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Structures and energies of the gas-phase species produced during and after the various unimolecular
decomposition reactions of methyltrichlorosilane (MTS) with the presence oéHiier gas were determined

using second-order perturbation theory (MP2). Single point energies were obtained using-sidgldsles

coupled cluster theory, augmented by perturbative triples, CCSD(T). Partition functions were obtained using
the harmonic oscillator-rigid rotor approximation. A 114-reaction mechanism is proposed to account for the
gas-phase chemistry of MTS decompositions. Reaction enthalpies, entropies, and Gibbs free energies for
these reactions were obtained at 11 temperatures ranging from 0 to 2000 K including room temperature and
typical chemical vapor deposition (CVD) temperatures. Calculated and experimental thermodynamic properties
such as heat capacities and entropies of various species and reaction enthalpies are compared, and theory is
found to provide good agreement with experiment.

I. Introduction

The chemical vapor deposition (CVD) of silicon carbide (SiC)
has been widely studied experimentally and theoreti€aify
due to its extraordinary physical and chemical properties. Two
common crystal lattice structures of bulk SiC ageSiC
(wurtzite-type SiC) ang-SiC (zinc blende or diamond lattice
SiC). Each Si (C) atom bonds wi# C (Si) atoms tetrahedrally
in botha-SiC andB-SiC crystals. Figure 1 shows that the major
structural difference between theand forms of SiC is the
six-member rings ina-SiC can adopt both boat and chair  Figure 1. (Left) SixCyo fragment ofa-silicon carbide (wurtzite-type)
conformations, whereas only six-member rings with the chair structure, where the solid dark gray balls are C atoms and the balls
conformation can be found ifi-SiC, the major form of SiC with blue strips are Si atoms. (Right):8L:e fragment of 8-silicon
produced by CVD. The high melting point (ca. 2760)3° carbide (zinc blende or diamond lattice) structure. C and Si atoms on
satisfactory hardness (Moh’s hardness of SiC is 9.3f40), the surfaces have 1 or more dangling bonds.
imperviousness to gaseous fission products, lower reactivity to
oxygen compared with pure bulk Si, and relatively low cost of
SB-SiC make it an effective and economic coating material. One . ) ) .
important use of SiC is as one of the TRISO (Tri-isotropic) Experiments have provided evidence that methyltrichloro-

coatings for the uranium kernels used as the nuclear energy fuefiiane (MTS) is an ideal precursor for producing high quality
in high-temperature gas-cooled nuclear reactors. The TRISOS-SIC by using the CVD techniqué.One possible reason is
coating consists of four layers: (1) the porous carbon buffer the MTS Si:C 1:1 ratio is the same as the Si:C ratio of the SiC
whose role is to accommodate fission products and fuel kernel Product. Another reason may be that the SiC CVD using MTS
swelling during and after the nuclear reactions: (2) pyrolytic @S Precursor molecules produces a byproduct HCI, which might
carbon that traps fission products and prevents the first Play @nimportant role in suppressing the deposition of pure Si
amorphous C layer from being chlorinated when undergoing ¢TYStal during the growth of the SiC films or crystafsThe H,

the SiC coating process. (3) tieSIiC layer, which functions carrier gas may facilitate .the reductiqn of thg—Sl'I bonds on
as a “pressure vessel” layer and is impervious to gas and metalth€ growing surface of SiC, thereby increasing the deposition

fission products; (4) a pyrolytic carbon layer that provides "ate: _ _ .
protection for the SiC layer and the entire pellet. Several important questions have yet to be answered regarding
the CVD process. These include how HCI op &ffects the
* Corresponding author. Tel: 515-294-0452. Fax: 515-294-0105. deposition rate and the quality of SiC under various reaction
E-mail: mark@si.fi.ameslab.gov. conditions, such as the gas-phase temperature. To improve the

The objective of this paper is to help clarify the mechanism
of the SiC deposition.
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TABLE 1: Point Groups and Structures of Studied Species

Point a /
Isomer Group Stru(.:tur'c 30. SiCl, Ty ‘ N
1. cl @ L) -
2. Cl D.s o—0 31. SiH,Cl C, ﬁ
3. H O
4, H, Dech E;l_‘:' 32. SiH.Cls Cay
5. HCl Coov e
6. CH Cw | @@ .
T D e 33, SiH;Cl Csv
8. Cfls & O\'{ 34, SiHCI G, GA
9. CH:CI G (H 35. SiHCI C
} . Az 3 x
{ U
10. C3H, Day H 36. SiHCls Cs. Q‘L@
11. CHs Cs H 37, CH,SiCl, Cav }—(
12. CHsCl Cs L
38. CH,SiCl; C,
13. CoHy(e) Can H
39. CH,SiHCl Cs
14. C;Hg Dsg H )
1
15. 'CH, Cav C’\) 40. CH,SiHCl Cs
16. °CH, Cay A
Q
17. CH,C Cay )—o .
p 41, CH5SiCl Cs
18. CH,Cl s }4\3 "
42. CH,SICl Cs ‘
19. CH,Cl, o | A SiCly a® %
20. CH; Dsn }—0 43. CHsSIiCLCI | € %
21. CHiCHGs' | G, h 44, CHSICl; Civ C}-{
22. CHCl Cay }_Q N
45, CH;SiH,Cl Cs 3
23. CH,4 Ty _ =
24, HCHC! Cs O_A; 46. CH3SiHC1 C H
25. SirCly Con 6_30
47. CHSiHCl Cs
26. SiCls G P
48. CHSICI C, O’.-f
27. 8i,Cl D A
1:Clg 3d H 49, ]CHSiCb C \;A
28. SiCly Cay O&) B
‘ 50. *CHSICls G
29. SIC13 C-S\.'

2 Solid dark gray balls are C atoms. White balls are H atoms. Balls with blue strips are Si atoms. Balls with green dots are CSatnits
13 GHe(e) has an eclipsed conformation; it is a TS connecting two identigids @ith staggered conformatiof Species 21 CECH(s) has a
staggered conformation; it is a TS connecting two identical ethyleng4,C' Species 24 HCHC is an intermediate between acetylesté,{@nd
vinylidene (CHC). © Species 43 CESICLCI is an intermediate between GHICl; and CHSICl + Cls.
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Figure 2. (Part 1 of 2).
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Sicl4 Supporting Information provided with this paper includes the
30 predicted energies, zero point energies, Cartesian coordinates,
and vibrational frequencies of all of the species studied in this
25 'Y A A m ey HelN B W work. Values of isobaric heat capacity at atmospheric pressure
. . are also provided in the Supporting Information, because they

L)
o

are often indispensable for chemical kinetic simulations.

II. Computational Details

Geometries, energies, harmonic vibrational frequencies, and
zero point energies have been obtained using restricted (for

Cp (cal/(mol K))
& o

5 closed-shell species) and unrestricted (for open-shell species)
second-order perturbation theory (MPQ)ith the Dunning aug-
0 ' cc-pVDZ basis set243Hessian (energy second derivative) calcu-
0 500 1000 1500 2000 2500 lations were performed to obtain thermodynamic properties.

Temperature (Kelvin degrees) MP2 single-point energies were obtained at these geometries,
with the triple< aug-cc-pVTZ basis sé&* Coupled cluster
with single and double excitations and perturbative triples
(CCSD(T))/aug-cc-pVDZ single point energy calculations

CVD technique for growing high quality SiC at a reasonable W€ also performed at the MP2/aug-cc-pVDZ geometries.
deposition rate, a better understanding of the mechanism of theCCSD(,T)/aug'CC'P\,/TZ single point energies were estlmatgd by
CVD process is needed. One challenge to unraveling the CvD 2SSUming the additivity of correlation and basis set corrections:
mechanism is to determine how the gas-phase composition
changes with residence time, temperature and other reaction
conditions. Tens or even hundreds of species including various (EMpz/augrcc—pVTz - Empzlauqcc—pvoz) 1)
molecules, radicals, and atoms can be produced and coexist in
the gas phase at various high CVD temperatures. These gasComparison between the estimated and true CCSD(T)/aug-cc-
phase species may react with each other and/or interact withPVTZ energies were made for small molecules includiag,
the surface of the pyrolytic carbon at the initial stage of the *CHz, CHs, CHs, CoHy (x = 1-6), Hp, Cl, Ck, SiHCI, SiCb,
CVD process. They can also interact with the growing SiC S|H2C| The discrepancies between the estimated and true
surface after the first layer of SiC has been formed on the CCSD(T) values are within ca. 0.001 hartree when no Cl atoms
pyrolytic C surface. It is desirable, but not necessarily feasible, are present. The estimated CCSD(T)/aug-cc-pVTZ energy is
to simplify the gas-phase reaction mechanism by excluding some@bout 0.008 hartree per Cl atom higher than the correct
species; for example, species with low concentrations or speciesCCSD(T) result for Cl-containing species. For example, the
with low chemical reactivity with the C or SiC surface. Reactive €stimated CCSD(T)/aug-cc-pVTZ energies of Cl, GiHCI,
Species’ such as Q'-and S|C& radicalsy that m|ght have very S|CI2, S|H2CI are 00088, 00158, 00077, 000163, and 0.0083
low concentrations in the gas phase, often play an important hartree higher than the true CCSD(T)/aug-cc-pVTZ results,
role in the heterogeneous chemical reactions that account forrespectively. Fortunately, most of this discrepancy cancels
the deposition and growth of SiC. On the other hand, some because relative energies, not absolute energies, are of interest.
kinetically stable species that exhibit very low reactivity with Al of the MP2 calculations were done with the GAMESS
the surface, such as GHC,Hs, and SiCl, often have high  suite of codes? CCSD(T)/aug-cc-pVDZ singlet point cal-
concentrations during the CVD process and serve as a majorculations were performed using the ACES packéggtructures
source for the production of active radicals such as GhRd and vibrational frequencies were visualized with the aid of
SiCls. Due to the complexity of the gas-phase chemistry of SiC MacMolPIt*
CVD, mechanisms proposed from kinetic modeling based on . .
the analysis of experimental data are often incomplete or !l Results and Discussion
inaccurate. Thus, a careful, systematic theoretical study of the Table 1 illustrates the structures and point groups of the
gas-phase chemistry of SiC CVD is desirable. studied gas-phase species that are produced during and after
This paper presents a thorough study of the thermodynamicthe chemical vapor deposition of silicon carbide with MTS and
properties of various possible gas-phase species produced duringl, as precursor molecules. All species with an even (odd)
the CVD that uses MTS as the precursor andibithe auxiliary ~ number of electrons is a singlet (doublet) state unless noted
gas. The detailed reaction paths that lead to the production andotherwise. The thermodynamic properties of all Cl-containing
consumption of the gas-phase species, the corresponding transispecies were calculated with assumption of the presence of only
tion state structures and the related thermodynamic and kinetic3>C| isotopes. Some species, such asz88! andICHSICk
data are presented and discussed in the following paper. with C; symmetry, can have two enantiomers, but this has no
The remainder of this paper is organized as follows. In section effect on any computed energetic properties.
I, the computational methods for obtaining the local minimum Predicted thermodynamic properties may be compared with
energy structures and thermodynamic data of the gas-phaseexperimental values from tHeRC Handboao# for CH,, CoHo,
species are briefly introduced. In section Ill, structures and point C;H,4, C;He, Cl, Cl, HCI, H, Hy, and SiC} in the gas phase at
groups of various gas-phase species are tabulated. A 114-reacvarious temperatures ranging from 298.15 to 1400 K. Figure 2
tion mechanism is then proposed to account for the production shows that the theoretical and experimental isobaric (at 1 atm)
and consumption of the studied gas-phase species. Reactiomeat capacities agree well for all of these species at all
enthalpies, entropies, and Gibbs free energies are tabulatedtemperature4’ The discrepancies between the theoretical and
Careful comparison between the calculated and experimentalexperimentalC, values are generally less than 0.5 cal/(mol K).
thermodynamic properties of various species is presented. TheThe largesC, discrepancy is 1.3 cal/(mol K) for Gi-at 1400

Figure 2. (Part 2 of 2). Comparison between predicted (red squares)
and experimental (blue rhombu§) values.

CCSD(T)/aug-cc—pVTZ ~ ECCSD(T)/auqccfpVDZ +
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2500

TABLE 2: Enthalpy Changes (kcal/mol) of the Decomposition Reactions of CkBiCl; and Consecutive Reactions in the Gas
Phase at Various Temperatures

reaction OK 298.15K 400K 600K 800K 1000K 1200K 1400K 1600K 1800K 2000K
1. CHSICl; — CHz + SiCls 91.6 92.9 93.0 92.9 92.5 91.9 91.3 90.6 89.8 89.1 88.3
2. CHsSIiCl — H + CHSIiCls 101.1 102.8 103.3 104.1  104.7 105.1 1054 105.6 105.7 105.7 105.7
3. CH:SICl; — Cl + CHsSIiCl 108.4 109.1 109.1 109.1 109.0 108.8 108.7 1085 108.3 108.1 107.9
4. CH;SIiCl; — CH,SiCl, + HCI 78.8 79.8 79.9 79.9 79.8 79.4 79.0 78.6 78.1 77.5 77.0
5. CHSICl; — CH3Cl + SiCl, 72.6 73.0 72.7 71.9 711 70.3 69.4 68.6 67.8 67.0 66.1
6. CHSiCl; — !CH, + SiHCls 118.2 119.4 1195 1195 119.2 118.8 1183 117.8 117.2 116.6 115.9
7. CHSiCl; — 'CHSICk + H, 119.7 121.4 1219 1225 1228 1229 1228 1225 1222 12138 121.4
8. CH;SiCl; — CHsSIiCl + Cl, 128.3 129.0 1289 128.6  128.2 1277 127.1 1266 1261 1255 1249
9.H,—H+H 102.8 103.6 103.9 104.5 105.1 105.7 106.3 106.8 107.3 107.7 108.2
10. HCI—=H + Cl 101.2 102.1 102.4  103.0 103.6 1041 1046 1050 1054 105.8 106.1
11.Cb—Cl + CI 53.8 54.6 54.8 55.0 55.3 55.5 55.7 55.9 56.1 56.3 56.5
12.Cl+H,— HCI+ H 15 15 15 15 15 1.6 17 1.8 1.9 2.0 2.1
13.CI+HCI—Cl,+H 47.4 47.5 47.7 48.0 48.3 48.6 48.9 49.1 49.3 49.4 49.6
14.CH+ H— CHs +H 0.5 —-0.2 —-05 —-0.9 —-1.0 -0.9 —-0.7 —0.4 —-0.1 0.3 0.7
15.CH+H—3CH, + H; 5.0 5.5 5.6 5.6 5.4 5.2 4.9 4.5 4.1 3.7 3.3
16.CHs+ H— CH, —102.3 —-103.9 —-104.5 —-1054 -106.1 —106.6 —107.0 —107.2 —107.3 —107.4 —107.4
17. CHs+ CH3— CoHg —866 —888 —-894 -90.1 -90.3 —-90.1 —-89.7 —-89.2 -—-886 —879 —87.2
18. CHs+ CH3— CoHs+ H 12.4 11.9 11.9 12.1 12.6 13.3 14.0 14.8 15.5 16.2 16.9
19. CH;+ CHz— 3CH, + CH, 55 5.3 5.0 4.7 4.4 4.2 4.1 4.1 4.0 4.0 4.0
20.CH;—3CH,+ H 107.8 109.1 109.5 1101 110.6 1109 1111 1113 1114 1114 1114
21. CH+ HCI— CH:CI + H 20.5 19.9 19.7 19.8 20.1 20.5 20.9 214 21.9 22.4 22.9
22. CH+ HClI— CH, + Cl -1.0 —-1.8 —-2.0 —2.4 —2.6 —2.5 —2.4 —2.2 -19 —-1.6 -13
23. CHCI + H,— CHs+ HCI -200 -—-201 -203 -—20.7 -—211 -—-214 -—217 —21.8 —220 -—221 221
24. CHCI + HCI— CHCl,+ H 24.0 23.6 23.6 23.8 24.2 24.7 25.2 25.7 26.2 26.7 27.2
25.3CH,+ CHz— CzHs -954 -973 —-976 —-980 -979 -976 —-97.1 -—-965 -—-959 —-952 945
26.3CH; + CHz— CHs+ H -603 —61.2 —-614 -614 -61.1 -60.6 —-60.0 —-594 —-587 —-58.1 —574
27.3CH,;+3%CH,— CH,+H+H —254 —246 —-240 -—-229 -—-21.7 -206 -—195 -185 -17.6 -—16.7 -—15.8
28.3CH, + 3CH,— CoH2 + H, —128.1 —128.2 —-128.0 —127.4 —126.8 —126.3 —125.8 —125.3 —124.8 —124.4 —124.0
29. GHg— CoHs+ H 98.9 100.7 101.3 102.2  102.9 103.4 103.7 1039 1041 1041 104.1
30. GHs — CoHs+ H2 313 33.1 33.5 34.2 34.6 34.7 34.5 34.3 33.9 33.5 33.1
31. GHe — CoHe(e) 2.5 2.2 2.0 1.6 12 0.8 0.4 0.0 —04 —0.8 —-1.2
32. GHe(e) — CoHa+ H2 28.8 30.9 315 32.6 33.3 33.8 34.1 34.2 34.3 34.3 34.2
33. GHs+ H— CoHs+ H» —3.8 —2.9 —2.7 —2.3 —2.2 —2.3 —2.6 —2.9 —3.2 —3.6 —4.0
34. GHs— CoHa+ H 35.1 36.0 36.2 36.5 36.8 37.0 37.1 37.2 37.2 37.1 37.1
35. GHs+ H— CoHs+ H» —-67.7 —-676 —677 —-680 -683 —-68.7 —-69.2 -696 -—-70.1 —-706 —71.1
36. GHs— CoHs+ H 109.9 111.4 1119 1126 1130 1134 113.6 113.8 1139 1139 113.9
37. GH;— CHC + H; 82.1 84.4 85.1 86.1 86.5 86.7 86.7 86.6 86.3 86.0 85.6
38. CHC — HCHC 1.3 12 12 1.2 12 13 1.3 14 14 15 15
39. HCHC— CzH: —435 —435 —434 —431 -—-429 —-428 427 —426 —425 —423 —422
40. GHg— CH3CH(s)+ H» 104.4 106.2 106.7 107.2 1074 107.2 106.8 106.3 105.7 105.0 104.2
41. GHs— CH3CH(s) 73.2 73.2 73.1 73.0 72.8 72.6 72.3 72.0 71.8 71.4 71.1
42. CHCH(s)— CHz + H» -332 —-3810 —-302 -—-289 -—-280 —273 —269 -—26.7 —265 —264 —26.3
43. GHs+ H — CoHz + H» 7.2 7.8 7.9 8.0 7.9 7.7 7.4 7.0 6.6 6.2 5.7
44. GH3— CH+H 32.8 34.4 35.0 36.1 36.9 375 38.0 38.4 38.7 38.9 39.1
45. GHz+ H— CoH+ Ho -699 —-69.3 —-689 -684 -682 —-682 —-683 —-684 -686 —688 —69.1
46. GHz+ CHs — CoHs+ CH3 —7.7 —7.5 —7.4 7.1 —6.9 —6.8 —6.6 —6.6 —6.5 —6.5 —6.5
47. GH3z+ CoHg — CoHy+ CoHs -11.0 -107 -106 -10.3 -101 -10.0 -9.9 —9.9 —-9.8 —9.8 —9.8
48. GH3z+ CoHs — CoHy+ CoHay —-749 —-754 —-757 -760 -76.2 -764 —-765 -76.6 —76.7 —768 —76.8
49. GH,+ H—CH+ H> 31.8 32.0 31.9 315 311 30.6 30.1 29.6 29.1 28.6 28.1
50. GHs+ CH3z— CoHs+ CHy —-3.3 —3.2 —3.2 —3.2 —3.2 —3.3 —-3.3 —3.3 —-3.3 —-3.3 —-3.3
51. GHs+ 3CH,— CoHs + CH; —8.8 —8.4 —8.2 —-7.9 —7.6 —7.5 —7.4 —7.4 —7.3 —7.3 —7.3
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TABLE 2 (Continued)

reactions 0K 298.15K 400K 600K 800K 1000K 1200K 1400K 1600K 1800 K 2000 K
52. GH;+ HCI — C,HsCl -163 -178 -18.0 —-182 —-180 —-178 -174 -169 -164 -159 -154
53. GH,+ HCl — C;HsCl —-251 -—-27.0 -—-275 —-28.1 —283 —283 -—-282 -—280 -—27.7 -—-274 271
54. GHs+ HCl — C,HsCl + H 18.7 18.2 18.2 184 1838 19.2 19.7 20.2 20.7 21.2 21.7
55. GHs+ HCl — C,Hg + Cl 2.3 14 11 0.8 0.7 0.7 0.9 11 1.4 1.6 2.0
56. GHz;+ HCl — C,HsCl + H 1.7 7.4 7.6 8.0 8.6 9.2 9.8 10.4 11.0 11.5 12.0
57. GHs+ HCl — C,H4 + Cl —8.7 -93 -94 -95 -95 -93 -90 -88 -85 —-81 78
58.5CH, + HCl — CH; + ClI —6.6 -7.0 -71 -7r1 -70 -68 —-65 —-63 —-60 —-57 53
59.3CH; + HCl — CH.CI + H 10.6 10.3 104 107 11.2 11.8 12.3 12.8 13.4 13.9 14.3
60. SiCk + SiCl— SiCl, + SiCl, —43.8 —43.8 —43.8 —43.8 —43.8 —43.8 —43.8 —43.8 —43.8 —43.8 —43.38
61. SiCh + SiClb— Si.Cls —342 —-340 —-383.7 —-33.0 —322 —-315 -30.7 —299 -—-291 -—-283 -—-27.6
62. SiCh + SiChb— Si,Cls -129 -127 -123 -116 —-108 -101 -93 -85 —-77 —-6.9 -6.1
63. SiCk + SiClz— SixCls —-76.4 -—762 —759 —752 —-744 —-737 -—-729 -721 -714 -706 —69.8
64. SiCh + SiCl,— SixClg —327 —-324 321 314 -30.7 —299 -291 -—-284 -—-276 -—26.8 —26.0
65. SiCk— SiCl, + CI 61.7 62.4 624 623 621 62.0 61.8 61.6 61.4 61.2 61.1
66. SiCL— SiCl; + CI 1055 106.1 106.1 106.0 1059 105.7 105.6 1054 105.2 105.0 104.8
67. SiCL+ H,— SiHCI; + HCI 17.0 16.2 159 154 150 14.7 14.5 14.4 14.3 14.3 14.3
68. SiCk + H,— SiHCL; + H 12.8 12.2 122 123 126 13.1 13.5 14.0 14.5 15.1 15.6
69. SiCk + H,— SiHCI, + HCI 18.2 17.5 17.2 16.7 163 16.1 15.9 15.8 15.8 15.8 15.8
70. SiCk+ HCl— SiCl, + H —4.3 -40 37 —-30 —-23 -16 -10 -04 0.2 0.7 1.3
71. SiCk + HCl— SiHCI; + CI 11.3 10.7 10.7 108 111 11.5 11.8 12.3 12.7 13.1 13.5
72. SiCh + Hy— SiHxCl, —319 —-33.8 —341 —344 —-344 -—-342 -337 —-333 -—327 —-321 -315
73. SiCh + H,— SiHCI + HCI 29.7 29.3 290 286 283 28.1 28.0 27.9 27.9 27.9 27.9
74. SiCh + H,— SiHCl, + H 57.7 57.2 572 574 5738 58.2 58.7 59.2 59.8 60.3 60.8
75. SiCh+ HCl— SiCl + H 39.5 39.8 40.1 40.7 414 421 42.8 43.4 44.0 445 45.0
76. SiCh + HCl— SiHCl, + ClI 56.2 55.7 557 559 56.2 56.6 57.0 57.5 57.9 58.3 58.8
77. SIHCE— SiCl, + HCI 50.4 51.6 51.7 515 510 50.5 50.0 49.4 48.8 48.2 47.5
78. SIHCE— SiClz + H 90.0 91.4 91.7 922 925 92.7 92.7 92.8 92.7 92.7 92.6
79. SIHCb— SiCL + H 45.0 46.4 46.7 471 474 475 47.6 47.6 47.5 47.4 47.4
80. SIHCE— SiHCL, + ClI 106.7 1074 1074 1074 1073 107.1 107.0 106.8 106.7 106.5 106.3
81. SiHCl,— SiHCL+H 89.6 91.0 914 919 922 92.4 92.5 92.5 92.5 92.4 92.3
82. SiHCl,— SiH.Cl + CI 106.3 107.2 1073 107.3 1073 107.2 107.0 106.9 106.7 106.6 106.4
83. SiHCl,— SiHCI+ HCI 61.6 63.0 63.2 63.0 627 62.3 61.7 61.2 60.6 60.0 59.4
84. SIHCE+ H, — SiHxCl, + HCI 18.6 17.9 175 170 16.6 16.4 16.2 16.1 16.1 16.0 16.0
85. SIHCh + H, — SiHCl, + H 13.1 12.6 126 127 13.0 13.4 13.8 14.3 14.8 15.3 15.8
86. SIHCh+ HCI — SiHCl;+ H —54 52 -50 43 387 -30 -24 -18 -12 -07 -0.2
87. SIHChL+ HCI — SiH.Cl, + CI 11.6 11.1 111 112 114 11.8 12.1 12.5 12.9 13.4 13.8
88. SIHCI+ H; — SiH:ClI —43.4 —452 —-456 —46.0 —46.0 —458 —455 —-450 —445 -—-439 —-433
89. SiHCH- HCl — SiHCl, + H 28.0 28.0 28.2 288 295 30.1 30.7 313 31.9 324 32.9
90. SIHCIH HCI — SiH,Cl + ClI 44.6 44.1 441 443 446 449 45.3 45.7 46.1 46.6 47.0
91. SiCk+ CH; — CHsSiCl + H 10.6 10.9 114 126 13.7 14.7 15.7 16.6 175 18.3 19.1
92. SiCk+ CHs — SiHClz + CHs 12.3 12.5 127 13.2 136 14.0 14.2 14.4 14.6 14.7 14.8
93. SiCk+ CH; — SiCl, + CHsCl -19.0 -199 -203 —-21.0 —21.4 -—-21.7 -21.8 —220 —221 —-221 -—22.2
94. SiCk+ CH; — SiHCl; + °CH, 17.8 17.7 178 179 181 18.2 18.4 18.5 18.6 18.7 18.8
95. SiCb+ CHs — CH3SiHCL, —330 —-340 —-339 —-332 —-323 —-315 —-305 -—-29.6 -—-28.7 —-27.8 -—-27.0
96. SiCb+ CH; — SiHCl, + CHs 57.2 57.5 57.8 58.3 58.8 59.1 59.4 59.6 59.8 60.0 60.1
97. CHSIClL, + H, — CH3SIHCL, —-59.2 -609 -614 -619 —-621 —-620 —-61.8 —-61.4 —-61.0 —-60.5 —-60.0
98. CHSIHCl, — CH,SIHCI + HCI 74.2 75.3 755 755 753 75.0 74.6 74.2 73.7 73.2 72.6
99. CHSICl, + H, — CHsSIHCL + H 12.4 11.9 119 120 123 12.7 13.2 13.7 14.2 14.7 15.2
100. CHSIiClz+ H, — CHsSIiCls + H 1.7 0.8 0.6 0.4 0.4 0.6 0.9 1.2 1.6 2.0 2.5
101. CH + CHsSiCl;— CH;+ CH,SICls —-12 -11 -2 -13 -14 -15 -16 -16 -17 -—-17 -—-17

102. CH + CH;3SiCl;— CHsCI + CHsSIiCl, 27.7 26.9 265 258 254 25.2 25.0 24.9 24.8 24.8 24.7
103. SiCt+ CHsSiCl;— SiHCl; + CH:SiCl;  11.1 11.4 116 119 122 12.5 12.6 12.8 12.9 13.0 13.1

104. SiC+ CH3SiCl;— SiCly, + CHsSIiCl 3.0 3.0 3.0 3.0 3.1 3.1 3.1 3.1 3.1 3.1 3.1
105. H+ CHsSiCl; — HCI + CHsSICl, 7.2 7.0 6.7 6.1 5.4 4.7 4.1 35 2.9 2.4 1.8
106. Cl+ CH3SiCl;— HCI + CH,SICl; -0.1 0.7 0.9 11 11 1.0 0.8 0.5 03 -01 -04
107. CHSIiCl;— 3CH; + SiCl; 98.3 99.3 99.2 989 983 97.7 97.0 96.3 95.6 94.8 94.0
108. CHSIClz;— CH,SIiCl, + CI 79.0 79.2 79.1 788 78.6 78.4 78.2 78.0 77.8 77.6 77.4
109. CHSICl,— CHs + SiCl, 44.9 46.2 46.2 46.1 456 451 44.4 43.7 43.0 42.2 41.4
110. CHSICL— H + CHSIiCl, 71.6 72.8 732 739 744 74.7 74.9 75.1 75.2 75.2 75.2
111. CHSIClz; — CH;SICLCI 1111 1115 1116 1117 1117 1117 1117 1118 1118 111.8 111.8
112. CHSICLCI — CHsSIiCl + Cl, 17.2 175 173 169 164 15.9 15.4 14.9 14.3 13.7 13.2
113. CHSICl + H,— CH3SiH.CI —425 —444 448 —452 —452 —-45.0 —-44.6 —442 —43.6 —43.1 —-425
114. CHSICIl + HCI — CHsSiHCl, —62.8 —64.1 —-64.2 —64.1 —63.7 —-63.3 —62.7 —-622 —-61.6 —-61.0 —-60.4

K. Figure 3 shows that the calculated entropies also agree wellsource of highly reactive species. Therefore, various strategies
with the experimental values. Most entropy discrepancies arewere applied to make a reaction list to account for the gas-
less than 0.5 cal/(mol K); the largest discrepancy is 2.1 cal/ phase chemistry. One strategy is to review available experi-
(mol K) for the Cl atom at 1400 K. mental data to decide what species have high concentrations in
As noted earlier, it is difficult to propose a mechanism for the gas phase. Gas chromatography experiments by Zhang and
the gas-phase chemistry involving MTS as precursor gndsH ~ Huttinger suggest that the major species with significant
carrier gas at high CVD temperatures. Stable species usuallyconcentration in the gas phase arg EH,, SiCly, HCI, SiHCE,
have lower reactivity; however, they may serve as a major and CHSiClz.22 CH,, CHsCl, SiCk, and CHSICl, were detected



Pyrolysis of Methyltrichlorosilane

J. Phys. Chem. A, Vol. 111, No. 8, 2007469

TABLE 3: Entropy Changes (cal/(mol K)) of the Decomposition Reactions of CHSICl; and Consecutive Reactions in the Gas

Phase at Various Temperatures

reaction OK 298.15K 400K 600K 800K 1000K 1200K 1400K 1600K 1800K 2000K
1. CHSICl; — CH; + SiCls 0.0 39.8 40.1 39.8 39.2 38.6 38.0 375 37.0 36.5 36.1
2. CHSICl — H + CHSIiCl; 0.0 33.9 35.3 37.0 37.9 38.3 38.6 38.7 38.8 38.8 38.8
3. CH;SiCl; — Cl + CH;sSICl 0.0 34.5 34.6 34.5 34.3 34.1 34.0 33.9 33.7 33.6 33.5
4. CHSICls — CHSiCl, + HCI 0.0 36.3 36.6 36.6 36.4 36.0 35.6 35.3 34.9 34.6 34.4
5. CH;SiCl; — CHsCl + SiCl, 0.0 40.0 39.0 37.5 36.3 35.3 34.6 34.0 33.4 32.9 32.5
6. CH;SiCl; — *CH, + SiHCls 0.0 37.1 37.4 37.3 36.9 36.4 36.0 35.6 35.2 34.8 34.5
7. CHSICl; — *CHSICE + H: 0.0 31.8 33.0 34.3 34.8 34.9 34.8 34.6 34.4 34.1 33.9
8. CH;SICl; — CH;3SIiCl + Cl, 0.0 41.2 40.9 40.3 39.6 39.1 38.6 38.2 37.8 375 37.2
9.H,—H+H 0.0 23.6 24.5 25.7 26.5 27.2 27.7 28.1 28.4 28.7 28.9
10. HCI—=H + Cl 0.0 20.7 21.6 22.8 23.6 24.2 24.7 25.0 25.2 255 25.6
11.ChL—Cl + CI 0.0 22.6 23.1 23.6 24.0 24.2 24.4 24.6 24.7 24.9 25.0
12.Cl+ H,— HCI+H 0.0 2.8 2.8 2.9 2.9 3.0 3.0 3.1 3.2 3.2 3.3
13.CI+ HCI—Cl,+H 0.0 -1.9 -15 -08 —-04 0.0 0.2 0.4 0.5 0.6 0.7
14.CH+H,— CHs +H 0.0 —-5.9 -6.7 —75 7.7 —7.6 —7.4 7.1 —6.9 —6.7 —6.5
15.CH+ H—3CH, + H; 0.0 3.9 4.1 4.1 3.9 3.7 3.4 3.1 2.8 2.6 2.4
16.CHs+H—CH, 0.0 —295 —312 —-332 —-342 —-347 —-350 —-352 -—-353 -—-354 -—-354
17. CHs+ CHz;— CoHg 0.0 —38.8 —40.6 —42.0 —-422 —420 —41.7 —-413 -—-40.9 —405 —40.1
18.CH+ CH3— CoHs+ H 0.0 —5.0 —-51 —-46 —338 —-3.1 —25 -19 —-14 -1.0 —0.6
19. CH;+ CH;— 3CH, + CH, 0.0 —-2.0 —26 —34 37 -3.9 —4.0 —4.0 —4.1 —4.1 —4.1
20. CH— *CH,+ H 0.0 27.5 28.6 29.8 30.5 30.8 311 31.2 31.2 313 313
21. CH+ HCI— CHCI + H 0.0 -7.9 -82 —-82 78 —7.3 —6.9 —6.5 —6.2 —-5.9 —5.7
22.CH+ HClI—CH, + CI 0.0 —8.7 -95 -103 -105 -105 —-104 —-10.2 -—101 —9.9 —-9.7
23. CHCI + H,— CH,+ HCI 0.0 2.0 15 0.7 0.1 -03 —0.5 —0.6 —-0.7 —0.8 —-0.8
24. CHCI + HCl— CHCl,+ H 0.0 -126 —-126 -122 -116 -11.0 -10.6 —10.2 —9.8 —95 —9.3
25.3CH,+ CH;— CzHs 0.0 —-325 —337 —-344 -343 -339 —-335 -—-331 -326 —322 319
26.3CH,+ CHz— CoHs+ H 0.0 -136 —-141 -141 -137 -131 -126 -121 -11.7 -11.3 -10.9
27.3CH;+3CH,—~ CH,+H+H 0.0 10.4 12.0 14.4 16.1 17.3 18.3 19.1 19.7 20.2 20.7
28.3CH,+ 3CH,— CoHo + H» 0.0 —-132 —-124 -11.3 -104 —9.8 —9.4 -9.0 —8.7 —8.5 —8.2
29. GHg— CoHs+ H 0.0 33.8 355 37.4 38.4 38.9 39.2 39.4 39.5 39.5 39.5
30. GHs — CoHs+ H2 0.0 29.2 30.6 32.0 325 32.6 32.5 32.3 32.1 31.8 31.6
31. GHs — C:He(e) 0.0 0.0 -05 -13 -19 —-2.3 —2.7 —3.0 —3.3 —35 —3.7
32. GHe(e) — CoHs+ H: 0.0 29.2 311 33.3 34.4 34.9 35.2 35.3 35.3 35.3 35.3
33. GHs+ H— CoHs+ Haz 0.0 10.2 11.0 11.8 11.9 11.8 11.6 11.3 11.1 10.9 10.6
34. GHs— CoHs+H 0.0 19.0 19.6 20.2 20.6 20.8 20.9 21.0 21.0 21.0 20.9
35. GHs+ H— CoHs+ H» 0.0 —4.6 -49 —-54 59 —6.3 —6.7 7.1 —7.4 =77 —8.0
36. GH;— CoHs+H 0.0 30.6 31.9 33.4 34.1 34.5 34.7 34.8 34.9 34.9 34.9
37. GH;— CH.C + H; 0.0 32.3 34.3 36.2 37.0 37.2 37.2 37.1 36.9 36.7 36.5
38. CHC — HCHC 0.0 0.1 0.1 0.1 0.1 0.2 0.2 0.3 0.3 0.3 0.3
39. HCHC— C;H> 0.0 —4.5 —-42 —37 34 —-3.3 —3.2 —3.1 —-3.0 —-2.9 —2.9
40. GHg— CH3CH(s)+ H- 0.0 32.3 33.5 34.7 34.9 34.7 34.4 34.0 33.6 33.1 32.7
41. GHs— CH3CH(s) 0.0 3.0 2.9 2.7 2.4 2.1 1.9 17 15 1.3 12
42. CHCH(s)— CoHz + H2 0.0 24.9 27.3 30.0 31.3 32.0 32.4 32.6 32.7 32.8 32.8
43. GHs+ H— CoHz + H; 0.0 7.1 7.5 7.7 7.6 7.3 7.0 6.7 6.5 6.2 6.0
44. GH3;— CH,+ H 0.0 20.9 22.8 25.0 26.1 26.8 27.2 27.5 27.7 27.9 28.0
45. GHz+ H— CH2+ H: 0.0 —2.7 -17 —-07 —-04 —0.4 —-0.4 —0.6 —-0.7 —0.8 —-0.9
46. GHz+ CHy — CoHs+ CH3 0.0 —-1.2 -08 —-0.2 0.1 0.3 0.4 0.4 0.4 0.5 0.5
47. GH3z+ CoHg — CoHy+ CoHs 0.0 3.2 3.6 4.0 4.3 4.5 4.5 4.6 4.6 4.6 4.7
48. GH3z+ CoHs — CoHy+ CoHa 0.0 -11.7 -124 -13.1 -135 -136 —-13.8 -13.8 -—-139 —-139 -—14.0
49. GH,+H— CH+ H> 0.0 3.9 3.5 2.8 2.2 1.6 1.2 0.8 0.4 0.1 —-0.1
50. GHg+ CHz— CoHs+ CHy 0.0 4.3 4.3 4.3 4.2 4.2 4.2 4.2 4.2 4.2 4.2
51. GHg+ *CH,— C;Hs+ CHs 0.0 6.3 6.9 7.6 7.9 8.1 8.2 8.2 8.3 8.3 8.3
52. GH;+ HCI — C,HsCl 0.0 -31.4 —-320 —-323 —-322 —-318 —-315 -311 -30.8 —-305 —30.2
53. GH,+ HCI — C,H3Cl 0.0 -30.7 —322 -335 —-338 —-338 —337 —-335 —-333 -—-332 -33.0
54. GHs+ HCl — C,HsCl + H 0.0 -124 -—-125 -121 -115 -11.0 -106 —10.2 —9.8 —9.5 —9.3
55. GHs+ HCI — C;Hg + ClI 0.0 —13.1 —-139 -146 -148 -—-147 -—-146 -144 -142 -—-141 —139
56. GHz+ HCI — C,HsCl + H 0.0 —9.8 -94 -85 7.7 —-7.0 —6.4 —6.0 —5.6 —5.3 —5.0
57. GH3;+ HCI— C,Hs + ClI 0.0 -99 -103 -10.6 —-105 -10.3 -—10.0 —9.8 —9.6 —9.4 —9.3
58.3CH, + HCl — CH; + ClI 0.0 —6.8 -70 —-70 —6.8 —6.6 —6.4 —6.2 —6.0 —5.8 —5.6
59.5CH; + HCl — CH.CI + H 0.0 —4.1 -39 -—-32 -25 -1.9 —-1.4 -1.0 —0.6 —0.3 —0.1
60. SiCk + SiCl— SiClL + SiCls; 0.0 —6.2 —-6.2 —6.2 —6.2 —6.2 —6.2 —6.2 —6.2 —6.2 —6.2
61. SiCh + SiCls— SixCls 0.0 —-352 —343 —-329 -318 -—-309 —-30.2 —-29.6 —29.1 —28.7 —28.2
62. SiCh + SiChb— Si,Cls 0.0 -36.1 —351 -336 —-325 -31.7 -31.0 -304 —-29.8 —-294 —29.0
63. SiCk + SiCls— SixCls 0.0 —422 —412 -398 —-388 —-379 —-372 -36.6 —36.1 —356 —352
64. SiCh + SiCl,— SixCls 0.0 -36.0 —351 -337 —-326 —-31.7 -31.0 -304 —-29.9 —-294 —29.0
65. SiCk— SiCl, + CI 0.0 28.8 28.8 28.7 28.5 28.3 28.1 28.0 27.9 27.7 27.6
66. SiCL— SiCl; + ClI 0.0 35.0 35.0 34.8 34.6 34.5 34.3 34.2 34.0 33.9 33.8
67. SiCh+ H,— SiHCl; + HCI 0.0 9.1 8.1 7.0 6.4 6.1 6.0 5.9 5.8 5.8 5.8
68. SiCk + H,— SIHCL + H 0.0 —5.1 —-52 —-50 —46 —4.1 —3.7 —3.3 —3.0 —2.6 —2.4
69. SiCk + H,— SiHCL, + HCI 0.0 7.7 6.8 5.8 5.3 5.0 4.9 4.8 4.8 4.8 4.8
70. SiCk + HCl— SiCl; + H 0.0 —-142 —-134 -120 -11.0 -10.2 —9.6 —9.2 —8.8 —8.5 —8.2
71. SiCk + HCl— SiHCI; + ClI 0.0 —8.0 -81 —-79 -75 7.1 —6.7 —6.4 —6.1 -5.9 —5.6
72. SiCh + H,— SiHxCl, 0.0 -301 -—-311 -318 —-318 —-315 -—-311 -—-30.7 -—-304 —30.0 —29.7
73. SiCh + H,— SiHCI + HCI 0.0 6.0 5.3 4.4 4.0 3.7 3.6 3.6 3.6 3.6 3.6
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TABLE 3 (Continued)

reaction 0K 298.15K 400K 600K 800K 1000K 1200K 1400K 1600K 1800K 2000K
74. SiCh + H,— SiHClL, + H 0.0 —0.4 —0.4 0.0 0.5 1.0 14 18 2.2 2.5 2.8
75. SiCh + HCl — SiCls + H 0.0 —-8.1 -72 -58 —-48 —-41 -35 -30 -26 —-23 -20
76. SiCh + HCl— SiHCI, + CI 0.0 —3.2 -32 —-29 -24 -20 -16 -13 -10 —-0.7 —-05
77. SIHCE— SiCl, + HCI 0.0 36.8 36.9 365 359 35.3 34.8 34.4 34.0 33.6 33.3
78. SIHCE— SiCl; + H 0.0 28.7 29.7 30.7 311 31.3 314 314 314 313 313
79. SIHCb— SiCl, + H 0.0 23.9 248 257 26.1 26.2 26.3 26.3 26.2 26.2 26.1
80. SIHCE— SiHCL, + CI 0.0 33.6 337 336 335 33.4 33.2 33.1 33.0 32.9 32.8
81. SiCl,— SIHCL + H 0.0 29.7 30.7 31.8 322 32.4 32.5 32.5 325 32.5 32.5
82. SiHCl,— SiH.Cl+ CI 0.0 32.0 323 323 323 32.2 32.0 31.9 31.8 31.7 31.6
83. SiHCl,— SiHCI+ HCI 0.0 36.1 36.4 36.2 357 35.2 34.7 34.3 33.9 33.6 33.3
84. SIHCE+ H, — SiH,Cl, + HCI 0.0 6.7 5.8 4.7 4.2 3.9 3.7 3.6 3.6 3.6 3.6
85. SiIHCh + H, — SiHCl, + H 0.0 —6.1 -63 —-61 -57 -53 —-49 -45 —-41 -38 36
86. SIHChL+ HCI — SiHCl;+ H 00 -129 -121 -108 -99 -91 -86 81 -—77 74 72
87. SIHCh+ HCI — SiH.Cl,+ ClI 0.0 —9.0 -91 -90 -86 -82 —-79 -76 —-73 —-70 —6.8
88. SIHCI+ H, — SiHCl 00 —-314 —-325 —333 —333 —331 -328 -—-324 -—-321 -31.7 -—314
89. SiIHCIH HCl — SiHCl, + H 0.0 —6.4 —-57 —-44 -35 -28 —-22 -18 -14 -11 08
90. SiIHCIH HCIl — SiH,Cl + CI 0.0 —4.1 -42 -39 -35 31 -—-27 -24 -21 -19 -16
91. SiCk+ CHs — CHsSiCls + H 0.0 -10.3 -89 -66 -50 -39 -30 -23 -17 —-12 08
92. SiCk+ CH; — SiHCl;+ CH;3 0.0 0.8 1.5 25 3.1 35 3.7 3.8 4.0 4.0 4.1
93. SiCk+ CHz — SiCl+ CHsClI 0.0 02 -10 -23 30 33 —-34 35 36 —-36 36
94. SiCk+ CH; — SiHCl; + °CH, 0.0 —-1.2 -1 -09 -06 -04 -03 -02 -01 -01 0.0
95. SiCh+ CHs — CH3SiHCL, 00 —-332 -—327 —314 —30.2 —29.2 -284 —277 —271 -26.6 —26.1
96. SiCh+ CHs — SiHCL, + CHs 0.0 55 6.3 7.5 8.1 8.5 8.8 9.0 9.1 9.2 9.2
97. CHSICl, + H, — CH3SIiHCl, 00 —276 —288 —299 —30.2 —30.1 -29.9 —-296 —293 -—29.0 -—28.8
98. CHSIHCL— CH,SIiHCI + HCI 0.0 34.3 347 348 346 34.2 33.9 33.5 33.2 32.9 32.6
99. CHSICl, + H, — CH3SIHCL + H 0.0 —5.0 —-51 —-49 —-45 —-40 -36 -32 —-29 —-26 23
100. CHSICl;+ H, — CHsSiCls + H 00 -103 -109 -114 -113 -11.2 -109 -10.6 —-104 -—-101 —9.9
101. CH + CH;SiCl,— CH; + CH,SICls 0.0 4.4 4.2 3.9 3.7 3.6 3.5 3.5 3.5 3.4 3.4
102. CH + CHsSiCl,— CHzCl + CHsSiCl, 0.0 5.9 4.7 3.5 2.9 2.6 2.5 2.4 2.3 2.3 2.2
103. SiC+ CHsSiCl,— SiHCl; + CH,SIiCl; 0.0 5.1 5.6 6.4 6.8 7.0 7.2 7.3 7.4 7.5 7.5
104. SiCk+ CHsSiCl;— SiCly+ CHsSIiCl, 0.0 —-0.4 -04 -04 -03 -03 -03 -03 -03 -03 -03
105. H+ CH3SiCl — HCI + CH;SICl, 0.0 13.8 13.0 117 10.7 9.9 9.3 8.9 8.5 8.2 7.9
106. Cl+ CHsSiCls— HCI + CH,SiCl; 0.0 13.1 13.7 142 142 14.1 13.9 13.7 13.5 13.3 13.2
107. CHSIClz— CH, + SiCl; 0.0 33.5 333 326 318 311 30.5 29.9 29.4 29.0 28.6
108. CHSIiCl;— CH,SiCl, + CI 0.0 23.2 229 224 221 21.9 21.7 215 21.4 21.3 21.2
109. CHSIiCl,— CHjs + SiCl, 0.0 34.1 343 340 334 32.7 32.1 31.6 311 30.7 30.3
110. CHSIiClb— H + CH,SIiCl, 0.0 225 23.7 250 25.7 26.1 26.3 26.4 26.4 26.5 26.5
111. CHSICl; — CHsSICLCI 0.0 8.1 8.2 8.4 8.4 8.5 8.5 8.5 8.5 8.5 8.5
112. CHSICLCl — CHsSIiCl + Cl, 0.0 33.2 327 319 312 30.6 30.1 29.7 29.4 29.0 28.7
113. CHSICl + Hy— CH3SiH.CI 00 —-312 —-324 —-832 —-333 —-330 -—-327 —-323 -—-320 -31.6 -—313
114. CHSICl 4+ HCI — CHsSiHCl, 00 —-372 —-374 —-37.2 —36.7 —36.2 —357 —353 —349 -—-345 -34.2

in the gas chromatography experiments done by Mousavipourbe done with a great deal of caution because the reaction rate
et al® It is natural to include reactions involving the above constants obtained from various experiments and theoretical
species in the reaction mechanism. Another strategy is to reviewcalculations do not often agree well with each other and it is
the gas-phase reaction mechanism proposed by others, such asften difficult to predict the concentration of reactants. Con-
Allendorf et al.l Osterheld et aP® Zhang et al2l?2 and sequently, no reactions are initially eliminated in the present
Sotirchos et al*?3to select reasonable reactions that might study.

significantly affect the gas-phase composition. Some reactions Enthalpy, entropy and Gibbs free energy changes for the
proposed by others may be excluded. For example, the gas-decomposition reactions of MTS and the consecutive reactions
phase polymerization reactions of Si@hd CHSICI proposed in the gas phase at various temperatures from 0 to 2000 K are
by Zhang and Huttingét??2 may be excluded, because such reported in Tables 24 respectively. Table 2 shows that the
reactions tend not to be important at the high temperatures ofenthalpy changes of all 114 reactions are not sensitive to
interest here, because they are entropically disfavored. Thetemperature change. For example, the reaction enthalpy of
energy decrease due to the formation of one extreS6single CHsSiCl; — CHs + SiClz is 91.6, 91.9, 88.3 kcal/mol at O,
bond during the growth of a Si chain may not compensate the 1000, 2000 K, respectively. Table 3 shows that the magnititudes
Gibbs free energy increase contributed by the loss of the of reaction entropies are usually less than 10 cal/(mol K) in the
translational entropy of one monomer. The concentration of range 6-2000 K, if the numbers of reactant and product particles
MTS decreases quickly in the early stage of high-temperature are equal. However, reaction entropies increase by ca4@0
CVD.'2 The major decomposition pathway of MTS is to break cal/(mol K) if products outnumber reactants by 1, or vice versa.
the Si—C bond to form CH and SiC} radicals at typical CVD This is mainly due to the contribution of the translational entropy
temperature$23 even though a typical SiC bond is about 23 of the extra particle. Reaction entropies may significantly affect
kcal/mol stronger than a typical S6i bond. A third strategy Gibbs free energy changes at high tempertures. Table 4 shows
is to look up the reaction rate constants obtained experimentally that free energy changes of reactions with a greater number of
and/or theoreticallf as a guide in choosing significant reac- particles on the product side decrease dramatically as the
tions. Reactions with low reported reaction rate constants andtemperature increases, and vice versa. For exampleSiCH
reactants with low concentration might be removed from the — CHj3; + SiCl; has reaction Gibbs free energies of 91.6, 53.3,
reaction list for the proposed mechanism. However, this must 16.0 kcal/mol at 0, 1000, and 2000 K respectively. The 114
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TABLE 4: Gibbs Free Energy Changes (kcal/mol) of the Decomposition Reactions of G§3iCl; and Consecutive Reactions in

the Gas Phase at Various Temperatures

reaction OK 298.15K 400K 600K 800K 1000K 1200K 1400K 1600K 1800K 2000K
1. CHSICl; — CHs + SiCls 91.6 811 77.0 69.0 61.1 53.3 45.7 38.1 30.7 23.3 16.0
2. CHSICl — H + CHSIiCl; 101.1 92.7 89.2 81.9 74.4 66.8 50.1 51.4 43.6 35.9 28.1
3. CH;SiCl; — Cl + CH3SICl 108.4 98.8 95.3 88.4 81.5 74.7 67.9 61.1 54.3 47.6 40.9
4. CH;SICls — CHSIiCl, + HCI 78.8 69.0 65.3 58.0 50.7 43.4 36.3 29.2 22.2 15.2 8.3
5. CH;SiCl; — CHsCl + SiCl, 72.6 61.1 57.1 49.4 42.1 34.9 27.9 211 14.3 7.7 12
6. CH;SiCl; — 'CH, + SiHCl; 118.2 108.4 104.6 97.1 89.7 82.4 75.1 68.0 60.9 53.9 46.9
7. CHSiCl; — *CHSICE + H: 119.7 112.0 108.7 101.9 95.0 88.0 81.1 74.1 67.2 60.4 53.6
8. CH;SICl; — CH3SIiCl + Cl, 128.3 116.7 112.6  104.4 96.4 88.6 80.8 73.1 65.5 58.0 50.5
9. H,—H+H 102.8 96.6 94.2 89.1 83.9 78.5 73.1 67.5 61.8 56.1 50.4
10. HCI—=H + Cl 101.2 95.9 93.8 89.3 84.7 79.9 75.0 70.0 65.0 59.9 54.8
11.Ch—Cl + CI 53.8 47.9 455 40.9 36.1 313 26.4 215 16.6 11.6 6.6
12.Cl+H,— HCI+H 15 0.7 04 -0.2 —0.8 —-1.4 -1.9 —2.6 —3.2 —3.8 —4.5
13.CI+ HCI—Cl;+H 47.4 48.1 48.2 48.5 48.6 48.6 48.6 48.5 48.4 48.3 48.2
14.CH+H,— CH; +H 0.5 15 2.2 3.6 5.1 6.6 8.1 9.6 11.0 12.3 13.7
15.CH+ H—3CH, + H; 5.0 4.3 3.9 31 2.3 1.5 0.8 0.2 —-04 -1.0 —-15
16.CHs+H—CH, —-102.3 —-95.1 —-920 -85 -788 -—-719 -649 -579 -50.8 —438 —36.7
17. CHs+ CH3;— CoHg —-86.6 —772 —732 —-649 -565 —480 —39.7 -314 -—-231 -15.0 —6.9
18.CH+ CH3— CoHs+ H 12.4 13.4 13.9 14.9 15.7 16.4 17.0 17.4 17.7 18.0 18.1
19. CH;+ CH;— 3CH, + CH, 5.5 5.8 6.1 6.7 7.4 8.2 8.9 9.7 10.6 11.4 12.2
20. CH— 3CH,+ H 107.8 100.9 98.1 92.2 86.2 80.1 73.9 67.6 61.4 55.1 48.9
21. CH+ HCI— CHCI + H 20.5 22.2 23.0 24.7 26.3 27.8 29.2 30.5 31.8 33.0 34.2
22.CH+ HClI—CH, + CI —1.0 0.9 1.8 3.8 5.9 8.0 10.1 121 14.2 16.2 18.1
23. CHCI + H,— CH,+ HCI -200 —-207 —-209 -—-211 -212 -—212 -—211 -—-21.0 -—-20.8 —20.7 —20.5
24. CHCI + HCl— CHCl,+ H 24.0 27.3 28.6 31.1 33.5 35.7 37.9 40.0 42.0 43.9 45.8
25.3CH; + CH;— C;Hs —-954 875 —-842 —-773 -705 —-636 —-569 —-50.2 —-437 —-37.2 -—30.8
26.3CH,+ CHz— CHs+ H —-60.3 —57.2 558 —53.0 -50.2 —-475 —449 —425 -40.1 -37.8 -—35.6
2753CH,+3%CH,—~ CH,+H+H —-254 —27.7 —288 —315 —-346 —-379 —415 -452 —-491 -531 -57.2
28.3CH,+ 3CH,— CoH. + H» —128.1 —1243 -123.0 —120.6 —1185 —-116.4 —1145 -—112.7 —1109 -—-109.2 —107.5
29. GHg— C:Hs+ H 98.9 90.6 87.1 79.8 72.2 64.4 56.6 48.8 40.9 33.0 25.1
30. GHs — CoHs+ H2 313 24.4 21.3 15.0 8.6 21 —-45 -109 -174 -23.8 -30.1
31. GHg — CiHs(e) 2.5 2.2 2.2 2.4 2.7 3.2 3.7 4.2 4.9 55 6.3
32. GHe(e) — CoHs+ H: 28.8 22.2 19.1 12.6 58 -11 —-8.1 —-152 —222 —-293 -36.4
33. GHs+ H— CoHs+ H» —3.8 —6.0 -7.1 -94 -11.7 -141 -164 -—187 -21.0 —-23.2 -—253
34. GHs— CoHs+ H 35.1 30.3 28.4 24.4 20.3 16.2 12.0 7.8 3.6 —0.6 —4.8
35. GHs+ H— CoHs+ H» —-67.7 —66.3 —658 —-64.7 -63.6 —624 —-61.1 -59.7 -582 —56.7 —55.2
36. GH;— CoHs+H 109.9 102.3 99.1 92.5 85.8 78.9 72.0 65.0 58.1 511 44.1
37. GH;— CH.C + H; 82.1 74.8 71.4 64.3 57.0 49.5 42.1 34.7 27.3 19.9 12.6
38. CHC — HCHC 1.3 12 12 11 11 11 11 1.0 1.0 0.9 0.8
39. HCHC— C;H> —435 —421 417 —-409 -40.2 -—-395 —-389 —-383 -—-37.7 —-371 -—36.5
40. GHg— CH3sCH(s)+ H» 104.4 96.6 93.3 86.4 79.5 72.5 65.6 58.7 52.0 45.3 38.7
41. GHs— CH3CH(s) 73.2 72.3 71.9 714 70.9 70.4 70.0 69.7 69.3 69.1 68.8
42. CHCH(s)— CoHz + H2 —-332 384 —411 —-469 -53.0 -59.3 -658 -723 -788 —853 —91.9
43. GHs+ H— CoHz + H: 7.2 5.7 4.9 3.4 1.9 04 -11 —2.4 —3.8 —5.0 —6.2
44. GH3— CH,+ H 32.8 28.2 259 211 16.0 10.7 53 —-0.2 —-57 -11.3 -16.8
45. GHz+ H— CoHz2+ H2 —-699 —-684 —-682 -680 -679 -—-678 —-67.7 -—-676 —-675 —674 —67.2
46. GHz+ CHy — CoHs+ CHs 7.7 —7.2 -7.1 -7.0 -7.0 -7.0 -7.1 —7.2 —7.2 -7.3 —7.4
47. GH3z+ CoHg — CoHy+ CoHs -11.0 -116 —-120 -128 -136 —-145 -154 -163 -172 -181 -19.1
48. GH3z+ CoHs — CoHy+ CoHa -749 —-719 —-70.7 -68.1 -655 —-628 —-60.0 -57.3 -—-545 —51.7 —48.9
49. GH,+H— CH+ H> 31.8 30.9 30.5 29.9 29.4 29.0 28.7 28.5 28.4 28.4 28.4
50. GHg+ CHz— CoHs+ CHy —3.3 —4.5 —-4.9 —5.8 —6.6 —7.5 —8.3 -9.1 -10.0 -108 -—11.6
51. GHg+ *CH,— C;Hs+ CHs -88 -103 —-11.0 -124 -140 -156 -—17.2 -189 -—-205 —222 —23.8
52. GHs+ HCI — C,HsCl —16.3 —8.5 —5.2 1.2 7.7 14.1 20.4 26.7 32.9 39.0 45.1
53. GH,+ HCI — C,H3Cl —-251 —178 —14.6 —-8.0 -13 55 12.2 18.9 25.6 32.3 38.9
54. GHs+ HCl — C,HsCl + H 18.7 21.9 23.2 25.6 28.0 30.2 32.4 34.5 36.5 38.4 40.3
55. GHs+ HCI — C;Hg + ClI 2.3 5.3 6.7 9.6 12.5 15.5 18.4 21.3 241 27.0 29.8
56. GHz+ HCI — C,HsCl + H 7.7 10.4 11.3 13.1 14.7 16.2 17.5 18.8 19.9 21.0 22.1
57. GHs;+ HCI— C,Hs + ClI —8.7 —6.3 —5.3 —3.2 -11 1.0 3.0 5.0 6.9 8.8 10.7
58.3CH; + HCl — CH; + ClI —6.6 —5.0 —4.3 —-2.9 -15 —-0.2 11 2.4 3.6 4.8 5.9
59.5CH, + HCl — CH.CI + H 10.6 11.5 11.9 12.6 13.2 13.6 14.0 14.2 14.4 14.4 14.5
60. SiCk + SiCb— SiCl, + SiCl, —43.8 —419 —413 —-401 -—-388 -376 —-364 —351 —-339 -327 -314
61. SiCh + SiCls— SixCls —342 —-235 —-200 -—-133 —6.8 —0.5 5.6 11.6 17.5 23.2 28.9
62. SiCh + SiClhb— Si,Cls —12.9 -1.9 1.7 8.6 15.2 21.6 27.9 34.0 40.0 46.0 51.8
63. SiCk + SiCls— SixCls —-764 —-636 —594 -513 -—-434 -—-358 —-283 -209 -—136 —6.4 0.6
64. SiCh + SiCl,— SixClg —-327 —21.7 -—181 -—11.2 —4.6 1.8 8.1 14.2 20.3 26.2 321
65. SiCk— SiCl, + CI 61.7 53.8 50.8 45.1 39.4 33.7 28.1 22.4 16.9 11.3 5.8
66. SiCL— SiCl; + CI 105.5 95.7 92.1 85.1 78.2 71.3 64.4 57.6 50.8 44.0 37.2
67. SiCh+ H,— SiHCl; + HCI 17.0 135 12.7 11.2 9.8 8.6 7.4 6.2 5.0 3.8 2.7
68. SiCk + H,— SiHCL; + H 12.8 13.8 14.3 15.3 16.3 17.2 17.9 18.6 19.3 19.8 20.3
69. SiCk + H,— SiHCL, + HCI 18.2 15.2 14.4 13.2 12.1 111 10.1 9.1 8.1 7.2 6.2
70. SiCk + HCl— SiCly + H —4.3 0.2 1.7 4.2 6.5 8.6 10.6 12.5 14.3 16.0 17.7
71. SiCk + HCl— SiHCI; + ClI 11.3 13.1 13.9 155 171 18.5 19.9 21.2 22.5 23.7 24.8
72. SiCh + H,— SiHxCl, —-31.9 —248 —-21.7 -—-154 —9.0 —2.7 3.6 9.8 15.9 21.9 27.9
73. SiCh + H,— SiHCI + HCI 29.7 275 26.9 26.0 251 24.4 23.6 22.9 22.2 215 20.8
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TABLE 4 (Continued)

reaction 0K 298.15K 400K 600K 800K 1000K 1200K 1400K 1600K 1800K 2000K
74. SiCh + H,— SiHCL, + H 57.7 57.4 574 574 574 57.2 57.0 56.7 56.3 55.8 55.3
75. SiCh + HCl — SiCls; + H 39.5 42.2 429 442 453  46.2 46.9 47.6 48.2 48.6 49.1
76. SiCh + HCl— SiHCl, + CI 56.2 56.7 570 57.6 582 58.6 59.0 59.2 59.5 59.6 59.8
77. SIHCE— SiCl, + HCI 50.4 40.7 369 296 223 15.2 8.2 12-56 -123 -19.0
78. SIHCE— SiClL + H 90.0 82.8 79.8 738 67.6 61.4 55.1 48.8 42.6 36.3 30.0
79. SIHCb— SiCl, + H 45.0 39.3 36.8 317 265 21.3 16.0 10.8 55 0.3-4.9
80. SIHCE— SiHCl, + ClI 106.7 97.3 939 87.2 805 73.8 67.1 60.5 53.9 47.3 40.7
81. SiCl,— SIHCL + H 89.6 82.1 79.1 728 66.4 59.9 53.4 46.9 40.4 33.9 27.4
82. SiHCl,— SiHCl+ CI 106.3 97.7 944 879 815 75.0 68.6 62.2 55.8 49.5 43.1
83. SiHCl,— SiHCI+ HCI 61.6 52.3 486 413 341 27.0 20.0 13.1 6.3-04 71
84. SIHCE+ H, — SiH,Cl, + HCI 18.6 15.9 152 142 133 12.5 11.8 11.0 10.3 9.6 8.8
85. SIHCh + H, — SiHCl, + H 13.1 14.5 151 163 175 18.6 19.6 20.6 21.4 22.2 23.0
86. SIHCb+ HCI — SiHCl; + H -54 -14 01 2.2 4.2 6.1 7.9 9.5 11.1 12.6 14.1
87. SIHCh+ HCI — SiHxCl,+ CI 11.6 13.8 147 165 183 20.0 21.6 23.1 24.6 26.0 27.4
88. SIHCI+ H, — SiHClI —43.4 —-359 —-326 —26.0 —194 -127 -6.1 0.4 6.9 13.2 19.6
89. SIHCIH HCl — SiHCl, + H 28.0 29.9 305 315 323 32.9 33.4 33.8 34.1 34.4 34.5
90. SIHCIH HCI — SiH,Cl + CI 44.6 45.4 458 46.6 473  48.0 48.6 49.1 49.5 49.9 50.3
91. SiCk+ CH; — CHsSiCls + H 10.6 14.0 150 165 17.7 18.6 19.3 19.8 20.2 20.5 20.7
92. SiCk+ CHs — SiHCl;+ CHs 12.3 12.3 121 117 112 10.5 9.8 9.1 8.3 7.5 6.7
93. SiCk+ CHz — SiCl, + CHsCl —-190 -200 -199 —-196 —-190 -184 -17.7 —-170 -16.3 -—-156 -—14.9
94. SiCk+ CH; — SiHCl; + 3CH, 17.8 18.1 18.2 184 18.6 18.7 18.8 18.8 18.8 18.9 18.9
95. SiCh+ CHs — CH3SiHCL, —33.0 —241 -208 —143 —-82 —-22 3.5 9.1 14.6 20.0 25.2
96. SiCb+ CH; — SIHCI, + CHs 57.2 55.8 55.2 53.8 523 50.6 48.9 47.1 45.3 43.5 41.6
97. CHSICl, + H, — CHsSIiHCl, —59.2 527 —-499 —-440 -379 —-319 -259 -200 -141 —-82 24
98. CHSIHClL — CH,SIHCI + HCI 74.2 65.1 61.6 546 47.7 40.8 34.0 27.2 20.6 13.9 7.4
99. CHSICl, + H, — CHsSIHCL + H 12.4 13.4 139 149 159 16.7 17.5 18.2 18.8 19.3 19.8
100. CHSIClz+ H, — CHsSIiCl + H 1.7 3.9 5.0 7.2 9.5 11.8 14.0 16.1 18.2 20.3 22.3
101. CH + CHsSiCl;— CHs+ CHSIiCls —-12 —-24 —28 36 —-44 -51 -58 —-65 -72 —-79 -86

102. CH + CHsSiCl;— CHsCI + CH3SIiCl, 27.7 251 246 238 231 22.6 22.1 21.6 211 20.7 20.2
103. SiCt+ CHsSiCl,— SiHCl; + CH.SiCl; - 11.1 9.9 9.3 8.1 6.8 5.4 4.0 25 11 -04 -—1.9

104. SiC+ CHsSiCls— SiCl; + CHsSIiCl, 3.0 3.1 3.2 3.3 3.3 3.4 35 35 3.6 3.6 3.7
105. H+ CH3SiCl; — HCI + CH;3SICl, 7.2 2.9 15 -09 -32 -52 -71 —-9.0 -10.7 —-124 -14.0
106. Cl+ CHsSiClz— HCI + CH,SIiCls —-0.1 —3.2 -46 —-74 —-103 —-13.1 -159 -187 -21.4 -—-241 -26.7
107. CHSIiCls— *CH, + SiCls 98.3 89.3 85.9 793 729 66.6 60.4 54.4 48.4 42.6 36.8
108. CHSIiClz— CH,SiCl, + CI 79.0 72.3 69.9 654 60.9 56.5 52.2 47.8 43.6 39.3 35.0
109. CHSICl,— CHs + SiCl, 44.9 36.0 325 257 189 12.3 58 -05 -6.8 -13.0 —-19.1
110. CHSiClLb— H + CH,SIiCl, 71.6 66.1 63.8 589 538 486 43.4 38.1 32.8 27.6 22.3
111. CHSICl; — CHsSICICI 1111 109.1 108.3 106.6 105.0 103.3 101.6 99.9 98.2 96.5 94.8
112. CHSICLCl — CHsSIiCl + Cl, 17.2 7.6 42 —22 -85 —-147 -20.8 —26.8 —32.7 —385 —443
113. CHSICl + Hy— CHsSiH.Cl —425 —-351 —319 —-253 —-186 —-120 —54 11 7.5 13.9 20.2
114. CHSICl + HCI — CH;SiHCl, —62.8 —53.0 —49.2 —418 —-344 —-27.1 -199 -128 58 1.2 8.0

reactions in Tables 24 are reactions that may affect the sets are use#f. However, these latter two basis sets are

concentration of the various species in the gas phase. Furtheimpractical for the large number of calculations that are of

screening of these reactions will require kinetic simulations to interest here.

provide accurate rate constants. This data and the corresponding To evaluate the accuracy of the predicted thermochemical

analysis will be provided in subsequent reports. properties of the various radicals investigated, the bond enthal-
To evaluate the accuracy of the predictions of thermodynamic pies predicted in this work are compared in Table 5 with the

properties, experimental reaction enthalpies vs temperature forexperimental oné8 that were obtained at 298 K. The bond

reactions that only involve CKH C,H,, C;Hy, CoHg, H, Hp, Cl, enthalpy of a bond homolysis reaction AB A + B, DH(AB),

Cl,, and HCI are compared with the experimental heats of is defined as the reaction enthalpy:

formation as a function of temperaté®én Figure 4. Enthalphy

changes of other reactions, such as dehydrogenation reac- DH(AB) = AH(A) + AH(B) — AH(AB) 2)

tions, can be derived from the six independent reactions. The

four reactions in Figure 4 that do not involve Cl all display whereAsH stands for the standard enthalpy of formation. Table

excellent agreement between calculatlops and gxpenmentsS shows that the largest discrepancy is only 1.3 kcal/mol for
throughout the temperature range. The discrepancies increase, & cH. — C,He and3CH, + H — CH among all of the
monotonically with temperature. The largest discrepancy be- o cgmparegd bonzd ?ission re;ctions 3

tween experimental and theoretical reaction enthalpies is
found for Cb — 2Cl, ranging from 3.4 kcal/mol at 298.15 K to
4.1 kcal/mol at 1400 K, increasing monotonically with tem-
perature. This large discrepancy is not surprising, because The thermodynamic properties of the unimolecular decom-
predicting accurate atomization energies for halogen mole- position reactions of methyltrichlorosilane and other reactions
cules are known to be difficult. For example, CCSD(T) related to the mechanism of the CVD process were studied.
calculations with the aug-cc-pVDZ or aug-cc-pVTZ basis set Energies and structures of various gas-phase species produced
produce errors of 9.5 and 2.6 kcal/mol, respectively, for the in the gas phase have been presented and discussed. The
atomization energy of £° The error can be reduced to 1.3 or predicted isobaric heat capacity and entropy values of various
0.9 kcal/mol if the larger aug-cc-pVQZ or aug-cc-pV5Z basis gas-phase species agree well with experimental data. Reaction

IV. Conclusions
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Figure 4. Comparison between predicted (red squares) and experimental (blue rhombus) reaction enthalpies.

TABLE 5: Predicted Bond Enthalpies (kcal/mol) of A + B
— AB Type Reactions Compared with Experimental Data at

298 K
A B this work experimental dat&

H H 103.6 104.206t 0.003
H Cl 102.1 103.15t 0.03

H CHs 103.9 104.99+ 0.03

H 3CH; 109.1 110.4£ 0.2

H CH,CH3 100.7 101.:: 0.4

H -CH=CH, 111.4 110.4 0.6

H CH,=CH;, 36.0 35.7+ 0.7

H CH=CH 344 35.4£ 0.7

CHs CHs 88.8 90.1+ 0.1

2500
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and compare satisfactorily with available experimental values.

The details of the transition state structures and the associated

barrier heights will be illustrated in a subsequent work.
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