
Preliminary resultsMoleular dynamis simulations of CH3 stiking on arbon surfaesP. Tr�askelin, E. Salonen, K. Nordlund and J. KeinonenAelerator Laboratory, P.O. Box 43, FIN-00014 University of Helsinki, FinlandC. H. WuEFDA, Max-Plank-Institut f�ur Plasmaphysik, D-85748 Garhing bei M�unhen, Germany(Otober 10, 2003)Stiking ross setions for CH3 radials at di�erent angles of inidene and di�erent energies werealulated using moleular dynamis simulations, employing both quantum-mehanial and empirialfore models. At 2100 K, the hemisorption of a CH3 radial onto a dangling bond is seen to be highlydependent on the angle of inidene of the inoming radial, as the stiking ross setion dereasesfrom (10.4 � 1.2) �A2 to (1.4 � 0.3) �A2 when the angle of inidene of the methyl radial inreasesfrom 0Æ to 67.5Æ. A simple geometrial model is presented to explain the angular dependene. Inthe stiking proess of CH3 radials with higher kineti energies (1, 5, and 10 eV), both a fullyhydrogen terminated surfae and a surfae with one unsaturated arbon site were used. The stikingprobability is observed to be enhaned with inreasing radial energy. We also observed stikingonto the fully hydrogen terminated surfae for all ases exept for the ase when the methyl radialshad energies orresponding to a temperature of 2100 K.
I. INTRODUCTIONThe seletion of plasma faing materials for presentand next-generation fusion devies is still an openquestion. Diamond and materials with diamond-likestrutures are important in many tehnologial applia-tions beause of their unique mehanial, hemial andoptial properties [1,2℄. They are espeially importantfor future fusion devies [3{5℄ sine arbon is a majorandidate as a plasma-faing material. The plasma-faing omponent lifetime and the ontamination of theplasma will be determined by the erosion mehanismsand their rates, but also by the transport and re-deposition of eroded material. Hydroarbon speiesare released via physial and hemial sputtering whendeuterium- and tritium ions and neutrals whih haveesaped from the fusion ore plasma interat witharbon-based �rst walls. These radials may laterredeposit onto the divertor tiles but also in other regionsof the vauum hamber whih are not in diret ontatwith the fusion plasma [6,7℄. Due to the fat that tritiumis bound in these hydroarbon �lms, is highly radioativeand an not easily be reyled, the ahievement of agood ontrol over these deposited hydroarbon �lms isof great importane. In experiments arried out atthe ASDEX Upgrade [7℄, both soft polymer-like C:H�lms (H/C � 1) and hard C:H �lms (H/C � 0.4)were formed. Hene detailed knowledge about suh�lm growth, espeially about the fundamental erosionand redeposition proesses of hydroarbon speies, isneeded in order to suessfully model and predit theperformane of the next-step devie.The C:T �lm formation in fusion devies might beontrolled by using a liner in the divertor pump dut [8℄where neutral hydroarbon radials will be trapped or

transformed before they an deposit in remote areas ofthe vauum vessel. One of the most abundant sputteredradial speies is the CH3 radial [9,10℄. It is also knownto be an important growth speies in hemial vapourdeposition growth of arbon �lms [11,12℄. Experimentalinvestigations on surfae proesses between polymer-like C:H �lms and simultaneous methyl and atomihydrogen beams, done by von Keudell et al. [13,14℄,have provided valuable information on the individual�lm growth mehanisms. Sine the hemisorption ofthe impinging methyl radials predominantly takes plaeon unsaturated arbon sites, the �lm growth an beharaterized with a CH3 stiking ross setion to thesesites. The stiking ross setion an be thought of as thee�etive area to whih the CH3 radial always hemisorbsupon impat.Using moleular dynamis (MD) simulations we haveexamined the stiking proess of methyl radials imping-ing onto a surfae with one arbon dangling bond. Theangle of inidene of the inoming radial was varied.By using both a fully hydrogen terminated surfae anda surfae with one unsaturated arbon site, we havealso examined how the stiking probability is a�eted byinoming radials at higher kineti energies.
II. SIMULATION METHODBoth tight-binding (TB) [15,16℄ and empirial [17℄hydroarbon fore models have been employed in oursimulations, where methyl radials imping onto diamond(111) surfaes. The hemistry in C{H systems is welldesribed in both of these models. The empirial Brennerpotential [17℄, with a uto� 2.46, is omputationally lessintensive whih allows one to ahieve more omprehensive
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statistis in MD simulations, while still desribing bondformation and breaking orretly. TB is based on aseond order expansion of the Kohn-Sham total energy indensity funtional theory with respet to harge densityutuations. This method gives a quantum mehanialrepresentation.As a hemisorption substrate in our simulations, wehave used a diamond lattie with two layers of arbonatoms, a total of 120 atoms. Both (111) surfaes werehydrogen terminated and a arbon atom site was reatedby removing one hydrogen atom from the surfae, see Fig.1. In the study of CH3 radials impinging at normal angleof inidene and having larger energies, we used botha fully hydrogen terminated surfae and a surfae withone unsaturated arbon site. The surfae temperatureprior to the radial bombardment was 0 K in all oursimulations. For a more detailed desription, see Ref.[18℄.A CH3 radial was reated above the diamond surfaewith a distane between the radial and surfae largerthan the e�etive interation range in the model. Theradial, having translational veloity, rotational andvibrational motion orresponding to a seleted temper-ature, was direted at a ertain angle of inidene to arandomly hosen point on the surfae. Aording to astrati�ed Monte Carlo (MC) strategy, the impat pointson the surfae were hosen randomly inside irularsegments with a radial width of �r = 0.1 �A eah andentered on the dangling bond site, see Fig. 2. Thishas been shown to give aurate results more eÆientlythan onventional MC (i.e., ompletely arbitrary impatpoints on the whole surfae) [19,20℄. The impat pointswere hosen on a distane of 0.6 �A from the surfae,sine test simulations revealed that with this distane theobtained stiking ross setions were the largest whenthe radial impinged towards the dangling bond anddereased with growing distane from the dangling bond.

FIG. 1. Surfae with one dangling bond used in themodelling. The CH3 radial is seen above the surfae.The maximum distane of an impat point from the

dangling bond site was 3.0 �A. By running series of impatsimulations for eah segment and integrating over theorresponding stiking probabilities, the stiking rosssetion was obtained.
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FIG. 2. Determination of the randomly hosen impatpoint for the CH3 radial with angle of inidene �. Theimpat point is hosen randomly inside a irular segmententered on the dangling bond site, with a radial width �r =0.1 �A.Radials whih were bound to an unsaturated arbonatom by ovalent bonds at the end of the simulation wereonsidered hemisorbed. The simulations were followedfor 500 fs (sine tests with longer simulation times veri�edthat 500 fs simulations were adequate to determine thehemisorbtion of an inoming radial), after whih the�nal bonding on�guration was examined.
III. RESULTSA. Tight-binding simulationsIn the simulations with varying angle of inidene ofthe inoming CH3 radial, the most ommon reationproess for the radial was to 1) hemisorb onto theunsaturated arbon site, 2) form a volatile CH4 moleuleby apturing a surfae hydrogen and drifting awayfrom the surfae and 3) form a bonding on�guration,where the arbon atom in the inoming CH3 radialbonded to two arbon atoms or one or two hydrogenatoms got stuk to one or two arbon atoms. Thebonding on�gurations (3) were probably intermediateand metastable, but the time sale of the simulationsdid not allow us to determine the lifetime of thesestates. Sine these bonding on�gurations are rare,they have no signi�ant e�et on the stiking rosssetions reported below within the urrent statistial2



unertainties. However, if a better auray is ahievedin the future in simulations or numerial modeling ofexperiments, speial on�gurations like this will need tobe taken into onsideration in the analysis.The stiking ross setions obtained varies from (10.4� 1.2) �A2 to (1.4 � 0.3) �A2 for normal and 67.5Æ angleof inidene respetively, see Fig. 3. In these simulationsthe inoming methyl radial had an energy orrespondingto 2100 K. The reason for this angular dependenean partly be explained by simple geometry, sine thedangling bond is more exposed to methyl radials atnormal angle of inidene than to radials at larger angleof inidene. The hydrogen atoms in the methyl radial,when impinging at a large angle of inidene, will reatwith the surfae hydrogen more probably and form avolatile CH4 moleule than for a radial at normal angleof inidene.
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FIG. 3. Stiking ross setions obtained when employingthe tight-binding model in the simulations for the asewith one dangling bond at the surfae and di�erent anglesof inidene of the inoming methyl radial. The methylgas temperature was 2100 K in all ases. The resultsare ompared with stiking ross setions obtained withthe simple geometrial model, and with results obtainedexperimentally [13,14,21,22℄.
B. Classial simulations

The results of the lassial model di�er from thoseobtained with TB. The values obtained are a fator of 2-7smaller depending on the angle. With the lassial modelwe ould analyse the stiking pro�les in more detail sinealthough the absolute values di�er, better statistis ouldbe ahieved. These are plotted in Fig. 4.For CH3 radials with higher energies, 1, 5, and 10eV, we observed stiking even when we used the fullyhydrogen terminated surfae. The stiking probability isgenerally enhaned with higher energy. For radials with

energies orresponding to 2100 K we observed no stikingwhen using the fully hydrogen terminated surfae. Fig.5 shows the stiking events obtained for a fully hydrogenterminated surfae and methyl radials with energies of10 eV.
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FIG. 4. Pro�les of stiking probabilities obtained with thelassial Brenner hydroarbon potential for the ase with onedangling bond at the surfae and di�erent angles of inidenefor the inoming methyl radial. The methyl gas temperaturewas 2100 K in all ases.
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FIG. 5. Stiking events obtained with the lassial Brennerhydroarbon potential when using a fully hydrogen termi-nated surfae and methyl radials with energies of 10 eV. Theline represents stiking events onto the middle hydrogen atomon the surfae, while the dashed line represents all stikingevents on the fully hydrogen terminated surfae.
IV. DISCUSSIONOur results show that the angle of inidene of theinoming methyl radial has a dramati e�et on thehemisorption probability. Depending on the angle of3



inidene, the stiking ross setion was observed toderease from (10.4 � 1.2) �A2 to (1.4 � 0.3) �A2 whenthe angle of inidene inreased from 0Æ to 67.5Æ. Thisangular dependene an be explained by a simple radiallysymmetri geometrial model, where the dangling bondan be approximated by a ylinder with surroundinghydrogen atoms at the edges. The inoming radial isassumed to move in a straight path, and the only hangein the diretion it an have takes plae in the satteringo� the surfae. Radials whih reah the bottom of theylinder are assumed to always stik. The area of thebottom of this ylinder, where the inoming radial isable to hemisorb onto the dangling bond, will dereasewith inreasing angle of inidene. But at oblique anglesradials satter from the surfae, shadowing part of theylinder.
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FIG. 6. Simple geometrial model for the stiking rosssetion at a ertain angle � of inidene of the CH3 radial.The ross setion is alulated as the total area A at thebottom of the ylinder, where the inoming radial is ableto hemisorb onto the dangling bond. The dangling bond isapproximated to be surrounded by a ylinder with radius rand height h.
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FIG. 7. Calulation of the total area A (shaded) at thebottom of the dangling bond ylinder, in whih radials areable to hemisorb onto the unsaturated arbon atom. Thisarea onsists of two segments of two irles. a is de�ned asthe distane from the enter of the ylinder, C to the pointof intersetion in the middle of the two irle segmets. b isde�ned as the distane from this intersetion to the point ofintersetion between the two irles.
The stiking ross setion �(�) is thus the total area, A,

that the radial an reah at the bottom of the danglingbond ylinder. This area, A(r; h; �), will due to simplegeometry beome (see Fig 6 and 7),A(r; h; �) = 2�r2 � 2ab; (1)where � = tan�1( ba ); (2)
a = r � 2r � h tan(90� �)2 ; (3)and b =pr2 � a2: (4)The height, h, and radius, r, of the dangling bondylinder (see Fig. 6) are hosen as follows. We �rstalulate an e�etive ovalent radius for the CH3 radialby alulating the total volume of one C and three Hatoms from their ovalent radii (0.77 �A for C and 0.35�A for H), and then alulating the radius of a spherewith this volume. 1 The parameter h is then hosen asthe sum of the ovalent radii of the CH3 radial (� 0:85�A) and a H atom (0.35 �A). This hoie has a physiallyreasonable motivation: if the C atom in the methyl getsdown to the same level as the H atoms surrounding the Cradial, there is nothing whih prevents it from stiking.Otherwise it is assumed to be reeted. d is simply a �tto the stiking value for � = 0. This gives r = 1:82 �A,and h = 1:20 �A, respetively.This geometrial model gives exellent agreementwith the stiking oeÆients observed in our TB MDsimulation, see Fig. 3. In partiular, it gives a naturalexplanation to why the stiking oeÆient drops to zerobelow 90Æ angle of inidene.We note that there are several proesses related to thestiking whih our simple geometrial model does notaount for. First, the angle of rotation of the radialwith respet to the surfae will be of importane for thestiking probability. The reason is that radials witha rotation where the hydrogen atoms fae the surfaebefore the arbon atom, will reat more easily with thesurfae, and form a CH4 moleule. In the oppositease the methyl radial will more probably stik tothe dangling bond. Seond, some of the radials thatin the simple geometrial model would reat with thedangling bond, an also reat with the surfae before this.

1While the exat values of the ovalent radii used aresomewhat arbitrary, we note that the quality of the �t isstill good within the unertainties even for values of the radiidi�ering by some tens of perents.4



For example, they an reat with a surfae hydrogen,resulting in the formation of a CH4 moleule. Third,radials have also been observed to hemisorb onto theunsaturated arbon atom when impinging at a ratherlarge distane from the dangling bond due to a steeringe�et [18℄, ontributing to a larger stiking ross setion.However, the fat that our radially symmetri model �tswell the � dependene shows that all these ompliationsan be averaged out to �rst approximation.
The values of stiking ross setions obtained inour simulations ompare well with experimentally de-termined values. In experiments by von Keudell etal. [13,14,21,22℄, stiking ross setions of � = 11 �A2for normal angle of inidene, and 5.9 �A2 for 45Æangle of inidene were obtained from omplex rateequations, employing various experimentally determinedparameters. In these experiments the sample wasnot diamond-like arbon but polymer-like hydrogenatedarbon, where the average number of neighboring arbonatoms is smaller and the shielding of the unsaturatedarbon atom site an therefore be assumed as quitelow. Both of the experimental values agree well withour results for normal and 45Æ angle of inidene, (10.4� 1.2) �A2 and (7.1 � 1.3) �A2 respetively. Thus our�ndings strongly support the experimental evidene thatthe stiking proess is angle dependent.
In the simulations with di�erent kineti energies of theinoming radial, we observed an inreasing stiking rosssetion for inreasing energy of the CH3 radial. Evenat a fully hydrogen terminated surfae, 1 eV radialsgot stuk to the surfae. When radials had the initialenergy orresponding to a temperature of 2100 K, nostiking was observed. In Ref. [23℄ no stiking wasobserved for fully hydrogen terminated surfaes evenwhen the inoming radial had energies of 1, 5, and 10eV. The surfae was diamond (100). One explanationfor the inreased stiking probability for radials withhigher energies is that the original moleule an breakup, allowing the fragments to stik to the surfae morereadily. Hydrogens at the surfae are more likely to besputtered away when the radials are impinging ontothese with higher energies than with lower energies,whih also makes it easier for the radials to hemisorbto the surfae. These results imply that even for di�erentoordination of the surfae one may have to use di�erentvalues for the stiking ross setion.
One single value for the stiking ross setion is oftenused in the litterature [24,25℄. Our results suggest thatseveral di�erent values should be taken into aount dueto di�erent angle of inidene and energy of the inomingradial.

V. CONCLUSIONS
In the modelling of erosion and redeposition forfuture fusion devies, the angle with whih partilesare impinging, and reeted at, is of great importane.Methyl radial hemisorptions on an unsaturated arbonatom site on a diamond (111) surfae were studiedemploying both tight-binding and empirial hydroarbonfore models in moleular dynamis simulations. Ourresults show that the CH3 radial hemisorption isa�eted by the angle of inidene of the radial and thatthe stiking of CH3 with higher energies (1, 5, and 10 eV)ours also at a fully hydrogen terminated (111) surfae.The dependene of the angle of inidene on the stikingross setion an be desribed by a simple geometrialmodel.
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