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Monocrystallinesilicon target was irradiatedwith a nitrogenlaserbeam(A = 337 nm,
maximumenegy density1.1 J/cn?, pulseduration6 ns andrepetitionrate0.2 Hz). The
plasmaformedat the silicon surfacewas obsened spetroscopicallyn air (ne = 3 x 108
cm3, Te = 18500K) andin vacuum(ne= 6.5 x 10" cm™3, Te = 16 000K). Theirradiated
surfacein vacuumwasstudiedby a metallographianicroscopeDropletswerecreatedat
crateredgesTheir formationis explainedby the hydrodynamicasputteringmodel.
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1. Introduction

The laserablationprocessesre nowadaysvery frequentlyused. They include both
practicalapplicationssuchasthin-film deposition surfacecleaning,surfaceetching,pro-
ductionof nanophasenaterials etc.,aswell asmorefundamentainvestigationssuchas
damageof solid surfaces,surfaceablationprocessesand plasmagenerationnducedby
laserirradiation[1-5]. In this paper the plasmaparametersandthe suriacedamageof a
monocrystalinnailicon targetablatedwith a N, laserradiationaredesribed.

2. Experimentaketup

An Na-laser emitting pulsesof 6 nsdurationwith a maximumenepy densityof 1.1
J/en? anda meanpower densityof 150 MW/cm?, andwavelengthof 337 nm, wasused.
Thelaserrepetitionratewas0.2 Hz. This type of N»-laserhasbeendescribedreviously
in detailby Cubbedd6] andRebharetal [7].

The time-integratedspectroscopiinvestigationwas applied. The laserradiationwas
focusedontothetargetsurfaceby a quartzlensof afocal lengthof 260mm. A monocrys-
talline silicon waferwasusedasthe targetmaterial. The targetwasplacedinsidea small
vacuumchambesevacuatedy arotationpump,or it wasin air at normalpressure.

The target surfacewas almostperpendiculato the beamaxis. The producedplasma
wasimagedontothe entranceslit of a single prism quartzspectrograptiModel Q-24,C.
Zeiss-Jengzermaly). Theobsenedspectralangewasfrom 240nmto 550nm. Thehigh-
speedlford HP-5film wasusedfor therecording.Theslit width wassetat 25 um. Some
20 laserpulseswerenecessaryo producea satishctoryspectrunon thefilm. A tungsten
filamentlampwasemplo/edastheintensitystandardA C. Zeiss-Jen&chnellphotometer
Il wasusedfor thedensitometriavork. The surfacedamageof thetargetwasstudiedwith
anopticalmetallographienicroscop€Leitz "Aristomet”).

3. Results

3.1. Electiondensityandelection tempeature of Si-plasma

The spectraof silicon plasmaproducedn vacuumat 0.07 mbarandin air at normal
pressuravere deducedrom photographiaecording.Individual line profileswere mea-
suredwith the helpof anarrav andshortdensitometeslit onthepartof the spectrunthat
correspond$o the mostintensie plasmaradiation.

In densethe laserproducedplasmas,Stark broadenings the dominantbroadening
mechanisni8,9], andthe electrondensitycanbe deducedrom the measuredull width
athalf-maximum(FWHM) of aline [10-12]. The Starkbroadeningparametersveretaken
from theliterature[11,12]. The estimatedklectrondensitiesvere6.5x 1017 cm~3 and3 x
10 cm3 for plasmagproducedn vacuumandin air, respectiely. Thetemperaturewere
estimatedrom therelativeintensitiesof two siliconlinesof successie stagesTheelectron
temperaturet plasmawere 16000K in vacuumand18500K in air. The parameter®f
spectralinesusedfor the derivationof plasmaelectrontemperatur@anddensityaregiven
in the Tablel.
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TABLE 1. The parameter®f the spectrallines usedfor the determinatiorof the plasma
electrondensity(from Ref. 10,11)andtemperaturdfrom Ref. 12). A is the wavelength
of thelaserbeamw Starkbroadeningparamete(full width at half-maximum)atnominal
electrondensityof 1x 10'6 cn? andtemperaturef 20000K, g the statisticalweight, B
theenegy of the upperstateandAix is thetransitionprobability of theline in question.

Line A w Ex Ok A Ref.
(nm) (hm) (eV) (10°s™h

Sil 288.16 0.74x10° 508 3 1.89+0.50 [11]

Sil 390.55 1.46x10°2 508 3 0.118:0.03 [11]

Sill  413.10 3.16x10°% 12.84 8 1.42+0.35 [10]

3.2. Surfacedamaye of thetarget anddropletformation

Thelaserbeamenegy densityon targetwasnot uniform over the cross-sectioof the
focal spot. It was extensvely investigatedearlier[8,9]. The consequencesf this non-
uniformity are variousdamagepatternsobsened on the target surface. We concentrate
hereon theablationcraterson the partsof silicon surfacethatwereirradiatedmostinten-
sively by thelaserbeam.The ablationcraterscut deeplyinto the targetmaterialandshav
presencenf dropletsthat seemto be ejectedfrom the edgeof the damagedarget area.
We measuredhe sizeof individual dropletson the micrographsDiametersof individual
dropletsarein therangeof 0.5—4 pym, with themeanvalueof about1.8 um. It is possible
thatsmallerdropletsarepresenbut they werenot detectedlueto thelimited resolutionof
theopticalmicroscopeve used Fig. 1. shovs onesuchablationcraterin detail.

To explain the formation of droplets,we usedthe modelof hydrodynamicakputter
ing developedby Kelly and Rottenbeg [14]. They postulatedhat surfaceasperitiesare
somehw formedand, oncepresentareaccelerate@way from the liquid substrateThe
separatiorof asperitiefrom the surfacewill be opposedfor anideal sphericalshapeof
the droplets)by a force f = —8rry, wherey is the liquid silicon surfaceenegy. For a
Si-surbice,y = 0.73 J/m?2 [14,15]. r is the meandropletradius,in our case0.9 pm. In
our experimentthe force equals2.2 x 10~°> N. Whendropletsare ejected,total droplet
momenturmaeway from the substratexceedshe productfAt, i.e.

41rdp)\ /AL
( 3 ) (E) > 8rryAt, Q)
where
Ps—pI
AL =2raAT +2r | —— 2
( 3ps ) @

HereaAT is thelinearthermalexpansiorof theliquid [13-15], AT = T — T, whereT is
themaximumtemperature, andT, is themeltingtemperaturef silicon (1685K).
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Fig. 1. Theablationcraterproducedn the areaof highestintensityof thelaserbeam.100
laserpulseswvereappliedto producethis crater Therim of the crateris elevatedabove the
tamgetsurfaceandshavs signsof extensive melting. Note mary dropletsscattereground
thecrater

Ps—Pi
3ps

®3)

is the linear expansiondueto meltingandfor Si it equals— 0.032[14]; ps is the density
of thesolidandp; is the densityof theliquid. Thewholelength2r + AL in our caseequals
2.61um. Furthermoreijn Eq. (1) we have At = T — ty,, wheret is the durationof thelaser
pulseandty, is thetime atwhichthetemperaturd equalsTy,. Also, from Ref.13

At:T(l—_ITA_—“E) @)

In orderto satisfytheexpressior(1) andtakinginto accountg. (4), tm shouldbelessthan
2.7nsandT lessthan2100K.

4. Discussiomndconclusion

Thecentralpartof thetargetsurfacethatwasirradiatedby thelaserbeamwasheaily
ablatedanddeepcratersvereformed.Duringtheshortlaserpulsesthe plasmdormedand
the of silicon dropletwereejected.The spectroscopi@nalysiswas carriedout assuming
thata local thermodynamiequilibrium (LTE) formedandthat the plasmawas optically
thin. Accordingto thecriteriongivenin Ref. 9, LTE is satisfiedor electrondensitiedigher
than8 x 10 cm™2 at the electrontemperaturef 16 000K or higher andfor anenegy
differenceof lessthan4 eV betweenupperand lower level of a transitionin question.
Thisvalidatesourassumptiorof LTE. We obseredthatthetemperatureanddensitiesare
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higherin air thanin vacuumIn agreementvith Matthias[17] andStrupp[4], thethreshold
for surfacedamageandplasmaformationis higherin vacuumthanin air. Undervacuum,
higherpower densitiesarerequiredto producethe plasmaandthe relatedeffectsbecause
asufficientdensityof evaporatedheutralatomsmustbecreatedo generat@ gasloadnear
thesurface.

The measuredialuesof the electrontemperatureandelectrondensityin vacuumare
in goodagreementvith the measurementsf Blanco,BothoandCamposwith a Nd:YAG
laser(1.064um, 10 ns,280mJ)[18]. They derivedthe plasmaparameterfrom Sill lines.
They obtainedfor the plasmaa temperaturef about2 x 10°K andan electrondensityof
1x 10%cm 3,

Fromtheirradiancedistribution of the laserbeam[8], it wasobsenedthatthe surface
temperaturelecreasetbwardthe edgef the crater At theedgesthetemperaturés still
sufficient for the expulsionof the droplets,contraryto the resultsof a similar experiment
by Kelly andRottenbeg [14]. They carriedouttheexperimentwith aboutl.5timeshigher
power density (laserbeamof a wavelengthof 248 nm, FWHM of the pulsesof 12 ns).
It is possiblethat dropletsdid form during their experiment,but were evaporatedoy the
laserbeambeforethey could recondensento the target surface. Sucha possibility was
studiedrecentlyby Prishialko, Astafiera and Leiko [19]. Namely the time whenthe
temperaturequalghemeltingtemperaturgvasshortcomparedo thelaserpulseduration.
For example,in our experimentthattime (t,) wasshorterby afactorof two comparedo
thedurationof thelaserpulse.

The dropletswhich were obsened on target surface nearthe craterwere pulled to
the target by the backward plasmaflux which is generatediuring the laserpulse. This
is in agreementvith the resultsof Brailovsky, Gapone and Lushin [20] obtainedin an
experimentwith a brasgarget.
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POVRSINA SILICIJA OZRACENA DUSIKOVIM LASERSKIM ZRACENJEM

Monokristalnisilicij seozrativaosnopomiz duSikovog lasera(A = 337 nm, maksimalna
snagal.1 J/cn?, trajanjepulsa6 nsi frekvencija0.2 Hz). Plazmanastalana povrsini
silicija sepromatralaspektroskpskiu zraku(ne = 3x 108 cm~3, T = 18500K) i u vaku-
umu(ne = 6,5 x 10" cm~3, T, = 16000K). Povrinaozratenau vakuumuseproutavala
pomatu metalografskg mikroskopa.Opazilesu sekapljice oko rubaudubinenasiliciju.
Nastajanje&kapljicasetumai hidrodinamékim modelom.
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