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Product contamination by particles nucleated within the processing environment often limits the deposition
rate during chemical vapor deposition processes. A fundamental understanding of how these particles nucleate
could allow higher growth rates while minimizing particle contamination. Here we present an extensive chemical
kinetic mechanism for silicon hydride cluster formation during silane pyrolysis. This mechanism includes
detailed chemical information about the relative stability and reactivity of different possible silicon hydride
clusters. It provides a means of calculating a particle nucleation rate that can be used as the nucleation source
term in aerosol dynamics models that predict particle formation, growth, and transport. A group additivity
method was developed to estimate thermochemical properties of the silicon hydride clusters. Reactivity rules
for the silicon hydride clusters were proposed based on the group additivity estimates for the reaction
thermochemistry and the analogous reactions of smaller silicon hydrides. These rules were used to generate
a reaction mechanism consisting of reversible reactions among silicon hydrides containing up to 10 silicon
atoms and irreversible formation of silicon hydrides containing 2@ silicon atoms. The resulting mechanism

was used in kinetic simulations of clustering during silane pyrolysis in the absence of any surface reactions.
Results of those simulations are presented, along with reaction path analyses in which key reaction paths and

rate-limiting steps are identified and discussed.

I. Introduction have the level of predictive capability that has been achieved

] N - ] ~in modeling film growth rates and gas-phase chemical composi-
Chemical vapor deposition (CVD) of silicon from silane is  tjgn.

an important and widely used_process in the microelectronics  petajled kinetic modeling of silane pyrolysis, including
industry. In many cases deposition rates, and therefore through—eactions that lead to formation of silicon hydride clusters that
put and equipment utilization, are limited by the homogeneous grow into particles, can give insights into particle nucleation
gas-phase nucleation of particles that contaminate the productiymechanisms and the factors that control the onset of particle
An understanding of particle nucleation, growth, and transport formation. The kinetic model provides a rate of formation of
in these reactors would allow selection of reactor designs andsilicon hydride clusters of a given size. This cluster production
operating conditions that optimize growth rate and product rate can be taken as the nucleation rate for use in aerosol
properties while reducing or eliminating particle formation. A dynamics models that allow prediction of particle concentration,
fundamental understanding of these processes could also aid insize, and spatial distribution. Yuuki et &lpresented a simple
the development of methods for producing silicon nanoparticles particle formation mechanism that included species with up to
or nanostructured materials via vapor-phase nucleation andfiye silicon atoms and formation of particles from3i,. Giunta
growth of particles. et al?8 developed a larger mechanism that included linear silanes
Thermal CVD of silicon from silane has been widely studied (saturated SH2n+2), silylenes (divalent $H.n), and silenes
both experimentally and theoretically. In particular, Breiland, (SinH2, with a formal double bond) containing up to 10 silicon
Coltrin, Ho, and co-workers at Sandia National Laboratories atoms. The higher silanes were formed by insertions of silylenes
have made extensive comparisons of mathematical models andnto silanes, i.e.
experimental measurements of silicon growth rates and reactive
species concentration profil&s’ There is also a substantial body silyleng, + silang, — silane,,, 1)
of work on the kinetics of gas-phase reactions of small silicon
hydrides®26 On the basis of this body of research, models of where n and m denote the number of silicon atoms in the
thermal CVD of silicon from silane can now predict film growth  molecule. The silylenes were formed by elimination of molec-
rates and precursor utilization with reasonable accuracy andular hydrogen from the corresponding silane and by elimination
reliability, at least under conditions where particle formation is from the larger silanes (the reverse of reaction 1). Frenklach et
negligible. However, understanding of the processes that leadal.?® presented a similar and somewhat larger mechanism for
to gas-phase particle nucleation is still quite limited, and models particle formation by silicon hydride clustering. In addition to
for nucleation and growth of particles in this system do not polymerization by silylene insertions as represented in reaction
1, they considered clustering reactions of atomic silicon and
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and silylenesr{ or m > 2) were assumed to be identical to increasing reaction time. This indicates that under all of the
those for the analogous reaction of disilane. For example, the conditions which they investigated, the final particles are
forward rate coefficient of Sibl+ SinHon+2 — Sin+1Honsa, N = substantially dehydrogenated relative to acyclic polysilanes (that
3 was assumed to be equal to that of SiHSi,Hs — SizHs. In have a hydrogen-to-silicon ratio of about 2) but that the particles
addition to these models of clustering via polysilane formation, are not completely dehydrogenated.
models for homogeneous nucleation of pure silicon from its  In this work we extend the detailed kinetic modeling of silicon
supersaturated vapor have been presented in the literaturehydride clustering reactions to include (1) thermodynamic
Several groups used variations of classical nucleation tf&dfy properties of silicon hydride clusters with up to 10 silicon atoms
to calculate the nucleation rate. Kelkar et&iook an atomistic calculated using ab initio and group additivity methods, (2) rate
approach that utilized the thermodynamic properties of small parameters estimated based on linear free energy relationships
silicon clusters rather than making the capillarity assumption and the reaction thermochemistry, and (3) formation of rings
of classical nucleation theory. and polycyclic silicon hydride clusters. This allows us to identify
The studies cited above did not consider the formation of key species and reaction pathways leading to particle formation
cyclic or polycyclic silicon hydride molecules. Veprek and co- and to investigate the dependence of these pathways on reactor
workers3 in a study of particle formation via reactions of conditions. It also provides us with a means of predicting particle
neutral species in a low-pressure silane plasma, hypothesizechucleation rates that could be coupled to aerosol dynamics
that formation of rings and more complex three-dimensional models that would predict particle sizes and concentrations.
structures would play an important role in particle nucleation. Section Il of this paper outlines the methodology used for
They presented an outline of a mechanism for cluster formation calculating the thermochemical properties of silicon hydride
and experimental measurements of Stbincentrations and light  clusters and gives key results of those calculations. Section IlI
scattering from particles that supported the general features ofpresents the reaction mechanism developed to describe clustering
their mechanism. However, they did not develop a detailed and the methods used to construct it and to estimate rate
mechanism or model for the cluster formation or investigate parameters. In section IV we show results of kinetic simulations
which species or reaction pathways were most important for and identify key species and reaction paths that lead to cluster
particle nucleation. In a cluster growth mechanism involving formation over a range of conditions.
silylenes, we expect ring formation to play an important role,
since a silylene with a sufficiently long linear segment can react | Thermochemistry of the Silicon Hydrides
with itself to form a ring by the same silylene insertion

mechanism that leads to cluster growth, i.e. Experimental thermochemical data are available only for the
smallest silicon hydrides (Si1SiH,, SkHg). The thermochem-
acyclic silyleng — cyclic silang, 2 istry used in this work is based primarily on the extensive ab

initio calculations of Katzer et df They calculated standard-

This reaction is expected to be exothermic by an amount state enthalpies and entropies for 143 silicon hydride compounds
comparable to other insertions of a silylene into a silane (roughly containing up to five silicon atoms using an empirically
50 kcal/mol) if the ring is large enough that ring strain energy corrected ab initio methodology. In addition to their published
is not important. For small rings, it will be less exothermic due results, they provided us with access to the calculated vibrational
to the strain energy of the ring, but the cyclic silane is expected frequencies for all of the compounds and additional unpublished
to be more stable than the acyclic silylene even for three- data tabled3 On the basis of their results, we developed a group
membered rings. Once a ring is formed, it is relatively difficult additivity method that allows estimation of the enthalpy, entropy,
for it to decompose by silylene elimination (the reverse of and heat capacity of arbitrary silanes, silenes, and silylenes. The
reaction 1) since two SiSi bonds have to be broken to eliminate group additivity scheme uses the same general methodology
a silicon-containing molecule from the ring. The same processesthat has been used successfully for prediction of the thermo-
lead to the formation of multiple rings, which one can easily chemistry of hydrocarborf$. Twenty-six groups were defined,
imagine evolving into the diamond cubic structure of bulk and group contribution values for heat of formation, standard
silicon, which may be viewed as being made up of six- enthalpy, and heat capacity were determined by a linear least-
membered rings. squares fit to the properties of 71 silanes, silylenes, and silenes

There have been a number of experimental studies of particlestudied by Katzer et al. The groups used and the corresponding
formation during thermal decomposition of silane, and some group contribution values are given in Table 1. This set of
key observations will be summarized here. Slootman and parameters reproduced the enthalpy of formation, standard
Parent® observed a very sharp onset of nucleation with entropy, and heat capacity of the 71 compounds with average
increasing temperature, in one case seeing measured particl@bsolute errors of 0.73 kcal/mol, 0.61 cal/(mol K), and 0.05
concentrations increase by a factor of #idle to a temperature  cal/(mol K), respectively. The corresponding maximum fitting
increase of only 2 K. They also observed that the critical errors were 3.6 kcal/mol, 1.9 cal/(mol K), and 0.53 cal/(mol
temperature for the onset of nucleation was substantially higherK).
in a hydrogen carrier gas than in inert carrier gases. They In determining the group additivity parameters, the thermo-
summarize their own data and results of earlier studies for the dynamic properties of cyclopentasilane stbig) were altered
critical temperatures and concentrations at which particle slightly from the values reported by Katzer ef&l’his molecule
formation was observed. Nijhawan et 3% have made has one very low frequency vibrational mode which is best
measurements of particle formation in two different low-pressure treated as a pseudorotation, as is done for cyclopentane
thermal CVD reactors. Onischuk and co-workéré! have (CsH10).#546 This treatment lowers the heat of formation and
analyzed the hydrogen content and bonding of particles formedheat capacity byRT/2 andR/2, respectively, wher® is the
during thermal decomposition of silane, as well as the overall universal gas constant afids the absolute temperature. More
kinetics and dependence on reaction conditions. They found thatimportantly, it lowers the standard entropy at 298K by 3.3 cal/
the hydrogen-to-silicon ratio in the solid product ranged from (mol K). This change is significant because the thermochemistry
0.1 to 0.5 and decreased with increasing temperature andof cyclopentasilane determines the group values for the five-
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TABLE 1: Group Additivity Parameters for Silicon Hydrides 2

AH? IS G
groug 298 298 300 400 500 600 800 1000 1500

Si—(H)s(Si) 10.14 33.65 9.68 11.57 13.10 14.38 16.36 17.76 19.68
Si—(H)2(Si) 9.54 15.74 9.06 10.66 11.83 12.75 14.13 15.08 16.40
Si—(H)(Si)s 7.45 —2.43 8.42 9.64 10.43 11.00 11.80 12.33 13.07
Si—(Si) 4.40 —22.47 7.94 8.67 9.05 9.25 9.47 9.59 9.75
Si—(H)s(Siy) 10.03 34.06 9.80 11.67 13.15 14.39 16.34 17.72 19.65
Si—(H)2(Six)(Si) 10.15 15.91 9.21 10.78 11.91 12.80 14.14 15.08 16.39
Si—(H)(Siz)(Si)z 8.99 —2.23 8.75 9.89 10.62 11.14 11.89 12.40 13.10
Si—(Sia)(Si)3 7.90 —21.58 8.37 8.99 9.29 9.45 9.62 9.70 9.81
Si—(H)s(Sib) 10.09 16.33 8.48 10.07 11.30 12.28 13.77 14.81 16.24
Si—(H)2(Siy)(Si) 10.09 —2.52 7.88 9.16 10.00 10.62 11.49 12.08 12.92
Si—(H)(Sip)(Si) 5.27 -21.03 7.02 7.97 8.47 8.75 9.06 9.25 9.55
Si—(Si)(Si)s 1.22 —39.03 6.32 6.81 6.91 6.84 6.59 6.39 6.15
Sia—(H)2 33.48 31.87 8.36 9.59 10.50 11.25 12.43 13.29 14.50
Sia—(H)(Si) 31.08 13.81 7.30 8.25 8.89 9.37 10.07 10.55 11.20
Sia—(Si)z 26.77 —3.63 6.08 6.71 7.09 7.33 7.60 7.73 7.85
Siy 66.08 50.31 8.07 8.86 9.53 10.13 11.14 11.86 12.84
Cs 36.13 26.65 —2.34 —2.73 —3.04 -3.25 —3.51 —3.65 —3.81

Caa 38.96 28.89 —2.58 —2.97 —3.24 —3.42 —3.63 —3.74 —3.86

Cap 29.67 28.43 -2.32 —2.75 —3.04 -3.23 —3.45 —3.58 —3.76

Cs 16.85 21.89 —3.05 —3.23 —3.38 —3.48 —3.60 —3.69 —3.81

Cua 13.07 22.80 -3.31 —3.43 —3.53 —3.61 —-3.70 -3.77 —3.86

Cup 13.75 23.18 —-3.03 —3.22 —3.36 —3.45 —3.56 —3.65 —3.78

Cs 4.92 19.62 —4.44 —4.52 —4.57 —4.61 —4.66 —4.72 —4.81

Csa 2.47 18.80 —3.72 —3.72 —3.73 —3.74 —3.77 —3.80 —3.86

Csp 2.20 19.04 —3.46 —3.54 —3.60 —3.63 —3.69 —3.74 -3.83

Cs 0.00 16.80 —2.97 —3.04 —3.09 —3.11 —3.16 —3.24 —3.54

a Enthalpy contributions are in kcal/mol. Entropy and heat capacity contributions are in cal/(mol K). Enthalpy and entropy are at standard conditions
of 298.15 K, 1 bar. Siindicates a formally doubly bonded silicon atom (as in a sileng)inBicates a divalent silicon atom (as in a silylene), C
C4, and G are contributions of three-, four-, and five-membered rings, respectivelyCe, Csa are rings containing a double bonds,QCap, and
Csp are rings containing a divalent silicon atom.
membered ring. Group parameters for rings with more than five hexasilaprismane (&8s with two three-membered and three
members could not be determined from the calculations of four-membered rings) and octasilacubangHgivith six four-
Katzer et al., since they only considered molecules with up to membered rings), two extreme cases where the total strain is
five silicon atoms. These rings should be nearly unstrained, sosomewhat higher than predicted by additivity of the individual
their group contribution to the heat of formation can be taken ring strains, our scheme predicts total strain energies that are,
to be zero. However they do contribute to the entropy and heatrespectively, 4 and 10 kcal/mol lower than the values calculated
capacity. To determine the entropy and heat capacity groupby Zhao and Gimarc.
values for the six-membered ring, we performed an ab initio  To further validate the group additivity scheme, ab initio
geometry optimization and frequency calculation for cyclohexa- molecular orbital calculations of the thermochemical properties
silane at the HartreeFock level using the 6-31G(d) basis set. of several larger clusters were carried out. Detailed results of
This calculation was carried out using Gaussiati9he entropy these calculations will be presented elsewhere. Briefly,
and heat capacity were calculated from the standard expression§&aussian94 was used to apply the CBS-4 method to several
using the calculated vibrational frequencies scaled by the silicon hydride clusters. The CBS-4 method is one of the
standard factor of 0.8929. The resulting entropy and heat complete basis-set extrapolation methods developed by Peters-
capacity group contributions were used for all six-membered son and co-worker®. Heats of formation of these polycyclic
rings. No larger rings were considered in this work. clusters (SiHm) were calculated using the isodesmic reactions
Since no groups were defined for adjacent silicon atoms with )
silylene (Sk) or silene (S)) functionality, this scheme cannot ~ SiHom + (20 — M)Si;Hg —
be used for molecules containing such groups. Therefore, we (2m — n)SizHg + 2(n — M)SiyH,, (3)
have considered only those silylenes and silenes that can be
formed by removal of a single pair of hydrogen atoms from The heat of formation of the cluster (8by) was calculated
the parent silane. Since formation of silylenes and silenes from using the known heats of formation of,Bi, SisHs, and SiH1o
silanes is substantially endothermic and endoergic for the and the heat of reaction for eq 3 computed from the ab initio
conditions considered here, molecules with multiple silene or energies. The entropy and heat capacity were calculated from
silylene groups are not expected to be formed in significant the moments of inertia and scaled vibrational frequencies
qguantities. At sufficiently high temperatures, such species would computed at the HF/3-21G level. The results of these calcula-
presumably become important. For polycyclic molecules, the tions are presented in Table 2. The ab initio based values agree
ring contributions were treated as additive. In an ab initio study well with those from group additivity for giH1,, SigH14, ShoH14,
of strain energies in silicon rings and clusters, Zhao and and SjgHie Which are all made up of five- and six-membered
Gimard®® found that total ring strain in polycyclic structures rings. There are significant discrepancies between the ab initio
was approximately equal to the sum of the strain energy of the and group additivity values for the enthalpies oft&i SizHs,
individual rings. The ring strain energies for the individual silane and SyHio, which are made up of three- and four-membered
and silene rings from our group additivity scheme agreed rings. The calculations of Nagase et>alshowed that silyl
reasonably well with the values calculated by Zhao and Gimarc, substitution decreases the strain energy of small silicon hydride
as well as with those presented by Grev and Schééfeor rings. Our group additivity scheme does not account for this
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TABLE 2: Cluster Thermochemistry from ab Initio SibH4A and silylsilylene (HSiSiH) is written as SH4B. For
Calculations* all species with three or more silicon atoms, except for tg,Si
ab initio group additivity species discussed above, the group additivity values of ther-

mochemical parameters were used. For species with one or two

molecule  AHf2s Sos Cp208  AHf20s Shos Cp.208 o . .
silicon atoms, established values from the literature were

Siets 105.2 965 43l 1187 922 434 used!45253The THERM prograrft was used to implement the
SizHg 122.1 101.0 48.2 140.9 93.5 48.1 L .

SizH10 95.1 107.7 51.9 109.0 103.2 51.7 group add|t|V|ty scheme, to manage the thel’modynamlc data-
SigH1» 835 1111 60.1 827 1121 56.6 base, and to perform polynomial fits to the thermodynamic
SigH14 82.4 1253 69.0 873 1250 67.1 properties in the standard NASA format that is used in the

SizoH14 97.0 1307 739 1025 1269 69.0  CHEMKIN series of code& The CHEMKIN adaptation of the

Shotie 859 1358 778 870 1351 79l STANJAN codé® was used for the calculations of equilibrium

2 Enthalpies in kcal/mol, entropies and heat capacities in cal/(mol composition presented below.
K) at standard conditions of 298.15 K, 1 bar. Ab initio values calculated ~ We can obtain some preliminary insight into the clustering
using isodesmic reactions as described in the text. and nucleation process by looking at the thermochemistry of

these clusters and the resulting equilibria. Figure 2 presents the

and, therefore, overestimates the enthalpy of formation for the gqujlibrium composition among the species shown in Figure 1,
compounds containing highly substituted three- and four- pys the smaller species Sim n = 1 or 2, and hydrogen or
membered rings. With sufficient data, this could be remedied hejium bath gas. Species not shown are present in concentrations
by introducing additional ring correction groups that take into pejow or only slightly above the lower limits of the plots. Note
account the substitution patterns on the ring, but we did not do that these results do not represent the true equilibrium state of

so for this work. _ the system, but rather a partial equilibrium among these species
A set of structures that were not adequately described by thewith 10 or fewer silicon atoms. The true equilibrium state under
group additivity scheme were bicyclo[1.1.1]pentasilaneH§)i all of these conditions is nearly complete conversion of silane

and the species obtained by removingfrbm it. These were  to crystalline silicon and molecular hydrogen. Equilibrium
not included in the fitting procedure. The group additivity calculations that included pure silicon clusterg @ < n <
method underpredicted the enthalpy of formation of bicyclo- 10), using the same thermochemistry discussed in previous
[1.1.1]pentasilane and its silylene derivative, bicyclo[1.1.1]- work345257predicted that the Stluster would be the dominant
pentasilan-2,2-diyl, by 5.5 and 4.5 kcal/mol relative to the clyuster present at partial equilibrium among the pure silicon
calculations of Katzer et 4% We, therefore, used their reported  ¢lysters and the species shown in Figure 2. However, in the
thermodynamic properties for these two species in all subsequenkinetic simulations presented below, formation of pure silicon
calculations. Katzer et 4k.did not report calculations for a silene  ¢|usters was found to be unimportant compared to formation
analogue of this structure. They found that the most stable of hydrogenated silicon clusters. While formation of pure silicon
isomer of SiHe was the bicyclic diradical bicyclo[1.1.1]-  clusters is thermodynamically favorable under these conditions,
pentasilan-1,3-diyl. Like the silenes, this species is expected tojt appears that the decomposition kinetics are such that they
be unreactive, since it is highly stabilized relative to other radical are not formed in significant quantities (see below). Therefore,
species and would therefore not be likely to abstract hydrogenit js the equilibrium among the hydrogenated clusters that is
from other species. We used this diradical, with the thermo- relevant to particle nucleation under conditions considered here,
chemistry calculated by Katzer et al., in place of the silene and that is what is presented in Figure 2.

isomer of SiHe. In kinetic calculations, we used the same  The features that we would expect for the generalized overall
reactivity rules for it that were used for the silenes. This is a clustering reaction

reasonable approximation since this diradical is converted to a

silylene by two H-atom migrations that are essentially the same nSiH, — Si;H,,+ (2n — mH, (4)

as the H migration that converts a silene to a silylene. The group

additivity scheme did not consider diradical species, and no are observed in Figure 2. On the basis of reaction 4, we can
diradicals other than §ils were included in the thermodynamic  write the equilibrium concentration of a given cluster in terms
and kinetic calculations presented here. FoHgi the 1,3- of the equilibrium concentrations of hydrogen and silane.
diradical was predicted by Katzer et al. to be about 2.5 kcal/ Expressed in terms of mole fractions, this relationship is

mol lower in energy than the silene. This difference is

comparable to the uncertainties in the group additivity calcula- expAS’ /R — AH?/RT)XG,,
tions, and we simply used the silene isomer in our calculations. Xsity o = p— p—— - (5)
It appears that the diradical species are unusually stable when e Xi, 00 (P/PO)

the radical centers are at opposite corners of a four-membered
ring. Thus, they may also be more stable than the correspondingwhere Xsineq XsiHseqy @and Xu,,, are the equilibrium mole
silene for some larger molecules with four-membered rings, such fractions of SiH,m, SiHs, and H; AS® andAH°® are the standard
as compounds related to octasilacubane. However, a detailecentropy and enthalpy of reaction gjs the total pressure; and
consideration of those structures would go well beyond the scopep, is the reference pressure. Both the change in enthalpy and
of this work. change in entropy for the overall process are positive. The
Since it would not be feasible to include all possible structural increase in entropy is simply due to the increase in the number
isomers in a kinetic description of clustering, we used the group of moles of gaseous species. At sufficiently low temperatures,
additivity scheme presented above to identify the most stable the enthalpic effect dominates and silane is more stable than
isomer of each type (silane, silene, and silylene) for each the larger clusters. Conversely, at high temperatures, the entropic
stoichiometry (SiH2m). These isomers and their calculated effect dominates and cluster formation is favored. As can be
enthalpies of formation are presented in Figure 1. Here and seen from eq 5, the equilibrium concentration of a given cluster
throughout this work, we use the suffix A to denote silenes and increases with increasing silane mole fraction and decreases with
B to denote silylenes, thus disilene f&$iSiH,) is written as increasing pressure or with hydrogen addition. In general, the
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Name stt;:_l:- AH° §8° [ Name Stt;l:: AH® S° | Name Stt::; AH® §° Name Stt:::. AH® 8°
SiH, 7 208 830 |siHB 1149 1093| SiH, é 724 1403| SiH, [} 1288 1179
siHA N 746 797 | siH, C[IJ 868 101.9| siHA é 1167 1368 SiHA ) 1651 1181
SiHB s 863 814 |sigaA [ 1203 1020| SiH,B ﬁjs' 125.1 1404 SiHB Qlp 1779 1166
siH, A 648 739|sigB L) 1386 1009| sin, <O 820 1288 sim, @) 1415 1035
siha A 13 74| sig, @ 187 922siga O 1182 1255 siHA @) 1845 100.1
SiHB  Le 1159 737 | siHA @ 1541 024 |sinB U 1342 1260| SiHB @ 190.9 100.3
siH, A 379 985|siup & 1678 909 | siH, @ 827 1121] SiH, Y 87.23 1882
siA AN 803 964 | siH, @ 1507 s25|siHA ) 1189 1087 SiHA Y 1369 1870
SiHB A, 916 966 | SiH, \\)\ 626 143.4| SiHB @' 1295 1083| Si;HB Pr 1410 1862
sig, O 550 849 [siH.A \\* 1086 1417 siH, [ 1312 1045 siH, O 875 1694
siHAa [ 955 822 |sin,B ﬂ:k 1153 1435| sigA () 1675 1047] siH,A Qo 1376 1673
sigB [l 1006 842 sin, O 653 1267| SiHB & 1803 103.1| SiH,B 5(; 1414 169.2
siH, Y 450 n21{sin,A Y 1073 1243| si, [ 1439 90| siH, QO 912 1547
siH,A P 879 1124|sinB (% 1191 1248] s, YN 801 1746] siga QO 1323 1529
siHB  Y* o077 1122] siH, O $44 154 siga Yy 1220 1743] sigs () 1461 1524
sim, O s26 983 [siHaA QO 1192 1137| sig,B Yy 1329 1747| siH, S 870 1351
siA Q945 940 |siHB (rp 1362 1144 siH, (Y 804 1558 SiH.A £ 1307 132.5
sigB  C* 1075 958 SiH, @ 109.0 103.2| SiH, A é( 1247 1523| sigaB O 1392 1325
sif, < 827 857 |siHA () 1444 1033 SiH,B &Y 1332 1559 SiH, & 1025 1269
SiHA @ 1038 843 | siHB (), 1581 1008 siH, CO 866 1417| siHA T 1406 1236
siHB = 1276 87.1| SiH, @ 1409 935 | sigA OO 1252 1392| Si,HB T 1493 1231
SiH, Y 545 1279 siHA @ 1772 937 | sgp O 1388 1389| siH, € 139.1 1170
SiHA WS 1029 1280 SiHB @ 1900 92.1 | SiH, @ 873 1250] Si,H,A €€ 1763 1172
SiHB YN 1073 1280] SiH, \H\ 69.6 157.0| SiH,A @ 1235 121.7| SiHB (€ 1885 1137
SiH, O 572 1112|SiHA SN 1129 160.0| SiH,B @" 1368 121.8| SiH, € 1637 10438
SiH A O 1015 107.7| SiH,B A, 1224 157.1

Figure 1. Heat of formation (kcal/mol) and standard entropy (cal/(mol K)) at 298.15 K, 1 bar, of silicon hydrides considered in this work. The
structures shown are believed to be the most stable isomer for each stoichiometry and species type. Species suffixed with A are silenes (except
SisHgA, which is a diradical), and species suffixed with B are silylenes. The enthalpies and entropies are from the group additivity scheme described
in the text, except SiHgs, SiHesA, and SiHe¢B for which the values from Katzer et &were used directly.

effects of hydrogen and silane concentrations are relatively this temperature, most of the silane is converted to larger clusters

strong, while the effect of pressure is relatively weak. for all of the initial silane concentrations shown. With increasing
For the conditions of Figure 2a, corresponding to 1%,SiH silane fraction, there is a shift from the less hydrogenated to

in helium at 1 atm total pressure, significant clustering occurs more hydrogenated clusters. Figure 2d shows the dependence

over the entire temperature range shown. There is a shift fromof the equilibrium cluster mole fractions on initial silane

the more hydrogenated clustersgtbiz, SiioH16, and SjoHi4 at concentration in hydrogen for fixed temperature and pressure.

low temperatures to smaller and less hydrogenated species aNote the very strong dependence of cluster formation on the

higher temperatures. This shift is due to the higher overall initial silane concentration and the sharp onset of formation of

entropy of reaction when less hydrogenated species are pro-SiioHi4 at around 3% silane in HThis is consistent with what

duced. Figure 2b shows results at the same total pressure ass observed experimentatfand is what we would expect based

Figure 2a, but with the He bath gas replaced by Fhis shows on reaction 4 and eq 5.

strong suppression of clustering by hydrogen, which is also what

is observed experimentalf§. The equilibrium conversion of . Clustering Reaction Mechanism and Kinetics

silane to clusters is at most a few percent over the entire

temperature range shown. Figure 2c shows the dependence of On the basis of the thermochemical properties presented in

the equilibrium cluster mole fractions on the initial silane Figure 1 and the known reactivity of the small silicon hydrides,

concentration in helium at fixed temperature and pressure. At we constructed a large reaction mechanism for cluster formation
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TABLE 3: Reaction Types and Reactivity Rule$

preexponential  activation
reaction type prototypical reactions general form factor (s energy
H. elimination from a silane SilH— SiH, + H, SinHzm <> SinHzm-1) + H2 2x10% AHmxn 1000
SizHe g SI2H4B + H2
silylene elimination from a silane i < SiH; + SiH, SinHzm < SiHaB + Sin-iHam- 2x10% AHiyn 1000
Si3H3 hig S|2H4B + S|H4
silylene elimination from a silene  $isA < SiH, + SibH.A SitHamA < SiHaB + Sin-iHom-A 2x10% AHrxn, 1000
silylene to silene isomerization BB < SiHA SinHzmB <> SisHamA 1x101 7.5 kcal/mol
Si3HeB g SI3H5A
ring opening SiHe < SisHeB SinHzm <> SinHzmB 2x10% AHixn 1000

Si4H3 g SI4HSB
@ Molecules without a suffix are fully saturated silanes. Molecules with an A suffix are silenes. Molecufea Bisuffix are silylenes. No

special notation is used to differentiate between acyclic, cyclic, and polycyclic moledtis, 1000 iS the enthalpy of reaction at 1000 K. The
reverse rate constants were computed from the forward rate constants and equilibrium constants.

during thermal decomposition of silane. As a base reaction or the smaller compounds of the same types {S8iH,, ShHe,
mechanism, we used the reactions and rate parameters present&l,H,A, and SpH,B). Note that SiH participates in these

by Ho et al®® for reactions among species containing one or reactions as a silylene (species of type B). Further dehydroge-
two silicon atoms (Si, Sik] SiHs, SiH4A, SiH4B, ShHe). This nation to give species with higher Si to H ratios than those
mechanism explicitly treats the pressure dependence of thepresented in Figure 1 was not included.

unimolecular decomposition and recombination reactions. Itis A parallel path for cluster formation from silicon atoms via
the most complete and thoroughly validated of the detailed the reversible reactions;St Si < Si+1 (1 < i < 10, with the
mechanisms for silane decomposition that have been presentedeaction taken to be irreversible for= 10) was included to

in the literature. For the larger silicon hydride species, five types assess the potential importance of homogeneous nucleation of
of reversible chemical reactions were considered. These reacpure silicon from its vapor. Rate parameters for these reactions
tions and the rules used for estimating their rate parameters areand the thermochemistry of the pure silicon clusters were
presented in Table 3. The complete reaction mechanism includedessentially the same as those presented in previous 3tork.
all of the possible reactions of these five types for which all of Hydrogenation of these clusters was not included. Therefore,
the participating species were among those shown in Figure 1this pure silicon nucleation pathway did not interact directly
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with the nucleation pathway involving the hydrogenated silicon parameters for these eliminations were estimated in the same
clusters. For all of the conditions considered here, the pure way as those for silylene elimination from silanes. The corre-
silicon clustering path made a negligible contribution to particle sponding insertion reaction becomes important under conditions
nucleation, although at sufficiently high temperatures one would where concentrations of certain silenes become comparable to
expect it to become important. the concentrations of the silanes (see below). There is neither
Hydrogenated clusters with R0 silicon atoms were  experimental nor theoretical information on intramolecular
assumed to form irreversibly by reactions of the same types asinsertion reactions that produce a ring. However, it is reasonable
those in Table 3. These were the reactions to assume that the reactivity of the divalent silicon atom in a
silylene with Si-H bonds in the same molecule is no different
SigHom + SiHAB = Siy Hogmig (5) than its reactivity with SiH bonds in other molecules. Of
course, the overall energetics of such a reaction are influenced
and by the strain energy of the ring that is formed. We have included
. ) . these intramolecular insertions, with the rate parameters for the
SipHaA + SiHzB = Siy Hamig (6) corresponding elimination reactions (ring-opening reactions)
) estimated in the same way as for the other eliminations.
B.Oth.Of these; reaction types were assumed to oceur at the gas- Finally, we have included reversible isomerization of silylenes
kmetl_c CO”'S'On. rate of the reactants. Including a_II of the to silenes. For all of the silicon hydrides considered here, the
reacuons_descrlbe_d above gave a total of 2_614 reactions among;je e js more stable than the silylene. The silenes are assumed
221 Species. ObV.'OUSIV’ only a small frqct|on of the reactions , e ynreactive with silanes and hydrogen. The silylenes and
and_s_pec_le_s are important un_de_r any given set of Condltlons’silenes are related by a 1,2-hydrogen migration. This has only
but it is difficult to identify a priori which reactions can safely een studied theoretically and only for the simplest reaction,
be expluded. Therefor(_a, the results presented below are baseggilylsilylene (ShHJB) isomerization to disilene (Si,A). The
on th'S. full set of reactions. . highest level ab initio calculations for this reactidtocate the
A t.)”ef explanation and JUSt'f'C"’.lt'on. for the sel_ectlo_n of the barrier to reaction 7.5 kcal/mol above the silylsilylene isomer.
reactions and rate-parameter estimation rules given in Table 3We, therefore, use this value for the activation energy for all of

1S n%vzz gesented' It. has 7t1>§en WeII-establlshgd_ EXperimen-, silylene to silene isomerizations. A preexponential factor
tallyl®.12.22and theoretically/~1° that the characteristic thermal 3 . - .
of 10" is used for all of these reactions. This is a typical value

?:;;gﬁgstﬁgtn :sgﬁg(em;s(ijlf |Z:q|§?;| dhgdst;gii 3:ea ililln]:enr?élgr; dconsistent with the tight, three-centered transition state for the
P y Y H-migration reaction. At temperatures sufficiently high for

hydrogen. Likewise, the characteristic reactions of silylenes are significant silane pyrolysis to take place, these isomerization

. A ; . > 20
known to be |n§ert|on into SiH t.)orjds'and mserpon |n.to;P-P reactions will be much faster than any of the other reactions in
to produce a silane. These eliminations and insertions are the,

-the mechanism. Therefore, they are almost always in equilib-

. . . . L ium, an r results are insensitiv her rameter
microscopic reversibility. Insertion reactions of Sitith Hy, um, and our results are insensitive to the rate parameters used

. . ) . L for these isomerization reactions.
SiH4, SkHe, and SiHg all have small negative activation . ) T ) o . .
energies and rate parameters close to the collision rate (in the A major simplification in this description of the chemistry is
high-pressure limit), indicating that they are barrierless pro- (e inclusion of just one isomer of each type (silane, silylene,
cessed? Insertion reactions of larger silylenes have not been Silene) for each stoichiometry. This is equivalent to the
studied experimentally, but ab initio molecular orbital stutfies ~ @SSumption that rearrangements to form the most stable isomer
of the insertion of silylsilylene (SH4B) into hydrogen indicate '€ |nf|n|_tely fast. In some cases, _thls is clgarly an |_mperfect
that it also occurs without a barrier. Substituents on the silylene @SSumption. For example, the reactiogHgi+ SisH4B <> SigH1o
such as fluorine, chlorine, and methyl that are more electro- '€quires substantla_l rearrangement of the initial product to reach
negative than silicon are known to slow insertion reactions of the most stable isomer of 5lio. However, under most
the silylene with Si-H bonds and k3 but silyl substituents condl_tlons, reactions involving Su-d)r SiH, dominate. For t_hese _
are expected to have little effect. Since these insertions are all'€actions, the rearrangement to give the most stable isomer is
barrierless, the corresponding eliminations (the reverse reactionsSimpler, typically just involving opening of a ring followed by
are expected to have activation energies that are approximatel;f?rmatlon Of a Iarger, less Stralned ring. An example of this is
equal to the enthalpy of reaction. This has been confirmed by SiaHeB + SiHs <> SisHio. The silylcyclotetrasilane produced
experiment&9142226 and  theoreticaf17-1959 studies of the DY the elementary insertion reaction is converted to cyclopenta-
thermal decomposition of SiHSiHs, SisHs, and SiH1o. It has §|Iane by a simple ring opening and closing to form the larger
been showH that hydrogen elimination from disilane (and by fing. Ideally, one would treat all of these elementary steps

elimination. The barrier for 1,2-elimination is substantially this is not feasible because of the large increase in the number

higher than that for the 1,1-elimination. of chemical species that would result. It may be possible to use
All of the elimination reactions occur via a three-centered automated mechanism generation, combined with production-
transition state and have very similar entropies of activation. rate-based criteria for inclusion of new chemical spe®s,
Therefore, we use the same preexponential factox (2015 avoid this exponential growth in the number of chemical species.
s71) for all of the elimination reactions and set the activation This approach will be pursued in continuing development of
energy for these reactions equal to the enthalpy of reaction atthis mechanism.
1000 K. The preexponential value was simply chosen by Even with this simplification, the current mechanism contains
comparison to that for silane and disilane decomposition. Rate far more chemical information than any previous description
parameters for the insertion reactions are computed from theof silicon hydride clustering. This is the first model to include
elimination rate parameters and the equilibrium constant. In both growth and dehydrogenation via ring formation. We also
addition to all possible silylene and hydrogen eliminations from capture the effects of ring strain, substitution patterns, and other
silanes, we also include silylene eliminations from silenes. Rate structural features on the thermodynamics and kinetics of
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Figure 3. Predicted temporal profiles of total concentration and net production rate of silicon hydride clusters containing a given number of silicon
atoms. Parts a and b are at 1023 K, 1 atm total pressure, and an initial composition of 1% silanBant$ic and d are for the same conditions
with an initial composition of 1% silane in helium.

clustering. This represents a significant advance over previousSiiogHy, this time is about 2 s. For species with seven or fewer
models that included only linear polysilanes and used equal ratesilicon atoms, the constant concentrations at long times are

parameters for all of the growth reactiofi€? approximately equal to the concentrations that would be obtained
S _ _ _ from partial equilibrium calculations such as those shown in
IV. Kinetic Simulations and Reaction-Path Analysis Figure 2. However, the total concentrations of species containing

The reaction mechanism described above was used to simulat® 9 Or 10 silicon atoms are-B3 orders of magnitude below
silane pyrolysis in a batch reactor with no surface reactions. the values that would be obtained from partial equilibrium
Starting with some initial concentration of silane, the rate calculations. The absolute concentrations decrease with increas-
equations describing the evolution of species concentrations atNd ClUSter size, except for species containing five or eight silicon
fixed temperature and pressure were integrated to give specieiloms. Examination of the cluster free energies shows that the
concentrations, species production rates, and reaction rates aSH12 and SiHeA isomers are unusually stable relative to the
a function of time. The SENKIA program from the CHEMKIN other clusters, although as noted above the group additivity may
family of codes was used to carry out this integration. Figure 3 P& Substantially overestimating the heats of formation for some
shows the results of these simulations for two cases correspond©f the StHx and SiHy clusters. For times longer than a few
ing to only slight silane depletion (Figure 3 (a and b)) and te_nths of a secoryql, the rate o_f production of nuclel_ (clus_ters
substantial silane depletion (Figure 3 (c and d)) on the time with 11 or more silicon atoms) is nequy constant. This regime
scale considered. Concentrations of all clusters with a given cOrresponds to steady-state nucleation. It is important to note
number of silicon atoms have been summed and plotted as athat the present model does not account for additional reactions
single line. The clusters with 11 or more silicon atoms, which Of the nuclei with each other (coagulation) or with smaller

single curve labeled “nuclei”. These would be included in an aerosol dynamics model to which

In Figure 3a, the concentration of SjHemains nearly the kinetic model presented here could be coupled. This would,
constant at its initial value of 1% (in §i The larger species 0N a time scale which is not readily determined a priori, result
are present in substantially smaller concentrations throughoutin depletion of the gas-phase silicon hydrides due to surface
the range of times considered. The cluster concentrations reactions on particles which would, in turn, disturb the Steady-
increase monotonically to values that remain nearly constant atState nucleation.
long times. As can be seen in Figure 3b, the net production Figure 3c shows the results for the same temperature,
rate of each size drops to zero (or a small negative value, notpressure, and silane concentration as in Figure 3a, but with
shown on the logarithmic scale) at a characteristic time. For helium rather than KHas the bath gas. In this case, the silane is
SibHy and SgHy this time is around 5 ms. Ford5ly, SigHy, and substantially depleted on the time scale shown. The majority
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Figure 4. Diagram of dominant clustering pathways for 1% silane yaH1023 K, 1 atm, and a reaction time of 5 s. Numbers next to the arrows
indicate net reaction rate in units of 28 mol/(cn? s).

of the silane is converted to larger species on a time scale ofdiagrams helpful in identifying the critical reaction paths and
about 1 ms. At and just after this time, the concentrations of in understanding the nucleation process.
species with 210 silicon atoms go through clear maxima and Figure 4 illustrates the dominant reaction pathways leading
then decrease monotonically as they are irreversibly convertedto cluster formation at a reaction timé ® s for 1% silane in
to nuclei. The times at which their net production rates become H, at the conditions of Figure 3a. The total nucleation rate is
negative can be seen in Figure 3d. This time is between 1 and5.6 x 10715 mol/(cn? s), and 96% of that total occurs by the
3 ms for all of the sizes exceptsbiy, which has a positive net  paths shown in Figure 4. The SjHilepletion rate is almost
production for about 8 ms. For times longer than about 5 ms, exactly 11 times the nucleation rate, and the rate of change of
SisHx is the most abundant cluster size other than silane. The concentration of all species other than Sighd the Si;Hy
nucleation rate never reaches a constant value but goes throughnuclei” is much smaller. This indicates that steady-state
a maximum at about 3 ms, after which it decreases due to nucleation is occurring from an effectively infinite pool of SiH
depletion of the silane precursor. The species concentrationFigure 4 shows that for some cluster sizes, particularyif,Si
profiles for this case are not easily related to their concentrationsthrough SiHy, growth occurs by several parallel reaction paths
at partial equilibrium. that make comparable contributions. However, when a cluster
The results presented in Figure 3 give an overview of the size of eight silicon atoms is reached, all of the paths converge
predicted clustering behavior, but we can obtain additional at the unusually stable moleculeg8i,, which eliminates H
insights into the clustering process by considering the rates ofto give SgH10B. As noted above, there is a kinetic bottleneck
individual reaction steps in more detail and identifying the for growth from clusters containing seven silicon atoms to those
dominant paths leading to formation of nuclei under different containing eight silicon atoms. This is shown by the fact that
conditions. In Figures 47, we present reaction-path diagrams all of the clusters with seven or fewer silicon atoms are in partial
illustrating the dominant reactions that lead to chemical equilibrium with each other, while clusters with 8, 9, or 10
nucleation of particles. In each case, the species involved aresilicon atoms are present in concentrations substantially below
arranged such that each column consists of species with thewhat their concentrations would be if they were in equilibrium
same number of silicon atoms, with the cluster size increasing with the smaller clusters and silane.
from left to right. Each row consists of species of a given type  Figure 5 shows the dominant reaction paths under the same
(silane, silylene, or silene). The hydrogen-to-silicon ratio conditions as in Figure 4 but at a much shorter time= (0.5
decreases and the number of rings in the cluster increases fronms). At this time, the nucleation rate is still quite small, %.4
the top to the bottom of the diagram. The species are connectedl0-22 mol/(cn® s). There are no cluster sizes for which all
by arrows of various types that indicate the different reaction clusters are in steady state (net production rate near zero),
types considered in this study, and the numbers next to thealthough many individual species are in steady state. Since all
arrows indicate the net reaction rates. We have found theseof the cluster sizes are accumulating, reaction rates among the
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smaller species are much higher than the nucleation rate. This10-13 mol/(cn® s), and 86% of that total occurs via the paths
contrasts with the steady-state nucleation shown in Figure 4, shown in Figure 7. There are many species whose concentrations
where all of the reaction rates are of the same order of are notin steady state, and production rates of species containing
magnitude. At short times, there are substantially more reactiontwo or more silicon atoms are generally zero or positive.
paths that contribute to cluster growth than during steady-state Substantial nucleation occurs from reactions of clusters contain-
nucleation. Reactions involving jumps of several cluster sizes ing 7, 8, 9, or 10 silicon atoms. While the majority of the

in a single step are much more important than they are at longernucleation flux does pass throught$i,, there is also substantial

times, when reactions with SiHand SiH become dominant.
Large species, particularly gbl16, are formed in comparable

formation of “nuclei” by reaction of SHy species with SHy
species. This avoids the kinetic bottleneck associated with

amounts from several different smaller clusters. The majority growth from clusters containing seven silicon atoms to larger

of the nucleation flux still proceeds throughgiSi,, although
this path is not as dominant as it becomes at longer times.
Figure 6 shows the principle reaction paths for 1% silane in

sizes. Note that there is negligible production of clusters with
9 or 10 silicon atoms from the seven-silicon-atom clusters.
The results presented in Figures4 show that, for given

a helium bath gas, corresponding to the conditions of Figure conditions, dominant pathways leading to chemical nucleation
3c, after a reaction time of 5 s. At these conditions and reaction of particles can be identified. It is clear that the dominant

time, a substantial amount ofsBigA is present and the most
important contributions to nucleation come from reactions
involving this species or its isomers5igB. The total nucleation
rate is 2.7x 10~ mol/(cn? s), with 98% of the total occurring

reaction paths depend both on reaction conditions and reaction
time. The reaction-time dependence presumably translates into
a spatial dependence in an imperfectly mixed reactor operating
at steady state. The dominant reaction paths are related to the

by the paths shown. Analysis of the production and consumption relative thermodynamic stabilities of the species, as evidenced
rates of the species shows that they are all essentially in steadyby the observation that the unusually stable specig4s8iand

state except for Silj SikHs, SisHeA, and the “nuclei”. These

SigH12 play special roles in the nucleation process. Under some

conditions correspond to steady-state nucleation from a reservoirconditions, the nucleation rate is established by a kinetic

of SiHy, ShHe, and SiHeA. On a per silicon atom basis, nuclei
formation is about 48% from Sik148% from SiHgA, and 4%
from SkHe. In this case, the majority of the nucleation flux
does not go through il but rather comes from reactions of
SigHx and SyHy species with SHgA and SgHeB.

Finally, Figure 7 shows the dominant reaction paths for 1%

bottleneck for growth from clusters containing seven silicon

atoms to clusters containing eight silicon atoms. There are other
kinetic bottlenecks at smaller cluster sizes that are evident at
short reaction times. For example, under the conditions of Figure
3a and b, partial equilibrium is established among the one-, two-,
and three-silicon-containing molecules after about 5 ms. Be-

silane in helium at a reaction time of 0.5 ms. As can be seen in tween that time and a time of about 0.3 s, when a patrtial
Figure 3c, this time is slightly before the cluster concentrations equilibrium with the four-silicon-containing clusters is estab-

reach their maximum values. The total nucleation rate is9.8

lished, the growth step from three to four silicon atoms acts as
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a rate-limiting kinetic bottleneck. At longer times, the rate- silicon-containing clusters, which are formed by insertion of
limiting step shifts to larger sizes until it ends up at the step seven-silicon-containing silylenes into SiFHhe nucleation rate
leading from seven-silicon to eight-silicon clusters. It is possible is approximately equal to the total rate of the three reactions
that additional kinetic bottlenecks occur at larger cluster sizes.

For example, one might expect the,dbi,o isomer, in which Si;H,,B + SiH, — SigH (6)

the silicon atoms are arranged in an icosahedral structure, to . . .

have unusual stability, and therefore, there may be a bottleneck SizH, B + SiH, = SigH,, (7)
associated with its build-up to an equilibrium concentration in Si;HgB + SiH, — SigH,, (8)
the same way that there is a bottleneck associated with the build-

up of SgH;2. However, it would not be practical to continue The SiH,

increasing the largest cluster size considered in the model ) qers 'so their concentrations can be calculated from eq 5.
mdeﬂmtely. Slnce.there may bg addmonaj bottlenec_ks at larger Rate constants for reactions-8 can be obtained directly from
sizes, the nucleation rate predicted by this mechanism must be,o (ate estimation rules of Table 3. The nucleafion rate

considered to be an upper limit, within the assumptions of the /- 1ated by this method is 5.6 1075 mol/(cn® s), in

mechanism. Comparison of simulations using the mechanismgqgentially perfect agreement with the results of the detailed
presen_ted he_re to one tha’g was terminated by wrevers@lesimmaﬁonAtgiven temperature and pressure, this rate depends
formation of six-silicon-containing clusters showed that quali- 41y on the silane and hydrogen concentrations. For conditions
tatively the same behavior, including temperature and pressureiin non-steady-state nucleation or substantial silane depletion,
dependence of the nucleation rate, was predicted by bothgych a simple calculation of the nucleation rate is not possible.
mechanisms. However, the absolute value of the predictedyo\yever, other simplified approaches can still be developed
nucleation rate is several orders of magnitude smaller for the 5, particular nucleation regimes where one or a few kinetic

current mechanism than for the smaller mechanism. This is potilenecks in the overall nucleation process can be identified
simply a result of the additional kinetic bottlenecks that occur o where many of the clusters are in partial equilibrium with
at cluster sizes not included in the smaller mechanism. each other.

Growth of linear or branched acyclic clusters was found to
be negligible under all of the conditions examined, including V. Summary and Conclusions
those where BHwas present in large excess. This mechanism
predicts that the clusters formed have fairly compact polycyclic
structures. For clusters with eight or more silicon atoms, the
most abundant structures are those made up of five- and six-
membered rings. The dominant eight-silicon clustestHgi, is
made up entirely of five-membered rings, with four bridgehead
atoms that are each members of three rings. The most abundal
nine-silicon cluster, 3H14, can be obtained from the gbi;»

species are in partial equilibrium with the smaller

A detailed kinetic mechanism for formation of silicon hydride
clusters that lead to particle nucleation during silane pyrolysis
has been developed. This mechanism is capable of predicting
nucleation rates at given reaction conditions and can be used
in identifying the reaction pathways that lead to particle
formation. A group additivity scheme, fit to results of extensive
b initio calculations, was used to estimate the cluster thermo-
) . ' : - chemistry. The most stable clusters of each stoichiometry and
structure by insertion of silylene into a bond connecting two of o iyity type were identified and included in a kinetic model
the bridgehead atoms. This expands two of the five-membered ¢ ¢|stering. Reactivity rules for the clusters were developed

rings to six-membered rings. Repeating this process at the othel a5 on the reaction thermochemistry and the known chemical
bond connecting two bridgehead atoms gives the-si isomer, kinetics of analogous reactions of smaller silicon hydrides.
the silicon analogue of adamantane. This compound is madeappjication of these rules gave estimated rate parameters for
up entirely of six-membered rings and can be viewed as the {he clustering reaction mechanism. The mechanism was used
smallest molecular analogue of the diamond cubic structure of 5 cimulate time-dependent cluster formation during silane
bulk silicon, since its atoms are essentially in the lattice positions pyrolysis in the absence of any surface reactions. The results
of that structure. Another abundant 10-silicon isomergh8i, of these simulations were used to identify regimes of steady-
can be obtained directly from gbl1, by adding SiHs across  gtate nucleation and non-steady-state nucleation and to delineate
two nonbridgehead atoms to create an additional five-memberedine most important reaction paths in each case. Under some
ring. The structure of these clusters suggests that continuedcongitions, a nucleation-rate-limiting kinetic bottleneck was
growth will lead to particles that have compact structures made gpserved for the formation of an eight-silicon-containing cluster.
up of five- and six-membered rings, with hydrogen present only The most abundant clusters were predicted to have compact
at the surface of the clusters. This is consistent with the relatively polycyclic structures composed of five- and six-membered rings.
low degree of hydrogenation of the silicon particles studies by
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