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Abstract. Numerousexperimentshave shown that low-energy H ionsand
neutralscanerodeamorphouscarbonat ion energies of 1-10 eV, where
physical sputteringis impossible,but at erosionrateswhich are clearly
higherthanthosecausedby thermalions. In thispaperwewill �rst review
ourcomputersimulationwork providinganatom-level mechanismfor how
this erosionoccurs,andthenpresentsomenew resultsfor H andHe bom-
bardmentof tungstencarbideandamorphoushydrogenatedsilicon,which
indicatethemechanismcanbeof importancein awiderangeof covalently
bondedmaterials.We alsodiscusshow the presentedmechanismrelates
to previouslydescribedabstractionandetchingmechanisms.

INTRODUCTION

Thebombardmentof carbon-basedmaterialsby low-energy (1-100eV) H isotopes(H, D or T)
is of greatinterestin nuclearfusionreactors,sincecarboncompositesis thematerialof choicefor
the reactor�rst wall or at leasttheir partswhich aresubjectto the highestheatloads,and there
will becarbonredepositionon the�rst wall whena reactoris in use.Experimentshave shown that
thispart,thedivertor, is erodedby theincomingH dueto sputteringof hydrocarbonmolecules.The
mechanismbehindthiseffectwaslongunclear[1, 2] sinceatthelowestenergies(1 - 10eV) physical
sputteringof thewall is impossible.

At high temperaturesit is known that H atomscanenterthe amorphoushydrogenatedcarbon
(a-C:H) samplesandchangelocally the bondingstructure,resultingin the formationof a weakly
boundmoleculewhichcanmigrateto thesurfaceanddesorb[3]. But thisrequiresthermalactivation
andit cannotexplain theobservationsof desorptionbetweenliquid nitrogenandroomtemperature
with no temperaturedependence[4].

UsingMD simulationsof thebombardmentprocesswe have describeda new kind of chemical
sputteringmechanismwhichcanleadto instantaneouserosionof hydrocarbonspeciesfrom surfaces
[5–7]. Thenatureof themechanismis easiestto understandby consideringthemodelsystemof one
H atomcolliding with a C-C dimer. Themostsymmetriccasepossibleis theonewheretheH atom
movesperpendicularto thechemicalbondtowardsthemiddleof it, seeFig. 1.

Themomentumtransferin they directioncanbewritten

py =

1Z

�1

f y (t; E H
k in )dt � �f y �� ; (1)

wheref y is theforceactingon thecarbonatomsandE H
k in theinitial kinetic energy of theH atom.

For the sake of thecurrentargumentwe simplify the integral to be a product �f y �� , where �f y is an

1



Figure1: Schematicrepresentationof the swift chemicalbondbreakingin a carbondimer. From
Ref. [7].

effective averageforceduring thecollision, and �� an effective averagetime the H atomspendsin
theareaof theC-Cbond.

If the kinetic energy of the H ion E H
k in is low, the H atomreturnsbackwithout enteringthe

regionbetweentheC atoms.Then �f y andthey momentumaresmallandthebondis notbroken.
Whenthe initial kinetic energy of the impingingparticleis high enoughfor theH atomto stay

for a (relatively) long time �� in the region betweenthe atoms(solid curve), thebondbreaks(Fig.
1(b)). If we further increasethe initial kinetic energy of the impingingparticle,thebondbreaking
ceases,Fig. 1(c). The reasonis thatalthough �f y is large, theparticlespendstoo little time in the
region betweenthe carbonatomsto causeany bondbreaking( �� is short). Thusthereis a �nite
energy window in whichthebondbreakingcanoccur. Thecharacteristictimeof thisprocessis very
short,of theorderof 10 fs. Becausethemechanisminvolvesatombonding,requireskineticenergy
andis rapid,wehavenamedit “swift chemicalsputtering”[8].

To rule out dependenceon the choiceof potential,we have shown that the effect occursas
describedabove usingthreevarietiesof theBrennerpotential[9–11], aswell asin a tight-binding
quantummechanicalframework which is completelyindependentof the classicalsimulations[7].
Wehavealsoexaminedthismodelsystemwith He,andfoundthatalsoit canleadto bondbreaking,
albeitwith aclearlylowercrosssection.

In additionto thestudyof thedimermodelsystem,wehavecarriedoutextensivesimulationsof
H, D andT bombardmentof actuala-C:Hmaterial.Themainresultsobtainedcanbesummarized
asfollows. We have shown thattheswift chemicalsputtering(SCS)mechanismleadsto sputtering
of smallhydrocarbonmoleculesdown to energiesof about2 eV, andthat thesputteringyieldsob-
tainedagreewell with experiments[6]. We have alsoobservedthatthesputteringyieldsarehighly
sensitive to thedetailedsurfacestructure[12], andthatfor high �ux esaH supersaturationcanform
onthesurface,whichcanreducetheC sputteringby anorderof magnitude[13]. Theseobservations
explain experimentalresultson thesamesystems.We have alsoexaminedthe temperaturedepen-
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denceof the sputteringyield, offering a possibleexplanationto why the yield hada maximumat
about700-900K [6] (althoughthesocalledKüpperscycle [3] is certainlyalsoactive at thesehigh
temperatures).Most recently, we have foundthateven if 10%of thebombardingparticlesareHe,
Ne or Ar, with thesameenergy asthe incomingH, theerosionyield doesnot changeappreciably
(morethan� 10%) comparedto thecaseof bombardmentby H only [14].

Also othergroupshave now carriedout similar simulationsof H bombardmentof graphiteand
foundessentiallythesamemechanismto beactive [15–17].All of thiswork focusedoncarbondue
to its importancein fusionreactors.Sinceour argumentfor how thebondbreakingoccursis a very
genericoneanddoesnot requireany particularfeaturesspeci�c to carbon,however, it is natural
to posethe questionwhetherthis mechanismcanbe importantduring the bombardmentof other
materialsaswell. Thuswe next discusslow-energy light ion bombardmentof a metalcarbideand
amorphoushydrogenatedsilicon.

SPUTTERING OF TUNGSTEN CARBIDE

TheSCSmechanismcannothappenin appreciableamountsin metals,sinceit requiresthepres-
enceof looselyboundatomsor moleculesat thesurface,thatareonly boundto thesubstrateby one
or at mosta few chemicalbonds.Metalstendto favour atomiccon�gurationswhereeachatomhas
numerousnearestneighbours,makingSCSunlikely. However, it is not obvious whethera mixed
systemswith bothmetalsandcarboncansputterchemically.

Usinga recentlydevelopedpotentialmodelfor theW-C-H system[18], we have examinedthe
modi�cation anderosionof tungstencarbideby incomingD ions. Simulationsof thesputteringof
pristinecrystallineWC show only physical sputtering,with yields which agreewell with experi-
mentswithin thestatisticaluncertainties.Simulationsof high-doseirradiation,wherethechangein
thesamplestructureinducedby eachion is takeninto account,indicatethatWC amorphizesduring
low-temperatureion irradiation. This leadsto the formationof looselyboundcarbonchainsat the
surfacewhich canerodeby chemicalsputtering.On the otherhand,during prolongedirradiation
preferentialsputtering(physical andchemical)will lead to a strongW enrichmentat the surface
[19], and then naturally the chemicallyenhancedsputteringof C will be much reducedor even
completelycease.

SPUTTERING OF HYDROGENATED SILICON

Method

Wehavealsoexaminedthelow-energy hydrogenandheliumbombardmentof asystemwith no
carboninvolved. We choseto studyhydrogenatedsilicon, becausethis materialis of interestfor
instancein photodetectorsandsolarcells andit is frequentlymanufacturedwith plasmamethods
[20,21]. We usedtheBeardmoreimplementationof theMurty-AtwaterSi-H interatomicpotential
[22]. The interactionof He atomswith otheratomswasdescribedby density-functional-theory-
basedpairpotentials[23–25].

We manufactureda bulk a-Si:Hsimulationcell by takingoneof our existing a-C:Hcells (with
about40%H), scalingits sizeupwardsby thedifferencein latticeconstantof Si anddiamond,and
relaxingit with moleculardynamics.Thetemperatureandpressurewerescaledtowardszerowith
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theBerendsenmethodwith time constantsof � P = 0:3 psand� T = 1 ps [26]. This way thecell
initially heatedup to several thousandsof Kelvins andthenslowly cooled,allowing the structure
to �nd a reasonablebondingstructureof a-Si:H. After manufacturingthis cell, we removed the
periodicboundaryconditionsin thez directionand�x edtheatomsin thebottomz layer, producing
an opensurfacein the top z layer. The cell sizewas held �x ed to prevent surfacetensionfrom
causingarti�cial pressurerelaxationeffects,while the temperatureof the cell wasrelaxed with a
timeconstantof � T = 0:6 psto allow for thesurfaceto relax.Therelaxationleadto theevaporation
of a few unboundhydrogens,which wereremovedfrom thesystem.We veri�ed that thecell thus
obtainedproduceda stablesurfaceby heatingit up to 600 K for 10 ps, without observingany
additionalH or C evaporation.The�nal simulationcell had708atomsanda sizeof about20.2 	A
in eachdimension.We notethat in thecaseof the100eV H ions thecell wasclearly too shallow
to containthe full H trajectory, andthe100eV sputteringyield maybesomewhatunderestimated
becauseof this.

After this we commencedwith bombardingthe a-Si:H cell with 0.5 – 100 eV H or He ions,
andcountedthenumberof outcomingSi atomsor Si-containingmoleculesto obtaintheSi erosion
yield (higherenergiesthan100eV couldnot berun becauseof the limited cell depth).We did not
includeelectronicstoppingin mostsimulations,but testedincludingit in afew H cases.This leadto
similar or possiblysomewhatlower sputteringyieldswithin thestatisticaluncertaintiesof � 30 %.
For eachion energy we simulated10000sputteringevents.We manuallyrerana few of theevents
leadingto sputtering,monitoring the sputteringmechanismandverifying that the total energy is
well conserved.

To obtaina point of comparisonwith a purelyphysicalsputteringmodel,we alsosimulatedthe
samebombardmentsof a-Si:H usingSRIM [27,28] in the full cascademode. We set the a-Si:H
densityto bethesameasin theMD, but otherwiseusedthedefault SRIM parametervaluesfor e.g.
displacementandsurfacebindingenergies.

In our previous works we have found that to obtain a statisticallyrepresentative description
of a macroscopicsurface,it is necessaryto simulatesputteringfrom simulationcellswith different
surfacesandobtainanaverageyield overthese,or doanaverageoverdynamicallychangingsurfaces
[6,14]. In this work, however, our aim is to simply examinewhetherSCScanoccuralsofrom Si-
basedmaterials.Hencewe examinedonly onesimulationcell to obtaina qualitative answerto this
question.

RESULTS

The erosionyields of a-Si:H obtainedfrom our simulationsareillustratedin Fig. 2. Thedata
for hydrogenshow how physical sputtering(the SRIM results)becomesinsigni�cant at about50
eV, while the chemicalsputteringoccursdown to 1 eV, andhasa signi�cant andalmostenergy-
independentyield around0.002between5 and50eV. This resultis verysimilar to theexperimental
andsimulatedobservationsfor a-C:Hcitedabove.

The�gure alsoshowsthatHecanleadto sputteringof a-Si:Hatenergiesdown to 10eV, clearly
below thosewherephysicalsputteringis signi�cant. In all thethreecaseswhere10 eV He leadto
Si sputtering,the sputteredspecieswasSiH4, which shows that the erosionis of chemicalrather
thanphysicalnature.Moreover, analysisof theatomtrajectoriesshowedthat theHe-Si interaction
is not a directcollision. InsteadtheHe disturbedthechemicalbondingenvironmentaroundtheSi
by putting both Si andH atomsin motion, leadingto bondbreaking. The motion of the looseSi
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Figure2: Erosionyieldsof Si from a-Si:Hasdeterminedby moleculardynamics(MD) andbinary
collision approximation(SRIM) methods.TheSRIM methoddoesno describechemicalbondsat
all andhenceis representative of purely physical sputtering.The differencebetweenthe MD and
SRIM resultsthusillustratetheimportanceof swift chemicalsputtering.
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atomwassoslow it hadtime to capturea fourthhydrogenbeforeleaving thesurface.
The reasonthat SRIM giveshigheryields thanMD for He bombardmentat high energies is

thatthedefault SRIM parametersof displacementandbindingenergiesarenot in line with theMD
energetics.Sputteringyieldspredictedbybinary-collisionapproximationmethodsarewell known to
behighly sensitive to theparameterchoices[29], andin thisparticularcasewe foundthatchanging
just theSRIM displacementenergy parameterfor Si from 15 to 20 eV changedtheyield for 50 eV
He by almostanorderof magnitude.ChangingtheSRIM parametersto give agreementwith MD
wouldonly increasethesputteringthresholdenergy in SRIM,andthusnotaffectourconclusionthat
MD givesa muchlower threshold.

Also in thecaseof H bombardmentof Si-Sibonds,theatommotionleadingto thebondbreaking
wasnot alwaysassimpleaswhenan H entersthe region betweentwo Si atoms. Onesuchcase
is illustratedanddescribedin Fig. 3. Note that the processis endothermal,consistentwith the
descriptionof an energy thresholdfor the dimer bondbreakingand the observation that it hasa
kineticenergy threshold.

DISCUSSION

As discussedin theprevioussections,the(SCS)is a kinetically activated,endothermalprocess
whichcanleadto erosionof heavy atomsfrom covalentlybondedmaterials.Its essenceis thatalight
ion (H or He) penetratesat leastpartly betweentwo covalentlybondedatoms,pushingthemapart
andcausingbondbreaking.Wehaveobservedit to occurfor bothhydrogenandheliumirradiation,
but it is veryunlikely to occurfor muchlargeratomssincethesetransfermuchmorekineticenergy
to the sampleatomswhenpenetratinga bond,making the processphysical ratherthanchemical
sputtering.As anexampleshowing this,weconsidertheenergy transferfrom 20eV ionsin abinary
collision to anSi atomwith the impactparameterof 1.175 	A correspondingto themidpointof an
Si-Si bond. The energy transferis calculatedby numericalsolutionof the collision integral [30]
usingthe Ziegler-Biersack-Littmarkscreeningfunction [27]. While H transfersonly 0.08eV and
He only 0.6 eV, C transfers3.3 eV andSi 7 eV. Thustheheavier ions couldcausebreakingof an
Si-Si bondby a purelycollisionalmechanismwithout needto considerthenatureof thechemical
bond.

Although themodelsystemof thedimershows a simplemechanismby which theerosioncan
occur, thediscussionin theprevioussectionillustratedthat it canbemorecomplex. As shown in
Fig. 3, theatompenetratingabondneednotbetheincomingion, but canbeonewhichhasreceived
recoil energy from an incomingion. This makesit possiblethatevenheavy ionscould,at leastin
principle, indirectly causeSCSvia energy transferto hydrogen.Furtherwork would beneededto
analyzewhetherthis processcouldhave a probability signi�cant comparedto physical sputtering.
At higherenergiesit is of coursepossibleto havemixturesof physicalandchemicalsputtering,e.g.
whena light ion transferskineticenergy in a ballistic collision,while at thesametime weakeninga
bond.

Finally, weaddressedtherelationof theSCSmechanismdescribedin thispaperto othererosion
mechanismspreviouslydiscussedin theliterature.

TheSCSis not thesamekind of chemicalsputteringasthatdescribedby WintersandCoburn,
sincein thatmechanisma particleweakensa bondwhich thencandesorb[31]. In thecurrentcase
the bondbreaksimmediately. Of courseboth mechanismsmay be active simultaneouslyat high
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Figure3: Erosionof anSiH3 speciesfrom a-Si:Hby anincominghydrogen.Upperpart: smalllight
spheresareH andthelargerdarkonesSi. TheincomingH atomis alwaysmarkedby thethin solid
arrow. The incomingH is �rst scattered(12-16fs) from oneSi, changingits movementdirection.
It theninteractswith a hydrogenin a looselyboundSiH2 species(28 fs), makingthis andtheother
hydrogenin the SiH2 rotate(28-56fs). Oneof the hydrogenatomsoriginally in the samplethen
entersthespacebetweentwo Si atoms(56 fs, thick dashedarrow), leadingto swift chemicalbond
breaking. Lower part illustratesthe energeticsof the process.In the �rst scatteringevent (10-20
fs) theincomingH is sloweddown andthepotentialenergy rises,asexpectedfor a binarycollision
process.During thebondbreaking(30-60fs) theincomingH transfersits remainingkineticenergy
to theSiH2 species,leadingto bondbreakingandanassociatedrise in thepotentialenergy of the
system.The�nal potentialenergy is higherthantheinitial one.
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enoughtemperatures.
SincetheSCSmechanismis endothermalandrequiresa kinetic energy above thermalones,it

is not etchingin the traditionalsenseof usinga chemicalto remove partsof a material. However,
nowadaysthe word “etching” is often usedto describeany kind of processfacilitating controlled
removal of material.SCScancertainlybeconsidereda varietyof ion beamor sputteretching[32],
andbecauseit is mostimportantat energiesaround10 eV, typical of hyperthermalbeams,it could
well beconsidereda varietyof hyperthemalbeametching.

We alsocomparethe swift chemicalsputteringmechanismto the extensively studiedcaseof
�uorine etchingof Si. This processhasa nonthermalreactionmechanism[33] similar to that of
the SCS,and involves loosely boundSiF3 surfacespecies[34,35] in geometricallyvery similar
con�gurationsasthe CH3 andSiH3 speciesobserved by us. The �uorine etchingcanoccurby a
processknown asnucleophilicsubstitution,which is exothermicby severaleV andhasanactivation
barrierof about1 eV [34]. TheSCSmechanismalsohasa comparablebarrier, but is endothermic.
Notealsothat thehydrogen-inducedcarbonerosionexperimentsareoften in fact carriedout with
H2 or H3 ion beams[36,37], increasingfurthertheendothermicityof theerosion.

Baroneand Graves [38] have describedthe erosionof silicon by F (or Cl) in termsof three
mechanisms:(i) physicalsputtering,de�ned astheetchproductleaving thesurfacewithin 1.2psof
theimpactwheretheincoming�uorine is notpartof theetchedmolecule,(ii) chemicalsputteringby
theWinters-Coburnmechanism,and(iii) “direct abstractiveetching”(DAE), whichis thecasewhen
theetchproductleaveswithin 1.2psof theimpactwith theincoming�uorine. In SCStheincoming
H mayor maynot leavewith thesputteredspecies.HenceSCSfallswithin bothof thesede�nitions.
For the reasonsdiscussedabove, however, we do not considerSCSasphysical sputtering.Using
the mostgeneralde�nition of DAE from [38] that an “incoming halogen(ion)abstractsa silicon
from thesurface”,theSCScanbeconsidereda varietyof DAE. However, becauseetchingis often
understoodto imply anenergetically favourableprocess,we considerthe termSCSwith theword
sputteringmoredescriptive.

In the surfacescienceandcatalysisliterature,a mechanismin which an atomor moleculein-
comingon a surfacedirectly combineswith anadsorbedsurfacespeciesleadingto formationof a
desorbedspeciesin anexothermicreactionis calledanEley-Ridealmechanism[39]. Becausethe
SCSis endothermicandcanoccurwith the substrateatomsthemselves, it is not an Eley-Rideal
mechanism.

CONCLUSIONS

In conclusion,we have describedin detail the swift chemicalsputteringmechanism,which is
anendothermalandathermalprocesswhichcanleadto erosionof smallmoleculesfrom covalently
bondedmaterialsby low-energy (� 10eV) hydrogenatomsandmoleculesaswell asheliumatoms.
It maythusbeanimportanteffect for hydrogenandhelium-containingplasmaprocessingof materi-
als.Wealsodiscussedtherelationof thismechanismto previouslydescribederosioneffects,�nding
thatusingthemostgeneralde�nitions, it couldalsobecalledetching,anabstractionreactionor an
Eley-Ridealmechanism.However, becauseswift chemicalsputteringis energeticallyunfavourable
andrequiresa kinetic energy above thermalones,we arguethata namewith theword sputteringis
mostdescriptive.
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