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a Dept.of AppliedPhysics,Facultyof ElectricalEngineeringandComputing, University of Zagreb,
Unska3, HR-10000Zagreb,Croatia

b Laboratory for IonizedGases,Divisionfor Material Research andElectronics,Dept.of Physics,
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Monocrystallinesilicon target was irradiatedwith a nitrogenlaserbeam(λ � 337 nm,
maximumenergy density1.1 J/cm2, pulseduration6 nsandrepetitionrate0.2 Hz). The
plasmaformedat thesilicon surfacewasobservedspetroscopicallyin air (ne

� 3 � 1018

cm� 3, Te = 18500K) andin vacuum(ne
� 6 � 5 � 1017 cm� 3, Te = 16000K). Theirradiated

surfacein vacuumwasstudiedby a metallographicmicroscope.Dropletswerecreatedat
crateredges.Their formationis explainedby thehydrodynamicalsputteringmodel.
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1. Introduction

The laserablationprocessesarenowadaysvery frequentlyused.They includeboth
practicalapplicationssuchasthin-film deposition,surfacecleaning,surfaceetching,pro-
ductionof nanophasematerials,etc.,aswell asmorefundamentalinvestigations,suchas
damageof solid surfaces,surfaceablationprocessesandplasmagenerationinducedby
laserirradiation[1-5]. In this paper, the plasmaparametersandthe surfacedamageof a
monocrystalinnesilicon targetablatedwith aN2 laserradiationaredesribed.

2. Experimentalsetup

An N2-laser, emittingpulsesof 6 nsdurationwith a maximumenergy densityof 1.1
J/cm2 anda meanpower densityof 150MW/cm2, andwavelengthof 337nm, wasused.
Thelaserrepetitionratewas0.2 Hz. This typeof N2-laserhasbeendescribedpreviously
in detailby Cubbedo[6] andRebhanetal [7].

The time-integratedspectroscopicinvestigationwasapplied.The laserradiationwas
focusedontothetargetsurfaceby aquartzlensof a focal lengthof 160mm.A monocrys-
talline silicon waferwasusedasthetargetmaterial.Thetargetwasplacedinsidea small
vacuumchamberevacuatedby a rotationpump,or it wasin air atnormalpressure.

The target surfacewasalmostperpendicularto the beamaxis. The producedplasma
wasimagedonto theentranceslit of a singleprismquartzspectrograph(Model Q-24,C.
Zeiss-Jena,Germany). Theobservedspectralrangewasfrom 240nmto 550nm.Thehigh-
speedIlford HP-5film wasusedfor therecording.Theslit width wassetat 25 µm. Some
20 laserpulseswerenecessaryto producea satisfactoryspectrumon thefilm. A tungsten
filamentlampwasemployedastheintensitystandard.A C. Zeiss-JenaSchnellphotometer
II wasusedfor thedensitometricwork. Thesurfacedamageof thetargetwasstudiedwith
anopticalmetallographicmicroscope(Leitz ”Aristomet”).

3. Results

3.1. Electrondensityandelectron temperatureof Si-plasma

Thespectraof silicon plasmaproducedin vacuumat 0.07mbarandin air at normal
pressurewerededucedfrom photographicrecording.Individual line profilesweremea-
suredwith thehelpof anarrow andshortdensitometerslit on thepartof thespectrumthat
correspondsto themostintensiveplasmaradiation.

In densethe laser-producedplasmas,Stark broadeningis the dominantbroadening
mechanism[8,9], andthe electrondensitycanbe deducedfrom the measuredfull width
athalf-maximum(FWHM) of a line [10-12].TheStarkbroadeningparametersweretaken
from theliterature[11,12].Theestimatedelectrondensitieswere6.5� 1017 cm� 3 and3 �
1018 cm� 3 for plasmasproducedin vacuumandin air, respectively. Thetemperatureswere
estimatedfromtherelativeintensitiesof two siliconlinesof successivestages.Theelectron
temperaturesin plasmawere16000K in vacuumand18500K in air. Theparametersof
spectrallinesusedfor thederivationof plasmaelectrontemperatureanddensityaregiven
in theTable1.
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TABLE 1. Theparametersof thespectrallines usedfor thedeterminationof the plasma
electrondensity(from Ref. 10,11)andtemperature(from Ref. 12). λ is the wavelength
of thelaserbeam,w Starkbroadeningparameter(full width athalf-maximum)atnominal
electrondensityof 1 � 1016 cm3 andtemperatureof 20000K, gk thestatisticalweight,Ek
theenergy of theupperstateandA ik is thetransitionprobabilityof theline in question.

Line λ w Ek gk Aki Ref.
(nm) (nm) (eV) (108s� 1)

Si I 288.16 0.74� 10� 3 5.08 3 1.89
�

0.50 [11]
Si I 390.55 1.46� 10� 3 5.08 3 0.118

�
0.03 [11]

Si II 413.10 3.16� 10� 3 12.84 8 1.42
�

0.35 [10]

3.2. Surfacedamageof thetargetanddropletformation

Thelaserbeamenergy densityon targetwasnot uniformover thecross-sectionof the
focal spot. It was extensively investigatedearlier [8,9]. The consequencesof this non-
uniformity arevariousdamagepatternsobserved on the target surface.We concentrate
hereon theablationcraterson thepartsof siliconsurfacethatwereirradiatedmostinten-
sively by thelaserbeam.Theablationcraterscut deeplyinto thetargetmaterialandshow
presenceof dropletsthat seemto be ejectedfrom the edgeof the damagedtarget area.
We measuredthesizeof individual dropletson themicrographs.Diametersof individual
dropletsarein therangeof 0.5– 4 µm, with themeanvalueof about1.8µm. It is possible
thatsmallerdropletsarepresentbut they werenotdetecteddueto thelimited resolutionof
theopticalmicroscopeweused.Fig. 1. showsonesuchablationcraterin detail.

To explain the formationof droplets,we usedthe modelof hydrodynamicalsputter-
ing developedby Kelly andRottenberg [14]. They postulatedthat surfaceasperitiesare
somehow formedand,oncepresent,areacceleratedaway from the liquid substrate.The
separationof asperitiesfrom thesurfacewill beopposed(for an idealsphericalshapeof
the droplets)by a force f 	�
 8πrγ, whereγ is the liquid silicon surfaceenergy. For a
Si-surface,γ 	 0 � 73 J/m 2 [14,15]. r is the meandropletradius,in our case0.9 µm. In
our experimentthe force equals2 � 2 � 10� 5 N. Whendropletsareejected,total droplet
momentumaway from thesubstrateexceedstheproduct f ∆t, i.e.


4πr3ρl

3 � 
 ∆L
∆t ��� 8πrγ∆t � (1)

where

∆L 	 2rα∆T � 2r



ρs 
 ρl

3ρs � (2)

Hereα∆T is thelinearthermalexpansionof theliquid [13-15],∆T 	 T̂ 
 Tm, whereT̂ is
themaximumtemperature, andTm is themeltingtemperatureof silicon(1685K).
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Fig. 1. Theablationcraterproducedin theareaof highestintensityof thelaserbeam.100
laserpulseswereappliedto producethiscrater. Therim of thecrateris elevatedabovethe
targetsurfaceandshows signsof extensivemelting.Notemany dropletsscatteredaround
thecrater.

ρs � ρl

3ρs
(3)

is the linearexpansiondueto meltingandfor Si it equals� 0.032[14]; ρs is thedensity
of thesolidandρl is thedensityof theliquid. Thewholelength2r � ∆L in ourcaseequals
2.61µm. Furthermore,in Eq. (1) we have ∆t � τ � tm, whereτ is thedurationof thelaser
pulseandtm is thetimeatwhich thetemperatureT equalsTm. Also, from Ref.13

∆t � τ � 1 � T2
m

T̂2 � (4)

In orderto satisfytheexpression(1) andtakinginto accountEq.(4), tm shouldbelessthan
2.7nsandT̂ lessthan2100K.

4. Discussionandconclusion

Thecentralpartof thetargetsurfacethatwasirradiatedby thelaserbeamwasheavily
ablatedanddeepcraterswereformed.Duringtheshortlaserpulses,theplasmaformedand
theof silicon dropletwereejected.Thespectroscopicanalysiswascarriedout assuming
that a local thermodynamicequilibrium(LTE) formedandthat the plasmawasoptically
thin.Accordingto thecriteriongivenin Ref.9,LTE is satisfiedfor electrondensitieshigher
than8 � 1015 cm� 3 at theelectrontemperatureof 16 000K or higher, andfor anenergy
differenceof lessthan4 eV betweenupperand lower level of a transitionin question.
Thisvalidatesourassumptionof LTE.Weobservedthatthetemperaturesanddensitiesare
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higherin air thanin vacuum.In agreementwith Matthias[17] andStrupp[4], thethreshold
for surfacedamageandplasmaformationis higherin vacuumthanin air. Undervacuum,
higherpower densitiesarerequiredto producetheplasmaandtherelatedeffectsbecause
asufficientdensityof evaporatedneutralatomsmustbecreatedto generateagasloadnear
thesurface.

Themeasuredvaluesof the electrontemperatureandelectrondensityin vacuumare
in goodagreementwith themeasurementsof Blanco,BothoandCamposwith a Nd:YAG
laser(1.064µm, 10ns,280mJ)[18]. They derivedtheplasmaparametersfrom Si II lines.
They obtainedfor theplasmaa temperatureof about2 � 104K andanelectrondensityof
1 � 1017cm� 3.

Fromtheirradiancedistributionof thelaserbeam[8], it wasobservedthatthesurface
temperaturedecreasedtowardtheedgesof thecrater. At theedges,thetemperatureis still
sufficient for theexpulsionof thedroplets,contraryto theresultsof a similar experiment
by Kelly andRottenberg [14]. They carriedout theexperimentwith about1.5timeshigher
power density(laserbeamof a wavelengthof 248 nm, FWHM of the pulsesof 12 ns).
It is possiblethat dropletsdid form during their experiment,but wereevaporatedby the
laserbeambeforethey could recondenseonto the target surface.Sucha possibility was
studiedrecentlyby Prishivalko, Astafieva and Leiko [19]. Namely, the time when the
temperatureequalsthemeltingtemperaturewasshortcomparedto thelaserpulseduration.
For example,in ourexperiment,thattime (tm) wasshorterby a factorof two comparedto
thedurationof thelaserpulse.

The dropletswhich were observed on target surfacenearthe craterwere pulled to
the target by the backward plasmaflux which is generatedduring the laserpulse.This
is in agreementwith the resultsof Brailovsky, Gaponov andLushin [20] obtainedin an
experimentwith a brasstarget.
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POVRŠINA SILICIJA OZRAČENA DUŠIKOVIM LASERSKIM ZRAČENJEM

Monokristalnisilicij seozrǎcivaosnopomiz dušikovog lasera(λ � 337nm, maksimalna
snaga1.1 J/cm2, trajanjepulsa6 ns i frekvencija0.2 Hz). Plazmanastalana površini
silicija sepromatralaspektroskopskiu zraku(ne � 3 � 1018 cm� 3, Te � 18500K) i u vaku-
umu(ne � 6 � 5 � 1017 cm� 3, Te � 16000K). Površinaozrǎcenau vakuumuseproǔcavala
pomócu metalografskogmikroskopa.Opazilesusekapljiceoko rubaudubinenasiliciju.
Nastajanjekapljicasetumǎci hidrodinamǐckim modelom.

102 FIZIKA A 6 (1997)2, 97–102


