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The adsorption of various combinations of three polar molecules (NHs, H,0, and HF) on Si/Ge(100) surface is
studied by first-principles calculations. On a given pre-adsorbed substrate, the H-bonding and dative bonding
always show a synergistic effect, together with the electrostatic attraction, dominating the adsorption and
dissociation of polar molecules on Si/Ge(100). Both H,0 and HF are found to be energetically favored to cluster
with the pre-adsorbed H,0 molecule on Si/Ge(100) surface. Catalyzed by H-0, the dissociation barriers of H,O
on Ge(100) decrease from ~0.7 to ~0.4 eV, in comparison with the nearly an order of magnitude reduction on
Si(100). Furthermore, H,O molecule dissociates spontaneously on Si(100) and the barriers are lowered to
~0.2 eV on Ge(100) when catalyzed by HF, providing an efficient approach for dissociation of H,O on Si(100)

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The modification of Si/Ge(100) surface with various compounds has
become a topic of interest in the past decades, since it provides a basis
for emerging fields such as microelectronic, biological recognition, and
chemical sensors [1,2]. Previous researches mainly focused on surface
reactivity [2-11]. It is well known, however, that the vast majority of
molecules possess dipoles, such as HF (1.91 D), H,0O (1.85 D), CH;0H
(1.70 D), and NHs (1.47 D) [12]. When they interact with Si/Ge(100)-
2 x 1 surface, the dipole interactions between molecules themselves
such as H-bonding, and between molecule and the surface, including
electrostatic interaction and dative bonding will become complicated
[13-15].

Generally, H-bonding is considered as a weak interaction among
polar molecules, such as H,0, NHs, and HF. Nevertheless, it seems to
be a ubiquitous phenomenon that, once a polar molecule has dative-
bonded with Si(100) surface, the H-bonding between which and the
additional molecule from the gas phase would be remarkably strength-
ened. For example, the H-bond of a H,0O dimer on Si(100) is shortened
significantly from 1.88 A (a free H,O dimer) to 1.36 A; and as a result
the dissociation barriers are lowered by a magnitude compared to a
single H,O molecule [16]. The phenomena are similar to that of NH3
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on Si(100), where the H-bond is shortened from 2.24 (a free NH3
dimer) to 1.74 A, and the dissociation barriers are lowered as half as
that of a single NH3 [17]. In particular, the H,O molecules are energeti-
cally favored to cluster via H-bonding on Si(100) [16]. That is to say,
H-bonding has played an important role in the adsorption and dissocia-
tion of polar molecules on Si(100) surface, which helps explain the
dissociation of H,O/NH3 on Si(100) at low temperatures [18-22].
However, the mechanism therein is not well understood yet. On the
other hand, we note that similar phenomenon also exists on Ge(100),
where H,0 molecules are partially dissociated at low temperature
(~100 K) [23,24]. We are expecting to gain more insight into the
mechanism, through choosing different polar molecules to interact
with Si(100) and Ge(100) surfaces.

Herein, we first investigate the adsorption of isolated HF, H,0, and
NH3 molecules on Si(100) and Ge(100) substrates, respectively. The ad-
sorption of H,0 and NH3 is found to be dative bonding dominated, while
HF is classical electrostatic attraction dominated. Then we investigate
the adsorption of different combinations of these three polar molecules
on H,0 or NHs pre-adsorbed Si(100) and Ge(100) substrates. It is found
that H-bonding shows a synergistic effect with the dative bonding,
together with electrostatic attraction, dominating the adsorption and
dissociation of the polar molecules on Si/Ge(100). In particular, both
H,0 and HF molecules from the gas phase are energetically favored to
cluster with the pre-adsorbed H,0 on Si(100) and Ge(100). Catalyzed
by H,0, the dissociation barriers of H,O on Ge(100) are remarkably
reduced compared to the isolated H,0, leading to an explanation of
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the dissociation of H,0 on Ge(100) at low temperatures. Catalyzed by
HF, H,0 molecule dissociates spontaneously on Si(100) and the barriers
are lowered to ~0.2 eV on Ge(100).

2. Computational framework

All the calculations are carried out based on the density functional
theory (DFT) as implemented in Vienna ab initio simulation package
(VASP) with consideration of spin-polarization [25]. The exchange and
correlation potential is approximated by the generalized gradient
approximation with the PBE functional [26], which has been proved to
present a good evaluation on the adsorption energy for molecule
adsorption on Si(100) surface [27]. Electronic wave functions are
expanded using a plane-wave basis set with a cutoff energy of 400 eV.
Dispersion correction, which takes van der Waals (vdW) interaction
into consideration, is considered through DFT-D2 method as proposed
by Grimme [28]. Our discussions are mainly based on the data with
dispersion correction since it is regarded to have a better description
of the adsorption structures and corresponding energies than those of
standard DFT [29].

The Ge(100) and Si(100) surfaces are simulated by a periodic slab
model of Ge4gH;g and SizgH1e with a ¢(2 x 4) periodicity in a supercell
throughout the simulations, respectively. The slab is composed of six
atomic layers with the bottom layer passivated by 16 H atoms, and
the vacuum spacing is about 11 A. To check the possible artificial electric
field effect caused by an asymmetric slab, the total energies of a H,O
molecule in X-pointed configuration on Ge(100) and Si(100) surfaces
are calculated with thicker vacuum layers, respectively. The difference
in total energies of slabs from ~11 A to ~20 A is within 8 meV for
Ge(100), and nearly unchanged for Si(100). The Brillouin-zone is sam-
pled using Monkhorst-Pack mesh of 4 x 2 x 1 k points for the calcula-
tions, and the difference in adsorption energy of a H,O in X-pointed
configuration is within 4 meV on Ge(100) and nearly unchanged on
Si(100) when the mesh increases to 6 x 3 x 1. The calculated bond
lengths for the Ge-Ge and Si-Si dimers are 2.59 and 2.36 A respectively,
in good agreement with earlier theoretical [30,31] and experimental
data [32,33]. All the coordinates are fully relaxed until the residual
force (Hellmann-Feynman forces) on each atom is within 0.02 eV/A, ex-
cept the two fixed bottom Ge/Si layers and the passivating H layer. The
minimum energy pathways (MEPS) for the dissociation are determined
using the climbing image nudged elastic band (CI-NEB) method [34].
Considering computational costs, five or seven images are simulta-
neously optimized along reaction pathway until the force in each
image is smaller than 0.05 eV/A. The saddle point configuration is fur-
ther refined by minimizing the forces until 0.02 eV/A value is reached.
We have further conducted a test CI-NEB calculation with 10 images
for the OD and ID procedures of H,O dimer on Ge(100) surface. It is
found that the reaction barriers change within 5 meV with respect to
that from 5 images. In addition, we have evaluated the zero-point ener-
gy (ZPE) from both initial and transition states on reaction barrier [35].

3. Adsorption of polar molecules on Si/Ge(100) surface

Three typical polar molecules, H,0, NH3, and HF, have been chosen
to interact with Si(100) and Ge(100) surfaces, which appear as rows
of buckled dimers. As charges deplete at the down-atom of the dimer,
a dative bonding is likely to form following Lewis acid-base interaction,
where the charge is transferred from the lone pair of electrons of X atom
(X = 0, N and F) to the down-atom. Of note, there exists intrinsic
intermolecular H-bonding among H,0, NH3, and HF molecules due to
their large dipole moments. It provides a possible approach to gain
more insight into the phenomenon of H-bonding enhancement through
adsorbing various combinations of these polar molecules on Si(100)
and Ge(100) substrates.

3.1. Adsorption of an isolated molecule

Before the investigation of different combinations of these polar
molecules on Si/Ge(100) surface, it is necessary to figure out the differ-
ence among these single molecules when interacted with Si/Ge(100).
Two possible configurations of each molecule have been considered:
(i) X atom positioned above down-atom of a dimer pair on substrate
(X-pointed); and (ii) H atom positioned above up-atom (H-pointed),
according to the electrostatic attraction. The adsorption energy (Eaqgs)
is obtained through subtracting the sum of total energies of clean
substrate and isolated molecule from that of X-pointed or H-pointed
configuration, as listed in Table 1.

The stability of two types of configurations shows an opposite trend
on both substrates. For H-pointed configuration, the order of E,q4s is HF >
H,0 > NHjs, while the order is HF < H,0 < NH; for X-pointed configura-
tion. It is known that a stronger electronegativity corresponds to a
weaker ability of donating lone pair of electrons. That is, for a specific
acceptor, such as Sigown atom, the strength of dative bonding is F...Si <
0...Si < N...Si, which can be concluded from the dative bond length:
F...Si > 0...Si > N...Si in spite of the atomic radii follow N > O > F
(cf. Fig. 1).

On the other hand, a stronger electronegativity also means that the
H atom of X—H bond loses more charge. As a result, the classical elec-
trostatic attraction between H atom and up-atom becomes stronger,
which is in line with the trend of distance between H and Si,;, atom:
F—H...Si < 0—H...Si < N—H...Si, as shown in Fig. 1.

For H,0 and NHjs, the X-pointed configurations are significantly
more stable than those at H-pointed. For example, E,qs of NH3 are 1.26
and 0.86 eV on Si(100) and Ge(100), while those at H-pointed configu-
rations are only 0.06 and 0.05 eV. It indicates that dative bonding
has dominated the adsorption of H,O and NHs. However, for HF we
find that the stability of two configurations is comparable. Given that
E.qsof H-pointed configuration is almost derived from the classical elec-
trostatic attraction, it indicates that electrostatic attraction has played a
dominant role in the adsorption of HF.

3.2. Adsorption of additional molecule

Considering the significant E.q4s of X-pointed configurations of H,0
and NH; on Si(100) and Ge(100) substrates, Si(100)12°, Ge(100)"2°,
Si(100)NM3 and Ge(100)N2 surfaces are chosen as the pre-adsorbed
substrates, on which three polar molecules are further to adsorb. Here,
Si(100)"2° represents the H,0 adsorbed Si(100) surface, and others
follow this rule. The adsorption configurations are shown in Fig. 2,
with corresponding parameters listed in Table 2. The adsorption energy
(Eags) of the additional molecule is defined as:

Eads =- [EM/pre -adsorbed-F(100) ~ Epre-adsorbed -F(100) ~ EM] ’

Where EM/prefadsorbed—F(loo)- Epre—adsorbedfF(wO)v and Em represent the
total energies of pre-adsorbed substrate with the additional adsorbed
molecule, pre-adsorbed substrate, and isolated molecule, respectively.
F denotes Ge/Si element. M denotes molecule (H,0, NHs, and HF).

Table 1

The adsorption energies of isolated HF, H,0, and NH; molecules on Si(100) and Ge(100)
surfaces with H- and X-pointed configurations, respectively. The experimental data of
dipole moments for these molecules are also listed. Values in parenthesis are the
corresponding results with van der Waals correction.

Eaas/Si(100) (eV) Eaas/Ge(100) (eV)

Molecule  Dipole moment X-pointed H-pointed X-pointed H-pointed
HF 191 0.29(0.40)  0.29(0.34) 0.24(0.39) 0.24(0.31)
H,0 1.85 0.71(0.87) 0.13(0.18) 0.43(0.62) 0.10(0.16)
NH; 147 1.26(1.46) 0.06(0.12) 0.86(1.09) 0.05(0.13)
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Fig. 1. X-pointed and H-pointed configurations of HF, H,0, and NH3 on Si(100) surface.
Black and yellow balls represent Sigown and Siy, atoms, respectively. Of note, the
molecules have similar H- and X-pointed configurations on Ge(100) surface.

3.2.1. Various combinations of polar molecules on Si/Ge(100) surface
Overall, we find that E,4s of the additional molecule is contributed
from synergistic effect and electrostatic attraction.

A. Synergistic effect.
From all of the optimized configurations, we observe that the X—H
bond engaged in H-bonding is elongated to some extent, and the da-
tive bond is shortened. It is due to a strong H-bonding of X'...H—X
weakening the covalent X—H bond, and naturally the dative bond-
ing of X...Ge/Si is enhanced. That is to say, a great H-bonding always
accompanies with a large dative bonding, thus showing a synergistic

=
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Fig. 2. Adsorption of HF, H,0, and NHs on Ge(100)N"3, Ge(100)"2°, Si(100)N"3, and
Si(100)"2° surfaces, respectively. Values in brackets are revised by vdW correction.
Black and yellow balls represent corresponding down and up atoms, respectively. The
lengths of N-H; to N-H, are in the range of 1.03-1.08 A, indicating the formation of
[NH4]°* (0 <& < 1) group. The length of H—F is 0.97 A on Si(100)"2° surface, closing to
0.94 A of its free state, indicating that a new HF molecule has been formed.

effect, as shown schematically in Fig. 3a. Therefore, it is reasonable to
adopt the elongation ratio ()) of X—H bond to characterize the
strength of H-bonding. Here we define: x =, in which [ and I
represent the length of X—H bond of pre-adsorbed molecule before
and after H-bonding. Correspondingly, the contraction ratio (1) of
X...Ge/Si bond is used to describe the strength of dative bonding.
It is defined as:n = &L, where L and L represent the length of X...
Ge/Si bond before and after H-bonding.

Generally, the synergistic effect is influenced by the electronegativi-

ty of X atom of the additional molecule, dative bonding, as well as the
polarity of X—H bond of pre-adsorbed molecule.

i

ii.

iii.

Electronegativity of X atom of the additional molecule

On a specific pre-adsorbed substrate (except Si(100)H,0), it is found
that yand 1) always show an increasing trend with the adsorption
from HF, H,0, to NHs, seen in Fig. 3b. It indicates that the synergistic
effect is enhanced in this sequence. Note that the components that en-
gaged in H-bonding is mostly localized at X’ atom and X—H bond, as
shown in Fig. 33, the difference in y is mainly ascribed to the electro-
negativity of X atom. That is to say, the strength of H-bonding is anal-
ogous to that of dative bonding: the weaker electronegativity of X
atom is, the stronger H-bonding will be, i.e., NH3 > H20 > HF.

Dative bonding

For the same additional molecule, the H-bonds on Si(100)NH3 surface
are found to be 0.07-0.10 A shorter than that on Ge(100)NH3 surface,
seen in Fig.2. Similar difference also exists between Ge(100)H20 and
Si(100)H20. For instance, H-bond of H,O dimer on Si(100) is 1.35 A,
0.21 A shorter than that on Ge(100). To gain a deeper understanding,
we replaced the occupied Ge atom on Ge(100) by a Si atom (the sub-
strate is denoted as Sub I), and re-optimized H,O dimer configuration
on it. The projected density of states (PDOS) shows that, the energy
levels of the dative bonded O, H, and the H-bonded O atoms on Sub
[ are shifted toward lower energies with respect to that on Ge(100)
surface (cf. Fig. 4a and b). In particular, the hybridized level appeared
at —10.27 eV on Ge(100) shifts to —10.98 eV on Sub I. The calculated
local partial density of states in the energy range of —11.2 to
—10.8 eV confirms that it is an H-bond interaction. The charge density
difference between Sub I and Ge(100) showed a remarkable charge
accumulation in the region between two H,O molecules, seen in
Fig.4c. It means that the H-bond has transformed to a covalence
bond to some extent on Sub I, indicating that H-bond is further en-
hanced on Si(100) as compared to that on Ge(100). This is attributed
to a superior dative bonding of Si...O to Ge...O, which improves the
polarity of OH bond, and thereby enhances the intermolecular H-
bonding.

Polarity of X—H bond of pre-adsorbed molecule

Though the Ge...O dative bonding is not as strong as Ge...N, for the
same additional molecule the length of H-bond on Ge(100)H,0 is
found to be remarkably shorter than that on Ge(100)NH3, as shown
in Fig 2. For example, the H-bond of NH; on Ge(100)NH; is 1.77 A,
while it is shortened to 1.41 A when replaced the pre-adsorbed NH3
to H,0, which possesses a much larger dipole moment. Correspond-
ingly, Eaqs is increased by 0.26 eV. It indicates that the dipole moment
of X—H bond of pre-adsorbed molecule is also a crucial factor for H-
bonding. Here the dipole moment of O—H bond of H,0 is about 0.2
D larger than that of N—H bond of NHs.

. Electrostatic attraction

Throughout all these configurations, we find that the X—H bonds of
the additional molecules are always inclined to point to the up-
atoms on the substrate. That means the electrostatic interaction be-
tween the molecule and substrate also contributes to the adsorption
energy, in addition to synergistic effect.

Especially, on a specific pre-adsorbed substrate (except Si(100)
we find that the corresponding y or 7 is always showing an

HZO)
’
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The adsorption energies (E,qs) of the additional molecule on Ge(100)™"3, Ge(100)"2°, Si(100)N"3, and Si(100)2° surfaces. Pre-NH; and Pre-H,0 denote the pre-adsorbed NH; and H,0 on
Si(100) and Ge(100) substrates. X—Ge/Si, X—H, Dimer, Ah(Dimer) are representative of the lengths of X—Ge/Si dative bond, X—H bond engaged in H-bonding of the pre-adsorbed
molecule, dimer, and vertical height between two dimer atoms, respectively. x and 7 denote the elongation ratio of X—H bond and contraction ratio of X—Ge/Si bond, respectively. X
represents O, N or F atom. The vdW corrected lengths of X—H and X—Ge/Si bonds (shown in parenthesis) are used to calculated y and 7.

Eags (eV) X—H (A) x(%) X—Ge(Si) (A) n(%) Dimer’(A) Dimer?(A) Ah(Dimer')(A) Ah(Dimer?)(A)
Ge(100) - - - - 2.59 2.59 0.88 0.88
Pre-NHj3 - 1.03(1.03) - 2. 19(2 18) - 2.62 2.57 0.70 0.85
HF 0.58(0.69) 1.04(1.04) 097 2.15(2.14) 18 263 255 0.65 0.77
H,0 0.51(0.68) 1.05(1.05) 1.9 2.13(2.12) 2.8 2.62 255 0.65 0.83
NH3 0.55(0.72) 1.07(1.07) 3.9 2.12(2.11) 3.2 2.63 2.56 0.64 0.84
Pre-H,0 - 0.98(0.99) - 2.30(2.29) - 2.61 2.57 0.75 0.85
HF 0.62(0.73) 1.01(1.01) 2.0 2.18(2.16) 57 2.62 255 0.69 0.77
H,0 0.64(0.80) 1.03(1.03) 40 2.14(2.13) 7.0 262 2.56 0.68 0.84
NH; 0.79(0.98) 1.11(1.14) 15 2.08(2.06) 10 263 256 0.65 0.84
Si(100) - - - - - 2.36 2.36 0.77 0.77
Pre-NH3 - 1.03(1.03) - 1.99(1.98) - 2.42 235 0.52 0.74
HF 0.71(0.80) 1.05(1.05) 19 1.96(1.95) 15 2.43 236 0.45 0.69
H,0 0.62(0.77) 1.06(1.07) 37 1.94(1.94) 2.0 243 235 047 0.74
NH3 0.64(0.81) 1.09(1.10) 6.4 1.93(1.92) 3.0 243 235 0.44 0.73
Pre-H,0 - 1.00(1.00) - 2.01(2.00) - 2.40 236 055 0.75
HF 1.85(1.96) - - 1.72(1.71) - 245 2.39 0.24 0.42
H,0 0.87(1.01) 112(1.12) 12 1.86(1.85) 75 243 235 0.47 0.75
NH; 1.30(1.49) - - 1.75(1.75) - 246 235 037 0.71

increasing trend from HF, H,0, to NHs, shown in Fig. 3b. It suggests
that the contribution of synergistic effect to E,qs is in the order of
NH3 > H,0 > HF. To one's surprise, only E,4s of NH3 and H,O follow
the trend, while HF does not. For example, E,4s of HF is found to be
slightly greater than that of H,0 on Ge(100)N"3 or Si(100)NH3,
seen in Fig. 3c.

Given that E,q4s resulted from synergistic effect and electrostatic
attraction, we speculate that the contribution from the classical
electrostatic attraction is remarkable in HF case. We find that the
vertical height of Dimer? of Si/Ge(100) varies most before and
after the additional adsorption. For example, the vertical height of
Dimer? on Ge (100)N™ is decreased by 0.08 A after HF adsorption,
while only 0.02 A and 0.01 A for H,0 and NH3 adsorption, respec-
tively (cf. Table 2). The similar trends also exist on Ge(100)"2° and
Si(100)N™3, It indicates that the classical electrostatic attraction be-
tween HF and substrate is much more remarkable than that of H,0
and NHs, in line with the adsorption of isolated molecule on
Ge(100) and Si(100).

3.2.2. Spontaneous dissociation of pre-adsorbed H,0 on Si(100)

On Si(100)H2°, for the adsorption of HF and NHs, the pre-adsorbed
H,0 molecule dissociates spontaneously in the process of optimization,
along with formation of a new HF molecule and [NH4]°" (0 <& <
1) group, as shown in Fig. 2. The pre-adsorbed H,O molecule on
Si(100), however, does not dissociate when H-bonded with the
additional H,0. Given that the synergistic effect follows the trend of

NH3 > H,0 > HF on a specific pre-adsorbed substrate, it indicates that
the formation of a new HF molecule is mainly attributed to the remark-
able electrostatic attraction of HF with substrate. The formation of
[NH,4]?T is likely ascribed to the greater synergistic effect between
NH; and pre-adsorbed H,0.

Furthermore, it can be speculated that with the formation of more
H-bonds, the synergistic effect will be further enhanced. Herein, we
have investigated the adsorption of a H,O/NH; tetramer on Si(100). It
is found that the pre-adsorbed H,O/NHj5 dissociates spontaneously, as
shown in Fig. 5, indicating that synergistic effect is greatly strengthened
compared to the case of H,O/NHs dimer.

4. Dissociation of H,0 on Ge(100) surface at low temperature
4.1. Clustering of H>0 molecules on Ge(100) surface

Similar to the cases on Si(100), the enhancement of H-bonding also
exists on Ge(100). Particularly, the adsorption energy of H,O on
Ge(100)"2° via H-bonding is about 0.64 eV, 0.21 eV larger than that of
X-pointed configuration. It implies that clustering of H,O is likely an
energetically favored process on Ge(100).

Based on X-pointed configuration of H,O on Ge(100), we consider
the possible configuration of the additional H,O molecule's adsorption,
which can be classified into two scenarios. One is directly adsorbed on
Ge atoms near the occupied Gegown, the other is adsorbed around the
pre-adsorbed H,0 via H-bonding, as shown in Fig. 6.

; Dative bonding

Substrate

164 —Ge(100)N o HF m
(a) 14 (b) _Ge((1OO§H2° v H20 / 0.5 (C) /
" —Si(100)N = NH3 aaill
[I-bonding A0 o854
/R’ § 8 E’
H ...; w0804
Ry o . e

'// o

0.70 4

085+

n(%)

Fig. 3. (a) Schematic of an additional molecule (R-X'H) H-bonding with the pre-adsorbed molecule (R-XH) on Si/Ge(100) substrate. X and X’ denote F, O, and N atoms, and R and R’
represent the other components in the molecule. (b) Elongation ratio () ) of X—H bond versus contraction ratio (1) of X—Ge/Si for the additional adsorption of HF, H,0, and NH; on
Ge(100)N™3, Ge(100)H2°, and Si(100)N™3, respectively. (c)Eaqs0f HF, H,0, and NH; on these three pre-adsorbed substrates.
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Fig. 4. (a)-(b) Projected density of states (PDOS) for the dative bonded O, H, and the H-bonded O atoms of configuration of H,O dimer on Ge(100) and Sub I, respectively. The energy levels
are aligned with respect to the 1s level of the Ge atom in the bulk layer. The Fermi level of configuration of H,O dimer on Sub I is set to zero. Inset of (b) is the local partial density of states
calculated in the energy range of —11.2 to —10.8 eV. (¢)-(d) Isosurface plots of charge density difference [p(Sigown)-P(Gedown) |- Here, purple/light blue represents electron accumulation/
depletion. p(Gegown) and p(Sigown) denote total charge density of configuration of H,O dimer on Ge(100) and Sub I, respectively. The gray and blue balls denote Ge atoms and Si atom,

respectively. The isosurface levels are +0.015 electrons/bohr>.

(a) (b)

Fig. 5. Adsorption configuration of H,0 (a) and NHj; (b) tetramers on Si(100) surface. The
bond lengths are in the unit of A.

The adsorption energy (E.qs) of the additional H,O molecule is
defined as:

Eads = -[Ege(100y20 - Ege(100)20- Epi,0],

Where Ege(100)20, Ege(100)20, and Ey o are representative of the total
energies of Ge(100)212° Ge(100)"2°, and isolated H,O molecule,
respectively. Overall, configurations f, g, and h are energetically compa-
rable, with the relatively larger adsorption energies of 0.76, 0.80, and
0.80 eV after vdW correction, respectively. Together with configuration
e, it is found that all the clustered configurations (configurations e-h)
are more stable with respect to the configurations adsorbed directly
on substrate (cf. Table 3). That is to say, the H,O molecule in the gas
phase is energetically favored to H-bond with pre-adsorbed one, rather
than adsorb dispersedly on the substrate. The initial configurations of
the second H,0 at [, III, and IV sites are H,O floating above the dimer
with O atom pointed to the Ge,, atoms. Nevertheless, after optimization
the H,O molecules at sites I and III transform to H-bond with the pre-
adsorbed H,0, as shown in Fig. 6e and 6f, respectively. The H,0
molecule at site IV changes the orientation with H pointed to Ge,
atom (cf. Fig. 6d), with adsorption energy of 0.18 eV. Despite a similar
initial location of H,0 on Ge(100) and Si(100) substrates, the optimized
configurations of H,O at III, and IV sites are different from those on
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Fig 6. Configurations of the additional H,0 adsorbed on Ge(100). (a) Sketch map of the possible adsorption sites for the second H,O molecule on Ge(100)

120 syrface. The optimized

configurations for H,0 adsorbed on Ge atoms near the occupied Gegown (b-d) and around the pre-adsorbed H,O via H-bonding (e-h). The yellow and black balls represent Ge,, and
Gegown atoms in the first layer, respectively. The gray balls denote the Ge atoms in the second and third layers.

Si(100), where the Siy, in Il and 1V sites change into Sigown and dative
bond with H,0 eventually. On the one hand, it is attributed to the elec-
trostatic interaction between the H atom of H,0 and the Ge,,;, atom. On
the other hand, the calculated flipping barrier of Ge-Ge dimer is 0.41 eV,
larger than that of Si-Si dimer (0.26 eV). As for configurations b and c,
the adsorption energies of the second H,0 is 0.57 and 0.61 eV, both
smaller than that of pre-adsorbed H,0, implying that there exists
classical electrostatic repulsion between the adjacent H,0 molecules.
However, the barriers for breaking the dative bonding of configurations
b and c and diffusing to H-bond with the pre-adsorbed H,0, corre-
sponding to configurations g and h, are only 0.21 and 0.12 eV, respec-
tively, as shown in Fig. 7a and 7b. Therefore, even if H,O molecules
have adsorbed dispersedly at Gegown, atoms, they will be easily clustered
due to the small diffusion barriers.

4.2. Dissociation of H>0 on Ge(100)

We first consider the dissociation barriers of an isolated H,O on
Ge(100). Since the dissociated H atom of H,O0 is likely to bond with
Ge,p atom at the same dimer or inter-dimer, as shown in Fig.8, we
name these two dissociation pathways as OD and ID procedures. The
calculated barriers are 0.77 and 0.71 eV for OD and ID procedures,
respectively, both larger than the molecular adsorption energy of H,0.
It suggests that the adsorbed H,O molecule on Ge(100) prefers to
desorb before dissociation, in line with the dramatically small sticking
probability of H,0 on Ge(100) at room temperature [23,36].

However, for the dissociation of a H,O dimer, driven by a greater
synergistic effect, the donor H atom is gradually moved away from the
pre-adsorbed H,O to the additional one. When reaching the saddle
point, the original H-bond between H,O molecules is shortened to
1.05-1.08 A, close to the OH bond of H,0 molecule at free state
(0.97 A), while the OH bond of the pre-adsorbed H,O molecules is
elongated to 1.43-1.50 A, gradually displaying H-bond character. Simul-
taneously, the OH bond of the additional H,O pointed to the Ge,, atom
is elongated to 1.32-1.36 A, due to the electrostatic attraction between
H and Ge,, atoms. Finally, the pre-adsorbed H,O dissociates and a
new H,0 molecule forms on the substrate. The local structures of tran-
sition states of the possible OD and ID procedures for configurations
e-h are shown in Fig.7c.

Compared to an isolated H-O, the barrier is lowered from 0.77
to 0.45 eV for the OD procedure, and from 0.71 to 0.40 eV for the ID

Table 3
Relative adsorption energy (E.qs) of the second H,0 in configurations b-h on the pre-
adsorbed Ge(100)-c(2 x 4) before and after vdW correction.

a b c d e f g h

Eods (€V) 043 037 041 012 061 065 064 067
Eas-vdW (V) 062 057 061 018 071 076 080 0.80

procedure. In particular, the barriers are further lowed by 0.1-0.2 eV
by the vdW and ZPE corrections, as listed in Table 4. It well explains
the experiment observation that H,O molecules could dissociate at
low temperature (~100 K) [23,24]. Throughout all of these reaction
pathways, it is found that ID procedures have lower barriers than
those of OD procedures (cf. Table 4). Particularly, the barrier for
configuration f is only 0.19 eV. Thus we speculate that the ID products
probably exist on Ge(100) surface, though only OD products have
been observed so far as the reported experiments are limited [37].

On Si(100), the pre-adsorbed H,O dissociates spontaneously
under the catalysis of HF [38]. It is dominated by the remarkable
electrostatic attraction between HF and Si(100) substrate as com-
pared to H,0 and NHs;. Hereafter we consider several configurations
of HF on Ge(100)"2°, Two stable configurations are shown in Fig. 8,
corresponding to OD and ID procedures. Their adsorption energies
are 0.58 and 0.62 eV, respectively, both greater than 0.24 eV of the
X-pointed configuration on Ge(100). It indicates that HF is energeti-
cally favored to H-bond with pre-adsorbed H,0 on Ge(100). Subse-
quently, we calculate the dissociation barriers of OD and ID
procedures, which are 0.22 and 0.21 eV, both prevailing over the
H,0 molecule itself. Considering that the synergistic effect of H,0
dimer on Ge(100) is greater than that between HF and pre-
adsorbed H,0, it indicates that electrostatic attraction of HF with
Ge(100) has played a dominant effect on the dissociation. Signifi-
cantly, it provides a better way to facilitate the dissociation of H,0
on Si(100) and Ge(100) surfaces.

5. Conclusion

We have investigated the adsorption of isolated HF, H,0, and NH3,
and their various combinations on Si(100) and Ge(100) substrates.
It is found that both the isolated H,O and NH;3 tend to dative bond
with the substrates, while the electrostatic attraction has played a dom-
inant role for the adsorption of HF. On a given pre-adsorbed substrate,
H-bonding shows a synergistic effect with the dative bonding, together
with electrostatic attraction, dominating the adsorption and dissocia-
tion of polar molecules on Si/Ge(100).

In particular, H,0 and HF molecules from the gas phase are found to
be energetically favored to cluster with the pre-adsorbed H,0 on
Si(100) and Ge(100). Driven by the synergistic effect, the dissociation
barriers of H,O on Ge(100) are reduced from ~0.7 to ~0.4 eV as com-
pared to the isolated H,O. It well explains the experimental phenomena
that H,O molecules could dissociate at low temperature.

Additionally, HF is found to be an excellent catalyst for H,0 dis-
sociation due to a large electrostatic attraction with Si/Ge(100) sur-
face. Catalyzed by HF, H,0 dissociates spontaneously on Si(100) and
the barriers are lowered to ~0.2 eV on Ge(100). This provides an ef-
fective approach for dissociation of H,O on Si(100) and Ge(100)
surfaces.
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Table 4

Calculated dissociation barriers of procedures OD and ID for the pre-adsorbed H,0, and configurations e-h. Values in parenthesis are corresponding to data with vdW correction
and vdW + ZPE (zero point energy) corrections, respectively. No dissociation path is available for the cases without calculated barrier data.

Barrier (eV) a e f g h
OD procedure 0.77 0.45 - 0.56 -
(0.77,0.61) (0.42,0.25) (0.56, 0.35)
ID procedure 0.71 - 0.40 0.49 0.45
(0.68,0.51) (0.38,0.19) (0.48,0.29) (0.43,0.30)
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