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Abstract. Numerousexperimentshave shavn thatlow-enegy H ionsand
neutralscan erodeamorphouscarbonat ion enegies of 1-10 eV, where
physical sputteringis impossible,but at erosionrateswhich are clearly
higherthanthosecausedy thermalions. In this papermwewill rst review

ourcomputesimulationwork providing anatom-level mechanisnfior how

this erosionoccurs,andthenpresensomenew resultsfor H andHe bom-
bardmenbf tungstercarbideandamorphousydrogenatedilicon, which

indicatethemechanisntanbeof importancan awide rangeof covalently
bondedmaterials. We alsodiscusshow the presentednechanisnrelates
to previously describedhbstractiorandetchingmechanisms.

INTRODUCTION

Thebombardmenof carbon-basedaterialsby low-enegy (1-100eV) H isotopegH, D or T)
is of greatinterestin nuclearfusion reactorssincecarboncompositess the materialof choicefor
the reactor rst wall or at leasttheir partswhich are subjectto the highestheatloads,andthere
will becarbonredepositioronthe rst wall whenareactoris in use.Experimenthave shavn that
this part,thedivertor, is erodedby theincomingH dueto sputteringof hydrocarbormoleculesThe
mechanisniehindthis effectwaslongunclear1, 2] sinceatthelowestenegies(1 - 10eV) physical
sputteringof thewall is impossible.

At high temperatureé is known that H atomscan enterthe amorphousydrogenatectarbon
(a-C:H) samplesand changelocally the bondingstructure resultingin the formationof a weakly
boundmoleculewhichcanmigrateto thesurfaceanddesor3]. Butthisrequireghermalactivation
andit cannotexplain the obsenationsof desorptiorbetweerliquid nitrogenandroomtemperature
with notemperaturelependencgt].

UsingMD simulationsof the bombardmenprocesswve have describeda new kind of chemical
sputteringmechanismvhich canleadto instantaneousrosionof hydrocarborspeciegrom surfaces
[5-7]. Thenatureof themechanisnis easiesto understandby consideringhe modelsystenof one
H atomcolliding with a C-C dimer. The mostsymmetriccasepossibleis theonewheretheH atom
movesperpendiculato thechemicalbondtowardsthe middle of it, seeFig. 1.

Themomentuntransferin they directioncanbewritten

2
pp=  fy(tER)dt fy ; (1)
1
wheref , is theforceactingon the carbonatomsandE [, theinitial kinetic enegy of theH atom.
For the sale of the currentargumentwe simplify the integral to be a productf, , wheref, is an
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Figurel: Schematiaepresentationf the swift chemicalbondbreakingin a carbondimer From
Ref. [7].

effective averageforce during the collision, and an effective averagetime the H atomspendsn
theareaof the C-C bond.

If the kinetic enegy of the H ion E} is low, the H atomreturnsbackwithout enteringthe
region betweerthe C atoms.Thenf, andthey momentumaresmallandthe bondis not broken.

Whentheinitial kinetic enegy of the impinging particleis high enoughfor the H atomto stay
for a (relatively) long time in the region betweenthe atoms(solid curve), the bondbreaks(Fig.
1(b)). If we furtherincreaseheinitial kinetic enegy of the impinging particle,the bondbreaking
ceasesFig. 1(c). Thereasons thatalthoughf is large, the particlespenddoo little time in the
region betweenthe carbonatomsto causeary bondbreaking( is short). Thusthereis a nite
enegy window in whichthebondbreakingcanoccut Thecharacteristitcime of this processs very
short,of theorderof 10fs. Becauseéhe mechanisninvolvesatombonding,requireskinetic enegy
andis rapid,we have namedt “swift chemicalsputtering[8].

To rule out dependencen the choice of potential, we have shawvn that the effect occursas
describedabore usingthreevarietiesof the Brennerpotential[9-11], aswell asin atight-binding
guantummechanicaframevork which is completelyindependenof the classicalsimulations[7].
We have alsoexaminedthis modelsystemwith He, andfoundthatalsoit canleadto bondbreaking,
albeitwith aclearlylower crosssection.

In additionto the studyof the dimermodelsystemwe have carriedout extensive simulationsof
H, D and T bombardmenof actuala-C:Hmaterial. The main resultsobtainedcanbe summarized
asfollows. We have shown thatthe swift chemicalsputtering(SCS)mechanismeadsto sputtering
of smallhydrocarbormoleculesdown to enegiesof about2 eV, andthat the sputteringyields ob-
tainedagreewell with experimentd6]. We have alsoobsenedthatthe sputteringyieldsarehighly
sensitve to thedetailedsurfacestructure[12], andthatfor high ux esaH supersaturationanform
onthesurface whichcanreduceheC sputteringoy anorderof magnitudg13]. Theseobsenrations
explain experimentalresultson the samesystems.We have alsoexaminedthe temperaturalepen-



denceof the sputteringyield, offering a possibleexplanationto why the yield hada maximumat
about700-900K [6] (althoughthe so calledK Uipperscycle [3] is certainlyalsoactive at thesehigh
temperatures)Most recently we have foundthatevenif 10% of the bombardingparticlesareHe,
Ne or Ar, with the sameenegy asthe incomingH, the erosionyield doesnot changeappreciably
(morethan 10 %) comparedo the caseof bombardmenby H only [14].

Also othergroupshave now carriedout similar simulationsof H bombardmenbf graphiteand
foundessentiallythe samemechanisnto beactive [15-17]. All of thiswork focusedon carbondue
to its importancen fusionreactors.Sinceour agumentfor how the bondbreakingoccursis avery
genericone anddoesnot requireary particularfeaturesspeci c to carbon,however, it is natural
to posethe questionwhetherthis mechanisncan be importantduring the bombardmenbf other
materialsaswell. Thuswe next discusdow-enegy light ion bombardmenbf a metalcarbideand
amorphousydrogenatedilicon.

SPUTTERING OF TUNGSTEN CARBIDE

The SCSmechanisntannothappenn appreciablemountdin metals sinceit requiresthe pres-
enceof looselyboundatomsor moleculesatthe surface thatareonly boundto the substratéy one
or atmosta few chemicalbonds.Metalstendto favour atomiccon gurationswhereeachatomhas
numeroumearesheighboursmaking SCSunlikely. However, it is not obvious whethera mixed
systemsawith bothmetalsandcarboncansputterchemically

Usingarecentlydevelopedpotentialmodelfor the W-C-H system[18], we have examinedthe
modi cation anderosionof tungstercarbideby incomingD ions. Simulationsof the sputteringof
pristine crystallineWC shav only physical sputtering,with yields which agreewell with experi-
mentswithin the statisticaluncertaintiesSimulationsof high-dosdrradiation,wherethe changen
the samplestructureinducedby eachion is takeninto accountjndicatethatWC amorphizesgluring
low-temperaturdon irradiation. This leadsto the formationof looselyboundcarbonchainsat the
surfacewhich canerodeby chemicalsputtering. On the otherhand,during prolongedirradiation
preferentialsputtering(physical and chemical)will leadto a strongW enrichmentat the surface
[19], and then naturally the chemically enhancedsputteringof C will be muchreducedor even
completelycease.

SPUTTERING OF HYDROGENATED SILICON

Method

We have alsoexaminedthe low-enegy hydrogenandheliumbombardmenof a systemwith no
carboninvolved. We choseto study hydrogenatedsilicon, becausehis materialis of interestfor
instancein photodetectorsind solarcells andit is frequentlymanufcturedwith plasmamethods
[20,21]. We usedthe Beardmordmplementatiorof the Murty-Atwater Si-H interatomicpotential
[22]. Theinteractionof He atomswith otheratomswas describedcby density-functional-theory-
basedpair potential§23—25].

We manufctureda bulk a-Si:H simulationcell by taking one of our existing a-C:H cells (with
about40%H), scalingits sizeupwardsby the differencein lattice constanbf Si anddiamond,and
relaxingit with moleculardynamics.The temperaturendpressuravere scaledtowardszerowith



the Berendsemmethodwith time constantof p = 0:3 psand t = 1 ps[26]. Thisway the cell
initially heatedup to several thousand®f Kelvins andthenslowly cooled,allowing the structure
to nd areasonabldondingstructureof a-Si:H. After manufcturingthis cell, we removed the
periodicboundaryconditionsin the z directionand x edtheatomsin the bottomz layer, producing
an opensurfacein thetop z layer The cell sizewasheld x ed to prevent surfacetensionfrom
causingarti cial pressureelaxationeffects, while the temperatureof the cell wasrelaxed with a
time constanbf 1 = 0:6 psto allow for thesurfaceto relax. Therelaxationleadto theevaporation
of afew unboundhydrogenswhich wereremoved from the system.We veri ed thatthe cell thus
obtainedproduceda stablesurface by heatingit up to 600 K for 10 ps, without observingary
additionalH or C evaporation.The nal simulationcell had 708 atomsanda size of about20.2 A
in eachdimension.We notethatin the caseof the 100 eV H ionsthe cell wasclearlytoo shallov
to containthe full H trajectory andthe 100 eV sputteringyield may be somavhat underestimated
becausef this.

After this we commencedvith bombardingthe a-Si:H cell with 0.5—100eV H or He ions,
andcountedthe numberof outcomingSi atomsor Si-containingmoleculedo obtainthe Si erosion
yield (higherenegiesthan100eV could not be run becausef the limited cell depth). We did not
includeelectronicstoppingin mostsimulations put testedncludingit in afew H casesThisleadto
similar or possiblysomevhatlower sputteringyields within the statisticaluncertaintiesf 30 %.
For eachion enegy we simulated10000sputteringevents. We manuallyrerana few of the events
leadingto sputtering,monitoring the sputteringmechanismand verifying that the total enegy is
well consered.

To obtaina point of comparisorwith a purely physical sputteringmodel,we alsosimulatecthe
samebombardmentsf a-Si:H using SRIM [27,28] in the full cascadenode. We setthe a-Si:H
densityto bethe sameasin the MD, but otherwiseusedthe default SRIM parametewaluesfor e.qg.
displacemenandsurfacebindingenegies.

In our previous works we have found that to obtain a statistically representatie description
of amacroscopisurface,it is necessaryo simulatesputteringfrom simulationcells with different
surfacesandobtainanaverageyield overthese pr doanaverageoverdynamicallychangingsurfaces
[6,14]. In this work, however, our aim is to simply examinewhetherSCScanoccuralsofrom Si-
basedmaterials.Hencewe examinedonly onesimulationcell to obtaina qualitatve answerto this
guestion.

RESULTS

The erosionyields of a-Si:H obtainedfrom our simulationsareillustratedin Fig. 2. The data
for hydrogenshav how physical sputtering(the SRIM results)becomesdnsigni cant at about50
eV, while the chemicalsputteringoccursdown to 1 eV, and hasa signi cant and almostenepgy-
independenyield around0.002betweerb and50 eV. Thisresultis very similar to the experimental
andsimulatedobsenrationsfor a-C:H citedabove.

The gure alsoshavsthatHe canleadto sputteringof a-Si:Hatenegiesdown to 10 eV, clearly
belov thosewherephysical sputteringis signi cant. In all thethreecasesvhere10 eV He leadto
Si sputtering,the sputteredspecieswas SiH,4, which shawvs that the erosionis of chemicalrather
thanphysical nature.Moreover, analysisof the atomtrajectoriesshavedthatthe He-Siinteraction
is not adirectcollision. Insteadthe He disturbedthe chemicalbondingervironmentaroundthe Si
by putting both Si andH atomsin motion, leadingto bondbreaking. The motion of the looseSi
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Figure?2: Erosionyields of Si from a-Si:Hasdeterminedby moleculardynamics(MD) andbinary
collision approximation(SRIM) methods.The SRIM methoddoesno describechemicalbondsat
all andhenceis representatie of purely physical sputtering. The differencebetweenthe MD and
SRIM resultsthusillustratetheimportanceof swift chemicalsputtering.



atomwassoslow it hadtime to capturea fourth hydrogenbeforeleaving the surface.

The reasonthat SRIM gives higheryields thanMD for He bombardmentt high enegiesis
thatthedefault SRIM parametersf displacemenandbindingenegiesarenotin line with the MD
enegetics.Sputteringyieldspredicteday binary-collisionapproximatiormethodsarewell knowvn to
be highly sensitve to the parametechoiceq29], andin this particularcasewe foundthatchanging
justthe SRIM displacemengnegy parametefor Sifrom 15to 20 eV changedheyield for 50 eV
He by almostan orderof magnitude.Changingthe SRIM parameterso give agreementvith MD
wouldonly increaseghesputteringhresholdenegy in SRIM, andthusnotaffectourconclusiorthat
MD givesa muchlower threshold.

Alsoin thecaseof H bombardmentf Si-Sibonds theatommotionleadingto thebondbreaking
was not always as simpleaswhenan H entersthe region betweentwo Si atoms. One suchcase
is illustratedand describedn Fig. 3. Note that the processs endothermalconsistentwith the
descriptionof an enegy thresholdfor the dimer bond breakingand the obsenration thatit hasa
kinetic enegy threshold.

DISCUSSION

As discussedn the previous sectionsthe (SCS)is a kinetically activated,endothermaprocess
whichcanleadto erosionof heary atomsfrom covalentlybondedmaterials Its essencés thatalight
ion (H or He) penetratesit leastpartly betweerntwo covalently bondedatoms,pushingthemapart
andcausingbondbreaking.We have obseredit to occurfor bothhydrogenandheliumirradiation,
but it is very unlikely to occurfor muchlargeratomssincethesetransfermuchmorekinetic enegy
to the sampleatomswhen penetratinga bond, making the processphysical ratherthan chemical
sputtering As anexampleshawing this, we considetheenepgy transferfrom 20 eV ionsin abinary
collision to an Si atomwith theimpactparametenf 1.175A correspondingo the midpointof an
Si-Si bond. The enepgy transferis calculatedby numericalsolution of the collision integral [30]
usingthe Ziegler-Biersack-Littmarkscreeningunction [27]. While H transfersonly 0.08 eV and
He only 0.6 eV, C transfers3.3 eV and Si 7 eV. Thusthe heavier ions could causebreakingof an
Si-Sibondby a purely collisional mechanisnwithout needto considerthe natureof the chemical
bond.

Althoughthe modelsystemof the dimer shows a simple mechanisnby which the erosioncan
occur the discussiorin the previous sectionillustratedthatit canbe morecomplex. As shown in
Fig. 3, theatompenetratingabondneednotbetheincomingion, but canbe onewhich hasreceved
recoil enegy from anincomingion. This makesit possiblethatevenheavy ions could, at leastin
principle, indirectly causeSCSvia enegy transferto hydrogen. Furtherwork would be neededo
analyzewhetherthis processcould have a probability signi cant comparedo physical sputtering.
At higherenegiesit is of coursepossibleto have mixturesof physicalandchemicalsputteringge.g.
whenalight ion transferskinetic enegy in a ballistic collision, while atthe sametime wealeninga
bond.

Finally, we addressetherelationof the SCSmechanisndescribedn this paperto othererosion
mechanismgreviously discussedn theliterature.

The SCSis not the samekind of chemicalsputteringasthatdescribecby Wintersand Colurn,
sincein thatmechanisma particlewealensa bondwhich thencandesorb[31]. In the currentcase
the bond breaksimmediately Of courseboth mechanismsnay be active simultaneoushat high
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Figure3: Erosionof an SiHz speciesrom a-Si:Hby anincominghydrogen.Upperpart: smalllight
spheresareH andthelargerdarkonesSi. TheincomingH atomis alwaysmarked by thethin solid
arrov. TheincomingH is rst scattereq12-16fs) from one Si, changingits maovementdirection.
It theninteractswith a hydrogenin alooselyboundSiH, specieq28 fs), makingthis andthe other
hydrogenin the SiH, rotate(28-56fs). One of the hydrogenatomsoriginally in the samplethen
entersthe spacebetweertwo Si atoms(56 fs, thick dashedarran), leadingto swift chemicalbond
breaking. Lower partillustratesthe enegeticsof the process.In the rst scatteringevent (10-20
fs) theincomingH is sloveddown andthe potentialenegy rises,asexpectedfor a binary collision
processDuring thebondbreaking(30-60fs) theincomingH transferdts remainingkinetic enegy
to the SiH, species|eadingto bondbreakingandan associatedise in the potentialenepgy of the
system.The nal potentialenegy is higherthantheinitial one.



enoughtemperatures.

Sincethe SCSmechanisms endothermahndrequiresa kinetic enegy above thermalones,it
is not etchingin thetraditionalsenseof usinga chemicalto remove partsof a material. However,
nowadaysthe word “etching” is often usedto describeary kind of procesdacilitating controlled
removal of material. SCScancertainlybe considered variety of ion beamor sputteretching[32],
andbecausét is mostimportantat enegiesaround10 eV, typical of hyperthermabeamsijt could
well beconsidered variety of hyperthemabeametching.

We also comparethe swift chemicalsputteringmechanisnto the extensiely studiedcaseof

uorine etchingof Si. This processhasa nonthermaleactionmechanisn{33] similar to that of

the SCS,andinvolves loosely bound SiF; surface specieq34,35] in geometricallyvery similar
con gurationsasthe CH3; and SiHz speciesobsened by us. The uorine etchingcanoccurby a
procesknown asnucleophilicsubstitutionwhichis exothermicby severaleV andhasanactivation

barrierof aboutl eV [34]. The SCSmechanismalsohasa comparabléarriet but is endothermic.
Note alsothat the hydrogen-inducedarbonerosionexperimentsare oftenin fact carriedout with

H, or Hz ion beamq36, 37], increasingurtherthe endothermicityof the erosion.

Baroneand Graves [38] have describedthe erosionof silicon by F (or Cl) in termsof three
mechanisms(i) physical sputteringde ned astheetchproductleaving the surfacewithin 1.2 psof
theimpactwheretheincoming uorine is notpartof theetchedmolecule (ii) chemicakputteringoy
theWinters-Coluirnmechanismand(iii) “direct abstractie etching”(DAE), whichis thecasewhen
theetchproductleaveswithin 1.2 psof theimpactwith theincoming uorine. In SCStheincoming
H mayor maynotleave with thesputteredpeciesHenceSCSfalls within bothof thesede nitions.
For the reasongliscussedibove, however, we do not considerSCSas physical sputtering. Using
the mostgeneralde nition of DAE from [38] that an “incoming halogen(ion)abstractsa silicon
from the surface”,the SCScanbe considered variety of DAE. However, becausetchingis often
understoodo imply an enegetically favourableprocesswe considerthe term SCSwith theword
sputteringmoredescriptve.

In the surfacescienceand catalysisliterature,a mechanismnin which an atomor moleculein-
comingon a surfacedirectly combineswith an adsorbedurfacespeciedeadingto formationof a
desorbedspeciesn an exothermicreactionis calledan Eley-Ridealmechanisni39]. Becausehe
SCSis endothermicand can occurwith the substrateatomsthemseles, it is not an Eley-Rideal
mechanism.

CONCLUSIONS

In conclusion,we have describedn detail the swift chemicalsputteringmechanismyhich is
anendothermahndathermalprocessvhich canleadto erosionof smallmoleculefrom covalently
bondedmaterialdby low-enegy ( 10eV) hydrogenatomsandmoleculesaswell asheliumatoms.
It maythusbeanimportanteffectfor hydrogenandhelium-containingplasmaprocessingf materi-
als. We alsodiscussedherelationof this mechanisnto previously describederosioneffects, nding
thatusingthe mostgeneralde nitions, it couldalsobe calledetching,anabstractiorreactionor an
Eley-RidealmechanismHowever, becausewift chemicalsputteringis enegetically unfavourable
andrequiresa kinetic enegy above thermaloneswe arguethata namewith theword sputterings
mostdescriptve.
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