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A mechanism for the homogeneous gas-phase decomposition ofsSBEICl,, and SiHCI in hydrogen is

derived from the results of ab initio molecular-orbital studies. It consists of 39 reversible elementary reactions
among 25 species, including pressure-dependent unimolecular decomposition of the chlorinated silanes and
secondary chemistry due to reactions of $iHiHCI, and SiCI with one another and with the chlorinated
silanes. Rate parameters in the mechanism have been calculated based on results of ab initio studies using
transition-state theory and unimolecular rate theories. This allows us to construct a reasonably complete
mechanism that provides qualitative explanations for several features of dichlorosilane decomposition that
have been presented in the literature, including observations on the presence and concentrations of SiCl
SiHCI, and Si atoms. Several chain reactions in which the chain carriers are divalent silicon species have
been identified.

Introduction a single-pulse shock tube. They concluded that the initial

The chlorinated silanes, particularly dichlorosilane and trichlo- dichlorosilane decomposition products were $#tid H, based
rosilane, are used as precursors for the chemical vapor depositiopartially on the fact that very little HCI was observed as a
(CVD) of epitaxial silicon. At the high temperatures where this Product in their shock-tube experiments. They interpreted their
process is carried out, homogeneous decomposition of the parengXperimental results in terms of a reaction mechanism that
molecules may play an important role by generating reactive differs in some respects from the one presented here. On the
species that lead to film growth. Secondary reactions can bothbasis of that mechanism, they obtain rate parameters for the
accelerate the decomposition of the precursor and consumethree decompositions. Kruppa, Shin, and BeaucHafioynd
reactive intermediates that could otherwise lead to film growth. that SiCh and HCI were the primary products of vacuum flash
To understand the mechanisms of film growth and develop pyrolysis of SiHCl,. Ban and Gilbeftobserved SiGlby mass
detailed, physically based models of silicon epitaxy from the spectrometry under silicon CVD conditions, and Ho and
chlorinated silanes, we must be able to assess which, if any,Breiland® observed SiHCI by laser-induced fluorescence in a
homogeneous reactions are likely to be important at the reactorsilicon CVD reactor. Ho, Breiland, and C#trobserved that
conditions and what the rates of these reactions are. This hasl93-nm photolysis of SipCl, produced SiHCI. In pulsed laser-
not, so far, been possible for silicon epitaxy from dichlorosilane powered homogeneous pyrolysis experiméhise measured
or trichlorosilane. Here, we present a reaction mechanism andreaction rates consistent with an activation energy for unimo-
rate parameters for the homogeneous thermal decompositionecular decomposition near 75 kcal/mol but were unable to
of the chlorinated silanes. The mechanism is applicable to jdentify the primary reaction products.
homogeneous decomposition of S, SiH.Cl,, and SiHC}
in H,. Silane decomposition mechanisms are understood in
more detail and have been presented and discussed elséwhere.
Additional chemical species and reactions would be required
to describe SiGldecomposition.

A number of observations on thermal decomposition of the
chlorosilanes have been published, but rate parameters an
decomposition mechanisms have not been experimentallyI lar d i i dicted f the ab initi
established. Laser pyrolysis of trichlorosildngas observed ecular decomposition reactions predicted from he ab nitio
to give HCI and a white powder that was assumed to result calculat|o.ns. This apparent d|screp.ancy. could be partially
from SiCh polymerization. Rate parameters were obtained and resolved if there are secondary reactions in the gas phase that

were presumed to correspond to the elementary reaction $iHCI accelerate the overall decomposition and convert SiHCI to,SiCl
— SiCl, + HCI. There are several observations of dichlorosi- Consideration of such mechanisms can also shed light on the

lane decomposition in the literature, but both the rate parameters¥@ried experimental observations of dichlorosilane decomposi-
and the primary reaction products still remain somewhat unclear. tion and on related processes in the decomposition of monochlo-
In IR multiphoton dissociation experiments, Sausa and Ronn fosilane and trichlorosilane.

detected electronically excited SiCIWalker et af decomposed In this work, we present a mechanism and rate parameters
monochlorosilane and trichlorosilane in static bulb experiments, based on ab initio calculations for the unimolecular decomposi-
and dichlorosilane both in static pyrolysis experiments and using tion reactions of the chlorinated silanes and subsequent second-
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Ab initio calculationd2'2 predict that the dominant unimo-
lecular decomposition path for dichlorosilane is ity —
SiHCI + HCI, with an activation energy near 75 kcal/mol. CVD
reactor models that included reactions in the gas phageave
assumed that the reaction was ity — SiCl, + H,. These
dfnodels also used rate parameters that gave reaction rates that
were orders of magnitude larger than the rates of the unimo-



Decomposition of Chlorinated Silanes J. Phys. Chem. A, Vol. 102, No. 9, 1998543

TABLE 1. Reaction Mechanism and Rate Parameterd

reaction logA. E. log A E Trek T AS)o00 AHY00
@) SiHy < SiH, + H. 14.7 60.5 -7.1 51.5 1090 7210 34.3 58.0
) SiHsCl <> SiHCI + H, 15.0 68.9 —6.6 57.6 710 3150 33.3 47.9
©) SiH,Cl, <> SIHCI + HCI 14.9 75.0 -6.3 62.0 540 3040 35.6 66.7
4) SiH,Cl, <> SiCl, + H. 13.9 76.6 -9.6 64.2 b b 31.6 36.4
(5) SiHCk < SiCl, + HCI 14.7 717 —6.4 56.7 430 3051 35.8 55.4
(6) HsSiSiHs < SiHs + SiH, 145 45.6 305 52.4
@) HsSiSiHs < SipHa+ Ha 14.7 55.0 32.2 49.8
®) H,CISiSiHs < SiHsCl + SiH, 14.2 47.3 29.8 52.3
) H,CISiSiHs <> SiHs+ SiHCI 13.4 48.8 28.8 42.2
(10) H.CISiSiHs < SiHsCl + H. 14.4 53.9 32.4 48.4
(11) H,CISiSiH.Cl <> SiH.Cl,+ SiH, 13.1 476 31.8 50.3
(12) H.CISiSiH,Cl <> SiHsCl + SiHCI 13.8 45.3 32.9 42.2
(13) H,CISiSiH.Cl <> SiH,Cl, + H, 14.5 54.2 33.1 47.2
(14) HCLSiSiH; < SiH,Cl, + SiH, 14.1 49.8 30.7 52.7
(15) HCLSIiSiHs < SiH:Cl + SiHCI 13.8 52.1 31.8 44.6
(16) HCLSiSiHs < SiHs+ SiCl, 13.3 53.8 28.1 31.1
(17) HCLSIiSiHs <> SiH,Cl> + H, 14.4 53.5 32.0 49.6
(18) HCLSISiH,Cl < SiHCl+ SiH, 13.1 50.9 29.6 50.6
(19) HCLSIiSiH.Cl < SiH.Cl,+ SiHCI 13.6 46.9 325 427
(20) HCLSIiSiH.Cl <> SiHCl + SiCl, 13.1 49.3 30.8 311
(21) HCLSISiH.Cl <> Si,HCls + Ha 13.9 54.9 32.9 46.0
(22) CESiSiHs <> SiHCL; + SiH, 14.1 51.3 32.3 54.1
(23) CESiSiH; <> SiHCl + SiCl, 14.1 49.6 335 34.7
(24) CESiSiHs <> Si;HCls + H. 14.3 53.5 35.6 49.5
(25) HCLSISIHChL < SiHCL + SiHCI 13.7 47.7 32.8 42.8
(26) HCLSISIHChL <> SiH,Cl,+ SiCl, 13.3 51.7 33.0 315
(27) CESiSiH,Cl <> SiCly+ SiH, 13.2 55.5 22.0 51.6
(28) CESiSiH,Cl < SiHCl; + SiHCI 135 49.8 321 437
(29) CESiSiH.Cl <> SiH,Cl,+ SiCl, 13.8 44.3 32.3 32.4
(30) CESISiHCl < Si,Cls+ H; 14.4 55.0 34.3 45.4
(31) CESiSiHChL <> SiCls+ SiHCI 13.7 52.3 24.4 43.6
(32) CESiSiHChL <> SiHCl; + SiCl, 13.9 45.9 31.8 32.4
(33) CESiSiCh < SiCls+ SiCl, 14.2 48.8 28.1 33.2
(34) SbHa < 2SiH, 15.0 60.6 32.6 60.6
(35) SbHsCl <> SiH, + SiHCI 15.0 51.9 30.7 51.9
(36) SbH.Cl, < SiH, + SiCl, 15.0 39.5 30.4 39.5
(37) SbH,Cl, < 2SiHCI 15.0 42.9 33.1 42.9
(38) SbHCl3 <> SiHCI + SiCl, 15.0 33.1 31.3 33.1
(39) SbCls < 2SiCh 15.0 23.4 29.7 23.4

2 A, in s E., E,, andAH in kcal/mol. A in cm?¥/(molecule s)T*** and T** in K. ASin cal/(mol K). Rate parameters have been calculated
or estimated as described in the teAtd and AS are the enthalpy and entropy changes on reaction at 1000 K and 1 atm, calculated as described
in the text.? This channel for dichlorosilane decomposition cannot be parametrized by the standard Troe fit. Its falloff behavior is strongly influenced
by the dominant channel eq 3 such that this channel would require a broadeningHactdrover a large range of pressures.

ary chemistry involving the chlorinated silylenes, silylsilylenes, variations and combinations would become quite large. The
disilenes, and disilanes. Several chain mechanisms with divalenimportance of different reaction paths will depend on such things
silicon species as the chain carriers can be identified within the as the branching ratios for the decompositions of the chlorinated
overall mechanism. An example of a chain mechanism for disilanes (i.e., eq p2 vs eq p5 vs the reverse of eq pl) and rates

dichlorosilane decomposition is of insertion of the chlorinated silylenes into the parent chlori-
o ] ) ) nated silanes. The goals of this work are to develop a reaction
initiation:  SiH,Cl, —~ SIHCI + HCI (i1) mechanism that includes chain mechanisms such as those
] ) ) o presented above and to examine the implications of this
propagation:  SiHCH SiH,Cl, ~HCI,SISIH,Cl  (p1) mechanism for chlorinated silane decomposition under various
conditions of relevance to epitaxial growth of silicon. We show
HCI,SiSiH,Cl — HCI,SiSiCl + H, (p2) that this mechanism provides an explanation for some experi-
mental observations of SigISiHCI, and Si atoms in dichlo-
HCI,SiSiCl— CI,SiSiHCI (p3) rosilane decomposition and silicon epitaxy from dichlorosilane.
Cl,SiSiHCI— SiCl, + SiHCI (p4) Mechanism

The reaction mechanism considered in this work is presented

An alternative mechanism would replace steps-p2 with ) i ; _
in Table 1. The choice of reactions to be included or excluded

HCI,SiSiH,Cl — SiH,Cl + SiCl, (p5) and the means of calculating rate parameters are presented and
discussed in this section. The mechanism consists of 39
SiH,Cl — SiHCI + H, (p6) reversible reactions among 25 distinct species. The species

considered are 1 HCI, the silylenes (Sik SiHCI, SiCh), the
which lead to the same overall reaction. Clearly, we could write silanes (SiHCls-p), the disilanes ($HnCls-n), and six com-
many similar reactions and cycles involving the other chlorinated pounds with stoichiometry 8il,.Cls—, (silylsilylenes or dis-
silanes and their decomposition products, and the number ofilenes). Reactions-15 are the unimolecular decompositions
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of the monosilanes (Si€ls—n) and their reverse reactions,
insertion of SiH, SiIHCI, and SiGlinto H, and HCI. Reactions
6—33 are the unimolecular elimination of SIHSIHCI, SiCb,
and H from the chlorinated disilanes. The chlorinated disilanes
are formed by the reverse of these reactions. Reactions 34
39 are the unimolecular decompositions of chlorinated silylsi-
lylenes or disilenes (see below) to give two chlorinated silylenes.
Simple bond-breaking reactions are not important for any of
the silanes or disilanes in the mechanism. TheHsibond
strength is about 93 kcal/mol, the-SCI bond strength is about
110 kcal/mol, and the SiSi bond strength in the disilanes is
about 77 kcal/mol. Thus, these reactions cannot compete with
the alternative hydrogen and HCI eliminations from the chlo-
rinated silanes or the silylene and hydrogen eliminations from
the chlorinated disilanes and are not included. Likewise, we
do not consider HCI or Glelimination from the chlorinated
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interest. Master-equation calculations were performed to obtain
the pressure-dependent rate parameters for these reactions in
hydrogen carrier gas. The UNIMOL suite of programs by
Gilbert et al*® was used for these calculations. There is no
experimental information on energy transfer in this system, so
an estimate was made by comparison with similar systems at
high temperaturé2® An exponential model for the energy-
transfer probability function was us€d&? with [AE[§ = 0.55
kcal/mol (192 cml). The results are presented in Table 1 as
simplified Troe parametrizatiord. The parameters presented
in Table 1 were obtained by fitting these expressions to the
master-equation calculations over the temperature range 800
1300 K. Reaction 4, the minor decomposition channel for
dichlorosilane, cannot readily be fit to the Troe form. lts falloff
behavior is strongly influenced by the major channel (reaction
3) such that it would requird= > 1 and with a different

disilanes because these reactions are roughly 75 and 135 kcalfunctional form. Reaction 1, silane decomposition, has been
mol endothermic, respectively, and cannot compete with the Studied experimentally, but there is not universal agreement on
silylene- and hydrogen-elimination reactions. We have not the rate parametefd. Our calculated rate parameters are

included any reactions leading to higher chiorinated silanes c0mparable to those from an analysis of several of the

(species with three or more silicon atoms), such as dimerization €XPerimental results by Moffat et &l. In the high-pressure limit
of the SpH,Cls—n Species, insertion of silylsilylenes into silanes,
or insertion of silylenes into disilanes. Formation of polychlo-

at 1100 K, our ab initio based calculations give an activation
energy that is 0.5 kcal/mol higher and a preexponential factor

rosilanes by one or more of these mechanisms could be thethat is an order of magnitude lower than that given by Moffat.

first step toward formation of particles by a polymerization
process. However, at temperatures high enough for significant
decomposition of the chlorinated silanes to occur, the two-
silicon-containing molecules involved in these reactions are
present at much lower concentrations than the molecules with
one silicon atom. This reflects the fact that the two-silicon-
containing molecules have fast unimolecular decomposition
paths available to them so that bimolecular reactions leading to
higher polychlorosilanes are not important in determining their
rates of consumption.

Forward rate parameters for each reaction are presented

Reverse rate parameters were calculated from the equilibrium

constant obtained from thAH® and AS’® of reaction. The
enthalpy and entropy changes were treated as constant at th
values at 1000 K presented in Table 1. Heats of formation of
reactants and products at 298 K were taken from ab initio
calculation¥*15that agreed well with experimental values where

comparison was possible. Entropies and enthalpies at 1000 K
were obtained using the vibrational frequencies and moments

of inertia from the ab initio calculations at the MP2/6-31G-
(d,p) level*15 Standard statistical mechanical formifasere
used. For the few reactions for which heats of formation of
reactants and products are available from other sources, th
resultingAH® and AS’ of reaction calculated here agree well.
For example, the values from the JANAF tabBlesould give
AH° = 36.7 kcal/mol and\S* = 31.3 cal/(mol K) for reaction
5, compared with our values &H° = 36.4 kcal/mol and\S’
= 31.6 cal/(mol K).

Pressure-Dependent Unimolecular Decomposition of the
Chlorinated Silanes Rate parameters for reactions3 were
based on the ab initio structures, energetics, and vibrational

frequencies for reactants, products, and transition states pre-

sented by Schlegel et 814 They have presented higher-level
calculation$? for dichlorosilane decomposition (reactions 4 and
5), but the changes from the previous study were small. The
results from the earlier publication were used for the sake of

consistency of treatment with other reactions considered here.

Higher-energy decomposition paths, such as;SIH> SiH, +
HCI, were not included. Reactions-5 are in the pressure-
dependent unimolecular falloff regime under conditions of

There are substantial uncertainties in both estimates. There are
no published experimental results with which to compare the
rate parameters for the other reactions.

Reactions Involving the Chlorinated Disilanes and Treat-
ment of Chemically Activated Reactions Rate parameters
for reactions 6-33 are based on the structures, energetics, and
vibrational frequencies from ab initio molecular-orbital calcula-
tions15 These ab initio calculations used the same methodology
as those upon which reactions-3 are based. For reactions
6—33, only high-pressure-limiting rate parameters are given.
These were obtained using conventional transition-state ti&ory.
At the relatively high temperatures considered here, this tight
transition-state treatment works reasonably well even for the
reactions where the insertion has a negative activation energy.

‘?—|owever, at lower temperatures a variational treatment with a

loose transition state would be required. A discussion of these
reactions and comparison of the rate parameters with the scant
experimental information that is available are given in our
previous workt®

We have not treated the pressure dependence of these
reactions. Doing so would not only require multichannel
RRKM or master-equation falloff calculations for the decom-

osition reactions but would also require explicit treatment of
he recombination reactions as multichannel chemically activated
processes. Analysis of the SiIHEISiH,CI, reaction, presented
in detail below, shows that this is not necessary under conditions
of interest here. This chemically activated reaction may be
written as

SiHCI + SiH,Cl,— HCI,SiSiH,CI* — HCI,SiSiH,Cl
—SiHCl + SiH,Cl,
—SiH, + SiHCl,
—SiCl, + SiH,ClI

kga
—Si,HCl; + H,
where HC}SISiH,CI* indicates chemically activated 1,1,2-
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SiHCI3 + SiHp
Mkl I

—
50 =3 e 3,777
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SiH2Clg + SIHCI %, ™. HCIpSISICl + Hp

SiHgCl + SiClp

Energy (kcal/mol)
H H

Rate Constants (cm3/(molecule s))

Figure 1. Energetics of the chemically activated system described in
the text. Energies of reactants, products, and transition states are

electronic plus zero-point energies from ab initio calculafibredative Figure 2. Second-order rate constants from master-equation calcula-
to HCLSISiH,CI. tions for the chemically activated system described in the text. The

dash-dot line isks?, the x’s areky’, the dashed line ik, the O's are

trichlorodisilane that can either be collisionally stabilized or X:> and the solid line ic"
decompose by the four other channels shown. The rate
coefficients ki*~k:* are composite second-order rate coef- for conversion between SiBl, + SiHCl and the other possible
ficients for the overall reaction and are composed of rate sets of 1,1,2-trichlorodisilane decomposition products. In the
coefficients for the elementary bimolecular and unimolecular high-pressure limit, this occurs entirely by bimolecular recom-
steps in the mechanism. The composite second-order ratebination (the reverse of reaction 19) followed by unimolecular
coefficients are pressure-dependent. At high pressures, colli-decomposition (reactions 31). In the low-pressure limit, it
sional stabilization (channel 1) dominates. As the pressure falls, occurs entirely by channels-5 of the chemically activated
collisional stabilization becomes slower and the other channels jgaction system described above. At intermediate pressures,
become important. The total rate, given by the sum of all five o1 processes occur. At high pressure, effective branching
gha_nn_elj, mclgdmtg cfilssomatlon ?:"fmk tolthehreactanrt]s (Cht"?mrhelratios for production of the four sets of bimolecular products
), Is in ependent of pressure. Figure 1 Snows schematica y(including the reactants) from reaction of $S¢, + SiHCI are
the energetics of this system. . . - -
. - . . . simply the ratios of their decomposition rate constants. If 1,1,2-
Master-equation calculations for this multichannel chemically . - . . ;
&nchlorodlsnane decomposes rapidly so that its concentration

discuss them here both as an example of how a thorough and® always small, the_n it can be shoyvn that the effective rate
figorous treatment of this system might be approached and to€onstant for production of a set of bimolecular products from
explore the approximations we are making by using only the SiHCI + S|H2CI2 is the recombination rate_ (_:onstant multiplied
high-pressure recombination and dissociation reactions for stepdy the fraction of unimolecular decomposition that goes to that
6—33 in the mechanism presented here. This particular reactionset of products. For example, the effective bimolecular rate
is taken to be representative of the many similar chemically constant at high pressure with rapid decomposition of HCI
activated reactions that could be formally treated as such in thisSiSiH,Cl for the overall reaction SipCl, + SIHCI — SiHzCl
mechanism. Figure 2 shows calculated rate constants versust SiCl, is given by
pressure for the five channels at 1100 K. Again, the bath gas
is hydrogen andAE[ in the exponential model for the energy- Koo
transfer probability function was taken to be 0.55 kcal/mol (192 Kett = klg(k T )
cm™1). The methodology used for these calculations is de- 18 7 M9 T R0 T T2
scribed by Venkatesh et 228 We see that at this temperature
with the energy-transfer and rate parameters used here, channalhere the numbers on the rate constants refer to reaction
2 (decomDOSition back to the reaCtantS) dominates below aboutnumbers in Table 1 ank-,o indicates the reverse of reaction
100 Torr and channel 1 (recombination) dominates above this 19 This expression can be obtained by applying a pseudo-
pressure. This transition moves to higher pressures with gieaqy-state approximation to the concentration ofBiSiH-
increasing temperature and to lower pressures W'th. decreasing - The rate constants in this expression are the high-pressure-
temperature. The pressure deperjdenc_e of chanrélssseen limiting rate constants, and this behavior is what is given by
to be essentially the same. This is an important result becausethe mechanism in Table 1 where high-

gh-pressure rate constants

it means that the branching ratios between these four channel L o . ;
9 %or recombination and decomposition are used, while chemically

will not change much with pressure. This is discussed further '~ ) . . .
activated reactions are left out. The effective branching ratio

below. g c ) ) :
At temperatures and pressures considered in this work, the®' Production of SiHCI + SiCl, from SitpCl, + SiHCI,

1,1,2-trichlorodisilane produced by channel 1 (recombination) defined as the rate of production of $(E1 + SiCl, divided by
decomposes very rapidly compared to the overall time scale of the total rate of reaction of Si€l, + SiHCI, is then given by
reaction. In dichlorosilane-decomposition simulations, concen- the expression inside the brackets. In the high-pressure limit
trations of the chlorinated disilanes are consistentfp4rders ~ with rapid decomposition of HGBiSiH,Cl, then, the effective

of magnitude smaller than the initial dichlorosilane concentra- branching ratios for the four sets of products (including
tions. Thus, the 1,1,2-trichlorodisilane serves only as a channeldissociation back to reactants) are

Pressure (Torr)
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10 T — T T T T

__ rate of production of SikCl, + SiHCI e VIV
2> total rate of SiHCI, + SiHCI reaction

k19
kls + I(19 + k20 + kZl
rate of production of SIHGH SiH,
B3 = fotal rate of SiHCI, + SiHClI reaction
le
kl8 + k19 + kZO + k21
rate of production of SikCl + SiCl,
4=~ total rate of SIHCI, + SIHCI reaction 2 , , , , , ,

10' 10° 10
k20 Pressure (Torr)

Branching Ratios

 Kygt KygF Kopt Koy Figure 3. Branching ratios for the chemically activated system, as
. defined in the text. Thex’s are B, the dashed line 83, the O’s are
rate of production of SHCI; + H, Bs, and the solid line i$Bs.

5~ total rate of SIHCI, + SiHCI reaction

presented above suggests that we can avoid this and capture
kyy the essence of the behavior of this system using the high-

Tk Tkotk .tk pressure rate parameters as has been done here. It should be

187 719 T 20 T T2l emphasized that this will only work under conditions where
the chlorinated disilanes are not present initially and decompose
rapidly so that their concentrations always remain small
compared with the concentrations of the major species in the
system. If significant quantities of these species are present,
then the more rigorous treatment will be required.

Reactions Involving the Chlorinated Disilenes and Silyl-
dsilylenes Reactions 3439 are decomposition of the chlori-
nated disilenes and silylsilylenes and their reverse reactions,
‘dimerization of the chlorinated silylenes. In this work, we have
included a single species for each stoichiometgASLIs—, with
the properties of the lowest-energy isomer. FaHi this is
disilene (HSiSiH;), which is about 7 kcal/mol lower in energy
than silylsilylene (HSiSiH)2° For the molecules containing

The numbering of the branching ratios is chosen to correspond
to the numbering of the channels of the chemically activated
reactions. B, .. is the fraction of reacting Si€l, + SiHCI that
dissociates back to the reactanBs. is the fraction that
dissociates to SiHGI+ SiH,, etc. These are the effective
branching ratios in the high-pressure limit under conditions
where the 1,1,2-trichlorodisilane decomposes rapidly compare
with the rate of change of species concentrations in the system

At low pressures the dominant reactions are channels 2
of the chemically activated system presented above. We may
similarly define branching ratios for the amount of reaction
occurring by these channels as

kica one or more chlorines, however, our ab initio calculat®®ns
= predict that the lowest-energy isomer is always the chlorinated
ks2 -+ kg2 + kg2 + K silylsilylene isomer with a chlorine atom attached to the divalent

silicon atom (HCl3-,SiSiCl). Isomerization between the dif-
fori = 2—5. The rate constants here refer to the chemically ferent isomers is very fast compared with the other reactions.
activated system described above, not the reactions in Table 1.The activation energy for isomerization 0§$ISiH to H;SiSiH,
A plot of these branching ratios vs pressure from the master- was calculated by Gordon et®lto be 9 kcal/mol (correspond-
equation calculations at a temperature of 1100 K is presenteding to 16 kcal/mol for the reverse reaction). We have calculated
in Figure 3. We see that these branching ratios change relativelybarriers (electronic plus zero-point energy) ranging from 5 to
little over a wide pressure range. We may also compare them23 kcal/mol above the disilene structure for the isomerizations
to the effective branching ratios at the high pressure defined of the chlorinated disilenes to silylsilylenes by H or Cl tranfer.
above. At 1100 K these af®,. = 0.828,Bz, = 0.042,B4 These reactions will clearly be much faster than the other
= 0.087,Bs. = 0.043. These are essentially the same as the unimolecular reactions in the mechanism, with the exception
values shown in Figure 3 at low pressures. This suggests thatof reaction 39 where the isomerization barrier is only a few
the total branching ratios, a combination of recombination kcal/mol below the decomposition barrier and dissociation may
followed by dissociation and direct chemically activated reac- compete with isomerization. At ordinary pressures (less than
tion, will be roughly constant at all pressures. This means that a few atmospheres) and temperatures high enough that the
using the high-pressure recombination and dissociation rateoverall decomposition takes place on a reasonable time scale
constants will reasonably describe the reactions even at low(seconds or less), they will also be faster than any of the
pressures. We have only shown this for one of the reactions in bimolecular reactions. It is therefore reasonable to assume that
the mechanism (Si)Cl, + SIHCI). A rigorous analysis would  these isomerizations come to rapid equilibrium and that each
require performing master-equation calculations for the multi- species can be represented by only its lowest-energy isomer.
channel decomposition reactions-83 of the mechanism and  The dimerization of two divalent chlorinated silylenes (the
analyzing chemically activated reactions, as done here for onereverse of reactions 3439) is expected to be barrierless, and
case, for the reverse of reactions®. Description of these  this was confirmed by ab initio calculatio”$. We therefore
chemically activated reactions would add 60 additional pressure-take the activation energy for decomposition to be simply the
dependent elementary reactions to the mechanism. The analysibeat of reaction at 1000 K and use a preexponential factor of
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105 for the decomposition reactions 380. This is taken as  nated species i,Cl,, SiHCl3, and SjCl, are formed. For
a typical preexponential for unimolecular decomposition via a these compounds, the second reaction path (eq d2) will
loose transition state. More realistic treatment of these reactionsdominate. Thus, silicon atom formation is suppressed in CVD
would require variational transition-state theory calculations from dichlorosilane because the lower-energy path (eq d2) that
based on interaction potentials between the reactants that ardeads to silylenes instead of silicon atoms is available for
currently not known. The pressure dependence of thesedecomposition of the more chlorinated reaction intermediates
reactions is also neglected. They are certainly in the pressure-Si,H,Cl,, SkbHCl3, and S;Cls. Since we are only considering
dependent regime, but their absolute rates turn out to bedecomposition of the chlorinated silanes, reactions of the second
unimportant for the cases considered here. For the most parttype (eq d2) are included in this mechanism, while reactions of
they are much faster than other steps in the mechanism andhe first type (eq d1) are not.
rapidly approach equilibrium. Increasing or decreasing the Reactions with HCI. Finally, we have not included inser-
preexponential factor for reactions-339 in both directionsby  tions of the SiH,Cls—, species into HCI or the chemically
an order of magnitude (leaving the equilibrium constant activated reactions SiHGH HCI — SiH,Cl,* — SiCl, + H,
unchanged) had only small effects on the results of simulations and Sil + HCl — SiHsCI* — SiHCI + H,. The chlorinated
of homogeneous decomposition of the chlorinated silanes. It silylenes have smaller barriers for insertion into HCI than for
should be emphasized that the presence of these reactions iinsertion into H. Therefore, the chlorinated silylsilyenes might
the mechanism is essential, since they generate and consumalso insert into HCI more readily than into,H For the
the chlorinated silylenes and play an important role in determin- conditions considered here, decomposition in excessvith
ing the concentrations of these reactive species. no source of HCI other than production by reactions 3, 4, and
Reactions Leading to Silicon Atom Formation We have 6, the HCI concentration is always small and we can safely
not included any reactions that would lead to silicon atom neglect these reactions with HCI. However, in a CVD process
formation. Ho and Breilari@ observed silicon atoms in CVD  operating at high reactant utilization so that large amounts of
from dichlorosilane by laser-induced fluorescence, but concen- HCI were produced, or in a process where HCl was added as a
trations were much smaller than during CVD from silanez H reactant to achieve selective growth, we would also want to
elimination from Sik} is about 44 kcal/mol endothermic at 1000  consider these reactions with HCI. In the present case, however,
K. Even if this reaction has no additional activation barrier, it this would unnecessarily complicate the mechanism without
is still predicted to be too slow to compete with the insertion significantly affecting the results.
reactions of Sikinto hydrogen and the chlorinated silanes. In The reaction mechanism described here is intended to
the mechanism for gas-phase chemistry in CVD of silicon from qualitatively capture the most important elements in the mul-
silane presented by Ho et &P.the primary source of silicon tistep thermal decomposition of Sill, SiH,Cl,, and SiHC}
atoms is the reaction 43iSiH — SiH, + Si. Analogous  with as much realism as possible given the lack of experimental
reactions that eliminate a silicon atom from}%iCls—n to give information on the elementary reactions in this system. A key
a chlorinated silane (i.e., $1.Cl. — SiH,Cl, + Si) are 47-50 feature is that it has been developed self-consistently based on
kcal/mol endothermic at 1000 K. The height of any additional sets of ab initio calculations with a uniform treatment for
activation barrier is not known. If there were no barrier for the Competing reactions. This means that relative reaction rates
reverse reaction, then these decompositions could compete withshould be more accurate than the absolute rates, which have
decomposition to silylenes for $i4 and SiHzCl (reactions 34 yncertainties due to uncertainties in the calculated barrier heights
and 35) but not for the more chlorinated compounds (reactions and the calculated preexponential factors. The mechanism
36—39). includes the type of silylene-mediated chain mechanisms
This provides an explanation for the much lower densities described in the Introduction, which appear to be the most
of silicon atoms in CVD from dichlorosilane than in CVD from important Secondary Chemistry occurring in this System_ It also
silane. As seen above, the competing processes for decomposicaptures the bulk of the pressure dependence of the overall
tion of SpH.Cls—n are elimination of a silicon atom or  decomposition by explicitly treating the pressure dependence
decomposition to two silylenes: of the initiating chlorinated silane unimolecular decompositions.
. . . In the almost complete absence of experimental information on
SipH,Cly—n = SiH,Cl,_, + Si (d1) homogeneous reactions in this system, this gives us a means of
ascertaining which, if any, reactions are likely to be important
or under given conditions and provides a framework in which to
SiH.Cl, . — SiH.CL_. +SiH,_Cl, .. (d2) (r:::t((jalé(_:t experimental studies as further investigation is war

The endothermicity of the first channel (eq d1) remains relatively
constant with chlorine substitution (450 kcal/mol). However,

as seen in Table 1, the endothermicity of the second reaction Simulations of isothermal, homogeneous decomposition of
(eq d2) decreases strongly with chlorine substitution, from 61 SiH3;Cl, SiH,Cl,, and SiHC4 have been carried out to investigate
kcal/mol for SpH4 — 2SiH, to only 23 kcal/mol for SiCl, — the implications of the mechanism presented here and to identify
2SiCh. This large change in enthalpy of reaction can be the mostimportant reaction paths. We simply state key results
attributed to the substantial increase in stability in going from for dichlorosilane decomposition here and will present the details
SiH, to SiHCI to SiC}, the products of the second reaction path. of these simulations and their implications for silicon epitaxy
As discussed above, the second reaction type (eq d2) should bén a separate publication. It was found that the rate of
barrierless and should have a large preexponential factor. Indichlorosilane decomposition predicted by the full mechanism
deposition from silane, no chlorine is present, stigis formed was dramatically increased compared with the rate of unimo-
and its decomposition by the first channel (eq d1) may be an lecular decomposition alone. For 1% dichlorosilane in 100 Torr
important source of silicon atoms, as predicted by Ho é® al. of H,, the decomposition was accelerated by a factor of about
However, in deposition from dichlorosilane, the more chlori- 270 at 800 K, declining to a factor of about 5 at 1300 K. The

Comparison with Experimental Observations
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extent of this acceleration, of course, also depends on the initialeffectively collisionless conditions where the Si€buld not
concentration of dichlorosilane and the total pressure. Examina-have been produced by secondary reactions. It is possible that
tion of reaction rates and sensitivity analysis showed that this the emission they observed was from the small fraction of
acceleration was due to chain reactions propagated by, SiH dichlorosilane that dissociates to Si@hd H or that multipho-
SiHCI, and SiCJ. The SiH-propagated chain consisting of ton absorption gives a nonthermal distribution of reactant
reactions—14, 17, and 36 in Table 1 was the fastest path for energies that favors decomposition to Si@hd H. With this
dichlorosilane consumption under conditions considered, but one exception, however, the mechanism presented here appears
analogous cycles involving SiHCI and SjGllso contributed to reconcile the various experimental observations on dichlo-
significantly. We remind the reader that there is uncertainty in rosilane decomposition with the predictions of the ab initio
the calculated rate parameters for silylene-elimination reactionscalculations'#15

such as reaction 14 due to the use of a tight transition state in

calculating the rate parameters. Thus, the calculated activationSummary and Conclusions

energies are lower than one might expect but appear reasonable

at these high temperatures. As the temperature increases, the A mechanism for homogeneous decomposition of the chlo-
apparent activation energy decreases owing to a tightening ofrinated silanes (Si¢€Cl, SiH,Cl,, and SiHC}) with rate param-

the transition state. Thus, one expects somewhat lower activa-eters based self-consistently on ab initio molecular-orbital
tion energies under conditions considered here than at the lowercalculations has been presented. This mechanism predicts that
temperatures where these reactions are often studied. Thdhermal decomposition of dichlorosilane is accelerated by chain
predicted apparent activation energy for the overall dichlorosi- reactions propagated by SIHSIHCI, and SiC{ and that

lane decomposition was much lower than the activation energy secondary reactions convert SiHCI produced by unimolecular
for unimolecular decomposition. Almost all of the SiHCI decomposition of dichlorosilane to SiCI These results are
produced by unimolecular decomposition was converted tgSiCl consistent with experimental observations of dichlorosilane
by the Secondary reactions so that the dominant products Weréjecomposmon and reconcile them with prEdiCtionS of ab initio
SiCl, and H, at temperatures above 1000 K, along with $3H calculations for the unimolecular decomposition of dichlorosi-
and SiHC} at lower temperatures. The fastest path for lane.
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