A model for the nucleation of diamond clusters on Si(111) substrates
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A theoretical study of the nucleation, size, and structure of diamond phase carbon clusters on
Si(111) substrates is presented. Molecular mechanics analysis has been utilized to predict
energetically and entropically feasible pathways for nucleation of the carbon clusters. Several
mechanistic pathways for nucleation of carbon clusters are examined wiflai@or GH, as the
nucleation precursors. A possible model for the nucleation mechanism of diamond-phase carbon
clusters on thgg-SiC(111) surface, which forms epitaxially on @il1) substrates, is presented. The
critical size of the carbon clusters is computed based on the atomistic theory of nucleation and the
proposed nucleation mechanisms. 197 American Institute of Physics.
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INTRODUCTION composition, but always less than that of diamond.
Stoner et al?° concluded that carbide formation may

The synthesis of thin diamond films using a variety ofonly play an intermediate or secondary role in diamond
chemical vapor depositiofCVD) methods has received sig- nucleation and that there exists an intermediate nucleation
nificant attention in recent years, primarily because thestep between the carbide formation and actual diamond
unique properties of diamond make it an attractive candidat@ucleation. They observed excess carbon on the surface of
for a wide range of applications, such as semiconductor deg-SiC and hypothesized that the surface carbon contributed
vices, cutting and grinding tools, and windows for visible significantly to the nucleation of diamond and that ;h&iC
and infrared transmissionNucleation and growth processes layer acts as a temporary, but critical, host on which the
of diamond films have become subjects of intensive study irtarbon can accumulate until clusters of the appropriate size
an effort to enhance diamond nucleation and control filmand structure required for diamond nucleation develop. A
morphology during the CVD process&s. separate study by McGinnét al,?! which examined the role

In most chemical vapor deposition methods, diamondof carbon in nucleation, indicates that a specific configura-
nucleation on non-diamond surfaces without pretreatment iion of carbon on the substrate appears to be responsible for
usually difficult and slow. One of the more commonly usedheterogeneous nucleation of diamond. They suggest two pos-
techniques for enhancing the nucleation of diamond is bsibilities for this configuration{1) a carbon form, such as
scratching the substrate surface with either hard abrasives @1L.C, similar enough to diamond for nucleation to occur, or
a paste of fine diamond particléDiamond nucleation on (2) an actual diamond-phase cluster. It has been postulated
non-diamond substrates occurs most often on an intermedialg Badziaget al?* that the critical carbon configuration con-
layer of materials such as metal carbides, graphite, amosists of small diamond-phase clusters, since the formation of
phous, or diamond-like carbd®LC) formed at the substrate very small carbon clusters which are hydrogen terminated
surface due to chemical interactions between activated gagay be more thermodynamically stable under deposition
species and the substrate during the incubation périddt  conditions as diamond rather than as graphite or DLC. This
has been shown that, in the early stages of the growth cduggestion is consistent with the observations by George
diamond by microwave plasma CVIMPCVD) and hot fila- et al?® of a small cluster-like precursor layer seen by atomic
ment CVD (HFCVD),"”>"**an intermediate carbide layer is force microscopyAFM) imaging, which showed the hetero-
formed on silicon substrates. For example, Kobay(auslai.16 geneous nucleation of ordered diamond crystallites. No in-
have reported thtaa 2 nm thick intermediate amorphous formation about the size or structure of the diamond crystal-
layer on a silicon substrate was observed for films grown vidites was stated in the work by Georg¢ al. To date, the
an electron-assisted CVD method. Joffreatial’’ per-  information about the size, structure, and chemistry of dia-
formed a systematic study of diamond growth on refractorymond clusters or nuclei is primarily speculative.
metals (all carbide formers and observed that diamond Silicon is a common substrate material for diamond
nucleation occurred only after the formation of a thin carbidedepositiont Heteroepitaxial nucleation of diamond on silicon
layer. Other non-carbide carbonaceous nucleation promotegafers may take place through the formation of the interme-
like graphité® and DLC have been postulated to exist as diate 8-SiC epitaxial conversion layer on the surface of
well during the early stages of diamond CVD. Diamond-like silicon due to the crystallographic registry across the
carbon is a non-crystalline, hard, carbonaceous film whosgterface?*?® Epitaxial nucleation of diamond on (@00
atom number density is significantly greater than other amorwafers has been demonstrated to occur via the formation of
phous carbon and hydrocarbon solids of the same elementah epitaxial3-SiC conversion layer that formed during time
situ carburization step® The g-SiC(111) layer is known to
dpresent address: Concurrent Technologies Corp., Johnstown, PA 15004form as an intermediate layer on the¢X5il) substrate due to
YElectronic mail: dandy@engr.colostate.edu the epitaxial relationship between silicon ageSiC. In the
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present work, several mechanisms for the nucleation oéach other or to a common atom. The specific equations and
diamond-phase carbon clusters @8iC(111) are examined. associated parameters used to calculate each energy term can
The B-SiC(111) surface is assumed to be hydrogenated andbe found in the literaturé’?®

therefore, in an unreconstructed state. The critical size and Heats of formation are calculated usif§’

structure of the diamond phase carbon clusters formed on

B-SiC is computed based on the proposed nucleation mecha- AH¢=AHpongt AHgtrycrt AHsterict AHthermos 2

nism. The diamond-phase carbon CIUSUT:TS b_ecome thermOdWhereAHbond is the sum of the bond energy contributions,
namlc_a_lly stable afte_r they reach as_pecn‘lc Size, referr_ed 03, Hetruer 1S the sum of structural energy contributions for
the critical cluster siz¢CCS), and this quantity is predicted functional groups such as methyl groups or five-membered

using atomistic nucleation theory. The etch-resistant, stablﬁngs AHq.ic is the steric energy resulting from E€L)
diamond-phase clusters may subsequently serve as nuclgr o sterie

i . . ter minimization, andAH is the partition function
ation centers or seeds for the growth of continuous diamon thermo P

. . - : ) ontribution. For hydrocarbons and silicdH ermo IS 2.4
films by providing necessary sites for diamond nucleation. kcal/mol (to account for translation, rotation, and a correc-
In this work, energetically and entropically favorable

tion for constant volume and for alkanes in particular, an

pathways leading .to the ngcleation of diamond-ph'ase Carboé‘xtra torsional correction of 0.4 kcal/mol is added for each
clusters are predicted using molecular mechanics. Subsgg, .y 2oyt which there is a rotational barrier of less than 7

quently, the critical cluster_size of the _carbon clus_ters s Calkcal/mol. Because the surface species considered here have
culated based on the feasible nucleation mechanisms of “Ylgither translational nor rotational degrees of freedom,

bon clusters. The theoretical method employed in the current is not considered
thermo .

calculations is presented below. The slab chosen for the hydrogenaig¢SiC(111) is 4
layers thick and consists ob& unit cells, with a total of 99
carbon atoms, 99 silicon atoms, and 126 hydrogen atoms. In

THEORETICAL METHOD order to ensure that the computed results were not dependent
on the size of the slab, calculations have been carried out for

The g-SiC(111) surface is assumed to be hydrogenatedyg of the molecules, using a larger slab, 7 layers thick con-
and therefore unreconstructed during typical diamond CVDsisting of 8<8 unit cells, with a total of 447 carbon atoms,
conditions due to the presence of excess atomic hydrogen47 silicon atoms, and 350 hydrogen atoms. The predicted

To analyze the stability of clusters g&SiC(111), the mo-  thermodynamic properties for the larger structures were

lecular mechanics method developed by Allinger and cowyithin 0.4% of those predicted for the smaller slab.

workers, MM3?” has been applied to examine the hydroge-  The formation of carbon clusters are assumed to occur

nated surface of3-SiC. Periodic boundary conditions are through the combination of methyl radicals, acetylene mol-

incorporated into the computational algorithm, permittingecyles, and hydrogen atoms because these are typically the
calculations comparable in size to modest-sized clusters blrl]t]ajor species contributing to diamond nucleation and growth
without complications from edge effects. The 1992 versiony diamond CVD processé&32 In the calculations, methyl

of the force field, MM392),%%%° with parameters for satu- agicals are assumed to preferentially chemisorb on the sili-

rated, unsaturated, conjugated hydrocarbons, and silicon &ty atoms. The results of a study by OhsHitadicate that

oms is accurate to withir-+0.1 A in bond length=1° in the chemisorption energy of a Giadical on a silicon atom

bond angle between atoms other than hydrogen,a4tin s greater than that on a carbon atom during-8iC vapor

torsional angles. Calculated heats of formation for a wideghase epitaxial growth under conditions very similar to that
variety of hydrocarbon compounds are consistently withingyisting during diamond CVD.

chemical accuracy, that is;1 kcal/mol. The force field is To model the characteristics of a solid slab, the bottom
successful in modeling not only small, simple molecules, bufayer of substrate atoms are fixed in position during the cal-
also large molecules and some highly strained moleciles. culations, preventing expansion or contraction of the unit cell
The MM3 force field for molecules may be summarizedip g directions. The Cartesian coordinates of the carbon and
as silicon atoms are defined with respect to their ideal positions
in the bulk, as determined by simple geometry usti§iC
E=XE+ 3B+ 3B, + 2Bt 2Bust 2B +2Eiaw  |attice constant of 4.35 A° A full Newton—Raphson energy
+3Egpl, (1)  minimization is done for each calculation. The eigenvalues
of the Hessian matrix are checked to ensure that a true en-
such that the total enerdy is assumed to be the linear com- ergy minimum is reached, rather than an intermediate transi-
bination of different atom interaction energids; the bond tion state.
stretching energyk, the angle bending energf,, the tor- By calculating the heats of reaction and Gibbs energy of
sional energyE,, the stretch-bend energf,, the torsion reaction between methyl radicals, acetylene molecules,
stretch energyk 4 the bend coupling energ¥, 4, the van  atomic hydrogen and various surface complexes, a sequence
der Waals interaction energy between two atoms which aref energetically and entropically feasible reactions leading to
bonded neither to each other nor to a common atom, anthe nucleation of diamond-phase carbon clusters are pro-
Eqpi the dipole interaction energy. In E@l), the summa- posed. It has been reported thgHg and CH; are the domi-
tions extend over all the bonds, bond angles, torsion anglesiant growth species during diamond CV#*® Several
and non-bonded interactions between atoms not bound tmechanistic paths have been examined, includinthe for-
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AH = 37247

A(;12()() < 0
AH o =198
AG,y = -28.95
AH o= —11.78
AG 1 = ~24.59

AH = 20.42
AG 130 = —2.08

FIG. 1. First route for the nucleation of diamond phase carbon cluster using CHj as the precursor species. AH 1,y and AG j,q are in kcal/mol. (@): C atom,
(@): Si atom, (O): H atom. Bond lengths not to scale.

mation of clusters from Chlradicals alone, andi) the for- is computed from the heat of formation of ¢HCH;, H,,
mation of clusters with ¢H, and CH, as nucleation precur- and H¥*® Although the heat of reactiof8) is positive, this
sors. The heats of reactioAH,, and the Gibbs energy of reaction will occur due to the abundance of H atoms during
reaction, AG, are calculated for each elementary reaction adiamond CVD.

three different temperatures=298 K, 1000 K, and 1200 K. The binding energy foa H atom on a SiL11) surface is
The heat of reaction is only weakly temperature dependen9.293 kcal/mol of H atom¥’ Therefore, the removal of a H
although the free energy change of reaction does depermtom from a Si surface atom may be represented by the re-
strongly on temperature. Because typical gas-phase temperastion:

tures above substrate surface during diamond CVD are ap-

proximately 1200 K, for reference, the values/ifl ;,,,and SiH(s)=Si«(s)+H AH,9g=69.3 kcal/mol, 4
AGy,gpare given alongside each reaction in the Fig$-(3)

where Sie is a surface radical site. The heat of formation of
and Tables | and II.

two H atoms is known to be 104.2 kcal/mbl:

HyoH+H  AH,0e=104.2 kcal/mol. ®)

Using the heats of reaction ¢4) and(5), the heat of forma-

Several mechanistic paths for nucleation of carbon clustion of silicon radicals can be computed.

ters are examined in this section. The heats of reaction,
AH+, and the Gibbs energy of reactiohG+, for each el- CH; MECHANISM
ementary reaction in each path for nucleation of diamond-

RESULTS AND DISCUSSION

phase carbon cluster is calculated utilizing MM3. There are three principal routes for the nucleation of a
The heat of reaction for the gas-phase reaction propane-like kernefa term first used by Frenklagt al>*“9

using CH, alone as the nucleation precursor. The propane-

CH,+H&CHg+H, AH,95=0.53 kcal/mol 3 like kernel is the seed for the growth of a new diamond phase
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AH 0 = —37.247
AC;IZ()() < 0

AH ., =-37.247
AG <0

AH,,,, =-70.193
AG <0

AH = 2216
AG = —28.22

AH 1 = 46.48
AG 0 = 21.43

FIG. 2. Second route for the nucleation of diamond phase carbon clusters using CHj as the nucleation precursor. AH 5o, and AG 4, are in kcal/mol. (@): C
atom, (@): Si atom, (O): H atom. Bond lengths not to scale.

carbon cluster. The first route for a methyl based ion-freevery negative®=*! Similarly, the abstraction foa H atom
reaction pathway leading to the nucleation of a propane-likérom a hydrogenated silicon site by a gas-phase H atom is
kernel is described by the six step reaction sequence in Tab|fely to be negative because the free enerfjp 1 atom is

. In reactions(I.1-1.6) in Table I, the calculated heat of gyrongly positive. Such activation reactions are known to
reaction,AH;zq0, and Gibbs energy of reactiodGippoare e spontaneously. The free energy of readtich is
!|sted with _eac_h reaction. The reaciions listed in Table | arqikely to be negative because it is a radical-radical reaction
illustrated in Fig. 1. i

and such reactions are known to be spontaneous.

In the reaction sequence listed in Table I, the hydroge- . .
nated-SiC surface is activated by the H abstractioeac- The second possible route for a methyl-based reaction

tion 1.1) forming a surface radical, $®, to which a free Sequence forming the surface complex SiCH,Si(s) is
methyl radical is adde¢reaction 1.2. The surface complex listed in Table II. This reaction sequence is similar(itd)—
formed in this manner, SiCis), is activated by H abstrac- (I.6) because it also proceeds through H abstractions fol-
tion (reaction 1.3, and another free methyl radical is added lowed by the CH addition. However, instead of progressing
(reaction 1.4. The surface complex, SiGBHs(s), forms a  via sequential surface complexes built at the same surface
product surface complex, SiGEH,Si(s), through the ab- silicon site, it requires the formation of two separate CH
stracti_on of a hydrogen _atom from f[he terminal carbon atonyqqucts at adjacent surface silicon sigs1)—(11.2) and
(reaction 1.5 and formation of C—Si bond between the cre- (11.3)—(I1.4), as shown in Fig. 2. Once the two adducts form,

ated radical and a neighboring surface silicon S|te,(§)|H_ following a H abstraction, reactiofil.5), a C—C bond is

(reaction 1.6. The above reaction sequence is illustrated in
Fig. 1. Reactior(l.6) is not feasible because it has a positiveformed between the two CHadmolecules thereby trans-

AH althoughAG is negative and hence, is not a likely route forming the surface complex into the product surface com-
for nucleation of diamond clusters. The free energy of reacPlex SICHCH,SI(s) (reaction 11.6. The enthalpy and free
tion (1.1) is likely to be negative since the free energy changeenergy changes for reactidh.6) are both positive, indicat-

of a corresponding reaction for the abstractidradH atom  ing that this reaction is not a preferred path for the nucleation
from a hydrogenated diamond surface by a hydrogen atom isf the diamond phase clusters.
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AH = 76225
AG = —54.46

AH 0 = —37.247

AG]Z()() < 0

AH 1 = —37.247
AGIZ(K) < 0

AH o = —22.16
AG 0 = —28.22

_—
PATH 1
H, AH 0 = —20.59
AG 3 = -30.27
AH 0 = —39.47
AG 0 = ~21.64
AH o= —61.53
AG 20 = —10.65
AH 0= —11.46
AG 30 = —20.59
AH, 20 = —6.72
AG 0 = ~14.41

&
«

FIG. 3. Third route for the nucleation of diamond clusters using CHj as the precursor species. AH 1509 and AG (5 are in kcal/mol. (@): C atom, (@): Si atom,

(O): H atom. Bond lengths not to scale.

The third route for a methyl-based reaction sequence in-

volves the creation of the surface complex SYCH,SI(s)

through the diradical species
SiCH;(s)+H<SICH,*(s)+H,

AH 1200~ — 20.6 kca|/m0|,

(6)

followed by a radical-radical surface addition reaction:

SiCH,*(S) + SiCHy*(9)<SICH,CH,Si(s)

1970

J. Appl. Phys., Vol. 81, No. 4, 15 February 1997

AH 59~ —39.5 kcal/mol. (7)

This route is illustrated in Fig. 3. Values faXxH 54 and
AG, are listed with each reaction in Fig. 3. The results
indicate that reactiof7) has a negative heat of reaction and

a negative free energy change of reaction, as expected for a
radical-radical reaction. Therefore, the surface complex,
SiCH,CH,Si(s), could in principle be formed by reactidi).

Mahalingam, Liu, and Dandy



TABLE |. First route for the CH based reaction sequence. SiCH2CH2°(S)+SiCH3(S)+HﬁSiCHgCHf(S)

Reaction AH 500 AGi500 +SiCH,*(s)+H,
No. Reaction (kcal/mo) (kcal/mol))
1 SiH(S)+H&SI-(9+H, —37.247 <0 AH1200= = 6.7 kcal/mol, (13
2 S (8)+CHy=SICHy(9) —66.213 <0 SiCH,CH,e(s)+ SiCH,*(s)=SiCH,CH,CH,Si(s)
3 SiCH;(s)+H&SICH,- (s)+H, —-19.8 —28.95
4 SICH,+(5)+CH3=SICH,CH3(9) —64.44 —8.44 AH 150= —76.3 kcal/mol. (14
5 SICH,CHy(s)+H&SICH,CH,- () —11.78 —-24.59 ] ) .
+H, The propane-like kernel, SiGEH,CH,Si(s), may be formed
6 SICH,CH,-(5)+SiH() 20.42 -2.08 from structure SiCHCH,Si(s) by H atom additior{reaction
©SiICH,CH,Si(s)+H (8)], CH; addition[reaction(9)], H atom abstractionfgreac-

tions (12) and (13)], followed by the radical-radical surface
reaction(14); this reaction sequence is henceforth referred to
as path 1. Another possible mechanism for the formation of
The propane-like kernel can then be formed fromthe propane-like kernel is by bypassing structure
SICH,CH,Si(s), by the following sequence of reactions:  SiCH,CH,Si(s), i.e., by reactions in the sequenc#.1),

SiCH,CH,Si(s)+H<<SiCH,*(5)+ SiCHg(s) (11.2), (1.3), (11.4), (11.5), (9), (12)-(14), henceforth referred
AH 0= —46.5 kcal/mol, to as path 2. The two path_s are iIIust_rated in Fig. 3.
AGao=—21.4 keal/mol ®) Thus, the third nucleation route via path 1 or patts@e

1200 ' : Fig. 3) involving the radical-radical surface addition reaction
SiCH,#(s) + SiCH;y(s) + CHy& SiCH,CHg(s) + SiCHy(S) is a very likely mechanism for the nucleation of a diamond-

phase carbon cluster. Counteracting the favorable energetics

AH1205= —61.5 keal/mol, and entropy is the requirement for high selectivity of the
AG 0= —10.7 kcal/mol. (9 gaseous species’ attacks on the surface sites, i.e., selective

. ) ) additions of methyl radicals to selectively created adjacent
Iq reacnoq (8), instead of H attackllng theT structure gy rface radical site§f CH is supplied by the gas phaser
SICH,CHSI(s), CH; atoms may attack it. In this case the ggjective migration of Chiradicals to adjacent surface radi-

reaction sequence would be as follows: cal sites(if CH; is available by surface diffusion after ad-
SICH,CH,Si(s) + CHg& SICH,CHy(S) + SiCH,*(S) sorption on the surfagdollowed by selective abstractions of
hydrogen atoms from the formed Gladmolecules. Huang

AH1500= —24.1 kcal/mol, AGi,0=10.6 kcal/mol, et al,*! using the results from a kinetic stuf§have esti-

(10 mated that the rate of attack of gaseous species on a neigh-
SICH,CHg(s) + SiCHye(s) +He SICH,CHy(S) + SiCH(s) boring surface site should be lowered by roughly one order
of magnitude due to steric selectivity. The low overall rate of
AH505= —83.9 kcal/mol, nucleation of the diamond phase cluster, due to the steric
AG 0= —42.7 kealimol. (11)  selectivity of the probable nucleation mechanism suggested
above, may explain the large incubation period observed dur-
The Gibbs energy change @0) is positive, which indicates  ing the early stages of nucleation of diamond fifms.
that the rate of the reverse reaction is faster than the forward The results presented above for nucleation of a propane-
reaction. Hence, reaction®) and (9) are predicted to be |ike kernel using CH as the precursor species, are qualita-
more favorable than reactio$0) and (11). tively similar to the computed results predicted for dia-
Once the product structure, SiGEH;(s), is formed by  mond111) homoepitaxial growth by Huanet al** The heat
reaction(9), a propane-like kernel can be formed by the fol- of reaction(l.1) is indicative of the CH chemisorption en-

lowing reactions: ergy on silicon surface and appears reasonable compared to
SICH,CHs(9)+SiCHy(9) + He SICH,CH,*(9) + SiCHy(9)+H,  the Clt-b adsorption energy calculated by Ohsfiitan a sili-

con atom.
AH 5= —11.5 kcal/mol, (12

C,H, AND CH; MECHANISM

Acetylene has been identified as a stable product in a
diamond CVD environment, and it has been shown th&t,C

TABLE Il. Second route for CHbased reaction sequence. . . -
and CH, are the most likely species available for the exten-

Reaction AH 1200 AGpg  Sion of the diamond lattic&® Because GH, is a potential
No. Reaction (keal/mo)  (kcal/mo)  stable growth species in diamond CVD, the nucleation of
1 SiH(9)+HeSi-(9)+H, —37.047 <0 diamond-phase clusters, using bothHg and CH as the
2 Si-(9)+ CHy= SICHy(s) —-66.213 <0 nucleation precursors, is examined in this work. Three dif-
3 SiH(s)+H&Si-(s)+H, —37.247 <0 ferent nucleation sequence routes have been investigated in
4 Si-(§) + CHy=SICHy(s) —70.193 <0 this work using different combinations of the Gend GH,
> SICH(s) tH=SICHy- (9 +H,  ~22.16 ~2822 4 ddition, plus hydrogen abstraction and termination. The first
6 SiCH,-(s)+SiCH(s) 46.48 21.43 ’ T

©SICH,CH,Si(s)+H two of these routes are based on a growth mechanism pro-

posed by Frenklackt al3°*°for diamond growth on a step
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fragment on the(111) plane of a diamond surface, using TABLE lIl. Deposition parameters used in calculatidns.
acetylene as the main monomer growth species. The fir

leati t t ol ible d to th it f otal gas pressure 30 Torr
nucieaton route was no_ _p ausible due to the _pOSI |vg 'e&as composition at the exit of a 1.1% CH,, 14.3% H,
energy changes and positive heats of key reactions while thepjasma arc-jet 84.6% H,
second nucleation sequence was found to be thermodynantas temperature above substrate 1200 K
cally unfavorable due to positive free energy changes for key surface , »
reactions; the results found here for this general growtt0¢ fraction of CH radicals above 2x10

hani istent with those from a previou substrate surface
_meC Z_ims_m ?re consis p Substrate temperature 1133K
investigatiort

The third route for the nucleation of diamond phase clusReference 47.
ters using GH, and CH, forms new segments of the dia-
mond structure in the same row, rather than in adjacent rows
as considered in the first two sequences. As with the seconaf attempts before an adatom can leave the surfaceJand
sequenceAG was found to be positive for key reactions (monolayerss™?) is the rate of impingement of CHadicals
involving C,H, addition, once again indicating that other from the gas phase to the substrate. The first term inEs).
nucleation routes may be favored. Although all reactionds derived from the volume energy of the cluster, whereas the
considered in the second and third nucleation sequences asecond term is derived from the surface energy of the cluster.
exothermic, a large negative entropy change i Laddi-  From the kinetic theory of gases, the rate of impingement of
tion reactions may prevent the nucleation mechanisms bZH, radicals,J, can be derived as
C,H, and CH from occurring. However, the nucleation

route using CH alone as the nucleation precursor is ener-  j_ NaPhc —3.513 1072 Phc (16)
getically and entropically feasible. Therefore, it may be con- 27MRT, \/MTg’

cluded that the nucleation mechanism using;@H the pre-
cursor will be favored over the nucleation mechanism usin
C,H, and CH, as the combined precursors.

assuming that the molecules of the gas have a Boltzmann
Qelocity distribution®® In Eq. (16), J is in cm 2 s7%, N, is
Avogadro’s numberP is the partial pressure of the hydro-
carbon species above the substrate surface in Miis the
CRITICAL CLUSTER SIZE molecular weight of the gas speciesgmmol %, R is the gas

N _ _ _ constant, and ¢ is the temperature i of the gas mixture
The critical cluster siz€CCS, ny, is defined as a mea- djacent to the substrate surface.

sure of thermodynamic stability such that clusters with fewer |5 the present calculations, the deposition conditions

than n, atoms will dissociate, whereas clusters with moretypical of a direct current arcjet plasma assisted CVD system
thann, atoms are stable. There are two approaches to angye used, as summarized in Table Ill. For the deposition
lyze nucleation, classical, and atomistiton-classical In  ¢onditions?® the impingement rate of CHradicals () is

the atomistic approach to nucleation theory, the critical sizga|culated to be 1:810® cm 2 s™%. The range of the char-

is defined using the concepts of statistical mechanicsacteristic frequencies for metal-Grbonds is 2800—2900
whereas in the classical approach bulk material parameteggy =148  This frequency range corresponds to

are used to describe the clusters. Since deposition from thg4x10'3-8.7x10'® s In this calculation, the value

gas phase occurs under high supersaturation, small criticgl =8 55x10'® s™* is used. It has been reported elsewhere
clusters are expected to form during the heterogeneousat typical values of;, for a solid surface are in the range of
nucleation of diamond by CVD. It has been pointed out in10!345 so the value used here is considered reasonable.

the literature that the predictions of the classical theory argyhen the data are substituted into the first term of &§),
far less reliable for heterogeneous than for homogeneouge result is

nucleatior* A microscopic description, in which no as- 1p

sumptions are made regarding the shape or size of the clus- Gn=3:85X10""n—(E,+nE,) (erg/molecule. (17)

ters, is therefore preferable for theoretical predictions regardfhe surface energy contribution @, is computed using the

ing nucleation on surfaces. In this work, the CCS for aheat of reaction for each of the elementary reactions consti-
Si(111) substrate, is evaluated based on the nucleatiofuting the CH nucleation mechanisms. In this approach, the
mechanisms for the diamond-phase clusters proposed befog@alysis of the clusters’ stability is done not only from an
in this work. An important assumption is that the desorptionenergetic standpoint but also on entropic grounds because
of entire clusters is not considered in this work when com-energetically and entropically favorable paths are only con-

puting the critical cluster size. sidered for the formation of the clusters. In order to calculate
The Gibbs energy of formation of a clustermfitoms is  the surface energy, the cluster is assumed to be built by CH
defined in the atomistic approach'as radicals alone, as described in path 1 and path 2 as shown in
Yo Fig. 3, since paths 1 and 2 in Fig. 3 are the only energetically
G,=nkTg In(j) —(E,+nE,), (15 and entropically favorable pathways among the paths studied

in this work leading to the nucleation of hydrogenated car-
whereE,, is the binding energy of a cluster ofatoms and bon clusters. In the following, the surface energy and there-
E, is the single atom adsorption enerdy,s Boltzmann's fore, the CCS is computed, for the two different paths of the
constant,T is the substrate temperatung,is the frequency proposed nucleation mechanism in Fig. 3.
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cluster,

FIG. 4. Clusters containing different number of carbon atoms in reference to
case 1 for determination of CCS. H atoms are not given in figure. (®): C
atom, (@): Si atom. Bond lengths not to scale.

CH;: NUCLEATION PRECURSOR

(€3] cluster,
It is clear that the number of possible cluster Structuresrig. s. Clusters containing different number of carbon atoms in reference to
increases with the number of Glradicals incorporated into  case I for determination of CCS. H atoms are not given in figure. (®): C
the cluster. For illustrative purposes, two different paths of2tom- (@): Si atom. Bond lengths not to scale.

cluster formation using CHare .|nvest|ga_ted. The two cases represents the sum of the binding energy and the adsorption

(case | and case)lrepresent different sites of GHadsorp- energy of carbon clusters of sizeon the substrate.

tion, leading to different cluster structure. In case |, the ada- Case | While Fig. 3 depicts the formation of clusters up

toms are adsorbed on sites in aQJacent silicon atom rows % three carbon atoms, clusters containing more than three

the -SiC(111) surface whereas, in case I, the Ctadicals carbon atoms are shown in Fig. 4. A cluster of one carbon

are adsorbed on silicon atom sites in the same row. atom is shown in Fig. @), two carbon atoms in Fig.(B)
Crl]usterg olf:n cari)on gtgms W'th"_>3i foa:ases I a;t%” and three carbon atoms shown in Figc)3 Clusters in Figs.

are shown In Figs. 4 and 5, respectively. Clusters wi 4(e) and 4f) are not predicted to form because they are not

aredpresentled in g_igl.(& :]'he cr:uster i]f‘ irll the shﬁpe gf a puCl%’nergetically and entropically feasible. The elementary reac-
ered monolayer disk. This shape of clusters has been sugq leading to the formation of clusters illustrated in Figs.

gested based on theoretical wBand subsequently ob- " 4 are listed in Table IV. Path 1 in Fig. 3 which forms

served by a number of investigators experimentdly. propane-like kernel is represented by the elementary reac-
The elementary steps required to form the clusters of.

. . - . ons shown in Table IV. Path 2 is not represented in terms of
different sizes are not shown in Figs. 4 and 5 but are mstea?

. . . lementary reactions in a separate table because it has al-
represented in the reactions shown in Table IV. The heat Oeady been listed in the text. Moreover, path 2 is already
reaction(in kcal/mol) at 1200 K is listed in the table with ’ !

) ; _ illustrated in Fig. 3. It is to be noted that the propane-like
each reaction. The Gibbs energy change of each reaction hﬁérnel can form by the two different paths, path 1 and path 2,

been calculated and is negative for all reactions in each S§ut clusters containing more than three atoms follow the

quence. The surfa}ce energy tertE, + nE,, for_each _cluster same path as listed in Table IV. While calculating the Gibbs
is listed with the final reaction for that clustédentified by energies for the propane-like kernel by path 2, tid for

Sy) representing the formation of the cluster of sizeThe each elementary reaction listed in Fig. 3 is utilized.
reactions are identified as followsEL ;] is the jth elemen- Case It Clusters containing more than three carbon at-
Fary reaction during_the formation of gluster of szl EHy] oms are shown in Fig. 5. A cluster of one carbon atom is
is the _heat of reaction for the formation _of hydrogen_ atomMSgpoiin in Fig. 8a), two atoms in Fig. &), and three carbon
[ET,] is the sum of the elementary reactions to famnsized 54, ip Fig. &). The elementary reactions required to form
cluster, that is, clusters of more than three atoms are listed in V. The el-
n ementary steps required to form clusters of up to three car-
[ETa]= 2, X ELyj, (18)  bon atoms by path 1 are the same as reported for case |,
k=1 hence they are not listed in Table V. The elementary reac-
and [S,] is the sum of[ET,] and[EH,]. The quantity 5] tions for the formation of the propane-like kernel by path 2
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TABLE IV. Elementary reactions for the formation of clusters as described in Case I.

Reaction AH 4540 (kcal/mol) Reaction name
SiH(s)+HeSi-(9)+H, —37.247 Ely,
Si- (5)+CHy=SiCHy(9) —66.213 El,
SiH(s)+H+CH;&SiCHy(s)+H, -103.46 ET
H,<2H 106.36 EH
SiH(s)+CH;&SiCH;(s)+H 2.9 S;=E;+E,
SiH(s)+H&Si-(9)+H, —37.247 Ely,
Si-(9) + CHy=SiCHy(s) -70.193 Ely,
SiCH,(s) +H&SIiCH,- (s)+H, —22.16 Elys
SiCHy(s)+H<SICH,-(9)+H, —20.59 Ely,
SICH,- (5)+ SiCH,- ()= SiCH,CH,Si(s) -39.47 Elys
2SiH(s)+4H+2CHy= SICH,CH,Si(s)+4H, —293.12 ET
4H,8H 425.44 EH
2SiH(8) +2CHy=SICH,CH,Si(9) +4H 132.32 S,=E,+2E,
SICH,CH,Si(s) +H(g) < SiCH, - (s) + SiCHy(s) —46.48 Elg;
SICH, - (5) + SICHy(S) + CH36 SICH,CHy(s) + SiCHy(9) —61.53 Els,
SiCH,CHg(s) +SiCHg(s) +H& SiCH,CH,- (5)+SiCHg(s) +H, -11.46 Elsy
SiCH,CH,- (8)+SiCHg(s) +H<SiCH,- (s) + SICH,CH,- (5) +H, -6.72 Elg,
SiCH, (s)+SiCH,CH,- (s)< SiCH,CH,CH,Si(s) —76.225 Elgs
2SiH(s) +7H+3CH;&= SiCH,CH,CH,Si(s) +6H, —495.535 ET
6H,=12H 638.16 EH
2SiH(s) +3CH;&SiCH,CH,CH,Si(s) +5H 142.625 S;=E3+3E,
SiH(s)+H&Si-(s)+H, —37.247 Elyy
Si-(s) +CHy=SiCHy(s) —-68.478 Ely,
SiCHy(s)+H&SICH,- () +H, —22.16 El;
SICH,CH,CH,Si(s) +H<SiCH,CH- CH,Si(s) +H, —-3.42 Ely,
SiCH,CH-CH,Si(s)+ SiCH,- (s)<=clusteg(s) —72.98 Els
3SiH(s) +4CH,+10H=clustey(s) +9H, —699.82 ET,
9H,<18H 957.24 EH
3SiH(s) +4CH;&cluste(s)+8H 257.42 S,=E,+4E,
SiH(s) +H&Si-(5)+H, —37.247 Els,
Si-(s)+CHz&SiCHy(s) —69.033 Els,
4SiH(s)+5CH;+11Heclusteg(s)+10H, —806.1 EE
10H,&20H 1063.6 EH
4Si(s) +5CHy=clusteg(s)+9H 257.5 S;=Es+5E,
SiCH,(s)+H<SICH,- (9)+H, —22.12 Elg,
SiCH,+(5) + CH3&SICH,CHy(9) -61.98 Elg,
SICH,CHjy(s) +HeSICH,CH,-(s)+H, -12.11 Elgs
clusteg(s)+Heclusteg: (s)+H, —7.86 Elg,y
clusteg- (s)+ SiCH,CH,- (s)<clusteg(s) —68.82 Elgs
4SiH(s) +6CH;+14Heclusteg(s) +13H, —978.99 ET
13H,<26H 1382.68 EH
4SiH(s) +6CHzeclusteg(s)+12H 403.69 S¢=E¢+6E,
SiH(s)+H&Si-(5)+H, —37.247 Els,
Si-(s)+CHz&SiCHy(s) —69.203 Els,
5SiH(s)+7CH;+15He=cluster(s) +14H, —1085.44 ET
14H,&28H 1489.04 EH
5SiH(s) +7CHgecluster(s) +13H, 403.6 S,=E,+7E,

are not listed separately in a table for the same reasons statatbans that such clusters are stable and do not dissociate.
in case |. Therefore, the CCS for the cluster formation shown in Fig. 4
is 5.
Case Il results The Gibbs energy of formation of clus-
ters(shown in Fig. 5 of size up to 10 carbon atoms is given
in Table VI for case Il for both paths 1 and 2. The CCS in
Case | resultsThe Gibbs energy of formation of clusters this case is eight carbon atoms because the Gibbs energy of
up to seven carbon atoms calculated using(E@. are given  clusters of size greater than 8 is negative, indicating that the
in Table VI for path 1 and path 2 for case |I. The Gibbsclusters containing more than eight carbon atoms are stable.
energy of formation of clusters consisting of more than five  Therefore, the CCS calculated is either five or eight de-
carbon atoms is negative for both path 1 and path 2, whiclpending on the type of site at which the g€precursor ad-

RESULTS OF CRITICAL CLUSTER SIZE
CALCULATIONS
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TABLE V. Elementary reactions for the formation of clusters as described in Case Il.

AH1200

Reaction (kcal/mo) Reaction name
SiH(s)+H&Si-(9)+H, —37.247 Ely,
Si-(s)+CHy=SiCHy(9) —69.203 Ely,
3SiH(s) +4CH;+8H=Si(CH,)5Si(s) +SiCHy(s) +7H, —601.99 ET,
7Hy=14H 744.52 EH
3SiH(s) +4CH;= Si(CH,)5Si(s) + SiCHy(s)+6H 142.53 S,=E,+4E,
SiCHy(s) +HeSICH,- () +H, -21.99 Els,
SiCH,-+(5) + CH3&SICH,CHy(9) —-61.85 Els,
SiCH,CHg4(s)+H<SICH,CH,- (s)+H, -12.33 Elss
SiCH,CH,CH,Si(s) +H<SiCH,CH,CH- Si(s) +H, —12.58 Elg,
SiCH,CH,CH- Si(s)+ SiCH,CH,- (s)<clusteg(s) —68.06 Elss
3SiH(s) +5CH;+11Heclustet(s)+10H, —778.8 EE
10H,<20H 1063.6 EH
3SiH(s) +5CH,=clustek(s) +9H 284.8 Sy=E5+5E,
SiH(s)+H<Si-(s)+H, —37.247 Elg,
Si-(s)+CHz&SiCHy(s) —68.903 Elg,
4SiH(s)+6CH,+12Heclusteg(s) +11H, -884.95 ET
11H,&22H 1169.96 EH
4SiH(s) +6CHyeclusteg(s) +10H 285.01 S¢=Eg+6E,
SICHy(s) +H&SICH,- () +H, —21.99 Ely,
SiCH,: (s)+CHz=SIiCH,CHs(s) —61.85 El;,
SICH,CHy(s) +HeSICH,CH,-(5)+H, -12.31 Elyg
clusteg(s)+Heclusteg- (s)+H, —11.98 Ely,
clusteg- (s)+ SiCH,CH,- (s)<cluster(s) —68.06 Elys
4SiH(s) +7CH,+ 15H=cluster(s) + 14H, —~1061.14 EF
14H,28H 1489.04 EH
4SiH(s)+ 7CHye=cluster(s)+ 13H 427.9 S,=E;+7E,
SiH(s)+H&Si-(s)+H, —37.247 Elg;
Si-(s)+CHz=SiCHy(s) —69.2 Elg,
5SiH(s) +8CH,+ 16Haclusteg+15H, —-1167.587 E3
15H,<30H 1595.4 EH
5SiH(s) +8CHy=clusteg(s)+ 14H 427.813 Sg=Eg+8E,
SiCH,(s) +H&SICH,- (s)+H, —21.98 Elg;
SiCH,:(s)+CHz=SiCH,CHs(s) —61.863 Elg,
SICH,CHy(9) +H&SICH,CH,- () +H, -12.31 Elgg
cluster(s)+Heclusteg- (s)+H, —11.98 Elg,
cluster- (s)+SiCH,CH,- (s)<clusteg(s) —68.06 Elgs
5SiH(s)+9CH;+19Heclusteg(s) +18H, —1343.78 ETD
18H,=36H 1914.48 ER
5SiH(s)+9CH;&clusteg(s)+17H 570.7 Sy=Eq4+9E,
SiH(s)+H&Si-(s)+H, —37.247 Elyoy
Si-(5)+CHz=SiCHy(s) —68.9 Elig,
6SiH(s)+20H+10CHe clustef(s) +19H, —1449.927 ETo
19H,<38H 2020.84 Ekb
6SiH(s)+10CHecluster((s)+18H 570.913 S10=E 1o+ 10E,

sorbs. It is important to note that the desorption of the entir6SUMMARY

cluster has not been considered in this work. Had the desorp-

tion of the cluster been considered, the CCS would undoubt- A possible model for the nucleation mechanism of dia-
edly have been more than that predicted in this work. Thenond phase carbon clusters on ti#eSiC(111) surface,
computed critical nucleus size agrees well with the experiwhich forms epitaxially on $111) substrates, is presented.
mental data and theoretical results reported in theéSeveral mechanistic pathways are examined, including
literature®>°2 The CCS computed here is smaller than thethe formation of clusters from CHadicals alone, an®?) the
computer simulation resulf$;>* simply because desorption formation of clusters with gH, and CH, as nucleation pre-

of the entire cluster has not been considered in this workcursors. A molecular mechanics approach is utilized to pre-
These etch resistant and stable nanometer scale diamoditt an entropically and energetically favorable pathway for
crystallites could serve as nucleation seeds by providing higdiamond nucleation. A Cbased nucleation route involving
surface free energy sites for diamond nucleation. radical-radical surface reactions is proposed as a favorable
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