinga 0.5mmonochromatoranda liquid nitrogencooled
CCD.Thewholemicroscopeunit canbemoved in xyz directionwith 50nmresolutionusingpiezo-electric
actuators.Simultaneously, a CCD cameraattachedto theconfocalmicroscopeallows regularmicroscope
observationof thesample.

As samplematerialwe usedcongurentLiNbO3 z-cutcrystals,0.5mmthick, eitherundoped(supplier:
Thorlabs)or dopedwith asmallconcentrationof 4·10−4 mol%Er3+ ionsin themelt(supplier:Deltronics).

In aÞrstsetof experiments,weobservedthechangein refractiveindex alongthecrystallographicc-axis
asthe focusedlaserbeam(488nm,60mW) is hitting thesamplealongthec-axis. This canbemadebest
visible by depictingthe increaseof phasecontrastseenfor a PPLN sample.Due to the tensorcharacter
of theelectroopticaleffect, anelectricÞeldwill inducerefractive index changesin oppositedirectionfor
domainspointing up anddown. This leadsto a phasecontrastmaking the domainpatternvisible. As
shown in Fig. 2, thedomainpatterncannotbeseeninitially but becomesvisiblewithin a few secondsafter
thelaserhasbeenswitchedon. Theinducedcontrastremainsfor severalminutesat roomtemperatures.At
low temperatures(4K) theeffect is evenmorepronouncedandpersistentfor long times(hours).In earlier
studies[17], we have excludedsampleheatingandthe associatedpyroelectricaleffect as the important
contributorundertheseilluminationconditionsandthereforeweassumethatspacechargeÞeldsarecreated
throughphotoionizationof tracedefects.Although the illumination is very local, the enhancedcontrast
stretchesover several100µm indicatingthat thechargeneutralityin thesampleis perturbedover a wide
range.This is consistentwith ourobservationduringpolingexperimentsthatgrowing domainfeaturesare
attractedstronglytowardsthelaserspotover longdistances.

In orderto quantifythesizeof theinducedÞelds,wemakeuseof Er3+ defectsasprobeionsfor electric
Þelds[18]. Underapplicationof an externalelectricÞeld, theseions exhibit a characteristicStarkshift
of their optical transitions.Themostsensitive transitionswithin thegreenemissionfrom the 4S3/2 state
depictedin Fig. 3(a)show at low temperatures(T=4K) a shift of about3×10−4 meVcm/kV. As shown in
Fig. 3(a),we canobserve sucha shift underintenselight illumination aswell. However, the small size
(0.1meV)requiresmeasurementat low temperatures,at which theemissionlinesaresufÞcientlynarrow.
Themeasurementswereperformedin our confocalluminescencemicroscope(Fig. 1) in which thesame
tightly focussedlaserbeamthatexcitestheluminescencealsoinducesthespacechargeÞeldsandfor this
reason,ourprobeion allowsdetectionof theelectricÞeldsvery locally in thecenterof thefocus.
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Fig. 2 Microscopeimagesof aPPLNdevicefor differenttimesafterthelaser(488nm,60mW)hasbeenswitchedon.
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Fig. 3 (a)Spectralshiftsobservedin thegreenemissionof Er3+ ionsin LiNbO3 after300sof intenselight illumina-
tion application.(b) shift of thepeakshown in (a)asafunctionof timeafterlaserhasbeenswitchedon. (c) Amplitude
of theshift appearingright afterthelaseris switchedon.

In Fig. 3(b),wefollow thespectralpositionof theemissionpeakasafunctionof timeafterthelaserhas
beenswitchedon. We seethatat leasttwo processestake placeon two differentdifferenttime scales.(1)
A fastprocess(approx.2ms)that leadsin our measurementsto anessentiallyinstantshift that is reversed
afterthelaseris switchedoff. Theshift increaseswith laserpower andsaturatesfollowing anexponential
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Fig. 4 Schematicillustrationof thespacechargeÞeldscreatedby intenselaserillumination.

dependency (seeFig. 3(c). Thissuggestadynamicmodelin whichashallow trapis involvedwhichallows
rapidbacktransferof theelectron.(2) A slow process(10-100s)with arateproportionalto thepumppower.
Theinducedshiftsarealmostpermanentsuggestingtrappingin deeptrapsand/oratconsiderabledistances
from the electrondonor. This is further supportedby the observation that, oncethe effect from process
(1) is subtracted,the Þnalshift is independentof laserpower. For both processes,the locally observed
spectralshiftsareequalto theonesfor externallyappliedÞeldsof about200-500kV/cm. Thesevoltages
arein theorderof thebreakthroughvoltage[19] andin fact,we observedphenomenathatsuggestthata
breakthroughtookplace.In severalinstancestheshiftssuddenlydisappearedandbuilt upagain.

3 Discussion and Summary The reportedobservationsshow that extendedspacecharge Þeldsare
createdin the vicinity of the intenselaserbeam. TheseÞeldsarea consequenceof photoionizationof
tracedefectsthatleadsto apositively chargedareawithin thefocusandsomewhatnegativeaway from the
laser. Thestronglyinhomogenousnatureof theillumination will lead,asindicatedin Fig. 4, to Þeldsthat
will addto an alreadyappliedÞeldmaking it possibleto overcomethe coercive Þeldto trigger domain
inversionandto guidethedirectionof thegrowth of thedomain.Theunderlyingdefectsthatareinvolved
in thephotoionizationaremostlikely thesamethat leadto optical (photorefractive) damage;e.g.: Fe2+/
Fe3+. Photoionizationandthe light inducedbirefringenceunderhigh intensityhasbeeninvestigatedby
KrŠtziget al. [20] at intensitylevels thatare,however, still ordersof magnitudelower thantheonesused
in ourwork. Nevertheless,theconclusionthataFe2+/ Fe3+modelwith aniobiumantisiteasanadditional
photoactivecentershouldapplyto ourobservationsaswell, at leastfor thelowerpowerlevelsthatweused.
In theilluminatedregion, tracesof Fe2+ will bephotoionizedand,possiblythroughmultiple captureand
excitationprocesses,theelectronis trappedin thedarkregions,by aniobiumanti-site.At low temperature
this traphasa sufÞcientlyhigh bindingenergy (0.38eV)to make it stable.For this reason,it is theprime
candidatefor the slow processobserved. At this point, we can only speculateaboutthe natureof the
shallow trap that is involved in the fastprocess.A possibilityareanti-sitesthatareperturbedby therare
earthdopantthatwe useasour probe.In orderto furtherclarify, thenatureof theinvolveddefectson the
effects,weplanadditionalstudies,includingvariationof thedopantsandLiNbO3 stoichiometry.
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