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Ab initio study of the early stages of gas-phase water oxidation of the Si(100) (2 x 1):H surface
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We investigate different reaction mechanisms for the dissociation of a H,O molecule on the Si(100)(2 x 1):H
surface, through ab initio calculations within density functional theory, comparing results using local density
and generalized gradient approximations for the exchange-correlation potential. The reaction pathways were
obtained with the “climbing image—nudged elastic band” procedure. In all cases we present complete analysis
of the transition barriers and binding energies. Our results indicate that the oxidation route suggested by earlier
works, which entails full chemisorption of the water molecule, is not favorable, and we propose two alternative

routes with simultaneous release of one H, molecule.
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I. INTRODUCTION

Oxidation of silicon surfaces has been a frequent object
of study since the beginning of device physics and continues
to receive careful attention,'™ especially due to the advances
in nanoscience and molecular electronics.*® Oxidation can
come by exposure to molecular O, gas, to ambient air, or to
water, and in the last two cases it is important to understand the
initial reaction with water molecules. We are interested here in
water oxidation of the monohydrogenated Si(100)(2 x 1):H,
of relevance to hybrid organic-on-Si interfaces.®’

The reaction of water with Si(100) surfaces has long
been investigated, from the experimental and theoretical
points of view,532 and despite these efforts, there are still
several open questions. For clean Si(100) surfaces it is agreed
from the experimental results that, after interaction with
water, almost 100% of the surface consists of very stable
HSi— SiOH species!!>333* and the dimer-row pattern is
maintained. In this case, theoretical studies find that the
reaction proceeds without barrier.!”333% As for hydrogen
passivated Si(100):H surfaces, even though there are fewer
experimental or theoretical studies of wet oxidation, analyses
of infrared (IR) spectra confirm that they are more resistant to
oxidative damage.'®2%3637 Monohydrogenated Si(100)(2 x
1):H reconstruction is very stable®® and allows for the growth
of samples with a high degree of homogeneity, which makes it
an interesting substrate for applications in hybrid devices;>”’
on the other hand, oxygen is known to be very important for
determining surface reactivity (in fact some techniques rely
specifically on using suboxides*), and since many approaches
to the assembling of organic layers are based on wet-chemistry
techniques, a thorough investigation of the early stages of
oxidation by water of this particular surface is, therefore, very
useful and motivates this work.

From a joint experimental and theoretical study'® of the
Si(100):H surface, based on IR spectroscopy and ab initio
cluster-based simulations for vibrational modes, it has been
proposed that, in the initial stages of oxidation, insertion
of the water molecule occurs with dissociation as a silanol
(SiOH) group and dimer-bond breaking (HSi-SiH + H,O —
HSiH + HSiOH). It is well established that increasing the
water flux on a Si(100):H surface results in the disappearance
of the IR signal for the pure surface dimer HSi-SiH and
gives rise to vibrational peaks related to oxidized structures;
however, the silanol vibrational modes at 821 and 2081 cm ™!,
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present for oxidation of the clean surface, were not identified
in the experimental data. At advanced stages of wet oxidation,
the IR signal is dominated by peaks located at 962-979 and
2143 cm™! that, based on the calculations for the vibrational
frequencies, were attributed to the presence of neighbor
dihydrogenated surface groups, both clean HSiH and with
a back-bond oxygen HSi(O)H (here we label this structure
Cgg). These results suggest that the back bond is the main
site for oxygen chemisorption.'$2%2¢ Still according to this
experimental interpretation,'3-2%2% oxidation of the back bond
would follow from a HSiH + HSiOH precursor (we label this
complete structure Cg;j).

An intriguing point is that at early stages of wet oxidation
(data for a water exposure of 100 L),'®2° the IR spectrum
consists mainly of vibrational peaks in the ranges 803 to
~870, ~897 to 910, and 2120 cm~'?°, and the frequencies
for oxidized HSiH units (close to 962-979 cm™!) are not
identified. Indeed, the theoretical simulations'*'320 suggest
instead oxidized dimer species HSi-O-SiH or HSi-Si(O)H,
including multiply oxidized groups such as HSi-O-Si(O)H.

To our knowledge, issues related specifically to the inter-
action between a water molecule and HSi-SiH groups have
not yet been discussed in the literature. We present here a
theoretical investigation of energy barriers, transition states,
and reaction pathways related to oxygen insertion in the
Si(100)(2 x 1):H first subsurface region, at early stages of
wet oxidation. We show that the Cg; species will be formed
on the surface, but the energy barrier for conversion into
Cgp is very high, implying that silanol is not an effective
route for oxygen insertion in subsurface sites. We propose
two efficient routes for initial oxidation without dimer-bond
breaking, one regarding oxidation of the back-bond site
and another for on-dimer oxidation, which have favorable
dissociation routes; both occur with simultaneous release
of a H, molecule, producing HSi-O-SiH + H, (Cop) and
HSi-Si(O)H + H; (Cgp4n2) species. Again, to our knowledge,
these structures have never been previously considered. An
interesting result of our simulations is that silanol is actually
a precursor not of the back-bond configuration, but of the
on-dimer oxidation.

II. METHODOLOGY

The unit cell of the ideal Si(100)(2 x 1):H surface consists
of two Si atoms per layer, with the surface dimers saturated
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with H-forming symmetric HSi-SiH groups.*®37-* This ideal
surface is modeled here by a periodic slab supercell, with six Si
layers and (2 x 1):H reconstruction at both sides, separated by
a vacuum layer of 219 A. Only one side of this slab is reacted,
with one water molecule. The minimum lateral periodicity
we used was (2 x 2), and for specific cases we extended the
simulations also to (2 x 4) and (4 x 3) surface unit cells.

The first principles reaction paths, energy barrier heights,
and geometries for the transition states were obtained using
the method known as climbing image-nudged elastic band
(CI-NEB).*® This method allows one to obtain the minimum
energy path (MEP) between previously optimized initial and
final states. For that, the reaction path is discretized with
“images connected with a spring.**’ During the convergence
procedure, only the initial and final states are kept frozen, while
the other images of the “elastic band” move according to the
constraints: system and elastic band. The MEP is found when
the component of the force perpendicular to the “band” is null,
while the parallel component dictates the relative position of
the image.

As mentioned, we need, to start the procedure, optimized
initial and final configurations. We used classical molecular
dynamics (impact-CMD) within the PCFF (COMPASS)*!4?
empirical force field to choose the initial configurations.
We used large lateral (8 x 6) unit cells and simulated the
deposition of one single water molecule per trial. PCFF is
not a reactive field, thus we only selected from these trials
the most frequently found deposition sites. We identified
different sites, shown in Fig. 1: one over the surface dimer,
which we call Pl; and another in the valley, P2. These
structures were then optimized with DFT keeping the oxygen
atom z coordinate fixed (distance from the surface). The

FIG. 1. (Color online) Top and side views of the DFT optimized
(see text) configurations for the initial situations, in the smaller unit
cell (2 x 2): over the dimer row, P1 (top panel); and over the valley,
P2 (bottom panel). O atoms are shown in red, H atoms in white, and
Si atoms in yellow. The size of yellow spheres is related to the Si
position in the slab; the unit cell used in our ab initio simulations is
indicated by black lines.
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FIG. 2. (Color online) Top and side views of DFT optimized
configurations for chemisorbed situations: Cs;, Cpg, Cop, and
Cgpin2- O atoms are shown in red, H atoms in white, and Si atoms
in yellow. The size of yellow spheres is related to the Si position in
the slab used in our simulation; the unit cell used in our ab initio
simulations is indicated by black lines.

final configurations, discussed in Sec. I, were taken from the
experimental literature'>~'42%-2126__inserted as SiOH (Cg;)), in
the back bond (Cgp and Cgp 1 p2), and on dimer (Cop )—and the
optimized geometries for each structure were again obtained
through DFT (Fig. 2). Emphasizing what was stated earlier,
the Cgpri2 and Cop structures had never been considered as
possible products of oxidation of Si surfaces.

DFT calculations were performed using the plane-
wave pseudopotential implementation QUANTUM ESPRESSO,*?
within both approximations—local density, as parametrized
by Perdew and Zunger (LDA-PZ);*** and generalized
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TABLE I. Binding energy AE (eV/molecule) for physisorbed P
(initial) and chemisorbed C (final) structures (Figs. 1 and 2), and
interatomic distance (A) between nearest Si and O neighbors for the
initial configurations.

P1 P2 Csil Ceeimz Cas Cop
AEipa —-0.04 -0.03 -0.71 —0.61 —1.11 —1.18
AEgga —-0.03 -0.03 -0.55 —0.87 —1.13 —1.43

Rsi_o (A) 4.67 4.80 — — _ _

gradient (GGA-PW91)*—for the exchange-correlation func-
tional. Comparison of results from the two functionals allows
one to obtain a better estimate of barrier heights. We used,
in all cases, ultrasoft pseudopotentials*’ for core electron
simulation, except for the Si atom in the LDA calculations,
in which case we used a norm-conserving pseudopotential.*®
This allowed us to use a 25-Ry energy cutoff for plane waves
and 250 Ry for electronic densities. For the (2 x 2) unit
cell the DFT equations were solved with 10 special k points
in the Monkhorst-Pack*’ scheme. The convergence criterion
for geometry optimization was 0.025 eV A~!, and for the
reaction path, MEP convergence for the perpendicular force
was 0.09 eV A~!. Binding energies were obtained by taking
the difference between the total energy of the final and that of
initial structures including all components.

III. RESULTS

We discuss first the chosen initial and final configurations.
The DFT optimized structures for the two initial configurations
P1 and P2 are shown in Fig. 1, and we summarize in Table I
the binding energies obtained, as well as the relevant Si-O
distances. As we see, the ab initio results indicate that, in
both cases, the water molecule is physically adsorbed on the
surface; additionally, the binding energy for the configuration
P1 does not change when we use the larger (4 x 4) unit cell,
and we expect this to be true also for the P2 configuration. The
low values of the binding energies, however, do not allow us to
distinguish them by stability. The ab initio relaxed structures
for the final configurations are illustrated in Fig. 2 and their
respective binding energies are also listed in Table 1. Our
calculations (LDA or GGA) show that Cpop is more stable
than all the other configurations. Of all species studied, the
Csi is the least stable chemisorbed situation according to our
GGA results, in agreement with previous theoretical data.?6->°
In the case of LDA results, Cgp1yp is slightly less stable than
Csii- We now discuss our results for the reactions leading from
P1 or P2 to all of the above final configurations.

A. Insertion as silanol

We start with the MEP, followed by the system to go from
P1 to Cg;, calculated with LDA and GGA; this reaction is
illustrated in Fig. 3, where we show the variation of the energy
landscape as a function of the “distance between images” used
in the construction of the “elastic band.” The zero of the energy
scale coincides with the sum of the energies for the isolated
subsystems [isolated water molecule and Si(100)(2 x 1):H).
We also included some images for the relevant configurations:
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FIG. 3. (Color online) Top: Minimum energy path (MEP) for H,O
dissociation on Si(100)(2 x 1):H as Cg; obtained with LDA (circles)
and GGA (rhombuses) calculations; lines are a guide for the eye.
Bottom: Geometric structures of special path points (images): starting
point (P1), physisorbed configuration (Pg;), transition state (TSs;),
and final chemisorbed configuration (Cg;;). The O on the energy scale
was set to the energy for isolated subsystems [isolated H,O molecule
and Si(100)(2 x 1):H surface] for each of the functionals.

starting point (P1), physisorbed (Pg;j), transition state (TSg;),
and final chemisorbed configuration (Cg;). In this case, we em-
phasize that all geometric configurations for this reaction are
essentially the same for either LDA or GGA calculations; that
is, the system follows the same reaction path (Table II). There
are significant differences in the energy profile calculated with
the different functionals. First, the LDA result predicts that
the Cgj species is 0.16 eV more stable on the surface than
what was obtained with GGA simulations. Second, we notice
that, even if the Pg; geometric configuration is in the GGA
path, it is not a physisorbed situation, as predicted by LDA.
Third, the energy barrier which the system has to overcome to
produce the SiOH unit is 0.3 eV lower from the LDA results
compared to the GGA (Table III).

At this point, it is interesting to compare the present
results with our previous study of wet oxidation of clean
Si(100)(2 x 1) surfaces.’” We have shown that there is no
barrier to water dissociation on the clean surface, and the HSi-
SiOH species is formed with an energy gain of AE = 2.52eV.
Here, on the monohydride surface, we find that the water
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TABLE II. Interatomic distances for chosen configurations of the indicated MEPs (see Figs. 3 and 4). Distances in angstroms; results

obtained with LDA (GGA).
Si(100) P1 P1 — Cg; Csi — Cgs Ces
(2 X l)H TSsn CSi] TS]Sil — BB TSZSil — BB

Si,-Si, 2.41 (2.44) 2.41 (2.44) 3.03 (3.12) 3.94 (4.01) 4.01 (4.18) 4.22 (4.29) 4.00 (4.04)
H,,-0 — 0.97 (0.98) 0.99 (0.99) 0.98 (0.97) 1.76 2.11) 2.51 (2.60) 2.59 (2.60)
H,»-O — 0.98 (0.97) 1.02 (1.02) 2.40 (2.47) 2.29 (2.62) 2.17 (2.31) 272 (2.77)
O-Si; — 4.66 (4.64) 1.95 (1.97) 1.67 (1.67) 1.57 (1.56) 1.61 (1.60) 1.66 (1.66)
0-Si — 4.66 (4.78) 3.01 (3.06) 3.84 (3.90) 3.78 (4.12) 3.57 (3.65) 4.08 (4.11)
O-Sizua1 — — 3.85(3.88) 3.36 (3.39) 3.553.57) 2.25(2.23) 1.67 (1.67)
Si;-Hy, — — 2.54 (2.54) 2.29 (2.28) 1.70 (1.78) 1.71 (1.71) 1.49 (1.49)
Hyy1-Siona — — 3.82 (3.81) 3.60 (3.59) 1.65 (2.77) 1.57 (1.57) 3.16 (3.20)

molecule has to overcome a high energy barrier to form Cg;,
in good agreement with the experimental fact that hydrogen
passivation hinders the wet oxidation of silicon surfaces.
Experimental results, in fact, indicate that the water molecule
has a high sticking coefficient on clean surfaces,'8%?* and
under the same conditions the oxidation of Si(100)(2 x 1):H
occurs but is limited. We find that oxygen incorporation as Cg;
proceeds through a transition state (TSg;;) in which the oxygen
atom has three asymmetric bonds, and one surface silicon
atom has a dangling bond (since the Si;-Si, bond does not
exist anymore). Another interesting result is that the energy
barrier for production of Cg; does not depend on the initial
position of the water molecule: we find the same activation
energy starting the reaction from the P1 or P2 configuration
(Tables III and IV).

Proceeding, we report in Table III the energy barrier heights
obtained with the LDA and GGA functionals for these MEPs,
for both insertion and desorption. We see that the desorption
barrier is high, that is, a water molecule will not be easily
released back from the surface, and as such, we should expect
to observe this defect on the surface. As we pointed out above,
the usual suggestion'®2? is that the silanol unit is actually,

TABLEIII. Barrier heights (eV) for insertion (TS) and desorption
(D) obtained for the systems shown in Figs. 3—6. All calculations were
made using a (2 x 2) unit cell, except where indicated.

in any case, the initial oxidation step and is not seen in the
surface because it converts to the surface unit on dimer or, as
is more frequently supposed,'®2%2 to the back bond. Let us
now discuss our results for these conversion reactions.

B. Silanol to back bond

Figure 4 shows the reaction MEP obtained with both
LDA and GGA functionals, together with illustrations of the
optimized configurations for the initial Cg;, transition states
TSisii— e and TSysi— BB, and final Cgg. Structural parameters
are also summarized in Table II. We can check that, even if
for this MEP at the transition states, the structural parameters
may differ strongly from LDA to GGA, this does not happen
for the chemisorbed configurations Cg; and Cgg.

We see from Fig. 4 and the values in Table I1I that the energy
barrier for this process is very high. To investigate whether
this result was a consequence of the small unit cell used in our
simulation, we extended the calculation using a (2 x 4) unit
cell. Comparison of these results demonstrates that the MEP
is not sensitive to the enlargement of the unit cell. Once Cgp is
formed, the desorption energy is high enough to prevent any
back reaction, however, the process is not straightforward. The
conversion of Cgj to Cgp passes through two transition states,

TABLE IV. Barrier heights (e V) for insertion (TS) and desorption
(D) obtained for the indicated system. All calculations were made

System Barrier height LDA (eV) GGA (eV) using a (2 x 2) unit cell, except where indicated.
Pl — CSil TS 0.792 1.122 System Barrier helght LDA (GV)
D 1.501 1.645
Csi — Cps TSI (2 x2)/(24)  2412/2303 —/2.186 P27 Csi TS 0.794
DI (2x2)/(2x4) 0516/0472 —/0.560 D 1.502
TS2(2 x2)/(2x4) 0.747/0.767  —/0.899 Csi — Cas TS1-A 2751
D2(2x2)/2x4) 3.047/3.048 —/3.155 DI-A 2.881
P2 — Cppimn TS 0.699 1.027 T;;_ﬁ (1)-3;(5)
D (Cypiimn) 1.067 1.924 .
D (Cgp+12) 1.306 1.899 Cop+mz = Cas TS 1.969
D 2378
Pl — COD TSSil 0.846 1.120
Ds;ii 1.538 1.604 Cop — Cop+sinz TS (4 x 3) 2.245
TSop> 0.372/0.470  0.472/0.529 D (4 x 3) 3.971
D (Cop) 2.113 2.543 Cop — Cgg TS 2.289
D (Cop) 2.010 2.529 D 2.673
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FIG. 4. (Color online) Top: MEP for silanol (Cg;) conversion to
back bond (Cgp) obtained with LDA and GGA calculations using (2 x
2) unit cells (LDA; rhombuses) and (2 x 4) unit cells (LDA, circles;
GGA, squares); lines are a guide for the eye. Bottom: Geometric
structures of special path points (images): starting point (Cg;), first
transition state (TSlg;_pp), intermediate (inset), second transition
state (TS2s;-pp), and final chemisorbed configuration (Cgg). The
0 on the energy scale was set to the energy for isolated subsystems
[isolated H,O molecule and Si(100)(2 x 1):H surface] for each of the
functionals.

with an intermediate state. The first energy barrier is associated
with the breaking of the OH bond of the silanol unit (TSI,
Csii — Cgp), needed for insertion of the O atom: the system
relaxes to a lower energy state, in which that H atom moves
to the first subsurface, while the distance Si-O approaches
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FIG. 5. (Color online) Top: MEP for back-bond oxidation of
Si(100)(2 x 1):H as H,O dissociation with release of one H,
molecule Cgpiy» obtained with LDA (squares) and GGA (triangles)
calculations; lines are a guide for the eye. Bottom: Geometric
structures of special path points (images): starting point (P2),
physisorbed configuration (Pggn2), transition state (TSppn2), and
final chemisorbed configuration (Cgg,p,). The O on the energy scale
was set to the energy for isolated subsystems [isolated water molecule
and Si(100)(2 x 1):H surface] for each of the functionals. From image
9 onward (compressed) the only difference concerns the distance of
the H, molecule from the surface.

that found for silanone structures.’® As a consequence of
the small barrier for desorption (AE ps = +0.47 eV and
AEgga = +0.56 eV), there is a reasonable probability that,
at this intermediate configuration, the system reverts back to
Cs;j to form Cgp the system needs to overcome the second
barrier, related to insertion of the oxygen atom at the back-bond

TABLE V. Interatomic distances for chosen configurations of the MEP shown in Fig. 5: initial (P2), transition (TS gp1n2), CEB 1 and final
(Cgp+m2) configurations. Distances in angstroms; results obtained with LDA (GGA).

P2 C — Cgptn2
Pgpim2 TSgp1m2 C;33+H2 Cap1m
H-Si 1.50 (1.50) 1.51 (1.50) 1.48 (1.47) 1.50 (1.50) 1.50 (1.50)
Si;-Si, 2.42 (2.44) 2.41(2.43) 2.51 (2.61) 2.42 (2.44) 2.42 (2.44)
0O-Si; 4.83 (4.79) 3.49 (3.63) 1.72 (1.78) 1.66 (1.67) 1.66 (1.66)
O-Sig 5.47 (5.44) 3.27 (3.74) 1.71 (1.74) 1.68 (1.68) 1.68 (1.68)
O-H,,; 0.98 (0.97) 0.98 (0.98) 2.12 (2.03) 2.24 (2.62) 6.69 (6.75)
O-H,,» 0.98 (0.98) 0.98 (0.97) 2.31(2.29) 2.98 (3.37) 7.36 (7.40)
H,1-H,» 1.55 (1.54) 1.58 (1.54) 0.79 (0.78) 0.77 (0.75) 0.77 (0.75)
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site, with a higher energy. It should be noted that we also
investigated another possible route for the conversion of Cgj
into Cgg, but the energy barrier for this process (TS1-A,
Csii — Cgp; reported in Table IV) is higher.

We also calculated MEPs for several alternative reaction
paths for the back-bond oxidation with complete absorption
of the water molecule components, for instance, starting from
the P2 configuration, but the energy barriers are even higher
(reaching about 3 eV). Therefore, due to the complex kinetic
properties (Fig. 4) and high barriers, it is difficult to propose
this reaction under experimental conditions (wet oxidation
occurs already at 300 K).'$-20

C. Backbond insertion with release of H,

We thus turned to a different strategy, investigating reac-
tions that assume release of a H, molecule. The best path we
found, leading to Cpp 2, starts from P2, that is, with the initial
configuration for the water molecule over the valley. We show
in Fig. 5 the energy profile along the reaction path with both
LDA and GGA functionals. We see that the activation energy
for the production of Cggpp is now slightly lower than that
of complete insertion as Cg; (LDA or GGA; MEP shown in
Fig. 3).

A distinctive feature of the reaction of water with a
monohydrogenated Si surface is shown in Fig. 5. According
to both LDA and GGA results, there is a physisorbed situation
Pgp+me with an energy gain of AE =0.35 eV for LDA
(AE =0.08 eV for GGA), in which the H atoms from
the water molecule are “attracted” by the surface H atoms
(structural parameters are listed in Table V). This is related
to the negative charge of the H atoms in HSi-SiH units.
After the transition state, before release of the H, molecule,
there is again an almost-stable configuration for this molecule
(Cyp.ymo)- We also investigated the possibility of H, molecule
dissociation from this point, with saturation of the closest
dimer. As reported in Table IV, the energy barrier (TS;
Cga+u2 —Cgp) is enough to prevent this process under the
experimental conditions.

In summary, the critical information provided by the results
in Figs. 3 and 5, and Table III, is that direct oxidation of the
back bond, but with release of a H, molecule, is more realistic
than the proposal of silanol as the intermediate state.

D. Dimer oxidation with release of H,

We now turn to the results for dimer oxidation starting
from the P1 configuration. In this case the MEP passes
through two transition states, TSs; and TSop, (Fig. 6), that
is, the reaction must start through the formation of a silanol
structure—-and we never imposed this kind of constraint
on the calculation. Structural parameters for transitions and
chemisorbed configurations are reported in Table VI. Contrary
to the high value for the silanol desorption barrier, only a
low energy barrier (Table III; energy barrier TSop;) must be
overcome to complete the oxygen insertion at the on-dimer
site. Since the configuration for Cg; inside the MEP is not
exactly the same as the one we obtain with full relaxed
optimization, we recalculated part of the reaction path, starting
now from the optimized Cg; configuration, and the energy
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FIG. 6. (Color online) Top: MEP for on-dimer oxidation of
Si(100)(2 x 1):H as H,O dissociation with release of one H,
molecule, Cqop, obtained with LDA (circles) and GGA (rhombuses)
calculations; lines are a guide for the eye. Bottom: Geometric
structures of special path points (images): starting point (P1), first
transition state (TSs; ), second transition state (TSopy), C/OD, and final
chemisorbed configuration (Cop). The zero of the energy scale was
set to the energy for isolated subsystems [isolated H,O molecule and
Si(100)(2 x 1):H surface] for each of the functionals. The images in
the shaded area come from the refined calculations (see text).

barriers are very similar (this refined calculation is shown in
the shaded area in Fig. 6). Also, here we identified a geometric
conformation Cp, in which the Hy molecule is attracted by the
surface (see Fig. 6 and Table VI): we thus investigated whether
the H, molecule could move toward to the neighbor dimer
and produce two dihydrogenated HSiH units, and again, our
results indicate that the energy barrier (TS; Cop — Copsinz)
is rather high (Table IV). Analyzed together, these factors
ensure that once Cg; is produced, there is a high probability
that Cop will be formed.

Our simulations point to a different interpretation of the
experimental data, since the path passes through the silanol
configuration. According to our results, we propose that
although the presence of Cg; species is not clear in IR
measurements,'82° this does not mean that they are not
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TABLE VI. Interatomic distances for chosen configurations of the MEPs shown in Fig. 6: transition (TSop,) and final (C'OD and Cop)
configurations. We include structural parameters calculated for the structures TSop, and C;)D, obtained from two different NEB simulations:
the first calculation covers the P1 configuration to the final image Cop; for the second calculation we refine the MEP simulation covering Cg;
to C'OD. This refined reaction path is represented in the shaded area in Fig. 6. Distances in angstroms; results obtained with LDA (GGA).

Pl — COD Csjl — C,OD
TSODZ C/OD COD TSODZ C/OD
H-Si 1.50 (1.50) 1.50 (1.50) 1.50 (1.50) 1.50 (1.50) 1.50 (1.50)
Si;-Si, 3.88 (3.90) 3.17 3.17) 3.17 3.17) 3.87 (3.92) 3.17 (3.17)
H,-O 0.98 (0.97) 2.62 (4.42) 7.43 (7.45) 0.98 (0.97) 4.51 (4.42)
H,»-O 2.11 (2.10) 3.36 (4.93) 7.95 (7.98) 2.21(2.25) 5.06 (4.93)
0-Si, 1.67 (1.67) 1.67 (1.67) 1.67 (1.67) 1.68 (1.68) 1.67 (1.67)
O-Si, 3.36(3.42) 1.67 (1.67) 1.67 (1.67) 3.06 (3.09) 1.67 (1.67)
H,-surface — 2.62(2.41) 4.80 (4.78) — 2.34 (2.41)

produced. Actually, our simulations are consistent with the hy-
pothesis that SiOH groups are being formed, but transformed in
other oxidized species, which we propose to be on dimer, Cop.
Evidence in support of this interpretation is afforded by the
same IR data since the calculation of vibrational modes'*!3-20
predicts multiply oxidized species, which can only be achieved
through release of H, molecules.

Finally, we investigated also whether the back-bond con-
figuration could be reached from this on-dimer oxidation, but
the energy barrier for this process is as high as that calculated
to produce Cpp from Cg;; (data included in Tables III and IV),
thus we conclude that Cgp is not easily converted to Cpp.

IV. SUMMARY AND CONCLUSIONS

We have investigated the dissociation of a water molecule
on the Si(100)(2 x 1):H surface using ab initio methods, with
analysis of the possible reaction paths, and using different
functionals. We observe that the main barriers and intermediate
local minima in the reaction paths are the same for both
functionals, and thus the general conclusions are not affected
by the choice of approximation. However, it is to be noted that,
apart from the general trend for the height obtained with the
GGA (expected to be higher than that with the LDA), there is

no reasonable procedure to estimate a correction to the barrier
height obtained from one functional that could lead to the value
obtained from the other.

As a general conclusion, we did not find any reaction path
that could lead to wet oxidation of the first surface layer without
a barrier. Among the considered reactions, that with the lowest
barrier leads to back-bond oxidation of the surface, with release
of a H, molecule. The next reaction that follows closely in
energy is the formation of a silanol unit: however, once this
unit is formed, there is a high probability that it will result
in surface on-dimer oxidation, again with the release of a H;
molecule.

These results are in agreement with the interpretation of
infrared results'82%-26 that point to the presence of multiply
oxidized surface units and, also, with the assumption of the
presence of silanol surface units in the very early stages of wet
oxidation.
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