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REASONS TO BELIEVE PULSEDLASER ANNEALING OF Si
DOES NOT INVOLVE SIMPLE THERMAL MELTING
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Many recentpublicationsdealingwith Si pulsedlaserannealinghaveassumedthatthetransformationis strictly thermal
melting—recrystallization.We recountobservationsindicatingthematerialwasnotsubjectedto thermalmelting.

In manyof therecentpublicationsdealingwiththe line order at thesurfacewas observedby diffraction
annealingof amorphousSi by pulsed(30 Psto 150 ns) techniquesto occurwithin 20to 30 nsof thebegin-
lasersoperatingin the 1.06to 0.26pmwavelengthre- ningof a 15 to 20nsannealingpulse.If meltinghad
gion, it hasbeenclaimedthat the annealingtransfor- occurred,thenby all estimatesthemoltenphasewould
mationoccursby a strictly thermalmeltingand recrys- haverequiredseveraltimesthis intervalto recrystal-
tallizationmechanism.It hasbeenassumed:(a) that lize. Second,asthe moltenphasehasa reflectivityat
the energyof theincident photonsis convertedinto normal incidencethatvariesbetween72 and74%
heatin thelatticein a layerof depthgivenby the pho- throughthevisiblewavelengthswhereasamorphous
tonabsorptionlength,and in a timesmall compared andcrystallineSi havesignificantly lowerreflectivities
to the durationof the pulse;(b) that,to obtaina good at all temperatures,anabruptincreasein theamount
anneal,it is necessaryto melt throughtheamorphous of radiationreflectedbackshouldhavebeenobserved
layerto the singlecrystalSi substrate;and(c) that the as soonasthesamplesurfacehadmeltedaboutone
recrystallizationprocess,which occursasthematerial skindepthdeep(about8 rim), but this wasrepeatedly
cools, is liquid phaseepitaxialgrowth [1—4]. observednot to occurin caseswherefull annealing

However, in arecentreview of thesubject [5], wasobserved.Thesecondobservationhasalsobeen
Khaibullin, who is creditedwith the discoveryof madein experimentsin Japan[6] andin ourlabora-
pulsedlaserannealing,concluded “The mechanismof tory [7].
laserannealingis notyet finally established.But even Thesimplethermalmeltingmodel is alsoinconsist-
now onecanstatethat in the caseof thenanosecond ent withat leastfive otherobservations.
regimesonecannotreduceit to the ordinarythermal (I) Let uscontinueon the subjectof thereflectivi-
effect. Different factorssuchas photoionization,im- ty of thesamplesurfaceduringthe annealingevent.
pactwave,powerful light fields etc.play a significant In severallaboratoriesa significantincreasein there-
role”. Two particularlyconvincingreasonsweregiven flectivity of thesurfacehasbeenobserved[6—10]at
for dismissingthe meltinghypothesis.First, crystal- wave lengthsrangingfrom 1.06pmto 533 nm,but

not at 266 nm,for normalincidenceand forboth
‘Supportedin partby theAir ForceOffice of ScientificRe- 57~50 and45°off normalincidence.Let usconsider

searchunderContractNo. F49620-79-C-0077. how well the observationsof this reflectivity increase
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fit thehypothesisthat it isthe resultof the presence pulse.Onecaneasilyprovethat themaximal tempera-
of a layerof ordinarymoltenSi at the surfaceof the turecanneveroccurat the peakor leadingedgefor
sample.The complexindex of refractionof molten Si anyshapedpulse.The exacttime of the maximalsur-
hasbeenmeasuredby Shvarevet al. [11] *1 at 1.0, facetemperaturedependson pulseduration,thermal
0.7 and0.4pm from 57.5°off normalincidence. diffusivity (which is generallyTdependent),pulse
Austonet a!. [8] reportedthetimeresolvedreflec- shape,andextinctioncoefficientof the laserlight. In
tivity at X = 0.63 pm,57.5°from the surfacenormal general,theshorterthepulseduration,the squarerthe
for bothparallelandperpendicularpolarization,R pulseshape,or the lowerthe thermaldiffusivity, the
andR1,during laserannealingat 1.06pmwith 50 ns fartheroutof thetrailingedgethemaximaltemperature
pulses.Theobservedvaluesfor theR andR1during occurs.This is becauseless of the integratedabsorbed
thehighreflectivity phaseof theannealingprocess laserpowerdiffusesaway.Usingthe diffusivity of
wereR11 (0.63pm) = 47%andR1(0.63pm) = 82%, heat in Si measuredunder furnaceconditions,one
respectively.Thevaluesfor moltenSi areR (0.7pm) finds ~2 that for the conditionsof Austonetal.’s
= 57%,R (0.4pm) = 56%andR1(0.7pm) = 85%, experiment[8,9] theonsetof melting for a minimum
R1(0.4pm)= 84%. Onemight imagineseveraleffects, energypulsethat meltsoneskin depthdeepwould
including the presenceof a vaporover the surface occur30 to 40 nsafterthepeakof their 25 nsHWHM
or ripples on the surfaceor a temperaturedepend- gaussianpulse ratherthan within experimentalerror
enceof thereflectivity, which might causethereflec- (lessthan 5 ns)of the peak.Onemay force theonset
tancemeasuredduringpulsedlaserannealingto differ of thereflectivity riseto agreewith experimentby
from thatnormally measuredfrom moltenSi. How- adjustingthe assumedvalueof the diffusivity ofwhat-
ever,mostof thesewould affect bothR1andR ever it is that causesthe reflectivity to riseatacritical
whereaswe seethat the discrepancyin the former is density.In orderto bring the calculatedpositionof
only 2%while thatof the latter is 20%.If the temper- thereflectivity riseinto agreementwith experiment,
atureof the surfacewereaffectingthe measurement, onemust assumethe diffusivity is at least two orders
thenat the end,justbeforerecrystallization,the re- of magnitudelarger,e.g. 18 cm

2/s,the ambipolardif-
flectivity shouldhaverisento thenormal valuefor fusivity of a plasmain Si at roomtemperature[13],
moltenSi at the meltingpoint. insteadof 0.117cm2/s,thethermaldiffusivity at the

Whenoneconsidersthe timedependenceof the meltingpoint [14,15].
reflectivity, two qualitativediscrepanciesbetweenthe Whenthereflectivity decreasesbackto valuesap-
dataand thethermalmeltinghypothesisare evident. propriateto normal singlecrystalSi, this should,ac-
At thebeginningof thehighreflectivity phase,both cordingto the meltinghypothesis,occurin a time
Austonet al. [8] andHodgsonet al. [7] observedthat lessthan5 ns.(The skindepthis lessthan 10 nmand
thereflectivity increaseoccurrednear the peaksof estimatesof the recrystallizationraterange [1—3]
their pulsesat the lowestpowerfor which it wasob- from 2.5 m/sto 4.5 rn/s andevenhigher.)However,
served.(Therisewasquiteabruptandmovedoutof the theobservation,for examplefig. 1 of thereportsby
leadingedgeof the pulseasthe net pulseenergywas Austonet al. [8,9] is that the durationof this transi-
increased.)If thereflectivity increasewere dueto the tion is about100 ns. Although Austonet a!. [8] were
presenceof a moltenlayer,or dueto anyprocessthat samplinga spotcenteredin their annealedregionand
simply involved heatingthesurfacelayer to a high containinglessthan1% its area,onemight suggest
temperature,thenthis increasewould haveoccurred that inhomogeneityin thelaserbeamcausedthema-
well downthe trailing edgeof thepulseat the lowest terial to meltmuchdeeperin someplacesthanin
totalenergies.This is obviousif oneconsidersthe othersandthat this might explainthe slow decayof
caseof a squarewave pulsefor whichthe maximal thereflectance.Suchan effectwould haveproduceda
temperaturemustalwaysoccurat the endof the

*2 We aregratefulto G.J.Lasherfor providing thecomputer
* Cf., e.g.,Stratton[121 for the relationbetweencomplex simulationcodeusedto establishthis point. A similar con-

indexof refractionandreflectivity of ametallicsurfaceoff elusionfor somewhatdifferentlaserannealingconditions
normalincidence, is drawnfrom fig. 3 of Baerieta! (2].
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roughsurfacewith unevendopantconcentrationboth for which surfacedamageandevidenceof Si evapora-
laterallyandvertically. Goodquality materialdoes tion areobserved.This discontinuityis notunlikethat
not showthis [161. observedby McCellandandKniseley [22] at the point

(2) Considernowthemechanicalforcesthatmust whereGe wasmeltedwith a choppedCW laser.These
act on thesurfacelayer if it were to melt.Suppose observationsof von GutfeldandTsu areconsistent
that anamorphouslayer100rimthick wereto be withcrystallizationwithout thermalmeltingandthe
heatedto the meltingpoint, 1400°C,in 10 ns. The concomitantvolumecontraction.Furtherexperiments
outwardaccelerationdueto thermalexpansion[17] arein progressto calibrateandelaboratethis thermo-
(a 4 X lO—6/°C)would be5.6X 108 cm/s2= 6 elastictechnique.
X l0~G. If this layerwere to melt in the next 10 uS, (4) Baeriet al. [23] haveirradiatedCu-implanted
then,dueto the 15% contractionupon melting*3. Si crystalswith Q-switchedruby lasersinglepulses.
theremustbea snap-backforce andanacceleration After irradiationat anenergydensityin excessof 1
backtowardsthesubstrateif themoltenlayeris not J/crn2,Cu wasfoundto accumulateat the surface.
to fly off. If this contractionwerethree-dimensional Baeriet al. arguethataccumulationof Cu atomsis a
(as seemsto usmostlikely) thenthatacceleration consequenceof surfacelayermeltingandresolidifica-
would be 5 X 106 G,butthis would requirethat the tion, the redistributionbeingrelatedto thelow value
surfacebreakupintoanarrayof smallmoltendrops, (4 X 10~)of the segregationcoefficientof Cu. Simi-
whichwould seeminconsistentwith the surfacemor- lar argumentswereput forwardby Culls et al. [24],
phologyflat to within 5 rim foundby variousauthors who observedredistributionof Gaandby White et a!.
after annealing.If, in orderto accountfor this mor- [25], for Cu andFe. However,in the last caseFe was
pho!ogy,weassumethe contractionto beonedimen- foundto segregateto thesurfacelessthanCu although
sional,thenthesnap-backaccelerationmustbe 1.5 the redistributioncoefficientof Fe is smaller.
X 1 ~ G. The only sourceof sucha snap-backforce HoonhoutandSaris [26] havemadea systematic
thatwe can imagineis the surfacetensionof the investigationof this effectfor eight commondopants
moltenphase,butthe surfacetensionactsonlyin the in Siwith redistributioncoefficientsrangingfrom0.33
planeof the surface.Surfacetensioncanonly hold to 10—8.Their resultsshowthat, underimplantation
theliquid incontactwiththesubstratein places andpulsedlaserannealingconditionssimilar to those
wherethe liquid is “balledup” sothat the surfaceis of Baeri et al. [231,thereis no correlationbetweenthe
substantiallynormalto the substrateandextends observationof dopantredistributionand thenormal
downto it. But this would notproducethe veryflat thermalredistributioncoefficient.Bi, which hasa
annealedregionthat isobserved. redistributioncoefficientk

0 = 7 X 10~similar to
(3)Von GutfeidandTsu [21] havemeasuredthe thatof Cu, doesnot segregateasmuchasCu. Se and

thermoelasticwavesproducedby the incidentlaser Te(Ic0 = 10—8 and 8 X 10—6,respectively)areob-
beamon thefreesurfaceof the Si during the pulsed servedto segregateevenless.Assumingthat impurities
laserannealingeventasa functionof incidentenergy. arefrozenin becausethe liquid—solid interfacemoves
Thesewavesweredetectedby a 20 MHz ±25%con- to the surfacefasterthanthe impurities,onewould
tact transducerattachedto theoppositefaceof the stifi predict thoseimpuritieswhich havethe lowest
Si wafer. The elasticsignalis observedto rise smooth- redistributioncoefficientto segregatemost.Yetthis
ly with increasingincidentenergydensity.Thereis no is notobserved,whereasliquid-phasediffusivitiesfor
discontinuityat thethresholdfor singleshotannealing theseimpuritiesdo not varyby morethanoneorder
nor in therangein which good qualitymaterialis ob- of magnitude.Hence,surfacesegregationcannotbe
tamed.Thereis a sharpdiscontinuityat higherpowers usedasevidencefor thethermalmeltingmodel.

(5) The factthat the “Heating 5” computeisimula-
*3 VanVechten[18,especiallyp. 14911 deducedthisvalue tion code[1] of Oak RidgeNationalLaboratorygives

from theClapeyronequation,theentropyof fusionof areasonablefit to the redistributiondatafor a number
HultgrenetaL (19] andthephasediagramof Bundy (201.
A valueof 10%,basedon anold volumetricmeasurement, of casesactuallymilitatesagamstthe meltinghypoth-
is sometimesquoted,butwe regardthisvalueaslessinlia- eSisbecausethis codeneglectsfive largeeffectswhich
bledueto experimentaldifficultieswith moltenSi. would greatlyincreasethe calculatedredistributionif
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included.(Actually, for thespecific casepresentedin determine.Thematerialwould melt soonerandstay
ref. [1], Heating5 hasalreadyoverestimatedtheredis- moltenlongerthanHeating5 would calculate.(5) The
tribution. It was calculatedthat the dopedlayer degreeof supercoolingrequiredto makethe material
would remainmoltenfor 250 us,whereasthe distribu- recrystallizeat the very largerate(about200 cm/s)
tion datawas fit by assumingit was moltenfor only assumedis very large.In view of theconsiderations
180 ns.)Thefive effectsneglectedby Heating5 are just mentioned,no rigorousestimateof this effect can
asfollows: (1) As shownby vanGurpet al. [271,the be made.However,onecouldnotethat float zoneor
moltenlayershouldbecometurbulentin timesshort CzochralskiSi isnormally grownat about 3 mm/mm
comparedwith the calculatedpersistenceof the mol- = 5 X l0~cm/swith about0.5K of supercool-
tenphase.TheHeating5 calculationassumedthere ing [31].
wasno turbulence.Turbulencewill greatlyincrease In conclusion,althoughwe do not doubtthat it is
theredistributionof elementswithin the moltenlayer possibleto melt Si witha laserpulse,we claim that
andalso producelateralinhomogeneities.(2) Theim- thoseannealedsampleshavingthe remarkablyhigh
purity diffusivity, DkI), is assumedconstantandequal crystallographicandmorphologicalqualityareproba-
to thatmeasuredat themeltingpoint of pureSi, TF, bly obtainedby pulsedlaserannealingvia anonther-
althoughthe calculationshowsthe temperatureof the mal processin which thermalgradientsare mild at
liquid going 1400KaboveTF. It is known that liquid leastat thetimethat rapidatomicmotion ceases.We
statediffusivitiesare temperaturedependent[281and believethat a realisticdescriptionof pulsedlaseran-
usuallywell describedby anactivationenergy, nealingmusttakeaccountof the denseplasmapro-
AHm(I),of order 0.5 eV. Therefore,an orderof mag. ducedby the absorptionof the light. This will bedis-
nitudeincreasein theeffectiveD’(I) shouldhavebeen cussedin the accompanyingpaper [32].
assumed.(3) In fact the initial materialis notsingle
crystalbut is amorphousand thuspossessesan excess References
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