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Abstract: The adsorption of silicon tetrachloride (STC, SiCly) on the silicon surface is a crucial process
in polysilicon manufacture. However, the underlying mechanism for the adsorption remains highly
uncertain. Here, new dissociative adsorption (DA) reaction pathways involving a flip of a silicon
dimer in the first layer and considering physisorption are identified. Different DA patterns, inter-row
(IR), inter-dimer (ID), and on-dimer (OD), are confirmed by the density functional theory (DFT)
calculations at the PBE-D3(BJ)/TZVP-MOLOPT-GTH level. The stable structures for all minima are
searched by global optimization through the artificial bee colony (ABC) algorithm. Findings reveal
that the parent molecules dissociate first by breaking one Si-Cl bond, following which the resulting
SiClz and Cl fragments are attached to adjacent Si-atom sites. Moreover, dimer flipping significantly
reduces the energy barrier for chemisorption, mainly due to the change in electronic structure that
enhances the interaction of the site with the SiCl; radical. Physisorption may also be accompanied by
dimer flipping to form a stable adsorption structure.

Keywords: dissociative adsorption; silicon tetrachloride; density functional theory; dimer flipping

1. Introduction

Currently, polysilicon, as a raw material for microelectronics and photo-voltaic (PV)
solar cells, has attracted increasing research attention [1]. The majority of polysilicon is pro-
duced by the Siemens process, which involves the conversion of metallurgical grade silicon
(MG-5i) to a compound in the gas phase. Then, trichlorosilane (TCS, SiHCl3), produced
by silicon tetrachloride (STC, SiCly) hydrogenation, is deposited on a heated silicon rod
through chemical vapor deposition (CVD) [2]. The Siemens process involves a two-phase
chemically reactive system [3]. Some relevant reactions in the gas phase have been studied
based on the ab initio calculations and the transition-state theory (TST) [4]. However, the de-
tailed mechanism of STC dissociative adsorption (DA), the first reaction that occurs on the
silicon surface and plays a fundamentally important role in the production of polysilicon,
remains unclear [5].

Silicon crystals have a variety of surfaces, of which the Si(100) surface has been
extensively investigated as a remarkably stable surface [6]. Generally, Si surfaces are prone
to undergo surface reconstruction, in which two undercoordinated adjacent Si atoms on
the surface are joined in pairs to form a dimer [7]. So far, many dimer reconstruction
patterns on the Si(100) surface have been identified and reported. Guo et al [8] performed
energetics and dynamics for four reconstructed Si(100) surfaces at different temperatures
by computations at the level of density functional theory (DFT). Two dimers in the same
row show an attractive effect due to the opposite electron spin direction. In contrast, two
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adjacent and parallel dimers have an apparent repulsive effect due to the same electron
spin direction. Therefore, every four dimers on two adjacent rows easily form a stable
structure, which is the well-known c¢(4x2) reconstruction. The c(4x2) reconstruction
pattern was found to be dominant (50-60% at room temperature) and stable, consistent
with the experiment by Manzano et al. [9]. Therefore, the Si(100)-c(4 x2) surface is taken as
the most appropriate and applicable research object for DA on the silicon surface.

The DA mechanisms of some molecules, such as Hj, [10] Cl,, [11] NH3 [12], and
CH3Br, [13] on the Si(100)-c(4x2) surface have been reported. Three different pathways,
inter-row (IR), inter-dimer (ID), and on-dimer (OD), have been identified to be the major
DA patterns of small molecules [14]. However, only a few studies have been carried out
to study the STC DA on the Si(100) surface. Guo et al. [15] and Gao et al. [16] experimen-
tally investigated electron-stimulated desorption of STC in solution adsorbed on Si(100).
Theoretical simulations can provide the intimate detail of the DA mechanism, which is
extremely hard to obtain by experiment. Tossell [17] and Hall et al. [18] used an artificial
SigHjp model to calculate the equilibrium structures and the binding energies for STC
DA products on the Si(100) surface. The corresponding results and analysis of the SigHj»
cluster may be not convincing, as it needs to be tested to check if this cluster can reflect the
reconstruction of the Si(100) surface. The slab model is more suitable for the simulation of
the DA on the surface due to its consideration of the periodicity and the bulk crystal atoms.
Chan et al. [19] studied the desorption mechanisms of STC on Si(100) by first-principle
DFT calculations with a plane-wave basis set and pseudopotentials. In their calculations,
the dangling Si-Si dimers bonds were saturated by a monolayer of chlorine, which would
alter the characteristic electronic structure of the Si(100) surface significantly. Yadav and
Singh [20] simulated the periodic slabs of the STC adsorption on Si(100)-c(4x2) for the OD
pattern using the projector augmented wave (PAW) method with Perdew—Burke-Ernzerhof
(PBE) formulation, and the minimum energy paths (MEPs) were determined by the climb-
ing image nudged elastic band (CI-NEB) method [21]. One can see that the STC DA on the
5i(100)-c(4 % 2) surface has not been studied thoroughly so far except for that at the OD site.
In addition, no study considers physisorption.

Compared to other surfaces, the Si(100) surface is prone to dimer flipping, which
allows for multiple branches of the adsorption process [13]. Numerous researchers have
reported that the flipping motion plays an important role in absorption dynamics [7].
Hwang [22] reported a dimer flipping mechanism on the 5i(100) surface by DFT calculations.
Hata et al. [23] experimentally measured the energy barrier of 0.7~2.5 kcal/mol for a flip
of a dimer by a statistical analysis of the time trace using scanning tunneling microscopy
(STM). Sweetman et al. [24] revealed that the flipping motion of a dimer was influenced
by both the local and non-local environment. Furthermore, some researchers studied the
effect of dimer flipping on molecular DA. Buehler and Boland [25] were the first to reveal
that the flipping motion could enhance the DA of H; on adjacent Si-Si dimers by STM and
spectroscopy (STS). By STM, Yu et al. [26] observed that dimer flipping caused a change in
the DA selectivity of HyO on the Si(100) surface. Harikumar et al. [27] reported that the
adsorption of 1,5-chloropentane on Si(100) resulted in the flipping of adjacent rows, and
the flipped rows became the best adsorption sites. Therefore, the dimer flipping motion
is also a crucial factor influencing the interactions of STC with the Si(100) surface, yet no
relevant studies have been reported.

In the present work, different STC DA reaction pathways at S5i(100)-c(4 x2) are calcu-
lated using the Gaussian and Plane Waves (GPW) method based on a slab model. Two
new reaction pathways, IR and ID, are found for the STC DA reaction pathways at Si(100)-
c(4x2). Physisorption and dimer flipping are considered. In addition, an explanation
from the perspective of the electronic structure is given for the effect of the dimer flipping
motion on the DA. The interaction between the STC and the Si surface at different paths is
analyzed and the results may open a window to the mechanistic study of DA with Si-Si
dimer flipping. The paper is organized as follows. Section 2 describes the details of the
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electronic structure calculations. The results are presented and discussed in Section 3. A
final summary is given in Section 4.

2. Computational Details

To determine the local minima-energy structures of the interactions between the STC
and Si(100)-c(4x2), the ABCluster program [28] was adopted systematically to generate
the stable structures for all the minima points using the artificial bee colony (ABC) algo-
rithm [29]. Firstly, the ABCluster program generated 100 initial structures. Subsequently,
these structures were optimized using the PBE functional [30] with long-range dispersion
correction proposed by Grimme (i.e., DFT-D3BJ method) [31] as implemented in the CP2K
9.0.1 package [32]. The GPW method [33] was used to describe the interaction between
the ions and the electrons. The TZVP-MOLOPT [34] basis set was chosen to reduce the
basis set superposition errors (BSSE). The core electrons were modeled by the Goedecker—
Teter-Hutter (GTH) pseudopotentials [35] with 1, 4, and 7 valence electrons of H, Si, and Cl,
respectively. The energy threshold of the plane wave was set at 550 Ry. The self-consistent
field (SCF) was calculated by the orbital transformation (OT) method [36]. The conjugate
gradients (CG) minimizer [37] was employed for the optimization of all the stationary
points. The MEPs and TSs evaluations were performed using the CI-NEB method. Each
pathway was determined by sampling with six images. Ultimately, all reactants, TSs,
intermediates (IM), and products of the STC DA were obtained.

The basic supercell used for all simulations is shown in Figure 1. A slab model was
used to model the Si(100)-c(4 x2) surface. The slab comprises five Si layers and a bottom
H-layer. The silicon atoms in the fourth and fifth layers as well as all the hydrogen atoms
were constrained, while atoms in the remaining layers could relax. A vacuum region of
15 A was used to eliminate the periodic image interaction normal to the surface and the
gamma-point approximation was employed for Brillouin Zone integration.

First layer {

Second layer= =—— —

Third layer =—

Fouth layer — [
Fifth layer . — — { / #

Figure 1. Front (a), side (b), and top (c) views of the supercell used for the GPW calculations. Yellow,
white, and cyan circles denote bulk Si, H, and CI atoms, respectively. Black and red circles denote the
outer and inner Si atoms on the first layer of the 5i(100) surface.
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For the calculation results with the slab model, there are significant limitations when
performing electronic structure analysis due to the complexity of the wave function (WFN)
files [38]. Therefore, some studies of surface adsorption employed a combination of slab
and cluster models to yield flexible and diverse electronic structure information [39]. In the
present work, the SiggHyg cluster model (shown in Figure S8) was taken to approximate the
slab model. The cluster model contains three kinds of adsorption sites, their surrounding
atoms, and multiple layers of bulk Si atoms. The single-point calculations at the geometries
optimized by the GPW method were performed at the B3LYP/def2-TZVP level with
the ORCA 5.0.1 package [40] to generate the WEN files. The chain-of-spheres exchange
(COSX) algorithm [41] was employed to speed up the Hartree—Fock (HF) exchange, and
the resolution of the identity (RI) approximation [42] was used to calculate the Coulomb
interaction of the Kohn—-Sham (KS) equation. The electron localization function (ELF) [43],
the Mayer bond order (MBO) [44], the independent gradient model based on Hirshfeld
partition (IGMH) [45], and the interaction region indicator (IRI) [46] were characterized
using the Multiwfn 3.8(dev) package [47].

In order to further verify the structures of the stable points during DA at the IR and
ID sites and the reaction mechanisms, ab initio molecular dynamics (AIMD) was employed.
The MD conditions were imposed by canonical sampling through the velocity rescaling
(CSVR) thermostat [48]. The initial temperature was set at 823 K, the operating temperature
of fluidized beds in the industrial hydrogenation of STC [4]. The MD time step was set as
1 fs. Then, the MD was run according to the microcanonical (NVE) ensemble. Considering
the large size of the slab models, the gamma point was used. The TS1, TS3, TS4, and TS5
(see below) were taken as the initial structures of AIMD to obtain the dynamics trajectories
of the IR and ID reactions. Furthermore, the symmetry of the surface and molecule is
considered in the first principle calculation and MD simulation to save computational costs.

3. Results and Discussion
3.1. Predicting of Si(100)-c(4x2) Adsorption

The wavefunction-based local reactivity of the system was performed to characterize
the electronic structure of the Si(100)-c(4 x2) surface and the STC. The Orbital-Weighted
Dual Descriptor [49] was used in the description of the chemical reactivity considering the
system with (quasi-) degenerate frontier molecular orbitals. Figure 2a depicts the values
and surface of the dual descriptor of Si(100)-c(4x2) surface and the STC. The isosurfaces
of the dual descriptor of Si(100)-c(4 x 2) surface have a spatial distribution consistent with
the symmetry of the surface. The inner Si atoms in the first layer have a clear electrophilic
character (Af,, > 0) while the outer Si atoms are nucleophilic (Af,, < 0). The isosurfaces of
the dual descriptor of STC are depicted in Figure 2b. The isosurfaces are in line with the
symmetry feature of the STC molecule. The nucleophilic properties are mainly located in
the ring regions around the Cl-atoms. This could be an indication of a high electron density
in the ring regions. Hence, it can be inferred that the main contribution to the adsorption
is the interaction between the Cl atoms and the inner Si atoms in the first layer when the
STC is close to the surface. Furthermore, the electrophilic characteristics of STC are not
significant. Therefore, the interaction of sigma-holes of halogen atoms with nucleophilic
sites, the halogen bonds, would not be present in the DA of STC [50].

Based on the results of the dual descriptor, we speculate that the STC DA may occur
on a single dimer or on two adjacent dimers. The schematic of the STC DA mechanism is
shown in Figure 3.



Symmetry 2023, 15, 213

5o0f 14

(b)

Figure 2. Isosurface map of the dual descriptor with isovalue 0.0004 a.u. for (a) 5i(100)-c(4x2) and

(b) STC. Green and blue isosurfaces correspond to positive and negative parts of the dual descriptor,

respectively.
SiCl; 1%
- j— 3-\ DA on one dimer
SiCl,
DA
+ —_—
Si———gj Cl SiCly
\ DA on two dimers

=

Figure 3. The schematic drawing of the DA mechanism.

3.2. DA at IR Sites

There are two distributions of adjacent dimers on the Si(100) surface, IR and ID.
Figure 4 shows the DA reaction paths at the IR site. The energy profiles were calculated for
DA at the IR site, using PBE-D3(B])/TZVP-MOLPOT-GTH. The STC and Si(100)-c(4 x 2) pro-
duce VDW1 without barriers. The VDW1 is -15.6 kcal /mol without zero-point vibrational
energy (ZPVE). All energies hereafter are relative to the separated STC and the surface, if
not specified. The Cl1-Si3 bond length is 3.15 A and the Si1-Si4 bond length is 4.77 A. Other
bond lengths are not significantly different from those in the reactants. VDW1 can undergo
direct DA via TS1 to yield P1. TS1 is located at 12.8 kcal/mol. At the beginning of the DA
process, the covalent interaction between Sil-Cl1 is weakened and the dissociated CI1 is
adsorbed on the Si3 site with the Si1-Cl1 bond length being shortened from 3.06 to 2.74 A,
and the C11-Si3 bond length is reduced to 2.19 A. In addition, the dimer Si2-Si3 flips from
VDWI1 to TS1. Consequently, the Si3 becomes the outer atom, while the Si2 becomes the
inner one. Finally, there is a complete dissociation of the STC into two groups adsorbed at
the IR site and the product P1, with the generation of energy of —49.8 kcal/mol. The bond
strengths of Si1-Si4 and C11-Si3 reduce to 2.35 and 2.09 A, respectively. The spatial position
of Si4 shifts out of the surface and is synchronized with the attachment of the SiCl; radical
at the Si4 site. The bond strength of Si2-Si3 is slightly elongated to 2.4 A. The position
of the flipped Si2 is elevated to the same level as S5i3. VDW1 also can undergo DA after
dimer flipping. IM1 is produced via TS2 with the Si4-5i5 dimer flipping. The energy barrier
relative to VDW]1 for the dimer flipping is 0.7 kcal /mol, consistent with the experimental
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value of 0.7~2.5 kcal/mol [23]. The bond strength of Si1-Si4 is reduced from 4.77 at VDW1
to 4.51 A at IM1. Then, STC dissociates and adsorbs on Si3 and Si4 sites via TS3, located at
0.7 kcal/mol, which is much lower than TS1.

VDW1
2oy

i12.

\
3.15,

%37%/4.77 3
R

% % o156 0 _-149  -154 5
VDW1 TS2 M1
M1 Q TS3
2 0? 2'°4i.iz.aﬁ

i 498
P1

Figure 4. Energy profiles (kcal/mol) of the reaction pathway of STC DA at the IR site as well as the
optimized geometries of the reactant, TSs, IM, and product. All lengths are given in A.

The interaction region indicator (IRI) [46], defined as |Vp(r)|/[o(r)]"! was analyzed
to reveal the interaction region of STC with 5i(100)-c(4 x2) surface. As shown in Figure 5,
there is a significantly large green region between the STC molecule and the surface, an
explicit indication that VDW1, being a product of physisorption, is formed mainly through
van der Waals interaction. The surface sites that show significant interactions with the
Cl1 atom are Si2, Si3, Si8, and Si9. Furthermore, the interactions of Cl1 with Si8 and Si9
are all dispersion interactions (green regions). It is worth noting that the IRI isosurface
between the Cl1 and Si3 is indigo, which reveals the occurrence of stronger adsorption
compared to the green regions due to the mixing of dispersion with electrostatics. The IRI
isosurface between Cl1 and Si2 is brown, which means that the interaction is weak as a
consequence of the significant steric effect. Moreover, the surface sites that have dispersion
interactions with CI2 and Cl4 are Si4, Si6, Si7, Si8, Si9, Si10, Sill, Si12, and Sil3 atoms. There
is a “strange” columnar region directly below the CI2 and Cl13 due to the hybrid effect of
the adsorption of the Si atoms of the third and fourth layers on STC and the interaction
between two dimers of IR sites (e.g., Si6-5i7).

The contribution ratios of different atomic pairs to the physisorption were analyzed
using an independent gradient model based on the Hirshfeld partition (IGMH) [45]. Table 1
shows that consistent with the IRI results, the interaction of C11-5i3 is significantly larger
than all other interactions. The interaction of Si3-5Si7 and Si4-5i9 also plays a non-negligible
contribution to the physisorption process. The weak interaction between the Si4 atom
and other atoms is not very significant, leading to no difference in the energy between
the IM1 with the flipped Si4-Si5 dimer and the VDW1 with the unflipped one. The weak
interactions from other atomic pairs have no significant contributions to the process.

To effectively depict the change in the characteristics of the electronic structure during
the DA process, the ELF and MBO were characterized for the minima and transition states
along the DA pathway. As shown in Figure 6, the ELF values range from 0.0 to 1.0. A
high ELF value is indicative of a high electron localization at that point, and vice versa.
MBO is a quantity often used to analyze the multiplicity and the strength of covalent
bonds. For the direct DA path (R-VDW1-TS1-P1), from reactant to reactant complex, the
Cl1-Si3 MBO value increases from 0.0 to 0.09, an indication of the local concentration of the
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electrons. While there is no apparent covalent bond between ClI1 and Si3, however, there is
a significant electrostatic or induced interaction, consistent with the IRI analysis results.
Meanwhile, the Si2-5i3 MBO value decreases slightly due to the local concentration of the
electrons between Cl1 and Si3. Then, the MBO value of the Cl1-Si3 bond increases from
0.09 to 0.99, and the ELF value in the TS1 location increases from about 0.2 to 0.8, which
suggests that the Cl atoms in the STC form covalent bonds with the inner Si atoms on the
surface during the dissociation of STC. Meanwhile, the MBO value of the Si1-Cl1 decreases
from 1.15 to 0.03, and the corresponding ELF value of 0.9 decreases to 0.0. Moreover, the
MBO and ELF values of Si1-Si4 are almost unchanged in the VDW1 to TS1 process. This
can be attributed to the localization of many electrons above the SiCl3 radical during the
dissociation of STC and the inability of the SiCl; radical to interact with Si4, which has
localized Lewis base properties. This can also explain the fact that the direct DA process
has a high energy barrier. Eventually, the MBO value of 5i1-5i4 increases from 0.01 to
0.93, and that of Si4-Si5 decreases from 1.02 to 0.86. The electron localization in Sil-Si4 is
significantly enhanced due to the gradual downward movement of the locally concentrated
electrons above Sil and the formation of covalent bonds with Si4 after the disintegration of
the Si1-Cl1 bond.

. J\ J\ )
4.'(1>i O_ - Y Y Y
chemical bond notable attraction: vdW notable repulsion:
H-bond, halogen-bond... interaction Steric effect in ring
and cage...

Figure 5. Isosurface map of IRI of VDW1. The Isovalue of IRI is chosen to be 1.0.

Table 1. Percentage contribution of several atoms pairs of VDW1 to the physisorption, obtained by
IGMH analysis.

Pairs Percentage
Cl1-Si3 13.1%
CI3-5i7 8.1%
Cl4-5i9 8.1%
Cl1-Si2 6.7%
CI3-5i11 5.9%
Cl4-5i13 5.9%
CI3-5i4 3.9%
Cl4-Si4 3.9%
Cl1-5i3 13.1%

Regarding the DA process with dimer flipping (VDW1-TS2-IM1-TS3-P1), during the
first reaction step, from VDW1 to IM1, the localized electrons above Si5 migrate gradually
to the vicinity of S5i4 because of the flipping of the Si4-5i5 dimer. Thus, there is evidence to
infer from the ELF results that there is an alteration in the chemical reactivity of Si4, from a
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Lewis acid to a Lewis base, which is more likely to adsorb SiCl; radicals. Meanwhile, the
MBO value of 5i4-5i5 increases from 1.05 to 1.44 due to the increment in electron density.
The MBO and ELF values of 5i1-Cl1, Si2-5i3, and Si1-Si4 are almost unperturbed.

1.0
[ 0.9
:OVS
10.7
20.6
20.5
20.4

0.3
02
0.1

0.0

Figure 6. Mayer bond order (MBO) and two-dimensional electron localization function (ELF) color-
filled maps for the minima and transition states along the pathway of STC DA at the IR site.

To better comprehend how the STC DA changes the molecular orbital energies and
HOMO-LUMO gap, the total densities of states (TDOS) of the surface-adsorbed STC are
shown in Figure 7. The partial densities of states (PDOS) of Sil atom, SiCl; radical, and the
s and p surface orbitals are provided to evaluate their contribution to the TDOS. Figure 7a
shows that the major contribution from the s-basis functions of silicon is due to the low-
lying molecular orbitals (MO) instead of the frontier MOs. Additionally, the STC orbitals
(pink and green curves) are also important components of the low-lying MOs. However, for
the MOs around the Fermi level, the p-basis functions of the surface are the most dominant
composition. The TDOS and PDOS of VDW1 are plotted in Figure 7b. The TDOS of Si(100)
surface after STC physisorption exhibits some changes, which is demonstrated by the
increased DOS in the range from —0.55 to —0.45 a.u. The DOS results give evidence to
infer that the s orbitals on the surface play a significant role in the physisorption, and the
large contribution of the p orbitals is negative for the adsorption. The DOS and PDOS of
IM1 are presented in Figure 7c. Compared to the VDW1 DOS results, the PDOS values
for IM1 are slightly elevated near the range from —0.55 to —0.45 a.u., such that the TDOS
values are significantly higher. Consequently, not only does the hybridization of the SiCl3
and Sil orbitals with the s orbitals of the Si(100) surface lead to physical adsorption, but it
also affects the DA. Finally, the DOS and the PDOS of the P1 are presented in Figure 7d.
The figure shows that after DA, the energy of some SiCl; orbitals is elevated, making the
low-lying DOS curve flat. In all the cases, the contribution from the Cl1 atom is generally
small. Thus, the adsorption of SiCl; dominates the adsorption of STC.

Moreover, the frontier MOs and HOMO-LUMO gaps of the stationary points in the
DA at the IR site are shown in Figure 8. It can be clearly seen that the dimer flipping
significantly narrows the HOMO-LUMO gap. Comparing the HOMO shape of IM1 and
VDW]I, the IR site with a flipped dimer is more likely to adsorb the SiClz radical. These
further explain the lower barrier of the DA after dimer flipping compared to the direct DA.

The MD trajectories of STC DA at the IR site were shown in Movies S1 and S2. The
AIMD results are consistent with the mechanisms that are discussed above.
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Figure 7. Total and partial densities of states (DOS) for Si(100)-c(4x2) with STC absorption.
(a) Si surface; (b) VDW1; (c) IM1; (d) P1.
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Figure 8. The frontier MOs and HOMO-LUMO gaps (kcal /mol) of the stationary points in STC DA

at the IR site.

3.3. DA at ID Sites

The STC DA reaction pathways at the ID site were identified using first-principles
calculations, as shown in Figure 9. On the one hand, VDW2 can be produced through
physisorption without barriers. The single point energy of VDW?2 is —14.0 kcal/mol. Unlike
adsorption at the IR site, the physisorption at the ID site is accompanied by dimer flipping.
The outer Si4 site moves inwards, while the inner Si5 site moves outwards. The length of
the C11-Si2 bond is 3.38 A, and the length of the Si1-5i4 bond is 4.49 A. It can be inferred
that the Cl atom in the STC dominates the adsorption rather than the SiCl; radical. The
STC is not directly above the ID site, but slightly closer to the Si6 site. As the STC gradually
approaches the Si surface, TS4 with a single point energy of —2.8 kcal/mol is formed.
The length of the C11-Si2 bond is reduced to 2.50 A, and the length of the Si1-Cl1 bond is
elongated from 2.05 to 2.19 A. The Si4-Si5 dimer flips again. The length of the Si1-Si4 bond
is reduced to0 3.19 A, and the C11-Si4 bond is elongated from 3.87 to 4.50 A. Eventually, as
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the DA at the IR site, the Si1-Cl1 bond becomes completely broken, with the Cl1 atom and
SiCl; radicals being adsorbed on the Si2 and Si4 sites, respectively. Moreover, the VDW3
may be formed by physisorption. With a dimer flipping, the outer Si6 site moves inwards,
and the inner Si7 site moves outwards. The VDW3 structure is very similar to that of the
VDW2, which leads to their similar single-point energy. However, VDW3 does not interact
significantly with the left site like VDW2. Compared to TS4, there is no dimer flipping in
the TS5. This is principally attributed to the weak interaction between Sil-Si2, rendering it
too weak to counteract the repulsive effect of Si2-Si4. The SiClj radicals in P2 and P3 are
oriented differently due to the different adjacent sites, which are the outer site in P2 and
the inner site in P3. This makes the Si4 in P3 attractive to Sil, but not in P2.

Figure 9. Energy profiles (kcal/mol) of the reaction pathway of STC DA at the ID site.

The IRI results from the IGMH analysis of VDW2 and VDW?3 are presented in Figure S1
of SI. Like the IR site, the physisorption of the ID site is also formed by dispersion. Moreover,
the interaction of the Cl1 atom with the inner site is dominant during the physisorption, as
shown in Tables S1 and S2, respectively. Figures S1 and S2 show that the dimer flipping
results in the formation of significant dispersion interaction of the STC with many of the Si
sites.

The MBO and ELF were performed for the DA at the ID sites. As shown in Figure S3,
the Si4-5i5 dimer flipping makes the electron localization near the 5i5 atom, which also leads
to an increase in the order of the Si4-Si5 bond. From the TS4 results, we can deduce that the
5i4-5i5 dimer underwent a second flip during the DA, which resulted in the localization of
many electrons at the Si4 atom compared to VDW?2. The dimer flipping gives the Si4 the
properties of Lewis acid. While the Si2 atom is adsorbing Cl1, Si4 is also adsorbing SiCl3,
resulting in a lower barrier than other paths. In addition, from the TS5 results, we can infer
that there is no second flip at the 5i2-5i3 dimer, resulting in the ELF value at Si2 being very
low. Thus, it is difficult for the Si2 site to form strong interaction with the SiCl3 radical.
Moreover, the DOS results for the STC DA at ID are shown in Figure S4.

One typical MD trajectory for the reaction at the ID site, VDW2-TS4-P2, was shown
in Movie S3. Clearly, the AIMD results are consistent with the mechanism discussed
above. However, we did not find another reaction (VDW3-TS5-P3) in the MD trajectory
calculations. This is mainly because no dimer flipping occurred at the beginning of the
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reaction, resulting in the Si2 atom where the adsorbed SiCl; radical remains at the inner
site. In addition, C12 and CI3 atoms are too close to the Si2 and Si3 atoms, which may cause
the Si(100) surface to tend to form stronger interactions with the CI atoms in the radical
rather than the Si atom. These findings are consistent with the ELF and IGMH results.

3.4. DA at OD Sites

The DA reaction paths at the IR site are shown in Figure 10. Unlike the adsorption
at the IR and ID sites, neither physisorption nor DA at the OD site is accompanied by
dimer flipping. VDW4 can be produced through physisorption with single point energy
of —8.7 kcal/mol. After a —5.0 kcal/mol transition state, TS6, the Cl1 atom, and the SiCl;
radical are adsorbed onto the Si2 and Si3 atoms, respectively. The barriers for the forward
and reverse directions are 3.7 and 55.4 kcal /mol, which are different from the theoretical
values of 6.2 and 49.3 kcal/mol by Yadav and Singh [20]. One reason is that different GPW
and PAW methods are used. Another reason may be that the current VDW4 structure is
different from that given by Yadav and Singh, [20] which causes the discrepancy in the

CI-NEB results. Ultimately, the P4 product with a single point energy of —60.4 kcal/mol is
generated.

VDW 1
. 2.0
ﬁ.,, ﬁ
S Y. .
. :

-60.4
P4

Figure 10. Energy profiles (kcal/mol) of the reaction pathway of STC DA at OD site.

The IRI results analysis of VDW4 is presented in Figure S5. The IGMH analyses are
shown in Table S3. Compared to VDW1, VDW2, and VDW3, the IRI isosurface region of
VDW4 is smaller and represents fewer surface sites with apparently weak interactions with
STC. This is the main reason for the high energy of VDW4.

Furthermore, the ELF and the MBO results, as shown in Figure S6, indicate that as the
STC approaches the Si surface, the OD site has a significant covalent effect on both the Cl1
atom and the SiCl; radical. This makes the occurrence of DA at the OD site easier than at
the IR and ID sites.

According to the DOS results of DA at the OD site (shown in Figure S7), the SiCl3
orbitals contribute more to DOS compared to DA at other sites in the region from —0.45 to

—0.3 eV, which may explain the easier occurrence of DA at the OD site and the lower P3
energy than the other sites.

4. Conclusions

In this study, we explored and studied all possible absorption sites and DA reaction
pathways of the STC molecule on the Si(100)-c(4 x2) surface by DFT calculations. Two new
pathways, IR and ID, have been successfully derived. The physisorption before DA was

also considered and analyzed. In addition, we found a new mechanism for STC DA, which
involves a flip of a silicon dimer of the Si surface.
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An innovative determination of the physisorption products gave the relative ordering
of the single point energy for the three categories, in order of decreasing energy, OD, ID, and
IR. The physisorption on different sites was characterized by the IRI and IGMH method. All
products of the physisorption are formed mainly through van der Waals interaction. The
inner site may form a slightly strong interaction with a Cl atom of STC due to the mixing of
dispersion with electrostatics. For the ID and IR sites, in addition to the atoms in the first
layer of the Si surface, those in the second and third layers also contribute significantly to
the physisorption. Unlike adsorption at the IR and OD sites, the physisorption at the ID
site is accompanied by dimer flipping, resulting in the formation of significant dispersion
interaction of the STC with many of the Si sites.

After physisorption, the STC molecule could dissociate first by breaking one Si-Cl
bond, following which the resulting SiCl; and Cl fragments are attached to adjacent Si-atom
sites. The STC DA on the Si(100) surface may be accompanied by dimer flipping. The
relative ordering of the barriers is given for all DA processes, in the order of decreasing
barriers, R-VDW4-TS6-P4, R-VDW2-TS4-P2, R-VDW1-TS2-IM1-TS3-P1, R-VDW3-TS5-P3,
and R-VDW1-TS1-P1. The dimer flipping reduces the absorption barrier. The reason is
that the outer sites in the first layer are more likely to form significant interactions with the
SiCl3 radical due to their higher electron density than the inner sites.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/sym15010213/s1, Figure S1: Isosurface map of IRI of VDW?2;
Table S1: Percentage contribution of several atoms pairs of VDW?2 to the physisorption, obtained
by IGMH analysis; Figure S2: Isosurface map of IRI of VDW3; Table S2: Percentage contribution of
several atoms pairs of VDW3 to the physisorption, obtained by IGMH analysis; Figure S3: Mayer
bond order (MBO) and two-dimensional electron localization function (ELF) color-filled maps for the
minima and transition states along the pathway of STC DA at ID site; Figure S4: Total and partial
densities of states (DOS) for Si(100)-c(4x2) with STC absorption; Figure S5: Isosurface map of IRI
of VDW4; Table S3: Percentage contribution of several atoms pairs of VDW4 to the physisorption,
obtained by IGMH analysis; Figure S6: Mayer bond order (MBO) and two-dimensional electron
localization function (ELF) color-filled maps for the minima and transition states along the pathway
of STC DA at OD site; Figure S7: Total and partial densities of states (DOS) for Si(100)-c(4 x2) with
STC absorption; Figure S8: The cluster model used for the single point calculations in ORCA; Movies
S1 and S2: Two MD trajectories of STC DA at IR site; Movie S3: A MD trajectory of STC DA at ID site.
Moreover, the structural coordinates used in DFT calculations are also given.
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