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Abstract Tribological properties of surfaces (friction,
adhesion and wear) provide challenging limitations to the
design of reliable machines on the micro- and nanometer
scale as the surface to volume area increases and volume,
mass and inertia of the mobile parts decrease. This study
reports on the reduction in the friction force of silicon
surfaces after the alkali metal ion exposure in the form of
aqueous solutions. A scanning force microscope equipped
with a liquid cell was used to investigate the friction force
and the pull-off force of a flat silicon surface immersed in
water and in different alkali metal chlorides solutions:
LiCl, NaCl and CsCl. The concentration ranged from 0.1
up to 1000 umol/l. The changes in the free surface energy
of the initial surface and of the modified surfaces after
drying were determined from contact angle measurements
and from the acid-base adhesion theory. In both cases, in
the liquid environment and after drying of the exposed
silicon substrates in air, the friction force is reduced by
approximately 50 %. Our results provide new, fundamental
insight into the exchange of surface termination layers in
particular for tribology. Also it is suggested to use the
procedure as a low-cost alternative to improve the tribo-
logical properties of the silicon surface in particular in
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applications where lubricating fluids are not appropriate,
e.g., in nanomachines and devices.

Keywords Silicon surface - Scanning force microscopy -
Friction - Adhesion - Alkali metal chlorides

1 Introduction

The silicon provides the most established and most com-
monly used material for micro-electro-mechanical systems
(MEMS) due to well-established manufacturing processes
capable of forming 3D structures by lithography and
etching, but also due to its interesting mechanical and
electric properties. Silicon benefits from very little fatigue
and is almost perfectly Hookean material. The tribology of
the silicon surface has also generated considerable recent
research interest due to the fact that its tribological prop-
erties need to be improved and modified in order to ensure
the reliability of micro-machines. With progressive
miniaturization leading to decreasing size of the compo-
nents, the relative contribution of contact forces and fric-
tional forces to overall dissipative losses and to the kinetic
energy of the mobile parts in operation decreases. Fur-
thermore, these boundary conditions imply a different
regime of tribology, specifically of rather low loads acting
at interfaces. Therefore, solutions avoiding high-viscosity
lubricants are sought after. Friction, adhesion and wear
provide a significant challenge in the design of reliable
MEMS and on these grounds. Nanotribology as a scientific
discipline emerged, which comprises the investigation and
control of tribological properties on the nanometer scale
down to atoms and molecules [1-7]. Surface layers and
surface ad-layers in general provide very interesting
options here [8—13]. In the case of MEMS, it is particularly
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important to use surface layers or lubricants that are
molecularly thick, easy applied, insensitive to environment
and highly durable. Hence, one of the promising solutions
is the ionic liquids [14—16]. On the other hand, numerous
experiments have established that the water-lubricated
ceramic interface provides a very low friction coefficient
[17]. This effect has been also observed for the silicon
surface [18]. Moreover, it was observed that ion implan-
tation can significantly change the mechanical and tribo-
logical properties of the surface layer [19, 20]. In the
literature, it is also described that even single-atom-type
replacement can significantly change the tribological
properties of an interface [21-23]. Therefore, we estab-
lished the idea of treatment of the silicon surface with
simple alkali ions solutions in water. We assume that the
presence of alkali ions in the silicon surface (because of the
diffusion from the solution) can lead to creation of more
stable water film due to electrostatic interactions.

In the present study, we investigate the effect of alkali
metal salt solutions in water on the tribological properties
of the silicon (100) surface. We use scanning force
microscope (SFM) and complementary methods. Specifi-
cally, we report about a quantitative and time-dependent
study of the surface chemical composition, the significant
reduction in the friction force and the modified wetting
behavior of flat silicon surfaces hours to days after their
immersion in aqueous solutions of alkali metal chlorides.

2 Experimental

The current investigation involved friction force, pull-off
force and surface energy measurements of flat silicon (100)
n-type surfaces immersed in water and in three different
salt solutions: lithium, sodium and cesium chlorides (LiCl,
NaCl and CsCl). The concentration of the salt solutions
ranged from 0.1 up to 1000 umol/l in distilled water. Every
2 h the solution was changed to new and fresh one in order
to assure the constant concentration of the ions. During the
night the sample was put to the closed solution container.
Therefore, the changes in the concentration should be
insignificant. The experiments were performed with a
Veeco Dimension 3100 SFM equipped with a liquid cell.
Flat, n-type silicon (100) was used. Before the experiment,
the surface was etched in a reactive ion etching (RIE)
process, using equal quantities of O, and CHF; at 100 m
Torr in a 100 W RF plasma. The oxide layer, which was
created after the etching due to the contact of the sample
with air, is about a few nanometers thick. Due to the RIE
process, the silicon surface used in the experiments cor-
responds to the silicon surface in MEMS devices (they are
usually etched by RIE). The applied normal force was
equal to approximately 100 nN. This value was chosen due
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to the fact that it provides a good accuracy and resolution
of the changes in the lateral force and still the wear was not
observed. Firstly, measurements in the ambient environ-
ment were conducted. Later, the tip was immersed in the
investigated liquid for 24 h in order to chemically equili-
brate the tip’s surface. SFM silicon cantilever with silicon
tips from Micromasch was used. The diameter of the
cantilever’s tip varied between 100 and 200 nm. The nor-
mal spring constants were determined from the resonant
frequency and were usually equal to approximately 4 N/m.
The sample was immersed in distilled water (this step was
omitted when clean water was the liquid to be investi-
gated). In order to investigate the time evolution of the
friction force, SFM measurements were conducted in an
open liquid cell for the first 8 h of immersion and then in
the equilibrium state (after 24 h). Each measurement was
done at different places on the sample’s surface. Hence, the
influence of rubbing on the results was eliminated. Finally,
the sample was dried in air and carefully cleaned with
distilled water and isopropyl alcohol. The SFM tip was
changed and the measurements were repeated in ambient
environment.

In order to determine the friction force, so-called friction
loops were acquired (Fig. 1a). The cantilever was moved
across the sample in a 90° angle with regard to the long
cantilever axis in forward and then backward mode. The
torsional flexure of the cantilever due to the frictional
forces acting at the given force load was recorded and
analyzed in the form of cyclic friction loops. The force
measurements were calibrated by using the wedge cali-
bration method, which is based on the earlier method
developed by Ogletree et al. [24, 25]. It should be noted
that the calibration is only valid for the setup used in the
calibration experiment, i.e., for exactly this cantilever used
in exactly this setup with the specific position of the laser
spot of the beam deflection sensor. The values of the cal-
ibration constant were usually equal to approximately
10 nN/mV. In order to measure the pull-off force to
withdraw the cantilever tip from the surface, force—distance
curves were recorded. These were obtained by slowly
lowering the tip onto the sample surface until approach to
contact and then further increasing the tip-to-surface load
up to a preselected peak force before withdrawing the
cantilever again. Figure 1b shows an example of such a
curve. Far away from the surface, there is no force acting
on the cantilever. Close to the surface, the tip jumps into
contact and then starts to deform or indent the sample. The
pull-off force is then evaluated from the characteristic kink
in the retracting curve which corresponds to the cantilever
tip being released from the substrate.

Before the sample was immersed into the liquid for the
first time and after the SFM experiments, as well as after
drying/cleaning of the solution exposed surfaces, the
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Fig. 1 AFM measurement techniques. a Friction loops—the wider
friction loop corresponds to bigger friction force—initial state, the
narrower loop corresponds to the state after the surface modification,
b force—distance curves—they are obtained by slowly lowering the tip
onto the sample surface, indentation of the surface and then slowly
retracting the tip

surface free energy of the silicon surface was determined
from contact angle measurements. According to the acid—
base theory of adhesion, it is possible to evaluate the sur-
face tension components for the surface under test and
therefore the total surface energy using three different test
liquids: [26].

v =1+ 205557 )=+ 8 (1)

where ¢ is the dispersive component of the overall surface
free energy 7s, 75 and yy are acidic and basic components,
respectively, and 757 is the overall acid—base contribution
to ys. In our measurements, we used three different liquids,
of which the surface free energy components are well
known: water, diiodomethane and glycerol. The compo-
nents of the surface free energy of the investigated sample
were then evaluated from the set of three equations. The
measurements in air were done in a clean room, in which
the temperature and humidity were controlled. The tem-
perature was 22 °C, and the relative humidity was equal to
55 %.

In order to confirm the presence of the alkali ions, the
X-ray photoelectron spectroscopy (XPS) measurement was
carried out on the samples immersed in CsCl solution and
on those immersed in H,O for reference. XPS was per-
formed in a vacuum chamber at a pressure of
~5-10E — 11 mbar with a monochromatized Al K-alpha
radiation at a power of 400 W. The presence of the ele-
ments is manifested by the appearance of the respective
XPS peaks in a spectrum, i.e., at ~723.7 eV for Cs3d peak
and ~198.5 eV for Cl2p peak in alkali halides. Both peaks
are split due to spin—orbit coupling, and the respective
splitting is 13.9 eV for Cs and 1.6 eV for Cl. All spectra
have been shifted to match the binding energy of silicon at
99.3 eV [27, 28].

3 Results
3.1 The Friction Force Reduction

The friction force between the silicon SFM tip and the
silicon surface modified by the influence of water and
alkali chloride solutions was examined in a first series of
the experiments. The data (Fig. 2) show that extended
water exposure of the silicon surface reduces the friction
force by about 40 % on the timescale of about 5 h. Note
that an influence of the surface of the cantilever tip on this
timescale can be ruled out because of its equilibration in
water for a longer time period before the start of the
experiment. A further reduction in the measured friction
force occurs after immersion of the sample in salt solu-
tions, i.e., for CsCl (Fig. 2a), NaCl and LiCl (Supple-
mentary Information). In all three cases, the friction force
was further reduced by about 70 % with a characteristic
half decay time of about 3 h. It should be noted that across
the range of the probed concentrations the reduction in the
friction force is slightly dependent on the concentration of
the solution. Note, however, that at the beginning of the
exposure the decrease in the friction force is much faster
for higher concentrations. The equilibrium is reached only
after about 10 h for 0.1 pumol/l concentrations and already
after about 2 h for 1000 pumol/l concentrations. On the
contrary, the modification of the frictional force in water
levels out after about 5 h. Figure 2a shows the difference in
the reduction in the friction force on samples exposed to
three salt solutions of 10 pumol/l concentration. The friction
force in LiCl solution is lower by approximately 25 % than
in CsCl solution. When the friction force was determined
from measurements performed in different concentrations,
the same trend was observed. It is important to note that the
observed reduction in the friction force is persistent, also
after removing the sample from the solution and drying.
For example, the friction force between the silicon tip and
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Fig. 2 Results of the friction
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the silicon surface before immersion into the 10 pmol/l
solutions was determined as 52 + 9 nN, whereas after the
experiment, when the sample was dried and cleaned it
assumed a value of —28 £ 4 nN in the case of sodium and
cesium chloride exposure and 24 + 4 nN in the lithium
chloride exposure case. It should be noted that the effect
can be reversed by subsequent immersion in water. In this
case, after 72 h of immersion and then drying and cleaning,
the value of the friction force is back to its initial value.

3.2 Adhesion, Free Surface Energy and XPS Results

To complement our friction force measurements, the
adhesion between the cantilever tip and the sample was
measured. So-called pull-off force measurements were
performed in salt solutions at concentrations of 1 mmol/l.
The results are shown in Fig. 3a. It is apparent that the
value of the pull-off force is small and it is not altered by
the applied salt solutions. Therefore, the change in the
value of the adhesion force is not responsible for the
changes in the friction force.

Our experiments provide consistent evidence that the
ions modify the silicon surface on a rather long timescale
of some hours or more. It is striking that also the free
surface energy measurements performed after drying and
cleaning the samples as they are shown in Fig. 3b confirm
with this result (Table 1). The results indicate that the
acidic part of the free surface energy and its overall value
in all the cases increased about 30 %. Furthermore, XPS
measurements (Fig. 4) indicate that samples before and
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after the modification show similar Si, O and C peaks, in
both binding energy position and intensity. Cs and Cl
atoms are only present in the samples which were modified
by the CsCl solutions, though their relative 1:1 (Cs:Cl)
stoichiometry is not conserved and amounts roughly to 9:1
(Supplementary Information). The chemical shift of the
Cs3ds,, peak binding energy by ~ 1 eV with respect to the
Cs metal (~726 eV) suggests a bond formation between
Cs and oxygen [27, 28].

4 Discussion

As outlined in the introduction, prior work has documented
the effectiveness of self-assembled monolayers to improve
the tribological properties of a silicon surface. It was also
observed that water reduces the friction force of this sur-
face. In this paper, we tested the alkali chlorides and their
influence on these properties and we have discovered that
permanent reduction in the friction force may be achieved
consequent to the immersion of the silicon sample in one of
the following salts solutions in water: LiCl, NaCl or CsCl.
Furthermore, we have investigated the time evolution of
the changes in the friction force due to the SFM mea-
surements in the liquid cell. It is apparent that by the
interaction between the silicon surface and the ions con-
tained in the solutions, a new surface layer is created.

In order to explain the chemistry of this layer the silicon
surface, it should be noted that silicon is known to spon-
taneously form thin layers of oxide on its surface under
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Table 1 Reduction in the friction force due to the salt influence

Friction force (nN)

Initial state After surface modification

52 £8 LiCl 24 +£ 4
NaCl 28 £ 4
CsCl 28 £ 4

normal atmospheric conditions. The microstructure of the
interface is not clearly understood [29]. It is well known,
however, that the interface between silicon and its ultrathin
native oxide layer contains a high concentration of defects
in the form of silicon dangling bonds (approximately
0.1 nm™!; Fig. 4a) [30]. Therefore, the oxide layer via
these dangling bonds can react with water and form silanol
groups on the surface (Fig. 4b) [31]:

Si—0-Si + H,0=2SiOH (2)

This process may reduce the friction force and is in line
with an earlier experimental report [18]. Our results show a
further reduction in the friction force by exposure of the
silicon surface to the LiCl, NaCl or CsCl solutions in water.
We attribute this effect to the replacement of hydrogen ions
at the interface with alkali ions, as depicted (Fig. 4c). At

room temperature, the silicon surface is electrically neutral
at pH 2 [32]. The lithium, sodium and cesium chloride
solutions exhibit a pH of approximately 6, 7 and 8,
respectively [32]. At higher pH, the concentration of = Si—
O™ groups is higher and the hydrogen atom replacement
reaction should occur faster. This assumption agrees with
our results in that the observed reduction in the friction
force occurs fastest for cesium chloride solutions and
slowest for lithium chloride solutions (Fig. 2b). It is also
possible that Cs ions have a higher sticking coefficient on
the silicon surface and are absorbed more rapidly. Due to
the fact that the alkali ions are bigger than the hydrogen
ions, it is plausible that they introduce a higher internal
stress to the thin oxide layer of silicon dioxide which may
reduce the contact area and influence the friction force.
Furthermore, the presence of the alkali ions is responsible
for the creation of the more stable water film on the silicon
surface due to the electrostatic interactions between water
particles and the ions (Fig. 4c). The water film lubricates
then the contact between the surface and the SFM tip and
reduces friction. The presence of the alkali ions on the
surface was further confirmed by the XPS (insets in Fig. 4).
The fact that the effect can be reversed by subsequent
immersion in water also suggests that the ions diffusion is

@ Springer
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the explanation of the reduction in the friction force. The
distilled water may leach the ions and after drying the
silicon surface is back to its initial state.

The changes in the free surface energy (Fig. 3b) provide
independent support toward this model: The silanol groups
are not well hydrated with water; therefore, they are not
stable in air, and water evaporates from the silicon surface;
hence, water does not persistently change the free surface
energy after drying. On the other hand, alkali ions may
permanently bond to the thin oxide layer and influence its
free surface energy and wettability. Furthermore, alkali
ions are Lewis acids, which explains the increase in only
the acidic part of the free surface energy. The strongest
effect was observed for cesium chloride solutions. There
are two complementary explanations. Firstly, the cesium
chloride solutions exhibit the highest pH at the same con-
centrations, thereby the highest concentration of the = Si—
O™ groups, where ion bonds are created. On the other hand,
the cesium ions have the lowest potential to diffuse deeper
into the silicon oxide. Hence, most of the Cs ions remain on
the surface, bond water and contribute to the observed
stronger increase in the acidic part of the free surface
energy in comparison with the smaller ions which can
diffuse easier. However, to fully explain this effect further
research is needed. Evidently, the simple model presented
here cannot describe all details of the experimentally
observed, persistent and significant reduction in the friction
force after exposure of Si to salt solutions.

It should be noted that the chlorides may cause the
corrosion of MEMS devices. However, the above-
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described effect is caused by the alkali ions. Hence, it is
possible to modify the surface by other, less aggressive
salts, i.e., nitrates. On the other hand, the salt solutions can
simulate biological environments in which in the near
future MEMS and NEMS (nanoelectromechanical systems)
can and should work [33, 34]. The effect of friction force
reduction may be very useful for design of such devices.
Unfortunately, using MEMS in aqueous environment has
some challenges (i.e., viscosity, electrolysis and anodiza-
tion [35]). Therefore, the effect of friction reduction should
be further investigated in order to find out the optimal
parameters.

5 Conclusions

To the best knowledge of the authors, the data that show
the reduction in friction force due to the influence of the
alkali ions on the silicon surface are the first of its kind.
Our experiments provide the compelling evidence that the
friction force can be reduced by approximately 50 % by
immersion in low-concentration alkali metal chlorides
solutions in water. We tentatively attribute this effect to the
bonding between alkali ions and the silicon surface. The
ions contribute to the creation of the more stable water
film, which lubricates the contact. These promising results
are encouraging and should be explored in different con-
figurations (e.g., by using different ionic compounds and in
a wider concentration range). Other tribological properties
such as wear on the nanometer and macroscale should also
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be investigated. This could eventually lead to methods for
the low-cost modification of the surface friction coeffi-
cients and to new, strong, durable and affordable micro-
and nanomachines made of silicon. Furthermore, it may be
useful in the technological processes in which the friction
force of a silicon surface plays an essential role, i.e., in the
nanoimprint lithography.
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