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Surface migration during diamond growth studied by molecular orbital calculations
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Migration of various important speci¢sl, CH;, CH,, C,H, and GH,) on a diamond111) surface has been
investigated theoretically, using a cluster approach and the second-ovdler-Flesset perturbation theory.
The order of the energietarriers obtained for a single jump between two neighboring radical sites is
CH,<H<C,H~CH; (52, 248, 350, and 353 kJ/mol, respectivelyhe GH, species is assumed to migrate by
an alternating onefold and difold site adsorption to the surface. The corresponding barrier obtaingt), fier C
186 kJ/mol, which is somewhere in between that of,GHd H. The present type of surface migration of
chemisorbed species will, with one exception, be energetically favorable in comparison to any desorption
process. In the case of,8,, a desorption process will be energetically favorapB0163-182@9)00812-7

[. INTRODUCTION orders of magnitude larger migrations distances than those of
lone CH, and G=CH, specie$ Furthermore, H migrations

Vapor growth of diamond is a dynamic process with abetween bridging groups and dimers and between surface
large degree of complexity. It involves the generation of sursites and adspecies were found to be fast, comparable in rate
face vacancies, adsorption of atomic hydrogen, and additiotp H additions and abstractioA<CH; and CH barriers for
of growth species to various radical surface sites. Growth ofigration along thg110] direction, in the presence of H
diamond has usually been discussed without including exvacancies on the monohydrogenated surface, were calculated
plicitly the possibility for surface diffusion. However, ex- to be high for CH (261 kJ/ma) but low enough for CHl
periments have indicated that also surface diffusion can takel94 kJ/mo) that surface migration might occur under low-
place during diamond growth® Hence, the complex dy- pressure diamond growth conditiohs.
namic processes occurring during chemical vapor deposition Surface migration of H on diamond10) and (111) has
of diamond is also assumed to include surface processes likdso been investigated by different quantum-mechanical
migration of hydrogen and a different type of growth spe-methods:'~**The obtained energy barrier for H on the dia-
cies. mond (110 surface was 318 and 309? kJ/mol, respec-

It is very important to obtain a deeper knowledge at thetively, for a single jump between neighboring sites in the
molecular level of the surface processes during diamond001 direction over the ridges. The lowest obtained energy
growth. One important factor is the energetics during thedarrier for a migration of H on the diamorid11) surface is
growth. Adsorption energies, as well as barrier energies fobetween two adjacent carbon radical si@7 kJ/mo)."
migration, are then especially interesting to study. Migration ~An important aspect to study is whether surface migration
of H and different growth species on diamond surfaces havshould be taken into account, or not, as a limiting step in the
earlier been calculated, using a cluster approach and differeshemical vapor deposition of diamor{d11). The purpose
quantum-mechanical methotg* The activation energy for with the present study is, hence, to energetically investigate
migration of the dangling bond, as well as of the C, H, andthe migration process of different important chemical vapor
CH, species, on a (001):H surface with (1) reconstruc- deposition(CVD) species on a diamond11) surface. En-
tion have been calculatéd® No migration of CH was found  ergy barriers for the different species, and for a specific jump
to be possible without dangling bond assistahdith the  process, will then be related to the corresponding energy of
assistance of a dangling bond thg of the limiting step was ~desorptionfassumed to be the inverse of adsorptitor that
found to be above 386 kJ/mol. Furthermore, a single C adaspecific species from the surface.
tom was found to migrate preferably along the dimer row.

An adatom migration process passing through $iestep Il. METHODS

was studied in detail in the case of C atom migration on

diamond(001) surface$. It was concluded that this specific ~ The adsorption of gaseous species to a monoradical sur-
migration process easily occurs from the upper terrace to thiace site on a diamon¢l11) surface has earlier been inves-
lower one, but hardly takes place from the lower terrace tdigated by the present authdrsA medium-sized template
the upper one. C,3H,, was then found to be sufficient in the adsorption stud-

Recent theoretical results have indicated that bridginges. The framework of the template;dEl,g in the present
groups H, as well as radical vacancy, can migrate on diastudy is different(and largey in that the two neighboring
mond (100 surfaces° A mechanism based on surface dif- radical surface sites have identical environments; five adja-
fusion of chemisorbed CHand C=CH, species, respec- cent H atoms, and one adjacent dangling b¢fid. 1). The
tively, indicate that a dimer row pattern formation will serve dangling bonds are assumed to be created by abstraction re-
as an attractor for migrating specieThe highly aniso- actions including species in the gas phase. These types of
tropic migration of radical vacancies was found to reach 1-Zurface vacancies are assumed to exist under low-pressure
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FIG. 1. Templates demonstrating the transition state for the migration(a¥, I€,H (b), CH; (c), and CH (d), respectively, on a diamond
(111 surface.

growth conditions. Migration of the chemisorbed species Htransitions-state geometry was instead determined by varying
CHs;, CH,, and GH, respectively, is then assumed to occurone reaction coordinate in subsequent calculations, while the
as a simple jump between the two identical radical surfaceest of the coordinates for the uppermost atoms were
sites on an otherwise H-terminated surface. Thel.Cspe- changed freely in each calculation. Other underlayer atoms
cies, however, is assumed to migrate by an alternating one-
and difold site adsorption to the surfaffeg. 2).

The Schrdinger equations for the models of surface mi-
grations were solved using thab initio molecular orbital
method at the second-order/NMar-Plesset(MP2) of theory
(Mdller-Plesset perturbation theory of second oyd@fThe
migrating species, the radical surface atoms, as well as the
closest carbon neighbors to the radical ones at the surface,
were then represented by the basis set 6231 his split-
valence basis set is able to give an improved description of
expansion or contraction of the valence shell in response to
differing molecular environments. Furthermore, by adding
polarization functiongp to H andd to C) the description of
the charge rearrangement occurring around the atoms will be
better. The remaining atoms were all represented by the
much smaller basis set Slater-type orbitals-3G.

Migration barriers are normally more difficult to calculate
than adsorption energies to a surface radical site, because of
the problem of location of the transition state. Furthermore,
calculation of migration barriers for large models is an ex-
tremely demanding computational task. An optimization to a
transition state geometry, where the chemisorbed species as
well as all uppermost atoms in the template modeling the
diamond (111) surface are allowed to be fully relaxed
(shown by filled circles in Fig. Y1 is generally extremely FIG. 2. Templates demonstrating tt@ onefold- andb) difold-
memory and time dependent. In the present study, theite bonding during migration of £, on a diamond111) surface.

(b)
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were kept fixed in order to hold the characteristics of therespectively. The effect of size and humber of atoms allowed
crystal. The transition state on the potential energy surface$p be relaxed, on the adsorption energy as well as on the
describing the energy path when going from the chemisorbetarrier of energy, were then investigated for the migration of
state to a transition state during the surface migration, wabl species. It is generally known that adsorption of gaseous
decided by the following procedure. First, the position of thespecies to the diamon@.11) surface is not especially size
projected transition state on the axis intersecting two chemidependent due to the very localized covalent bonds. The
sorbed specie@dsorbed to the two neighboring radical sur- present test calculations will then both varify this statement,
face sitey was determined by calculating a potential pathas well as investigate if the same is true also for the energy
along this very axis. The obtained potential energies werdarrier on the diamondl1l) surface. As a result, a differ-
then least-squared fit to a parabola whose maximum wasnce of less than 8)% was obtained when calculating the
situated at the midpoint of this intersecting axis. Second, théarrier energy(adsorption energyusing the six-layer slab
more exact barrier for migration was obtained by performingand the cluster presented above. A number of three layers of
a similar procedure, but perpendicular to the intersecting axisarbons were allowed to relax in the six-layer-thick slab, also
at the position of the first obtained potential-energy maxi-including the surface terminating H atoms. Hence, a minor
mum. The above-mentioned atoi@glspecies and uppermost (and almost identicalimprovement was obtained for both
surface carbonswere also allowed to relax in the calcula- the adsorption energy, as well as for the barrier energy, at
tions of the adsorption energies for the chemisorbed statéeast concerning the purposes within the present paper.
The activation energy for a specific species and jump process

was then calculated as the difference in energy for the tran- C. Electron correlation corrections

sition state and the chemisorbed state. . . N .
Tachiba et al. have studied the fluorination process in

thermal etching of a silicon substréteThe barrier of ener-
ll. SOURCES OF ERRORS gies for model reactions, describing the migration of F at-
oms, were then calculated. The electron correlation energies
were estimated with the second- and third-orderlidte

Only relative energy barriers have been of any interest tglesset perturbation methédlP2 vs MP3, and with frozen-
study within the present investigation. The purpose was nogore single- and double-substituted configuration interaction
to quantitatively make predictions regarding energy of barri(CISD) using the 6-31&* basis set. Unlinked cluster quad-
ers to any chemical accuraggbout 0.1 eV. However, the rupole correction (QC) was added to allow for size-
numerical differences for the different adspecies studie@onsistency correction® P2, MP3 vs CISD-QQ For a spe-
(>102 kJ/mo) were large enough in order to be able to cific model reaction, the energy barriers obtained by the
predict a trend. CISD-QC method were numerically the largest ones, while

There are three possible sources of errors within thehe corresponding energies obtained by the MP2 method
present work{a) size and form of the template modeling the were numerically the smallest ones. The differences in en-
diamond(111) surface, choice of method fdb) electron-  ergy barriers, using the MP2 and CISD-QC method, respec-
correlation correction, angt) transition-state location. tively, were within the rang€17—21 kJ/mol. On the other
hand, the differences in barrier of energies for the different
model reactions were quantitatively almost identical for the
methods of electron-correlation corrections used.

As a check, a six-layer-thick slab with periodic-boundary  noreover, the addition of CHMgCI to chiral a-alkoxy
conditions was used. Calculations were then performed USi”Qarbonyl compounds were investigated in a paper by Safont
the program systensAsTEP from Biosym/Molecular Simu- et 5122 The PM3 semiempirical procedure and the initio
lation Technologies of San Diego. The approximationmethod at HF level of theory with the 3-21G and 6-31G
met_hod use(_j was the gradient corrected local-density aproxpasis sets were applied to identify the stationary points
mation version as developed by Perdew and CQ'WO':‘ZEVS- on the potential energy surface. The correlation effects
The electronic wave functions were expanded using a plangyere included by using the MP2/6-31G method,
wave basis set and the electronic minimization was perzs well as by means of MP3/6-31GMP2/6-31G and
formed using a band-by-band conjugate-gradients minimizayp/6-31G//MP2/6-31G single-point calculations. The
tion technique!” A plane-wave basis set with a cutoff energy gependence of the results upon the computing method was
of 400 eV was then used. The electron-ion interaction wagnalyzed. There were differences obtained on the barrier-
described by using pseudopotentials, which were generatgghight values. However, the tendencies were found to be
using the scheme of '—'?'ﬁ ensuring the transferability of the gjmijar. It has unfortunately been practically impossible to
potentials. The calculations were fully self-consistent W'thinvestigate the effect of an improvement in electron-

eigenvalues and was obtained using point, generated in - coprelation correction methods within the present investiga-
the program according to the Monkhorst-Pack sché&he. tiop

This scheme produces a uniform meshkgfoints in recip-
rocal space.

In the calculations, a supercell approach was used. The
six-layer slab was included in a unit cell with vacuum re- As mentioned above, the migration of H on diamond
gions of 18 A in the(001) direction, while keeping the peri- (111) surfaces have earlier been investigated theoretically by
odicity in the (100 and (010) directions. The size of the Chang, Thompson, and Raff However, the bonded H spe-
supercell in these latter directions were four and six carbonssies were then allowed to be translated horizontally from one

A. Introduction

B. Template size

D. Transition-state location
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adsorbed position on the surface to another. This translation TABLE I. Energy barriers for migration, as well as adsorption
is, in fact, identical with the first part of the procedure for energies, for different species on the diamdfd1) surface. The
transition-state location used in the present paper. The eriesults are within the MP2 theory.

ergy barrier obtained by Chang and co-workers for a migra=

tion between two adjacent carbon radical sites was 317 kJfligrating AEparrier AEagsorpion
mol. This value is to be compared with our corresponding>P€ces (kJ/mo) (kdfmo)
result of 283 kJ/mol. However, the true transition state iSCZH 350 628
most probably not situated on the axis intersecting twaq, 248 441
chemisorbed species. CH 52 416
As will be discussed in Sec. 1V, the transition state ha H2 353 388
also been localized by performing geometry optimization to ° 186 72

a transition state. This was done in order to check the present >
method used for computation of migration barriers. A minor

difference in barrier height<8%) was then obtained. Hence, 3(a). The potential energy increases because of the bond dis-

the present procedure used for locating the transition—statgociation of CgiearH accompanying the adatom migration.
geometry was found to be accurate enough for the PUIPOSE&6 optained potential energies were least-squared fit to a
within the present paper. As expected, the geometry of tk%”

. X S ; 4 arabola whose maximum was situated at the midpoint of the
transition state obtained for the migration of H is not situate

S ) 4 . L otential path. This is the result of the migration of any of
at the line intersecting the adsorption sites. This is reflecte e adatoms H, CH CH,, and GH in the present paper. A
in, e.g., the barrier of energy, which is, hence, appreciabltgi - )

milar maximum in potential energy is expected to be ob-
sm?llgr_(byihabout 69kagr;10IcomTphared to the gngrgf%/ f' tained if the adatoms are allowed to migrate perpendiculary
ported in theé paper by Lhang, Thompson, and Rall. AS g, g previously obtained one in the plane of the surface.

conclusion, the cluster approach, choice of method for elec- The final transition state was then located by performing a

tron correlation correction, and method for transition-state - procedure but perpendicular to the first obtained en-

Iopation, have been proven to be adequate for the purposeergy maximur{Fig. 3(b)]. The distance between the H spe-
with the present paper. cies and a plane intersecting the majority of the surface car-
bons was varied in subsequent calculations, while the rest of
IV. RESULT AND DISCUSSION the coordinates of the uppermost atofnsarked in Fig. 1
were fully relaxed. The geometry of this transition-state mi-
gration is shown in Fig. (). The distance between the ada-
The migration process in the present investigation is astom H and one of the radical carbon atoms is 2.1 A. To
sumed to involve two neighboring-surface radical sites. Mi-check the method of computing migration barriers, all of the
gration of H, CH, CH,, and GH, respectively, is then as- uppermost atomé&s well as the adatom)Hivere allowed to
sumed to occur as a single jump between these two surfadee geometrically optimized in a search for a transition state.
sites. The migration will be of an anisotropic character sincelhis was done within the density functional theory using the
every surface carbon has six symmetrically equivalent carBecke exchange functional and the LYP correlation
bon neighbors on the surfa¢Big. 1). The actual migration functional®* A migration energy of 270 kJ/mol was then
will, however, be determined by the formation of vacantreceived(a difference in barrier height of less than 8%
radical sites by H abstraction. It has earlier been found theo- Migration reactions of hydrogen H have earlier been theo-
retically that a onefold site adsorption of theHG species to  retically investigated for the principal diamond surfaces;
a radical site on an otherwise H-terminated diame¢h#) (111, (110, and (100.*®'-* Surface diffusion of H on
surface is much weaker than a corresponding difold site addiamond (110 has been studied by different quantum-
sorption to a diradical surface sitd04 vs 451 kJ/mgl?®>  mechanical methods:*? H atoms were then found to mi-
Due to these observations, theH; species will, in the grate with an energy dependent on the path between neigh-
present paper, be assumed to migrate by an alternating onering sites, as well as dependent on different directions on
and difold site adsorption to the diamoftiLl) surface. the surface. It was found probable that diffusion within
troughs between th¢l-1 G ridges (barrier energy of 200
B. Migrating H species kQ/mob can occur within the lifetime of the surface radical
' site [60 us (Ref. 295 or 180 us(Ref. 19]. In a paper by
The calculated migration barriers at the MP2 level ofFrenklach and SkokoV,it was found that migration of H
theory, as well as the energy for adsorption to a single radicadpecies on monohydrogenated (Jd@x1) surfaces en-
site, are demonstrated in Table I. It is observed that the obeounters large barrier energi€s51.1 kcal/mo), and there-
tained order of the energy barriers for the single jump profore should not affect the distribution of surface radicals. The
cess is CH<H<C,H~CH,. These barriers are numerically migration path with the lowest energy barrier on(HL1)
smaller than the corresponding energies for adsorpéen  surface(322 kJ/mo) was found to be between two neighbor-
sumed to be the inverse of desorpdioAs can be seen in ing radical surface sites in a paper by Chang, Thompson, and
Table 1, the energy obtained for migration of H is 248 kJ/Raff. Molecular dynamics and classical variational
mol, being about 200 kJ/mol lower than the energy of adtransition-state theory calculations were than performed, us-
sorption of H (441 kJ/ma). The potential energy change, ing the semiempirical hydrocarbon potential-energy surface
following the migration from one chemisorbed position to developed by Brennéf. The results received for the corre-
another neighboring chemisorbed position, is shown in Figsponding migration of H in the present pap248 (potential

A. General
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FIG. 3. Potential energy paths used for the determination of transition-state geometrie&@famd (b), C,H (c), CH, (d), CH; (e), and
C,H, (f). (b)—(e) demonstrates the potential path obtained when moving the species in a direction perpendicular to the surface, through an
obtained potential maximum shown {a) positioned due to symmetrical reasons more or less exactly inbetween the two surface diradical
sites. They axis in the figures are representing the calculated total energies of the systemaxiha (a)-(e) are representing the distances
between the migrating species and a plane intersecting the surface carboraxi$ian (f) is representing the angle formed by the surface
carbon and the two C on 8, (vc.c.c surfac-

surface, 270 (transition statge(TS)] kJ/mol are in a reason- surface. The barrier of migration is, hence, considerably
able agreement with the result obtained in the paper bynore energetically favorabléoy about 280 kJ/mglcom-
Chang, Thompson, and Réft. pared to any desorption process.

The transition state for migration of the,l& species was
located by performing a procedure identical to the one used
in the case of H migratiofiFig. 3(c)]. The geometry of this

As can be seen in Table I, theld species has the largest transition state is shown in Fig(ld). The distance obtained
tendency for adsorption to a monoradical diam¢htll) sur-  between the carbon atom inl& (bonded to the surface car-
face (adsorption energy of 628 kJ/molt has also one of the bon in the chemisorbed statand one of the radical surface
largest barrier for migratiof350 kJ/mo), preventing an ad- carbons is 2.1 A. The much larger barrier of migration for
sorbed GH species to move more or less freely over theC,H can be explained by the increase in C-C bond length in

C. Migrating C ,H species
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the GH species at the position of the transition state, commuch smaller for a hydrogenated1l) surface (in the
pared to the corresponding bond length for a chemisorbefiresent of vacancigscompared to hydrogenatgd00 or
state(1.24 vs 1.19 A It is well known that the main part of (001) surfaces. Surface migration of GHon Q(111):H

the correlation energy comes from the electrons with opposhould then be low enough to occur under low-pressure
site spins, since electrons with parallel spins are automatidiamond-growth conditions.

cally kept apart because of the antisymmetry of the wave

function. These effects are of special importance in triple E. Migrating CH 5 species

bonds, e.g., ¢H species. The lengthening of this triple bond The adsorption energy of GHand the barrier energy for

during migration_@max=0.q5 A.) will result in a decr_ease in_ the migration of CH, has been calculated to be almost iden-
electron correlation, contributing to the large barrier of Mi- il (388 vs 353 k:J/m()I(TabIe ). In fact, the barrier of
gration. migration is the largest one obtained in the present investi-
gation. Hence, the present results indicate an almost identical
D. Migrating CH , species proba_tbility fqr desorption and migration to occur when en-
As can be seen in Table I, the lowest energy barrier in th%gé:szlépg:ﬁg;?aiﬂfesyswm’ for example, in the form of an
present invest_igation issobtained for the migration of the The potential energy path obtained when moving the, CH
more stable triplet state B.l) of cHZ (52. kJ/mo}_. Single species towards the diamontlll) surface is shown in Fig.
Jutrt?ps .Of CHF% bet.weter:j gglghbc;jrllnlg ra(:|cal c S'tfs" ON aNz(g). A transition state was unexpectedly not found. The po-
otherwise H-terminate iamor(ti11) surface, may then 0c- - 4o yjig) energy was found to be approximately constant for a
cur within the lifetime of the surface radical s{t@0 us(Ref. distance between the C atom in GBind one of the radical
é?—)l or 1tﬁ0 us(tI)Qef. 12)3' A CVD gas mlxtllJ(;e,hconthmg carbons atoms down to about 1.7 A. When decreasing this
t'2 aﬁ .Z calr don—cton_funllng spegles V,;’.OU ' ence6, ki /enea'lstance further, the potential energy started to increase due
g€ :ca %'h?i u% g'l'lts farge ? sorp_lont_enelfggl to sterically induced repulsive interactions. The geometry of
mol) and hig | probability Tor surface migration. the model close to the position where the potential energy
The potg nt"".ll pqth used fqr Ioc_atlon of the transition Stal&arts to increase is shown in Figdl The distance obtained
fo_r CH, migration is shown In F'g.' @). The geometry of between the C atom in GHand one of the radical surface
th!s transition state s shown_ln Fig(d). The distance pb- carbons is 3.8 A. Furthermore, the adspecies G#s then
talnfed betwt()aen the C ato;nolrj&cz‘_ﬁ]nd one of thefraﬁ'C%Hfound to be planar, with two of the H atoms in the directions
surface carbon atoms is 2.0 A. The geometry of the, CH o 0 o radical surface carbons. Hence, the plane of the
species at the transitions state is not identical to the geometrdl_|3 species was in parallel to the line intersecting the two

for the chemisorbed state. The H-C-H angle for the transitior} ; ;

i . ; . . adical carbons. The fully relaxed geometry of a single;CH
state Is abput 120°, being less t_han 180°, which was tmgpecies is also known to be planar, with 120° for each
corresponding angle for the chemisorbed state. The calcula-

g ; . . The difference in energy for a chemisorbed state to
tions shows that the CHspecies binds strongly to the sur- > H-CH 9y

¢ tth trv of the t i tate. T indle b done of the radical surface carbons, and the potential energy
ace at the geometry of the transition state. 1Wo Singlé bONAg, . |ated at the position where the energy starts to increase,
are then formed between the triplet state of,Gdd each of

. . ._is in the present paper regarded to be the barrier energy for
Lhe (;(wo radical surface carbons by overlapping danglmgme migrz;)tion of (p:@p Theggeometry of the adspecies ggﬁ
onds.

. . . . . during migration from one surface carbon to a neighborin
Migration reactions of the Cspecies have earlier been g mg g g

; ) . . one will then change from a bonding situation, where C in
theoretically mvestlgateq for thel00 ar_1d (0.01) diamond CHjs is chemisorbed to the surfa¢and the geometrical form
surfaces. The Clkimigration energy barriers in the presence

X . of CHy is more like an umbrellato a barrier situation where
of H vacancies on the monohydrogenated diaméhia0) the CH; species is planar with two H atoms directed towards

s_urface were calculated to be low _enough for surface m.igrathe two surface-radical carbons, and then back again to the
tion to occur under low-pressure diamond-growth condltlonsformer type of bonding situation. The electron density ob-

(174 and 183 kJ/mol in th¢l-1 0] and [110] directions, tained in the region between the migrating £hd the radi-

: 7
Ej?ripeercrtcl)\\//\??;n g;\rrtrﬁlgr:?l(g(%’wﬁrgle?v\gtg'ansgtc':\rl;i(tjort?(?rt t:e cal surface-carbons species at the transition state, shows that
there is no tendency for the migrating €ldpecies to be

migrating CH, species. The migration of GHowards the bonded to any of the radical surface carbons.

dimers were sufficiently irreversible. Surface migratiqn of Migration reactions of the Ciispecies have earlier been
CH, sgecr:eg_ was alsol comg_uted t?] b_e fast dag_d nearly_ ISOtrqheoretically investigated for the 00 diamond surface. The
picin (:t wecgor:::{a Olgg r:me:jcss'%zgn | |metr rons migration of the CH species on radical sites of the monohy-
arecent paper by Frenkiach an OKde largest energy fdrogenatec(lOO) surface has been investigated in a paper by
barrier obtained in the reaction pathway for the migration o Mehandru and AnderséhRelatively high migration barriers
S.HZ wa; (%)%Zl)k\]/n;ol. TEe mici;ratil;)n of _the Cz‘tl_ﬂpigdes oNa  of 251 and 261 kd/mol wére then calculated for3hbving

iamon surface has also been investigatedo mi- . . :
gration was found to be possible without dangling-bond as%%:sdjacent vacancy sites along {10} and{11Q direc-
sistance. The barrier energy of the limiting step was found to '
be above 386 kJ/mol, disregarding the migration of,@Hs a
likely process on a (1) reconstructed @01):H surface.

The energy barrier for the migration of the €gpecies on It has earlier been found theoretically that theHg spe-

a diamond surface has, hence, been shown to be numericaltyes will chemisorb much more strongly to the hydrogenated

F. Migrating C ,H, species
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diamond(112) surface by forming a difold-site bonding to a than the corresponding energies for adsorptassumed to
diradical surface site, compared to a onefold-site bonding tde the inverse of desorptipf416, 441, 628, and 388 kJ/mol,
a single radical surface sit@04 vs 451 kJ/mgl Hence, the respectively. The energy differences are, with one excep-
following migrational path was suggested for theHG spe-  tion, within the(193-364 kJ/mol range. The adsorption en-
cies on an otherwise H-terminated diamdadl) surface. A ergy of CH;, and the barrier energy for the migration of
C,H, species is first assumed to undergo a onefold-site ad=H,, has been calculated to be almost identi&88 vs 353
sorption to the surface. When a neighboring radical site hakJ/mol)). In fact, the barrier of migration is the largest one
been created by an abstracting reaction with a gas-phase sp#btained in the present investigation. The smallest energy
cies, the GH, species will bend over towards the neighbor- barrier in the present investigation is obtained for the migra-
ing surface radical carborifig. 2). A second C-C bond will tion of the more stable triplet statéR;) of CH, (52 kJ/mo).
then be formed between theld, species and this neighbor- One explanation is the fact that the present calculations show
ing surface C. The migration is then assumed to continue bthat no tendency was observed for the £épecies to be
a bond breakage of the first createds@facg-C(C,H,)  bonded to the diamond, while the Gldpecies was found to
bond, resulting in a onefold-site adsorption ofH; to the  be strongly bonded to the surface at the transition state.
second radical-carbons atom. These results suggests that the chemisorbed pidcies is
The potential path describing the formation of a difold- likely to more mobile than Cklat diamond-growth tempera-
site bond from a corresponding onefold-site bond is shown inures.
Fig. 3(f). As can be seen in Table | the barrier energy ob- The GH, species is in the present paper assumed to mi-
tained for this formation is much larger than the energy ob-grate by an alternating onefold- and difold-site adsorption to
tained for a onefold-site adsorption to the surfat®6 vs 72 the diamond(111) surface. The barrier energy obtained for
kJ/mo). Hence, desorption of a onefold-site chemisorbedhe first part of this migration process is much larger than the
C,H, species would be energetically favorable compared t@nergy obtained for a onefold-site adsorption to the surface
the assumed migration of,8, (by alternating onefold- and (186 vs 72 kJ/mgl Hence, desorption of a onefold-site
difold-site adsorption on an otherwise H-terminated dia- chemisorbed ¢H, species would be energetically favorable
mond (111) surface. compared to the assumed migration gHg Even regarding
the possible sources of error in our calculations, the results in
V. SUMMARY the present investigation makes it possible to diminish the
o . . role of GH, as a dominating growth species for any surface
Recent results have indicated that under cond_mons tyP'C%rocess largely based on surface migration on dianoa)
of dlamonc.i.CVD surfac?zgnlg'ratlo'n will play'a crlt_lcal role in surfaces. However, an excess of Cdpecies in the gas mix-
the deposition proces$-** Migration of various important e in a CVD process would be energetically ideal due to its

CVD speciesH, CHs, CH,, C;H, and GHo) on a diamond  |5rge energy of adsorption and high possibility for surface
(111) surface has been investigated theoretically in themigration on diamond111).

present paper using a cluster approach and the second-order
Mdller-Plesset perturbation theory. The migration of the
chemisorbed species H, GHCH,, and GH, respectively, is

then assumed to occur as a simple jump between two neigh- This paper was supported by the Swedish Research Coun-
boring (and identical radical surface sites on an otherwise cil for Engineering Science§TFR), and the Agstron con-
H-terminated surface. The dangling bonds are assumed to B®rtium. The main part of the calculations was performed
created by abstraction reactions including species in the gasing the CRAY XMP/416 computer of the National Super-
phase. These types of surface vacancies are assumed to exismputer Cente(NSC) in Linkoping and the IBM SP com-
under low-pressure growth conditions. It is observed that thguter at PDC in Stockholm. Computational results were also
obtained order of the energy barriers for the single jumpobtained using the software programs from Biosym Tech-
process is ChkH<C,H~CHjz (52, 248, 350, and 353 kJ/ nologies of San Diegdfirst-principle calculations were done
mol, respectively. These barriers are all numerically smaller with the bmoL program.
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