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Ab initio studies of silane decomposition on Si(100)
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The mechanism of silane decomposition on the Si(100)-(2X1) surface is investigated in the context of
a many-electron theory that permits the accurate computation of molecule-solid surface interactions at
an ab initio configuration-interaction level. The adsorbate and local surface region are treated as embed-
ded in the remainder of the lattice electronic distribution, which is modeled as a three-layer, 19-
Si—plus —21-H cluster. A possible energetic pathway is found for the reaction SiH4 —+SiH3+H on the
surface. It involves two separate steps: (1) scission of one Si—H bond; (2) formation of two bonds to
SiH3 and H from two surface dangling bonds. The energy barrier, which is calculated to be 9 kcal/mol,

0
occurs in the first step at a distance of 3.6 A from the Si in SiH4 to a Si surface atom with a Si—H bond
aligned with a surface dangling-bond direction. The overall dissociation process SiH4 —+SiH3+H on the
surface is found to be 2.8 eV exothermic. Quantum tunneling is found to play an important role in the
process at room temperature. A symmetrical Eckart potential is used to estimate the quantum tunneling
effect and the reaction probability is calculated to be small (on the order of 10 ) and relatively insensi-
tive to the silane temperature.

I. INTRODUCTION

Although there have been numerous experimental stud-
ies, ' ' the details of Si chemical vapor deposition (CVD)
from silane are not well understood. The processes are
very complex and may involve several steps (1) SiH4
adsorption; (2) Si—Si bond formation; (3) decomposition
and diffusion of SiH„species; and (4) Hz(g) evolution.
Most of the experimental work' ' ' has dealt with the
overall reaction SiH~(g )~Si(s ) +H2(g ), and only in-
direct information is obtained on the mechanism of silane
decomposition. Hirva and Pakkanen, ' in theoretical
work, obtained qualitative estimates of energies for possi-
ble reaction mechanisms of SiH4.

Buss and co-workers' have studied SiH4 adsorption
and Si growth on polycrystalline Si for a wide range of
temperature and flux conditions and have found that the
reactive sticking coefficients (RSC) have non-Arrhenius
temperature dependences and decrease with increasing
Aux at low temperature. They attributed the small RSC
(less than 0.004) to the existence of a potential-energy
barrier in the adsorption of silane on the surface, which
could be surmounted by translational or vibrational ener-
gy of the silane molecules rather than thermal energy
from the surface. They calculated that a silane adsorp-
tion barrier of 4 kcal/mol would account for the low
RSC, i.e., only 0.004 of room-temperature silane mole-
cules have the internal or translational energy above 4
kcal/mol. If this explanation for the low RSC of silane is
valid, then heating the silane should dramatically in-
crease the reaction rate. However, they found that the
effect of heating (unspecified magnitude) is not signi-
ficant.

Recently, (~ates et al. ' studied the mechanism of

silane decomposition directly on Si(111)-(7X7) and
Si(100)-(2X 1) surfaces below 500'C, under ultrahigh
vacuum (UHV) conditions, using static secondary-ion
mass spectrometry (SSIMS) to identify the surface SiH„
species. Based on the finding that the adsorption of
silane on the Si(100)-(2X1) surface produces only SiH3
and H at low temperature, they proposed a model that in-
volves scission of one Si—H bond in SiH4 and formation
of two new bonds to the H and SiH3 fragments from two
dangling bonds on two adjacent surface Si atoms. The
two dangling bonds could be on dimerized atoms, or on
two atoms from two adjacent dimers. Concerning the
very small RSC by a silane molecule (10 on defects,
and less on the average surface), they suggested that the
molecular internal energy is more important than surface
structure effects in controlling the adsorption rate and
that a barrier of 3.3 kcal/mol exists in the adsorption of
silane on single-crystal Si.

The objective of the present work is to look for a possi-
ble energetic pathway for the model proposed by Gates et
al. and to understand the mechanism of silane decompo-
sition on the Si(100)-(2X 1) surface. The quantum-
mechanical study is conducted in the context of a many-
electron theory that permits the accurate computation of
molecule-solid surface interactions at an ab initio
configuration-interaction level. The adsorbate and local
surface region are treated as embedded in the remainder
of the lattice electronic distribution, which is modeled as
a three-layer, 19-Si—plus —21-H cluster. Section II gives a
brief review of the general theory. Section III reports the
results of some related small molecule studies. The re-
sults of the silane decomposition calculations and discus-
sion are presented in Sec. IV and the conclusions are
summarized in Sec. V.
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II. THEORY AND COMPUTATIONAL METHODS

The objective of the theory is to treat the surface re-
gion and adsorbed species with sufhcient accuracy to de-
scribe reaction energetics, while at the same time main-
taining a proper coupling of the surface region to the
bulk. Calculations are performed by first obtaining
self-consistent-field (SCF) solutions for the cluster. The
occupied and virtual orbitals of the SCF solution are then
transformed separately to obtain orbitals spatially local-
ized about the surface atoms. This unitary transforma-
tion of orbitals is based on exchange maximization with
the valence orbitals of atoms belonging to the adsorbate
and local region and is designed to enhance convergence
of the configuration-interaction (CI) expansion. The CI
calculation involves excitation within a 27-electron sub-
space to 24 possible virtual localized orbitals. All
configurations arising from single and double excitations
with an interaction energy greater than 5 X 10 hartrees
with the parent SCF configuration are explicitly retained
in the expansion; contributions of excluded con-
figurations are estimated using second-order perturbation
theory. All the configurations with relative large
coefficients ( &0.06) are taken as parent configurations,
and the CI procedure described above is repeated.

Two silicon basis sets are employed in the calculations:
one is the double-zeta five-term 3s and four-term 3p set
used in Ref. 23 augmented by a set of d functions, and the
other is a five-term T (tetrahedral) basis set. By placing
functions f; (i =1,2, 3,4) along the four tetrahedral
directions, where f; consist of ¹erm primitive Gauss-
ians, it has been proved that the four tetrahedral func-
tions can be used to represent both the 3s and 3p orbitals.
The coefficients in the s and p expansions are derived
from a common function by varying the displacements
and the only constraint is that their exponents be the
same. With the same number of basis functions, calcula-
tions with the T basis are significantly faster than with
the sp basis. Due to the large displacements, the T basis
is not rotationally invariant, but this shortcoming is elim-
inated by placing the lobes in the Si bond directions. The
T basis is used for atoms outside the local region of the
cluster. Atoms in the local region are described by the
double-zeta s and p basis, augmented by a single set of d
functions (with exponent 0.4). The H atoms in the SiH4
molecule are described by a double-zeta basis s,s' and a
single Gaussian p function with an exponent of 0.6. A
four-term basis is used for H atoms that are used to satu-
rate the peripheral silicon atoms of the cluster.

III. BASIS TEST AND SILANE
DECOMPOSITION SIMULATION

In this section, we will consider the reaction of
SiH4+SiH3 —+SiH3+SiH4 to simulate the process of H
transferring from SiH4 to a silicon surface.

Both SiH3 and SiH4 are well-studied molecules.
The SiH3 radical has a pyramidal structure, a roughly
tetrahedral bond angle, and a Si—H bond length of 1.47
A. A similar structure and Si—H bond length are cited
for the SiH4 molecule. Our calculations show that both

SiH3 and SiH4 have a tetrahedral structure and the Si—H
bond length is found to be 1.50 A. In a further test of our
basis set and Si pseudopotential, we compare our calcu-
lated geometries and H dissociation energy of SiH4 with
the results from all-electron calculations using Dunning's
6s/4p basis. The geometries are found to be nearly
identical and the H binding energy at the SCF level
differs by only 0.03 eV.

One important feature we note from the SiH4 molecu-
lar study is that removing a H or replacing a H with a
SiH3 radical in a SiH4 molecule does not appreciably
affect the bond length or geometry of the remaining H
atoms. Thus, during the scission of one Si—H bond in
SiH4, the remaining three Si—H bonds will be fixed at the
tetrahedral bond angle with a bond length of 1.50 A.

Previous calculations have shown that chemisorbed
H on the Si(100) surface has a binding energy of 3.7 eV,
similar to the 3.9-eV SiH bond energy in a SiH4 molecule.
Therefore, it seems reasonable to use a SiH3 radical to
simulate a surface site in the preliminary study. The pro-
cess considered is a simple H transfer between SiH4 and
SiH3, written as

Rsi-~ =
Rsl-sl

Hc

sl-H

~H~

H~

FIG. 1. The process of hydrogen transfer between SiH4 and
SiH3. Rs; ~ is the distance between the transfer hydrogen, H„

C

and the nearest Si atom. Rs; z is the distance between the ter-
a

rninal hydrogens, H„and the nearest Si atom and Os; & is the
angle between Si-H, and the Si-Si bond axis.

H3Si—H, +SiH3~H3Si+H, —SiH3

as depicted in Fig. 1. Since a Si—H bond must be par-
tially broken in order to transfer the H, an energy barrier
likely exists. We consider the activated complex H3Si-
H,—SiH3, with reaction coordinate Si—H,—Si and the
saddle point at the center. Minimization of the energy at
the saddle point with respect to the distance Rs; s; gives
an energy barrier of 9 kcal/mol at Rs; s; =3.6 A. Table I
lists the points calculated, where the optimizations are
also performed for the Si—H bond length and angle. As
expected, the Si—H bond lengths and angle are nearly
identical to that in SiH3. From the very small energy
difference between the eclipsed and staggered form of the
Si2H6 inolecule (with a rotation barrier of only 0.55
kcal/mol), ' we conclude that the activated complex can
rotate essentially freely; therefore, no optimization is
done on the relative orientation of the two SiH3 species.
The basis set and pseudopotential method are also tested
for this reaction for a number of geometries. Compared
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TABLE I. SCF and CI energies of Si2H7 as functions of Rsi s;, Rs; H, Rs; H, and Os; H (shown in

Fig. 1). Energies and distances are in a.u. (One a.u. of length equals 0.529 18 A and one a.u. of energy
equals 27.211 eV or 627.51 kcal/mol).

R si-si

6.6
6.8
7.0

R Si-H
C

3.3
3.4
3.5

bR si

2.9
2.9
2.9

Osi-H
a

54.7
54.7
54.7

EscF

—11.365 03
—11.365 48
—11.364 18

Eci

—11.51490
—11.516 53
—11.515 31

6.8
6.8
6.8
6.8

3.4
3.4
3.4
3.4

2.7
2.8
2.9
3.0

54.7
54.7
54.7
54.7

—11.360 26
—11~ 366 09
—11.365 48
—11.359 71

—11.508 28
—11.517 87
—11.516 53
—11.514 24

6.8
6.8
6.8

3.4
3.4
3.4

2.9
2.9
2.9

49.7
54.7
59.7

—11.362 86
—11.365 48
—11.362 96

—11.515 11
—11.516 53
—11.516 15

6.6
6.8
7.0
7.4

20.0

2.9
2.9
2.9
2.9
2.9

2.9
2.9
2.9
2.9
2.9

54.7
54.7
54.7
54.7
54.7

—11.371 58
—11.376 84
—11.381 36
—11.388 55
—11.400 83

—11.520 70
—11.524 95
—11.528 23
—11.533 01
—11.531 14

'The distance between the transfer hydrogen, H„and the nearest Si atom.
The distance between the terminal hydrogens, H„and the nearest Si atom.

'The angle between Si-H, and the Si—Si bond axis.

with the all-electron results using Dunning's basis, the
difference in the relative energy is found to be within 0.05
eV.

IV. SILANK DECOMPOSITION

The cluster used to simulate the Si(100)-(2X 1) surface
has been developed in previous work. It consists of nine
Si atoms in the surface layer, six in the second layer, and
four in the third layer as shown in Fig. 2. All of the peri-
pheral dangling bonds of the boundary atoms are saturat-
ed by H atoms along the bond direction with a Si—H
bond length of 1.5 A. Previous calculations have found
that the electronic properties of the cluster are not sensi-
tive to the distance between the boundary silicon atoms
and their hydrogen saturators. The three additional H
atoms on the surface plane have slightly different roles.
Besides saturating the surface dangling bonds, they are
used to balance the force on the three surface Si atoms;
these H saturators will move in the x direction (the direc-
tion of Si-Si pairing) accordingly during the surface
reconstruction. The nearest Si-Si distance is taken to be
the bulk bond length of 2.35 A for all the Si atoms in the
cluster. Calculations on this cluster have shown that the
surface atoms will reconstruct to form dirners, and the di-
mer bond length was found to be 2.48 A, which is con-
sistent with other theoretical and experimental work.
The study of H chemisorption on the surface shows that
the adsorption of a single H atom, or H atoms in the
monohydride phase, does not change the surface recon-
struction. Thus, we would not expect interaction of H
with the surface in the silane dissociation process to

change the surface reconstruction appreciably.
There are three characteristic lengths on the Si(100)-

(2X1) surface: Rz 3=5.18 A, R2 &=3.81 A, and R& 2
=2.43 A, where 1, 2, and 5 are the atoms numbered in
Fig. 2. The size (H-H distance) of a SiH4 molecule is
about 2.49 A. Based on size, if the dissociation process
takes place by the interaction of SiH4 with two surface
sites, it would most likely occur above the middle point of
a Si-Si dimer. The Si—H bond direction in the SiH4 rnol-
ecule, however, does not match the surface-dangling-
bond direction, and further, bond formation would re-
quire breaking the dirner. The calculated energy for this
site turns out to be very high, and thus the two-site disso-
ciation process appears unfavorable.

For the one-site dissociation process, the process is
similar to the SiH3+SiH4 study in Sec. III: the activated
complex is taken as H3Si—H,—Si(100) with reaction
coordinate Si—H,—Si. However, there are several possi-
ble differences: (1) the saddle point may not be in the
center since the activated complex is no longer symmetri-
cal; (2) the reaction coordinate Si—H,—Si may not be
linear because of the eff'ect of the surface; and (3) the Si-
H, bond direction is determined by the surface-dangling-
bond direction. In the total-energy calculations, we
de6ne Rs; s;, Rs; H, L9~, 0~, and y, as depicted in Fig. 3.
The calculated energies are reported in Tables II and III.
The saddle point is found at Rsi-H =1.8 A and Rs~-si

0 C=3.6 A, the same as in the H3Si—H—SiH3 transition
state. Table II shows that the energy decreases when the
central H moves away from the saddle point. Using the
harmonic approximation, the imaginary frequency is cal-
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010

(b)

Q18

Q6

—
Qs

O4

5

9 --OH
I

I
I
I
I
I

015

--OH

I

17 12

I

I
I
I

3 --oH

X

R si-si

6.8
6.8
6.8
6.8

bR Si-H

2.9
3.2
3.4
3.6

ESCF

—87.264 39
—87.257 59
—87.256 26
—87.260 01

Ecr
—87.400 07
—87.397 46
—87.395 51
—87.398 56

6.6
6.8
7.0

3.3
3.4
3.5

—87.256 52
—87.256 26
—87.254 11

—87.395 49
—87.395 51
—87.393 31

20.0 17.1 —87.289 27 —87.415 77

'The distance between the Si in the SiH4 molecule and the sur-
face Si atom.
"The distance between the transfer hydrogen, H„and the sur-
face Si atom.

TABLE II. SCF and CI energies of SiH4/Si» as functions of
R s; si and R s; H (shown in Fig. 3). Energies and distances are in
a.u.

FIG. 2. Top view showing the displacement of atoms in the
reconstruction of the Si(100) surface and side view of the recon-
structed surface; Si» cluster model of Si(100). Three H atoms
are bonded to surface Si atom 3, 6, and 9, respectively, to bal-
ance the force on these atoms by simulating the missing surface
atoms. There are 21 additional H saturators that are not shown
here. The open orbitals represent surface dangling bonds and
the shaded orbitals represent contributions to the dimer bond.

e„

culated to be 1817 cm '. All variations of bond angles
relative to both x and y axes from the surface-dangling-
bond direction result in higher energies. We conclude
that the electronic energy barrier, which is calculated to
be 12.6 kcal/mol, occurs at the middle of Si—Si bond
along the surface-dangling-bond direction with
Rs-s 3 6A

Once the H transfers from SiH4 and forms a bond with
the surface atom, the resulting SiH3 radical will experi-
ence a repulsive force and will migrate to another surface
site. Table IV shows that the energy of the system de-
creases when the SiH3 radical moves away from the sur-
face site in the x, y, or z directions. Since SiH3 has a
singly occupied dangling bond, it can easily bind to
another surface dangling bond. Table V reports the re-
sults for reaction at the site shown in Fig. 4. These calcu-
lations are carried out with the Si—H, bond length fixed
at 1.53 A. The energy minimum occurs at R s; s;0=2. 37 A. The overall dissociation process SiH4~
SiH3+H on the surface is found to be 2.8 eV exothermic.

TABLE III. SCF and CI energies of SiH4/Si» as functions of
0„, y, and 0~ (shown in Fig. 3). Energies are in a.u.

rr

Q16

FIG. 3. Silane dissociation process. Rs; s; is the distance be-

tween the Si in the SiH4 molecule and the surface Si atom (num-

bered 5) and Rsi H is the distance between the transfer hydro-

gen, H„and the surface Si atom. O„and 0~ (not shown in the

graph) are the angles of rotation of H, -Si-H3 from the direction
of the surface dangling bond about surface atom 5 clockwise
and into the page, respectively. y„ is the angle of rotation of
SiH3 from the surface-dangling-bond direction around the H,
atom.

50

0'
50

0
0'
0'

0
0
00

fx
pO

pO

00

5'
00

5o

0
0
0

00

00

pO

0
0
p0

20'
10
0'

EscF
—87.255 85
—87.256 26
—87.255 33

—87.254 92
—87.256 26
—87.252 82

—87.254 76
—87.257 67
—87.256 26

Ecr
—87.395 22
—87.395 51
—87.394 44

—87.394 19
—87.395 51
—87.392 00

—87.389 84
—87.392 79
—87.395 51
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TABLE IV. SCF and CI energies of SiH3+H/Si» as func-
tions of SiH3 displacement Ad in the x, y, and z directions, re-
spectively, while the center H, atom binds to surface atom 5
with a bond length of 2.9 a.u. The first row is from the starting
geometry, i.e., Rsi si =6.8 a.u. and Rsi H =2.9 a.u. (see Fig. 3).
Energies and distances are in a.u.

Ecr

/H

z

0.0
0.2
0.2
0.2

—87.264 39
—87.264 51
—87.266 02
—87.267 61

—87.400 07
—87.400 82
—87.402 00
—87.403 06

r

'Q6'

In the comparison of our calculated electronic energy
barrier with the experimental measured value of 4
kcal/mol, several factors should be considered: (1) zero
point vibrational energy; (2) thermal translational and vi-
brational energy; and (3) quantum tunneling. Incorpora-
tion of the zero-point vibrational energy reduces the bar-
rier to 9 kcal/mol. At temperature T, the probability of
finding silane molecules that have internal or vibration-
al energy between E and E+AE can be expressed as
PE =exp( E /k T )b—,E /k T. The transmission
coefficient from quantum tunneling using the symmetri-
cal Eckart potential can be expressed as follows:

TF = [cosh(2an '~
) —1]/[cosh(2an '

)

+cosh(4a —n )]'

where n =E/V, a =2m V/hf, V is the barrier height,
and f is the imaginary frequency at the saddle point.
Thus, the probability of H transfer at temperature T is
the integration of TE over the Boltzmann distribution
PF. The results, log, o(P) vs 1/T, are plotted in Fig. S.
Several features are immediately clear. First, the curve is
not linear and relatively Hat, suggesting that quantum
tunneling plays an important role, especially at low tern-
perature. This would help explain the experimental ob-
servation that the effect of temperature does not change
the reaction rate dramatically. Second, the reaction
probability is very small, possibly on the order of 10
which is within the range of the experimentally measured
RSC of less than 10 . On the other hand, the one-
dimensional Eckart potential has been known to overesti-
mate the tunneling effect, and thus these results are at
best qualitative. We would not speculate on the detailed
comparison with the experimental RSC, which has a
large error and is further complicated by other factors,

FIG. 4. After silane dissociation, the H, binds to a surface
site and the SiH3 radical binds to another site. Rs; si is the dis-
tance between the Si in the SiH3 radical and the surface Si atom
(numbered 6).

especially the surface coverage. Also, the graph shows
that the reaction probability is very sensitive to the bar-
rier height. A 10% change in the barrier height results in
a nearly threefold change in the reaction probability. It
is not clear how accurate our calculated activation bar-
rier is, however, and errors of several kcal/mol are cer-
tainly possible. Furthermore, it is possible that there ex-
ist energetic pathways that have a similar or lower-energy
barrier. To enable reasonable molecular-dynamics calcu-
lations, much more extensive work would be needed to
generate a more extensive energy surface. Only then can
we accurately predict the temperature dependence of the
dissociation rate.

V. SUMMARY

(1) The mechanism of silane decomposition on the
Si(100)-(2X1) surface is investigated in the context of a

—3.00—

—4.00—

~ -450—
bQ0

—5.00—

R si-si Escp Eci

TABLE V. SCF and CI energies of SiH3+H/Si» as a func-
tion of Rsi s;. H, has a SiH bond length of 2.9 a.u. (see Fig. 4).
Energies and distances are in a.u.

—5.50—

—6.00
2.00 2.50 3.00 3.50

1000/T (K )

4.2
44
4.6

—87.380 86
—87.386 96
—87.386 71

—87.511 26
—87.517 69
—87.517 11

FIG. 5. The plot of log&0(P) vs 1/T, where P is the sticking
coefficient and T is the temperature.
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many-electron theory that permits the accurate computa-
tion of molecule-solid surface interactions at an ab initio
configuration-interaction level. The adsorbate and local
surface region are treated as embedded in the remainder
of the lattice electronic distribution, which is modeled as
a three-layer, 19-Si—plus —21-H cluster.

(2) The reaction SiH~~SiH3+H on the surface may
involve two separate steps: (i) scission of one Si—H
bond; (ii) formation of two new bonds to SiH3 and H
from two surface dangling bonds. The energy barrier,
which is calculated to be 9 kcal/mol (including the zero
vibrational energy correction), occurs in the first step
with a Si—H bond aligned with the surface dangling
bond at Rs;s;=3.6 A. The overall dissociation process
SiH4 —+SiH3+H on the surface is found to be 2.8 eV ex-
othermic.

(3) Quantum tunneling is found to play an important
role, and may dominate the dissociation process at room
temperature. A symmetrical Eckart potential is used to
estimate the quantum tunneling e6'ect and the reaction
probability is calculated to be small (possibly on the order
of 10 ) and relatively insensitive to the silane tempera-
ture.
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