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Dissociative adsorption of water molecules on Si{001) clean surface becomes a common understanding now. The
mechanism, however, has not been clarified yet. This is because it is always tacitly assumed that a water molecule is ad-
sorbed to a surface and dissociates as a monomer. Therefore, we investigated the adsorption of water molecules on Si
(001) clean surface based on the first-principles density-functicnal-theory (DFT) calculations and found that the adsorp-
tion energy as a water cluster dramatically increases at a silicon down-dimer site. This adsorption state accompanies a
change in quality of hydrogen bond, and the water molecule can be easily dissociated via a proton-relay mechanism,
Since this mechanismn allows the dissociation between adjacent silicon dimers, the previous experimental results can be
explained in more natural ways. We also obtained the result that implies the generality of this mechanism by analyzing
of the highest oceupied molecular orbital (HOMO) and the lowest unoccupied molecuiar orbital (LUMOQ) of the water
monomer, dimer and 3i(001) clean surface based on molecular orbital theory, These theoretical results propose the ne-

cessity of taking account of the multi-molecular process as well as the single molecular process.
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Fig. 1 Si(001) clean surface (left half} and occupied surface
(right half)., Water molecules dissociate info -H and
-0OH fragments on the clean surface and terminate sili-

con dangling bonds.
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Fig,2 Schematic model of Si(001) occupied surface. Ac-
cording to the results by STM observation, there are
some isolated silicon dangling bonds remaining intact
even under saturated conditions. The reported satura-
tion coverage is at most .48 ML. Since a water mole-
cule occupies two adjacent dangling bonds by the dis-
sociative adsorption, two types of occupation pattern
are required to remain isolated dangling bonds. One is
an “on-dimer dissociation” and the other is “inter-
dimer dissociation”. This figire shows an example.

H
H\Q/ \
'Si/Si
/

BRARLE0, ZThaPEMTBL 501, RECASTOR
AEMR 1 & - T On-Dimer 87 17 72 < Inter-Dimer BT
Ly aroi s v ARy KBRS S D 2yl
I T3,

LA, REFBEENTWEE S v —I2 L 2MEE
FHTH, I o Inter-Dimer “C D FF T 3 03805 1 H M %
BB, adns, HOFEREOBHEECSOWTHA
TEEENEEE RS 7S RFHE T LB &, KD
FHE/ v— & UTHERETNIEE LT Oo-Dimer
TORE#EETHEEREOAERLORB YN B 0
A, FEHER IR BBEE S v 2 4w — ik i
Mo e fRERERTERVPETED (Fig.3a). 2h
TRECH -V arv -0 220X v X)) v
Ry FERBMTDZ LAY, AL A7 IRV R
ERTILENTERVWEDEBREFHELTLES, 22
Thivhiud, Fig3b) kKFT L5 hERCKkDITFO
BET 70 AORERHETS, AL oRED
HEZHD TROF0 b U L —BHEHTRE Thy
EWOKRFFOF2 Ry (bebEidH 2HT o
DRFTHETHE2BETAABRF LA LCoOSHE
EAWD) BEETHOY Y oV HEEO5IEBET30
T, REHAZAMLUTHORGTEBY, Sbic

On-dimer
dissociation

Inter-dimer
dissociation

mo H
_} \ !
8 — &i

a) Single-molecular dissociation

T
H/’YO\H H H/ ‘\
He s o H
o o 1 O O
gj — S Si — Si

4

b) Multi-molecular dissociation :
Proton-relay dissociation process proposed by us

Fig.3 It is difficult to achieve an “inter-dimer dissociation” by single-molecular
process because the hydrogen and silicor: atoms are distant from each
other. On the other hand, both the “on-dimer dissociation” and “inter-
dimer dissociation” are possible by introducing multi-molecular process.
The figure shows “an-dimer dissociation” via double-melecular process.
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Table1 Adsorption energy of a water monomer and a water
dimer on 8i(001) clean surface. O-0 length of the
water dimer adsorbed to the strong site becomes
shorter compared with that of an isolated water di-

mer.
Weak Site Strong Site
Water Monomer [eV] 0.24 0.68
Water Dimer {eV] 0.64 1.62
0-Olength [A] 2.86 2,50

Weak Site Strong Site

Weak Site Strong Site

Monomer adscrption states of water molecules on Si
(001) clean surface. There are two types of adsorption
site on this surface. One is a “weak site” scattered be-
tween silicon dimer rows, and at which adserption en-
ergy for a water monomer is 0.24 eV. The other is a

“strong site” over a silicon up-dimer site, and at
which adsorption energy for a water monomer is 0.68
eV,

Fig. 5 Dimer adsorption states of water molecules on Si
(001) clean surface. Another water molecule is
hydrogen-bonded to the already adsorbed one in Fig.
4. The adsorption energy of water dimer adsorbed at a
“strong site” (1.64 eV) remarkably increases com-
pared with that of water dimer adsorbed at a “weak
site” {0.64 eV} in spite of the relatively high position
of the second water molecule [See alsc Table 1}.
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a) One dimensional adiabatic potentials of dimer adsorption cases.
They show how fotal energy of the system varies depending on the
position of proton between two oxygen atoms. As for the solid lines,
all other atoms are fixed during the calculations. Each line corre-
sponds to different adsorption height. Approach of the water dimer de-
creases the slope of potential curves, and the shape becomes flat-
bottomed at the most stable adscrption height. We obtain other poten-
tial curves drawn with dots by relaxing the other three hydrogen at-
oms of the water dimer during the calculations. Especially, we find a
new potential minimum for the case of 0.00 A.

b) Atomic configurations corresponding to each potential minimum.
The shift of proton A causes the spontancous transfer of proton B.
Though this is calculated in the partial phase space, the potential bar-
rier is only (.14 eV,
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Fig. 7 The dimer adsorption feature such as adsorption energy and O-O length
ele. is quite independent of rotation around the strong site, Since these
are examples of many local minima, pivoting motion of the water dimer
adserbed on the strong site is expected.

Table2 Angle dependence of adsorption energy and other typical parameters of dimer ad-
sorption systems. Corresponding configurations and definition of the parameters are
shown in Fig, 6. These features are quite independent of rotational angle.

- 45° 0° 45" 90° 135"  Monomer Adsorption
Adsorption Energy {eV]  1.53 144 142 153 1.50 0.68
8i-O length [A] 193 190 192 190 192 213
O-Hlength [A}] 1.05  1.08 1.6 107 107 0.97
O-Olength [A] 256 250 248 249 249 —
H...Silength[A] 261 225 230 220 245 2.45
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Fig. 8 Frontier orbitals of the water monomer, water dimer and Si(001)p(2 X
2) clean surface. HOMO and LUMO of the water dimer are paralle} to
each other because of the twist around the hydrogen bend. On the
other hand, HOMO and LUMO of the surface are also parallel. This is
one of the reasons why the HOMO-LUMO interaction is so strong in
the dimer case.
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Fig. 9 Schematic model showing our scenario of multi-molecular dissocia-
tion of water molecules on $i{001) surface. (2) (b) An incident water
melecule is trapped af one of the “strong site”. {b) (¢) The water
molecule migrates on the surface along the silicon dimer row. (c) (d)
Once two water molecules mest each other, they fall into a deep ad-
sorption state, and start a pivoting motion. () (f) When some condi-
tions are satisfied during the piveting motion, the proten reiay disse-
ciation is achieved. (f) (g) The water molecule which mediates the
proton migrates to another strong site.
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Fig. 10 Estimation of zero-peint energy of proton in a water
monomer, a water dimer and an adsorbed water di-
mer. The value of 0.09 eV for the adsorbed dimer
case cannet be negligible compared with the classi-
cal potential barrier of the proton relay dissociation
(0.14 eV). It will affect the life time of pivoting mo-
tion of water dimer on the strong site.
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