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MISCELLANEA

MODEL OF MOTION OF THE PROBE
OF AN ATOMIC-FORCE MICROSCOPE
IN THE SEMICONTACT REGIME

S. O. Abetkovskaya and S. A. Chizhik UDC 539.3

The equation of motion of the oscillating probe of an atomic-force microscope in the field of surface forces
of an elastic sample was numerically solved. The influence of the position of the probe and the elastic modu-
lus of the sample on the dynamic parameters of the probe motion and the characteristics of the contact de-
formation of the sample was estimated.

Introduction. The formation of an image in scanning probe microscopy and, in particular, in atomic-force mi-
croscopy (AFM) is based on the control of the parameters of the mechanical motion of a micromechanical probe, con-
sisting of a microcantilever with a microindenter set at its free end, near the surface of a sample [1, 2]. The bending
of the cantilever of such a probe in the process of its contact with the surface of a sample (contact regime) and the
change in the parameters of the oscillations of the cantilever (semicontact dynamic regime) are determined to a large
extent by the contact interaction of the microindenter with the surface of the sample [1]. In the case where a topo-
graphic 3D image of a region of a sample is formed with the use of a scanning probe, the force of interaction of the
probe indenter with the sample (contact regime) or the gradient of this force (dynamic regime) is held constant in the
process of scanning with the use of an electron-feedback system [3, 4]. The local mechanical properties of the material
of the surface nanolayers of a sample can be estimated by increasing the load at the site of contact of the indenter of
a probe with the sample and by deforming nanometer areas of its surface [5, 6]. This procedure is called static force
spectroscopy [5, 7] and is effectively used in the nanoindentation of materials with the use of an atomic-force micro-
scope. The procedure of dynamic force spectroscopy, in which the cantilever of a probe executes resonance oscillations
when the probe approaches the surface of a sample, is no less informative [2]. The decrease in the amplitude of these
oscillations and shift of their frequency and phase in the process of interaction of the oscillating-probe indenter with
the surface of the sample depend on the viscoelastic and adhesive properties of its surface. However, since many fac-
tors influence the motion of a microprobe in the field of surface forces of a sample under conditions of deformation
of its surface layers, it is difficult to determine the functional relation between the dynamic parameters of the probe
and the characteristics of the material of the sample. Therefore, this problem has not yet been uniquely solved [2].

In the present work, a numerical simulation of the motion of the oscillating probe of an atomic-force micro-
scope near the surface of a sample has been performed and the dependence of the deformation of the material of the
surface layers of the sample on the distance between it and the probe and the elastic properties of the sample has been
analyzed for the purpose of constructing an adequate description of the procedure of dynamic force spectroscopy and
using it for characterizing materials in a nanoscale.

Formulation of the Problem and Computational Model. Forced oscillations of a microscopic cantilever
with an indenter set at its free end are considered. The cantilever indenter is located at a distance zp,s from the hori-
zontal surface of the sample (Fig. 1). The driving force, under the action of which the cantilever begins to oscillate,
changes by the harmonic law. This force is applied at the point of fixation of the beam-cantilever (the amplitude of
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Fig. 1. Probe-cantilever system in the semicontact regime of operation of an
atomic-force microscope.

oscillations at the fixation point is dp;y, and their frequency is ®). The Young modulus and the Poisson coefficients of
the sample and the cantilever indenter are, respectively, E| and v| and E, and v;.

In the description of the motion of a cantilever with an indenter, a vertically fixed spring of rigidity k
(equivalent to the flexural rigidity of the cantilever) with a stationary top point is usually used instead of the oscillat-
ing cantilever, and an oscillating point mass m concentrated at the free end of the spring is used instead of the canti-
lever indenter. The working (contacting) part of the indenter is simulated by a spherical segment with a curvature of
radius R. It is assumed that the quality factor of the oscillating system is Q and the frequency of natural oscillations
of the spring with an indenter is .

Since the geometric dimensions and the mass of the oscillator being considered are small, the field of surface
forces in the clearance between the probe indenter and the sample acts on the indenter and has a profound impact on
the motion of the probe. Moreover, in every cycle of steady-state oscillations of the probe, the probe indenter comes,
at the lower point of its motion, in contact with the sample, with the result that the contacting bodies are subjected to
an elastic deformation. The inclusion of the elastic reaction of the sample and the interactions realized due to the off-
contact surface forces introduces a nonlinearity into the equation of motion of the probe cantilever. The force applied
to the indenter and the character of oscillations of the cantilever are determined to a large extent by the distance be-
tween the indenter and the surface of the sample; this distance, in turn, is determined by the position of the probe
relative to the surface of the sample z,,s and the amplitude of oscillations of the free end of the cantilever. For exam-
ple, the indenter cannot come in contact with the surface of a sample and can interact with its surface only due to the
Van der Waals surface forces. The opposite situation is realized in the case where the indenter oscillates as a result of
its contact with the surface of the sample.

In the present work, the general case of semicontact oscillations is considered. The indenter moves in the field
of the attracting surface forces of a sample and, when it comes in contact with the surface of the sample, is subjected
to the action of the repulsive contact forces. The forces of interaction of the indenter with the surface of the sample
can be calculated with the use of the model proposed, e.g., in [8]. In this model, the molecular-nature surface forces
(Van der Waals forces) are assumed to be dependent on the value of the clearance separating the indenter of a probe
and the surface of a sample and are calculated as a derivative of the Lennard-Jones potential:
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The repulsive force arising as a result of the elastic deformation of the material of a sample was determined
by the following relation for the contact of a sphere with a plane from the Hertz theory:

Frp@=kR? = d). )

Here
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In this case, the system of equations for the oscillations of a spring with an indenter will have the form
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This system is solved at the following initial conditions:

0z

Z|I=O=Zp0s; o =0.

=0

For the program realization, the system of second-order differential equations (3) was rearranged to a system
of first-order differential equations. For this purpose, we introduced new variables: x| = z and x, = dz/dt. Since k/m
= 03%, system (3) takes the form
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The numerical simulation of the process of oscillations of the probe of an atomic-force microscope was performed
using the Mathematica package [8]. A solution of the above system of equations was obtained in the form of interpo-
lation functions.

The mechanical behavior of the probe—sample system depends on the initial parameters, which can be condi-
tionally divided into three groups: 1) the parameters characterizing the microprobe (resonance frequency, quality fac-
tor, rigidity of the cantilever, radius of the indenter curvature, Young modulus, Poisson coefficients of the material
and the indenter); 2) the parameters determined by the AFM operator (amplitude of free oscillations of the cantile-
ver, position of the probe relative to the sample); 3) the parameters of the material of the sample (Hamaker constant,
interatomic distance, Young modulus, Poisson coefficients of the material of the sample). The frequency of the driv-
ing force will be assumed to be equal to ® = ®g, which does not decrease the generality of the description. This
choice of the working frequency corresponds to the situation arising frequently in practice because, in dynamic
atomic-force microscopy, measurements are usually carried out in the resonance regime or at a frequency close to
the resonance frequency [2, 8, 9].

Results of the Computational Experiment and Their Discussion. A numerical experiment has been carried
out to investigate the possibility of control of the motion of the indenter of the probe of an atomic-force microscope
and to determine the features of the deformation of the surface layers of a sample by the probe indenter in the dy-
namic regime of operation of the microscope. The determination of the relation between the oscillations of the probe
and the mechanical properties of the material of a sample is of practical importance for the development of methods
of dynamic nanoindention. To obtain this relation, we investigated the time dependence of the coordinate z of the
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Fig. 2. Dependence of the force of interaction of the probe with the surfaces
of three different samples on the distance between the probe and the samples:
E=1 (), 0.1 (2), and 0.01 GPa (3). z, nm; F, nN.
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Fig. 3. Development of oscillations of a microcantilever: a) motion of the can-
tilever indenter beginning with the instant a driving force is applied and ending
at the 40th oscillation cycle; b) motion of the cantilever in the case of steady-
state oscillations [1) oscillations of the indenter in the process of its interaction
with the surface of a sample; 2) oscillations of the indenter in the absence of
the sample]. z, nm.

probe of an atomic-force microscope or the number of its oscillation cycles as well as the dependence of the rate of
motion of the indenter of the probe on the coordinate of its position, determining the depth of penetration of the probe
into the surface of the sample and the force of elastic repulsion of the indenter by the sample. Varying the initial pa-
rameters of the oscillating system, we determined the dependence of the amplitude and phase of oscillations of the in-
denter, the deformation of the sample, the radius and time of contact of the indenter with the sample, the load on the
sample, and the repulsive force on the properties of the material of the sample.

Samples with elastic moduli of 0.01, 0.1, and 1 GPa were investigated. This range of elastic properties corre-
sponds to the materials, polymers for the most part, for which AFM nanoindention can be performed with the use of
commercial silicon microprobes. We constructed numerical dependences defining the motion of the probe interacting
with the above-indicated samples (Figs. 2-5). The following model parameters were used in the computational experi-
ment: k = 10 N/m, f = o/(2n) = fj = 100 kHz, R = 10 nm, E; = 179 GPa (corresponds to silicon), Vi = v, = 0.3,
H = 0.1 mN-nm, ¢ = 0.34 nm, apj, = 0.8 nm. The quality factor of the system Q was assumed to be equal to 100.

Figure 2 shows the dependence of the force of interaction of the probe indenter with a sample on the distance
between them. It is seen that the repulsive force (the curves to the left of the point zg ) increases with increase in the
elastic modulus of the material. In the calculations, the surface energy of the samples was assumed to be constant;
therefore, the attracting force (the curves to the right of the point zr) remains unchanged. Such dependences are used
below for simulation of the dynamics of the probe in the semicontact regime.

The development of the oscillations of the probe with time beginning with the instant a driving force is ap-
plied to it is shown in Fig. 3. It is seen that the oscillation process is gradually established when the frequency of the
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Fig. 4. Force of interaction of the probe indenter with a sample (1) and defor-
mation of the sample (2) within two cycles of oscillations (a) and within one-
half an oscillation cycle (b). F, nN; d, nm.

driving force becomes equal to the resonance frequency of the probe. The zero level in the graph corresponds to the
level of the surface of a sample. It is known that the main parameter influencing the stabilization time of oscillations
of a system, i.e., the number of its oscillation cycles for which the oscillations become stationary, is the quality factor
Q of this system. In the case considered (for Q = 20 and E; = 10 GPa), the oscillations of the probe become station-
ary at the 40th oscillation cycle. It should be noted that the surface of a sample does not influence the symmetry of
oscillations of the probe relative to the position zp,s (Fig. 3a, curve 1 in Fig. 3b); however, the amplitude of its oscil-
lations in the semicontact regime is smaller as compared to the amplitude of the free oscillations (Fig. 3b, curve 2).

We now will analyze the action of the probe indenter on a sample in the case of its local contact deforma-
tion. Figure 4 shows the changes in the deformation of the sample and in the force of interaction of it with the probe.
In Fig. 4a, two cycles of oscillations of the probe are shown, and, for a more comprehensive analysis, Fig. 4b shows
the part of an oscillation cycle of the probe for which the indenter makes contact with a sample at zpos = Ag. On the
curve of the interaction force (curve 1) there are spikes caused by the attracting force acting at the beginning and at
the end of the contact stage. For the initial model parameters selected, the repulsive forces dominate over the Van der
Waals attracting forces throughout the oscillation cycle of the probe. The contact time comprises an insignificant part
of the oscillation period (Fig. 4a); for the largest part of this period, the indenter is at a distance from the surface of
the sample, at which the forces of action of the sample on the indenter are close to zero. These results are close to
the results obtained in [4].

Figure 5 shows dependences constructed for the case where the probe approaches samples under identical con-
ditions. These dependences demonstrate the influence of the elastic modulus of a sample on the following charac-
teristics of oscillations and interaction of the indenter with the sample: the amplitude of oscillations of the probe, the
maximum force of interaction of the probe with the sample, the time of contact of the probe with the sample for one
oscillation cycle, and the depth of deformation of the sample. In this case, the position of the probe z,,; was changed
from 84 nm to 0. The amplitude of forced oscillations of the probe away from the surface of the sample (free oscil-
lations) was assumed to be equal to Ag = 82.3 nm in all cases. At a distance larger than A, the probe does not come
in contact with the surface of the sample. It is seen from Fig. 5a that the amplitude of oscillations of the probe de-
creases with decrease in zps, i.¢., as it approaches the sample. The gradient of change in this amplitude increases with
increase in the elastic modulus of the sample. In the case where the probe interacts with more rigid samples, the am-
plitude of its oscillations decreases more rapidly. In Fig. 5b, the calculated values of the maximum force acting on the
probe indenter are presented. In the range of distances zp,s being considered, the attracting forces prevail; these forces
increase with increase in the Young modulus of the material of a sample; negative (attracting) interaction forces can
arise only in the region where z,0s> 82 nm. In the region of initial contacts (zpos = Ag), the Van der Waals forces
contribute significantly to the average force of interaction of the probe indenter with the surface of the sample. Since
the repulsive force is larger in the case of interaction of the probe with softer samples, the attracting interactions make
a large contribution to the total interaction force. The contact time increases (Fig. 5c¢) when the probe indenter ap-
proaches a sample. At small values of z,y, the difference between the times of contact with different materials is
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Fig. 5. Dependences of the amplitude of oscillations of the probe (a), the
maximum force of interaction of the probe indenter with a sample (b), the time
of contact of the probe with the sample (c), and the maximum depth of defor-
mation of the sample (d) on the distance z,os, Obtained for different materials:
E=1(),0.1 (2), 0.0 GPa (3). Zposs d, A, nm; F, nN; ¢, sec.

small and is close to half the period of oscillations of the probe. Comparison of Figs. 5d and 5c shows that, when the
contact time is small, more rigid materials experience a smaller deformation; in the case where Zpos is close to zero,
the amplitude of oscillations of the probe is practically equal to zero (Fig. 5a). For softer samples, the amplitude of
oscillations of the probe near their surface (zpos = 0) is two times smaller than its initial oscillation amplitude. In this
case, the deformation of the sample and the time of contact of the probe with it are large. The dependences shown in
Fig. 5 are similar in character to the results of analogous investigations performed in [5], despite the fact that a dif-
ferent range of Young moduli was used in the indicated work for simulation of samples.

A similar numerical analysis was performed in [10, 11]. The contact times, presented in Fig. Sc, agree well
with the results obtained in [11, 12]: even for the softest materials and for small distances zpos between the probe and
the surface of the samples, the contact time does not exeed the half-period of oscillations of the probe.

In the case where the surface of a sample is moved relative to the point of fixation of the probe of an
atomic-force microscope, with which the scanning of the sample is carried out (for example, a vertical approach-re-
moval in the process of dynamic indention or a motion in the process of scanning), the time of movement from one
measurement point to another should be not smaller than the time of establishment of a stable regime; this time is
usually equal to 0.3-20 msec. The time of movement of the probe between two neighboring measurement points
should be not smaller than the indicated time.

When an atomic-force microscope works in a semicontact regime, the force of interaction of the indenter of
its probe with the surface of the sample influences the operation of the microscope, which introduces nonlinear effects
into the dynamics of motion of the probe and makes the obtaining of an analytical solution defining the motion of the
probe indenter impossible. Therefore, the oscillations of the probe of an atomic-force microscope should be investi-
gated with the use of numerical models that allow one to describe the motion of the probe and the contact interaction
in the probe—sample system as well as to estimate the influence of different parameters of the probe on its oscillations.

The consistency of the results obtained by us and their agreement with the analogous data obtained by other
authors (e.g., in [8]) allows the conclusion that the Hertz contact model combined with noncontact forces changing by
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the Lennard-Jones law and the approach described in the present work can be used for investigating the work of the
system being considered under various conditions. Using the model proposed, one can analyze the influence of the os-
cillations of the probe of an atomic-force microscope and its characteristics on the contact of the probe indenter with
a sample and, on the other hand, the influence of different parameters of the interaction of this indenter with the sam-
ple on the oscillations of the probe—sample system. This makes it possible to give practical recommendations on the
use of any parameters of the probe of an atomic-force microscope, including the determined parameters of its oscilla-
tions, in investigating different samples.

The possibility of approximation of a continuous beam by a spring of point mass was considered in [13]. In
[1], it was shown that for the most typical condition of work of an atomic-force microscope (in air), the approximation
of the cantilever of its probe by a spring in calculations gives a fairly exact description of the motion of the probe,
even though it is recommended by the authors of this work to use, in this case, small amplitudes of oscillations of the
probe (smaller than 30 nm). At the same time, they present the results of calculations carried out with the use of this
approximation at larger oscillation amplitudes (60-100 nm) [10, 11]. We used this range in our calculations.

Conclusions. In the present work, a numerical simulation of the motion of the probe of an atomic-force mi-
croscope interacting with the surface of a sample has been performed. The results obtained allow one to investigate
such important characteristics of the work of an atomic-force microscope as the amplitude of oscillations of its probe,
the force of interaction of the probe indenter with a sample, the time of contact of the indenter with the sample, and
the deformation of the sample. The deformation of samples with different elastic moduli was estimated and the ampli-
tude of oscillations of the probe and the time of its contact with the sample were calculated. The dependences ob-
tained are of practical importance and can be used for interpretating the results of investigations of the surface of a
sample in the semicontact regime of atomic-force microscopy and dynamic force spectroscopy in the procedure of
nanoindention.

This work was carried out with financial support from the Belarusian Republic Basic Research Foundation
(project FO6R-207).

NOTATION

A, working amplitude of oscillations of the indenter of a probe, nm; A(y, amplitude of free oscillations of the
indenter outside the field of action of the surface forces of a sample, nm; apiy,, amplitude of the harmonic force, nm;
d, depth of penetration of the indenter into the surface of the sample, nm; E, equivalent Young modulus, Pa; E| and
E>, Young moduli of the sample and the indenter, Pa; F(x, f), all forces acting on a unit length of the indenter,
nN/hm; Fyy(z), long-range attracting forces, nN; Fiep(z), short-range repulsive forces, nN; H, Hamaker constant,
nN-nm; k, rigidity of the probe cantilever, N/m; kg, reduced rigidity of the system, N/m; m, mass of the probe canti-
lever with an indenter, kg; N, number of a cycle; R, radius of curvature of the indenter, nm; ¢, time, sec; Q, quality
factor of the cantilever; z, position of the indenter, nm; ZF, distance at which the expression for the Lennard-Jones
force turns to zero, nm; Zposs the position of the point of fixation of the cantilever above the surface of the sample,
nm; V| and V,, Poisson coefficients of the sample and the indenter; G, interatomic distance, nm; ®, angular frequency
of the harmonic force, Hz; y, angular eigenfrequency of the cantilever, Hz. Subscripts: bim, biharmonic piezoelectric
element; att, attraction; rep, repulsion; s, system; pos, position; eff, effective.
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