
Author's personal copy

Water adsorption on hydrogenated Si(111) surfaces
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a b s t r a c t

The adsorption of water on the hydrogen terminated Si(111) surface is studied by means of first-princi-
ples calculations as well as contact angle measurements. Possible initial adsorption configurations for sin-
gle water molecules and the potential energy surface are calculated. Only small adsorption energies of
the order of meV are predicted. Calculations for higher coverage show that the water–water interactions
are stronger than the water–surface bonding. The contact angle formed between a water droplet on the
surface approximated from the total-energy calculations amounts to 88�, while our measured value is
91�.

� 2008 Elsevier B.V. All rights reserved.

Despite substantial research efforts, the structural properties of
water are incompletely understood. This holds for the ubiquitous
liquid phase [1,2] as well as for thin substrate-supported water
films and clusters prepared in the laboratory [3–6]. Even the
hydrophilic/hydrophobic character of some simple, well-under-
stood surfaces is not clear [7–9]. The interaction of water with solid
surfaces, however, is of key importance for many chemical and
physical processes [10–16]. In order to better understand the
water–surface interaction, well defined model systems accessible
to both surface-sensitive probes as well as first-principles calcula-
tions need to be investigated. The adsorption of water on the
Si(111):H surface [8] presents such a case. We present first-princi-
ples calculations on the adsorption of single water molecules,
water clusters and water thin films on the Si(111):H surface. The
contact angle approximated from the total-energy calculations is
compared with the value measured for a hydrogen terminated
Si(111) wafer.

The calculations are performed using density functional theory
(DFT) within the generalized gradient approach (GGA) as imple-
mented in the Vienna Ab initio Simulation Package (VASP) [17].
The electron-ion interaction is described by the projector-aug-
mented wave scheme [18]. The electronic wave functions are ex-
panded into plane waves up to a kinetic energy of 400 eV. The
surface is modeled by periodically repeated slabs. They contain
nine Si bulk layers orientated along the [111] direction and a vac-
uum region of about 23 Å. We consider a (2 � 2) surface unit cell

throughout this work. All calculations are performed using the cal-
culated Si equilibrium lattice constant of 5.456 Å. The surface sili-
con dangling bonds are passivated with hydrogen. For the ionic
relaxation we use the conjugate gradient method with a force trun-
cation criterium of about 40 meV/Å. The Brillouin zone integration
is performed using a 4 � 4 � 1 Monkhorst–Pack mesh.

We use the PW91 functional [20] to describe the electron ex-
change and correlation energy within the GGA. It describes the
hydrogen bonds in solid water (ice Ih) in good agreement with
experiment [21,22]. However, in the case of molecules weakly
bonded to each other or to the surface, dispersion interaction –
not accounted for in the GGA – may contribute a sizable percent-
age of the total interaction energy [23]. In order to assess at least
approximately the influence of the van der Waals (vdW) interac-
tion on the adsorption energetics, we present some additional data
that are obtained using a semiempirical approach based on the
London dispersion formula to include the dispersion interaction
[24]. Due to the limitations inherent to this approach it should
be considered to provide error bars and energetic trends rather
than accurate results.

The influence of the dispersion or van der Waals (vdW) interac-
tion on gas-phase water molecules is illustrated in Table 1. Here
we compare the structural data calculated for the gas-phase water
molecule within DFT and DFT supplemented with dispersion inter-
action with experiment. Obviously, within both approaches the
measured geometry is well described. As one expects, the van
der Waals interaction leads to a slight decrease of the HAOAH
bond angle. For the vibration frequencies we find the DFT values
to be closer to the experiment than the DFT + vdW results. This is
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related to the somewhat arbitrary choice of the cutoff function that
quenches the dispersion interaction for short bonding distances
[24].

In addition to the calculations, contact angle measurements
were performed. Thereby both side polished Si(111) wafers,
n-type, p-doped, with a resistivity of 4000–6900 X cm were first
cleaned in 1:1 30% NH3/30% H2O2 solution at 80 �C and then care-
fully rinsed with ultrapure water. Hydrogen termination was
achieved in freshly prepared 40% NH4F solution during 8 min at
room temperature. The surfaces were subsequently rinsed with
ultrapure water and dried in a nitrogen stream. To minimize sur-
face contaminations and/or re-oxidation of the surface, the sam-
ples were stored in ethanol (99.8%) or ultra high vacuum. Water
contact angles were measured by means of a dataphysics system
OCA 20 in a chamber with nitrogen atmosphere of controlled
humidity. The relative humidity of either 1.2 ± 1.0% or 96.8 ± 1.0%
at 23.0 ± 0.3 �C could be adjusted by means of a gas mixing system.
4 ll droplets of ultra purified water (pH = 6.9) were deposited with
a dosing rate of 0.2 ll/s and measured in advancing mode. The sur-
face conditions were checked by X-ray photoelectron spectroscopy
(XPS) applying a Quantum 2000, Physical Electronics, USA. Spectra
were measured at 45� using a monochromated Al Ka source at
93.9 eV pass energy and 0.8 eV step size for survey spectra and
23.5 eV pass energy at 0.2 eV step size for detailed spectra. Atomic
force microscope (AFM) experiments were performed with a Digi-
tal Instruments Dimension 3100. Morphology images were re-
corded in tapping mode with a line rate of 1 Hz.

We start by determining the potential energy surfaces (PES) for
a single water monomer adsorbed on the Si(111):H surface. Since
the most favorable adsorption configuration is not clear a priori
and we cannot expect the (rather weak) bonding forces to rotate
the molecule in the most favorable orientation, we consider three
different starting geometries for each lateral monomer position.
The water molecule is oriented either with its oxygen atom down,
with one hydrogen down and one hydrogen up, or with its molec-
ular plane parallel to the surface. The latter orientation is often as-
sumed on metal surfaces [16]. The results are shown in Fig. 1.
Irrespective of the molecular orientation, the PES is rather flat with
a maximum corrugation of 57 meV. The most favorable adsorption

configurations yield energies of 30, 70, and 82 meV for the oxygen
down, planar, and one hydrogen down orientation, respectively.

Consequently, we use the latter configuration as starting point
for further calculations where we study higher coverages. The most
favorable dimer configuration found here is shown in Fig. 2. We
find the adsorption energy with respect to gas-phase molecules
to increase upon dimer formation, from 82 to 191 meV, see
Table 2. However, this increase in energy is related to the mono-
mer–monomer interaction rather than the molecule–surface inter-
action. This becomes clear from the calculation of the binding
energy per molecule, which we define as

Ebind ¼ Esurf þ EðH2OÞn � EðH2OÞn ;surf
� �

=n; ð1Þ

where Esurf and EðH2OÞn ;surf are the energies of the clean and water ad-
sorbed Si(111):H surfaces, respectively, and EðH2OÞn represents the
energy of the adsorbed water configuration, e.g., the water dimer,
calculated in the same surface unit as the total system, but with
the Si atoms missing. In the adsorption energy per molecule

Eads ¼ Esurf þ n � EH2O � EðH2OÞn ;surf
� �

=n; ð2Þ

in contrast, n � EH2O corresponds to n single water monomers in gas-
phase. For the gas-phase calculations of water monomers a cubic
20 � 20 � 20 Å cell was used. Due to the structural relaxation, the
monomer adsorption and binding energies calculated according to
this definition will differ.

As can be seen in Table 2, the surface binding energy even de-
creases upon dimer formation, at least within DFT. Adding the
empirical vdW correction to the total-energy and force calcula-
tions, the balance of water–water and water–surface interactions
somewhat shifts in favor of the latter. Now we observe a decrease
of the adsorption energy and an increase of the binding energy
upon dimer formation. The stronger interaction between water
and the Si(111):H surface upon inclusion of dispersion forces does
not only lead to adsorption energies that are significantly (by about
0.5 eV) higher than in DFT, but also manifests itself in stronger
molecular distortions. While, for example, the HAOAH bond angle
changes by less than 0.1� for adsorbed monomers and dimers with-
in DFT, the corresponding changes in DFT + vdW are about 2�. Even
more significant are the adsorption geometry changes upon inclu-
sion of dispersion interaction. As an example, we show in Fig. 2 the
minimum adsorption geometry for water monomers both in DFT
and DFT + vdW. The latter is more planar. Also the surface–mole-
cule distance is affected. Within DFT/DFT + vdW we obtain mini-
mum distances of 2.04/1.61 and 2.47/1.57 Å for the monomer
and the dimer, respectively.

The adsorption of water also modifies its vibrational frequen-
cies. We calculate (within DFT) shifts of �38, �46, and 24 cm�1

for the antisymmetric and symmetric stretching and bending
mode of the monomer, respectively. According to the calculations,
the most obvious vibrational fingerprint for the formation of water

Fig. 1. Potential energy surfaces (adsorption energy in eV with respect to gas-phase water) in dependence of the initial orientations of the water molecule. In the left/middle
panel the O/one H atom point towards the surface. Right the case of a molecular plane parallel to the surface is shown. The H2O oxygen serves as molecular point of reference.

Table 1
OAH bond length (Å) and HAOAH bond angle calculated and measured for the gas-
phase water molecule. Also given are the vibrational frequencies of the antisymmet-
ric, symmetric and bending mode in cm�1.

Experiment [19] DFT DFT + vdW

OAH 0.958 0.97 0.97
HAOAH 104.45 104.7 104.0
Antisymmetric stretching 3756 3831 3837
Symmetric stretching 3657 3720 3798
Bending 1595 1580 1662
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dimers on the surface is a splitting of the symmetric stretching
mode by 219 cm�1.

The energetic trend discussed above for the formation of dimers
holds also for the larger clusters considered in this work, i.e., the
trimer, quadromer and hexamer configurations as well as the bi-
layer. The calculated increase in adsorption energy, cf. Table 2, is
related to the intermolecular bonding rather than the interaction
with the substrate. While this generally holds for both the DFT
and DFT + vdW calculations, there are some quantitative differ-
ences. However, both in DFT and DFT + vdW, the maximum bind-
ing energy per atom is reached for the hexamer configuration.
This resembles the findings for water interaction with many metal
(111) surfaces [5,25] and is likely to be partially related to the
small lattice mismatch. Within DFT, we find the average OAO dis-
tance in the adsorbed hexamer/bilayer to be 2/5% smaller than in
ice Ih.

Macroscopically, surfaces interacting with water are classified
in hydrophobic or hydrophilic according to the contact angle h
formed between a water droplet on the surface, cf. Fig. 3. The smal-
ler the angle, the more hydrophilic is the surface. Computationally,
this definition is hardly applicable, due to the numerical expense
required for the modeling of water droplets on the surface, see also

[26,16]. According to Young’s formula, h is related to the interface
energies by [27]:

cos h ¼ cSV � cSL

cLV
; ð3Þ

where c represents the energy of the solid–vacuum (SV), solid–li-
quid (SL) and liquid–vacuum (LV) interface, respectively. In order
to approximate h, we approximate the difference cSV � cSL by the
binding energy of our water bilayer per unit area (Eq. (1)) reduced
by the energy released upon relaxation of the Si(111):H surface and
the energy difference of the bilayer surface energy compared to the
surface energy of liquid water, cLV. The latter is approximated – in
the denominator as well – by the DFT–GGA surface energy of ice
Ih [22] calculated using the same methodology as in the present
work. Based on these assumptions, we approximate a contact angle
of h = 88�. Before this value is compared with experiment, a word of
caution is in order: (i) Certainly larger coverages than one bilayer as
well as structural disorder in the water film should be considered to
obtain a quantitatively reliable estimate for the interaction energy
between water and the Si(111):H surface. (ii) Furthermore, the
approximation of the energy of liquid–vacuum interface by the sur-
face energy of ice Ih is questionable. (iii) As seen above, the disper-
sion interaction may additionally modify the results.

Experimentally, the contact angle was measured in an atmo-
sphere of highest relative humidity to better simulate thermody-
namic equilibrium conditions between liquid and water partial
pressure of the surrounding gas-phase. To further determine
the effect of static water layer thickness change at the surface,
these experiments were also repeated in dry nitrogen atmo-
sphere. For both cases no significant difference of the advancing
water contact angle could be detected; 90.9� with a standard
derivation of 2.7� at a mean error of 0.5� can be reported as con-
solidated value.

Various etching and cleaning procedures are discussed in liter-
ature for hydrogen termination of Si(100) and Si(111) surfaces.
Generally a final etching step with NH4F is believed leading to opti-
mized results concerning cleanliness and surface flatness [28].
Houston et al. [29] reported a water contact angle of around 86�
for similarly prepared Si(100) surfaces. Tomita et al. [30] found
the respective water contact angle to be around 75� for ammonium
fluorine etched Si(111). To investigate the present surface condi-
tions, XPS measurements were performed directly after the contact
angle measurements, cf. Fig. 4. The survey spectrum indicates a re-
duced oxygen amount and an increased carbon contamination for

Fig. 2. Energetically favored monomer and cluster adsorption geometries obtained within DFT. For comparison, the monomer adsorption structure obtained from DFT + vdW
is shown in the upper middle panel. Surface adsorbed hydrogen is indicated in green. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article).

Table 2
Adsorption and binding energies (meV) calculated according to Eqs. (2) and (1).

Eads Ebind

DFT DFT + vdW DFT DFT + vdW

Monomer 82 623 69 281
Dimer 191 516 68 791
Trimer 366 781 63 1117
Quadromer 430 857 69 1410
Hexamer 512 1003 97 1510
Bilayer 584 1148 20 1340

Fig. 3. Contact angle h between a water droplet and a substrate.
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H-terminated Si(111) surfaces compared to the wafer measured
after degreasing. However, it could be confirmed by detail spectra
(also shown in Fig. 4) that any oxygen signal detected on the NH4F
etched sample arises from the adsorbed hydrocarbons. The Si2p3/2/
Si2p1/2 peak shows an asymmetric left slope typical for silicon in
the oxidation state 0. The normalised areas of the O1s peak at
532 eV and the C1s peak at 287 eV correspond to each other indi-
cating that the oxygen is covalently bonded to an aliphatic chain.
The second C1s peak hints at hydrocarbon chains, the O1s peak
at 533.5 eV to water aggregating with organic hydroxyls or water
cluster at surface discontinuities.

It has to be concluded that the investigated surfaces are not en-
tirely free from organic contaminations. The contact angle mea-
sured here is in the same order as for H-terminated Si(100)
surfaces [29], but by 15� larger than the value of Ref. [30] for H ter-
minated Si(111). However, the surfaces in Ref. [30] showed a sig-
nificantly higher carbon surface concentration and a higher
roughness (RMS = 3.8 nm). In our case the RMS value of 0.27 nm
as measured by means of an AFM (see Fig. 5) is small enough not
to influence the measured contact angle. Moreover, the AFM mea-
surement shows that the contamination is adsorbed as nanoparti-
cles. That means that most of the surface is contamination free.
Furthermore, it can be assumed that the adsorbed oxygen contain-
ing organic contaminations are dissolved in the water droplet dur-
ing the contact angle measurement. Therefore we do not expect
them to increase the measured water contact angle. Given the
approximations in the calculations discussed above, however, the
close agreement between measured and calculated contact angle
is certainly to some degree fortuitous.

To summarize, we performed DFT calculations on a compara-
tively simple and rather well accessible water–solid interface. In
agreement with earlier calculations [8] it is found that water
monomers only weakly interact with Si(111):H, with adsorption
energies and diffusion barriers below 100 meV. Calculations for
clusters and water bilayers find an increase in adsorption energy
that is due to water–water rather than water–substrate interac-
tions. Among the structures investigated here, water hexamers
give rise to the highest binding energy per molecule. Additional
calculations that approximate the dispersion interaction by means
of the London dispersion formula shift the balance between water–
water and water–surface interaction somewhat towards the latter
and indicate that the DFT–GGA results must be considered with
caution for weakly bonded systems such as studied here. This cer-
tainly holds also for the comparison between the measured contact
angle of about 91� with the value of 88� obtained from the present
DFT–GGA total-energy calculations.

The calculations were done using grants of computer time from
the paderborn center for parallel computing (PC2) and the Höchst-
leistungs–Rechenzentrum Stuttgart. Financial support from the
Deutsche Forschungsgemeinschaft is gratefully acknowledged.
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