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Introduction

The scanning force microscope (SFM) is a unique tool for nanometer-scale modification

[1,2] and tribology [3]. When a tip scans on a sample surface in contact mode, there is not only a

normal force but also a lateral force acting on the tip. Stick-slip motion with the periodicity of

the lattice constant was detected between a tungsten tip and a mica surface. [4]. In ambient air,

the presence of physisorbed or chemisorbed molecules could affect the nanotribological

properties between the tip and the sample. The effects should be significant for high-resolution

operation [2]. The influence of adsorbed water molecules and the capillary condensation on

nanotribological phenomena has been characterized by means of SFM friction experiments on

silicon wafers [5].  It was reported that friction and adhesive forces were affected by the relative

humidity of ambient air, but the behavior of these forces in atomic scale imaging was not

mentioned.

In the present experiment, the SFM is placed in an atmosphere control apparatus and the

relative humidity around the tip and the sample is controlled at 30% or 70%. The lateral force

images corresponding to atomic scale topography images are obtained on the cleaved surface of

mica. The nanotribological effects of adsorbed water molecules and the capillary condensation of

water is examined.

Experiment

The schematic of the main part of

the SFM used for the present study is

shown in Fig. 1.  The lateral component FL

and the normal component FN of the force

acting on the tip are independently

measured by twisting angle and bending

inclination of the cantilever, respectively.

We use a triangular microcantilever with
∼25 nm tip-radius, which is made of Si3N4.

Its spring constants of twisting and

bending are 250 N/m and 0.58 N/m, respectively. The SFM unit is placed into a glove box

connected to a precise air control apparatus and the atmosphere around the tip and the sample is
controlled to a relative humidity (RH) of 30% or 70%, and a temperature of 30_ [6]. The normal
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Fig. 1.   Schematic of the main part of the SFM.



force is 0-200 nN; here the zero force is defined as the

force when the tip jumps up from the sample surface

during retraction of the tip. With raster scanning of 5-

10 nm width under the constant normal force, the

topography image and the lateral force image are

obtained simultaneously. The fast scan rate is 30 Hz or
60 Hz, so the scan speed is 0.6 µm/s or 1.2 µm/s when

the scan width is 10 nm.

Results and discussion

Figure 2 shows an image and a signal profile

of the lateral force for mica in 30% RH, with a normal

force of 40 nN. The image indicates the periodicity of
lattice structure at 0.52±0.03 nm. The lattice constant

and the symmetry of the image correspond to the mica

(0001) face [4]. The lateral force signal profile

indicates hysteresis according to the

direction change of the lateral force in trace

and retrace and, the occurrence of “stick-

slip” processes due to spatially discrete

adhesion and jumps with the lattice

periodicity.

The amplitude of periodic change

FLA and the average value FLD of the lateral

force are evaluated from the lateral force

signal profile, such as that shown in Fig.

2(b). Figure 3 shows FLA and FLD on lateral

force signal profiles for mica in 30% RH as

a function of normal load FN.  FLA directly

contributes to the contrast of the atomically

resolved lateral force images. While FLA is

slightly dependent on FN, FLD is almost

constant with the change of FN.

In order to compare the lateral force behaviors under 30% RH and 70% RH, FLA on the

lateral force signal profiles in these conditions is shown in fig. 4 as a function of FN. The straight

lines are obtained by a least-squares method.  It is recognized that the atmosphere around the tip

and the sample affects the dependence of the lateral force magnitude on the normal load.  At low

relative humidity (30%), the lateral force magnitude in atomically resolved images is almost
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Fig. 2.   An image and a lateral force
signal profile for mica at 30% RH.
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Fig. 3.  FLA and FLD on lateral force signal
profiles for mica at 30% RH as a function of FN.
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independent of the normal load.  We can

conclude that the adhesive force, independent

of the normal force, is superior to the friction

force, dependent on the normal force. At high

relative humidity (70%), the lateral force

magnitude is smaller than at 30% RH and

exhibits a dependence on the normal load.

We can conclude that the adhesive force is

weaker than at 30% RH.

The relative humidity of ambient

air in this experiment, 30-70%, is high

enough to cause water molecules and films

to be adsorbed on mica surfaces [7].

Therefore, it is necessary to consider that the

adhesive force due to the presence of the

water in the tip-sample gap has a large influence upon the lateral force [8].  The adhesive force

acting on the tip is considered to consist of the meniscus force and the interaction forces between

the tip and the sample, where water is present in the gaps around the contacting asperities. We

discuss the dependence of the adhesive force magnitude on the relative humidity of ambient air.

The adhesive force Fad due to the meniscus between a spherically shaped tip and a flat
surface is expressed as )( RhrRhFad <<∝ , where R is the tip radius, h is the meniscus height, 

is the surface tension of water, and r is the radius of curvature of the meniscus [9].  Here, the

effect of the vapor pressure on the meniscus radius is expressed with the Kelvin equation,
rpp 1)ln( 0 ∝ , where p0 is the nominal vapor pressure, p is the observed vapor pressure, and r is

negative for capillaries [10].  From the above considerations, it is conjectured that the absolute

value of the meniscus radius increases,

and accordingly the adhesive force due to

meniscus decreases, with increasing

relative humidity.

We also consider the evaluation

method of friction coefficient in order to

clear the relationship between FN and

FLD. Since the lateral force signal profiles

are looked as “stick-slip” process, the

kinetic friction coefficient can be given

by the magnitude of FLD.  The lateral

force FL is assumed to consist of the

friction force due to the normal force FN
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Fig. 4.  FLA on lateral force signal profiles for
mica at 30% RH and 70% RH as a function of FN.
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Fig. 5.  FLD and the apparent friction coefficient
1

for mica at 30% RH as a function of FN.
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and the meniscus force Fad due to the capillary condensation of water [5]. The friction force is
the product of the friction coefficient 0  and FN ,  the lateral force is expressed as 

adNL FFF += 0
.

The apparent friction coefficient 1  is given by 
NadNL FFFF +== 01

. The value of 1  becomes

to be larger than 0  with decreasing FN, because the meniscus force is superior to the friction

force. In the present examination, we discuss in the sight of the apparent friction coefficient 1 .

Figure 5 shows FLD and the apparent friction coefficient 1  for mica at 30% RH as a function of

FN. The value of 1  is considerably large in low FN near to the adhesive force (Fad=32nN) and

becomes to be 0.1-0.2 in high FN.  It is obvious that the adhesive force due to adsorbed water

molecules and the capillary condensation of water has a great influence upon the lateral force

properties in low-load measurements.

Conclusion

In order to discuss the nanotribological effects of adsorbed water molecules and the

capillary condensation of water, the lateral force images are examined quantitatively as a

function of the normal load on the sample surface. The dependence of lateral force magnitude on

the normal load is found to be affected by the atmosphere around the tip and the sample. The

adhesive force due to the presence of water in the tip-sample gap has a large influence upon the

lateral force properties in low-load measurements.
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