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ABSTRACT: The kinetics and mechanisms for SiH, + Si,Hy and SiH; + Si,Hj reactions [SiH, +Si,Hg — Si;Hg* — Si;H,(+M)
and the related unimolecular decomposition of Si;Hg have been investigated by ab initio
molecular orbital theory based on the QCISD(T)/CBS//QCISD/6-311++G(d,p) method
in conjunction with quantum statistical variational Rice—Ramsperger—Kassel—Marcus (RRKM)
calculations. For the barrierless radical association processes, their variational transition
states have been characterized by the CASPT2//CASSCF method. The species involved
in the study are known to coexist under CVD conditions. The results show that the
association reaction of SiH, and Si,Hy producing Si;Hg occurs by insertion via its lowest-
energy path forming a loose hydrogen-bonding molecular complex with 8.3 kecal/mol
binding energy; the reaction is exothermic by 55.0 kcal/mol. The chemically activated
Si;Hg adduct can fragment by several paths, producing SiH, + SiH;SiH (—0.7 kcal/mol),

—> SiHSIH + SiH,
—> Si(SiHy), + H,

—> SIH,SIH,SiH + H,
—> SiH, + Si,H,

— iSiH, +H

- nSiH, +H

* Chemically activated complex

Si(SiH;), + H, (—1.4 keal/mol), and SiH;SiH,SiH + H, (—1.4 kcal/mol). The predicted enthalpy changes as given agree well
with available thermochemical data. Three other decomposition channels of Si;Hg occurring by Si—H or Si—Si breaking were
found to be highly endothermic, and the reactions take place without a well-defined barrier. The heats of formation of Si;Hg,
SiH,SiH, Si,H,, i-Si;H, n-Si;H, Si(SiH;),, and SiH;SiH,SiH have been predicted and found to be in close agreement with those
available data in the literature. The product branching rate constants for SiH, + Si,Hy and SiH; + Si,H; reactions and the thermal
unimolecular decomposition of Si;Hj for all low-energy paths have been calculated with multichannel variational RRKM theory
covering varying P,T conditions typically employed in PECVD and Cat-CVD processes for hydrogenated amorphous silicon
(a-Si/H) film growth. The results were also found to be in good agreement with available kinetic data. Our kinetic results may be
employed to model and control very large-area a-Si/H film growth for a new generation of solar cell applications.

B INTRODUCTION

Silylene, SiH,, plays an important role in the reactions of silane
or disilane forming higher silanes in the deposition of hydro-
genated amorphous silicon (a-Si/H) thin films and polycrystal-
line silicon (p-Si)."”® For many decades, the technology has
been used in the semiconductor industry for fabrication of
solar cells, thin film transistors, and so on.”® These films are
prepared either by plasma-enhanced chemical vapor deposi-
tion (PECVD) or, increasingly, by catalytic chemical vapor
deposition (Cat-CVD).'™"?> In both processes, silanes and
hydrogen are employed as the source gases in a chamber. From
the mechanistic point of view, the dissociation of a silane source
gas, by collisions with electrons in a plasma or with a hot metal
catalyst surface, leads to the generation of radicals, atoms, and
ions. These species diffuse on to the substrate after the se-
condary reactions in the gas phase, depositing a-Si/H film through
surface reactions. The chemical processes of the amorphous
material formation thus involve gas-phase and surface reactions,
which are affected by the system’s temperature and have a strong
influence on the quality of the film. Roth et al. investigated the gas-
phase parameters such as the flow, temperature, and pressure of
participating reactants; the energy input for dissociation reactions,
the size, and the structure of Si—H compounds have an important
influence on the properties of the surface layer."?

-4 ACS Publications  © 2013 American Chemical Society

Mechanistically, SiH, is known to be a 1primary decomposition
product in the decomposition of silanes."~** The interaction of
the SiH, radical with Si,Hj is a subject of interest in the present
work because Si,Hy is one of the most commonly employed
reagents and silylene is known to be a very reactive diradical that
inserts into Si—H bonds very efficiently, forming excited adduct
SiyHg."* ™' The excited adduct can dissociate via intramolecular
1,2-H shifts, producing various products.”*~* Inoue et al.'®
detected SiH, by laser-induced fluorescence and found the rate
constants of the SiH, reaction with Si,Hs to be 5.7 x 107%°
cm® molecule™ s in 1 Torr of helium at room temperature. Later,
Jasinski et al.'” generated SiH, by using laser absorption spec-
troscopy and found the overall rate constant of the SiH, with
disilane reaction from 1 to 10 Torr of He pressure at 298 K; the rate
constant measured at 1 Torr of pressure was 1.5 X 107"
cm® molecule™ s7'. Ditrich et al.* investigated the role of silylene in
the laser-induced CVD of a-Si/H and the rate constant of SiH, with
silane or disilane, forming higher silanes, Si,Hy and Si;Hg. The rate
constant for formation of the latter product was measured under the
deposition condition to be 2.7 + 04 X 107'° cm® molecule™ s7".
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Figure 1. continued
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Figure 1. The optimized geometries of the reactants, intermediates, transition states, and products computed at the QCISD/6-311++G(d,p) level.
The values in parentheses are the experimental values (refs 39 and 40). (Lengths in A, and angles in degrees.)

Absolute rate constants for the reactions of SiH, with Si,Hg
have also been determined by Walsh and co-workers,'®
covering the temperature range of 295—595 K by means of
laser flash photolysis. Ring, O'Neal, and co-workers interpreted
the mechanism for decomposition of Si;Hg in the temperature
range of 529—560 K.®*' Arrhenius parameters for Si;Hjg
decomposition via 1,2-hydrogen migration reactions that lead
to disilane and silylene at 530—570 K have been measured by
Moffat et al.**

Various works have been carried out with Si,H¢ and Si;Hg
as source gases for the preparation of a-Si/H thin films by
low-temperature CVD.**** Kumata et al.*® investigated the
deposition rate of a-Si/H films prepared from Si;Hg by the
direct photo-CVD method, which was found to be five times
that from Si,Hg. In our earlier studies, we used computational
tools to elucidate reaction mechanisms and provide accurate
thermodynamic and kinetics data for gas-phase reactions of
SiH,, SiH,, Si,H,, and Si;Hg with H and SiH,.>*">* These
species are known to coexist in media under CVD conditions.

Under experimental conditions, the generated radicals and
ions in the reaction chamber undergo a variety of primary and
secondary reactions leading to reaction products, which are
potential candidates for the layer-forming process at the
substrate surface. It is well-known that SiH, is easily generated
in the electron-impact dissociation reaction of silane and
hydrogen. Therefore, a detailed understanding of the gas-phase
reactions involved may be useful to control the deposition
parameters for optimization of the a-Si/H growth in a large
substrate area under well-defined conditions. In this work, we
focus our study on the effects of temperature and pressure on
the association reactions of SiH, + Si,H and SiH; + Si,H via
the Si;Hg intermediate for both forward and reverse processes,
which are critical to our ability in realistic simulations of a-Si—H
thin film growth by PECVD and Cat-CVD. We will study the
detailed mechanism for the title reactions by fully characterizing
their common potential energy surface (PES), employing ab
initio molecular orbital methods. For the SiH, and Si,Hg
reaction, it may take place by the following channels in the
forward and reverse directions:

K] :
A2 H + n-SigHy

,ﬁ H +i-Si3H;

U | . i
o SiHy + SiyHs

SiH, + Si,H,

SiH;SiH|

SiH,:SiyH,
M SiH,:SiH,SiH

LM2

SisHg

Figure 2. Schematic energy diagram for the SiH, + Si,H, reaction
computed at the QCISD(T)/CBS//QCISD/6-311++G(d,p) level
with ZPE corrections. Relative energies are given in kcal/mol at 0 K.

SiH, + Si,Hg — Si;Hg* — Si;Hg(+M) (1)
— SiH, + SiH,SiH (2)
— H, + Si(SiH;), 3)
— H, + SiH,SiH,SiH (4)
— SiH, + Si,H; (s)

On the same PES, SiH; and Si,Hj radicals produced from the
fragmentation of Si;Hg* depicted above may react as follows in
a deposition medium:

SiH; + Si,H — Si;Hg* — Si;Hg(+M) (6)
— SiH, + Si,Hg (7)
— SiH, + SiH,SiH (8)
- H, + Si(SiH,), 9)
— H, + SiH,SiH,SiH (10)

In the above reaction schemes, * denotes an internally
activated intermediate and M stands for a third body or
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Table 1. Calculated Relative Energies (kcal/mol, ZPE
corrections are included) for the SiH, Reaction with Si,H at
Various Levels of Theory

QCISD/6-311+ QCISD(T)/6-311+ QCISD(T)/

+G(d,p) +G(3df2p)“ CBS
SiH, + Si,Hj 0.0 0.0 0.0
SiH, /Si,H, LM1 -43 -7.0 -83
TS1 -1.5 —6.8 -9.3
Si,Hg -50.0 —-52.7 —55.0
TS2 —4.8 —10.1 —12.2
SiH, /SiH,SiH, LM2 —48 -9.0 -106
SiH, + SiH,SiH 02 0.6 -0.7
TS3 34 —-3.8 —6.2
H,/Si(SiH,), LM3 38 -39 -57
H, + Si(SiH,), 38 -17 14
TS4 5.7 -0.9 -3.4
H,/SiH,SiH,SiH, LM4 3.0 -33 —47
H, + SiH,SiH,SiH 2.5 -17 -12
SiH, + Si,H, 17.7 19.0 19.0
H + i-Si;H, 31.7 29.9 30.0
H + n-Si;H, 33.6 31.8 319

“Single-point calculations based on QCISD/6-311++G(d,p) optimized
geometries.

quencher. The predicted geometries, vibrational frequencies,
and heats of formation for new radical products at 0 K are
given in the Results and Discussion section. The temperature
and pressure dependences of the rate constants for the
forward and reverse reactions and their related unimolecular
decomposition processes have been derived using variational
RRKM theory by solving the master equation covering the
conditions commonly employed in industrial deposition of a-
Si/H films.

B COMPUTATIONAL METHODS

The geometries of the reactants, products, intermediates, and
transition states of the title reactions have been fully optimized
by using the QCISD method™ (the spin-unrestricted quadratic
configuration interaction with single and double excitation)
with the 6-311++G(d,p) basis set. Further improvement of
energetics of the PES has been made with QCISD(T)/6-311+
+G(3df,2p) by single-point calculations. Vibrational frequencies

Table 3. Predicted Morse () and Exponential Coefficient
Lennard-Jones Parameters Used in Rate Constant
Calculations

7
Lennard-Jones pa.rameters4

Morse ()
reactions (A) o (A) e(m™)
Si;Hg — SiH; + Si,H; 1.68 SsHy, 5563  230.05
LM — SiH, + Si,H, 173 Ar 375 983
LM2 — SiH, + SiH,SiH 1.66 He 255 1022
LM3 — H, + Si(SiH,), 186
LM4 — H, + SiH,SiH,SiH 1.89

calculated at the QCISD/6-311++G(d,p) level have been
used for characterization of stationary points, zero-point energy
(ZPE) corrections, and reaction rate constants calculations. A
recent study on silicon species has shown that the widely used
QCISD method with split valence and Dunning correlation
basis sets is quite suitable for geometry and property predic-
tions.>>*" For a more accurate evaluation of the energetic
parameters, single-point energy calculations of the stationary
points were carried out by the QCISD(T)/CBS method,>” in
which the basis set extrapolation was based on the calculations
with the cc-pVXZ (X = D, T, and Q) basis sets of Dunning.33
The CBS energies were estimated by the three-point extrapola-
tion scheme.>* All of the calculations were carried out using the
Gaussian 03 program Package.34

Rate constant calculations were carried out with the
VARIFLEX program® based on the microcanonical RRKM
theory and variational transition-state theory (VIST).>***” The
component rates were evaluated at the E/J-resolved level,
and the pressure dependence was treated by one-dimensional
master equation calculations using the Boltzmann probability of
the intermediate (Si;Hg*) for the J-distribution. For a
barrierless association/decomposition process, the variational
TS*** was approximated with the Morse function, V(R) =
D1 — exp[-B(R — R,)]}?, in conjunction with a potential an-
isotropy function to represent the minimum potential energy
path (MEP), which will be discussed later. Here, D, is the
binding energy excluding zero-point vibrational energy for
an association reaction, R is the reaction coordinate (i.e.,
the distance between the two bonding atoms), and R, is the
equilibrium value of R at the stable intermediate structure.

Table 2. Heats of Reaction (A H,°) and Heats of Formation (AH,°) of Species at 0 K Predicted at The QCISD/6-311+

+G(d,p)/CBS Level of Theory Given in kcal/mol

species reactions” calculated
Si;Hy ISiH, + Si,Hs — Si;Hg —55.0
SiH, SiyHg — SiHj + Si,Hy 74.0
SiH,SiH Si;H, — SiH, + SiH,SiH 54.3
Si,H, SiH, — SiH, + Si,H, 45.0
i-Si,H, Si;Hg — H + i-SisH, 85.1
1-SigH, Si;H, — H + n-Si;H, 86.9
Si(SiH;), Si;Hg — H, + Si(SiH;), 53.6
SiH,SiH,SiH Si;Hg — H, + SiH,SiH,SiH 538

heat of reaction A H,°

heat of formation AH,°

literature® calculated literature®
—-55.0 33.5 335+ 1.0
73.4 48.3 477 £ 12
77.3
47.0 + 1.0 68.0 679 + 0.9
86 669 + 1.0 67.8
87.5 68.7 + 1.0 69.3
87.1
87.3

“The experimental values employed in the calculations are obtained based on the enthalpies of formation at 0 K for H = 51.7 kecal/mol; H, = 0.0
kcal/mol; SiH, = 10.5 kcal/mol (ref 42); SiH; = 47.7 + 1.2 kcal/mol (ref 42); 'SiH, = 65.6 + 0.7 kcal/mol (ref 42); Si;Hg = 33.5 + 1.0 kcal/mol
(ref 26); Si,Hg = 22.9 kcal/mol (refs 41—43); Si,H, = 59.2 kcal/mol (ref 43); i-Si;H, = 67.8 kcal/mol (refs 41 and 26); n-Si;H,= 69.3 kcal/mol (refs
41 and 26); and Si,H, = 67.9 + 0.9 (ref 43).
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Figure 3. Arrhenius plots of rate constants for the SiH, + Si,Hy reaction forming various products, Si;Hy (), SiH, + SiH;SiH (b), H, + Si(SiH;),
(c), H, + SiH;SiH,SiH (d), and SiH; + Si,Hs (e), at different pressures.

The Morse function was characterized variationally

optimized bond length to separated radical pairs with an
interval of 0.1 A by second-order multireference perturba-
tion theory (CASPT2//CASSCF(8,8)/6-311+G(3df,2p)
level). Other geometric parameters were fully optimized.
These calculations were performed with the MOLPRO

38
code.

from the

B RESULTS AND DISCUSSIONS

PES and Reaction Mechanism. The optimized geometries
of reactants, intermediates, transition states, and products are shown
in Figure 1, along with the available experimental bond lengths.*”
As aforementioned, the PES of the Si;Hy system was predicted at

the QCISD(T)/CBS//QCISD/6-311++G(d,p) + ZPVE level
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Table 4. Arrhenius Parameters” for the Bimolecular Reaction of SiH, with Si,H Giving Different Products at Various Pressures
and Temperature Including High-Pressure (k,,) and Low-Pressure (k,) Limits

products P (Torr) A
Si;Hg (k;) koo 2.55 x 107
ko 5.51 x 10"
0.3 1.60 x 10%°
1 1.36 x 10"
10 2.82 x 10°
760 3.54 X 107
SiH, + SiH,SiH (k,) ko 9.11 X 107%%
1 2.97 x 107%
10 128 X 107%°
760 595 x 1073
H, + Si(SiH;), (k;) ko 5.56 X 107
1 1.85 x 107!
10 3.98 x 107%°
760 1.55 X 107%
H, + SiH,SiH,SiH (k,) ko 9.00 X 107
1 436 x 1071
10 1.15 x 1073
760 1.38 X 107
SiH; + Si,H; (ks) ko 417 X 107
1 2.39 x 1077
10 3.15 X 107°
760 1.68 X 1077

n E,/R (K) kp(500 K)
—5.83 1141 4.64 x 10710
-9.2 2565 5.76 X 1072

-102 2565 3.34 x 10710
—8.4 2023 401 x 1071
-6.5 1381 4.54 x 107
-5.9 1158 4.64 x 10710
-3.6 2209 1.86 x 10726
-2.0 1509 5.14 x 1071

32 —180 7.92 X 10712

6.7 —1409 1.18 x 1071
-1.6 1866 8.53 x 10728

0.1 1225 2.67 x 10712

6.1 —649 497 x 1078
113 —2460 8.09 x 107
—0.22 1678 8.09 x 107%

1.05 1222 2.76 x 10713

7.4 —705 5.84 x 107
13.5 —2789 1.02 X 1071

1.18 9616 292 x 1073

0.09 9667 1.69 x 107V
-1.17 10529 1.56 x 1077

6.13 8769 148 x 1078

“k(T) = AT" exp(—E,/RT) predicted for various temperatures 300—600 K in units of cm® molecule™ s~ for k and k, and cm® molecule™ s~ for k.

Table S. Arrhenius Parameters® for the Bimolecular Reaction of SiH; with Si,H; Giving Different Products at Various Pressures
and Temperatures Including High-Pressure (k) and Low-Pressure (k,) Limits

products P (Torr) temp (K) A n E,/R (K) kp(500 K)
Si;Hg (k) ke 300—600 3.94 x 1071 0.11 51 6.93 x 1071
ko 300—600 6.36 x 10" —143 2634 6.78 x 107!
0.3 300—600 1.84 x 10% —-15.3 2634 3.93 x 1078
1 300—600 445 x 10* -15.7 3237 224 x 1078
10 300—600 8.11 x 10* —12.7 3543 4.89 x 107
SiH, + Si,Hg (k;) ko 300—600 723 X 107% 097 132 2.31 x 1076
1 300—600 2.68 x 1071° —0.06 156 1.34 x 1071
10 300—600 1.71 X 107¢ -1.22 977 123 x 107
760 300—600 1.53 X 10728 6.01 755 1.18 x 1071
SiH, + SiH,SiH, (kg) ko 300—600 348 x 107 0.55 200 7.13 x 1076
1 300—500 7.48 X 107° —0.4 190 414 x 1071
10 300—600 3.08 x 107* —1.83 1102 3.90 x 10710
760 300—600 2.48 x 1072 541 —644 3.69 x 107!
H, + Si(SiH;), (ko) ko 300—600 3.03 X 1073 1.77 -50.7 2.0 x 10726
1 300—600 2.35 x 10712 0.64 27.2 1.16 x 107%
10 300—600 1.18 X 1078 —0.49 847 1.04 x 10710
760 300—600 7.62 x 1073 6.8 —888 1.02 x 1071
H, + SiH;SiH,SiH (ko) ko 300—600 1.08 X 1073 241 —-178.8 4.83 x 107
1 300—600 1.03 x 1071 1.24 —81.6 2.78 x 1071
10 300—600 547 x 107 0.11 753 248 x 107
760 300—600 2.68 x 1073 7.45 —981.7 247 X 10712

“k(T) = AT" exp(—E,/RT) predicted for various temperatures in units of cm® molecule™ s™* for k and k, and cm® molecule™ s~ for k.

of theory, as shown in Figure 2. The corresponding energies
estimated at different levels of the theory are summarized in
Table 1. The moments of inertia and the vibrational frequencies
of all of the species involved in these reactions are listed in the
Supporting Information Table S1 for the kinetic calculations.
The calculated heats of reaction and formation values are given
in Table 2 and are compared with available experimental data at
0 K. Discussion of the thermochemical data will be made later.

The following discussion on the PES will be based on the
energies of the TSs and intermediates relative to the reactants
computed at the QCISD(T)/CBS//QCISD level.

SiH, + Si)Hs Reaction. As shown in Figure 2, the initial
association reaction of SiH, and Si,Hy, proceeding via the van
der Waals complex, SiH,/Si,Hs (LM1) with an 8.3 kcal/mol
binding energy, can readily occur by an insertion reaction into
one of the Si—H bonds in Si,H, from the side with a somewhat

dx.doi.org/10.1021/jp407553a | J. Phys. Chem. A 2013, 117, 10811-10823
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smaller activation barrier via TS1 forming Si;Hg; the process is
exothermic by 55.0 kcal/mol at the QCISD(T)/CBS//QCISD
level. It should be noted that previous studies also reported
a similar smaller activation energy.”> The ground electronic
state of SiH, is singlet, not triplet as in the CH, case. We con-
sidered Si;Hg and TS1 as a singlet state. The TS1 calculated at
QCISD/6-311++G(d,p) and QCISD(T)/6-311++G(3d2p)//
QCISD/6-311++G(d,p) levels have small positive barriers
of 2.8 and 0.2 kcal/mol, respectively, when compared to LM1
(see Table 1). The predicted Gibbs free energy of activation at
298 K from LMI to TS1 was found to be positive also. Walsh’s
group theoretically explored the mechanism of the Si—H
insertion process by silylene. They explained that silylene has
an empty p orbital and a lone pair of electrons. The electron
density is transferred from the Si—H bond of silane to the
empty p orbital of silylene, and simultaneously, the lone pair of
electrons in silylene is donated to the Si of silane to produce the
new Si—Si bond. As aforementioned, the two processes occur
with the involvement of an intermediate complex.'®'? As
shown in Figure 1, LM1 has C, symmetry, and SiH, is located
with Si pointing toward a Si—H bond in the Si;Hg molecule at a
distance of 1.845 A. However, TSI lies 9.3 kcal/mol below the
reactants, and their structure has a tighter three-membered ring,
in which the forming H—Si and Si—Si bond lengths are 1.659
and 2.449 A, respectively, and the Si—H breaking bond length
is elongated to 1.689 A, which is 0.209 A longer than that of
Si,Hg.

SiH; + Si,H; Reaction. Both SiH; and Si,H; radicals formed
in the SiH, + Si,Hg reaction may coexit in the plasma-induced
reactions of small silanes (SiH,, Si,Hg, and Si;Hg, for example).
The PES shown in Figure 2 suggests that all product pairs that
lie below SiH; + Si,H; can be accessed and produced in the
reaction, as listed in the Introduction (i.e., reactions 6—10).

Decomposition of SizHg. The initially formed chemically
activated Si;Hg adduct may eliminate several products, SiH,,
SiH;, H,, and H, directly, as shown in Figure 2. In the Si;Hg
decomposition reactions, the lowest-energy channel producing
SiH, + H,SiSiH lies 54.3 kcal/mol above Si;Hg. The 2,1-H shift
occurs by migration of one of the H atoms in the secondary
SiH, group to the SiH; group to form a van der Waals complex,
SiH,/SiH;SiH, LM2, via TS2. The barrier height at TS2 is
42.8 kcal/mol, and the complex is 44.4 kcal/mol above Si;Hg.
The energies of TS2 predicted at the QCISD/6-311++G(d,p)
and QCISD(T)/6-311++G(3df,2p)//QCISD/6-311++G(d,p)
levels are 45.2 and 42.6 kcal/mol, respectively. The latter is
close to the CBS limit, 42.8 kcal/mol. We also calculated the
SiH,/SiH;SiH, LM2 energy with other methods; when com-
pared with TS2 at the QCISD/6-311++G(d,p) level, LM2 has
the same energy while at the QCISD(T)/6-311++G(3df22p)//
QCISD/6-311++G(d,p) level, it is 1.1 kcal/mol above TS2.
Here, although the transition state has a lower activation barrier
compared with the complex, our result is consistent with pre-
vious reports.”> The predicted Gibbs free energy of activation
at 298 K from LM2 to TS2 was found to be positive also. At
TS2, the bond lengths of the breaking Si---H and Si---Si were
predicted to be 1.589 and 2.706 A, respectively, and the
forming H---SiH; bond was predicted to be 1.668 A calculated
by the QCISD/6-311++G(d,p) method (Figure 1). In addition,
the Si,H, + SiH, products may be formed by H;SiSiH isom-
erization with a small 1.6 kcal/mol barrier. Our result presented
in Figure 2 shows that in the Si;Hg dissociation reaction, the
secondary H-atom shifting to form SiH, has a lower activation
energy when compared to that of the primary H-atom shifting
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Figure 4. (a) Pressure dependences of all product channels of SiH, +
Si,Hj reaction rate constants at T = 500 K as functions of pressure. (b)
Branching ratios of SiH, + Si,Hj reaction products at 1 Torr of
pressure.

to form SiH,. This mechanism is in good agreement with
previous experimental work." Si;H, is a stable and potential
candidate for film formation.* As shown in Figure 2, the
interaction of the two H atoms at the secondary Si position in
Si;Hg can eliminate H, via a three-membered-ring transition
state TS3 (48.8 kcal/mol) to form a van der Waals complex,
Si(SiH;),/H,, LM3. At TS3, the two breaking Si—H bonds
lengthen unequally from 1.483 A in Si;Hj to 1.578 and 1.669 A;
the forming H—H bond length is 0.976 A. Relative to SiH, +
Si,Hy, the reaction product Si(SiH;), + H, is exothermic by 1.4
kcal/mol. Similarly, as shown in Figure 2, H, elimination can
also take place at a terminal Si atom of Si;Hg to form a
SiH,SiH,SiH + H, via TS4 and the SiH,SiH,SiH/H,, LM4
complex. The barrier height at TS4 is 51.6 kcal/mol, and the
complex is 50.3 kcal/mol above Si;Hg. The H, elimination
barrier from the secondary Si atom in Si;Hg is thus 2.8 kcal/mol
lower compared with that from a terminal SiH; group.

On this PES, the next lowest-energy product channel is SiH; +
Si,H;, formed by direct cleaving of one of the Si—Si bonds in
Si;Hg, requiring as much as 74.0 kcal/mol. The predicted heat
of reaction is in good agreement with available experimental
and computed values,”> >****® as shown in Table 2. This
process does not have a well-defined transition state. Due to the
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absence of an intrinsic transition state for the fragmentation
reaction, its dissociation potential function was computed
variationally to cover a range of Si—Si separations from the
equilibrium value 2.344 to 6.5 A with an interval of 0.1 A by
second-order multireference perturbation theory (CASPT2)

based on the CASSCF optimized geometries with eight active
electrons and eight active orbitals using the 6-311+G(3df,2p)
basis set. Aforementioned in the above section, other geometric
parameters were fully optimized. These calculations were per-
formed with the MOLPRO code.*® The computed potential
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energies could be fitted to the Morse function with the
parameters of # = 1.68 A™' (SiH; + Si,Hy), for Si—Si bond
breaking. In the same manner, with much computational effort,
we also determined the values ff = 1.73, 1.66, 1.86, and 1.89 A™!
from LM1 to SiH, + Si,Hg, LM2 to SiH, + SiH;SiH, LM3 to
H, + Si(SiH;),, and LM4 to H, + SiH;SiH,SiH, respectively.
These values will be used in the rate constant calculations to be
discussed below. In the formulation of the Morse potential, r
is the distance between the two bonding atoms for the separa-
tion of two fragments. As shown in the PES of Figure 2, H, is
produced via LM3 and LM4. The reactions involved are
reactions 3, 4, 9, and 10, shown in the reaction scheme. In these
calculations, the separation “r” begins with the smaller of the
two Si--H bonds from its equilibrium separation to about 4.5 A
at an interval of 0.1 A. As the VTSs are typically located at 2.5—
3.5 A, the values of r based on this method or the H, center-of-
mass separation from the Si involved are essentially the same;
so are the values of the rate constant predicted. Finally, the
cleavage of the secondary and primary Si—H bonds in the Si;Hg
giving rise to the products H + i-Si;H, and H + n-Si;H, are
predicted to be endothermic by 82.6 and 84.5 kcal/mol,
respectively, without intrinsic barriers (see Figure 2).

Enthalpies of Formation. The predicted heats of
formation of all of the species related to the SiH, reaction
with Si,H and the unimolecular decomposition of Si;Hg are
presented in Table 1 based on the energies computed at the
QCISD/6-311++G(d,p), QCISD(T)/6-311++G(3df2p)//
QCISD/6-311++G(d,p) and QCISD(T)/CBS//QCISD/6-
311++G(d,p) levels. As one would expect, the last two
higher-level methods give rise to values closer to each other.
The heats of formation were determined by combining the
computed heats of reaction (A.H,°) based on the CBS limit
values and experimental heats of formation (AH,°) of other
species involved in the reaction at 0 K. Theoretically, the heats
of formation of Si;Hg, n-Si;H,, and i-Si;H, are available in the
literature as 33.5 + 1.0, 38.3, and 37.5 kcal/mol, respectively, at
0 K, as referenced in the footnote of Table 2. Thus, by using
these values and experimental heats of formation, we obtained
the values at 0 K for SiH,SiH, Si,H,, Si(SiH;),, and SiH,SiH,SiH
to be 77.3, 68.0, 87.1, and 87.3 kcal/mol, respectively, with an
estimated error of +1.2 kcal/mol. Our predicted heats of
formation of the species listed in Table 2 are in good agreement
with the values derived from available experimental and
theoretical data,>>~>%*~%

Rate Constant Calculations. The rate constants for the
bimolecular reactions SiH, + Si,Hy and SiH; + Si,H; and the
related unimolecular decomposition processes can be com-
puted with the predicted PES using energies obtained by
QCISD(T)/CBS extrapolation and the QCISD/6-311++G-
(d,p) molecular parameters of the reactants, intermediates, and
transition states presented in Table S1 in the Supporting
Information. The rate constants for the forward reactions of
SiH, + Si,Hg via the low-energy channels have been computed
in the temperature range of 300—2000 K and the pressure
range of 0.3—760 Torr with the Variflex code, whereas the
higher-energy H-production channels are neglected. The VIST
calculations were carried out with the unified statistical
formulation of Miller* including multiple reflection correc-
tions*>*® above the shallow wells of the prereaction and
postreaction complexes LM1, LM2, LM3, and LM4. The
Lennard-Jones parameters for collision rate estimates are
obtained by using ¢ and & and are given in Table 3.*’ The
P, T conditions studied cover most of the conditions employed
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Figure 6. (a) Pressure dependences of all product channels of SiH; +
Si,H; reaction rate constants at T = 500 K as functions of pressure. (b)
Branching ratios of SiH; + Si,Hj reaction products at 1 Torr of
pressure.

in PECVD (typically 0.75—4 Torr, 373—723 K) and Cat-CVD
(typically 0.1—10 Torr, 473—673 K)°~'?

Rate Constant for SiH, + Si,Hs The bimolecular reaction of
SiH, and Si,Hg occurs exclusively by the insertion process
forming the excited Si;Hg intermediate carrying as much as
55.0 kcal/mol of internal energy with 12.1 kcal/mol of excess
energy above the transition state for 1,2-H elimination at TS2,
giving the SiH, and SiH;SiH radical, as shown by the PES given
in Figure 2. The predicted rate constants for all of the prod-
uct channels represented by reactions 1—5 listed in the
Introduction at various pressures between 0.3 and 760 Torr
along with the high pressure limit in the temperature range of
300—2000 K are graphically presented in Figure 3 and are also
listed in Table 4, covering the temperature range 300—600 K.
In the rate constant calculation, the internal rotation of the
SiH, group of Si;Hj with the vibrational frequency of 77 cm™
is hindered by a 1.0 kcal/mol barrier and thus also treated as a
hindered rotor.

As shown in Figure 3a, under the high-pressure condition,
the reaction occurs primary by a recombination/stabilization
process producing Si;Hy. Our predicted absolute rate constants
for Ar buffer gas agree qluite well with experimental data.">~"
Walsh and co-workers'®"? reported the values of 3.04 x 107'°
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exp(229/T) cm® molecule™ s™" for the temperature range of
295—595 K at 1.0—-30.0 Torr in CgHg buffer gas. At 500 K, our
predicted rate 4.54 X 107'° cm® molecule™ s~ compares closely
with the experimental rate 4.87 X 107'° cm® molecule™ s71.'%"
White et al.'® theoretically estimated the rate constant at
temperatures of 640—703 K with an order of magnitude lower
value. At room temperature, the present predicted rate con-
stants, 1.5 X 107 at 1 Torr and 1.9 X 107 at 10 Torr He
pressure, are in reasonable agreement with the values of Inoue
etal,’® 5.7 x 107'° cm® molecule™' s, in 1 Torr of He gas and
those of Jasinski et al.'” using laser absorption to obtain the
3.4 X 107" cm® molecule™ s™" at 10 Torr in a He bath gas.
When the pressure increases from 0.3 to 760 Torr, k,; increases
proportionally, as clearly illustrated in Figure 3a, reflecting the
need for collisional deactivation of the excited Si;Hg adduct.
Under low-pressure conditions, the reaction may yield Si;Hg
fragmentation products such as SiH, + SiH;SiH, H, +
Si(SiH;),//SiH,SiH,SiH, and SiH; + Si,H; the predicted
rate constants for all product channels in the 300—2000 K
temperature range including the high- and low-pressure limits
are shown in the Figure 3b—e. The pattern of the pressure
dependencies of the rate constants for formation of the product
pairs revealed by these figures reflects the competitive nature of
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the collisional deactivation versus fragmentation of the excited
Si;Hg. The calculated pressure-dependent rate constants for com-
peting product formation at 500 K are displayed in Figure 4a.
The results clearly show that the formation of Si;Hg by
collisional deactivation is strongly P-dependent and dominant
over the other production channels down to P < 1 Torr. The
next dominant channel in the SiH, + Si,Hj reaction is SiH, +
SiH;SiH//Si,H,. Here, when the pressure increases, its rate
also decreases due to the competition with Si;Hg formation.
Figure 4b displays the branching ratios of the individual
product channels of the SiH, + Si,Hg reaction at 1 Torr in the
300—2000 K temperature range. The results show that at 300 K,
formation of Si;Hg is dominant with 99% yield, and the
remaining 1% gives SiH, + SiH;SiH. The production of Si;Hg
up to 700 K temperature is dominant, above which SiH, +
SiH;SiH//Si,H, becomes competitive. Other production
channels are not important until reaching a higher temperature
of 1700 K, at which SiH; + Si,H becomes competitive.

Rate Constant for SiH; + Si,Hs. As aforementioned, the
association reaction of SiH; with Si,H; producing Si;Hg with
more than 74.0 kcal/mol of internal energy occurs without a
well-defined transition state; the Si;Hg thus formed can dis-
sociate with 19 kcal/mol of excess energy above SiH, + Si,Hg
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Table 6. Arrhenius Parameters® for the Unimolecular Decomposition of Si;Hg Giving Different Products at Various Pressures
and Temperatures Including High-Pressure (k,,) and Low-Pressure (k,) Limits

reaction P (Torr) A

Si;Hg — SiH, + Si,H, (k) ke, 7.64 X
ko 3.70 x

0.3 1.07 X

1 5.70 X

10 2.64 X

760 243 X

Si;Hg — SiH, + SiH,SiH (k) keo 8.59 X
ko 5.87 X

0.3 1.70 X

4.52 X

10 1.66 X

760 4.87 X

Si;Hs — H, + Si(SiH,), (k) ke 9.46 x
ko 418 X

0.3 1.21 X

1 1.30 X

10 4.82 X

760 7.24 X

Si,H; — H, + SiH,SiH,SiH ke 8.86 X
ko 3.66 X

0.3 1.06 X

215 X

10 191 X

760 2.07 X

Si;Hg — SiH; + Si,Hs Ky 202 x
ko 8.68 X

0.3 2.51 X

1.79 X

10 1.90 X

760 5.86 X

1033
1033
1052
1047
1040
1034
1038
1039
1058
1054
1047
1039
1022
1026
1045
1040
1031
1023
1012
101 1
1030
1025
1018
1013
1023
1037
1056
1052
1043
1028

n E,/R (K) kp(500 K)
—6.23 2887 9.89 x 1077
—11.2 31263 1.60 x 107
—122 31263 9.28 x 107°
—-10.8 30736 9.66 X 107°
-8.36 29774 9.86 X 107°
—6.39 28942 9.89 x 1077
—-7.68 29126 824 x 1078
—13.1 31567 1.18 X 1072
—14.1 31567 6.81 x 1078
-12.8 31182 7.63 x 1078
—10.4 30255 8.16 x 107%
-7.93 29231 824 x 107%
-2.83 27534 272 x 1078
-9.1 30465 447 x 1073
—10.1 30465 2.59 x 107°
-84 29843 2.67 X 107°
—5.66 28735 271 x 107°
-3.12 27659 272 x 107°
0.09 26513 1.45 x 1071
—448 28824 247 X 107%
—5.48 28824 143 x 1071
—3.94 28209 1.45 x 1071
—1.64 27255 145 x 1071
—-0.03 26565 1.45 x 1071
—1.83 38031 2.14 x 1075
—11.8 42161 273 x 1073
—12.80 42161 1.58 X 1071
—11.37 41734 1.81 x 1071
—8.36 40683 2.06 X 107
—3.60 38787 213 x 1075

“k(T) = AT" exp(—E,/RT) predicted for various temperatures 300—1000 K in units of s™! for k and ky, and cm® molecule™ s™'for k;

and even higher above other product pairs; thus, various prod-
ucts, SiH,, SiH,, and H,, can be formed from the association/
decomposition reactions; see Figure 2 and reactions 6—10
presented in the Introduction section. The predicted values of
kg forming Si;Hj at various pressures between 0.3 and 760 Torr
along with its high-pressure limit in the temperature range of
300—2000 K are graphically presented in Figure 5a and are also
listed in Table 5. In the table, the value for the low-pressure
limit is also given for kinetic modeling. The values of kg
decrease as the temperature increases from 300 to 2000 K.
When the pressure increases from 0.3 to 760 Torr, kg increases
proportionally, as clearly illustrated in Figure Sa, reflecting the
effect of collisional deactivation of the excited Si;Hg The
predicted rate constants for the SiH; + Si,Hg reaction giving
rise to various products are shown in Figure Sb—e. The rate
constants for production of SiyHg (k) and various products
(k;_10) at 500 K covering the wide pressure range are shown in
Figure 6a. The branching ratios of these five product channels
are shown in Figure 6b. The product channel giving SiH, +
SiH,SiH is predominant up to 1800 K. The competitive nature
of reactions 6—10 shown in these figures is qualitatively similar
to that presented above for reactions 1—S5, as one would expect.
The only difference between the two bimolecular reactions lies
in the amount of internal energies carried by the chemically
activated Si;Hg*, as shown in the PES.

We have done the rate constant calculations for the forward
reactions of SiH, + Si,H and SiH; + Si,H;, which form various

10821

products with and without multiple reflection corrections. At
300 K (the lowest temperature) and 760 Torr and the high-
pressure limit, in the SiH, + Si,Hs — Si;Hg reaction, the
forward reaction rate constant with the multiple reflection
correction is around 2 orders of magnitude lower than that
without the correction. There is no effect of multiple reflection
corrections above 700 K (see Supporting Information Figure S1A
and B). At 300 K and 760 Torr, the multiple reflection
correction for SiH, + Si,Hs — SiH, + SiH;SiH (k,) is around 1
order of magnitude lower than that without the correction, and
no effect of correction is seen above S00 K (see Supporting
Information Figure S1C). For other product channels of H,
and SiHj (k, k,, and ks) in the above SiH, + Si,H; reaction, the
effect of the multiple reflection correction is negligible. For the
forward reactions of SiH; + Si,Hy forming various low-energy
product rate constants, we compared the results with and
without multiple reflection corrections at 300 K and 760 Torr
of pressure, as shown in Figure S2 (Supporting Information).
In this case, no multiple reflection correction effect was observed.

Thermal Decomposition of Si;Hg. The thermal decom-
position of Si;Hg under similar conditions as those given above
for the association process produces predominantly SiH, +
SiH;SiH because of its lower-energy barrier compared with
those for SiH, + Si,Hg, H, and H, elimination from the primary
and secondary positions. As shown in Figure 7 and the rate
constant expressions summarized in Table 6 obtained by least-
squares fitting to the predicted values, both reactions have
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Figure 8. Branching ratios of Si;Hg decomposition products at high
pressure.

positive-pressure dependence, reflecting the nature of colli-
sional activation. Experimentally, Vanderwielen et al.*° kineti-
cally measured the unimolecular decomposition of Si;Hj to
SiH, + SiH;SiH and SiH, + Si,Hg in the 530—561 K tempera-
ture range and 37—126 Torr of Si;Hg pressure range. Later,
Martin et al.>' measured the rate constant for the decomposi-
tion pathways of Si;Hg — SiH, + SiH;SiH by pyrolysis at 532—
586 K and 392 Torr of H, pressure. In 1992, Moffat el al.**
studied the rate constant for the decomposition channels of
trisilane to form SiH, and SiH, products by RRKM numerial
analysis in the temperature range of 530—570 K. The
experimental results are in good agreement with our predicted
values, as shown in Figure 7a and b.2°722 The rate constants for
other production channels by H, elimination from primary and
secondary Si—H bonds are also shown in Figure 7c and d.
Figure 8 shows the branching ratios of Si;Hg dissociation
products; the low-energy channel producing SiH, + SiH;SiH is
dominant up to 1500 K, beyond which SiH; + Si,H; becomes
dominant. It should be pointed out that although the SiH, +
Si,Hg product pair energetically lies below SiH; + Si,H; by as
much as 19 kcal/mol, its branching ratio was predicted to be
less than that of the latter above 1300 K, attributable to the
tighter transition state TS1 than the variational TS for the latter
production.

B CONCLUSION

The mechanisms, rate constants, and product branching ratios
for the SiH, + Si,H, and SiH; + Si,Hj reactions and the thermal
unimolecular decomposition of Si;Hg have been investigated at
the QCISD(T)/CBS level of theory based on QCISD/6-311+
+G(d,p) optimized geometries in conjunction with VIST and
RRKM calculations. The formation of the most favorable low-
energy products for the SiH, + Si,Hg reaction occurs readily by
Si—H insertion, yielding the excited intermediate Si;Hg via the
van der Waals complex with 8.3 kcal/mol of binding energy.
The excited intermediate carrying as much as 55.0 kcal/mol of
internal energy can readily dissociate into SiH, + SiH;SiH//
Si,H, following the 2,1-H migration involving one of the H
atoms in the secondary SiH, group. The excited intermediate
can also decompose by H, elimination from the secondary
position with 2.8 kcal/mol lower energy than that from the
primary position, which requires 51.6 kcal/mol. The dissociation

energies for breaking of the Si—Si and the primary and
secondary Si—H bonds in Si;Hg were predicted to be 74.0, 85.0,
and 86.9 kcal/mol, respectively. The values agree well with the
known heats of formation of the decomposition products.
The computed heats of formation AgH,° at 0 K for Si;Hjg,
SiH,, SiH,SiH, Si,H,, i-Si;H-, n-Si;H., Si(SiH;),, and SiH;SiH,SiH
are 33.5, 48.3, 77.3, 68.0, 66.9 + 1.0, 68.7 + 1.0, 87.1, and
87.3 kcal/mol, respectively, with an estimated error of +1.2
kcal/mol. The results are in good agreement with available
experimental values. Furthermore, the rate constants for the
bimolecular association/decomposition reactions (SiH, + Si,Hj
and SiH; + Si,H;) and the thermal unimolecular decom-
position of Si;Hg for all of the product channels have been
calculated using the VI'ST method and/or the RRKM theory
by solving the master equation involved over a wide range of
P,T conditions covering those typically employed in the a-Si/H
CVD process by PECVD and/or Cat-CVD. The predicted
results have been tabulated for modeling and optimizing homo-
geneous large-area growth of a-Si/H thin films by these methods.

B ASSOCIATED CONTENT

© Supporting Information

Calculated moments of inertia and vibrational frequencies of
the species involved in the SiH, reactions with Si,Hg computed
at the QCISD/6-311++G(d,p) level are given in Table S1, and
Arrhenius plots of rate constants for the SiH, + Si,H, and SiH; +
Si,Hj reactions forming various products are given in Figures S1
and S2, respectively. This material is available free of charge via
the Internet at http://pubs.acs.org.
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