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Abstract

Femtosecond(fs,1fs=10−15s)laserpulsesareusedinavarietyoffields

fromnano-machiningtothequestforfusionenergy. However,knowledgeof

quantitativedetailsforfemtosecondlasermaterialinteractionprocessesisstill

insufficient,andmanyuniqueapplicationsremainunexplored.Thefirstpart

ofthisthesisdescribesthequantitativestudyofthefundamentalprocessesin

earlystagesoffemtosecondlaserexcitedgold.Thesecondpartdiscussesthe

investigationofauniqueapplicationusingfemtosecondlasertotunethesilicon

microringresonators.

Inthefundamentalinvestigation,asinglestatewarmdensegoldwasgen-

eratedbyisochoricallyheatingafreestandinggoldthinfoilof30nmthickness

witha45fslaserpulseat400nm. Theuniformheatingofsuchatargetwas

confirmedbysimultaneousmeasurementofthereflectivityfromitsfrontand

rearsideswithtwofrequencychirpedprobepulses,atenergydensityupto

∼5MJ/kg.Thefrequencychirpedpulseprobesingleshottechniquewasdevel-

opedsothattheevolutionsofthereflectivitiesfromfrontandrearsurfacesof

theheatedfoilweremappedinfrequencydomain.Opticalpump-probetech-

niquewasthenusedtostudytheopticalpropertiesofgoldinthefirstseveral

picosecondsafterlaserexcitation.Thereflectivity(R)andtransmissivity(T)of
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theexcitedtargetweremeasuredsimultaneously,anditsACconductivitywas

calculatedfrommeasuredRandT.Experimentalresultswereusedtobench-

markthefirstprinciplecalculationsbasedDensityFunctionalTheory(DFT)

andQuantumMolecularDynamic(QMD)simulations.

Intheapplicationstudy,thefeasibilityofusingfemtosecondlaserpulses

fortuningfrequencyinsiliconmicroringresonators(SMR)wasinvestigated.

Duetofabricationimperfection,thedesignedresonantfrequenciesofSMRs

aredifficulttoachieveaccurately(e.g.1nmvariationinheightcanresultinan

SMRoutoftune).Ithasbeendemonstratedthatfemtosecondlaserpulsescan

tunetheresonantfrequencyofSMRspermanentlytoeithershorterorlonger

wavelengths,andcontrollabletuningisalsopossible.
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Chapter1

Introduction

1.1 ResearchBackground

Femtosecond(fs,10−15second)laserpulses[1]canbeusedtoperformmaterial

processinginanunprecedentedmanner.Theyhavebeenwidelyutilizedfora

varietyofapplications,suchasnano-scalematerialmodificationandprocessing

[2],particleaccelerationformedicaltreatments[3,4],investigationofcondi-

tionsinplanetarycoresinastrophysics[5],andeventhequestforartificial

solarenergybylaserfusion[6].Thisisbecausefemtosecondlaserpulsescan

reachthesameintensityaslongerdurationlaserpulsesatmuchlowerenergy,

sothatlessamountofenergyisneededtoachievephasetransitionandmodify

material.Inmaterialprocessing,theoverallvolumeofmodifiedmaterialis

generallyrelatedtothedepositedlaserenergy.Lessamountofemployeden-

ergyandsmallerheataffectedzone[7]fromfemtosecondlaserexcitationthus

canhelptoachievebetterspatialresolutionintheprocess.However,sincethe

thelaserpulsedepositsenergytotheelectronsysteminatimethatismuch

shorterthantheelectron-ionenergycouplingtime,thematerialwillbeina

non-equilibriumstate,e.g.electrontemperature(Te)ismuchhigherthanthat

oftheions(Ti).

Thegeneralprocessesoffemtosecondlasersolidinteractionsare,
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(1)Theenergyofthelaserpulseisfirstlyabsorbedbytheelectrons,because

theyarefarmoresusceptibletoaccelerationinthelaser’sEMfieldthanthe

heavierions.Theexcitedelectronsmaynothaveathermalizedenergydistri-

bution(Fermi-Diracdistribution)shortlyafterthelaserpulse,andthetimeof

electronthermalizationmaydependonthephotonenergy[8]andlaserinten-

sity[9],mechanismsoflaserabsorption,andthematerialpropertiesthemselves

[10].Typically,suchprocesstakestenstohundredsoffemtoseconds.

(2)Theopticalpropertiesoftheexcitedmaterialscanbemodifiedwithin

thelaserpulseduration,nomattertheyarethermalizedornot.Thiscanin

turn,changetherateoflaserabsorption,andeventhedominatingmechanisms

oflaserabsorption[11,12].

(3)Theenergyfromtheelectronsystemwilltakeafewtoafewtensof

picosecondstocoupletheirenergytotheionsystem,whichmainlydependson

thematerial’selectron-phononcouplingproperties[13,14]. Herethecoupling

timemaybedefinedasthetimeneededtoreducethedifferencebetweenTe

andTito1/eoftheirmaximumdifference.

(4)Thesolidtargetcanchangetodifferentphases,suchasliquid,vaporor

plasmaoncesufficientenergyistransferredtotheionsystem,andmayleadto

materialremovalfromthetarget.

Duetothenon-equilibriumcondition,manydetailsintheultrafastlaser

matterinteractionprocedurearenotwellunderstoodyet.Inequilibriumcon-

ditions,thematerialshavetheirwelldefinedphases,whichdependsontheir

temperatureanddensity.Insolidtargetexcitedbyfemtosecondlaserpulses,

ononehand,theelectrontemperaturecanbeeasilyabovethematerial’sFermi

temperature(TF),whichiscomparabletoaplasmastate.Ontheotherhand,

thelatticesystemismuchcolderthantheelectrons,anditsdensityissimi-

lartothatofsolidbeforematerialdisassembly. Materialinsuchstatecannot

becompletelydescribedbyeitherplasmaphysicsorsolidstatephysics.This

muchlessstudiedmaterialconditionisusuallyreferredtoaswarmdensemat-
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ter(WDM),whichisdefinedforthestatesofmaterialwithtemperaturein

thesameorderofitsFermitemperature(TF),whilethedensityisontheorder

ofitssolidphase[15]. Theexactboundaryfor WDMisnotclearlydefined.

Typically,materialswith0.1to10timesofitssoliddensity,whilethetemper-

atureisintherangeof1to100eV1areofthemaininterestsinwarmdense

matterstudy[16]. Morespecifically,femtosecondlaserexcitedmaterialwith

highelectrontemperature(Te)butmuchloweriontemperature(Ti)maybe

referredtoasnon-equilibriumWDM,ortwotemperatureWDM[17].Tobetter

controlthefemtosecondlasermaterialprocessing,itisnecessarytounderstand

thepathwayfromnon-equilibrium,toequilibriuminthewarmdensematter

state.Thatis,(1)fromnon-thermalizedtothermalizedelectrontemperature

distribution,and(2)fromtwotemperaturetoonetemperature(Te=Ti)in

thelaserexcitedmaterial.

Characterizationofwarmdensemattergeneratedbyfemtosecondlaserhas

beenofgreatinterestsoverthepastdecades. Milchberget.al[11]measured

thereflectivitiesofa300fslaserpulseasafunctionoflaserintensity(laser

powerperunitarea)onaluminumfilmsurfaceandinterpretedtheresultsin

termsofthecorrespondingelectricalconductivity.However,duetothedensity

gradientandtemperaturegradient,whichwerenotwellcharacterized,their

interpretationoftheresultswasquestionable[18].Tominimizeorcompletely

eliminatethegradienteffect,anisochoriclaserheatingmethodtouniformly

exciteafreestandingultrathinfilmtargetwasproposedbyForsmanet.al

[19].Althoughtheoriginalproposedexperimentalwasbasedonaluminum,the

followedupstudiesarefocusedongoldinstead. Thisisbecausegoldhasno

nativeoxidelayeronitssurface,whichcanavoidthemixtureofmaterials,or

gradientofmaterialsinthestudies,whichisespeciallyimportantforthinfilms

ofonlytensofnanometersthick.

Basedontheproposedmethod, Widmannet.al[20]isochoricallyexcited

1inplasmaphysicscommunity,electronvolt(eV)isusuallyusedastemperatureunit.To
converttoKelvin(K),1eV=11600K
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the30nmfreestandinggoldthinfoilwitha150fslaserpulseat400nm.Uni-

formexcitationofthethinfoiltargetreliesontheassumptionthatthethermal

energycouldbedistributedacrossthefoilbylaserexcitedballisticelectrons.

ThetimeevolvedACconductivityofsuchtwotemperaturewarmdensegold

thinfoilwasextractedfromthemeasurementofreflectivityandtransmissivity

ofan800nm,150fsprobepulse.ItwasobservedthattheACconductivity

stayedataquasi-steadystate(QSS),wheretheACconductivityremainsal-

mostconstant,forafewpicoseconds.LaterstudybyAoet.al[16]measured

thedisassemblytimeofsuchwarmdensegoldwithfrequencydomaininterfer-

ometry(FDI)technique.Theamountofshiftofinterferencefringeswasfound

tohavesimilarQSSbehaviourforsimilardurationsasafunctionofexcitation

energydensity(absorbedenergyperunitmass),untildisassemblyofthefoils

occurred.Thebroadbanddielectricfunctionofwarmdensegoldduringquasi-

steadystatewasmeasuredbyPinget.al[21],andbandstructureseemedto

exist,whichsuggestedthatthefoilremainedatsolidphaseduringQSS.

UsingthemeasuredlifetimeofQSS,thelatticetemperatureatdisassembly

timecanbecalculatedwithtwotemperaturemodel(TTM),whichconsiders

twocoupledequationsthatdescribetheelectronandiontemperaturessepa-

rately.Basedontheparametersfromsolidstatephysicsinequilibriumstate,

i.e.Te=Ti,theresultfromTTMcalculationssuggestedaconstantmelting

pointinfemtosecondexcitedwarmdensegold,whilethismeltingpointwould

bemorethantwiceofthatfromequilibriumcondition[16,22]. Withtherecent

developmentofdensityfunctionaltheory(DFT)calculation,theparametersfor

TTMcalculation,suchaselectronheatcapacityandelectronioncouplingfac-

tor,canbecalculatedasafunctionofTe. Thesetwocalculatedparameters

weresignificantlydifferentfromthoseunderequilibriumcondition[14]. The

phasetransitionconditioninrecentmeasurementofultrafastelectrondiffrac-

tionthroughfemtosecondlaserexcitedwarmdensegoldwasinterpretedby

Ernstorferet.al[23]withTTMbasedonDFTcalculatedparameters.Their
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resultsuggestedthatnotonlywassuperheatingfoundinfemtosecondexcited

gold,butitsmeltingtemperatureforTiwouldalsoincreasewithelectrontem-

perature(aphenomenoncalledphononhardening),ortheexcitationenergy

densityinotherwords.Theauthorsindicatedthat“Strongelectronicexcita-

tionreducesthescreeningoftheattractiveinternuclearpotential,resultingin

asteepeningofthephonondispersionandahardeningofthelattice”[23].

1.2 ResearchObjectsandThesisOutline

Theabove-mentionedstudiesareimportantmilestonesintheunderstandingof

theevolutionofnon-equilibriumwarmdensematter.However,theinterpreta-

tionsofthosestudieswerebasedoncertainassumptions.Asystematicstudy

isneededtore-visitthosestudiesandexaminethevalidityoftheassumptions,

whichisthegeneralgoalofmyPh.Dstudy.

Inmythesisresearch,thefirststudyistoverifytheassumptionofuniform

heatingoffemtosecondlaserexcitedwarmdensegoldbylaserexcitedballistic

electronenergytransportation. Thiswasdonebymeasuringthefrontand

rearreflectivitiesofanexcitedfreestandinggoldthinfoilsimultaneouslyas

afunctionoftimewithtwolaserprobebeams. Theresultsindicatedthata

30nmgoldthinfoilcanbeuniformlyheatedatabsorptionlaserfluenceupto

6.4×1012W/cm2witha45fslaserpulse,or5MJ/kginexcitationenergydensity.

ThisiscoveredinChapter3.

Inthesecondstudy,thetimeresolvedACconductivityofwarmdensegold

wasre-visitedbyusingafrequencychirpedpulseprobebeamtechnique.The

newmeasurementcanobtaintheevolutionofACconductivityinasingleshot,

sothatthedetailsofthequasi-steadystateperiodmaskedbypreviousmultiple

shotmeasurementareunveiled.ThisisreportedinChapter4.

Inthethirdstudy,thetwoimportantparametersfromfirstprinciplescal-

culations,electronheatcapacityCe,andelectron-ioncouplingfactorgei,are
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benchmarkedwiththeACconductivitydata.TheoptimumvaluesofCeand

geiarefound.ThisisdescribedinChapter5.

Inthefourthstudy,theexperimentaldatabyAoet.al[16]andErnstorfer

et.al[23]arere-visitedbytwotemperaturemodelcalculationswithoptimum

valuesofCeandgei.ThenewinterpretationsuggestsameltingconditionofTi

similartothatinequilibriumstateinsteadofsuperheatingforgold.Thisis

reportedinChapter6.

Asacomparisonbetweentheoreticalstudyunderidealconditionsandap-

plicationwithmorecomplexity,theresultsofACconductivitymeasuredfrom

singlestate(uniformlyexcited)warmdensegoldisusedtointerpretthedata

offemtosecondlaserreflectivityfromathickgoldfilmsurfaceasafunction

ofincidentlaserenergyfluence(energyperunitarea). Thisisdescribedin

Chapter7.

Asademonstrationofthecapabilityoffemtosecondlaserpulses,anew

applicationtotunesiliconmicro-ringresonators(SMR)isreportedinChapter

8,andthepotentialimprovementsneededforactualapplicationisproposed.

Lastbutnotleast,theimpactofmyPh.DresearchissummarizedinChap-

ter9,andthepotentialfurtherpathsalongthesestudiesarealsogiven.

Tostartwith,amoredetailedoverviewoffemtosecondlaserpulseinterac-

tionwithsolidtargetsisprovidedinthenextchapter.
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Chapter2

FemtosecondLaserPulse

InteractionwithSolid

Forfemtosecondlaserpulseinteractionswithsolidtarget,thegeneralprocesses

areshowninFig.2.1.Firstofall,thelaserpulseisabsorbedbytheelectron

system,whiletheelectronsthermalizebetweenthemselves.Typicallyittakes

tenstohundredsoffemtosecondsfortheelectronsinmetaltoachieveaFermi

distribution[9,24,25,8].Shortlyaftertheendofthelaserpulse,theabsorbed

energystoresmostlyintheelectronsystem,sinceittakesafewtoafewtens

ofpiecosecondstocoupleenergytothelatticesystem[13,16]. Asthelattice

temperatureincreases,thekineticenergyoftheionsalsoincreases,anditcan

beofthesameorderofmagnitudeasthepotentialenergybetweentheions,so

thattheionsarestronglycoupled.Iftheexcitationenergydensityissufficiently

high,thedisplacementoftheionsfromtheirequilibriumpositioncanbecome

sufficientlylarge,sothatthevibrationofthelatticebecomesunstableand

leadtolatticedisassembly. Meltingcanleadtolatticedisassemblyandone

empiricalruleformeltingunderequilibriumconditioniscalledtheLindemann’s

meltingcriterion[26],whichsuggeststhatmeltingoccurswhentheroot-mean-

square(RMS)ofatomicvibrationamplitudeisafractionofthedistanceto

itsnearestneighbour. Suchfractionisusuallyconsideredtobeaconstant
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Figure2.1:Flowchartoffemtosecondlaserpulseinteractionwithsolidtarget.

about0.1,whichalsodependsonthelatticestructure[27]. Suchcriterion

issometimesusedinthestudyofnon-equilbriumwarmdensematter[28],

butdirectexperimentalevidenceisstillneededtotestitsvalidity.Typically,

latticedisassemblyoccursontheorderofafewpicosecond,andresultsinphase

transitions,e.g.solid-liquidorsolid-vapourandsolid-plasmatransitions,which

willleadtoablationandmaterialremovalonthesolidsurface.

Thus,inthefirstfewpicoseconds,thefemtosecondlaserexcitedsolidisin

anon-equilibriumwarmdensematterstate. Thispoorlyunderstoodstateis

themainfocusofthisthesis.

2.1 FemtosecondLaserAbsorption Mechanisms

Ithasbeenofgreatinterestforresearcherstostudytheabsorptionoffemtosec-

ondlaseronsolidsamplessincelate1980s.Theknowledgeoffemtosecondlaser

aborptioncanbeusedtoextractmuchinformationaboutthepropertiesofthe

excitedmaterials.EarlymeasurementsbyMilchberget.alwereusedtode-

ducetheDCconductivityofaluminumathighelectrontemperature(Te)and

lowiontemperature(Ti)[11,18].ThestudiesbyFedosejeveset.alshowed

howthelaserabsorptionvarieswithplasmadensitygradientandincidentan-

8



glefordifferentlaserintensities[29,30].Priceet.almeasuredtheabsorption

onthesurfaceofmetalsanddielectrics,whichrevealedthatmaterialsarein

a“universialplasmamirror”stateswhentheyareirradiatedbylaserpulses

withintensitiesabove1016W/cm2[31].ThestudybyPinget.alshowsthat

intherelativisticregime,laserprepulseandionmobilitywillincreasethelaser

absorption[32].Fortheabovestudies,modelsfromplasmaphysicswereused

forinterpretation,andhydrodynamicexpansionneedstotakeintoaccount.

MorerecentstudiesbyFisheret.al[33]onaluminum,andKirkwoodet.al

[12]oncopperextendedthestudytolowerlaserintensity(1011W/cm2).Their

dataweretheninterpretedusingbothmodelsofsolidstateandplasmastate

withsmoothinterpolationinbetween.

2.1.1 Collisionalabsorption

Inlaserpulseinteractionwithsolidtargets,itisusualthattheelectronsplay

andirectroleforabsorption,sincetheyaremuchlighterthantheionsand

thusmoresusceptibletothelaserfieldthanthelatticesystemortheions.

Theenergyabsorbedintheelectronsystemusuallytakesafewpicosecondsto

transfertolatticesystembeforethematerialdisassemblystarts.Asaresult,

withinthepulsedurationofafemtosecondlaserpulse,thelatticeremains

cold,andhydrodynamicexpansionusuallyisnotsignificantandsometimes

canbeignored.However,thematerialpropertiesofthetargetcanstillchange

significantlyduringthelaserpulseandthuschangetheabsorptionrate.There

isalsoanewchallengethattheelectronandionsystemsarenotinthermal

equilibrium,orsometimesawelldefinedthermaldistributiondoesnotexistfor

theelectronsduringthelaserpulse.

Therearetwomajormechanismsforfemtosecondlaserabsorption. One

iscalledcollisionalabsorption,whilethesecondoneiscollisonlessabsorption.

Theabsorptionofopticallaser,orEMwave,bycollisionalabsorptioninsolid

9



canbedescribedbyitsdielectricconstantε(ω)1,whichconsistsofbothreal

andimaginaryparts,

ε(ω)=εr(ω)+iεi(ω) (2.1)

Thedielectricconstantofacertainmaterialvarieswiththeelectro-magnetic

(EM)fieldangularfrequency(ω). Therealpartεr(ω)isameasureofthe

polarizabilityofamedium,whiletheimaginarypartrelatestotheenergy

lossofsuchmedium.Inidealmetalorplasma,whereinterbandtransition

doesnotexist,thedielectricconstantmaybeapproximatedbytheclassical

Drudemodel. WhenanEMfield(E)withangularfrequencyωisappliedon

ametallicmedium,sincetheionsaremuchheavierthantheelectrons,wecan

simplyassumethatonlyelectronscanmoveunderthefield.Theequationof

motionforfreeelectronswithaveragevelocityofvecanbewrittenas,

dve
dt
=−
eE

me
−
ve
τc

(2.2)

Usingtherelationve=
dx

dt
,wherexistheelectrondisplacement.Eq.2.2

canbere-arrangedas,

me
d2x

dt2
+meν

dx

dt
=−eE=−E0e

−iωt (2.3)

Wheremeistheelectroneffectivemass,−eistheunitchargeofanelectron,

andν=1/τcisthecollisionfrequencyofelectrons.Theelectrondisplacement

xcanbesolvedas,

1Thefulldielectricconstantdependsonbothwavefrequencyωthatoscillatesperpendic-
ulartothelaserpropagationdirection,andthethewavenumberkalongthepropagation
direction.AccordingtotheLindhard’stheoryofdielectricconstant,thedependentofkcan
beignoredinthelongwavelengthlimit,e.g.k kF,wherekF istheFermivectorofthe
material[34].Suchapproximationisvalidforopticallaserpropagatesinmetal,becausekis
intheorderof107/mwhilekFisintheorderof10

10/m.
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x(t)=
eE

me(ω2+iνω)
(2.4)

Thiscanberelatedtothepolarizationperunitvolume,orpolarization

densityP,suchthat,

P=−neex=−
nee

2E

me(ω2+iνω)
(2.5)

whereneisthefreeelectrondensityinthemedium.Thedielectricconstant

inCGSsystem.thuscanbewrittenas,

ε(ω)=1+4π
P

E
=1−

4πnee
2

m0(ω2+iνω)
=1−

ω2p
(ω2+iνω)

=1−
ω2pτ

2
c

1+(ωτc)2
+

ω2pν

ω(ν2+ω2)
i

(2.6)

whereω2p=
4πnee

2

me
istheplasmafrequency.Equation2.6istheexpression

ofclassicalDrudetheoryforfreeelectrons[35].TheDrudetheoryimpliesthat

thedielectricconstantofamediumdependsonitsfreeelectrondensityneand

theircollisionfrequencyν. Freeelectrondensityusuallyincreaseswiththe

temperaturewithinthepulseduration.Insolidstatephysicsforelectronsin

thermalequilibrium,theprobabilityofelectronsatdifferentenergystatescan

bedescribedbyFermi-Diracdistribution[34],

F()=
1

e(−µ)/kBTe+1
(2.7)

where istheenergyofacertainstate,µisthechemicalpotential,andkB

istheBoltzmannconstant.AccordingtoEq.2.7,theprobabilityofelectronsat

higherenergystatesincreaseswithtemperatureT,whiletheconductionband

ofthesolidalsoliesathigherenergystates.

TheelectronsinsolidfollowFermi-Diracdistributionisbecauseofthe
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Pauliexclusionprinciplethatlimitstheavailabilityoflowenergystates[34].

Inplasmaphysicsregime,thelimitationbyPauliexclusionprincipleisno

longerimportant,andtypicallytheMaxwell-Boltzmanndistributionisusedto

describetheprobabilityofelectronenergy[36],

F()=
1

e/kBTe
(2.8)

Inplasmaphysics,thefreeelectrondensityisproportionaltotheionization

levelwhentheiondensityremainsalmostconstant.Inthermalequilibrium,

theionizationlevelcanbedescribedbySaha’sionizationequationinCGSunits

[37],

ni+1ne
ni

=
(2πmekBT)

3/2

h3
2gi+1
gi
e−Ui/kBT (2.9)

whereni+1 andniarethedensitiesofionsof(i+1)
thandithionization

stages,whilegi+1andgiarethestatisticalweightsofthemrespectively,neand

mearethedensityandmassoftheelectrons,kBistheBoltzmannconstant,T

isthetemperature,andUiistheionizationenergyfori
thionizationstage.The

numberofelectronsincreaseswithequilibriumtemperatureT.Hereweassume

thatT=Te=Ti,i.e.,electronsandionsareinequilibrium.Theaccuracyof

thisequationwhenTi=Teisstillnotwellstudiedyet.

Inthecaseoffemtosecondlaserabsorption,however,theelectrontempera-

tureismuchhigherthanthatoftheions,andtheelectronsmaynotthermalize

betweenthemselvestoawelldefinedtemperaturedistribution,sothatthesys-

temisnotatequilibrium.Equations2.7and2.9arenotsufficienttodescribe

thefreeelectrondensityinthiscase.Theactualelectrondensitymayrelate

todifferentlaserexcitationmechanismsinthistransientstate.Someofthese

mechanismsarecollisionless,suchasmultiphotonionizationandtunnelling

ionization.Thereisalsocollisionalionization,whichmeansthatsomeofthe

highenergyelectronscanionizeboundelectronsbycollisionswiththem.
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Theelectroncollisionfrequencyhasadifferenttemperaturedependencein

solidstateandplasmastate.Insolidstatephysics,thecollisionfrequency

betweenelectronsisproportionaltothesquareofelectrontemperatureTeac-

cordingtoLandauFermiliquidtheory[38],i.e.,

νee=AT
2
e (2.10)

whereAisaproportionalityconstant.Suchtheoryisalsousedtoestimate

theelectronthermalizationtime,whichwillbediscussedlaterinthischapter.

Electron-ioncollisionfrequencyinlaserexcitedsolidmaybedescribedby

electron-phononenergyandmomentumtransfer,whosetemperatedependency

is[38],

νei=BT (2.11)

whereBisaproportionalityconstant.Thisrelationisvalidinelectron-ion

equilibrium,i.e.T=Te=Ti,whileitsvalidityinnon-equilibriumstateisyet

tobestudied.

Inthecaseofplasma,however,thecollisionfrequencydecreasesasthe

temperatureincreases,sinceelectronswithhighervelocitycanescapefrom

Coulombcollisionseasier.Forelectron-ioncollisions,thecollisionfrequencyin

aMaxwellianplasmainCGSunitis[39],

νeipl=4(6π)
1/2Z

nee
4

m2ev
3
e

lnΛ (2.12)

wheretheelectronvelocityve=
3kTe
me
,Zistheaverageionizationstateof

theatoms,andlnΛistheCoulomblogarithm,whichrepresentstheaccumula-

tiveeffectofCoulombcollisionswithintheeffectiveinteractionrange.Forsolid

densityplasma,onemaynotethatbothZandneincreasewithTeaccordingto

Eq.2.9,whichcounteractsthedecreaseduetove,sothesignificantreduction
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ofcollisionfrequencydoesnotoccuruntilahighlevelofionizationisachieved.

Thecontributionofelectron-electronscollisiontoelectricalconductivityin

someplasmaregimesisstillnotwellunderstood.Itisusuallyconsideredthat

thecollisionsbetweenelectronsdonotchangethetotalmomentumofelectron

current. However,foralaserACfield,i.e.alaserpulsewhichhasanEM

fieldofopticalfrequency,whenthee-ecollisionfrequencyiscomparableto

thatofthefield,theelectrondistributioncanbechangedwithinacycleof

thefield. Especiallywhentheelectronsareinthecourseofthermalization,

sucheffectneedstobetakenintoaccount[40]. Usuallyνeeisnotcalculated

independentlyinplasmaphysics.Instead,itmaybecombinedintotheeffective

collisionfrequencyνeffwhichalsoincludesthecollisionbetweenelectronsand

ions[41,40,42].InthecaseofAluminum,νeffisfoundtoincreasewithTe

whenTeisbelowTF ,butdecreaseasTecontinuestoincreaseaccordingto

detailedkineticsimulationstudies[41].

2.1.2 Collisionlessabsorption

Whenthetargetmaterialisexcitedtoaplasma-likeregimewithhighionization

state,electroncollisionratedecreasesasTeorlaserintensityincreases. The

localabsorptionofEMfieldenergyofmaterial(Q(z))atcertainlocationz

underthattargetsurfacecanberelatedtoitsdielectricconstant,

Q(z)=
1

2
ω
Im(ε(z,ω))

4π
|E(z,ω)|2 (2.13)

AccordingtoEq.2.6,whenthecollisionfrequencyissignificantlylowerthan

thelaserfrequency,i.e.,ν2 ω2,theImaginarypartofεis,

Im(ε)≈
ω2pν

ω3
(2.14)

Obviously,thecollisionalabsorptionbecomesineffectivewhenνcontinues

todecrease.Forplasmasnearsoliddensity,theabsorptionmaystarttode-
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creasefromitsmaximumvaluebeforeν2 ω2,sincetheplasmafrequency

increaseswithelectrondensityathigherTewhichleadstoareductionofdepth

thatthelaserlightcanbeabsorbedbythecollisionalprocess.Thishasbeen

demonstratedinPriceet.al’smeasurements[31],wherea“plasmamirror”is

formed,asananaloguetoametallicmirrorwhichreflectsmostofthelaser

light.Inordertotransferenergyfromlasertothesehighdensityplasmas

abovesuchintensity,e.g.∼1015W/cm2,othermechanismshavetocomeinto

play.

Amongthecollisionlessmechanisms,theresonanceabsorptionisthebest

knownandinvestigatedone[43,44,30,45].Toinitiatetheresonanceabsorp-

tion,thepropagationdirectionoftheincidentlaserhastobeawayfromtarget

normal,andtheelectricfieldofthepulsehastobeparalleltotheplaneofin-

cident.Inthiscase,thelaserpulseiscalledP-polarized(P-pol)tothetarget,

orsometimesreferredastranverse-magnetic(TM).InthecaseofP-pol,the

electricfieldofthelaserpenetratesintotheplasmawithasteeprisingdensity

gradient,bywhichitsenergycantransferintototheplasmabydrivingelectron

plasmawavesnearthecriticalsurface,wheretheelectronplasmafrequencyωp

equalstothatofthelaserfrequencyω.ForS-polarization(S-pol),wherethe

electricfieldisnormaltotheplaneofincident,orfornormalincidentlaser

light,thereisnoE-fieldcomponentthatoscillatesinthedirectionofplasma

gradient.

Tounderstandtheresonanceabsorption,wecanrevisitthedielectriccon-

stantεinEq.2.6.Asimplecaseforthecollisionlesslimitisthataccordingto

Eq.2.14,theimaginarypartofεbecomessmall,inwhichcase,therealpartof

εcanalsobesimplifiedto,

Re(ε)=n2≈1−
ω2p
ω2

(2.15)

usingtherelationthatω2τ2c=
ω2

ν2
1,wherenistherefractiveindexofthe
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plasma. Whenthelaserpulsepropagatesinaplasmawithincreasingelectron

densityalongzaxisasshowninFig.2.2,itsdirectionofpropagationwillbe

diffractedduetotherefractiveindexgradient. Asitapproachesthecritical

densitynclayer,therefractiveindexbecomes0,andthepropagationvector

becomesperpendiculartothedirectionofdensitygradient.i.e.inydirection

only,andtheelectricfieldhascomponentinzdirectiononly. Accordingto

Maxwell’sequations,theEMwaveinplasmacanbewrittenas[36],

∇×E=
iωB

c
(2.16)

∇×B=
−iωεE

c
(2.17)

wherecisthespeedoflightinvacuum,onemayexpectthattheelectricfield

willhaveasingularity,i.e.approchesinfinity,atthecriticalsurfaceaccording

toEq.2.15,suchas,

E=
−c

iωε
∇×B=

−c

iω(1−
ω2p
ω2
)

∇×B (2.18)

Inreality,suchsingularitywilldisappearduetotheplasmawavedamping,

i.e.theimaginarypartofεisnotactuallyzero.TheenergyfromtheEMfieldof

thelaserpulsecantransfertotheplasmawaveduetosuchdamping.Duetothe

collisionlessapproximation,fastelectronswithkineticenergymuchhigherthan

thethermalenergyoftheplasmawillbegeneratednearthecriticalsurface,

buteventually,theywillbethermalizedbycoulombcollisionswithotherions

andelectrons.Theratiooflaserabsorptionduetosuchmechanismcanbeover

50%,whichdependsonthelaserwavelength,electrondensitygradientandthe

laserincidentangle[29,30,45].

Iftheelectricfieldintensityinresonanceabsorptionbecomesstrongenough,

electronsnearthecrticalsurface,insteadofresonatingwiththelaserfield,can
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Figure2.2:Diagramofresonanceabsorption
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bedraggedoutoftheplasma-vacuumsurfaceandthenpulledbackintothe

plasmawithinasinglecycleofthefield.Suchaprocessisgenerallyreferred

asvacuumheating[46].Inafurtherstep,iftheelectronsthatarepulledback

intotheplasmadonotcollidewithotherelectronorionswithintheskindepth

buttravelsdeeperintotheplasma,e.g.beyondthecriticaldensitylayer,then

suchmechanismcantransfertheenergybeyondthelaserpenetrationdepth

immediately. Suchnon-localenergytransportationissometimescalledthe

anormalousskineffect[47].

Thereisanothertypeofcollisionlessabsorptioninsolidstatephysicsregime,

whichistheinterbandabsorption.Inthiscase,thephotonenergyislargerthan

thatofthebandgapbetweenfreeelectronsandboundelectrons.Takegold,a

typicalnoblemetal,forexample,thereisonlyoneconductionelectroninthe

6sband,whilethe5dbandisfullyfilled.Theenergydifferencebetweenthe

unfilled6sbandandthetopof5dbandsforgoldisabout2.4eV[48].Aphoton

of2.5eVhasamuchlargerprobabilitytobeabsorbedthanonewith2.3eV,

sincetheformeronecanexciteanelectronfromthetopofthe5dbandto6s

band.Onemayincludetheinterbandabsorptionintheequationofmotionof

electrons,thenEq.2.3canberevisedas,

me
d2x

dt2
+meν

dx

dt
+meω

2
0x=−eE=−eE0e

−iωt (2.19)

whereω0theradialfrequencyofthebandgapenergy.Thedielectricfunction

fromDrudetheorycanalsotranformtotheLorentz-Drudemodel[34],

εr=1+ω
2
p

ω20−ω
2

(ω20−ω
2)2+(ων)2

(2.20)

εi=ω
2
p

ων

(ω20−ω
2)+(ων)2

(2.21)

Ifaphoton’senergyisbelowthebandgapenergyofthetargetmaterial,

interbandabsorptionmaystillbepossiblebymultiphotonabsorption(MPA).
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MPAisanon-linearprocess,whoseprobabilityincreaseswiththesquareof

theintensityofthelaserpulse.ThisisbecauseMPArequiresthephotonsbe

absorbedbyasingleatombeforeitdecaysfromthetransientstatebacktothe

originalstateoranothertransientstate,whichcanhappeninpicosecondor

femtosecondtimescale,dependingonthematerialanditsstates.

BesidesMPA,thereisanothertypeofintensitydependentabsorptionmech-

anismcalledtunnelionization(TI).Inasimplecase,assumingthatforanatom

ofZ=1(Hydrogen),anelectronhasanorbitofrfromtheatomiccore,itspo-

tentialenergyP=−e2/r. Theconditionforionizationisthatrapproaches

infinity,butthecorrespondingPwillincreaseaswell,andthekineticenergyof

theelectroncannotsupportitselftobeionized.However,whenanlaserpulse

withelectricfieldEisapplied,thepotentialfieldcanbesuppressedby−eEr,

sothetotalpotentialfieldbecomesPtotal=−e
2/r−eEr.Itcanbeseenthat

iftheabsolutevalueofPtotalissmallerthanthekineticenergyoftheelectron,

thentheelectroncantunnelthroughthepotentialbarrierandbecomeionized.

However,itrequiresthatγ 1,whereγistheKeldyshparameter[49],

γ=
ω
√
2meP0
eE

(2.22)

whereP0istheionizationpotential. Thisisbecausethelaserfieldisan

ACfield,andtheKeldyshparameteristheratioofelectrontunnellingtimeto

halfaperiodofthelaserfield.Theelectronhastofinishthetunnellingprocess

beforethelaserfieldflipsoverforTI.Ontheotherhand,ifγ 1,MPAis

expectedtodominate.

Infemtosecondlaserinteractionwithsolids,ifthetargetisanon-metal

material,wherefreeelectronsarescarce,itrequiresMPAorTI,orinterband

absorptionprocesstocreatesuchelectronsatthebeginningofthepulse.Then

collisionabsorptionorresonanceabsorptionwilldominatethereafterwhenne

issufficientlylarge.

Atevenhigherlaserintensitye.g. >1018W/cm2,theradiationpressure
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fromthelaserbecomessignificantandcanbelargerthantheplasmapressure.

Suchpressurecancoupletotheelectrons,whichisusuallycalledpondermotive

force[36].Oneoftheabsorptionmechanismsrelatedtopondermotiveforceis

calledJ×Bheating.Insuchcase,theelectronsthatoscillatewiththeelectric

fieldEwillbedistortedbythemagneticfieldofthelaserbyLorentzforce,and

electronswillbedriveninthedirectionoflaserpropagation.Suchamechanism

becomesdominatingasthelaserintensityincreases,sinceresonanceabsorption

andrelatedmechanismswillbesaturatedduetothedistortionofelectronorbits

alongtheEfield[50].

Whenthelightpressure,intheformofpondermotiveforce,becomeslarger

thantheplasmapressure,e.g.laserintensityof1020W/cm2orlarger,the

plasmawillbepushedinward.Aradialpondermotiveforcewillalsobeformed

bytheelectricfieldinlongitudinaldirectionduetothedensitygradientdi-

rectionwiththemagneticfield.Suchforcewillpushelectronsoutfromthe

centerofthelaser,andtheionswillbepulledoutduetochargeseparation.

Asaresult,densitygradientisformedparalleltotheelectricfield,whichcan

supportresonant-likeabsorptionevenwhenthelaserpulseisnormaltothe

target.Thisisreferredtoashole-boring[51].Suchmechanismsatultrahigh

intensitycanresultinanabsorptionratioapproachingunity[32].

Inmythesisstudies,formostcase,asolidgoldtargetisirradiatedbya

femtosecondlaserpulseat400nm(3.1eV)withanintensitynomorethanthe

orderof1013W/cm2,thedominantabsorptionmechanismisexpectedtobe

interbandabsorption,becausetheenergydifferencebetween5dandunfilled

6s/pbandsingoldis2.4eV,whichis0.7eVlessthanthephotonenergy.

2.2 Electron-ElectronThermalization

Thestudiesofthermalizationbetweenelectronswhenexcitedbyfemtosecond

laserpulseshavemainlybeenlimitedtoinvestigationsatlowexcitationlaser
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intensityorenergydensity,wherenotargetdamagewasobserved.Therewere

severalinvestigationsinthe1990sonelectronthermalizationingoldinlow

excitationenergydensityregime[9,24,25,8].

InthestudybyFannet.al,photoemissionspectroscopytechniquewas

employedtomeasuretheelectrondistributionfunction[9,24],whileinthe

studybySunet.al,themeasurementwasbasedontransientreflectivityand

transmissivityfromafemtosecondprobepulse. Bothoftheirmeasurements

indicatethatthethermalizationtimedecreasesastheenergydifference(E)

betweentheexcitedelectronsandFermienergy(EF)increases. Ageneralre-

lationbetweenthermalizationtimeand EfollowstheFermi-liquidtheory

underrandomphaseapproximation[52],

τth=τ0(
EF
E
)2 (2.23)

whereτ0istheproportionalityconstantofthetargetmaterial.Thisvalue

wasdeterminedtobeabout2fsingoldfromFannet.al’smeasurement.The

aboveequationhasasimilarformasEq.2.10sinicetheycomefromthesame

theory.Inmythesisstudiesofgold,EF=5.5eV,and Eisnomorethan0.7eV

whenexcitedby3.1eVphotons.τthisthusexpectedtobenolessthan120fs.

ItshouldbenotedthatthisequationisonlyvalidwhenTeisaround0K.In

highpowerfemtosecondlaserexcitation,thefinalTecanbeeasilyaboveEF,

andthesolutionoftimedependentBoltzmannequationisrequiredforaccurate

determinationofrelaxationtimes[8,10].

Whentheelectronsarethermalized,i.e.anelectrontemperaturedistribu-

tionisestablished,onemayusethewellknowntwotemperaturemodel(TTM)

todescribethefemtosecondlaserexcitedsolid[13,53].TheTTMconsistsof

twocoupledequations,

Ce
∂Te
∂t
=
∂

∂z
κ(Te)

∂Te
∂z
−gei(Te−Ti)+Q(z,t) (2.24)
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Ci
∂Ti
∂t
=gei(Te−Ti) (2.25)

whereTeandTirepresentsthetemperaturesfortheelectronsandions

respectively;zisthedistancefromthetargetsurface,tistimerelatedto

thepeakofthelaserpulse;CeandCiarethevolumetricheatcapacitiesfor

electronsandionsrespectively;τpistheFWHMdurationofthelaserpulse;κ

istheelectronthermalconductivity;geiistheelectron-ioncouplingfactor,and

Qistheabsorbedlaserpowerperunitvolume.

TheheatcapacityCeisdirectlyrelatedtoCe.Insolidstatephysics,itcan

beobtainedfromthefreeelectrongas(FEG)model[34],

Ce(Te)=
π2

2
(
kBTe

F

)nekB (2.26)

wherekBistheBoltzmannconstant. WecanseethatCeisproportionalto

theelectrontemperatureTeandfreeelectrondensityne. However,theFEG

basedontheSommerfeldexpansionisonlyanapproximationassumingTeis

significantlylessthanEF.AthigherTe,oneneedstoknowtheinternalenergy

oftheelectronsystemasafunctionofTe.Thiscanbeobtainedfromdensity

functionaltheorycalculations(DFT).ThedetailswillbediscussedinChapter

5.

2.3 Electron-ionEnergyCoupling

AscanbeseenfromtheTTMequations(Eq.2.24and2.25),theelectronion

energycouplingisthelinkbetweenelectronandionsystems. Thecoupling

rateisdeterminedbythecouplingfactorgei.Similartoelectron-electronther-

malization,experimentalstudiesofelectron-ionenergycouplingfactorhave

mainlybeenfocusedonthelowenergydensityregime[9,13].

Takegoldforexample.InFannet.al’smeasurement,thecouplingfactor
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geiwasdeterminedfromthephotoemissionspectroscopymeasurement,when

Teisbelow1000K.Thevaluewasdeterminedtobeintherangeof2.5to

6×1016W/m3K. Thelargeuncertaintywaslikelyduetothesmallamount

ofchangeinTecomparedwithitsroomcondition(300K).Laterstudyby

Holhfeldet.aluseddifferenttechniquesincludingtransientreflectivityand

transmissivity,damagethreshold,andsurfaceexpansionmeasurements. The

rangeofgeiwasdeterminedtobe2.2±0.3×10
16W/m3K.Inthatstudy,the

maximumvalueTewasintherangebetweenaround1000Kand10000K.

InthecaseofhigherTe,noexperimentalresultisavailable,butfirstprinci-

plescalculationshavebeencarriedouttodeterminetheelectrontemperature

dependentgei[14].Themethodofcalculationandthebenchmarktestsofsuch

calculationwillbediscussedindetailinChapter5.

2.4 ElectronThermalConductivity

Theskindepth,throughwhichthelaserintensitydecreasesto1/eofitsvalue

onthesurface,istypically∼10nmformostmetals[54].Atemperaturegradient

thusexistsafterfemtosecondlaserexcitationinthetarget,althoughballistic

electronsinsolidstatephysicsregime[13],orfreestreamingfastelectronsin

plasmaphysicsregime[55]maytransferenergybeyondtheskindepththick-

ness.Electronenergydiffusionoccursalongthetemperaturegradients,which

isdescribedbytheelectronthermalconductivityκ,whichcanbefoundinEq.

2.24.

Inthesolidstatephysicsregime,κisrelatedtoelectronheatcapacityCe

accordingtothekineticmodelofgases[34],

κ=
CevFlmfp
3

=
Cev

2
F

3νeff
(2.27)

wherelmfp=vF/νeffistheelectronmeanfreepathforconductionelectrons

travellingatFermivelocityvF= 2F/me,whileνeffistheeffectiveelectron
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collisionfrequency.

Inhighdensityplasma,onecanadopttheconductivitymodelbyLeeand

More[56]withelectrondensitydependent[40],

κp=
128(0.24+Z)nek

2
BTe

3π(4.2+Z)meνei
(2.28)

Inthenon-equilibriumwarmdensematterregime,apossibletreatmentof

κistotaketheinterpolationbetweensolidstateandplasmaregimeduetothe

non-availabilityofareliablemodelatthemoment.Amethodforinterpolation

wasproposedbyAnisimovet.al[57],andtheexamplesforsilverandaluminum

canbefoundinSchmidtet.al’swork[58]. Recentinterestinthestudyof

electricalconductivityinwarmdensematter[11,20,59]mayinturnshed

lightonthethermalconductivityofmaterialinthisregime,accordingtothe

Wiedemann-Franzlaw[34],

κ

σ
=LT (2.29)

whereσistheelectricalconductivity,andListheproportionalitycon-

stant.Insolidstatephysics,itisknownasLorentznumber,whichequalsto

2.44×10−8W-Ω/K2.Inthewarmdensematterregime,thedensityfunctional

theorycalculationsuggestsasimilarvalueofLorentznumber[60]forsolidden-

sitywarmdensealuminiumforasingletemperature,i.e.Te=Ti,intherange

of0.1to1eV.ThewidelyusedLeeandMoreconductivitymodel[56]suggests

alowervalueoftheLorentznumber(1.18×10−8W-Ω/K2),forsoliddensity

warmdensealumimumatahighersingletemperatureofgreaterthan10eV.
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2.5 LatticeDisassemblyafterFemtosecondLaser

Excitation

Inequilibriumcondition,latticedisassemblyinasolidisgenerallytheresultof

severelatticevibrationsothatthephononsbecomedisorderedathighiontem-

perature[34].Thisisusuallyreferredtoasthermalmelting.InFemtosecond

laserexcitedmaterial,non-thermalmeltingbecomespossibleincertainmate-

rials.Forexample,ithasbeenobservedinsemi-conductorssuchassilicon[61]

andgermanium[62],whenasufficientnumberofvalenceelectronsareexcited

totheconductionbandaftertheabsorptionofafemtosecondlaserpulse,the

latticebondingsoftensanddisassemblyoccurswithouttheneedofanincrease

iniontemperature.Ininsulators,duetothelackoffreecarrierstoshieldthe

stronglocalchargeafterirradiationbyintenselaserpulse,Coulombexplosion

becomespossible[63].

Inthecaseofmetal,ontheotherhand,themeltingpointmayincrease

undernon-equilibriumconditions.FirstprinciplescalculationsbyRecouleset.

al[64]foundthatthefrequencyofthephononspectrummayincreasesignifi-

cantlyingoldwhenTeisintheorderofafewelectron-volts.Thismayleadto

theincreaseintheDebyetemperatureandthusthemeltingpointofgold.

Experimentally,researchershaveclaimedtheobservationofincreasedmelt-

ingpointinfemtosecondexcitedgold[16,23]accordingtotheirTTMcalcu-

lations. Especially,inErnstorferet.al’sstudy,theyfoundthatthemelting

pointincreasesasafunctionofTe[23],whichagreeswithRecouleset.al’s

calculation[64].Detailsoftheirworkandre-interpretationoftheirresultswill

bepresentedinChapter6.
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2.6 Summary

Thegeneralprocessesoffemtosecondlasersolidinteractionisreviewedinthis

chapter,fromlaserabsorptiontolatticedisassembly.Itisobviousthatmany

detailsoftheelectronandion/latticebehavioursarestillnotclearlyknown.

Itismainlybecauseofthethermalnon-equilibriumconditioninsolidtarget

shortlyafterfemtosecondlaserpulseexcitation. MyPh.Dresearchwasfocused

onthestudyoffemtosecondlaserpulseexcitedgold,inordertogivebetter

understandinginthesedetails,especiallyforelectron-ionenergycouplingand

latticedisassemblyconditions.
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Chapter3

GenerationofSingleState

WarmDenseGold

Tounderstandthematerialinwarmdensematterstatemoreprecisely,the

measurementneedstobecarriedoutinasinglestatewithminimumtempera-

tureanddensitygradient.Itmaybedonebyisochoricheatingtechnique[19]

toexciteafreestandingthinfoiltargetwithafemtosecondlaserpulse.The

experimentswerecarriedoutattheAdvancedLaserLightSources(ALLS)fa-

cilityinCanada. Asafirststep,oneneedstoverifythatthethinfoiltarget

canbeexciteduniformly.Achirpedpulsesingleshotprobetechniquewasde-

velopedtomeasurethereflectivityfromthefrontandrearsurfacesofthefoil

simultaneouslyforthispurpose.

3.1 TheNeedofSingleState Measurement

Warmdensematterstateisanimportantstatewhichlinksthecondensed

matterstateandplasmastate. WDMcreatedinalaboratoryusuallyconsists

ofdifferentstateswithdensityandtemperaturegradients.Forexample,when

materialisexcitedbyafemtosecondlaserpulsewithsufficientenergy,within

afewtofewtimesofpicosecond,thesurfacelayerbecomesahotplasmaand

27



C
o
m
pr
es
se
d	
  
S
oli
d
	
  

Wa
r
m	
  
D
e
ns
e	
  
Ma
+
er
	
  

	
  	
  	
  
	
  	
  	
  
	
  E
x
pa
n
di
ng
	
  	
  	
  

Pl
as
ma
	
  Unperturbed	
  Solid	
  

Excita8on	
  laser	
  

ρ
	
  

z	
  

Figure3.1: Mixtureofstatesofbulkmaterialexcitedbyfemtosecondlaserpulse

startstoexpand. Suchexpansioncompressesthematerialinwardandmay

resultinwarmdensematterandcompressedsolidlayers. Thismixtureof

statesofmaterialisshowninFig.3.1.

Theinterpretationofthedatameasuredfromsuchconvolutedstatesiscom-

plicated,sinceitneedstoconsidertemperatureanddensitygradientsaswell

asenergytransportasdiscussedinChapter2,andhydrodynamicexpansion

mayalsoneedtobetakenintoconsideration.Forexample,themeasurement

offemtosecondlaserabsorptioninaluminumwasusedtoextracttheDCcon-

ductivityinWDMstatebyMilchberget.al[11].Theiroriginalinterpretation,

whichwasbasedonaconstantdensitygradient,hassubstantialdifferencefrom

theDCconductivitymodeldevelopedbyLeeandMore[56],whichwasfound

tocorroboratewiththeshockedcompressedaluminumdatameasuredbyNg

et.al[65].However,whentimedependentelectrondensitygradientistaken

intoconsideration,theirdatawasfoundtohavereasonableagreementwith

LeeandMore’skinetictheorymodelaswellasthedensityfunctionaltheories

modelbyPerrotet.al[66].

Toavoidsuchcomplexityandinordertobenchmarktheoriesmoreaccu-
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rately,anidealizedslabplasma(ISP)conceptwasproposedbyForsmanet.

al[19]togeneratesinglestate WDMwithminimumtemperatureanddensity

gradient.Theoriginalproposalwastoexcitefreestandingultrathinaluminum

foilwithultrafastfemtosecondlaserpulses,withatechniquecalledisochoric

laserheating(ILH).Thebasicideaofthistechniqueistodeliverenergytothe

targetinafemtosecondtimescale,andthusthehydrodynamicexpansioncan

beminimizedtoachieveanalmostisochoricconditions.Atthesametime,the

targetisthinenoughthattheenergycanbedistributeduniformlythroughout

itsthickness.Inreality,duetothesignificanceofaluminumoxidelayers,the

ideawasrealizedwithfreestandinggoldthinfoilsinstead[20,16,21].

Inisochoriclaserheating,itisexpectedthatawelldefinedelectrontemper-

aturecanbereachedinlessthanapicosecond.Thelaserheatedfreestanding

solidfoilsareexpectedtohaveadensityclosetosolidforafewpicosecondsbe-

forelatticedisassembly[16].Duringthistime,thelatticeconstantoftheheated

solidmayincreaseslightlyduetotheincreaseofTeandTi[67]. Eventually,

whenthelatticedisassemblyconditionisreached,whichtypicallytakesafew

toafewtensofpicoseconds,ahydrodynamicexpansionofthefoiloccurs[68].

AnillustrationofthemassdensityevolutionisshowninFig.3.2. MyPh.D

researchwasfocusedontheinvestigationofisochoriclaserheatedgoldthinfoil

withininatimewindowafterthethermalizationoftheelectrons,andbefore

thelatticedisassembly.

3.2 FormationofUniformlyHeatedTarget

Inordertogeneratesinglestateexcited WDM,itneedstheenergytobede-

positeduniformlyinthetargetbeforesignificantexpansionoccurs.Interms

ofenergydepositiondepth,opticallaserpulsesareactuallyinferiorwhencom-

paredwithothersourcessuchasX-ray,electronsorions. Thetypicalskin

depth,throughwhichthelaserfieldintensitydecreasesto1/eofitsoriginal
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Figure3.2:Densityevolutionofisochoriclaserheatedfreestandingsolidfoilafterfemtosec-
ondlaserpulseexcitation.T=0denotesthelaserarrivaltime.

value,foropticallaserpulsesinmetalisonlyontheorderof10∼20nm[69],

whilehardX-raycanpenetratehundredsofnanometertomanymicrometers

dependingontheatomicnumberofmaterial[70],fastelectronsandionsof

MeVorderenergycanpenetratemillimetresorevenfurther[71].However,un-

likelasers,theavailabilityoftheothersourcesoffemtosecondpulsewidthare

limitedatthemoment.Ontheotherhand,althoughaverythinfreestanding

foilmaybeuniformlyheated,itmaynotbesuitableforwarmdensematter

study.Forexample,goldthinfilmsoflessthan20-30nmwouldhaveoptical

propertiesthataremuchdifferentfromthatofbulk[48].

Previousstudiesthatmeasuredthetransientreflectivityofgoldthinfoils

afterfemtosecondexcitationsbelowdamagethresholdshowsthatthefemtosec-

ondpulsescanexciteballisticelectronsinagoldthinfilms[72,73,74,75,13].

TheseballisticelectronstravelintheconductionbandatnearFermivelocity

(vF)andcantransportthelaserenergythroughoutthethinfoilrapidly.The

theoreticalvaluevFforgoldis1.4×10
6m/s,accordingtotheFermienergyof

gold(5.5eV).Therangeofballisticelectrontransportationsingoldarefound
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tobe∼100nmfromexperimentsoftransientreflectivityofthinfoilsafterlaser

excitation[74,75,13].

Inpreviousstudiesofisochoricheatingofwarmdensegold[20,16,21],

30nmfreestandinggoldthinfoilswereusedastargets,whosethicknessis

lessthan1/3ofthereportedballisticelectronrange.Itisthusexpectedthat

the30nmgoldthinfoilcanbeuniformlyexcitedbyballisticelectrons. The

goldthinfoilsareexcitedbyfemtosecondlaserpulsesat400nm,whichare

fromthefrequencydoubledoutputofTi:Sapphirelasersystem.Theprocess

ofballisticelectrontransportationingoldisillustratedinFig.3.3.(1)The

400nm(3.1eV)photonsareabsorbedmainlybythe5delectronsofgold,which

areabout2.4eVbelowtheunfilledstatesin6sband[48],intheskindepth

region.(2)Theseelectronsareexcitedupto0.7eVabovetheFermienergy(EF)

andtransportballisticallynearvF
1aroundthefoiluntiltheyarethermalized.

Thelifetime,orthermalizationtimeforelectronsat∆EaboveEF isτth=

τ0(
EF
∆E
)2accordingtoFermiliquidtheory[34,73,9].For∆E=0.7eV,τthis

about120fsusingτ0=2fsaccordingtoFannet.al’sphotoemissionspectroscopy

measurementsongoldatlowenergydensitybelowdamagethreshold[9,24],

(3)Assumingthattheballisticrange(lba)is100nmasreportedbyprevious

studies[74,75,13],electronswithlbalongerthanthefoilthicknesswillmake

multipletransitsinthefoil[77]insteadofescaping,becausetheworkfunctionof

goldis5.1eV.Ittakesabout100fstofinishsuchprocess,andthelaserenergy

absorbedwithintheskindepthisexpectedtodistributeuniformlywithina

30nmgoldthinfilm.Theworkfunctionofourgoldfoilsmaybemodifiedby

surfacehydrocarbonlayersformedduringtheexposuretoairandwaterinthe

fabricationprocess[78].However,ifasignificantamountofelectronsovercome

theworkfunctionandescapefromthefoil,aspacechargeelectricfieldwillbe

1Theballisticelectronsexcitedfrom5dorbitalsafterabsorptionof3.1eVphotonshould
haveanenergybetweenFermienergy(5.5eV)ofgoldand0.7eVaboveit(6.2eV),which
correspondsto1to1.06timesoftheFermivelocityingold(1.4×106m/s).Inexperimental
measurements,theballisticelectronstravelsataround1×106m/s[74,76,13,73].Theactual
velocityoftheballisticelectronsmaybeaffectivebythedirectionoftheFermisurface[77].
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Figure3.3:Procedureofuniformheatingoffreestandinggoldthinfoilbyballisticelectron
transportation

generatedtolimitmoreelectronsfromescaping.Itwasreportedthatonlya

verysmallnumberofelectronscanescapefromasilversurfaceatexcitation

laserintensityupto1014W/cm2[79].

3.3 VerificationofUniformHeating

EarlierstudiesthatmeasuredtheACconductivityanddisassemblytimeof

warmdensegold[20,16,21]arebasedonsuchanassumptionofuniformexci-

tationbyballisticelectrons.However,inthosestudies,astheexcitationenergy

densitiesincreases,themeasurementswithprobepulsesatdifferentpolariza-

tionstarttogivesignificantlydifferenceresultsintheinterpretationsofAC

conductivitiesbasedonasinglestateassumption[22].Theuniformexcitation

conditionbecomesquestionableatsuchenergydensities.Itisthusnecessary

toexamineifthefoilisuniformlyexcitedbeforefurtherinvestigations.
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3.3.1 PreparationofFreeStandingGoldThinfoil

Thetechniquetofabricatefreestandinggoldthinfoilsof30nmthicknessfol-

lowsthesuggestionsofC.M.CadwaladerfromLawrenceLivermoreNational

Laboratory(LLNL),whohaspreparedtargetsfortheearlierisochoriclaser

heatingexperiments[20,16,21].Theprocedureisdescribedasfollows,witha

diagramshowninFig.3.4.

(1)Coataverythinlayerofsoap(LiquiNoxconcentratedsoap)onapiece

ofmicroscopeslideof2inch×3inchinsizebyputtingadropletontheslide,

andevenoutthesoapbywipingitmanytimesgentlywithapieceofkimwipe,

untilitlooksassmoothastheoriginalslide.Thensputter30nmofgoldthin

filmonthesoaplayerusingthemagnetronsputteringsystemattheNanoFab

atUniversityofAlbertawithitsstandarddepositionprocedure.

(2)Mounttheslidecoatedwithsoapandgoldonadedicatedmanipulator

consistingoftwomotionstages(seeFig.3.5(1)),andgraduallysubmergethe

slideintofreshdistilledwaterwhilethesoapdissolvesandthegoldfilmcomes

off.Thegoldfilmwillfloatonthewatersurfaceduetosurfacetension.

(3)Whenawholepieceofgoldfilmfloatsoff,useawafertweezerstohold

asampleplate,andputitunderneaththegoldfilmwith∼45◦angle. Once

theplatecontactsthefilm,withdrawtheplatewhilekeepingthe∼45◦angle.

Thefilmwillbecoatedontheplate.UseQ-tipstoclearanyfoilthatwrapsto

thebacksideoftheplate,thenplacetheplatefaceuponapieceofkimwipe

untilitisdry.AcoatedsampleplateisshowninFig.3.5(2).

Thethicknessofthethinfoilismeasuredbyanatomicforcemicroscope

(AFM,VeecoD3100). Thefilmforthethicknessmeasurementwasprepared

astheaforementionedprocedure,exceptinstep(3),itwastakenoutfromthe

waterwithanmicroscopeslidesinsteadofthesampleplate.Themeasurements

weretakenonthestepsfromtheedgeofthefilmtotheslidesurface. An

exampleisshowninFig.3.6. Thefilmthicknessforourexperimentswere

29.4±1.5nm.Thesurfacequalityofthefreestandingfoilsmountedonasample
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Figure3.4:Proceduretopreparefreestandinggoldthinfoils

Figure3.5:(1)Setupthatisusedtolift-offthegoldthinfoil;(2)Asampleplatecoatedwith
goldthinfoil.
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Figure3.6:Anexampleoffoilthickness(29.9nm)measuredbyAFM

Figure3.7:AnexampleoffreestandingsurfacequalitymeasuredbyZygowhitelightinter-
ferometer

platewascheckedbyawhitelightprofilemeter(Newview5000,Zygo). The

flatnessofafoilistypicallybetterthan40nm,whichis1/20λofourprobebeam

at800nm,anexampleisgiveninFig.3.7.Theabovedescribedtechniquehas

alsobeenappliedtoproducedfreestandingdiamondlikecarbon(DLC)foil

targets[80].

Thesampleplatethatisusedtomountthefreestandingfoilsaremade

from1.1mmthickstainlesssteelbyourdepartment’smachineshop.Ithas

7×15=105holeswherethefoilsstandonwithoutsupportingfromtheback.
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Figure3.8:Layoutdiagramofasampleplate

Theholesare550±50µmindiameter. A100◦coneangleisonthebackof

eachholesothatthe45◦incidentprobebeamcantransmitthrough. Drill

bursaresmoothenedalittleusingsandpapersbutnotcompletely.Thesesmall

amountofdrillbursaroundtheholesarefoundtohelpkeepingthefoilsflat

andstretched.AdiagramofasampleplateisshowninFig.3.8.

Thedielectricconstantfor800nmprobeatroomtemperatureofthesefree

standingfoilsisalsomeasured.Thisisbasedonthemeasurementofthereflec-

tivity(R)andtransmissivity(T)of800nmpulsesat45◦incidentangle.The

pulsesaregeneratedbytheTi:sapphirelasersystemfromourlabatUniversity

ofAlberta.Theincidentlaserfluenceiscontrolledtobelessthan0.01J/cm2,

whichistwoordersofmagnitudebelowthedamagethreshold.Themeasured

RandTisthenusedtoextractthecorrespondingcomplexreflectiveindex

(̃n=n+ik). Thistechniqueisbasedonthetransfer-matrixmethod[81],
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whichcancalculateRandTofauniformandisotropicmaterialwithknown

thicknessandrefractiveindexbysolvingtheMaxwellequationsintheformof

matrices.Theinverseapplicationofthistechnique[20,22]isusedtofindout

thecorrespondingñofamaterialwithknownRandTatcertainthickness,

bygeneratingahighresolutionRandTtoñmapping. Thedielectriccon-

stantisobtainedfromtherelationε=̃n.Theεofourfreestandinggoldthin

foilisfoundtobe-(22.4±1.8)+i(1.26±0.10)at1.55eV,whichisinreasonable

agreementwithJohnsonandChristy’smeasurementof-(23.9±0.3)+i(1.5±0.2)

[48].

3.3.2 ExperimentalSetup

Theexperimenttoverifytheuniformheatingoffreestandinggoldthinfoils

byisochoriclaserheatingwascarriedoutatALLSwiththeassistanceofDr.

VahitSametoglu,whowasapostdoctoralfellowatUofA.The10Hzbeam

lightatALLSwasusedforourexperiment.Thislasersystemiscustommade

byThalesInc..Ithasoneregenerativeamplifierandtwomulti-passamplifiers

initschirpedpulseamplificationsystem(CPA)[82],whichcandeliver45fs

FWHMlaserpulsescenteredat796nm,withamaximumpulseenergyof350mJ

aftercompression. However,theflashlampofthepumplaserforthesecond

amplifierwasnotingoodconditionduringourbeamtime,whichsignificantly

distortedthebeamquality.Forourexperiment,weusedonlythefirstamplifier

forbetterlaserbeamquality.Theamountofpulseenergydeliveredbythefirst

amplifierismorethansufficientfortheexperiment. Aschematicdiagramof

thislasersystemisshowninFig.3.9.

Thegeneralconceptofourexperimentalsetupisdescribedbelow,whilethe

correspondingdiagramforthemeasurementisshowninFig.3.10.

(1)Thethin30nmgoldthinfoiltargetisexcitedbya400nmlaserpulsewith

45fspulsedurationatnormalincident.Thestateoftheexcitedmaterialisre-

ferredtobyitsexcitationenergydensity(ED),i.e.absorbedenergyperunit
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Figure3.9:SchematicdiagramofthelasersystemweusedatALLS.Itamplifiesa10nJlaser
pulseto30mJbythechirpedpulseamplification(CPA)technique.

massinJoule/kg.Theabsorbedenergyisobtainedbysubtractingthereflected

andtransmittedportionfromtheincidentenergy,i.e.Eabs=Einc−Eref−Etra.

Theincident,reflectedandtransmittedenergiesaremeasuredbythreephoto-

diodes(PDI,PDRandPDT)respectively.Thespatialdistributionofthose

beamsaremeasuredbytwoCCDcameras(CCDTandCCDR).CCDTmea-

suresthetransmittedbeamwhenafoilexistsduringtheexperiment,andthe

incidentbeamprofileismeasuredwhenthereisnofoilonthebeampath.

CCDRisresponsibleforthemeasurementofthereflectedbeamfromthefoil

surface.ThemassoftheexcitedmaterialM =A×l×ρ,whereAistheexcited

area,listhethicknessofthefoil,andρ=19300kg/m3isthedensityofgold

underroomconditions.Inourmeasurement,Aisconfinedwithinthecenter

circularregionoftheexcitedarea,whosediameteris20µm,whichisabout

1/3oftheFWHMofthefocusedpumpbeam,andthecorrespondingabsorbed

energyintheregionisusedtocalculate ED.

(2)Two800nmprobepulsesfromthefrontandrearsidesofthefoilat

45◦incidentangleareusedtomeasuredthereflectivitysimultaneouslyasa

functionoftime. TheFWHMoftheprobebeamsisabout500µmonthe

targetsurface,whichisalmostanorderofmagnitudelargerthanthepump

beam. ThepolarizationoftheprobepulsesaresettoP-pol,whichiscross-

polarizedtothe400nmpumppulse.TheP-polpulseisconsideredtobemore
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Figure3.10:Conceptuallayoutdiagramtoverifytheuniformexcitationofa30nmgoldthin
foilexcitedby400nm,femtosecondpumppulse.Reflectivitiesoftheexcitedfoilfromfront
andrearsides(RFandRR)aremeasuredwithtwochirpedpulseprobessimultaneously

sensitivetotemperatureanddensitygradientthanS-pol,sinceithaselectric

fieldcomponentoscillatingintransversedirectionofthefoil.Ifthefoilisnot

uniformlyheatedthroughoutitsthickness,onewouldexpectthereflectivities

fromfrontandreartobedifferentfromeachother.Heretheprobepulsesare

negativelychirped,i.e.shortwavelengthcomponentcomesearlierthanthe

longwavelength.Thiswasusedtomapthetemporalevolutionofreflectivity

inthespectralregime.Foreachsideofreflectivity,aspectrometerisusedto

decodethereflectivityevolutionasafunctionofwavelength,andthespectra

areimagedontoanICCDcamera.Thischirpedpulsetechniquecanmeasure

thetimeresolvedevolutionofreflectivityinasingleshot,whichsimplifiesthe

experimentwhencomparedtothetraditionaldelaylinescanmethod[20].

3.3.3 SingleShotChirpedPulsedProbeTechnique

Togetalinearlychirpedprobepulsewhilekeepingthepumppulsetoits

compressionlimit,weusedtwodifferentgratingcompressors,i.e.,oneforthe

pumppulse,andtheotherfortheprobe.Adiagramofgratingcompressoris

showninFig.3.11Insuchcompressor,ifthenormalseparationbetweenthe
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Figure3.11:Layoutofagratingcompressor.Itconsistsoftwograntings(G1andG2),a
retro-mirror(RM)andanoutputmirror(M).

twogratingsG1andG2areproperlysetcorrespondingtotheinputpulsei.e.

l=l0,itcancompressthepositivechirped(longλcomponentaheadofshort

λcomponent)inputfromtheamplifiertoitsFouriertransformlimit

fpulse× τpulse≈0.44 (3.1)

where fpulseisthefrequencybandwidthofthelaserpulse,and τpulseis

aminimumFWHMpulseduration,assumingthelaserpulseshapeisGaussian

intime.However,ifthepathlengthl=l0,thenthepulsecanbeoverorunder

compressed,andtheoutputwillhavenegativeorpositivechirp.

Themechanismofagratingcompressoristhatagratingcanseparatediffer-

entfrequencycomponentsofapulsetocreategroupvelocitydispersion(GVD).

Accordingtothegratingequation,

dsin(α+β)=mλ (3.2)

whereαandβaretheincidentanddiffractionanglewithrespecttothe
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gratingnormal,disthegratingpitch,λisthewavelengthofcertaincomponent

inthebeam,andmisanyinteger. Usuallyagratingisoptimizedform=1.

ThebeampathABCofthereddercomponentinFig.3.11canbewrittenas

afunctionofgratingseparationl,

ABC=AB+BC=
l

cos(β)
+ABcos(α+β)=

l

cos(β)
(1+cos(α+β))(3.3)

Similarly,thebeampathforthebluercomponentAB0C0isgiveninEq.3.3

byreplacingβwithγ.Oncetheincidentangleofthebeamtothecompressor

isset,thedispersionanglesforeachcomponentarefixed,andtheonlyvariable

isl.ForapositivechirpedinputpulsewhosereddercomponentisT0aheadof

thebluercomponent,onecansetltofulfiltheconditionthat,

T0c=AB0C0−ABC (3.4)

wherecisthespeedoflight.

Thewidthofachirpedpulsewasmeasuredbyfrequencyresolvedoptical

gating(FROG)implementedwithtransientgrating(TG)technique[83,84].

AsshowninFig.3.12,whenthelaserpulsepassesthroughamaskwiththree

smallholes(seeinset),whilethebeamisco-centerwiththemask,threesmall

portionofthebeamwillpassthroughwithalmostequalenergyeach.Fora

properlypreparedfemtosecondpulsewithoutspatialchirp,eachpulsecontains

thesamephaseinformationasthemainpulse. Sub-beamsE1andE2are

focusedbyasphericalmirrorontoapieceoffusedsilicaglassafterreflected

onamirrormountedonamotorizeddelayline. Thesetwopulsesgenerates

periodicalinterferenceintheglass,whichformsatransientgratingwhosek-

vectorkTG=k1−k2.Thethirdsub-beamE3goesthroughsimilarpathlength

asE1andE2withouttravellingonthedelayline,beforebeingfocusedbythe

samesphericalmirrortothesamepointintheglass.Suchbeamisscattered
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Figure3.12:Transientgratingtechnique.BeamE1andE2generatestransientgratingeffect
inapieceofglass,whenbeamE3passesthroughthegrating,itisscatteredaccordingto
Bragg’slawandpartofitsenergypropagatesinthedirectionofEs.Insetisthemaskthat
usedtoselectE1,E2andE3fromthebeamtobemeasured.

accordingtotheBraggconditioninreciprocalspacekS=k3+kTG.Thescatter

beamiscollectedbyaspectrometer.Thefullphaseinformationforthelaser

pulsethencanbeobtainedbyscanningthemotorizeddelayline.

TheelectricfieldofEShastheform[85],

ES(t,τ)∝E1(t−τ)E
∗
2(t−τ)E3(t)=E(t)E

2(t−τ) (3.5)

whereτistheseparationbetweenE3andE1(orE2)causedbythedelay

line.Theamplitudeofthethreebeamsshouldbesimilar,whichisrepresented

simplybyE. TheintensityoftheFROGsignalonaspectrogramoflaser

frequencyvs.timedelayis,

IFROG(ω,τ)∝|
∞

−∞

E(t)E2(t−τ)exp(−iωt)dt|2 (3.6)

AnexampleofFROGscanisgiveninFig.3.13.Thewavelengthvs.time

slopeis2.5nm/ps.AccordingtoEq.3.5,foraGaussianpulse,themaximumof
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Figure3.13:SpectrogrammeasuredbyTG-FROGtechniqueoftheprobepulsethatisused
fortheexperiment.Thebestfitslopeis2.5nm/ps,whichcorrespondsto3.8nm/psforthe
actuallinearchirpedpulse

Eexistswhenτ=2/3[86,87].Asaresulttheslopeonthespectrogramisonly

2/3oftherealsignal,andtherealslopehereshouldbe3.8nm/ps.Thistime-

wavelengthrelationagreedwiththecross-checkbydelayingtheprobepulse

withknowndistanceonthedelaystage,andobservingtheonsetofreflectivity

changeinprobepulseduetopumppulseexcitation. TheFWHMspectral

widthoftheTi:sapphirelasersystemis24nm,sothenominalFWHMpulse

durationis6.5ps.Thetimeresolutionofalinearchirpedpulseisgovernedby

therelation[88],

δt= ∆T0∆T (3.7)

where∆T0istheminimumwidthofthelaserpulse,whichisabout45fs

FWHMforthislasersystem,and∆Tisthechirpedpulsewitha6.5psFWHM

duration.Accordingly,theprobepulseresolutionisabout540fs.

TheTG-FROGsystemisalsousedtomeasuredthewidthof400nmpump

pulse. The400nmpumpisproducedbysecondharmonicgeneration(SHG)
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(1) 

(2) 

Figure3.14:(1)Spectrogramofthe400nmpumppulse,and(2)itsspectralintegratedinten-
sityasafunctionoftime(blueline).TheredlineisthebestGaussianfitwith56fsFWHM,
whichcorrespondsto45fsFWHMoftheactualpulse

fromthe800nmpulseusinga600µmthickKDPcrystal.This800nmpulseis

compressedtoitsminimumdurationusinganothergratingcompressorhoused

inavacuumchamber. TheFWHMofthe400nmpulseontheFROGspec-

trogramis56fsasshowninFig.3.14,whichcorrespondsto45fsFWHMofthe

actualpumppulse,afterusingthecorrectionfactorof1.22foraGaussianpulse

[87].

AdetailexperimentalsetupdiagramisgiveninFig.3.15.

(1)Thefemtosecondseedpulseisgeneratedfromanoscillatorandchirped

toafewhundredpicosecondsbeforebeingamplifiedintheregenandmulti-pass

amplifier.Theamplifiedpulsedisseparatedbya90:10beamsplitter(BS).

(2)90%ofthelaserenergygoesintothepumppulsecompressorhoused

inanvacuumchamber(10−6Torr).Thispulseiscompressedtoitsminimum

width,andpassesthroughaKDPcrystalforsecondharmonicsgeneration.The

400nmpumppulseisreflectedbyafewdichroicmirrors(400nmhighreflectivity

and800nmhightransmissivity)toeliminatethe800nmcomponent,andgoes

intothetargetchambertobefocusedbyaparabolicmirrorof35cmeffective
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Figure3.15: Completeexperimentalsetupof400nmpumppulseexcitation,and800nm
frontandrearchirpedpulseprobeexperimenttoexaminetheuniformheatingofa30nm
freestandinggoldthinfoil(nottoscale).Detaileddescriptionisinthecontext.
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focaldistance.Thebeamisfocusedontothe30nmfreestandgoldthinfoilat

normalincident.Thetargetismountedonathreeaxesmotionstage.Thesize

ofthefocalspotiscontrolledbyanaperturelocatednearthechamberentrance,

whichchangestheF-numberofthefocalcondition.ThetypicalFWHMofthe

focalspotis64±2µm. Theinputpumppulseenergyissampledbyathin

wedge(W1)toaphotodiode(PDI).Theenergytransmittedfromthefoilis

collectedbyalenseofFL=15cm(L1). Thisenergyismeasuredbyanother

photodiode(PDT).ThebeamprofileismeasuredbyaCCDcamera(CCDT).

Thereflectedenergyfromthepumppulseissampledbytheothersurfaceof

W1andmeasuredbyphotodiodePD R.Thereflectedspotprofileismeasured

byCCDRwithimagingopticsconsistofanFL=25cmlens(L2)anda5X

microscopeobjective(MO).Anexampleofenergydensitymeasurementatthe

centeroftheheatedareaisgiveninFig.3.16.

(3)10%ofthelaserenergygoesintotheprobepulsecompressor. The

beamis“overcompressed”toanegativechirpedof6.5psasdescribedbefore.

Itisseparatedintotwopulsesbyapelliclebeamspliter(PBS).Onemeasures

thereflectivityfromthefrontsurfaceat45◦incidence,theotheronemeasures

thereflectivityfromtherearsurfacesymmetrically. Thepolarizationofthe

probebeamsaresettoP-polbyahalfwaveplate.Thereflectedprobebeams

areimagedontotheslitsoftwospectrometers(MS260i,Oriel)equippedwith

1200line/mmgratings.Theslitwidthissetto100µm,whichcorrespondsto

10µminspaceonthetargetsurface. TwointensifiedCCDcameras(ICCD,

DH720,Andor)arecoupledtothespectrometersrespectively.Theimageonthe

slitisre-imagedontheverticaldirectionoftheICCD,whilethespectral/time

evolutionoftheprobebeamisstreakedinthehorizontaldirection.

46



100µm	
   100µm	
  

100µm	
  

Incident	
  beam	
   Transmi1ed	
  beam	
  

Reflected	
  beam	
  

0	
  

0.2	
  

0.4	
  

0.6	
  

0.8	
  

1	
  

1.2	
  

0	
   50	
   100	
   150	
   200	
   250	
   300	
  

N
or
ma
li
z
e
d	
  i
t
e
ns
it
y	
  	
  
(a
.
u.
)	
  

distance	
  (µµm)	
  

Transmi1ed	
  beam	
  

Reflected	
  beam	
  

Incident	
  beam	
  

Figure3.16:Anexampleofenergydensitycalibrationofanexcitedfreestandingthinfoil.
Theincident,reflectedandtransmittedenergiesmeasuredbyphotodiodesare14.2µJ,5.7µJ
and1.1µJ. AccordingtotheCCDimagesofthesethreebeamsonthetarget,theenergy
encircledinthecenter22µmdiameterarea(1/3oftheFWHM)takesup8.4%(1.2µJ),9.1%
(0.51µJ)and6.6%(0.075µJ)ofthemeasuredenergyofeachbeamrespectively.Asaresult,
0.61µJisabsorbedinthesearea,whichcorrespondstoanabsorptionrateof51%. The
absorbedfluenceinthisareais0.16J/cm2.Ifthe30nmgoldfoilisuniformlyexcited,the
correspondingenergydensityis2.8MJ/kg.
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Figure3.17: Anexampleoffrontandrearreflectivitiesoftheprobepulsesimagedonthe
ICCDcameras.

3.4 ExperimentalResults

Thereflectivitiesoftheprobepulsesfromthefront(RF)andrearside(RR)

arequantitativelyanalysedfromtheimagestakenfromtheICCDcameras.

Anexampleofafoilexcitedto4.5MJ/kgisshowninFig.3.17.Inthisfigure,

(a)and(c)aretheimagestakenbythefrontandrearcameras.Theoriginal

horizontalaxisisthewavelengthoftheprobepulse,whichisconvertedtotime

delayusingthelinearchirpedmappingrelation3.8nm/psasdiscussedabove.

Theverticalaxisisthespatialimageoftheslitonthespectrometer.Tobetter

understandthetemporalevolutionoftheheatedarea,lineoutsofthecenter

20µmoftheexcitedregion(redsquare),afternormalizedbytheunheated

region(bluesquares),aregivenin(b)and(d)ofFig.3.17.

AmajorfeatureofthereflectivityasafunctionoftimeshowninFig.3.17is

thatitdropsataround3ps,whentheexcitationpulsecomes.Ascanbeseen

thatthereareaperiodicripplesonbothRFandRR,whosefrequencyincreases

withthetemporaldistancefromtheseinitialfallingedgeofthereflectivityright

afterthelaserheating.Suchripplesaretheresultofcrossphasemodulation
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Figure3.18:(a)Originalfrequency-timemappingofthechirpedpulseprobe.(b) Whenpart
oftheprobepulseoverlapsintimewiththepumpinthegoldthinfoil,opticalKerreffect
happensinsidethefoil,andXPMeffectmodulatesthephaseofthatpartofthepulse.

(XPM)ofpartoftheprobepulseoccursinthetargetwhenitoverlapswith

thepumppulse.Thephaseshiftedportionoftheprobepulseentersthespec-

trometerandinterfererswiththerestoftheoriginalprobepulse.Sucheffect

isusuallycalledfrequencydomaininterferenceeffect(FDI).Thiscombination

effectofXPMandFDIwasobservedinglasssubstratebefore[89].Aschematic

diagramthatexplainstheXPMprocessisshowninFig.3.18.

TheFDIeffectoftwopulsesistheFouriertransformoftwopulsesfromtime

domaintofrequencydomain.Suchphenomenonisachievedwiththehelpofa

gratinginsidethespectrometer.Fortwopulseswithelectricfieldsamplitude

intimedomain,

Epr(t)=E0(t)exp(iω0t) (3.8)

Eref(t)=
√
AE0(t)exp(iω0t+∆T(ω)) (3.9)

whereAistheintensityratioofthesecondpulsenormalizedtothefirst

one,∆Tistheseparationofthesetwopulses,andω0isthecenterfrequency

foreachpulse.TheFouriertransformforthesumoftwopulsesis[90],

F[Epr(t)+Eref(t)]=E(ω−ω0)[1+
√
Aexp(iω∆T)] (3.10)
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whereE(ω)istheFouriertransformofE(t).Inreality,oneobservesthe

intensityinsteadoftheamplitude,sothat,

|F[Epr(t)+Eref(t)]|
2=E2(ω−ω0)[1+A+2

√
Acos(iω∆T)] (3.11)

Obviously,theaperiodicfringesofFDIisinverselyproportionalto∆T.As

canbefoundfromFig.3.18(b),∆Tforeachfrequencyωisdeterminedbyits

temporalorspectraldifferencewiththecorrespondingcomponentofthepump

pulse,whichexplainswhythefrequencyofthefringesincreaseswiththeirown

temporaldistancefromtheinitialfallingedgeofthereflectivity.Onecanalso

findthattheoscillationterminEq.3.11isproportionalto
√
AinsteadofA,

sothatthosefringesareeasytoobserveevenwhenonlyasmallportionof

theprobepulseismodulatedbyXPM,e.g.1%ofthemodulatedenergycan

correspondtofringesof10%amplitudeoftheDCsignal.

Duetothechirpedpulseresolutionof540fs,thefallingedgeofreflectivity

canbesignificantlybroadened. OnemayusethoseaperiodicFDIfringesto

locatewhenthepumpandprobepulseoverlapintime. Thiscanbedone

byfindingoutpump-probeoverlaptimeT0thatcanbestfittothosefringes

accordingtoEq.3.11.AnexampleisgiveninFig.3.19.

Althoughthosefringescanprovideinformationofthepumppulsearrival

time,theyalsomasktheactualevolutionofreflectivity.Fortheprobepulse

reflectivityafterthepumppulseexcitation,ourtreatmentistodoalinearfit

from540fsafterT0toacertainpointasthechangeofRFandRRstilllinear,

andextendthislinebackwardto45fsafterT0. Forthereflectivitybefore

thepumppulse,fromthebeginningoftheprobepulsetimewindowto45fs

beforeT0,theprobepulsereflectivityisfittedbyastraightlineasthecoldfoil

reflectivity.Theportionfrom45fsbeforeto45fsafterT0issimplyconnected

byastraightline,becausetheevolutionofprobepulsereflectivityduringthe

pumppulseexcitationisnotknownindetail.Attheend,thecombinedsignal
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Figure3.19:FittotheXPM-FDIripplesusingthelawoffringefrequency.Thebestfitgives
thepumppulsearrivaltimearound3.15ps.

isconvolutedwithaGaussianinstrumentalfunctionof540fsFWHM,suchas

showninFig.3.17(b)and(d).TheinitialchangesofRFandRRrightafter

thelaserexcitationaremeasuredbythedifferencebetweencoldfoilreflectivity

andourfittingtothelineoutat540fs,whicharemarkedas∆RFand∆RR.

TheplotofRF andRRasafunctionofabsorbedlaserenergyflux(∆I),

ortheaverageenergydensity(∆E)oftheheatedfoilsareshowninFig.3.20.

OnecanseethattheinitialchangeofRFkeepsincreasingwithabsorbedlaser

intensity,orenergyflux,however,theinitialchangeofRRreachesitsmaximum

at6.4×1012W/cm2anddoesnotchangemoreuntilatalatertime.

Togetabetterviewofsuchphenomena,thecomparisonof∆RFand∆RR

asafunctionofabsorptionenergyfluxisshowninFig.3.21.Itseemsthatboth

∆RFand∆RRareclosetoeachotherbelow6.4×10
12W/cm2,or5MJ/kg.Be-

yondthat,∆RFrisesfarmoresignificantlywhile∆RRstillstayslittlechanged.

Thisisanindicationthatthefoilhasasignificanttemperaturegradientabove

6.4×1012W/cm2.Atalatertime,accordingtoFig.3.20,thethermalgradient

startstoreduce,butittakesafewpicosecondsforsuchprocess,whichismuch

longerthanthelifetimeofballisticelectrons.Suchphenomenonshowsthat

aboveacriticalabsorptionenergyflux,orenergydensity,a30nmgoldthin
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Figure3.20: Lineoutsof(a)reflectivityfromthefrontsurfaceand(b)rearsurfaceasa
functionofabsorbedlaserintensity,oraverageenergydensity.Thedashlineindicates540fs
aftertheinitialexcitation.

foilcannotbeuniformlyexcitedbyballisticelectrontransportationalone. A

thermalgradientisformedafterthedecayofsuchelectronsandtheelectrons

arethermalized.Thesubsequentenergytransportationfromthefrontsurface

tothereariscarriedbythermaldiffusion[13],whichtakesafewpicoseconds

andthesignificantdisassemblycanhappenatthesametime[16]aselectrons

alsocoupleenergytothelatticesystem.

Asamajorresult,itseemsthatusingthe45fspumpat400nm,the30nm

goldfoilcanonlybeuniformlyexcitedupto∼5MJ/kg,oranequivalentab-

sorbedpeakintensityof∼6.4×1012W/cm2. Beyondthat,theisothermal

conditionandisochoricheatingconditionnolongerhold,andathermalgra-

dientaswellasmixtureofstatescanexist.Thisgivesanupperlimittothe

investigationofsinglestatewarmdensegold.ThemeasurementofACconduc-

tivityinwarmdensegoldwillbedescribedinthenextchapter,thentheresult

willbeusedtogivesomeinterpretationofsuchalimitforuniformexcitation.

Itisalsonoticeablethatforlaserfluxabove∼6.4×1012W/cm2,RRcontinue

tocatchupRFinpicosecondtimescale,whichissignificantlylongerthanthe

lifetimeoftheballisticelectronsingold.Thisisbecauseathermalgradient
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Figure3.21:Comparisonoftheinitialchangeofreflectivityfromfrontandrearsurfacesat
540fsafterthelaserheating.Thedashanddottedlinesareforeyeguidance

betweenthefrontandrearsidesisformedaftertheelectronsarethermalized,

whichshouldhappenwithinapicosecond[9],andtheenergyfromthefronthas

totransfertotherearsidebyelectronthermaldiffusion.Thespeedofelectron

thermaldiffusiondependsonthetemperatureanddensityoftheelectrons,

whichisnotwellknowninwarmdensematterstate.Forgold,itisgenerally

consideredtobewithin10nm/ps[13],soittakesafewpicosecondstotransport

energythrougha30nmfoil.AscanbeseenfromFig.3.22,at5psafterthepump

pulse,thedeviationofthefrontandbackreflectivitiesforabsorbedenergyflux

above∼6.4×1012W/cm2becomeslesspronouncedthanat0.54ps. Thisis

likelybecausesignificantamountofenergyistransportedfromthefronttothe

backviathethermaldiffusionprocess.

3.5 Summary

Inthischapter,theuniformheatingofa30nmfreestandinggoldthinfoilby

femtosecondlaserpulseexcitationwastestedbymeasuringtheprobepulses
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Figure3.22:Comparisonoftheinitialchangeofreflectivityfromfrontandrearsurfacesat
5psafterthelaserheating.Thedashanddottedlinesareforeyeguidance

reflectivitiesfromthefrontandrearsidesofthefoilsimultaneously. Wefound

thatusinga45fsFWHMlaserpulseat400nm,thefoilcanbeexcitedup

to5MJ/kg.Thermalgradientinthethinfoiltargetwasobservedabovethis

energydensity,whichsetsanupperlimitforisochoricandisothermallaser

heatinginourexperimentalcondition.
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Chapter4

ACConductivity Measurement

of WarmDenseGold

Thestudyofelectricalconductivityhaslongbeenofinterestinwarmdense

matterinvestigations.Theelectricalconductivityof WDMprovidesinforma-

tionaboutenergyandparticletransportontheonehand,andontheother

hand,itisimportantfortheunderstandingoflasermatterinteractions.

Earlystudiesofelectricalconductivityin WDMincludethemeasurements

ofreflectivityofshockedcompressedmaterial[91],shortpulselaserselfabsorp-

tion[11,29,18],anddirectmeasurementoncapillaryexplodedmetalwires

[92,93].However,suchmeasurementsareeitherindirect,e.g.dependontheo-

reticalmodels[56,94]toextractdata,and/orweredoneinamixtureofstates.

Theconceptofisochoriclaserheatingallowsthesinglestatemeasurement

ofACconductivity(σ(ω))atopticalfrequencies[19]. TheACconductivity

evolutionofsinglestatewarmdensegoldwasfirstdeducedfrommultipleshot

pump-probemeasurementofreflectivity(R)andtransmissivity(T)bychang-

ingtheprobepulsetodifferenttimedelaysrelatedtothepumppulse[20].In

thatstudy,anessentiallyconstantintimebehaviourofACconductivitywas

observedintheexcitedgoldthinfoilbeforedisassembly[16],whichwasreferred

toasquasi-steadystate(QSS).Becausebothelectronandlatticetemperatures
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arechangingwithinthattimewindow,theACconductivityshouldrespond

tosuchchange. However,duetotheshottoshotfluctuations,itispossible

thatsmallchangesinACconductivityweremasked.Inmystudy,achirped-

pulseprobetechniquewasdevelopedasdescribedinthepreviouschapter.This

techniqueprovidedanopportunitytostudytheACconductivityevolutionin

a6.5pswindowwithinasingleshot.

4.1 SingleShot ChirpedPulse Measurement

ReflectivityandTransmissivity

Thefrontandrearreflectivityofwarmdensegoldwasmeasuredatwavelength

around800nmasindicatedinChapter3. Thewarmdensegoldisa30nm

freestandinggoldfoilisochoriclyheatedbya400nm,45fsFWHMlaserpulse

atnormalincident,whichwasfoundtobeuniformlyheatedupto5MJ/kgas

discussedinChapter3[95]. ToobtainedtheACconductivityofanexcited

goldthinfoil,achirped-pulseprobecenterat800nmisincidentonthefoil

surfaceat45◦withP-pol.Thereflectivityandtransmissivity(RandT)ofthe

probepulseasafunctionoftimeweremappedlinearlyinthespectralregime,

sotwospectrometerscoupledwithICCDcameraswereusedtodecodethe

information,whichissimilartothefrontandrearsidereflectivitymeasurement.

ThemeasuredRandTwereusedtoextractthecomplexrefractiveindex

ñ=n+ikusingtheinversetransfer-matrixmethod[81,20]. Thecomplex

dielectricconstantεisthesquareofñ. ThecomplexACconductivityσis

relatedtothedielectricconstant[34],

σ(ω)=(1−ε(ω))i
ω

4π
(4.1)

TheexperimentalsetupisshowninFig.4.1,whichissimilartothefront

andrearreflectivitymeasurementdescribedinChapter3,exceptthatthere
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Figure4.1:Layoutdiagramofpumpprobeexperiment.A30nmgoldthinfoilisexcitedby
a400nm,45femtoscondpumppulse. Achirpedpulseprobeof6.5psFWHMcenteredat
800nmisusedtomeasuredthereflectionandtransmisivityofthefoilasafunctionoftime

isonlyoneprobebeamfromthefrontsurfaceofthethinfoil,andthereflec-

tivityandtransmissionofthisprobebeamaremeasuredsimultaneously.The

measurementwasalsocarriedoutattheAdvancedLaserLightSourceFacil-

ity(ALLS),withthehelpofDr. MattReidfromtheUniversityofNorthern

BritishColumbia,andDr.SeanKirkwoodfromtheUniversityofOttawa.

4.2 Evolutionof AC Conductivityin Warm

DenseGold

Thelineoutofreflectivityandtransmissivityfromtheoriginalimageistaken

bycomparingthecenteroftheheatedregionwiththecoldregionasthose

forfrontandrearreflectivitymeasurementdiscussedinChapter3. Ripples

causedbyXPM-FDIeffects(seeChapter3fordetail)areoverlaidontheR

andTdata. TheevolutionofRandTafterthelaserexcitationisfittedby

atwo-piecesplinefit.Thefirstpartofthesplineisalinearfunctionstarting

from45fsafterpumppulseexcitation,thesecondpartisaquadraticfunction

withthesamederivativeandvalueofthefirstpartatthejunction. The
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Figure4.2:Exampleofthechirpedpulseprobereflectivityandtransimissivitymeasurement
oftheexcitedfoilsatenergydensityaround4MJ/kg.((a)and(b)),and0.55MJ/kg((c)and
(d).Thedashedlinesarethelineoutfromtheoriginaldata,whilethesolidlinesarethebest
fitstothemForconvenience,thetimeat0psisdefinedasthepumppulsearrivaltime.

junctionofthesplinefitischosenbytheminimumsquareerrorcondition

whencomparedtotheoriginaldata,andeachpiecehasaminimumwidthof

1ps.ExamplesofbothRandTmeasurementsaround4MJ/kgand0.55MJ/kg

areshowninFig.4.2.A540fsFWHMGaussianinstrumentalfunctionisused

toconvolutewiththebestfitdatatoaccountforthechirpedpulseprobe

resolution. Wecanseefromthefigurethattheinitialchangeofreflectivity

atexcitationenergydensity∼0.5MJ/kgissimilartothatat∼4MJ/kg,which

agreeswiththefrontandrearreflectivity measurementshowninFig.3.21.

Nevertheless,thedifferencesintheslopesforsubsequentchangesareobvious.

Ontheotherhand,significantlylargeramountofchangeisobservedinthe

transmissionat∼4MJ/kgthanthatat∼0.5MJ/kgrightafterlaserexcitation.

Usingtheinversematrixmethod[81,20,22]mentionedabove,thecomplex
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ACconductivityasafunctionoftimecanbeextractedfromtheRandTdata.

Twoassumptionswerebasedon:(1)thefoilisuniformlyexcitedatalltimes

and(2)thefoilthicknessstaysat30nmduringthe7pstimewindowofthe

measurement,Inthefirst100fs,theabsorbedenergymaynotbeuniformly

distributedbyballisticelectronenergytransport,butthisshouldnotbean

issuesinceourtimeresolutionisabout0.5ps.Itisconfirmedbyprevious

studies[16,22],thatthegoldfoildidnotshowmeasurableexpansionforupto

6±0.7psatexcitationenergydensityupto4.3MJ/kg.ThecorrespondingAC

conductivitydatafromourRandTmeasurementsareshowinFig.4.31.Ascan

beseenfromthefigure,bothreal(σr)andimaginary(σr)partsshowarapid

changeafterthelaserexcitationat0ps,followedbyamuchslowerchange.The

rapidchangeislikelyduetothesharpincreaseofTewhentheelectronsare

thermalizedshortlyafterthepumppulseexcitation,whiletheslowerchangeis

aresultofelectron-ionenergycoupling.

4.3 DataAnalysisBasedonDrude Model

IntheclassicalpictureofACconductivity,itrelatestotwoimportantparam-

etersofmaterialaccordingtotheDrudetheory[34]. Oneistheconduction

electrondensityne,theotheroneistheelectroncollisiontimeτ.Thesetwo

parametersarediscussedusingthemodelsofsolidandplasmaasinChapter

2. However,theyarerarelystudiedinthewarmdensematterregime. Our

measurementofACconductivityofwarmdensegoldgivesagoodopportunity

toextractthesetwoparameters.

FromEq.4.1,thedielectricconstantε(ω)ofacertainmaterialcanbecal-

culatedfromitsACconductivity,

ε(ω)=1+
4πiσ

ω
(4.2)

1TheunitofconductivityinCGSiss−1,1s−1=10−9S/mwhenconvertedtoSIunit.
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Figure4.3:Evolutionof(a)realpartand(b)imaginarypartofACconductivityofwarm
densegoldatdifferentexcitationenergydensity.Thedataareextractedfromthebestfitto
RandTlineouts.Thelabelsindicatetheenergydensitiesatwhichthemeasurementswere
doneindividually.Somelabelsofasameenergydensityweretakenfromdifferentshotsata
sameexcitationenergydensity.

OnemayrecalltheexpressionofDrudetheoryfordielectricconstantac-

cordingtoEq.2.6.,

εDruder =1−
ω2pτ

2

1+ω2τ2
(4.3a)

εDrudei =
ω2pν

ω(ω2+ν2)
(4.3b)

neandτcanthenbecalculatedbyrearrangingtheaboveequations,

τ=
1

ν
=
1−εDruder

εDrudei ω
(4.4)

ω2p=(1−ε
Drude
r )(ω2+

1

τ2
) (4.5)
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ne=
ω2pm

∗

4πe2
(4.6)

wherem∗istheeffectivemassofelectrons. Theelectroneffectivemass

ingoldisfoundtobe0.99±0.04oftheactualelectronmass[48],som∗is

consideredtobethesameasmeinmystudy.

Thedielectricconstantofourthinfoilis-(22.4±1.8)+i(1.26±0.10)atroom

temperature.Accordingtotheaboveequations,onecangetneatroomcon-

ditionequalsto(4.1±0.27)×1022/cm−3,andτequalsto(7.9±1.5)×10−15s.

Theelectrondensityiswellbelowthewellknownvalue5.9×1022/cm3[34].

Thelowervalueisaresultofnotconsideringcontributionsfrominterband

transitionandtheatomicpolarizability[96,97].Toconsiderthecontributions,

wecanwrite

εr=4πnaαa+ε
IB
r (ω)+ε

Drude
r (4.7a)

εi=ε
IB
i (ω)+ε

Drude
i (4.7b)

wherenaistheatomicdensity,αaistheatomicpolarizability,ε
IB
r (ω)and

εIBi (ω)aretherealandimaginarypartsofdielectricfunctionduetobandtran-

sition,andεDruder andεDrudei arethoseduetoconductionelectronsasdescribed

inDrudemodel.i.e.Eq.2.6.

Theatomicpolarizabilityαaisfromtheelectricdipolemomentperunit

volumeofatoms.Itconsistsoftwomajorcontributions. Oneisfromthe

ioniccore,whichincludesthenucleiandthecoreelectrons,theotheroneis

fromthevalenceelectronsfromtheoutershells[98]. Forgold,thereported

staticatomicpolarizabilityiswithintherangeof39±10inatomicunit(a.u.,

1a.u.=0.148̊A3)[99,98].Nofrequencyresponseofαa(dynamicpolarizability)

forgoldisreportedintheliteraturesofar.Forphotonenergywellbelowthe

bandgapenergy,thedynamicpolarizabilityatphotonfrequencyshouldbeclose
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Figure4.4:BestfittoεiinJohnsonet.al’smeasurement[48]from0.64eVto1.88eVwith
Drudemodel.Thefittingparemtersarene=5.88×10

22cm−3andτ=9.3×10−15s

toitsstaticvalue[99].Accordinglyα(ω)at1.55eV(800nm)shouldbesimilar

tothestaticvalue,sinceitiswellbelowthefirstvalencebandgapforgoldat

2.4eV[48].

Theinterbandcontributionforεiisfoundtoapproach0forphotonenergy

below1.8eV[48,96],soforourmeasurementat1.55eV,εionlyconsistsofthe

freeelectronDrudepart. Therealpartofthedielectricfunctionεr,canbe

obtainedbyKramers-Kronigrelationfromtheimaginarypart[96],

εIBr =
2

π

∞

ω0

ωεIBi (ω)

(ω)2−ω2
dω (4.8)

whereω0istheonsetofε
IB
r ,whichistakentobe1.8eV.Sucharelation

meansthatonecanobtainedεIBr ifthebroadbandvalueofε
IB
i isknown.In

mycalculation,εIBi isobtainedbysubtractingthefreeelectroncontributions

(usingfittingparametersfromFig.4.4)fromreportedmeasurementsofεi.

ThefreeelectroncontributionεDrudei isobtainedfromthebestfittoεibetween

0.64eVand1.88eVreportedbyJohnsonandChristy[48]withEq.4.3. The

fittingparametersarene=5.88×10
22cm−3,andτ=9.3×10−15s(Fig.4.4).
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Figure4.5:εibetween0.64eVand10000eVobtainedfromdifferentreports(seecontext).
Theblacklineisthefreeelectroncontribution(εDrudei )toεiusingEq.4.3(b)withne=
5.88×1022cm−3andτ=9.3×10−15s

.

Thebroadbanddielectricconstantupto10keVasshowninFig.4.5consists

ofthedatareportedfromdifferentmeasurementswithindifferentrange:(1)

0.64-6eVbyJohnsonet.al[48],(2)6-26eVbyCanfieldet.al[100],(3)27-88eV

byHagemannet.al[101],and(4)above88eVbyNilsonandZombecket.al

[102,103]. AfterthesubtractionofεDrudei ,εIBi isshowninFig.4.6. When

upperlimitoftheKramers-KronigintegrationinEq.4.8isdefinedas10keV,

εIBr is6.38±0.19at1.55eV.

TherealpartoffreeelectroncontributionεDruder isthenseparatedfromthe

measureddielectricconstant,bysubtractingthecontributionfromatomicpo-

larizability(4.3±1.1)andtheinterbandportion(6.38±0.19).Nocorrectionto

theimaginarypartisneeded.Atroomtemperature,εDrudeis-(33.1±2.8)+i(1.26±0.10).

Thecorrespondingnebecomes5.96±0.5×10
22/cm3,whichagreeswellwiththe

knownvalueof5.9×1022/cm3.

Atexcitedstates,thesamecorrectionfactorsmaybeusedsincethemax-

imumelectrontemperatureisonly∼3eVat4MJ/kg,whichwillbeshownin
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Figure4.6:εIBi bysubtractingεiwithε
Drude
i

thenextchapter.Asasupportingfactor,lessthan20%ofεIBr iscontributed

byεIBi below3eVaccordingtoEq.4.8,whichisfoundbyvaryingtheupper

limitoftheintegrationasshowinFig.4.7.SothatwemayusethesameεIBr

obtainedfromroomtemperaturethroughourrangeofcalculationsuptoabout

4MJ/kg.

Thecorrespondingtimeevolutionofneandτatdifferentexcitationenergy

densitiesareshowninFig.4.8.Ingeneral,asignificantincreaseofneoccurs

rightaftertheexcitation,whileτdecreasesbyalmostanorderofmagnitude

atthesametime. Thesephenomenaaretheresultsoftherapidincreaseof

electrontemperatureTeduetolaserheating. Aftertheinitiallaserheating,

inthenextseveralpicosecondsbothneandτonlychangegraduallybecause

theenergytransferfromelectronstothelatticeisrelativelyslow.Suchprocess

willbediscussedindetailinthenextchapterwhenIdiscusstheelectron-ion

couplingfactorgei.Interestingly,for E>1MJ/kg,nefirstdecreasesafter

theinitialincreaseduetoexcitationbutrisesagainatalatertime. Thisis

somewhatcounter-intuitivebecauseneshouldincreasewithTe.Onepossibility

isthatwiththeriseinlatticetemperature,theionsbecomemoredisordered
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Figure4.7:εIBr asafunctionofupperlimitintheKramers-Kronigintegrationaccordingto
Eq.4.8

andmovesomewhatfromtheiroriginalpositionsevenbeforedisassembly[28],

whichcouldeffecttheatomicpolarizabilityαa,andtheinterbandcontribution

εIBmayvarysomewhatatthesametime[21]. Thechangeofthesetwopa-

rameterscanaffecttheinterpretationofne. Duetothelackofquantitative

understandingoftheevolutionofsuchparameters,ourmainfocusisplaced

attheinitialvalueofneandτrightafterlaserexcitationasafunctionof

excitationenergydensity.

Theinitialvaluesofneandτaredefinedat540fsafterthearrivalofthe

pumplaserpulse,whichischosentobetheresolutionofourchirpedpulse

probe. Atthistime,theelectronsareexpectedtobethermalized[9],while

thelatticeremainscold[59]. Theinitialvaluesofneandτasafunctionof

excitationenergydensitiesareshowninFig.4.9.Obviously,theinitialvalue

ofneincreasesasafunctionof EorTe,whileτdecreases. Toknowthe

relationbetweenthesetwoparametersasafunctionofTeatnon-equilibrium

warmdensegold,oneneedstoknowhowTeincreaseswiththeexcitationenergy

density.Thiswillbediscussedinthenextchapterwhereaproperelectronheat
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Figure4.8:Timeevolvedneandτatdifferentexcitationenergydensities.Thelabelsindicate
theenergydensitiesatwhichthemeasurementsweredoneindividually.Somelabelsofa
sameenergydensityweretakenfromdifferentshotsatasameexcitationenergydensity.

capacityCeisgiven.Fornow,wecanattempttointerprettheupperlimitfor

uniformexcitationfromChapter3usingtheenergydensitydependentofne.

Figure4.9:Initialvaluesofneandτatdifferentexcitationenergydensity.
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4.4 InterpretationofTheupperLimitofUni-

formHeating

Asonemayrememberthemeasurementofreflectivitiesoftheprobepulses

fromthefrontandrearsurfaces,aboveanexcitationenergydensityof5MJ/kg,

orequivalentlyaboveapeakabsorbedlaserintensityof∼6.4×1012W/cm2,

significantdiscrepancyofthefrontandrearreflectivitiesisobserved.Equally

interestingly,accordingtoFig.3.21,theinitialchangeofreflectivityfromthe

rearside(∆RR)remainsessentiallyconstantbeyondthecriticalenergyflux.

Thedatasuggestthattheballisticelectrontransportreachedasaturation.A

possiblelimitingprocessmaycomefromthemaximumenergyfluxthatthose

ballisticelectronscancarry.

4.4.1 FluxLimitedBallisticElectronEnergyTransporta-

tion

Intheearlystudiesofnon-localenergytransportofhotelectrons,thepower

fluxoffreestreamingelectronenergytransportationinaplanartargethasa

generalform[55],

QHE=
1

2
menh

∞

−∞

v2f(v)dv=
1

2
Fnhmev

3
h (4.9)

wheref(v)isthedistributionfunctionofthefreestreamingelectrons,on

whichthefluxlimitingfactorFdepends,nhisthehotelectrondensity,andvh

istheaveragehotelectronvelocity.ForaMaxwelliandistributionplasma,F

istakentobe0.6.Inreality,withasteepdensityandtemperaturegradient,

theelectrondistributioncanbefarfrom Maxwellian,andFisfoundtobe

onlyabout0.06,whichneedstobedeterminedbykinetictheorycalculations

[104,105,106].

Inourcaseofnon-thermalballisticelectrontransport,asimilarmodelmay
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beused. Withinthelifetimeoftheballisticelectrons,theycanbeconsideredas

“hotelectrons”,whichtravelsneartheFermivelocityvF.Sinceourpumppulse

durationisonly45fs,whichissignificantlyshortertheballisticelectronlifetime

ofabout100fs[13],beforeelectronthermalization,theballisticelectronsexcited

from5dbandshouldpopulatetheconductionband mostlybetweenFermi

leveland0.7eVaboveitasdiscussedinSection3.2,whichcorrespondstoan

energyrangebetween5.5eVand6.2eVingold.Thecorrespondingdistribution

functionf(v)isnon-zeroonlywhenelectronenergy isinthisrange.Because

theelectronvelocityv=
2

me
,theballisticelectronvelocityisinarangewithin

6%variationandthusitcanbeassumedtobeaconstant.Thusthetheflux

limitingfactorFcanbeconsideredtobe1byassumingallballisticelectrons

havethesamevelocity.nhisconsideredtobetheconductionelectrondensity

ne,whichcanbeobtainedfromourmeasurementfromFig.4.9(a).Eq.4.9can

thenbemodifiedaccordinglyforthenon-thermal(NT)ballisticelectrons,

QNT =
1

2
nemev

3
F (4.10)

ThetheoreticalvalueofvF is1.4×10
6m/s,andthemeasuredvalueis

around1×106m/s[74,76,13,73]. HereweassumevF=1.2×10
6m/s. As

afunctionofenergydensity,themaximumenergyfluxthatcanbecarriedby

theballisticelectronsisshowninFig.4.10. Asacomparison,theabsorbed

laserfluxQLasafunctionofenergydensityisalsoshowninthesamefigure.

Ascanbeseen,QLhasalargerslopethanthatofQNT,andat ED=5MJ/kg,

QL=QNT,whichcanbeinterpretedasthemaximumabsorbedlaserfluxthat

theballisticelectronscancarry. AnotherplotofQL/QNT isshowninFig.

4.11.Inthisplot,itcanbeseenthatQL/QNT=1ataround5MJ/kg,or

∼6.4×1012W/cm2,whichisapproximatelythesamepointwhereRFstarts

todeviatefromRRsignificantlyfromthemeasurement.

Thehypothesisoffluxlimitationsuggeststhatwhentheabsorbedenergy

fluxisabovethemaximumenergyfluxthattheballisticelectronscancarry,a
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Figure4.10: Maximumenergyfluxthatcanbecarriedbynon-thermalballisticelectrons
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thermalgradientisformedevenforafoilthinnerthantherangeoftheballistic

electrons.

4.5 Summary

Thetimeresolvedprobepulsereflectivityandtransmissivityoftwotempera-

turewarmdensethingoldweremeasured.ThecorrespondingACconductivity

wasextracted.ItisclearthattheevolutionofACconductivityisdictatedby

twoprocesses.Shortlyafterlaserexcitation,theincreaseofelectrontemper-

atureledtoashapelychangeofACconductivity,whilethegradualchange

inconductivityafterwardwasresultedfromtheelectron-ionenergycoupling.

Theelectrondensityinwarmdensegoldshortlyafterlaserexcitationwasde-

ducedusingDrudetheory. Apossiblereasonfortheupperlimitofuniform

excitationinthefreestandinggoldthinfoilwasalsogivenaccordingtothe

electrondensity.
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Chapter5

ComparisonwithFirst

PrinciplesCalculation

Inthepreviouschapter,themeasurementofACconductivityinwarmdense

goldisdescribedanddiscussed. Thesedataprovideagoodopportunityto

benchmarkfirstprinciples(ab-initio)warmdensemattersimulations.Thistwo

temperaturewarmdensegoldsimulationwascarriedoutbyourcolleaguesfrom

Commissariat̀al’́energieatomique(CEA)inFrance.HereIwillbrieflydescribe

themethodtheyusedintheirsimulationsandthencompareourexperimental

resultstotheirsimulationresults

5.1 Theoreticalcalculations

Inafemtosecondlaserexcitedmaterial,asdescribedinthepreviouschapters,

theelectrontemperatureTeisinitiallysignificantlyhigherthanthatofthe

ionsTibecausetheelectronioncouplingtimeisintheorderofpicosecondto

tensofpicosecond. Therefore,itisnecessarytoconsiderelectronsandions

separately.Thetemperaturesofthesetwosystem,asmentionedinChapter2,

canbedescribedbytwocoupledequations:Eq.2.24forTe,andEq.2.25forTi.

AsindicatedinChapter3,whenabsorbedenergydensityisbelow5MJ/kg,the
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electrontemperaturecanbeexpectedtobeuniformdistributedina30nmthick

goldthinfoil,shortlyafterthelaserpulse.Forthiscase,wemaysimplifiedthe

twotemperaturemodel(TTM)equationsbydroppingthethermaldiffusion

term,

Ce
∂Te
∂t
=−gei(Te−Ti)+S(t) (5.1a)

Ci
∂Ti
∂t
=gei(Te−Ti) (5.1b)

whereS(t)istheenergydensitydepositionrate,whichisjusttherateof

absorbedenergydensity( ED in MJ/kg)asafunctionoftime. ED can

bemeasuredbytakingtheincidentenergyandsubtractingthereflectionand

transmissionportionsasdescribedinChap.4. HereweassumethatS(t)is

proportionaltothelaserintensity,whichisapproximatelytrueforourcase,

becausethelaserabsorptionwasabout48±5%forexcitationenergybelow

5MJ/kgthroughouttheexperiment.ForalaserpulseofGaussianshapein

time,theenergydepositionisgivenby

S(t)=
EDρAu
τP
√
π
exp[(

t−t0
τP
)2] (5.2)

whereρAuisthedensityofgoldinroomcondition(1.93×10
4kg/m3),τP=

τ1/2

2
√
ln2
withtheFWHMofthelaserpulseτ1/2,andt0isthetimeforthepeak

intensity.

InordertosolvetheTTMequations,whatweneedtogetfromthethe-

oreticalcalculationaretheelectronheatcapacityCe,ionheatcapacityCi,

andtheelectron-ioncouplingfactorgei.Theearlystudyoflinearresponseof

phononfromfirstprinciplescalculationsuggeststhatCidoesnotchangesig-

nificantlywithTi[107].Inequilibriummeasurements,Ciincreasedbyabout

5%whenthetemperatureincreasedfrom300Kto1300K[108]. Hereweuse

Ci=2.5×10
6J/m3/Kforgold,whichfollowstheupperlimitofDulong-Petit
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law[109,34].CeandgeiwerecalculatedasafunctionofTeinthefollowing

discussion.

Ourfirstprinciplescalculationwascarriedoutwithaplanewavecode

packagecalledABINIT[110]withparallelimplementation[111].Thispackage

solvesthemanybodyproblemintheformofeffectivesingleparticleKohn-

ShamSchr̈odingerequationwithdensityfunctionaltheory(DFT)[112,113],

(−
∇2

2
+νeff(x))φi(x)=iφi(x) (5.3)

whereνeff(x)istheKohn-Shampotential,φi(x)istheeigenstateoftheith

orbitaland iisthecorrespondingorbitalenergy.νeff(x)consistsofexternal

potentialνext,Coulombpotential,orusuallycalledHartreepotentialνH,and

theexchange-correlationpotentialνxc.Sincethefunctionalsforexchangeand

correlationarenotknownexactly,localdensityapproximation(LDA)isap-

plied.Inordertoimprovethecomputationalefficiency,aprojectoraugmented

wave(PAW)method[114,115]isusedtotransformthefastoscillatingwave

functionsintosmoothones.

Thebehavioursofthenon-equilibriumelectronandlatticesystemswith

finitetemperaturearedescribedbymoleculardynamic(MD)simulation,which

allowstheiontemperaturetobedifferentfromtheelectrontemperature.Te

andTiinthesimulationaretakenfromtheTTMcalculation.

5.1.1 CalculationofElectronHeatCapacityCe

Inordertoknowhowtheelectronsevolvewithabsorbedlaserenergy,the

knowledgeofelectronheatcapacity(Ce)becomesthefirstpriority. Asthe

standarddefinitionofofCe[34],itisthetemperaturederivativeoftheelectron

system’sinternalenergyataconstantvolume,

Ce(Te)=(
∂U

∂Te
)V (5.4)
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whereUistheelectroninternalenergy,whichcanbeobtainedfromthe

electrondensityofstates(EDOS)calculatedusingDFTwiththecorresponding

Fermidistribution.TheinternalenergyateachTeisdefineas[34],

Ue(Te)=
∞

−∞

g(,Te)f(,µ(Te),Te)d (5.5)

whereg(,Te)istheEDOScalculatedfromDFTattemperatureTe,f(,Te)

istheFermidistribution(Eq.2.7).Thechemicalpotentialµ(Te)isobtainedat

eachTeaccordingtotheconservationoftotalelectronnumberthat,

N=
∞

−∞

g(,Te)f(,µ(Te),Te)d=
∞

−∞

g(,0)f(,F,0)d (5.6)

where F=5.5eVistheFermienergyingold,whichequalstothechemical

potentialatTe=0K.OurcalculationofCeasafunctionofTeisshowninFig.5.1.

Wecanseethatourcalculationof CeissimilartotheearlyworkbyLinet.al

[14].Intheirstudy,theEDOSwasonlycalculatedat0K,whichresultedinthe

differenceobservedinFig.5.1.Thefreeelectrongasmodel(FEG)followsthe

parametersfromstandardtextbookvalues(seeEq.2.26)[34].Hereweusethe

conductionelectrondensityne=5.9×10
22cm−3thesameasinroomcondition

forallTe,sincethedetailedevolutionofneasafunctionofTeisnotwell

studied,especiallyinnon-equilibriumcondition.AscanbeseenfromFig.5.1,

significantdifferenceisobservedbetweenFEGmodelandourcalculationabove

1/2eV.

UsingCefromdifferentmodels,onecanestimatethemaximumTethat

canbeobtainedasafunctionofexcitationenergydensity.Suchanestimation

canbecarriedoutbysimplyremovingtheelectron-ioncouplingtermfrom

Eq.5.1(a),sincetheelectronsingoldareexpectedtobethermalizedatabout

120fsafterthepumppulseaccordingtoFermiliquidtheorycalculation[9],

andonlyasmallamountofabsorbedlaserenergyistransferredtotheions

withinapicosecond[59].ThecomparisonofmaximumTebetweenCefromour
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Figure5.1:OurcalculationofelectronheatcapacityCefromABINIT.Ascomparison,Ce
calculatedfrompreviouscalculationbyLin.et.al[14],andfreeelectrongasmodel(FEG)[34]
areshownonthesamefigure.
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Figure5.2: Maximumelectrontemperaturerightafterelectronthermalizationasafunction
ofenergydensity,whicharecalculatedfromtwodifferentCe.

calculationandthatfromFEGisshowninFig.5.2.DuetolowerCeinFEG,

thecorrespondingTeissignificantlyhigher.

5.1.2 CalculationofElectron-ionCouplingfactorgei

SincewehavetosolvebothequationsfromTTM,theunderstandingofelectron-

ioncouplingfactorgeiisnecessary.Theoriginaldefinitionofgeiisthecoeffi-

cientforenergytransferbetweenelectronandion,whichisproportionaltothe

differencebetweenTeandTi[53],

∂E

∂t ei
=gei×(Ti−Te) (5.7)

Inthepreviousstudiestoextractgei,experimentswerecarriedwithlaser

fluencearoundorbelowdamagethreshold[116,13,117](about0.12J/cm2for

goldat400nm)usingfemtosecondlaserpulses,andthevalueforgoldwas

foundtobeapproximatelyconstant. UsingourcalculatedCe,maximumTe

isabout0.8eVatdamagethresholdofgoldirradiatedby400nmfemtosecond
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laserpulse. Noexperimentaldataforgeiisavailableathigherlaserfluence

condition.Infirstprinciplescalculation[14],geistaysalmostconstantwhen

Teislessthan0.3eV,butchangessignificantlyathigherTe. Herewefollow

themethodsuggestedbyLin.et.al[14]withmoreadetailedcalculationusing

ABINIT.

FollowingthetheoryofelectronionenergycouplingsuggestedbyAllen

[118],theelectron-ionenergytransferrateinsolidis,

∂E

∂t ei
=(4π/)

k,k
ωQ|Mkk|

2S(k,k)δ(k− k+ ωQ) (5.8)

wherek,kdenotesthenumberofquantumstatesoftheelectronswith k

andkforthecorrespondingenergy,whileQisthatforthephononwithenergy

ωQ,Mkkistheelectron-phononscattermatrixelement,whichrepresentsthe

probabilityofascatterprocessforanelectronwithinitialandfinalstatesofk

andk,S(k,k)isthethermalfactorforthecorrespondingphononabsorption

andemissionprocessesduetoelectronscattering,whoseexpressionis,

S(k,k)=[f(k)−f(k)]n(ωQ)−f(k)[1−f(k)] (5.9)

wherefdenotestheFermi-Diracdistributionforelectrons,i.e. f(k)=
1

exp[(k−µ)/kBTe]+1
,andnistheBose-Einsteindistributionofthephonons,

i.e.,n(ωQ)=
1

exp(ωQ/kBTe)−1
.

Theprobabilityofanelectronfrominitialstatekmakingatransitiontoa

finalstatekafterscatteringwithaphononatstateQ,ωQ|Mkk|
2,isrelated

totheelectron-phononspectralfunctionα2F(,,Ω),whereα2istheelectron-

phononcouplingstrength,whileF(,,Ω)isthephonondensityofstates.It

hastheformthat[118],

α2F(,,Ω)=[2/g(F)]
k,k
ωQ|Mkk|

2δ(k−)δ(k− )δ(ωQ−Ω)(5.10)
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Althoughα2F(,,Ω)dependsonboththeinitial()andfinal()electrons

energystates,thoseelectronsareusuallynearFermilevelwithafeweV,while

thephononfrequencyΩinTHzregimecorrespondstoonlyafewmeVenergy.

Itwassuggestedby Wanget.al[119]thatanapproximationcanbeusedso

thatα2F(,,Ω)≈
g()g()

g2(F)
α2F(F,F,Ω)=

g()g()

g2(F)
α2F(Ω),basedonthe

assumptionthatthemagnitudeofMkk isindependentofkandk.Hereg()

istheelectrondistributionfunctionforelectronenergyat.

TosubstituteEq.5.10backintoEq.5.8,weneedtomultiplyEq.5.8by3

factorsof1fortheintegrationsoverDeltafunctions,i.e.
∞

0
dδ(k− ),

∞

−∞
dδ(k− )and

∞

−∞
dΩδ(ωQ−Ω). Usingtherelationthat , Ω,

substituteEq.5.9and5.10intoEq.5.8,wecanget,

gei(Te)=
2π

g(F)(Ti−Te)

∞

0

dΩ
∞

−∞

d×α2F(Ω)(Ω)2[n(Ω,Ti)−n(Ω,Te)]g
2()(−

df

d
)

(5.11)

ItseemslikethattheaboveequationdependsonbothTeandTi,butifwe

usethefactthatTe Tirightafterthepumppulse,
n(Ω,Ti)−n(Ω,Te)

Ti−Te
≈

n(Ω,Te)

Te
≈
kB
Ω
. Thesecondapproximationisbasedontheeliminationof

highordertermsinTaylorexpansion,whichislegitimatewhenkBTe Ω.

AtalatertimewhenTistartstoincrease,wealsohavetheconditionthat

Ti Ω,whichleadstothesameresultthatTicanbeeliminated.Thefinal

formofgeicanbewrittenas,

gei(Te)=
2πkB
g(F)

∞

0

dΩ
∞

−∞

d×α2F(Ω)Ωg2()(−
df

d
) (5.12)

Tocarryouttheaboveintegration,wealreadyhavetheelectronDOSg()

andFermidistributionfasafunctionofTewhenthecalculationofCewas

carriedout(seeEq.5.5and5.6).Theelectron-phononspectralfunctionα2F(Ω)

wascarriedoutinABINITthroughlinearresponsedensityfunctionalpertur-
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bationtheory[107].Theintegrationofα2F(Ω)givesthesecondmomentofthe

phononspectrumω2 [120,117],

λω2 =2
∞

0

α2F(Ω)ΩdΩ (5.13)

whereλiscalledtheelectron-phononcouplingconstant. Theleftsideof

theaboveequationwasmeasurednearroomtemperaturetobe23±4meV2

[117],whileourcalculatedα2F(Ω)integratedto21±2meV2,whicharein

closeagreement.Italsoworthytomentionthatα2F(Ω)isnon-zeroonlybelow

5THz,whichsimplifiestheaboveintegrationtoafiniteupperlimit.

TheresultofourcalculatedgeiisshowninFig.5.3.Obviously,Itincreases

significantlyasafunctionofTe,whichisinreasonableagreementwiththat

reportedinLin’swork[14]. ThedifferenceobservedinFig. 5.3ismostly

causedbyouruseofTedependentEDOSg(,Te),whichisdiscussedinthe

calculationofCe(Te). AtlowTe,bothcalculatedvaluesagreewelltothe

measuredvalue(2.2±0.3×1016W/m3/K)byHohlfeldet.al[13],whichisalso

showninthefigure.Thatexperimentalvaluewasextractedwithin0.3MJ/kg,

andthemaximumTeisbelow0.85eV.

WenowhavealltherequiredparameterstosolvetheTTMequations.The

iontemperatureshortlyafterpumppulseexcitation(540fs),andat6psafter

thepumppulseisshowninFig.5.4asafunctionofexcitationenergydensity.

HeretheCe(Te)fromourcalculationisused.Surprisingly,for3MJ/kgand

above,Tiisalreadywellabovetheroomconditionmeltingpoint1337Kat540fs

afterthepumppulse.Notethatabovethemeltingpoint,theionsshouldabsorb

someextraenergy,whichiscalledlatentheat,beforelatticedisassembly.In

gold,itisabout1.22×109J/m3[121],or502KequivalentinTiatsoliddensity.

However,intheearlymeasurementofwarmdensegolddisassembly[16],ittakes

about6.3±0.7psbeforehydrodynamicexpansionoccursat4.3MJ/kg.Before

thedisassembly,itwasalsofoundthatbandstructurestillexists,indicating

itisstillinsolidstateformfrombroadbanddielectricfunctionmeasurements
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Hohlfeld

Figure5.3: Ourcalculationofelectron-ionenergycouplingfactorgeifromABINIT.As
comparison,geicalculatedfrompreviouscalculationbyZ.Linet.al[14],andthemeasurement
byJ.Hohlfeldet.al[13]atnomorethan0.85eVareshownonthesamefigure.Insetisthe
magnifiedplotbelow0.3eV,whichshowslittlechangeofgeiwithtemperatureincalculation.
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Figure5.4:TTMcalculatedIontemperatureat540fsand6psafterthepeakofpumplaser
withgeifromABINITcalculation,andfromJ.Hohlfeldet.al’smeasurement[13].HereCeis
fromABINITcalculation.

[21].At6psafterthepumppulse,Tireachesabove1eVat4MJ/kg(SeeFig.

5.4)usingABINITcalculatedgeiintheTTMcalculations. Withsuchahigh

Ti,itisunlikelythatthatthematerialremainssolidincontradictiontothe

experimentalobservations. Forcomparison,theresultsofTTMcalculation

usinggei=2.2×10
16W/m3/KarealsoshownintheFig.5.4asdashedline.

Wecanseethatat6ps, Tionlyreaches2000Kat4MJ/kg,whichappearsto

bequalitativelyagreebetterwiththedisassemblymeasurement.

5.1.3 ACConductivityCalculation

InordertocomparedwithourexperimentalACconductivitymeasurement,we

alsoneedtocalculatetheconductivity.HereweappliedtheKubo-Greenwood

formula[122,123,124],whichcanextractthetherealpartofACconduc-

tivityfromwavefunctions. ForaspecifickpointintheBrillouinzone,the

conductivityasafunctionoffrequencyωcanbewrittenas,
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σk=
2πe2 2

3m2ωV

N

i=1

N

j=1

3

α=1

[F(i,k)−F(j,k)]×|Ψj|∇|αΨi|
2δ(j,k− i,k− ω)

(5.14)

whereiandjarethenumbersofKohn-Shamorbitals,whicharesummed

overN;αrepresentsthespatialdirectionswithinasimulationboxofvolume

V;F(i)istheweightingfactorofenergyiaccordingtoFermidistribution;

ΨiandΨjarethewavefunctionsfortheithandjthorbitals. Thekpoints

areselectedusinga4×4×4Monkhorst-Packsamplinggrid[125]withinthe

Brillouinzone.Theoverallconductivityisobtainedbyintegrationoverthose

kpoints[94],

σr=
i=k

σkW(k) (5.15)

whereWistheweightfactorforpointk.Togettheparametersforσrcalcu-

lation,preciseionpositionsneedtobeknownforcarryingoutDFTcalculation

usingABINIT.Theionmotionsarecalculatedfrommoleculardynamics(MD)

calculationwith108atomsinthesimulationbox.Ateachtimestep,snapshots

ofionpositionsweretakentocarryoutDFTcalculationfortheelectronsys-

tem,whereparametersforEq.5.14and5.15areextracted.Insuchacombined

DFT-MDmethod,electronandionsystemsarecharacterizedbytheirtime

dependenttemperaturecalculatedfromTTM.

TheimaginarypartofACconductivityσicanthenbecalculatedfromσr,

σi(ω)=−
2ω

π
P

∞

0

σr(ω)

ω2−ω2
dω (5.16)

wherePdenotestheprinciplevalueintegration.Insuchcalculationit

requirestheknowledgeofσrfromzerotoinfinity. TherealpartoftheAC

conductivityingold(σr)atroomtemperaturewascalculatedbyDFT-MD,

andthecorrespondingdeducedimaginarypartσiusingEq.5.16isshownin

82



Fig.5.5[17]. Ascanbeseenthatthecalculatedσrhasasimilarshapeas

theexperimentalresult,butthecalculateddatadeviatedsignificantlyatlow

photonenergy,andalsoashiftintherisingedgeofthe5dband. Thereare

twomajorreasonsforsuchdiscrepancy. Firstly,weonlyused108atomsin

thesimulation,whichlimitsthe minimumenergystepsintheKohn-Sham

orbitalstobe0.1eV.Thenumberofatomsalsolimitstheaccuracyoftheeigen

energiesofeachorbital,inparticularneartheDClimit[126,127].Secondly,the

usedoflocaldensityapproximation(LDA)forexchangeandcorrelationenergy

functionalwillalsointroduceinaccuracy[17].Forgold,itmaybebettertouse

hybridHeyd-Scuseria-Ernzerhof(HSE)functional[128].Howeverimprovement

toeitherofthelimitationsrequiressignificantmorecomputationalresources.

Whencomparedthedataat1.55eV,whereourmeasurementsweredone.

Therealpartofthecalculatedconductivityatroomtemperatureagreeswell

withtheexperimentaldata. Forσi,however,theaccumulatederrorfrom

Kramers-Kronigintegrationleadstosignificantdisagreementbetweencalcu-

lationandexperimentalresults. Weexpectsimilarissueexistinthewarm

densematterregime.

5.2 ComparisonbetweenExperimentalResult

andSimulationResult

OurmeasurementoftemporalevolutionofACconductivitygivestwodifferent

benchmarksforthefirstprinciplescalculations.Theinitialdatashortlyafter

theexcitationat540fscanbeusedtobenchmarktheelectronheatcapacityCe

model,sinceessentiallyalllaserenergiesstoreintheelectronsystemwhilethe

changeofiontemperatureisexpectedtobesmallandtheyremainnearroom

temperature.TheevolutionofACconductivityfromtheinitial540fsto6.5ps

afterthelaserheatingprovidesthetesttotheelectronioncouplingfactorgei.

FortestingCemodels,theexperimentaldataistakenat540fsafterthepeak
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Figure5.5:(a)σrfromourABINITcalculationand(b)thecorrespondingσifromKramers-
Kronigrelation,comparedtotheexperimentaldatameasuredbyJohnsonandChristy[48]

ofpumppulseduetotemporalresolutionlimitofthechirpedpulsemeasure-

ment.Inthetheoreticalcalculation,weassumethatalltheenergyisstored

intheelectronsystem,whiletheionsremainsat300K.Asaresult,electron

temperatureonlydependsonCe,where,CeTe=ρAu ED. WeusedCefrom

ourABINITcalculation,andfromFEGmodel. Thecomparisonforbothσr

andσiisshowninFig.5.6.

Forσr,itisclearthattheABINITcalculatedCeleadstoasignificantly

betteragreementwiththeexperimentaldata.Forσi,inherentfromthelarge

amountofinaccuracyinthecalculationatroomtemperature,forlowexcita-

tionenergydensitybelow1MJ/kg,theexperimentaldataagreespoorlywith

calculations. Above1MJ/kg,thediscrepancyreducessignificantly,andthe

experimentaldatafallsbetweenthecalculatedvalueswithtwodifferentCe.

Astheenergydensitycontinuestoincrease,theexperimentaldatatendsto

beclosertothatcalculatedwithourCe,whilethecalculationwithFEGCe

becomessignificantlylarger.However,duetothelargeruncertaintyinσi,this

maybeafortuitousresult.
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Figure5.6:Comparisonbetweenexperimentaldataandsimulationofinitialvalueof(a)real
and(b)imaginarypartsofACconductivityat540fsafterpumplaserheating.

Fortestinggeimodels,wefirstsolvetheTTMequationsatdifferenttimes,

andusethecorrespondingTeandTitocalculateσrandσiHereweuseboth

geifromourcalculation,andtheonemeasuredatlowenergydensity[13].The

comparisonsat4differentenergydensitiesareshowninFig.5.7.

Wecanseethatexceptatlow ED around0.5MJ/kg,thecalculatedσr

valueswithABINITcalculatedgeiincreasemorerapidlythantheexperimental

data. Whenaconstantgei=2.2×10
16W/m3/Kisused,itleadstoamuch

betteragreementwiththeexperimentaldata.At∼1.5MJ/kgand∼0.55MJ/kg,

thesmalldiscrepancyofσrbetweenexperimentalandcalculateddataright

afterexcitation(seeFig.5.6)appearstopropagateastimeevolves,butthe

trendsarestillingoodagreement. Thereisonlyasmalldifferencebetween

thetwocalculatedσrnear0.55MJ/kg,whichisduetothesmallchangeof

geiunderrelativelylowTeconditionasshowninFig.5.3.Notsurprisinglythe

calculatedandexperimentalσivaluesdonotshowagreement.Fromtheabove

comparisons,itsuggeststhattheconstantvalueofgeiactuallyworksbetter

thanthosecalculatedbyABINIT.
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Figure5.7:Evolutionof(a-d)realand(e-h)imaginarypartsofACconductivityforfour
differentenergydensities,comparedtothetheoreticalcalculationsusinggeifromABINIT
calculationandJ.Hohlfeldet.al[13]’smeasuredvalue.CeisfromourABINITcalculation.
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Figure5.8:ComparisonofgeiofaluminiumcalculatedbyCMmethod(Vorbergeret.al[130]
andDharma-wardanaet.al[129]),andfirstprincipleDFTcalculation(Linet.al[14])

Onepossibilitythatcouldleadtohavingthecalculatedgeimuchweaker

dependentofTeisthelackofTidependenceintheelectron-phononspectral

functionα2F(Ω),whichcanonlybecalculatedat0Kinfirstprincipleframe-

workatthemoment.Toincludeiontemperatureinthecalculationofgei,there

hasbeenreportsonaluminiumthattreatstheioncollectivemotionasacoustic

waveinsteadofphonon,whichisusuallycalledcoupledmode(CM)calculation

[129,130].ThecomparisonbetweenthegeiofaluminumfromCMcalculation

andfirstprinciplescalculationisshowninFig.5.8.

Wecanseethatthe geivalueofaluminumusingCMcalculationwithTiat

300KissimilartothosefromDFTcalculationbyLinet.al[14]usingVASP,

whichisanotherpackageforab-initiocalculationssimilartoABINIT.However,

ataroundthemeltingpointofaluminium,theresultsarearoundanorderof

magnitudebelowtheonecalculatedat300K.Sofar,thereisnoCMcalculation

forgold.TheinclusionofCMeffectinthecalculationofgoldmayleadtomuch

weakerTedependenceingei.
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5.3 Summary

TheACconductivityintwotemperaturewarmdensegoldwascalculatedthe-

oreticallywithfirstprinciplesplanewavecodeABINITbyourcollaborators

fromCEAFrance. Thecalculatedresultswerecomparedwithourexperi-

mentalmeasurementdatainChapter4. TheelectronheatcapacityCeand

electron-ionenergycouplingfactorgeiwerealsocalculatedfromABINITand

benchmarktestedthroughtotheACconductivity.Thecalculatedrealpartof

ACconductivityσrandCeagreewellwiththeexperimentaldata. However,

geiasafunctionofelectrontemperatureisoverestimated,whichislikelyre-

sultedfromthemissingofiontemperaturedependencyinthecalculation.Our

comparisonalsopointstotheneedtoimprovethecalculationofσi.
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Chapter6

Interpretationsof WarmDense

GoldusingTwoTemperature

ModelCalculation

Twotemperaturemodelhasbeenwidelyusedtointerprettheexperimental

dataoffemtosecondlaserexcitedwarmdensematter. Twonoticeableen-

deavoursweretakentounderstandthedisassemblyconditionsoffemtosecond

excitedwarmdensegoldwiththehelpofTTM.Themotivationforsuchstud-

iesisthatthenon-equilibriumcondition(Te Ti)afterfslaserexcitation

mayleadtothechangeofmeltingconditionforthelattice.Itwasobservedin

certainmaterial,suchassilicon[61],germanium[62]andbismuth[131],that

meltingoccurswellbelowthelatticemeltingpointshortlyafterfslaserexcita-

tion.Ontheotherhand,thesuperheating.i.e.themeltingpointwellabove

theusualvalue,innon-equilibriummaterialisstillincontroversy. Goldisa

candidatethatsuperheatingmayoccuraccordingtothetheoreticalcalculation

ofphononspectrum[64].

ThefirststudyofgoldbyAoet.almeasuredthehydrodynamicexpansion

ofathinfreestandinggoldfoilbyfrequencydomaininterferometry(FDI)

[16],thesecondonebyErnstorferet.almeasuredthedisorderoflatticebond
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structurebyultrafastelectrondiffraction(UED)[23].Inthefirstmeasurement,

asuperheatedmeltingpointwellabovethenormalmeltingtemperaturewas

claimedaccordingtotheirTTMcalculation.Inthesecondmeasurement,an

increaseinDebye WallerFactor(DWF)withTewasinterpretedfromTTM,

whichwasusedtosupportthehypothesisofphononhardening. However,

whentheycarriedouttheirownTTMcalculations,eithertheelectronheat

capacityCe,ortheelectron-ioncouplingfactorgeiwassignificantlydifferent

fromtheoptimumvaluethatwefoundfromthepreviouschapter. Here,the

experimentaldatafromthesetwostudieswillbere-analysedandre-interpreted

withtheoptimalparameters,i.e.CefromourDFTcalculation,andgeiasa

constantvalue.

6.1 InterpretationofLatticeDisassembly Mea-

surement

TheexperimentbyAoet.al[16]measuredtheFDIfringeshiftofa30nmwarm

densegoldthinfoilasafunctionoftime. Thegoldthinfoilwasexcitedby

a400nmlaserpulsewith150fsFWHM.Intheirexperiment,rightafterthe

initialchangeduetopumplaserexcitation,thephaseshiftstayedatalmost

aconstant,whichiscalledquasi-steadystate(QSS).ThisQSSlastedfora

fewpicosecond,dependedontheexcitationenergydensity(ED). During

suchtime,itwasconsideredthatthehightemperatureelectronscoupledtheir

energytotherelativelycoldions. TheQSSconditionwouldholduntilthe

pointthatthefoilstartedtodisassemble,whereamoresignificantchangeof

phaseshiftstartedtobeobserved.ThedurationofQSSatdifferentheating

energydensities ED wasmeasured. ByemployingtheTTM,thegained

energy(∆ε)oftheionsystemrequiredforlatticedisassemblywasfound.Their

measuredQSSlifetimeasafunctionofexcitationenergydensityislistedin

Table6.1.Usingtheirexperimentaldatafrom0.5MJ/kgto15MJ/kgexcitation
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ED(MJ/kg) 0.504±0.13 1.12±0.22 1.79±0.34 4.26±0.90 8.06±1.8 11.2±2.4 14.6±4.5
TQSS(ps) 20.1±2 15.5±1.8 12.5±1.5 6.0±0.7 3.2±0.7 2.2±0.6 1.7±0.5

Table6.1: QSSlifetimeofwarmdensegoldthinfoilbeforedisassemblyasafunctionof
excitationenergydensity ED [16]

energydensity,thebestfitvalueof∆εisfoundtobe3.3±0.3×105J/kg.This

isanindicationofstrongsuperheating,becausetheusualmeltingpointof

goldisonly1333K,or1.34×105J/kgequivalent∆ε.Eventhelatentheatof

6.5×104J/kg[121]istakenintoaccount,thegainenergytotheionsystemis

only1.9×105J/kg,whichisstillwellbelowthemeltingconditionsuggested

fromtheirTTMcalculation.

InAoet.al’sTTMcalculation,gei=2.2±0.3×10
16W/m3/Kwasused,which

isclosetotheoptimumvaluethatwefound.However,theirCeistakenfrom

thefreeelectrongasmodel[34],whichwillleadtoanoverestimationofTeas

wefoundinChapter5.AplotofCeforarangeofTefrom0to8eVusingFEG

model,whichwasusedbyAoet.al[16],andourABINITmodel,canbefound

inFig.5.1. TheTecalculatedatthermalization(540fsafterlaserexcitation)

forarangeofexcitationenergydensitiesfrom0to4MJ/kgusingthesetwoCe

modelsareshowninFig.5.2.AccordingtoEq.5.1,evenwithgeiasaconstant,

ahighervalueofTewillresultinfasterrisingrateofTi.

HerewecarryouttheTTMcalculationusingCefromtheresultofABINIT,

andgei=2.2×10
16W/m3/Ktore-examinetheexperimentaldata.Forthefirst

test,theiongainedenergy∆εatthetimeofmeasureddisassemblyasafunction

ofexcitationenergydensityisshowninFig.6.1

Ourcalculated∆εfluctuatesaroundthevalueatroomcondition,butitis

obviouslybelowtheoriginalvaluecalculatedbyAoet.alof3.3±0.3×105J/kg.

Thereisalsoatendencythatathigherexcitationenergydensity,therequired

∆εfordisassemblydecreases. Thisislikelyduetothenon-uniformheating

athigherenergydensity.InChapter3,weobservedthatasignificantthermal

gradientisformedin30nmgoldthinfoilabove5MJ/kg.Suchgradientwillre-
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Figure6.1: TTMcalculationoftheiongainedenergydensity∆εatthetimeoflattice
disassemblyaccordingtothemeasurementin[16]

sultinhigherenergydensityonthefrontsurfaceofthefoilthanthenominated

value,whichisbasedontheassumptionuniformexcitation.SincetheirFDI

wasmeasuredonthefrontsurface,earlierdisassemblyshouldbeobserveddue

tothehigherthannominalenergydensity. AlthoughAoet.alusedalonger

pulse(150fs)thanours(45fs),whichwillhavelowerenergyfluxthaninour

experiment,westillusedthesameenergydensitylimitasacutoffpointhere.

Thedataabove5MJ/kgfromtheirmeasurementisthusnotconsideredatthe

moment.Ifweonlyconsiderthefourdatapointsbelow4MJ/kg,theaverage

∆εgiveavalueof2.4×105J/kg.

Inthenextstep,wetrytofindavalueof∆εthatisbestfittoAoet.al’s

measurement,within5MJ/kg.Themethodisasfollows,

(1)Chooseavalueof∆εbetween2and3×105J/kg;

(2)calculatethetime(tTTM)thatittakestofortheionenergytoreach

such∆εusingthereportedexcitationenergydensity ED;

(3)calculatetherelativeerrorbetweentTTMandthemeasuredtimebefore

disassembly(tQSS),e.g.err=(tTTM−tQSS)/tQSS;

92



0	
  

5	
  

10	
  

15	
  

20	
  

25	
  

30	
  

0.1	
   1	
   10	
  

Di
sa
ss
e
m
bl
y	
  
+
m
e	
  
(
ps
)	
  

Excita+on	
  Energy	
  (MJ/kg)	
  

Experimental	
  data	
  

Best	
  fit	
  value	
  (Δε=2.4±0.6x105J/cm3) 

Figure6.2:BestfitvaluesofQSSwith∆ε=2.4±0.6×105J/kgtothetheexperimentaldata
below ED5MJ/kg[16].Thelightgreenlinesrepresentstheupperandlowerboundaryof
ourbestfit∆ε.

(4)repeattheabovestepsforeachenergydensity,andcalculatethesum

ofsquareerror;

(5)repeattheabovestepsforanother∆ε,andfindthecorrespondingerror;

(6)thevalueof∆εthatcorrespondstominimumerroristhebestfitvalue.

UsingourvalueofCefromabinitio,andgei=2.2×10
16W/m3/Kforthe

TTMcalculation,thebestfitvalueof∆εis2.4±0.6×105J/kg.Althoughsuch

valueisstillhigherthantherequirementofdisassemblyofgoldinnormalheat-

ing,e.g.1.9×105J/kg,itisstillmuchlowerthantheoriginalcalculatedvalueof

3.3±0.3×105J/kg.Itsuggeststhatthedifferenceof∆εbetweenultrafastlaser

heatingconditionandnormalheatingconditioniswithinexperimentalerror,

andmoredetailedstudyisneededinthefuturetoinvestigatethepossibility

ofsuperheatinginnon-equilibriumwarmdensegold.
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6.2 InterpretationofPhononHardening Mea-

surement

InthestudyoffemtosecondlaserexcitedwarmdensegoldbyErnstorferet.al

[23],theyused55keVultrashort(400fs)electronpulses[132]tomeasureBragg

diffractionfroma20nmgoldthinfoilexcitedbya387nm,200fslaserpulse.

Theintensityofthedominating220Braggpeakwasmeasuredasafunction

oftime,andthispeakwascomparedtotheDebye Wallerfactor(DWF)as

afunctionofTiandDebyetemperatureΘD. Here,ΘD wasconsideredasa

functionofTe,whichincreasesmonotonicallytotwiceitsroomtemperature

valuewhenTe=8eV,accordingtothecalculationofphononspectrumathigh

TetemperaturebyRecouleset.al[64].Asaresult,theDWFdependsonboth

TeandTi.TheirtimedependentTeandTiwerecalculatedfromTTM,with

bothCeandgeifromabinitiocalculation[14].TheircalculatedDWFhasa

similardecayrateasthe220Braggpeak,soErnstorferet.alsuggestedthat

ΘD increasesasafunctionofTejustasinthecalculationbyRecouleset.al.

Atafurtherstep,accordingtoLindemann’stheoryofmelting[26],themelting

pointofmaterialTm ∝Θ
2
D,Ernstorferet.alandRecouleset.alputforththe

hypothesisthatthemeltingpointofgoldwillincreaseasafunctionofTe.

HereIwillrevisitthedataanalysisinErnstorferet.al’smeasurementusing

ouroptimumCeandgei.Again,theTTMcalculationfollowsEq.5.1withCe

fromourABINITcalculation,andgei=2.2×10
16W/m3/K.InErnstorferet.al’s

work,bothCeandgeiaretakenfromLinet.al’scalculation[14]. Hereour

CeissignificantlysimilartoLinet.al’scalculationasshowninFig.5.1,butwe

assumedaconstantgeiwhichissignificantsmallerthanthethatfromLinet.al’s

calculationforTegreaterthan0.5eVasshowninFig.5.3.Inordertocompare

ourcalculationwiththeexperimentaldata,wealsofollowedthetemperature

dependentcalculationofDWF[23,34],whichisameasureofthesignaldecay

inelectrondiffractionfromlatticedisorder,
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D(s,Ti,ΘD(Te))=exp(−
4

3
π2<u2>s2) (6.1a)

<u2>=
9h2Ti

4π2mkBΘ2D(Te)
[
ΘD(Te)

4Ti
+φ(

ΘD(Te)

Ti
)] (6.1b)

φ(
ΘD(Te)

Ti
)=

Ti
ΘD(Te)

ΘD(Te)/Ti

0

y

ey−1
dy (6.1c)

wheresisthescatteringvectorinBraggdiffraction,whichis0.69̊A−1for

220peakofsolidgold;<u2>isthemeansquaredisplacementofanionfrom

equilibriumduetothermalvibration;andφ(
ΘD(Te)

Ti
)isthefirstorderDebye

function.ThetemperaturedependentΘD(Te)isobtainedfromtheoriginalre-

portbyRecouleset.al[64].AsmentionedbyErnstorferet.al,theTecalculated

inRecouleset.al’sreportwasbasedonCefromfreeelectrongasmodel.In

ordertoretrieveΘD(Te)fromtheircalculation,onehastoconvertourTeto

thecorrespondingvalueintheirsystem,whichisbasedontheconservationof

internalenergyU,

Te

T0

CeTdT=U=
TFEGe

T0

CFEGe TdT (6.2)

whereTFEGe andTFEGe denotetheelectrontemperatureandcorresponding

specificheatinRecouleset.al’ssystem.

UsinggeifromLinet.al’sDFTcalculation[14],wefirstreproducedthe

calculationresultbyErnstorferet.altomakesurethattheallthedetailsare

followed. Thenwesetgei=2.2×10
16W/m3/Kandredidthecalculation,the

resultsfromcalculationcomparedwiththeexperimentaldataareshownin

Fig.6.3.Obviously,ourcalculateddecayofDWFdoesnotfittheexperimental

decayof220peak.

IntheoriginalcalculationofTedependentDebyetemperature[64],their

phononspectrumwasbasedonelevatedTe,butTicouldonlybefixedat0K,

duetothelimitationoftheabinitiocalculationatthemoment.Thisisexactly
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Figure6.3:RecalculationofDWFwithgei=2.2×10
16W/m3/KandTedependedCeandΘD,

comparedtotheoriginalcalculationandexperimentaldata[23].

thelimitationinthecalculationofgei. Forthenextstep,weusethesame

remedyforgei,e.g.,usetheroomthetemperaturevalueΘD=165Kforbulk

gold[133]throughoutallTe.TheresultofourcalculationisshowninFig.6.4.

Itturnsouttobeclosertotheexperimentalresult,butstillsignificantlynot

inagreement.

RememberthatthemeasurementbyErnstorferet.alwasbasedonthethin

foilsof20nmthick.EarlystudiesofopticalpropertiesbyJohnsonandChristy

[48]foundthatuntrathingoldfoilsdonothavecompletesolidpropertiesuntil

30nminthickness.Althoughthinfilmdepositiontechniquehavebeenimproved

overtheyears,theprocedureofthinfilmfabricationanditspropertieswerenot

reportedbyErnstorferet.al,whichleavetheuncertaintiesonthepropertiesof

filmitself.Recentstudiesofgoldthinfilmfromvapourdepositionfoundthat

ΘD isonly99Kfor20nmfilm,whichisincloseagreementwiththeobserved

reductionofΘDneargoldsurface[134].IfweassumethatΘD=99Kforthegold

thinfoilsintheelectrondiffractionexperiment,thecalculatedtimedependent
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Figure6.4:RecalculationofDWFwithgei=2.2×10
16W/m3/KandΘD=165K,comparedto

theoriginalcalculationandexperimentaldata[23].

DWFcomparedwithitsoriginalvalueisshowninFig.6.5.

Thistime,goodagreementisobservedbetweentheexperimentaldataand

calculation.Suchacalculationgivesanotherinterpretationtotheexperimen-

taldatabyErnstorferet.al,indicatingaconstantgei,andaconstantΘDwith

avalueappropriatefor20nmgoldfilmcanreproducetheexperimentaldata

reasonablywell.SincethephononhardeningtheoryofgoldproposedbyRe-

couleset.alisbasedonaΘD thatwillincreasewithTe,ourinterpretationof

theresultsdoesnotsupportsuchphenomenon.InErnstorferet.al’sTTMcal-

culation,theirresultindicatedthattheTivaluescalculatedatthetimethat

DWFdecreasesto1/eofitsoriginalvalue,increaseastheexcitationenergy

density ED asshowninTable6.2. Forcomparison,wedidasimilarcal-

culationforTi.ItisclearthatourcalculatedTiforthethree ED hasno

significantdifference,andallarebelowthemeltingpointofbulkgold.

AccordingtoTable6.2,whenDWF,orthe220peakdropsto1/eofits

originalvalue,theiontemperatureisaround930-1000K.Asasideremark,if
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Figure6.5:RecalculationofDWFwithgei=2.2×10
16W/m3/KandΘD=99K,comparedto

theoriginalcalculationandexperimentaldata[23].

ED(MJ/kg) 1.2 2.1 2.85 source

tDWF(ps) 3.7 2.7 2.2 [23]
4.1 3.4 2.5 thiswork

TDWFi (ps) 3000K 3600K 4100K [23]
933K 1007K 928K thiswork

Table6.2: ThetimethatittakesforDWFtoreach1/eofitsoriginalvalue,andthe
correspondingTiatthattime. ComparisonbetweenErnstorferet.al’scalculationandour
calculation[23]
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ΘDofthose20nmthinfoilsisonlyabout99K,insteadthebulkvalue165K,one

mayexpectthatthemeltingpointofgolddecreasesfromthenormal1333K

toonly480KaccordingtoLindemann’smeltingcriteria[26].Eventakinginto

considerationthelatentheatof65kJ/kg,oraround500Kinequivalention

temperature,thesolid220peakshouldcompletelydisappearnear1000Kin

equivalenttemperature.Thereasonthatthe220peakonlydecreasesto1/eof

thesolidintensitymaybeexplainedbytheearlystudyinthesurfacescience.

TheΘDisonlyabout110Kforthesurfacelayersofgold[134,135],itwasfound

that,insteadofmelting,therewasasolid-solidphasetransitiononthesurface

layersataround610K.Suchphasetransitionresultsinastructuredisorder

andsurfaceroughening,butthematerialremainsinsolid.

Asaresult,whenweuseCefromabinitiocalculation,andgei=2.2×10
16W/m3/K,

independentofTeintheTTMcalculation,theelectrondiffractionmeasurement

ofwarmdensegoldcanstillbeinterpretedwithaconstantDebyetemperature,

incontrasttotheoriginalinterpretationthatwasbasedonTedependedgeiand

ΘD.OuronlyassumptionhereisthereducedΘD thatmaybeneededforthe

20nmgoldthinfoilusedintheexperiment.

Inconclusion,whentheoptimalCeandgeiareusedtointerpretthetwo

earlystudiesofnon-equilibriumwarmdensegold(Te Ti,theconditionfor

latticedisassemblytendstobeclosetothatinequilibriumcondition,incontrast

tothesuperheatingorphononhardeningthatwassuggestedbytheoriginal

investigators.

6.3 Summary

Twopreviousstudiesoflatticedisassemblyconditionoffemtosecondlaserex-

citedgoldwerere-analysedwithtwotemperaturemodelcalculation.Theopti-

mumelectronheatcapacityCeandelectron-ionenergycouplingfactorgeiwere

usedinthecalculations. Ourresultsofanalysisimplythatthelatticemelt-
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ingpointinnon-equilibriumwarmdensegoldissimilartothatinequilibrium

condition.
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Chapter7

FemtosecondLaserAbsorption

MeasurementinThickGold

Film

Thestudiesoffemtosecondlaserexcitedfreestandingultra-thingoldfilmpro-

videdtheopportunitiestostudynon-equilibriumwarmdensegoldinanideal

conditionwithminimumdensityandtemperaturegradient. However,inreal

application,itisdifficulttoavoidthemixtureofstates.Onesimpleexample

isthereflectivityoffemtosecondlaserpulseasafunctionofintensity/energy

fluenceonarelativelythickgoldfilmsurface.Thisissimilartotheearlystudy

ofMilchberget.alonaluminum[11],orarecentstudybyKirkwoodet.alon

copper[12].Inthoseworks,theauthorsusedtheoreticalmodelstocalculate

theelectricalconductivity,ordielectricconstantinordertofittheirexperimen-

taldata.Here,Iwillusethedielectricconstantfromsinglestatemeasurement

tocalculatereflectivityvaluesandcomparethemwiththeexperimentaldata.
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7.1 Experimental Measurement

Themeasurementoffemtosecondlaserreflectivityonthickgoldfilmsurface

wascarriedoutatUniversityofAlberta,usingaChirpedPulseAmplified

(CPA)Ti:Sapphirefemtosecondlasersystem.Abriefdescriptionofthissystem

isgivenbelow. Moredetailinformationcanbefoundintheearlyworkby

Kirkwood[136].

7.1.1 LaserSystem

Thissystemconsistsoftwomajorcomponents. Oneistheoscillator(Mai

Tai,SpectraPhysics),whichgeneratestrainsofseedpulsesat80MHzwitha

Ti:Saphhirecrystalbyactivemodelocking. Theaverageenergyperpulseis

about5nJ.ThesecondcomponentistheregenerativeCPAsystem(Hurrican,

SpectraPhysics).TheoutputpulsesfromMaiTaiischirpedfromabout100fs

tosub-nanosecondwidthbyagratingstretcher,whichcanreduceditsintensity

andavoiddamageoftheamplificationmedium,aTi:Sapphirecrystal.Theam-

plificationmediumlocatedinthecavityofHurricanispumpedbyafrequency

doubleNd:YLFlaser(Envolution,SpectraPhysics)at527nm.Theamplified

laserpulsesarerecompressedbyagratingcompressortoitsminimumduration.

Thetypicalspectralwidthofthelaserpulseisabout8nmfullwidthathalf

maximum(FWHM)centeredat800nm. AccordingtotheFouriertransform

limitinEq.3.1foraGaussianlaserpulseintime,theminimumpulseduration

is120fsFWHMintheory.Theactuallaserpulsedurationismeasuredbyan

autocorrelator(AAS,PositiveLight).Afteroptimizingtheroundtripdistance

ofthepulseinthegratingcompressor,theFWHMpulsedurationis130fs.The

maximumpulseenergyisabout600µJ,andthebeamwaistdiameteris5mm.

TheregenerativeCAPsystem(regen)canamplifytheenergyofafslaser

pulseby105ormore,howeverpre-pulsescanalsobegeneratedfromtheregen

cavity.Therearetwomajorkindsofpre-pulse.(1)Theleakagefromprevious
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roundtripsduringtheamplification,duetothelimitedcontrastratioofa

pockelscellusedtoswitchthelaserpulseatitsmaximumenergy.(2)Amplified

spontaneousemission(ASE)fromtheTi:sapphirecrystalwhichispumpedto

excitationstates.Inourlasersystem,theformeroneisthemajorsourcefor

pre-pulses,sinceweonlyhaveonepockelscelltoselecttheoutputpulse,andits

durationissimilartothatofthemainpulse.Thepre-pulsecontrastismeasured

byanFND-100photodiodeconnectedtoachargelimitedcircuit[136],which

preventstheoverloadofthephotodiodewhenthemainpulsearrives,sothat

thepre-pulsecanbeobserved.Thetypicalprepulsecontrastisabout1500:1.If

carefulalignmentisdoneintheregencavity,i.e.,maximizingtheamplification

rateofeachroundtrip,andproperalignmenttothepockelscell,itcanreach

about3500:1.

7.1.2 ExperimentalSetup

TheexperimentalsetupisshowninFig.7.1.Thetargetismountedonathree

dimensionalmotorizedstage,whichislocatedinsideavacuumchamberat

backgroundpressureof5×10−5Torr.Thelasersystemwascontrolledbyexter-

naltrigger. Aftereachshot,thetargetwasmovedtoafreshareabeforethe

nextshot.Anaperture(A)of5mmdiameterwasusedtoselectthemajorpart

ofthebeamwhilecleaningoutsomelowqualitystructureofthebeamnear

itsedgearea. Thelaserbeamisfocusedbyaplano-convexlensLontothe

target.Twosetsofexperimentsweredonewithdifferentlenses.Thefirstone

wasa10cmfocallength,1inchdiameterlens,whilethesecondonewas8cm

focallengthand2inchesdiameter.Thefocusedbeamwasnormallyincident

ontothetargetsurface.Thereflectedbeamiscollectedbythesamefocallens.

Theenergyoftheinputandreflectedbeamwassampledbytwowedges(W1

and W2)ontotwoFND-100photodiodes(D1andD2).Thephotodiodefor

incidentenergyD1wascalibratedbyajoulemeter(A407,SpectraPhysics)

placedafterlensL,whileD2wascrosscalibratedwithD1byputtingadielec-
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Figure7.1:Setupoffemtosecondlaserabsorptionmeasurement.Theincidentlaserpulsewas
at800nmwithaFWHMpulsedurationof130fs.Aisanapertureof5mmdiameter, W1and
W2arewedgestosampletheinputandreflectedenergy,whileD1andD2arephotodiodes
tomonitortheenergyateachshot.Lisanplano-convexlenstofocusthelaserbeamonthe
targetsurface,andalsocollectthereflectedlaserenergy.Fisalongpassfilterwhichhasa
cut-offedgeat720nm.Sisthegoldsamplewhichismountedonamotionstage,Objand
CCDare3XmicroscopeobjectiveandCCDcameraforanon-lineimaginingsystemonthe
targetsurface,LDisalaserdiodewhichprovideslightsourcefortheimagingsystem.

tricmirrornearthetargetlocationbutalittleoffthefocuspointofLtoavoid

damage.Animagingsystemconsistedofa3Xmicroscopeobject(Obj)anda

CCDcamera(CCD)wasusedtomonitorthetargetsurface.Thetargetwas

illuminatedwithalaserdiode(LD).Thissystemwasusedtolocatethetarget

atfocalpointoflensL,andlookforafreshareaaftereachshot.

7.1.3 SampleandSpotSize Measurement

Thesampletheforlaserabsorptionmeasurementisgoldthinfilmsputteredon

asiliconwafersubstrateusingthemagnetronsputteringsystem(Bob)located

inthenanofaboftheUniversityofAlberta.Thethinfilmthicknesswasabout

300nm,andalayerChromiumof30nmthicknesswassputteredbetweenthe

goldfilmandthesubstrateasanadhesionlayer. Thebackgroundpressure

forthesputteringsystemwasabout10−6Torr,whiletheArgonbackground

pressureduringthedepositionis7mTorr.Thethinfilmhasasimilarsurface
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qualityasthesiliconwafer,whoseRMSroughnessisbetterthan1nm.

Whenalaserpulseinteractswithasolidtarget,theenergyofincidentpulse

Einccanbedividedintothefollowingparts,

Einc=Eabs+Eref+Etra+Escat (7.1)

whereEabsistheabsorbedenergy,ErefandEtraarethereflectedand

transmittedenergy,andEscatisthescatterenergy.Inthemeasurement,the

laserintensityisnomorethan1015W/cm2,sothescatteredpartisnegligible

withoutasignificantpre-pulse[31].Thegoldfilmthicknessisanorderthicker

thantheopticalskindepthat800nm,soEtracanalsobeignored.TheEabscan

thenbeobtainedbymeasuringtheenergyoftheinputlaseranditsspecular

reflection.

Toscalethelaserabsorptionasafunctionofincidentlaserfluence(energy

perunitarea),onealsoneedstoknowthesizeofthelaserspot. Thesize

ofthelaserfocalspotwasdeterminedfromthesizesofablationcraterson

targetsurfaceasafunctionoflaserfluence,usingtheGaussianbeamlimiting

technique[137].ThistechniqueassumesthatthelaserfocalspothasaGaussian

distributioninspace,whoseelectricfieldamplitudeasafunctionofradiuscan

bewrittenas,

E(r)=E0exp(−
r2

r20
) (7.2)

whereE0isthemaximumE-fieldamplitudeatthecenterofthespot,r0

isthebeamwaistradius,wherethefieldamplitudeisonly1/eofitsmaxi-

mum.Accordingly,thelaserintensity,whichisproportionaltothelaserfield

amplitude,canbewrittenas,

I(r)=
|E(r)|2

2η
=I0exp(−2

r2

r20
) (7.3)

whereηistheimpedanceofthemediumwherethebeampropagates,and
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I0isthemaximumlaserintensityatthecenterofthebeam.Accordingly,the

radialdistributionofincidentfluenceis,

ϕ(r)=ϕ0exp(−2
r2

r20
) (7.4)

whereϕ0isthemaximumincidentlaserfluenceatthecenterofthefocal

spot.Assumingthatablationoccursoncethelocalfluencereachesthedamage

thresholdϕth,andthereisnosignificantblastwavewhichwilldamagethearea

wherethelocalfluenceisbelowϕth,thenthedamagespotdiameterDcanbe

relatedtoϕthas,

ϕth=ϕ0exp(−2
(D/2)2

r20
) (7.5)

D2=2r20ln(
ϕ0
ϕth
) (7.6)

whereDcanbeobtainedbymeasuringthediameteroftheablationcrater.

Bothϕ0andϕthareunknown. Fortunately,fortheGaussianlaserpulsein

space,thepeakfluencecanstillberelatedtotheincidentlaserenergyEinc,

ϕ0=2
Einc
πr20

(7.7)

Usingthisrelation,Eq.7.6canbewrittenas,

D2=2r20(ln(Einc)−ln(
ϕthπr

2
0

2
))=2r20(ln(Einc)−ln(Eth)) (7.8)

Theincidentlaserenergycanbeplottedversusthesquaredofthecrater

diameterinlinearscale,andlinearfitappliedtothisplotwillyieldthevalues

ofEthandbeamwaistradiusr0.

Theablationspotsizewasmeasuredbyawhitelightprofilemeter(Newview

5000,Zygo),whichmeasuresthesizeanddepthofacratersimultaneously.A

50Xmicroscopeobjectivewithanumericalaperture(NA)of0.5wasusedfor
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Figure7.2:Anablationspotof14.2µm
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Figure7.3:AnexamplemeasurementplottodeterminethespotsizebytheGaussianbeam
limitingtechniquefortheFL=10cmlens.

thisprofilemeter.Thelateralresolutionisabout0.6µm.Anexampleofacrater

of14.2µmdiameter,ablatedwith1.1µJincidentenergyisshowninFig.7.2.

Thesemi-logplotofthesquareofcraterdiameterversusincidentenergy

forthelensof10cmfocallengthisshowninFig.7.3. AccordingtoEq.7.8,

r0=
D2

2(ln(Einc)−ln(Eth))
= 334.45/2=12.9µm. Thethresholdenergy

isEth=exp(353.15/334.45)=2.87µJ.Thecorrespondingthresholdablation

fluenceis0.96J/cm2,whichagreeswellwiththepreviousstudyof800nm,120fs

laserpulseablationofgoldthinfilm[138],whichgaveathresholdablation

fluenceof0.94±0.06J/cm2.

107



0.5	
  

0.55	
  

0.6	
  

0.65	
  

0.7	
  

0.75	
  

0.8	
  

0.85	
  

0.9	
  

0.95	
  

1	
  

0.01	
   0.1	
   1	
   10	
   100	
  

R
e
fl
ec
%v
it
y	
  

Peak	
  Incident	
  Fluence	
  (J/cm2)	
  

FL=10cm	
  

FL=8cm	
  

Figure7.4:Experimentalresultsoftheabsorptionof800nm,150fslaserpulsesasafunction
ofincidentfluenceongoldthinfilm.FLindicatesthefocallengthoftheusedlaserbeam
focusingoptics.

7.1.4 ExperimentalResult

Twosetsofexperimentsweredoneusinglensesofdifferentfocallength(FL).

ThefirstonehasanFL=10cm,anddiameteris2inches. Thesecondone

wasFL=8cm,anddiameteris1inch.Theexperimentalresultsareshownin

Fig.7.4.

Wecanseethatthereflectivityofthegoldthinfilmstartstodropeven

belowtheablationthresholdfluence.Theabsorptionfactionincreasessignif-

icantlyuntilitreaches∼30%at∼10J/cm2,anditstartstosaturate.Onlya

smallamountofchangeinreflectivitybetween10J/cm2and100J/cm2.This

saturationislikelytheresultofthecontinuousincreaseoffreeelectrondensity

athigherfluence.Ononehand,ithelpstoincreasethecollisionalabsorption,

ontheotherhand,itincreasestheplasmafrequencyandthepenetrationdepth

oflaserlightdecreasesnearthetargetsurface.
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7.2 ComparisontoCalculationswithSingleState

DielectricConstant

Todescribethefemtosecondlaserinteractionwithsolids,atwotemperature

model(TTM)isused,althoughtheelectronsmaynotbecompletelythermal-

izedduringthelaserpulse. Wewilldothiscalculationonlyforthelowlaser

fluenceregimeupto0.5J/cm2,forwhichthedielectricfunctionwasmeasured

insinglestate.Beforetheendofthe150fspulse,mostoftheabsorbedenergy

remainsintheelectronsystem,whilethelatticestayscold,soonlytheequa-

tionthatdescribestheelectronsystemisconsideredhere,whiletheelectron-ion

couplingisignored.Equation2.24canthenbesimplifiedas,

Q(z,t)=Ce
∂Te
∂t
−
∂

∂z
κ(Te)

∂Te
∂z

(7.9)

whereQ(t,z)isthelocallaserabsorption,Ceistheelectronheatcapacity

takenfromABINITcalculationfromChapter5,andκistheelectronther-

malconductivity.Accordingtothefrontandrearreflectivitymeasurementin

Chapter3,ifatemperaturegradientexistsovera30nm,ittakesmorethan7ps

totransferenergyfromthefrontsurfacetotherear. Thissuggeststhatthe

contributionfromelectronthermaldiffusionwithina150fslaserpulsemaybe

ignoredfromtheaboveequationwithintherangeofourcalculation.Itshould

benotedthatsuchapproximationisonlyvalidwhenTeisnotlargerthanEF.

AthighTeregime,thethermalconductivityincreasesasTesignificantlyac-

cordingtoEq.2.28andplaysasignificantroleeveninfemtosecondtimescale.

Ontheotherhand,theballisticelectronenergytransportationisthemajor

mechanismthatcarriesenergyfromthetargetsurfacetotheinsideofitduring

thelaserpulse. Asimplewaytotakeintoaccounttheenergyredistribution

insidethefilmbyballisticelectronenergytransportationistoreplacethelocal

laserabsorptiontermQ(z,t)withtheenergydistributiontermQe(z,t).The

relationbetweenQ(z,t)andQe(z,t)needstofollowtheenergyconservation,
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∞

0

Qe(z,t)dz=
∞

0

Q(z,t)dz (7.10)

where0denotesthetargetsurface. Theballisticelectronrangelbaisap-

proximately100nm[13],whichismuchlargerthantheskindepthoflaser

absorption. Accordinglythefinalenergydepositionshouldbeprimarilydic-

tatedbyballistictransportation.Assumingthatsuchenergydistributionhas

exponentialdistributionbelowthetargetsurface,wehave

Qe(z,t)=Qe(0,t)exp(−z/lba) (7.11)

Asaresult,Eq.7.9maybesimplifiedas,

Qe(z,t)=Ce
∂Te
∂t

(7.12)

Fortheincidentlaserpulse,itshouldhaveaGaussiandistributionintime.

Itstimedependentintensitydistributionmaybewrittenas,

I(t)=I0exp(−4ln(2)(
t−t0
τ1/2

)2) (7.13)

whereI0isthepeaklaserintensity,andt0isthetimeofthepeakintensity.

τ1/2istheFWHMpulsewidth,whichis150fsinthisstudy. Accordingto

Gaussianintegral,therelationbetweenthepeakfluence(ϕ0)andthepeak

intensity(I0)foraGaussianpulseis,

I0=2
ln(2)

π

ϕ0
τ1/2
≈0.94

ϕ0
τ1/2

(7.14)

Thelaserfieldamplitudeinsidethetargetfollowsthewaveequations,

∂2E(t,z)

∂z2
+
ω2

c2
ε(t,z)E(t,z)=0 (7.15)

wherezisthedirectionoflaserpropagation.Thetemperaturedependent
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dielectricconstantε(t,z)isextractedfromoursinglestatemeasurement.Here

weassumethatthedielectricconstantfromthermalizedelectronsystemis

similartothatduringthepumplaserpulse.

Theabovepartialdifferentialequationcanbesolvedwithtwoboundary

conditions:(1)atthevacuumtargetinterface(z=0),−i
c

ω

∂E(t,0)

∂z
+E(t,0)=

2E0(t);and(2)E(t,z→∞)=0.E0(t,0)istheincidentlaserfieldamplitude.

Invacuum,accordingtoEq.7.3therelationbetweenintensityI(t)andE0(t,0)

is,

I(t)=
cE0(t,0)

2

8π
(7.16)

Thetimeanddepthintegratedabsorptionisthusgivenby,

A =

4τ1/2
0

∞

0
Q(t,z)dtdx

4τ1/2
0

I(t)dt
(7.17)

wherethelocallaserabsorptionQ(t,z)=
1

2
ω
Im(ε(t,z))

4π
|E(t,z)|2follows

theformofohmicheating.Thetimeforpeakoflaserpulse(t0)islocatedat

τ1/2.ThecorrespondingreflectivityisR =1− A.

SincethelaserfocalspothasGaussiandistributioninradialdirection,the

overallabsorptionneedstotakeintoaccounttheGaussianintegral,

Atotal=

∞

0
A(r)exp(−2(

r

r0
)2)2πrdr

πr20/2
(7.18)

whereA(r)isthecalculatedlocalabsorptionfromrtothecenterofthe

spot,r0isthebeamwaistradius,andthedenominatoristhenormalizedtotal

incidentenergyaccordingtoEq.7.7.

Thecomparisonofourcalculationwiththeexperimentaldatainthisregime

isshowninFig.7.5.SinceoursinglestatemeasurementisonlyuptoTe=3eV,

whichlimitsourcalculationtoapeakfluenceof0.5J/cm2.Aswecanseethe

reflectivityvaluescalculatedbasedonsinglestatedataareingeneralslightly
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Figure7.5: Thecalculatedlaserreflectivityasafunctionofpeakenergyfluenceusingdi-
electricfunctionsmeasuredatsinglestatecomparestoexperimentaldata.FLindicatesthe
focallengthoftheusedlaserbeamfocusingoptics.

lowerthantheexperimentalvaluesforpeaklaserfluencebelow0.5J/cm2.If

wefollowthetrendofthereflectivityvaluescalculatedbasedonthesingle

statdata,itseemstohaveabetteragreementwiththeexperimentaldata

atfluencehigherthan0.5J/cm2.Inourcalculationwehaveassumedthat

thedielectricfunctionofwarmdensegoldduringthe150fsexcitationlaser

pulseisthesameasthatinthermalizedstates.Althoughsystematicstudyon

dielectricfunctionwhenelectronsarenotinwelldefinethermaldistribution

isstillmissing,transientreflectivitymeasurementbySunet.al[8]suggests

thatthechangeinreflectivityislesswhenelectronsarenotthermalized,while

thethermalizationtimedecreasesasthelaserfluenceincreases.Thisperhaps

pointstowhythechangeofreflectivityfromexperimentaldataislessthan

thecalculationresultatlowlaserfluence,wheretheelectronsarefurtheraway

fromthermalizationduringthelaserpulse,butapparentlyagreeingbetterwith

experimentaldataatslightlyhigherfluences.
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7.3 Summary

Ourpreviousmeasurementofdielectricfunctionforsinglestatewarmdense

goldgivesreasonableagreementwiththenon-uniformlyexcitedstatemea-

surementoffemtosecondreflectivityasafunctionofenergyfluenceinthelow

fluenceregime.Thediscrepancybetweenthecalculationandexperimentalre-

sultpointstotheneedforfurtherstudyofthepropertiesofwarmdensematter

withnon-thermalizedelectronsystems. Also,itisclearthatthemodelsand

measureddielectricfunctionsinsinglestatemustbeextendedtohigherinci-

dentfluencetodescribethefullrangeofinteractionintensitiestypicallyused

infemtosecondlaserablationapplications.
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Chapter8

TuningofSilicon Microring

Resonators

Inthischapter,anapplicationinmaterialprocessingusingfemtosecondlaser

pulseisdemonstrated,Ihaveusedthemtotunetheresonantfrequencyof

siliconmicroringresonators(SMR),whichareoneofthebuildingblocksfor

photonicintegratedcircuits(PIC).TheSMRsareprovidedbyProf.VienVan’s

groupattheUniversityofAlberta,andthisworkwasdoneincollaboration

withDanielBachman,anotherPh.DstudentinDr.Van’sgroup.

8.1 Silicon MicroringResonators

Inthedevelopmentofinformationtechnology,higherbandwidthfordatatrans-

ferisincreasinglyessential.Intelecommunications,fibre-opticshasbeendemon-

stratedtobesuperiorthantraditionalcopperwirebasedsystemsduetoitslow

loss,lowercostandlargerbandwidth[139]. However,mostinformationpro-

cessingstillreliesonmicroelectronicsandthedatatransferwithinamulti-core

processororbetweenmicroprocessorsstilllargelydependsoncopperintercon-

nects.Duetoelectricalresistivity,over50%ofthepowerinamicroprocessor

basedsystemislostinsuchinterconnects[140].Onewaytoreducethelosses
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andalsotoincreasebandwidthistousemicroopticalinterconnects,which

transfersphotonsinplanarwaveguidesmadebydielectricmaterial,suchas

silicon,insteadofelectricalcurrentinmetalwires.Thephotonstravelinside

awaveguideduetototalinternalreflectionasinanopticalfibre.Suchpla-

narwaveguidesmaybeintegratedwithexcisingelectronicsystems,especially

thosesilicononinsulator(SOI)basedcomplementarymetal-oxidesemiconduc-

tor(CMOS)systems[141,142].

Tobetterutilizethebandwidthprovidedbyopticaltelecommunication,a

techniquecalledwavelength-division-multiplexing(WDM,differentfromWDM

shortforwarmdensematter)[139]iswidelyused.Itcanalsobeadoptedfor

useinopticalinterconnects.Thistechniquetransmitsmultiplechannelsofin-

formationcarriedbydifferentwavelengthsthroughasinglefibre/waveguide.

Ifthenon-lineareffectsarewellcontrolled,thecrosstalkbetweenthosechan-

nelsshouldbeminimized. Todecodetheinformation,itrequiresthesepa-

rationofwavelengthsatthedestinationinterconnects.Siliconmicroringres-

onators(SMR)arecompactdeviceswhichcanbeusedforsuchpropose.

AnSMRisaclosedloopsiliconwaveguideusuallyincircularorracetrack

shape[143,144].Itisusuallyplacedclosetoasectionofplanarwaveguides

andworksasanopticalfrequency/wavelengthselector.Anexampleisshown

inFig. 8.1,whichisanSEMpictureofa1.5µmradiusSMR[145]. The

distancebetweenthewaveguidesandtheSMRissmallenoughatthecoupling

junction,sothattheevanescentwavefromtotalinternalreflectionintheplanar

waveguidecancoupletotheresonatorbeforesignificantattenuation.AnSMR

hasitsownresonantcondition.Ifacoupledopticalsignalistunedtoaresonant

frequencyoftheSMR,itwillhavethesamephasewhenittravelsaround

theloopbacktothecouplingjunction.Asaresult,constructiveinterference

happensandmoresignalofthesamefrequencywillcontinuetocoupletothe

SMReffectively.Thenon-resonantcomponentscannotbuildupintheSMR,

andalargepartofthosefrequencieswillcontinuetotravelalongtheplanar
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Figure8.1:AnSEMpictureofasiliconmicroringresonator

waveguidetothethroughport.Inordertoreceivethesignalselectedbyan

SMR,oneneedstohaveanotherplanarwaveguidesothatthebuilt-upsignal

intheSMRcanevanescentlycoupledintoit.Intheend,thesignaltravelsto

thedropportwheretheywillcontinuetobeprocessed.

InordertouseanSMRproperlysothatthedesiredsignalcanbeselected,

oneneedstocontrolitsresonantcondition,whichhasthegeneralform,

2πR=
mλ

neff
(8.1)

whereRistheradiusofacircularSMR,λisthefreespacewavelengthof

anopticalsignal,misanpositiveintegerorusuallycalledthemodenumber,

andneffistheeffectiverefractiveindexofthering. Theeffectiverefractive

indexneffdependsonthegeometryofthewaveguide,andtherefractiveindex

ofthematerial.Inasimplecircularwaveguide,onehasneff=nsinθt,with

therefractiveindexofmaterialn,andθttheinternalrefractionangleforthe

tthtraversemode.Inreality,anSMRisabentrectangularwaveguide,andthe

calculationofneffiscomplicated.Thevalueisthendeterminedbyanumerical
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modesolver[144]whenanSMRisdesigned,sothattheopticalsignalcarried

bywavelengthcomponentλ=
2πRneff
m

canbeselected.

Inreality,whenanSMRisfabricated,neffcaneasilydeviatefromitsorig-

inaldesignduetothelimitofaccuracytowhichadevicecanbefabricated,

whichwillleadtoadifferentthandesiredresonantfrequency.Atypicalwidth

orheightofthewaveguideofanSMRislessthan500nm[145].Ifanerror

of1nmorabout0.2%resultsfromthefabrication,asameorderoferroris

expectedinneffandthecorrespondingλinresonance.Althoughthisamount

oferrorlookssmall,itcanleadtoadeviationofabout3nminresonantwave-

length,or∼300GHzinfrequency,foratypicalλaround1550nmforoptical

communication.Suchamongoferrorisnotacceptable.Sofar,achievingsub-

nanometeraccuracyinsiliconthinfilmfabricationisstillachallenge[146,147],

andpostfabricationtuningbecomesnecessary.

AfewtechniquesforpostfabricationtuningofSMRshavebeendeveloped.

Onewayistochangetherefractiveindexofsiliconbychangingitstemperature

[148,149].Inthatcaseitisneedstobuildmicro-heatersonthedevice,which

complicatesthefabricationprocedure,andrequirescontinuousfeedbackcon-

trolduringoperation. Moreover,duringoperation,extraenergyisconsumed

continuously.SomeotherwayscantunetheSMRpermanently,whichincludes

themodificationofcladdinglayerontopoftheSMRbyUV[150]orvisible

[151]lightphotons,oroxidizingpartofthesilicontosilicondioxide(SiO2)

[152].Theformeronerequiresspecialphotonsensitivecladdinglayerthatmay

notbecompatiblewiththedevice,andthelateroneneedsprecisecontrolof

localoxidation,whichrequiresacomplicatedsetupsuchasanatomicforce

microscopeplatform.

Here,IwillpresentanalternativewaytotunetheSMRspermanentlywith

femtosecondlaserpulses,whichisfastanddoesnotrequirescomplicatedsetup.
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8.2 ChangingtheEffectiveRefractiveIndexof

Silicon MicroringResonatorsbyFemtosec-

ondLaserPulses

Asmentionedabove,theeffectiverefractiveindexofanSMRisdetermined

byitsgeometricconfiguration,andtherefractiveindexofthesilicon.Ithas

beenreportedthatafemtosecondlaserpulsehasthecapabilitytoremove

smallportionsofsiliconbyablation,orchangeitsrefractiveindexbyphoton

inducedamorphization[153,154],whichdependsonthelaserenergyfluence

andintensity. Atlowlaserfluence,theexcitedsiliconreachesjustoverthe

meltingconditionandcoolsdownrapidly,soitdoesnothaveenoughtimeto

formthecrystalstructureandbecomesamorphoussilicon(a-Si).Theprecise

refractiveindexofana-Sivariesdependingonthedetailsofhowitisformed

[155,156],butingeneral,itislargerthanthatofcrystallinesilicon(c-Si).Asa

result,ifpartoftheSMRwaveguidetransformsfromc-Sitoa-Si,itwillresult

intheincreaseinneffandincreaseinresonantwavelength(redshift).Onthe

otherhand,whenthelaserenergyishighenoughthattheheatedSiisablated,

theheightoftheSMRwillreduce.Thiswillresultinareductionofneffand

reductioninresonantwavelength(blueshift).Basedonthesetwoprocesses,

thecapabilityofpostfabricationtuningofSMRswasdemonstrated.

TheexperimentswerecarriedoutwiththeHurricanefemtosecondlaser

systemattheUniversityofAlbertaasdescribedinChapter7. The800nm

outputofthelasersystemwasfrequencydoubledbyaBBOcrystalto400nm.

Thepenetrationdepthof400nmphotonsistwoordersofmagnitudesmaller

thanthatofthe800nmonesinsilicon[54],sothatthetuningcanbebetter

controlled.TheexperimentalsetupfortuningtheSMRsisshowninFig.8.2.

InsteadofaGaussianfocalspot,atop-hatspotwasusedtoexcitetheSMR.

Thisisimplementedbydemagnifiedimagingasmallpinhole(lessthanamil-
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Figure8.2: ExperimentalsetupthatisusedtotunetheSMRsusing400nm,150fslaser
pulses. Thecenterpartofthelaserpassesthroughasmallpinhole(P1)thatislessthan
1mmdiameterandimagesontothesurfaceofSMRusinga10Xmicroscopeobjective(MO)
with0.28numericalaperture. ThemicrochipwithSMRsismountedona3dimensional
motionstage(MS).ThesurfaceofthechipisimagedbyaCCDcamerawiththeillumination
ofagreenlightLED.Onthefigure, M1and M2are45odielectricmirrorsforthe400nm
beam,L1andL2arelenses,andBSisabeamsplitter.L1imagesthesurfaceoftheringon
totheCCDandL2collimatestheLEDlights.

limeter)locatedinthethecenterpartofthenon-focusedlaserbeam. The

intensitydistributioninthetop-hatspotwasclosetouniformwithnomore

than20%variation,whichcanminimizethemixtureofamporizationandab-

lationonthesamelasershot.Beforeandaftereachlasershot,theresonant

wavelengthoftheSMRwasmeasuredbyanothersetupshowninFig.8.3.

8.2.1 TuningaSilicon MicroringResonatorswith Mul-

tipleLaserShotsonaSameArea

Inthefirststudy,weusedanSMRof1.5µmradius[145].Thetophatlaser

spotontargethasadiameterof20µm,whichcoversthewholeSMRandthe

waveguidesthatcoupleslightinandoutofthering.Thedetailofthisstudy

havebeenpublishedinOpticsLetters[157]andthearticleisprovidedas
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Figure8.3:Experimentalsetupthatwasusedtomeasuretheresonantwavelengthofthe
SMRs.ThemicrochipwithSMRismountedonastagewithtwolensedfibersonleftand
right. Theinputphotonsfromatunablelasersourcegothroughthefiberontheleftand
coupleintothewaveguideofthechip.Thephotonsthathavetheresonantwavelengthwill
gotothedropportandcoupleintothefiberontheright,andthecorrespondingpoweris
measurebyapowermeter.Thetwofibersaremountedonpiezomotionstages,sothatthey
canbealignedwiththewaveguidesontheedgesofthemicrochipprecisely.
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AppendixA.

Thisstudyprovidesthefirstdemonstrationofthecapabilityoftuningan

SMRwithfemtosecondlaserpulses.Itshowsthattherearetworegimesof

tuninganSMRbyafemtosecondlaserpulse,namely,amorphizationandab-

lation. Wefoundthatthethresholdenergyfluencetoamorphizetheringis

about60±14mJ/cm2,whichwillresultinaredshiftofresonantwavelength.

Atabove200±47mJ/cm2,theSMRsurfacewillbeablated,andtheresonant

wavelengthwillreduce.However,theexperimentwasbasedononlyoneSMR,

sothattheSMRwasprocessedmanytimes.Asaresult,thethresholdforeach

tuningregimeaswellastheamountofshiftaftereachshotaresubjectedtothe

accumulatedeffectofthepreviousshots. Therelationbetweenlaserfluence

andthechangeofneff,whichisthekeytocontrollingtheresonantwavelength,

hadlargeuncertaintiesinthisstudybuttheuncertaintiesaregreatlyreduced

inafollowedupstudywhichwillbedescribednext.

8.2.2 Controllable TuningofaSilicon Microring Res-

onator

InordertounderstandhowthelaserfluencerelatestotheneffofanSMR,a

freshareaofaringneedstobeprocessedeachtimeinsteadofaccumulating

multipleshotsonthesamearea.Forsuchstudy,amicrochipwith7separated

SMRsofessentiallythesamesizewerefabricated.Theringshave15µmradius,

andinthisstudythelaserspotradiuswasreducedto8.8µm,sothattwo

lasershotscould modifytheleftandrightsectionsofanSMRseparately.

ItalsoavoidedthemodificationofthecouplingjunctionsoftheSMRsand

theircouplingwaveguides,whichcanhelptodeterminedthechangeofneff

precisely.ThisworkispublishedinOpticsExpressandthearticleisprovided

inAppendixB.

Inthiswork,wehavefoundthatwhentheincidentfluencewasintherange
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of60-200mJ/cm2,theamountofwavelengthshiftaftereachshotwasessen-

tiallylinearlyrelatedtotheincidentfluencewithaslopeof20±2nm/(J·cm−2),

whichprovidesalargerangeofcontrollabletuningofSMR.Inordertogen-

eralizethisfluencedependenttuningfactor,thechangeofeffectiverefractive

indexwithinthemodifiedspotisextractedfromtheamountofwavelength

shiftgivenbytheexpression,

neff=
λ

λ

2πR

l
neff (8.2)

wheretheneffistheoriginaleffectiveindex,whichisabout2.3according

tothemodesolver[158];R=15µmistheradiusofthering,λistheoriginal

resonantwavelengthnear1550nmbeforethetuning;listhelengthofthe

lasermodifiedsection. Theratioof2πRoverlcanbeobtainedbysolving

triangularequations.Forthiscase,a8.8µmradiuslaserspotwiththecenter

ona15µmradiusSMRisshowninFig.8.4.Becausel=2αR,wehave
2πR

l
=
π

α
.

Obviously,α=arccos(
a2+c2−b2

2ac
)=0.60. AccordingtoEq.8.2,therelation

betweenneffandlaserfluencecanbeobtained,withacorrespondingslopeof

0.16±0.02/(J·cm−2).

Intheablationregime,whereresonantwavelengthshiftedtotheshorter

side,noclearrelationbetweenenergyfluenceandamountofshiftwasobserved.

Inthisstudy(SeeAppendixB),wehavealsousedsuchcontrollabletuning

capabilitytoaligntheresonantpeaksofasystemwithtwoSMRs. Thetwo

ringsare8µmand12µminradius.The12µmringhasapeakat1535nm,while

the8µmonehasapeakwhichis1.1nmshorterinwavelength. Totunethe

8µmringby1.1nm,itrequiresa neff=
1.1

1535
×2.3=0.0016.Accordingtothe

relationbetweeneffectiveindexshiftandlaserfluence,apossiblesolutionis

tousethethresholdfluenceat60mJ/cm2,andmodifiedonly1/6ofthetotal

lengthofthering.Ideally,thisrequiresthecenteroftheR=8.8µmlaserspot

locateat15µmawayfromthecenterofthe8µmring.Inourexperiment,when
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Figure8.4:Alaserspotof8.8µmradiusshotontherightsectionofa15µmradiusmicroring.
Inthefigure,aandcequalto15µm,bequalsto8.8µm,andlisthelengthoftheexcited
section.

wetunedtheresonantwavelengthitchangedby1.4nminsteadof1.1nm.This

islikelyduetotheslightmisalignmentofthecenterofthelaserspotwhich

intheexperimentwasonly14µmawayfromtheSMRcenter,nevertheless,

theresonantfrequencyofthetworingsstillwasoverlappedwitheachother

sufficientlyformanyapplications.

8.3 LimitationsandFutureImprovements

Accordingtoourstudies,wehaveshownthatfemtosecondlaserpulsesarea

promisingcandidatetotunetheSMRsafterfabrication. Thepotentiallimi-

tationofthistechniqueistheincreaseofloss.Inourstudies,theincreased

lossperroundtripisintherangebetween0.1and0.5dBintheamorphization

regime,andbetween0.2and0.8dBintheablationregime. Therelationbe-

tweenlaserfluenceandtheincreaseoflosshasnotbeencharacterizedindetail

yet.Ingeneral,weobservedsignificantlymorelossifthetuningwasdoneusing

theablationprocesscomparedtothoseusingtheamorphizationprocess.The
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lossintheamorphizationregimeislikelyduetolargerabsorptionlossina-Si

thanthatinc-Si.Althoughonlyasmallamountofc-Siisamorphizedonthe

surfaceofanSMRafterlasermodification,theabsorptioncoefficientina-Si

canbe4ordersofmagnitudehigherthanc-Siat1550nm[54].

Toreducethelossfromlaserinduceda-Si,onepossibilityistousethermal

annealing.Ithasbeenobservedthatafterthermalannealingat400oCfor1

hour,theopticalabsorptioncoefficientintherangebetween1.1and1.8eVwas

reducedbyoveranorderofmagnitude[159].Althoughnomeasurementwas

doneat0.8eV(1550nm),asimilartrendmaybeexpected.Athigherannealing

temperature.e.g.around600oCorabove,re-crystallizationofa-Sioccurs,

whichwillfliptheresonantshiftfromfemtosecondlasertuning[159,160].Care

alsoneedstobetakeneveninannealingwithoutre-crystallization,becausea

reductionoftherefractiveindexwasobservedinannealedionimplantation

produceda-Sibeforecrystallizationoccurs[161].

Sinceweobservedthatbettercontrollabilityandlowerlossoccurinthe

amorphizationregimecomparedtotheablationregime,itisbettertofocus

thefuturestudyontheamorphizationregime.However,intheamorphization

regime,theresonantwavelengthcanonlybetunedtothelongerdirection.

Fortunately,inanSMRtherearemultipleresonantpeaksthatareinaccor-

dancewiththeresonantconditioninEq.8.1.Theseparationofthesepeaksin

wavelengtharecalledfreespectrumrange(FSR).TheFSRofapeakofinterest

atλ0canbeapproximatedas[158],

λFSR≈
λ20
2πRng

(8.3)

wherengisthegroupeffectiverefractiveindex,whichrelatestoneffas

ng=neff−
dneff
dλ
.Insilicon,

dneff
dλ

isnegativesinceitsrefractiveindexdecreases

withλ.Asaresult,ngshouldbelargerthanneff.

ComingbacktothesituationthatanSMRneedstobetunedtoshorter

wavelength,anexampleisillustratedinFig.8.5.Ifthedesiredwavelengthisat
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λa 

P1 
P0 

Figure8.5:Aschemetotunetheresonantwavelengthtodesirevalue(λa)byamorphization
only.

λa,itistemptingtoreduceneffforP0thatitwillbecomeλa.However,itis

alsopossiblethatbyincreasingneffusinglaserinducedamorphization,sothat

P1movestoλa.Althoughitneedsalargeramountofwavelengthshifttotune

P1thanP0,thisisstillpossibleaslongasλFSRisnotlargerthanthemaximum

rangeofredshiftduetofemtosecondlaserinducedamorphization.Usingthe

resultfromAppendixBfor400nm,150fslaserpulse,thelinearrelationbetween

neffchangeandlaserfluenceis0.16±0.02/(J·cm
−2).Itmeansthatat0.2J/cm2

justbelowtheablationthreshold,onecantuneneffby0.032,oramaximumred

shiftof21nmat1550nm.ForanSMRwhoseλFSRislargerthanthemaximum

redshift,onemayswitchtothefundamentalwavelengthofthefemtosecond

lasersystemat800nm,becauseithaslargerpenetrationdepththanthatof

400nm[162],andalargeramountofredshiftduetoamorphizationisexpected.

Inthecasethatfinetuningisrequired,i.e.onlyaverysmallamountof
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redshiftisneeded,averylowlaserfluenceslightlyabovethethresholdof

amorphizationcanbeusedwithasmallerlaserspotatthesametime.In

ourpreviousstudies,thetop-hatlaserspotsimagedontargetcamefromthe

imageofthecenterareaoftheoriginalbeamthatpassedthroughapinhole.

Toobtainevensmallerspotsize,onecanfocusthelaserbeamtoaGaussian

shapewithoutusinganypinholeaperture.Forafocusinglenswithnumerical

apertureof0.28,whichisthesameastheoneweused,a400nmincidentbeam

canbefocuseddowntoonly1µmbeamwaistdiameter. WhenaGaussianfocal

spotisused,inprinciple,onecanamorphizeacircularareawhoseradiusis

wellbelowthebeamwaistradius,ifthefluenceatthepeakofthebeamisjust

overthethreshold.However,theeffectofusingagaussianlaserspotinstead

ofatophatlaserspotneedstobestudied

Lastbutnotleast,iftheamountofredshiftafterashotismorethan

necessary,whichcanbearesultofenergyfluencefluctuationfromshotto

shot,orlimitationofalignmentaccuracy,onecanalwaysre-crystallizethethe

a-Sibyemployingmultipleshotsoffemtosecondlaserpulsesatabouthalfof

theenergyfluenceofamorphizationthreshold[163].Thiscanbedonesimply

byexposingtheSMRunderthelaserpulseswithhighrepetitionrate(1kHz)

foraboutasecond.

Toacceleratetheprocessoflasertuning,effortsareneededtohaveasetup

thatcanmeasuretheresonantwavelength(e.g.Fig.8.3)oftheSMRsandtune

them(e.g.Fig.8.2)simultaneouslywithoutmovingtheSMRdevice.Currently,

alargepartofthetimeintheexperimentswerethealignmentsofthedevice

ineachsetup,itwouldbemuchmoreefficientifwecanmeasuretheresonant

shiftin-siturightaftereachlasershotwithoutmovingfromonesetuptothe

other.
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8.4 Summary

Anewapplicationusingfemtosecondlaserpulsestotunethesiliconmicroring

resonatorswasexplored.Thetuningstoeitherlongerorshorterwavelengths

bylaserinducedamorphizationorlaserablationweredemonstrated.Further

studyandimprovementtothistechniqueisalsoproposed.
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Chapter9

ImpactandFuture Work

9.1 ImpactsoftheThesisResearch

Mythesisresearchwasfocusedonthestudyoffemtosecondlaserpulseexcited

goldinnon-equilibriumwarmdensematterstateunderuniformlyheatedcondi-

tion.Thisprovidesanidealsituationtostudythefemtosecondlaserexcitation

ofmetal.Inaddition,thefemtosecondlaserpulsetuningofsiliconmicror-

ingresonatorshasbeendemonstratedandstudiedasanewapplicationusing

femtosecondlasers.ThemajorcontributionsfrommyPh.Dstudyinclude,

(1)Verifiedtheuniformexcitationoffreestandinggoldthinfoilbyfemtosec-

ondlaserpulseusingfrontandrearsideprobepulsesmeasurements.Observed

theupperlimitofuniformexcitation,whichmaybearesultofsaturationof

energythatthelaserexcitedballisticelectronscancarry.Thisdoesnotonly

provideguidancetosinglestatemeasurementswithfreestandingthinfoil,but

alsopointstotheneedtostudynon-equilibriumelectronenergytransport.

(2)Usingthesingleshot,frequencychirpedpulseprobetechnique,the

ACconductivityat800nmfromfemtosecondlaserexcitedwarmdensegold

wasdeducedfromthemeasurementofreflectivityandtransmissivity. Such

measurementsavoidedtheshottoshotfluctuationsandunveiledthedetailsof

ACconductivityevolutioninnon-equilibriumwarmdensegold.
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(3)TheACconductivitydataofwarmdensegoldwereusedtobenchmark

theelectronheatcapacityCeandelectron-ionenergycouplingfactorgeiob-

tainedfromfirstprinciplescalculations.ItisfoundthatCefromfirstprinciples

calculationgivesbetteragreementthanthatfromfreeelectrongasmodel,while

geiissignificantlyoverestimated,whichmaybearesultofthelackofincluding

theTidependentphononspectruminthegeicalculation.ThecalculatedAC

conductivitywasalsocomparedwiththeexperimentaldata,whichpointsto

theneedofimprovementinobtainingtheimaginarypartsigmai.

(4)UsingtheoptimumvaluesofCeandgei,thepreviousreportedstudies

thatsuggestedsuperheating[16]andphononhardening[23]ofnon-equilibrium

goldwerere-analysedandre-interpreted.Ourinterpretationdoesnotsupport

superheatingnorphononhardeninghypotheses.Thisshoulddrawattention

tothephasetransitionconditioninnon-equilibriumwarmdensematter.

(5)UsingtheACconductivityofgoldfromuniformlyexcitedsinglestate

measurement,thereflectivityofapumppulseasafunctionoflaserfluence

wascalculatedforathickertargetwiththermalgradientandcomparedwith

experimentaldata. Partialagreementwasfound.Italsoindicatestheneed

tothestudyofmaterialpropertywithoutawelldefinedelectrontemperature

distribution,anevenlessstudiedregimeinnon-equilibriumwarmdensematter.

(6)Usingfemtosecondlaserpulses,post-fabricationtuningofmicroring

resonatorswasdemonstrated,andcontrollabletuningwasinvestigatedtowards

actualimplementation. Thisgivesapostprocessingsolutiontoaddressthe

limitedprecisioninthefabricationofsiliconmicrophotonicdevices.

9.2 FutureResearchDirections

Furtherstudiesfrommythesisresearchcanleadtomoredetailedunderstanding

offemtosecondlasermatterinteractionandmaterialinnon-equilibriumwarm

densestate. Twosuggestionsforfutureworkbasedonthestudiesreported
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herearelistedbelow,

9.2.1 Propertiesof WarmDense MatterwithNon-thermalized

Electrons

Studiesofwarmdensematterareusuallyinatwotemperatureframework,i.e.

non-equalTeandTi.However,atevenshortertimescale,welldefinedtemper-

aturedoesnotexistinelectronsystem.Thisregimeisespeciallyimportantto

theunderstandingoflaserabsorption,theveryfirststepinfemtosecondlaser

matterinteraction,aswellasballisticelectronenergytransport.Thechallenge

insuchstudyistherequirementofsignificantlyshorterlaserpulseduration

thantheelectronthermalizationtime,whichisusuallyintensorhundredsof

femtoseconds. Withtheavailabilityofcommercialfemtosecondlasersystem

at20-30fspulseduration[164],orusingnon-linearpulseshapingtechniques

suchasself-phasemodulation[165],lessthan10fspulsedurationisavailable.

Thisprovidesthepossibilitytomeasurenon-thermalizedelectronpropertiesin

warmdensematterinthenearfuture.

9.2.2 DCConductivityof WarmDense Matter

Usingopticalprobepulses,ACconductivityatthephotonfrequencycanbe

measured. However,morethroughoutunderstandingofparticleandenergy

transportcomesfromtheDCelectricalconductivity. MeasurementofDCcon-

ductivityinfemtosecondlaserexcitedwarmdensematterhasnotbeperformed

electrically,becausetheexcitedmaterialexpandsonapicosecondtimescale,

whichismuchfasterthantheresponsetimeformostelectronicdevices. Al-

thoughDCconductivitymaybeextractedfromACconductivitymeasuredby

femtosecondlaserpulses,accordingtoDrudemodelrelation[34],

σ0=σr[1+(
ω

υ
)2] (9.1)
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whereσ0istheDCconductivity,σristherealpartofthemeasuredAC

conductivity,ωistheangularfrequencyofthelaserpulseandυistheelectron

collisionfrequency,whichcanbealsoextractedfromtheACconductivity,

υ=
σrω

σi
(9.2)

whereσiistheimaginarypartofthethemeasuredACconductivity.How-

ever,thelaserpulsefrequencyissimilartotheelectroncollisionfrequency,so

thattheopticalprobepulsemayinterferethecollisionprocessandreducethe

accuracyinextractingυ.Ifonecanuseaprobepulsewithmuchlowerfre-

quencythanυ,morereliableDCconductivitymaybeabletoextract.Accord-

ingtoEq.9.1,whenωismuchlessthanν,theDCconductivityσ0canbeclosely

approximatedfromσr.Terahertz(THz)radiationpulseswithsub-picosecond

duration[166]areagoodcandidateforsuchmeasurement.Themeasurements

ofquasi-DCconductivityusingTHzEMwavehasbeenperformedingold

thinfilmsatroomcondition[167],andfemtosecondlaserexcitedwarmdense

aluminum[168].However,thewarmdensealuminuminthereportedstudywas

notuniformlyexcitedandthuswasinmixedstateswithuncertaingradients

ofdensityandtemperature. THzconductivitymeasurements,underquasi-

DCconditions,ofuniformlyexcitedsinglestatewarmdensesolidssimilarto

thosereportedinthisthesisshouldresultinbetterDCconductivitymeasure-

mentsbyremovingtheuncertaintiesduetotemperatureanddensitygradient.

Thequasi-DCconductivityextractedfromTHzmeasurementcanbecompared

withthoseextractedfromopticalfrequencymeasurements.Suchstudiescould

leadtobetterunderstandingoftherelationsbetweenACconductivityandDC

conductivityfornon-equilibriumwarmdensematter.
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Femtosecond laser modification is demonstrated as a possible method for postfabrication tuning of silicon microring
resonators. Single400nmfemtosecond laser pulses were used to modify the effective index of crystalline silicon
microring waveguides by either amorphization or surface nanomilling depending on the laser fluence. Both blue-
and redshifts in the microring resonance could be achieved without imparting significant degradation to the device
quality factor. © 2011 Optical Society of America
OCIS codes: 230.5750, 230.3120.

Silicon integrated photonics has emerged over the past
decade as an attractive platform for integrated optic de-
vices due to its compatibility and potential for integration
with complementary metal oxide semiconductor electro-
nics. Progress in silicon photonic fabrication technology
has substantially improved our ability to control device
dimensions down to the nanometer scale level [1]. Never-
theless, due to the extreme sensitivity of silicon photonic
devices to small variations in the waveguide dimensions
and material refractive indices, fabricated devices
typically exhibit responses that deviate from designed
performance. This is an especially great challenge for
optical devices based on microring resonators, whose
resonances are required to be accurately aligned for
proper device operation. Typically a postfabrication
trimming technique is employed to correct for the devia-
tions in the microring resonances due to fabrication
imperfections.
The most common approach for postfabrication tuning
of silicon microring resonators is to change the refractive
index of silicon via the thermo-optic effect. This is usual-
ly accomplished by placing microheaters above the mi-
crorings and using resistive heating to actively change
the temperature of the waveguides [2]. The disadvan-
tages of this method are the extra processing steps re-
quired to fabricate the heaters and the constant power
that needs to be applied to the heaters. For this reason
it is more desirable to have a simple method that can
permanently change the microring resonances. Several
different permanent tuning approaches have been pro-
posed, including index trimming of microring claddings
made of materials sensitive to UV or visible light [3,4],
electron beam induced compaction and strain of an SiO2
microring cladding [5], and nanoscale oxidation of the
silicon microring waveguide [6]. While some of these
methods can be used to finely tune the microring reso-
nances, they also suffer from several limitations such as
limited tuning range and the restriction of tuning the re-
sonance in only one direction.
In this Letter we demonstrate the feasibility of postfab-
rication tuning of a silicon microring resonator by femto-
second laser modification of the surface morphology of
the silicon waveguide. When a silicon surface is illumi-
nated with a femtosecond laser pulse, its surface can be
modified differently depending on the laser fluence [7].
Specifically, at high laser fluences nanomilling takes
place, in which a thin layer of silicon is ablated from

the surface. At lower laser fluences, no material is re-
moved but a thin layer of crystalline silicon (c-Si) at the
surface is converted into amorphous silicon (a-Si) in a
process called amorphization. Here we exploit both of
these mechanisms to tune the resonance of a silicon mi-
croring resonator in both directions, i.e., toward longer
and shorter wavelengths. Ablation from the surface de-
creases the height of the waveguide, causing a decrease
in the microring effective index, which induces a blue-
shift in the resonance. Alternatively, modification to the
crystal structure of silicon from c-Si to a-Si will cause an
increase in the effective index of the waveguide, thereby
inducing a redshift in the microring resonance.
A Ti:sapphire (Spectra-Physics Hurricane) laser was

used for our study to generate single∼130fs pulses
(FWHM, assuming a Gaussian pulse shape) at800nm.
This fundamental pulse was then frequency doubled by
a BiBO nonlinear crystal to provide400nm pulses. To en-
sure that only the400nm laser pulses were used to mod-
ify our sample, a2mm thick Schott BG39 filter was used
to attenuate the800nm component. The skin depth of
400nm pulses in silicon is∼164nm. The experimental
setup used for this experiment is shown in Fig.1. In order
to obtain uniform modification of the ring resonator, a
“top-hat”beam image instead of a Gaussian focal spot
was formed on the sample surface. This top-hat beam

Fig. 1. (Color online) Experimental setup of femtosecond la-
ser tuning of a silicon microring resonator. The device is shown
in the SEM image. (M1, M2, and M3,400nm high-reflectivity
dielectric mirrors; L1, achromatic lens; BS, beam splitter.)
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was obtained by demagnified imaging of the center part
of a Gaussian beam selected with a hard pinhole aperture
(P1), where the intensity distribution is close to uniform.
Our sample is mounted on a computer-controlled 3D
motion stage. For real-time positioning of the sample,
a green light LED is used to illuminate the target surface,
and the device is monitored by a CCD camera.
The microring resonator used in the experiment was
an add/drop filter with a radius of1:5μm. The microring
waveguide was air clad with cross-sectional dimensions
of340nm ×300nm [8]. The device was fabricated using
electron beam lithography on an SOI chip with a1μm
thick buried oxide layer. An SEM picture of the device
is shown in Fig.1. The device had a free spectral range
of52nm and supported only the TM mode [8].
We started the experiment with laser shots set at a low
fluence of about0:07J=cm2, which was slightly above the
point of visual changes caused by the pulse to a blank
silicon substrate. The laser energy was then gradually in-
creased throughout the experiment to a fluence of about
0:22J=cm2. However, due to a small uncertainty in the
laser energy from shot to shot, the shot fluence did not
always increase monotonically (as seen in Fig.2). After
every laser shot, the drop port response of the microring
resonator was measured using a1500–1600nm tuneable
laser with the polarization set to TM. Figure2shows a
plot of the shot-to-shot relative resonance shift versus the
laser fluence for the two resonances initially at 1516.10
and1567:56nm. Both positive (red) and negative (blue)
shifts are observed. The inset in Fig.2shows the drop
port spectral responses at the1567nm resonance before
(shot 0) and after (shot 17) the experiment. The plot
shows that over the course of the experiment, the peak
position of the microring resonance originally at
1567:56nm experienced a net blueshift of4:5nm, origin-
ally redshifting14:5nm before being blueshifted back
19nm. This is among the largest shifts achieved for
silicon microring resonators using a permanent tuning
method [3–6].
Two distinct modes of operation are discernible from
Fig.2, one for laser fluences below about0:20J=cm2and
one above this threshold. In the mode of operation below
0:20J=cm2, only redshifts in the resonances were ob-
served. These shifts correspond to a change on the order

of1×10−3in the index of refraction of the silicon wave-
guide core. The most likely physical mechanism for this
change is a conversion of a thin layer of crystalline sili-
con (n≈3:478at1550nm [9]) at the top waveguide
surface to amorphous silicon (n≈3:48at1550nm [9]).
From a single laser shot experiment on a blank Si sub-
strate [10], it was reported that this amorphous layer
is about50nm thick using800nm laser pulses. The con-
version from c-Si to a-Si results in an increase in the
effective index of the waveguide, which would cause the
redshift in the resonance observed. In the mode of opera-
tion above the0:20J=cm2threshold, only blueshifts in the
resonances were observed. The most likely physical me-
chanism responsible for the blueshifts is laser ablation of
the surface of the waveguide. The ablation would cause a
decrease in the height of the waveguide, resulting in a
decrease in the effective index of the waveguide, thereby
causing a blueshift in the resonance. The blueshifts of
approximately8–10nm are consistent with simulation re-
sults for approximately a2–3nm decrease in the wave-
guide height in the microring waveguide.
Figure2shows that much larger redshifts were ob-

tained for shots 1 and 15 compared to the other shots
in the low fluence region, implying that there was a much
higher amount of c-Si converted to a-Si for these two par-
ticular shots. Indeed for the first shot, there would be the
highest amount of crystalline silicon available at the wave-
guide surface for conversion to a-Si, so it is reasonable
that the initial shot would cause a larger redshift in the
microring resonance than subsequent shots with an even
higher fluence. For shot 15, we note that it followed shot
14, which had likely removed a layer of material on the
microring surface due to ablation, because a blueshift
was obtained. It was reported in [9] that when the laser
fluence is above the ablation threshold, the molten silicon
on the surface has enough time to cool and form polycrys-
talline silicon instead of amorphous silicon. Thus, follow-
ing shot 14, the microring surface had recrystallized so
that more c-Si was available to be converted to a-Si during
shot 15. This could explain the large redshift in the reso-
nance observed for this shot.
To confirm the physical origins for the red- and blue-

shift regimes of operation, atomic force microscopy
(AFM) scans of the microring were taken before shot 13
and after shot 17. Figure3displays the results of two of
these scans. Figure3(a)shows the microring after laser
shots with a fluence of no more than0:15J=cm2. The im-
age shows no variations or patterns on the silicon surface
as a result of the laser shots. However, the AFM scan in
Fig.3(b)obtained at the end of the experiment shows

Fig. 2. (Color online) Relation between the incident femtose-
cond laser fluence and the relative resonance shift observed
from shot to shot. Data points are labeled with their sequential
shot number on the microring used. Inset, microring resonance
at1567nm before and after the experiment.

Fig. 3. (Color online) AFM images of the microring after multi-
ple shots with (a) incident fluence no more than0:15J=cm2and
(b) after the end of the experiment.
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that periodic ripples have materialized on the silicon sur-
face to the left and right of the microring device. These
surface ripples have a period that is on the order of the
wavelength of the laser and are indicative that ablation
has occurred [7]. Thus, the AFM scans support our hy-
pothesis for the physical origins of the red- and blueshifts
observed. Because a fluence of about0:20J=cm2sepa-
rates the amorphization regime from the ablation regime,
it allows us to define this fluence to be the ablation
threshold of our silicon device. This value is comparable
with the ablation threshold reported in the literature for
multishot ablation experiments on flat silicon wafers
using800nm pulses [7].
We also monitored the quality factor of the microring
resonator after each shot to ensure that the device re-
sponse was not significantly degraded during the tuning.
Figure4shows a plot of the extrinsic quality factor of the
microring measured at both resonances after each shot.
The plot shows that there was some drop in the quality
factor of the resonator after the first shot, after which
very little degradation occurred, even as the microring
was ablated after shot 16. The decrease in the quality fac-
tor after the initial shot can be attributed to the increased
absorption in the a-Si layer compared to c-Si as well
as increased roughness caused by the amorphization
of an initially smooth c-Si surface. Subsequent shots
did not seem to incur additional roughness, as seen from
the relatively constant quality factor after shot 1. The
quality factor of the microring resonator used in this
study was relatively low owing to its small size, so further
study would be required to examine how femtosecond
laser surface modification would affect the loss of a
high-Qresonator.
In terms of stability, the resonance wavelengths of the
ablated microring were observed to change by10–20pm
over a period of several weeks. However, this change is
also observed for a typical Si microring resonator with-
out ablation and is normally attributed to the formation
of a thin native oxide layer on the silicon waveguide core.
In summary, we demonstrated the feasibility of using
femtosecond laser modification of silicon waveguides for

postfabrication tuning of silicon microring resonators.
Both blue- and redshifts of the microring resonances
could be achieved with single laser shots without causing
significant degradation to the device response. The tech-
nique has several advantages over previous techniques
for silicon microring tuning in that it does not require
extra fabrication steps and is operationally much faster
than other demonstrated techniques. The setup is rela-
tively simple, and the technique provides a much larger
tuning range. We believe the method may also be used to
tune silicon microring resonators with a cladding such as
SiO2, provided that the cladding is transparent to400nm
femtosecond laser pulses. In this case tuning would be
achieved by amorphization of the Si waveguide. While
relatively coarse tuning of the microring resonance was
demonstrated with single laser shots, fine tuning may
also be possible by shooting only a small section of the
microring to lessen the impact of each shot. We also note
that the method can also be applied to fine tune the
performance of other silicon photonic devices, such as
gratings and Mach–Zehnder interferometers. Finally, be-
cause the resonance of a microring resonator is very sen-
sitive to small modifications to the waveguide surface,
the device could serve as a sensor for accurately deter-
mining the ablation threshold and can be used for study-
ing the dynamics of femtosecond ablation byin situ
monitoring of the resonance shifts.
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the Canadian Institute for Photonic Innovations.

References

1. S. Selvaraja, W. Bogaerts, P. Dumon, D. Van Thourhout,
and R. Baets, IEEE J. Sel. Top. Quantum Electron.16,
316 (2010).

2. M. H. Khan, H. Shen, Y. Xuan, L. Zhao, S. Xiao, D. E. Leaird,
A. M. Weiner, and M. Qi, Nat. Photon.4, 117 (2010).

3. L. Zhou, K. Okamoto, and S. J. B. Yoo, IEEE Photon. Tech-
nol. Lett.21, 1175 (2009).

4. A. Melloni, A. Canciamilla, C. Ferrari, S. Grillanda,
F. Morichetti, P. Velha, M. Sorel, J. Hu, J. D. Musgraves,
B. Zdyrko, I. Luzinov, K. Richardson, V. Singh, A. Agarwal,
and L. Kimerling, inIntegrated Photonics Research, Silicon
and Nanophotonics, OSA Technical Digest (CD) (Optical
Society of America, 2011), paper IMB1.

5. J. Schrauwen, D. V. Thourhout, and R. Baets, Opt. Express
16, 3738 (2008).

6. Y. Shen, I. B. Divliansky, D. N. Basov, and S. Mookherjea,
Opt. Lett.36, 2668 (2011).

7. J. Bonse, S. Baudach, J. Krüger, W. Kautek, and M. Lenzner,
Appl. Phys. A74, 19 (2002).

8. A. M. Prabhu, A. Tsay, Z. Han, and V. Van, IEEE Photon.
J.2, 436 (2010).

9. E. D. Palik,Handbook of Optical Constants(Academic,
1998).

10. J. Bonse, K.-W. Brzeinka, and A. J. Meixner, Appl. Surf. Sci.
221, 215 (2004).

Fig. 4. (Color online) Extrinsic quality factor of the1:5μm
microring measured after each laser shot.

December 1, 2011 / Vol. 36, No. 23 / OPTICS LETTERS 4697

154



AppendixB

ControllableTuningofaSilicon

MircoringResonator

155



Permanent fine tuning of silicon microring 
devices by femtosecond laser surface 
amorphization and ablation 

Daniel Bachman,* Zhijiang Chen, Robert Fedosejevs, Ying Y. Tsui,  
and Vien Van 

Department of Electrical and Computer Engineering, University of Alberta, Edmonton, Alberta, T6G 2V4, Canada 
*bachman@ualberta.ca 

Abstract: We demonstrate the fine tuning capability of femtosecond laser 
surface modification as a permanent trimming mechanism for silicon 
photonic components. Silicon microring resonators with a 15µm radius 
were irradiated with single 400nm wavelength laser pulses at varying 
fluences. Below the laser ablation threshold, surface amorphization of the 
crystalline silicon waveguides yielded a tuning rate of 20 ± 2 nm/J·cm−2 
with a minimum resonance wavelength shift of 0.10nm. Above that 
threshold, ablation yielded a minimum resonance shift of −1.7nm. There 
was some increase in waveguide loss for both trimming mechanisms. We 
also demonstrated the application of the method by using it to permanently 
correct the resonance mismatch of a second-order microring filter. 
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1. Introduction 
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Silicon-on-insulator (SOI) is an attractive platform for achieving very large scale integration 
of photonic integrated circuits (PICs) [1]. This is due to silicon’s high index of refraction, 
relatively low loss at telecommunication wavelengths, and compatibility with the CMOS 
fabrication processes. Various photonic devices based on SOI technology have been 
demonstrated for applications in filtering [2], modulation [3], and sensing [4,5]. 
The high refractive index of silicon enables strong optical mode confinement to be 

achieved in the SOI waveguides. This permits device structures with small bending radii to be 
fabricated which allows extreme miniaturization. However, the small sizes of the waveguides 
combined with strong modal confinement make them very sensitive to variations in the 
refractive index and waveguide dimensions caused by fabrication imperfections. For example, 
a deviation of only 1nm in a typical silicon waveguide’s height or width will affect a change 
of ~0.002 in the waveguide’s effective index. This deviation from designed values can 
significantly alter the response of phase-sensitive photonic components. For an SOI microring 
resonator, an index change of 0.002 will lead to over 100 GHz shift in the resonance, which is 
unacceptable for most PIC applications. 
Although SOI fabrication technology has advanced significantly, it is still not possible to 

control etched dimension variations and silicon film thickness uniformity to better than a 1nm 
accuracy across an entire wafer [6,7]. It is therefore necessary for most applications to employ 
a post-fabrication trimming technique to correct for fabrication-induced variations in silicon 
PICs and restore their proper device functionalities. The most common approach is to modify 
the effective index of a silicon waveguide by means of the thermo-optic effect. This is 
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accomplished by placing resistive micro-heaters above silicon waveguides and controlling the 
power flow through each heater to selectively change the waveguides’ temperatures [8,9]. 
While this technique is very effective, it has the disadvantages of causing thermal cross-talk 
and requiring a continuous power supply to the heaters in addition to the extra processing 
steps required to fabricate them. The development of a permanent technique for tuning silicon 
PICs is actively being pursued to circumvent these issues. 
Many permanent techniques for trimming silicon photonic devices have been 

demonstrated. Silicon microring resonators have been tuned by UV [10] or visible light [11] 
trimming of the cladding layer. Electron beam compaction of the oxide layer [12] or electron 
beam bleaching of a polymer cladding layer [13] have also been shown to be effective for 
tuning silicon microrings. Local oxidation of silicon has been used to trim photonic crystals 
using a laser-assisted process [14] and microring resonators using an atomic force microscope 
tip [15]. There have also been trimming methods demonstrated in other material platforms 
that could be applied to silicon devices [16–18]. Most of these techniques, however, have 
disadvantages in that they are slow, require complex setups, or can provide only a limited 
tuning range. 
We have recently demonstrated a new permanent technique for trimming silicon devices 

based on surface modification of silicon waveguides by an out-of-plane femtosecond laser 
pulse [19]. Depending on the fluence, the laser shot can modify the silicon waveguide by 
converting some of the crystalline silicon near the waveguide surface to amorphous silicon or 
by nanomilling the top of the waveguide by ablation. This technique was shown to enable 
permanent bi-directional tuning of a microring resonator over a wide range. The method is 
also fast and the setup is relatively simple and readily adaptable to wafer-scale application. 
In this work we demonstrate the ability of the technique to fine tune high quality (Q) 

factor microring resonators. The sharp resonances of the high Q microring notch filters 
allowed us to accurately monitor small changes in the effective index of the silicon 
waveguides along with any induced loss. We observed an approximately linear tuning rate in 
the amorphization regime with a minimum resonance wavelength shift of 0.10nm. We also 
demonstrated the application of the method to permanently correct the resonance mismatch of 
a second-order microring filter. 

2. Fabrication and measurement of silicon microring resonators 

Seven all-pass silicon microring resonators were fabricated on an SOI chip consisting of a 
340nm crystalline Si (c-Si) on a 1µm-thick SiO2 buffer. Each microring had a 15µm radius 
and was coupled to a single bus waveguide via a coupling gap of 410nm. Both the bus and 
microring waveguides had a nominal width of 310nm. The devices were patterned using a 
Raith 150-TWO electron beam lithography system with ZEP520A resist, followed by dry 
etching. The devices were left air cladded. An SEM image of one of the fabricated microring 
resonators is shown in Fig. 1(a). The chip was cleaved to expose the bus waveguide facets for 
measurement, leaving a total waveguide length of about 3mm. Light in the 1500-1600nm 
wavelength range from a continuous-wave tunable laser was adjusted to the TM polarization 
and butt coupled on chip using a lensed fiber aligned to the waveguide facets. The transmitted 
light was then collected by another lensed fiber for detection. Figure 1(b) shows a typical 
spectral response of the fabricated microring resonators. 
To extract the device parameters, we performed curve fitting of the measured data with 

the theoretical response of an all-pass microring resonator. We also accounted for the effects 
of reflections from the waveguide facets by modeling the device as microring resonator 
embedded inside a Fabry-Perot cavity. The transfer function of the system is given by 
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where r is the reflectance of a single waveguide end facet, φl is the phase change over the 
length of the bus waveguide, and HMR is the transfer function of the all-pass microring given 
by 
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In the above equation τ is the transmission coefficient of the bus-to-ring coupling 
junction, φrt is the microring roundtrip phase and art is the roundtrip field attenuation factor. 
The inset of Fig. 1(b) shows a typical curve fit of one of the microring resonances. Normally 
the round-trip attenuation coefficient, art, and the transmission coefficient, τ, of an all-pass 
microring cannot be independently determined from its spectral response. However, since our 
microring is embedded in a Fabry-Perot cavity we are able to indirectly obtain phase 
information from the response of the ring and therefore separately determine the roundtrip 
attenuation and transmission coefficient when fitting the response with Eq. (1). The average 
values for the transmission coefficient, τ, and roundtrip field attenuation factor, art, were 
0.972 and 0.986, respectively, giving an average loaded quality factor of 25,000 and intrinsic 
quality factor of 75,000 for the microrings. 

 

Fig. 1. (a) Scanning electron microscope image of a 15 µm radius all-pass microring resonator. 
(b) Initial TM spectral scan of one of the microrings used in the study. Inset: blue is the 
measured transmission of one resonance and red is the curve fit. 

3. Femtosecond laser tuning setup and results 

#187539 - $15.00 USD

Single femtosecond laser pulses at 400nm were used in this study to modify the silicon 
waveguides of the microrings. The 400nm pulses were frequency doubled in a BBO nonlinear 
crystal from ~130 fs FWHM pulses at 800nm produced by a Ti:sapphire laser. A 1mm thick 
BG39 filter was then placed in the beam path to remove the remaining 800nm light. As in our 
previous study [19], we chose to use a “top hat” beam profile to ensure a constant fluence 
across the waveguides. A “top hat” beam of 8.8µm radius was obtained by demagnified 
imaging of the center part of a Gaussian beam (8 mm beam waist diameter) selected with a 
pinhole aperture (500µm diameter) over which the intensity distribution was nearly uniform. 
The experimental setup is shown in Fig. 2(a), and the spatial profile of the “top hat” beam is 
in Fig. 2(b). While a reasonably flat profile was achieved, some residual intensity modulation 
on the order of 10 to 20% was observed at the edge of the spot due to diffraction. This 
intensity modulation increased if the device was placed in front of the best image plane or 
after it as seen in Fig. 2(c). The radius of the beam was about half that of the microrings, 
which allowed each microring to be shot twice on fresh sections of its waveguide. 
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Fig. 2. (a) Setup of the fs laser tuning experiment. The center of a Gaussian pulse of 8mm 
beam waist diameter passed though a pin hole of 500µm diameter (P1), and was imaged onto 
the device. M1 and M2 are 400nm dielectric mirrors, L1 and L2 are plano-convex lenses, MO 
is a 10X microscope objective of 0.28 numerical aperature, MS is a 3D motion stage, BS is a 
beam splitter. (b) Femtosecond laser “top hat” beam profile when the device was at the best 
image plane. (c) The horizontal line-out across the center of the beam when the device was at 
the best image plane (black line), and 2 µm in front (blue) or after (red) it. 

Six microrings were used for the femtosecond laser tuning experiments while one was left 
unmodified as a control. After the initial characterization of the devices, each microring was 
shot with the laser once at varying fluences. The microrings were measured and characterized 
again, and then shot once more at different fluences on an unmodified section of the ring 
waveguide. Figure 3(a) shows a plot of the resonance wavelength shift as a function of the 
average laser fluence. The horizontal error bars are due to uncertainty in the energy 
calibration and the exact size of our laser spot. The vertical error bars are mainly due to our 
approximately ± 2µm accuracy of aiming the center of the laser spot onto the waveguide, 
resulting in some uncertainty in the length of ring waveguide affected by the shot. Figure 3(b) 
shows the change in the effective index of the section of waveguide amorphized by the laser 
shot. The effective index change was computed from the resonance wavelength shift by 

 ,

2
eff eff o

o

R
n n

l

λ π

λ

Δ
Δ = ⋅ ⋅  (3)  

where λo is the original resonance wavelength of the microring, Δλ is the resonance 
wavelength shift, R is the microring radius, l is the length of the modified section of ring 
waveguide, and neff,o is the original effective index of the waveguide. For our SOI waveguides 
the effective index of the TM mode was determined to be 2.3 using a Finite Difference mode 
solver. 
Figure 3(a) shows that by changing the fluence of the laser shot it is possible to control the 

direction and extent of the wavelength shift. The positive shifts in the resonance wavelength 
at fluences below 0.2 J/cm2 are due to amorphization of a small amount of the crystalline 
silicon at the waveguide surface. This layer of amorphous silicon has a higher index of 
refraction than the original crystalline silicon, leading to an increase in the effective index of 
the waveguide. The negative shifts in the resonance wavelength at fluences above 0.2 J/cm2 
are due to ablation of a small amount of material off the top of the waveguide. This causes a 
decrease in the waveguide height which results in a decrease in the effective index of the 
waveguide. The ~0.2 J/cm2 threshold for laser ablation of silicon at the 400nm wavelength is 
consistent with our previous work [19]. In the ablation regime, the minimum negative shift in 
the resonance wavelength was −1.7nm, corresponding to a change in the waveguide effective 
index of −0.013. It was observed in our previous experiments that ablation only a few 
hundredths of a J/cm2
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 above the ablation threshold could be damaging to the waveguide 
resulting in significantly increased loss so laser shots at higher fluences were not attempted. 
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Fig. 3. (a) Resonance wavelength shift of the microring resonators as a function of laser 
fluence. (b) Linear fit of the positive resonance shifts and change in the waveguide effective 
index as function of the laser fluence. The data point at 0.04 J/cm2 is removed for reasons 
discussed in the text. 

In our previous work [19], we determined the amorphization threshold to be 0.06 J/cm2 
whereas here we observed amorphization at an average fluence of 0.04 J/cm2. This 
discrepancy is due to small fluctuations in the beam profile which caused the local intensity to 
be well above 0.04 J/cm2 leading to amorphization in some small regions near the edge of the 
beam spot. As seen in Fig. 2(c), the intensity fluctuations were even more pronounced if the 
device was not placed in the proper image plane. This effect was also observed visually 
through a change in colour for only small regions within the spot size, as seen through an 
optical microscope. 
In the amorphization regime (laser fluence below 0.20 J/cm2 and above 0.06 J/cm2) there 

appears to be a linear correlation between the resonance wavelength shift and the laser 
fluence. The data point at 0.04 J/cm2 was not included in Fig. 3(b) because only a small 
portion of the laser spot caused amorphization and the length of waveguide changed is 
therefore unknown. Assuming a linear relationship in Fig. 3(b) we obtain a tuning rate of 20 ± 
2 nm/J·cm−2 (or Δneff = 0.16 ± 0.02 per J/cm

2 for the length of waveguide shot) above the 
amorphization threshold of 0.06 J/cm2
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. 
There are three possible explanations for the linear correlation between the wavelength 

shift and laser fluence in the amorphization regime. The first hypothesis is that as the fluence 
increases, the depth of the amorphized silicon layer also increases. It is reasonable to assume 
that a higher laser fluence will cause a larger volume of crystalline silicon near the surface to 
melt, resulting in a thicker layer of amorphous silicon (the waveguide width being fixed). 
This hypothesis is supported by J. Bonse [20], who optically characterized the depth of 
amorphous silicon from an 800nm, femtosecond Gaussian laser pulse. Assuming that the 
refractive index of amorphous silicon does not depend on the laser fluence, it was concluded 
that this depth was likely dependent on the laser fluence used. The second possibility is that 
the volume of the amorphous silicon stays constant with changing laser fluences, but the 
index of refraction of the amorphous silicon is modified instead. This hypothesis is supported 
by the work of Izawa et. al [21,22], where it was shown using transmission electron 
microscopy (TEM) that the depth of the amorphous silicon produced using 400, 800, and 
1550nm laser pulses did not vary with the number of shots or laser fluence below the ablation 
threshold (ref [21]. reports the depth of amorphous silicon to be 17nm when irradiating 
crystalline silicon with a single 400nm femtosecond laser pulse). However, in a later 
publication, Izawa et al [23] also showed that for 266nm laser pulses the depth of amorphous 
silicon produced does vary over a Gaussian spot size. Although it is noted in many 
publications that the index of amorphous silicon is highly dependent on the manner in which 
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it is produced [24,25], to our knowledge and also noted in ref [20], there has been no study of 
the change in the refractive index of amorphous silicon produced by femtosecond laser shots 
of various fluences. Thus further studies are needed to confirm the second hypothesis. The 
third option is a combination of increased amophization depth along with increased index of 
refraction at higher laser fluences, which is the most probable explanation given the evidence 
in the literature. 
For this experiment, when the entire spot size was above the amorphization threshold, we 

achieved a minimum positive resonance wavelength shift of 0.71nm using a fluence of 0.06 
J/cm2. This corresponds to a minimum change of 5.6 × 10−3 in the waveguide effective index. 
However, the data point at 0.04 J/cm2 shows the current tuning resolution of the technique. 
Due to the shorter affected length of waveguide, a shift in the resonance of 0.10nm was 
observed for this shot, which is roughly 1.5 × the bandwidth of these microrings. This shift 
cannot be converted to a change in the effective index because the length of waveguide 
affected is uncertain, but it illustrates that the shift is dependent on length of the waveguide 
affected. The resolution of the technique will be dependent on the ratio of the length of 
waveguide affected to the circumference of the microring, which is evident from Eq. (3). 
Therefore, the technique’s resolution can be made very fine by using either a large microring 
and/or a very small spot size. The tuning rate obtained in Fig. 3(b) can be modified in the 
same manner as the tuning resolution. The spot size of the laser pulse, along with the 
accuracy of the alignment stage, is the limiting factor for fine tuning with this technique. 

 

Fig. 4. Change in roundtrip loss of the microrings following shots plotted as a function of the 
resonance wavelength shift. Negative shifts represent ablation and positive shifts represent 
amorphization of the waveguide. The open and closed data points represent the first and 
second shots on the microrings respectively. 
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Measurements of the roundtrip loss in the microring resonators also allowed us to 
investigate the effect of the laser shots on the waveguide loss. The initial roundtrip loss of the 
microring resonators averaged over four resonance peaks between 1540 and 1560nm was 
found to be 0.25 ± 0.05 dB. The large variation in the roundtrip loss is most likely due to 
coherent backscattering from the sidewall roughness of the microring waveguides [26,27], an 
effect which has been reported for silicon microrings very similar to ours [28]. In Fig. 4 the 
change in the average roundtrip loss is plotted versus resonance wavelength shift induced by 
each shot. The error bars represent the standard deviation of the initial roundtrip loss 
measured for four resonance peaks between 1540 and 1560nm that is then added in 
quadrature with the same value for the final roundtrip loss. In the amorphization regime 
(positive resonance shifts), it is observed that the roundtrip loss increased with every laser 
shot, which is expected since amorphous silicon has larger absorption than crystalline silicon 
[25]. However, there appears to be no definite correlation between the loss and the laser 
fluence and the error bars are fairly large and vary significantly in magnitude. The large error 
bars cross below zero for some data points, but no single measurement indicated a decrease in 
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loss. The lack of a definite trend combined with the large fluctuations in the loss data suggests 
a dominant contribution from amplification of the coherent backscattering effect that was 
already present in the silicon waveguides before the laser shots. When a laser shot amorphizes 
some of the silicon, it may roughen the top surface of the waveguide and/or produce 
volumetric index inhomogeneities due to mixtures of amorphous and crystalline Si. This 
roughness could increase the backscattering and cause large fluctuations in the measured 
roundtrip loss at different resonances as observed. The effect could also be amplified for the 
TM polarization since it is more sensitive to roughness on the top surface of the waveguide 
than on the sidewalls. This hypothesis is supported by the much larger increase in loss and the 
larger fluctuations in its measurement for shots above the ablation threshold (negative shifts 
in the resonance wavelength in Fig. 4) together with evidence from AFM scans of 
unpatterned silicon surfaces after ablation showed an increased surface roughness [19]. 
In order to quantify the loss induced by femtosecond laser surface modification, 

microrings where coherent backscattering is insignificant should be investigated or a separate 
measurement of the backscattering is required in another study. The backscattering may also 
be reduced by using a smoother beam profile than the one shown in Fig. 2(b) or one with a 
more gradual change in fluence profile, such as a Gaussian laser spot. A further reduction in 
backscattering may also be possible by annealing the sample at high temperature [25]. 

4. Application of the laser tuning method to a second-order microring filter 

One potential application of the technique is in correcting fabrication-induced resonance 
misalignment in high-order silicon microring filters. These devices consist of multiple 
coupled microring resonators whose resonances have to be accurately controlled for the 
proper operation of the device [29]. 

 

Fig. 5. (a) SEM of the second-order microring filter. All of the device parameters are labeled in 
yellow and the location of the single femtosecond laser shot is outlined in red. (b) Spectral 
response before and after tuning by a femtosecond laser shot. The blue curves are the measured 
spectra and the red curves are the best fits, with the peaks corresponding to ring 1 and 2 
labeled. 

To demonstrate the ability of the femtosecond laser tuning technique to permanently 
correct the resonance mismatch in this type of device, we designed and fabricated a second-
order microring filter consisting of two non-identical microring resonators with unmatched 
resonances. An SEM image of the device is shown in Fig. 5(a). The two microrings have radii 
R1 = 8µm and R2 = 12µm, giving individual free spectral range (FSR) of 9.5nm and 6.33nm, 
respectively. When two resonances of the microrings are aligned, the FSR of the device will 
increase to 19nm due to the Vernier effect with suppressed resonance peaks in between. The 
field coupling coefficients between the bus waveguides and the microrings (κ1, κ3) and 
between the two microrings (κ2) were designed to give a flat-top filter response. For a 
100GHz-bandwidth filter the coupling values were determined to be κ1 = κ3 = 0.60, κ2
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 = 0.18, 
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and the corresponding coupling gaps were g1 = 170 nm, g2 = 300 nm, g3 = 200 nm. (The 
coupling gap between ring 1 and the input bus waveguide is smaller than between ring 2 and 
the output bus waveguide because ring 1 has a smaller radius and hence shorter interaction 
length with the bus). 
The top trace in Fig. 5(b) shows the as-fabricated spectral response of the device with the 

resonance peaks of each microring labelled. The 1535nm transmission peak is split due to a 
~1.1nm detuning between the resonances of the two microrings. To align the two resonances, 
we increased the resonance wavelength of microring 1 by applying a single laser shot at 0.06 
J/cm2 to a section of the ring as indicated in Fig. 5(a). The device spectral response after the 
laser shot is shown by the bottom trace in Fig. 5(b). The two microring resonances at the 
1535nm wavelength are seen to merge to form a second-order filter response with a 
bandwidth of 112GHz and an insertion loss of ~3dB. Careful modeling of the spectral 
response (shown by the red curve and obtained by least squares fitting) revealed that 
microring 1’s resonance wavelength was now greater than microring 2’s resonance 
wavelength by ~0.3nm, indicating that the resonances of microring 1 were moved by a total 
of 1.4nm by the laser shot. Note that at the same fluence of 0.06 J/cm2, the resonance shift in 
the 8µm-radius ring is larger than the value recorded for the 15µm microring in Fig. 3. This is 
because a larger fraction of the microring roundtrip length was modified by the laser shot in 
the smaller ring. We also observed that the adjacent resonance peaks were much more 
suppressed below the main filter transmission peaks than in the original as-fabricated 
spectrum. The roundtrip loss for microring 1 before and after the femtosecond laser shot 
changed only slightly according to our modelling, increasing from 0.77dB to 0.86dB, while 
all other fitting parameters remained the same except for the resonance wavelength of 
microring 1. Our model showed that this increase in the loss of ring 1 accounts for only a 
0.15dB change in the insertion loss of the device. 

5. Conclusion 

We have shown that femtosecond laser surface modification of silicon waveguides is a 
promising technique for tuning silicon microring resonators and other phase sensitive devices. 
In the amorphization regime, we observed an approximately linear relationship between the 
effective index change in the silicon waveguide and the fluence of the laser shot. The physical 
mechanism for this relationship is either an increase in the depth of amorphous silicon and/or 
an increase in the index of refraction of the amorphous silicon produced by the laser shots 
[20–25]. The propagation loss in the silicon waveguides, induced by either the conversion of 
some crystalline silicon to amorphous silicon or ablation of material, increased for all shots as 
expected, but no definite correlation to the laser fluence was observed due to effects from 
coherent backscattering in the microrings [26,27]. It may be possible to reduce the coherent 
backscattering effects by using a smoother beam profile or by annealing the device at a high 
temperature in future studies. 
The minimum resonance wavelength shifts achieved in the experiment were 0.10nm and 

−1.7nm for amorphization and ablation respectively. These shifts can be made lower by 
moving the beam center off the waveguide or using a smaller spot size so that a smaller 
section of the ring is irradiated. We also demonstrated an application of the technique in 
tuning a second order microring filter. The resonance mismatch of two silicon microrings was 
corrected by a single femtosecond laser shot, proving that this technique can be a fast and 
reliable method of trimming high-order filters and other advanced PICs on a silicon platform. 
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