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ABSTRACT

The interaction of chlorosilanes and the silicon surface is an important part of reaction processes, such as hy-
drochlorination and chemical vapor deposition, involved in the production of high purity silicon. We used plane-
wave based density functional theory (DFT) to investigate periodic slabs of the Si(100)-c(4 x 2) surface for
adsorption of H,, HCl, SiCl,, dichlorosilane (SiH,Cl, or DCS), trichlorosilane (SiHCl; or TCS) and silicon tet-
rachloride (SiCly or STC). The effects of surface coverage, molecule orientation, adsorption site and multiple
molecule adsorption were studied. All the molecules could undergo dissociative chemisorption in the right or-
ientation and site placement, with HCl and SiCl, possessing the strongest binding energies. The H, molecule
preferred lower coverage, the HCl molecule was not much affected by coverage while the SiCl, molecule strongly
preferred higher coverage and the STC molecule was affected negatively by both too high or low coverage. The
elementary steps leading to transfer of surface crystal silicon atoms to gas phase molecules as part of the
chlorination or hydrochlorination process were then looked at through reaction pathway analysis. The formation
of SiCl, from a surface dimer Si atom was found to prefer an intradimer route with a reaction barrier of 3.62 eV
(83.48 kcal/mol), going down to 3.10 eV (71.49 kcal/mol) after removal of the first surface Si atom. The sub-
sequent formation of TCS from this SiCl, was found to have reaction barrier of 1.07 eV (24.68 kcal/mol). STC
could also be formed from this SiCl, molecule with a reaction barrier of 2.86 eV (65.95 kcal/mol).

1. Introduction

High purity silicon is essential for the production of both micro-

solid silicon surface [3]. Understanding the chemical interactions and
reaction mechanisms of this system can help to improve modeling and
optimization of the silicon refining process. Ab initio techniques provide

electronics and photo-voltaic (PV) solar cells. The strong recent growth
in PV deployment and high expected future growth [1] has resulted in
increased research focus on the manufacture of solar grade silicon in
order to decrease costs and improve output. Metallurgical grade silicon
(MG-Si), which has been obtained after ore processing, is typically
further refined into solar grade (or the more stringent electronic grade)
silicon through chemical processes in a number of energy intensive
steps.

The majority of the world’s solar grade silicon is produced by the
Siemens process or its variants [2], which involves conversion of MG-Si
to gaseous silicon based compounds which are distilled and then turned
back to solid silicon through chemical vapor deposition (CVD). Both the
first and last steps involve a two-phase chemically reactive system
mostly consisting of chlorosilanes and hydrogen in the gas phase and a

an ideal tool to study this complex system for which there is still no
consensus on the number and nature of elementary reactions.

The intermediate silicon compound used in the traditional Siemens
process is trichlorosilane (SiHCl3 or TCS). This is typically produced
from MG-Si by treatment with HCl (often known as chlorination in
industry) or silicon tetrachloride (SiCl4 or STC) and H, (known as hy-
drochlorination), where the latter two produce HCI through a gas phase
reaction:

SiCly(g) + Hy(g) — SiHCly(g) + HCl(g) @

The classic surface TCS production reaction is regarded as the fol-
lowing:

Si(s) + 3HCI(g) — SiHCL(g) + Hy(g) (2)

The reverse reactions happen during the CVD process, although
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under different operating conditions. Looking at the above two sim-
plistic reactions, one can speculate about the presence of other addi-
tional chemical species and reactions. Indeed, dozens of such elemen-
tary reactions and compounds involving the Si, Cl and H atoms have
been proposed to be present in the gas phase for this system during
CVD. Theoretical first principles based computational studies have
taken the lead in such investigations as these techniques can easily
study reactions which are difficult to isolate experimentally, are present
in low proportion or consist of transient or fast reacting species.

Most papers focused on gas phase reactions in order to find en-
thalpies of formation and kinetic rate constants. These studies used
quantum chemistry Gaussian-n composite methods involving Mgller-
Plesset (MP) perturbation theory and transition state or canonical
variational transition state theory. An early study by Su et al. [4] stu-
died thermal decomposition of monosilanes such as TCS and STC and
obtained rate constants. Swihart and Carr continued the same thermal
decomposition study with chlorinated disilanes [5] and followed up by
looking at the thermal decomposition of TCS, dichlorosilane (SiH,Cl, or
DCS) and SiH3Cl in hydrogen [6]. Several similar studies dealing with
various decomposition reactions of silanes and chlorosilanes or their
reactions with Cl, H or H, were also conducted [7-18].

In terms of forming a comprehensive reaction network with a large
number of elementary reactions for the gas phase, Swihart and Carr [6]
created a scheme of 39 elementary reactions using 20 different species.
Ravasio et al. [19] came up with a 26 reaction and 16 species model,
incorporating Swihart and Carr’s disilane based mechanism with their
own proposed radical chain mechanism. The most extensive network of
reactions was proposed by Ran et al. [20], where the G3B3 method was
used to study kinetics parameters for 117 reactions formed from 20
chemical species. Dkhissi et al. [21] compared DFT and composite
quantum chemistry methods for compounds in a Si-Zn system where
liquid Zn is used to reduce STC directly to Si(s).

There are very few computational atomic studies looking at gas-
surface interactions and surface reactions. Due to the more expensive
nature of modeling surfaces, these studies used density functional
theory (DFT) but with atomic orbital basis sets which approximate
surfaces as clusters of atoms. Hall et al. [22] had an early study looking
at dissociative adsorption of multiple chlorosilanes (including TCS, DCS
and SiH5Cl) on the Si(100)-2 x 1 surface, predicting that DCS and TCS
prefer to adsorb through Si—Cl bond cleavage rather than Si—H clea-
vage. DCS was found to have the lowest adsorption barrier and STC the
highest (over three times higher). However, they only modeled a single
dimer cluster consisting of 9 silicon atoms which differs significantly
from a continuous surface.

Barbato and Cavallotti [23] looked at H, adsorption and desorption
and H diffusion on a 7 seven layer 60-61 Si atom cluster (Si(100)-2 X 1
surface), with the latter two being conducted on both partially and fully
hydrogenated surfaces. This involved studying 2H, 3H and 4H inter-
dimer, an intradimer and two inter row (1H and 2H) desorption me-
chanisms (with xH representing the number of adsorbed H atoms on a
pair of parallel dimers). The 1H inter row mechanism was found to have
lowest activation energy. Cavalotti [24] also studied the Si(100)-2 x 1
surface for desorption of H, and HCI on 4 layer clusters of varying sizes
up to 60 Si atoms. The 4H, 2H and intradimer mechanisms were tested
for both species with 4H most favorable for H, and intradimer most
favorable for HCI.

Kunioshi et al. [25] looked at adsorption and desorption of H, and
HCI on the Si(100)-2 x 1 surface with 4 layer clusters. They varied the
size of clusters by the number of dimers (the largest cluster having six
dimers), investigating parallel and adjacent dimers and found that
parallel clusters were needed to give converged adsorption energies.
They found H, adsorption proceeds through intradimer mechanism
while desorption might occur by 3H or 4H mechanisms. HCl adsorption
had almost zero or negative barriers and desorption proceeded through
intradimer mechanism. Anzai et al. [26] looked at SiCl, adsorption,
desorption and diffusion on the same cluster system. They looked at
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both interdimer and intradimer sites and multiple molecule adsorption
adjacent to each other. They did not find dissociative adsorption of
SiCl, as had been predicted in some earlier silicon epitaxial growth
kinetic models.

Beyond adsorption, two key processes which form part of reaction
(2) are the removal of bulk silicon atoms from the solid surface (in
effect etching the surface) and formation of TCS on the surface before
its desorption. The mechanisms for these steps have not been much
studied by simulations. Valente et al. [27] came up with a set of surface
reactions, including two involving bulk Si atoms. They relied on pre-
vious studies and their own work by which they gathered kinetic
parameters based on collision theory, experimental data fitting and
semi-empirical methods. They claimed to verify the most relevant re-
actions through quantum chemistry calculations using first semi-em-
pirical methods such as PM3 and then DFT, while specifically men-
tioning only the HCI desorption reaction (studied through PM3). Their
two bulk Si atom reactions have activation energies derived from the
experimental work of Gupta et al. [28] and do not seem to have had any
further ab initio calculations applied as their energies are exactly the
same as the experimental values and identical for both reactions. Fur-
thermore, the experimental value supplied by Gupta et al. is derived
from SiCl, desorption following earlier adsorption and saturation of the
surface by STC. Hence, there do not appear to be any simulation of
reactions involving bulk silicon atoms and surface etching in the lit-
erature.

The Si(100) surface is well known to undergo surface reconstruction
whereby undercoordinated surface Si atoms join together in pairs to
form dimers. Several dimer reconstructions have been theorized and
observed, although there is some debate about the nature of experi-
mentally observed reconstructions at different temperatures or fre-
quency of occurrence. Some might be misidentified due to artifacts
introduced by the electron microscopy equipment or flipping of dimers
[29]. Regardless, the symmetric p(2 X 1) and buckled c(4 X 2) re-
constructions have been regarded as having the lowest energies which
differ very little in value. Different computational techniques have ei-
ther suggested the symmetric or buckled dimers as more stable, al-
though higher accuracy techniques better at dealing with electron
correlation effects predict buckled dimers as more stable [30]. Guo
et al. [29] have recently provided theoretical simulations which support
experimental evidence that the c(4 X 2) reconstruction is the most
dominant and stable (resistant to dimer flipping) at room temperature.

As pointed out earlier, the few ab initio surface simulations of the
chlorosilanes based system for TCS formation from solid silicon were
conducted using clusters which do not simulate continuous surfaces. As
this crystalline structure is one of the key characteristics differentiating
a surface from molecules in the gas phase, it is important to use a
computational technique which can capture its long range effects. Plane
wave based DFT is ideally suited for such a task as it simulates periodic
slabs with unbroken surfaces and can handle larger numbers of atoms.
Hence, this study aimed to look at the interaction of chlorosilane spe-
cies with the Si100 c4 X 2 reconstruction using a periodic slab model.
The adsorption of multiple species (H,, HCl, DCS, TCS, STC and SiCl,)
was investigated in a single study at the same level of theory while
including the effects of surface coverage. Subsequently, the formation
of surface TCS and STC from bulk Si atoms was found through two
elementary reactions steps along with their activation energies, which
we believe is the first ab initio study of such reactions in the literature.

2. Methodology

The simulations were performed using plane wave based DFT as
implemented in the Quantum Espresso software [31]. Interactions be-
tween the valence electrons and the ionic core were represented by the
projector augmented wave (PAW) [32] method with Perdew-Burke-
Ernzerhof (PBE) formulation [33]. Kinetic energy cutoffs of 680 eV (50
Ry) and 3400 eV (250 Ry) were used for the wave functions and the
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charge density, respectively. Brillouin zone integrations were per-
formed using a Monkhorst-Pack [34] grid of 2x 4x 1 k-points and all
calculations were non spin polarized. A vacuum layer of 15 A, based on
iterative testing, was added to avoid interaction between periodic sur-
face images. Each slab was 7 layers thick with the bottom of the slab
being hydrogen terminated. The structures were relaxed using a Da-
vidson minimization algorithm until the magnitude of the residual
Hellman-Feynman force on each atom was less than 0.025 eV A .

The evaluation of minimum energy reaction paths (MEPs) and
transition states (TS) was performed using the climbing image nudged
elastic-band (CI-NEB) method [35-37]. Each pathway was sampled
with a minimum of five images. Finite temperature analysis of certain
systems at 873 K was conducted through ab initio molecular dynamics
(AIMD) on the Born-Oppenheimer surface which maintained tem-
perature through the Andersen thermostat. A time step of 1.0 fs was
employed for the AIMD runs, wherein Brillouin zone integrations were
performed on the same grid of 2x 4x 1k-points. Zero-point energy
corrections and Helmholtz free energies were calculated using the
harmonic limit model as implemented in the atomic simulation en-
vironment (ASE) software package [38].

The basic supercell used for all simulations, except those using
larger supercells for coverage studies, is shown in Fig. 1. This can be
regarded as a unit cell which contains the four dimers required to define
a c(4 X 2) reconstruction on the Si(100) surface.
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Table 1
Adsorption energies (eV) for single molecules (H,, HCI, SiCl,, DCS, TCS and
STC) on the Si(100) c(4 x 2) surface for various sites.

Site H, HCl SiCl, DCS TCS STC

Top -1.829 -2478 —1.383 (Il to -1.744 -1.764 —1.794

surf.)

Mid 0.010 —0.152 -1.369 -0.036 —0.005 -0.016
Interdimer  0.010 —2.960 -1.972 - - -
Intradimer - - —2114 (L to - - -

surf.)

3. Results and discussion
3.1. Single molecule surface interaction

Each molecule was first tested for adsorption by placement at two
sites over the surface and allowing for structural relaxation (see Fig. 1
for sites). The ‘top’ site corresponded to being placed over a dimer and
placed molecules closer to the surface Si atom with the most exposed
charge available for interaction (the atom in each dimer furthest from
the bulk structure). The ‘mid’ site corresponded to being placed equi-
distant from all four dimers over a region directly exposed to the second
layer under the surface. Depending on the results and nature of the
adsorbent molecule, subsequent sites or orientations (such as intra and
interdimer) were then tested. The resulting adsorption energies are

(b)

side

Fig. 1. Front (a), side (b) and top (c) views of the supercell used for all simulations (other than low surface coverage tests). This is the smallest sized cell containing all
four dimers required to reproduce the c(4 X 2) reconstruction. Blue atoms are Si and red atoms are H. The ‘t’ (top) and ‘m’ (mid) labels indicate sites for molecule

placement.
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presented in Table 1. All atoms below the third layer of the surface were
frozen during relaxation to simulate effects of a bulk structure. Note
that the adsorption energy simulations did not test any adsorption
barrier which may exist to bring molecules from free gas like state (for
instance over 5 A away) to the surface, but rather what occurs if the
intact molecule is placed within 2.0 A of the surface. After finding the
best adsorption site of each molecule, the adsorption barrier from gas
phase was calculated using CI-NEB and is presented in Table 3.

The adsorption (or binding) energy of a molecule on the surface was
calculated as:

AEqds = Egor — Epare — Eads 3

where E;y; (Epqre) are the energy of the slab with (without) adsorbate and
E,q is the energy of the isolated adsorbate species calculated in the same
supercell. Hence, a negative AE4; indicates stable adsorption whereas a
positive value indicates unstable adsorption, with a more negative
value indicating more favorable adsorption.

Both H, and HCI, diatomic molecules having the same geometry,
strongly adsorbed over the top site where they had been placed parallel
to the underlying dimer, with HCI being more favorable by a significant
margin. In fact, both of these molecules underwent intradimer dis-
sociative chemisorption with no energy barrier as can be seen in Fig. 2.
In contrast, Cavallotti [24] and Kunioshi et al. [25] found that H, ad-
sorption has an adsorption barrier of 0.75-0.78 eV, although this de-
creases with larger clusters and a greater number of parallel dimers.
They did find close to zero or slightly negative barriers for HCl ad-
sorption, still far less favorable then the 2.5 eV drop in energy observed
in our simulations. This might hint at the effect of having a continuous
slab, not having nearby H atoms for passivation (which are found even
at top edges for previously simulated clusters versus only bottom of the
slab for our simulations) or the stabilizing effect of nearby periodic
molecules (although as the next sections shows, increasing the distance
to nearby molecules does not affect binding energies much for these
two molecules). Another factor may be the use of different functionals,
as the previous studies used B3LYP hybrid functionals, with Cavallotti
pointing out that the plane wave PW91 functional can underestimate
reaction energies by 0.43 eV compared to B3LYP (though B3LYP has
been found to degrade in formation energy prediction with increasing
system size [39]). Furthermore, different possible starting positions of
the molecules might have been used. The previous simulations might
have started from an energy well which was separated from the surface
by a larger barrier, possibly due to a larger distance from the surface.

Dissociation did not take place for the ‘mid’ site tests, where the HCL
molecule was physisorbed (with a low binding energy) and the H,
molecule did not show any preference for adsorption as it moved away
from the surface during relaxation. This difference could be due to the
smaller radius of the H atom in comparison to the Cl atom, leading to
less likely and weaker interaction with surrounding Si surface atoms as
well the fact that the HCl molecule is far more polar. The molecules
were also tested for interdimer adsorption by placing them between two

(a)

(b)
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parallel dimers, perpendicular to each dimer. The H, molecule again
moved away from the surface while the HCl molecule had an even
stronger dissociative adsorption energy than for the intradimer me-
chanism of the ‘top’ site. The interdimer adsorption (Fig. 2(c)) might
produce a more stable system as each adsorbed atom has two adjacent
adsorbed atoms on the parallel dimers on either side. Cavallotti [24]
also reported activation barriers for interdimer adsorption of both
molecules, with HCl being more favorable (having barriers varying
from 0.09 eV to 0.35 for 4H and 2H interdimer mechanisms).

The SiCl, molecule is theorized to play an intermediate species role
in most proposed mechanisms and is a natural (and relatively stable)
sub-unit of the larger 5 atom molecules common in the reacting system.
Adsorption energies for the four tested configurations are shown in
Table 1, where each of them underwent chemisorption. Such strong
interaction is explained by the under-coordinated nature of the mole-
cule where the Si atom has two bonds compared to its preferred four
bond arrangement. The molecule was fist placed in the ‘top’ and ‘mid’
positions in an orientation where it was parallel to the surface and
dissociatively adsorbed by interdimer mechanism (splitting across two
parallel dimers) for both cases (See Supporting Information (SI) for a
more detailed geometry). The SiCl, molecule was next tested by pla-
cement at the ‘top’ position perpendicular to the dimer (Fig. 3(a))
where it retained it’s integrity and orientation while forming bonds
with each of the dimer’s two atoms in a triangle intradimer config-
uration (Fig. 3(b) and (c)). This geometry and a somewhat close (no
barrier) adsorption value of 1.839 eV was also obtained by Anzai et al.
[26]. Finally, the molecule was placed between two parallel dimers,
perpendicular to each dimer and the surface, to test adsorption from an
interdimer position. The molecule again retained its integrety and
formed bonds to two surface silicon atoms similar to the intradimer
position, though with a different orientation. Note that Anzai et al.
claim that SiCl, does not adsorb dissociatively as has been proposed in
certain recent kinetic schemes. However, our results show that if SiCl,
approaches the surface at the right orientation (parallel to the surface),
it can indeed dissociate into SiCl and Cl. The charge density difference
plot and PDOS for intradimer adsorption (the strongest binding energy)
is show in in Fig. 3(d) and (e), demonstrating a strong covalent char-
acter as there is no clear charge polarization between atoms and there is
overlap between atomic orbital occupancies of all atoms.

The DCS, TCS and STC molecules have fully coordinated (fourfold)
Si atoms in their centers, resulting in more stable molecules. As such,
these molecules usually remained intact and moved away from the
surface during relaxation with positive or barely negative binding en-
ergies for both ‘mid’ and ‘top’ sites. However, when the molecules were
orientated to have the center silicon atom directly above a silicon atom
in a dimer pair with a chlorine atom over the other silicon atom of the
dimer, and placed close to the surface (around 2.5 A), they underwent
dissociative chemisorption (Fig. 4). This proceeded by Si—Cl bond
cleavage in the molecule, which was reported by Hall et al. [22] to be
the lowest barrier dissociation route and the motivation for orienting a

/

l

Fig. 2. Dissociative intradimer adsorption of (a) H, and (b) HCl over a dimer at the ‘top’ site. Dissociative interdimer adsorption of HCI (c) over two parallel dimers.

Blue atoms are Si, yellow are Cl and red are H.
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Si—Cl bond from each molecule directly above the dimer. The resulting
strong adsorption energies (see Table 1) were all similar in value (with
STC being most favorable for adsorption) but still weaker than those for
all the smaller tested molecules. This dissociative adsorption ability of
the STC molecule was then tested for finite temperature conditions
through AIMD at 873K where it indeed dissociated and split after
1.24 ps, indicating a spontaneous reaction (see SI for geometry).

3.2. Surface coverage and multiple molecule adsorption

The effect of surface coverage, the fraction of surface sites covered
with adsorbates, relates to the distance between adjacent adsorbed
molecules. For lower coverage, the original supercell was doubled in
size along the narrower dimension (the side edge in Fig. 1), effectively
halving surface coverage for a single molecule adsorbed at the same
position used for previous simulations (see Fig. 5). This had an addi-
tional impact of increasing the distance between periodic molecule

(a) (b)
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Fig. 3. Intradimer adsorption of SiCl, at
the ‘top’ site. Initial orientation (per-
pendicular to surface) of SiCl, molecule
(a). Final adsorbed state, front (b) and
side (c) views. The charge density dif-
ference (d) and PDOS (e) are re-
presentative of typical strong covalent
bonding and charge sharing. For the
PDOS, green regions indicate charge
loss while brown indicates charge gain.

(d)

images along the side edge which had been previously separated by
about 8 A (compared to around 15 A along the front edge) and could
have been a source of molecular interaction and stabilization. The now
doubled supercell resulted in periodic molecule images being separated
by a distance of at least around 15 A in each direction, which should
have resulted in almost no interaction effects as this was also the va-
cuum spacing over the slab. Note if each dimer is regarded as an ad-
sorption site for a molecule, then full coverage would have a molecule
adsorbed on each dimer.

For lower surface coverage, the ‘top’ site was tested again for each of
the three molecules which adsorbed regardless of orientation (H,, HCl
and SiCl,) and STC (to represent the larger molecules and as the mo-
lecule of most interest to adsorb as part of the hydrochorination pro-
cess). The adsorption energies are given in Table 2. The energies for H,
and HCI were barely changed from the smaller supercell results, being
slightly more favorable, and both dissociatively adsorbed into the same
geometry. This removes the possibility of periodic molecular image

(@

Fig. 4. Adsorption of the larger five atom molecules at the ‘top’ site. Initial orientation required to produce dissociative chemisorption for each molecule (a) (STC

shown as example). Final adsorbed state of STC (b), DCS (c) and TCS (d).
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Fig. 5. The increased size supercell used to test low coverage effects, top view.
The original supercell has been doubled in size along the side edge in Fig. 1,
with 8 surface dimers now present. The length along the front edge and the
depth remain the same. This effectively halves surface coverage when single
molecules are adsorbed.

Table 2

Adsorption energies (eV) of molecules over ‘top’ site dimers for varying surface
coverages. The lowest surface coverage is provided by doubling the original
supercell while increased coverage is provided by adsorbing additional mole-
cules in the original supercell. Each surface dimer is regarded as a single ad-
sorption site with full coverage defined as one molecule adsorbed per dimer.

No. of molecules Coverage New molecule Average per molecule
H»
1 (double cell) 0.125 —1.853 -1.853
1 0.25 -1.829 -1.829
2 0.50 —0.008 —-0.918
HCl
1 (double cell) 0.125 —2.503 —2.503
1 0.25 —2.478 —2.478
2 0.50 —2.515 —2.497
3 0.75 —2.567 —2.520
4 1.00 —2.495 —2.514
SiCl,
1 (double cell) 0.125 —-0.970 —-0.970
1 0.25 —1.383 —1.383
2 (intradimer) 0.50 —2.876 -2.130
2 (new clean surf.) 0.50 - -2.715
STC
1 (double cell) 0.125 —1.475 —1.475
1 0.25 —-1.794 —-1.794
2 0.50 -0.917 —1.355

interaction being a cause for the stronger adsorption in our results in
comparison to cluster based studies.

The SiCl, molecule did present a change in adsorption energy, al-
though it still displays chemisorption, and does not dissociate as in the
smaller supercell results. Instead the molecule rotates from its initial
parallel orientation to adsorb to a single Si dimer atom at an orientation
between parallel and perpendicular to the surface. This indicates that
the adjacent periodic SiCl, molecules in the original supercell did help
stabilize the dissociation. The STC molecule also saw a decrease in

129
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adsorption energy, similarly indicating stabilization effects, but did still
undergo dissociation into the same geometries.

Higher surface coverage was tested next by adding a second mole-
cule to the original supercell over a similar ‘top’ type site (with a total of
four dimers and hence four ‘top’ sites available in the supercell), ef-
fectively doubling surface coverage. This molecule was placed over the
dimer in the corner of the supercell opposite to which the first molecule
had been placed, thus helping to keep maximum separation between
adsorbed molecules. For H,, the second molecule did not dissociate and
moved away from the surface to end up with a slightly negative binding
energy. This clearly shows the H, molecule does not have very strong
interactions with surface atoms or molecules further away. In fact, the
presence of other H, molecules seems to be not beneficial as adsorption
energies decrease with increasing coverage (Table 2). Additional mo-
lecules did not produce negative binding energies.

For HCI, the second molecule also dissociatively adsorbed in the
same manner as the first, with roughly the same but slightly more fa-
vorable adsorption energy (Table 2). Subsequent molecules were added
until all four dimers had dissociatively adsorbed molecules (see
Fig. 6(a)), producing a coverage four times higher than the original
simulation in Section 3.1. The adsorption energy of each additional
molecule hardly changed, resulting in a mostly steady average ad-
sorption energy per molecule of HCI, staying within 0.1eV of each
other. There was no obvious pattern in energy change with additional
molecules as adsorption energies first decreased and then increased,
although all multiple adsorption energies were slightly more favorable
than a single molecule. The seemingly spontaneous nature of the HCI
molecule dissociations was tested for finite temperature conditions
through AIMD at 873K where it indeed dissociated and split after
0.25 ps, indicating a spontaneous reaction (see SI for geometry). The
charge density difference plot and PDOS for the fourth molecule ad-
sorption is show in Fig. 6(b) and (c). The charge density difference is
between the final adsorbed state and an initial state where the HCl
molecule was hovering over the site, showing that most of the charge of
the adsorbed atoms was from their original molecule (with a slight
amount moving from the dimer bond towards the adsorbed atoms). The
previous adsorbed atoms show typical covalent bond character as there
is no clear charge polarization between atoms. The PDOS further con-
firms the strong covalent nature of bonds due to overlap between
atomic orbital occupancies of all atoms.

The SiCl, molecule presented a more complex situation for multiple
molecule adsorption as it had more orientation possibilities. The five
different higher coverage configurations tested are described in detail
in terms of energies and their complex geometries in the SI while the
two strongest binding configurations are presented in Table 2. The
addition of a second molecule through intradimer adsorption led to
much stronger binding energies, once again hinting at the strong sta-
bilization effects for the SiCl, molecule (all tested configurations pro-
duced stronger average binding energies after adding a second mole-
cule). However, the addition of two new molecules simultaneously on a
clean surface (placed adjacent to each other on two parallel dimers)
produced an even stronger average binding energy, in fact the strongest
of all coverage simulations. This likely results from the strong interac-
tion and arrangement the two molecules were able to undergo, some-
thing not possible if an earlier molecule had adsorbed as that would
have rotated to present a geometry not allowing the same approach of a
second molecule onto a parallel dimer.

Finally, a second STC molecule was able to dissociatively adsorb on
the dimer in the opposite corner from the first (other dimers could not
be tested due to geometric constraints, as can be seen in SI). The ad-
sorption of the second molecule was markedly less favorable, having
half the strength of the first (Table 2), although average adsorption
energy did not decrease by much. This is likely related to the fact that
the large SiCls clusters from both molecules underwent rotation and
positional adjustment in relation to each other, hinting at a strong in-
teraction between the two and settling into a shared low energy
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Fig. 6. The dissociative adsorption of
four HCl molecules (a) on all available
surface dimers, representing the max-
imum surface coverage obtained in this
study. The charge density difference (b)
and PDOS (c) are representative of ty-
pical strong covalent bonding. For the
PDOS, green regions indicate charge
loss while brown indicates charge gain.
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configuration.

3.3. SiCl, formation from surface silicon

The primary purpose of silicon hydrochlorination is to remove si-
licon from the solid phase to gas phase. A straightforward route would
be for surface Si(s) to become part of an adsorbed species which travels
to the gas phase through desorption. According to reaction (2), the
eventual molecule which desorbs to gas phase is TCS. However, direct
movement of a Si atom which is part of the crystalline structure to a
fully formed large molecule like TCS is likely to be very unfavorable.
Rather, it is likely the Si (s) atom becomes part of an intermediate
species before forming part of the TCS molecule. One such likely can-
didate is the SiCl, molecule, which can be formed from the surface Si
atom in a dimer (the dimer Si atoms are most likely candidates by
which the surface would be eroded) and adsorbed Cl atoms. The Cl
atoms themselves would be provided by adsorption of HCI, which as
shown previously, readily attaches to the dimers. The following reac-
tion was then tested through NEB:

2CI* + Si(s) — SiCL “

This was tested through two possible routes, an intradimer me-
chanism where the Cl atoms were adsorbed on the same dimer and an
interdimer mechanism where the two Cl atoms were adsorbed on par-
allel dimers. The configuration of two Cl atoms on the same dimer could
be achieved by two interdimer adsorptions of HCl while two Cl atoms
on parallel dimers could be achieved by intradimer adsorption on the
‘top’ position as shown in Section 3.1. The required rearrangement of
surface atoms could also occur through surface diffusion of atoms. Both
routes were tested with and without the remaining dimer atoms, which
were not participating in the reaction, also having adsorbed atoms to
see any stabilization effects of adsorbate interactions. The presence of
an additional HCl molecule helped for the intradimer route while the
interdimer route preferred no secondary adsorbates.

The intradimer route (Fig. 7) was found to have a lower barrier of
3.62 eV (83.48 kcal/mol) as seen in Table 3 with the highest energy
transition state only slightly higher energy than the final state in which
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the formed SiCl, molecule adsorbed onto the remaining Si atom of the
dimer. The interdimer route was found to have no transition state and
would spontaneously decompose upon convergence and so was not
studied further. Note that the final state of the intradimer route now has
all the five atoms required to form a TCS molecule adsorbed in the same
region. After one SiCl, molecule had been formed, the ability to form a
second SiCl, molecule from a bulk Si atom was tested.

A Si atom from the adjacent parallel dimer was able to form SiCl,
with a lower activation barrier of 3.10 eV (71.49 kcal/mol), although
the reverse reaction had a very small activation barrier (see SI). When
the remaining Si atom of the original dimer was tested, the SiCl, mo-
lecule decomposed into a physisorbed SiCl unit and Cl upon con-
vergence. Note that these barriers were higher than the assumed
2.91 eV (67 kcal/mol) of Valente et al. [27] derived from experimental
desorption of SiCl, by Gupta et al. [28]. The latter’s results were stated
to have an error of + 0.22 (5kcal/mol), bringing the higher range of
their experiment derived barrier to 3.13eV. Hence, our computed
barrier for SiCl, formation after an initial Si atom had been removed
(expected to more closely match the average barrier deduced in ex-
periments as surface atoms are continuously removed) are reasonably
close in matching these earlier experimental derived kinetic para-
meters.

3.4. TCS formation

As discussed in the previous section, TCS formation from a surface
Si (s) atom is likely to proceed through an intermediate species and one
such logical species is SiCl,. The formation reaction is then likely to
occur when all constituent reactants are adsorbed on the surface in
close proximity, most likely on the sites of two parallel dimers. The
intradimer route for SiCl, formation has such a final state with an ad-
sorbed SiCl, molecule over the remaining Si atom of the dimer (which
supplied it’s Si atom) and H and Cl atoms adsorbed on the parallel
dimer (Fig. 7). Hence, this was used as a starting point for studying TCS
formation routes. The most straightforward mechanism involves the Si
atom of the SiCl, forming the center atom of the TCS molecule with the
adsorbed H and Cl simply forming bonds to the Si atom of the SiCl, to
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Fig. 7. Reaction pathway for the formation of a SiCl, molecule from a surface dimer Si (s) atom and two Cl atoms adsorbed on the same dimer in an ‘intradimer’
route. The reaction barrier was found to be 3.67 (84.63 kcal/mol), producing a free energy barrier of 3.62 eV (83.48 kcal/mol). The presence of an adsorbed HCI

molecule on the parallel dimer was found to slightly decrease the barrier.

complete the molecule. The reaction would be represented by the fol-
lowing equation:

SiCLt + CI* + H* — SiHCls 5)

Two possible routes were investigated whereby the SiCl, ap-
proached the H and Cl atoms. The first involved the SiCl, rotating to
have all three atoms in a plane perpendicular to the surface plane and
approaching the mid-point of the adsorbed H and Cl atoms with the Si
atom leading, whereby it would bond with both atoms in place and
have roughly the shape of the fully formed TCS molecule. The second
route involved SiCl, molecule rotating to have all three atoms parallel
to the surface and approach adsorbed H and Cl atoms with Si atom
leading again and would now require the H and Cl atoms to move and
bond to the Si atom to form the TCS molecule shape. The appropiately
rotated SiCl, molecule was supplied as an intermediate image guess for
both pathways in the NEB simulation setup. Upon convergence, both
routes produced the same barrier of 1.07 eV (24.68 kcal/mol), with the
second route’s intermediate image eventually rotating to an

Table 3

intermediate geometry similar to the first route. Therefore, the pathway
for only the first route is provided (Fig. 8) with the second route being
virtually identical with similar transition states. This is quite a low
energy barrier and clearly illustrates that SiCl, formation would be the
limiting reaction in the process of removing surface silicon to gas phase
in the form of TCS.

A direct route from bulk Si to the desorbed TCS molecule was also
tested with initial intermediate images from the above TCS formation
route and with the formed SiCl, molecule (Fig. 9). This direct one-step
path converged to an activation barrier of 4.92 eV (113.46 kcal/mol).
The transition state for this latter path corresponds to one of the images
on the earlier presented SiCl, to TCS path, being the next image after
the transition state on the earlier path. This is not surprising as these
two images are very close in energy in this earlier path (Fig. 7). On the
other hand, if one even simply adds the activation barriers of the se-
parate SiCl, and TCS formation steps then one gets 4.69 eV or 4.64 eV if
adding to the final energy of the SiCl, formation step. This might in-
dicate that the path to final desorbed molecule from initial adsorbed H

Surface reactions with their activation barriers for forwards (E,) and reverse (Eq) directions, reaction energies (AE,,) and free energy activation barrier for the
forward direction at 300 K (F,). Here * denotes a surface site, (g) denotes a molecule away from the surface representing gas phase and (b) denotes bulk phase. All

energies are in eV.

Reaction Eqp Ear AEp Fap
STC ads SiCl4(g) + 2 * — Cl * + SiClyx 0.27 2.14 -1.87 0.0
DCS ads SiH,ClLy(g) + 2 # — Cl * + SiH,Clx 0.0 1.76 -1.76 0.0
TCS ads SiHCl3(g) + 2 * — Cl * + SiHCl* 0.17 1.94 -1.77 0.05
SiCl, from bulk Si (no bulk atoms removed) Si(b) + 2Cl % — SiClys* 3.67 0.11 3.56 3.62
SiCl, from bulk Si (after one bulk atom removed) Si(b) + 2Cl % — SiCly* 3.21 0.01 3.20 3.10
TCS formation from SiCl, SiClp * + Cl * + Hx — SiHClz(g) 1.08 0.22 0.86 1.07
TCS formation direct from bulk Si SiClp * + Cl * + Hx — SiHCl3(g) 5.10 0.60 4.50 4.92

STC formation

SiCl, # + 2Cl % — SiCls(g) 2.87 1.01 1.23 2.86
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Fig. 8. Reaction pathway for the formation of a TCS molecule from SiCl,, H and Cl adsorbed on parallel dimers. The reaction barrier was found to be 1.08 eV
(24.91 kcal/mol), producing a free energy barrier of 1.07 eV (24.68 kcal/mol) at 300 K. The SiCl, had been previously formed from a surface dimer Si (s) atom, Fig. 7.

and Cl atoms is not linear in which case it is not well described by NEB.
Then breaking this path into two steps would help better capture
minimum energy path. As initial and final images were also allowed to
relax, there might also be some states or movement not captured

between the final image of the SiCl, formation step and initial imiage of
the TCS formation step but which were accounted for in the direct one
step path. One can conclude that the barrier to form a desorbed TCS
molecule from a bulk silicon atom is likely between 4.69-4.92 eV with

Fig. 9. Reaction pathway for the direc-

6.00 ] ;

5.00 -

4.00

3.00 -

Energy (eV)

2.00 -

1.00

0.00

|

I tion one-stage formation of a TCS mo-
lecule from a bulk surface dimer Si (s)
atom and two Cl atoms adsorbed on the
same dimer. The activation barrier was
o found to be 5.10eV (117.6 kcal/mol),
producing a free energy barrier of
3 4.92 eV (113.46 kcal/mol) at 300 K. The
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geometries but with lower energies.

0.00

0.20

0.40

0.60

0.80 1.00

Reaction coordinate (arb. units)

132



S. Yadav, C.V. Singh

strong confidence on the upper limit.
3.5. STC formation

The STC molecule can be formed from the TCS molecule by
switching the latter’s H atom with a Cl atom and both molecules have a
similar geometry. The initial state of the TCS formation reaction in the
previous section therefore provides a straightforward starting place for
forming STC if the adsorbed H atom is replaced with an adsorbed Cl.
The formation reaction is then the following:

SiCL; + 2CI* — SiCly (6)

The first route of the TCS formation mechanisms was repeated, with
the same guessed intermediate state having all three atoms of the SiCl,
molecule in a plane perpendicular to the surface. The resulting reaction
pathway (see SI) had an activation barrier of 2.86 eV (65.95 kcal/mol),
significantly higher than the barrier for TCS formation.

4. Current challenges and future research directions

In this study we attempted to find the minimum energy pathways
for SiCl, and TCS molecule formation from bulk silicon atoms.
However, as we noted in comparing the direct one step and indirect
two-step paths for TCS formation, NEB is well suited to studying non-
linear paths and inherently depends on simple interpolations and spe-
cification of final and initial states. A reasonable next step would be to
explore other possible reaction pathways, such as routes with other
intermediate species such as SiH and SiCls, through the use of more
sophisticated techniques such as metadynamics. Furthermore, the
coverage effect studies we conducted can be incorporated into a kinetic
Monte Carlo model to produce more detailed kinetics suitable for use in
analytic models. Similar studies should also be carried out on other
silicon surfaces such as Si(111).

The effect of vacancies and surface defects should also be in-
vestigated, especially as surface dimers are depleted as in the case of
SiCl, formation. We conducted an initial study in this direction when
repeating the SiCl, formation reaction after removal of the first bulk
atom. The energetics of the removal of subsequent Si (s) atoms would
likely be affected, as would adsorption of molecules on the now dis-
torted dimers. Another factor to consider is the use of catalysts for the
chlorination/hydrochlorination system, where atomistic simulations of
such systems have not been carried out. For example, Ding et al. [40]
have proposed a mechanism for CulCl, catalyzed Si hydrochlorination
which can further analyzed through theoretical simulations. Further-
more, MG-Si is known to have several impurities which are also thought
to play a catalytic role and these could be also explored in future stu-
dies.

5. Conclusion

This paper sought to better understand mechanisms of silicon hy-
drochlorination used for the production of high purity silicon for use in
solar photovoltaic or electronic applications. As part of this, we looked
at the interaction of H,, HCI, SiCl,, dichlorosilane (SiH,Cl, or DCS),
trichlorosilane (SiHCl; or TCS) and silicon tetrachloride (SiCl4 or STC)
with the Si(100)-c(4 x 2) surface which is considered the most stable
high temperature reconstruction of the most stable silicon surface.

First, the adsorption ability of single molecules was tested. The two
diatomic molecules, H, and HCl, were found to dissociatively adsorb
when placed directly over surface dimers. The latter was also found to
dissociatively adsorb across two parallel dimers in an interdimer me-
chanism when placed between two parallel dimers. The SiCl, molecule
dissociatively adsorbed between two parallel dimers in an interdimer
mechanism when placed parallel to the surface and over a dimer or in
the space between rows of parallel dimers. The molecule also strongly
adsorbed, without dissociation but with strongest binding energy, when
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placed over the top of a dimer and perpendicular to the surface in an
intradimer mechanism. Similarly, it strongly adsorbed without dis-
sociating when placed between two parallel dimers in an interdimer
mechanism.

The DCS, STC and TCS molecules dissociatively adsorbed through
Si—Cl bond cleavage when placed over a dimer (splitting into a Cl atom
adsorbed to one Si atom of the dimer and the remaining atoms adsorbed
to the other Si atom of the dimer through the molecule’s center Si
atom). They did so with similar binding energies but this only occurred
when the molecules were aligned with their Si—Cl bond parallel and
directly above the dimer and close to the surface; in most other or-
ientations the molecules moved away from the surface.

The effects of surface coverage were considered next by first de-
creasing coverage by doubling of the simulation supercell (the original
supercell consisted of four surface dimers). The H, and HCl molecules
did not display significant changes in binding energies while SiCl, and
STC both decreased in binding energy, indicating that the latter two
experienced stabilization through interaction of neighboring molecules.
The coverage was then increased by adding additional molecules into
the supercell. While a second H, molecule did not adsorb, three addi-
tional HCI molecules could be adsorbed to give complete coverage. This
indicates the HCl molecules are very favorable to adsorb onto the sur-
face and each additional molecule still produced very similar binding
energies, thus indicating that inter-molecular interaction is not a sig-
nificant factor for HCI.

Several configurations of two SiCl, molecules were tested, with a
second molecule always adsorbing with stronger binding energy and
resulting in a more stable system. The most favorable case was found to
be when two SiCl, molecules were each placed over one of two parallel
dimers, whereby the molecules rearranged themselves to form a surface
complex. The addition of a second STC molecule still produced dis-
sociative adsorption with a slight decrease in average binding energy
but no ability to adsorbed additional molecules.

Finally, the removal of surface Si (s) to gas phase as part of the
hyrochlorination reaction was investigated through reaction pathway
analysis. The most favorable path was theorized to occur through SiCl,
as an intermediate species. The formation of SiCl, from a surface dimer
Si (s) atom and adsorbed Cl atoms was found to have a reaction barrier
of 3.62eV (83.48 kcal/mol), going down to 3.10eV (71.49 kcal/mol)
for a subsequent SiCl, formation. The formation of TCS from this SiCl,
and adsorbed H and Cl atoms, where the TCS desorbs from the surface,
was found to have a reaction barrier of 1.07 eV (24.68 kcal/mol). The
formation of STC from this SiCl, was found to have a barrier of 2.86 eV
(65.95 kcal/mol). A direct formation of desorbed TCS from a bulk Si
atom was found to have a barrier of 4.92 eV (113.46 kcal/mol).
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