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Abstract: Force-curves measured by Atomic Force Microscopy (AFM) are frequently used to
determine the local Young’s Modulus of the sample. Originally the AFM (Atomic Force Microscopy)
instruments measure the cantilever deflection as a voltage signal; however the natural unit of the
deflection is nanometer. In general, the V/nm conversion factor is determined from the force-curve of a
hard sample. Since this conversion is highly affects the value of the Young’s modulus, the accuracy of
this method was investigated experimentally and using a finite element simulation of the cantilever
motion. It was found, that the position of the laser spot significantly modify the conversion factor and
in case of the sample with steep surface, the error of this calibration method can be significant.

1. INTRODUCTION

Atomic Force Microscopy (AFM) is widely
used to measure the surface properties of materials in
the micron, sub-micron or even nanometer scale.
Besides the most common topography mapping, a
great advantage of AFM s that it can Vyield
supplementary information concerning the physical
properties of the surface, such as for example
electrostatic, magnetic behavior, or mechanical (e.g.
elastic) properties [1]. For the latter the so called
force-curve evaluation — which is obtained by contact-
mode point-spectroscopy — is the most common
approach [2]. In this technique the deflection of the
cantilever during sample indentation in one spot is
used to calculate the forces acting on the cantilever
and thus in turn the elastic behavior of the surface.
Most of the modern AFMs use the so called laser-
reflection based method to transform the deflection of
the cantilever into a measurable signal (see Fig. 1 left).
The laser light is reflected from the back side of the
cantilever and is collected by a multi-segmented
photodetector, which produces a voltage signal
proportional with the deflection (Fig. 1).

The physical models, which are used to evaluate
the obtained force-curves through fitting, such as the
Herz-Sneddon model [2-4], JRK (Johnson-Roberts-
Kendall model) [5], or the DMT (Derjaguin-Muller-
Toporov model) [6], require the cantilever deflection

in a metric dimension for the calculation of the elastic
modulus (Young’s modulus) of the sample (E). For
this reason a V to nm conversion is necessary on the
obtained raw force-curve data to use it for subsequent
processing. According to these mentioned contact
mechanics models, which describe the tip-surface
interaction, the force (F) between the tip and the
sample is proportional to the deformation depth (&) of
the sample to a positive power [7]. The deformation
depth can be calculated as the difference between the
sample motion (z) and the cantilever deflection (d)
during the contact-mode point-spectroscopy (Eqg. 1).

F~&"=(z—-d)", wheren>0 (Eqg. 1)

It can be seen, that the value of the conversion
factor (Az/AV) severely influences the results of the
force-curve processing. The Young’s modulus can be
obtained from the proportional factor by fitting the
selected theoretical model on the measured d(z) curve.
In practice the most common way to determine the
V/nm conversion factor (also called the deflection
inverse optical lever sensitivity, or DeflinvOLS [8]) is
performing contact-mode point-spectroscopy
measurements on an ideally hard substrate. The
theoretical background is, that during point-
spectroscopy, in the case of a hard material, the
deflection of the cantilever in nm (d) ideally equals the
movement of the tip in the Z dimension in nm (z), thus
the gradient of the obtained point-spectroscopy curve
is the inverse of the conversion factor (Fig. 1.). Since



this method can be harmful for the tip the users
sometimes do it at the end of the measurements.
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Fig. 1. lllustration of the laser-reflection based method to
determine the cantilever’s deflection (left) and the measured
signal during point-spectroscopy (right)

The weakness of this method is that is presumes
several factors to be ideal, e.g. that the tip movement
(z) and cantilever deflection (d) is linear in the whole
investigated range (which is usually not), or that only
normal forces act on the cantilever (lateral forces,
which could cause torsion in the cantilever are
neglected), which presumes ideal contact between the
tip and the surface. Another neglected factor is the
effect of the position of the laser beam on the backside
of the cantilever. Since the deformation (due to
deflection) of the cantilever is not uniform along its
length and since the focus diameter of the laser spot is
comparable with the dimensions of the cantilever, its
position can significantly reflect on the measured
slope of the point-spectroscopy curve.

The exact position of the laser spot is often
neglected or changed during or between measurements
(due to for example recalibration of the detector
signal). Since the obtained conversion factors directly
influence the determination of the Young’s modulus
during force-curve processing, it would be important
to know how much effect the position of the spot can
have on the results. For this reason, in our work we
aim to investigate the effect of the laser spot position
on the measured conversion factor, both
experimentally and through finite element modeling.

2. METHODS

2.1. Simulation

The bending of the cantilever was simulated using
finite element method to investigate the shape of the
cantilever under a specified loading force. The two-
dimensional plane stress model was used in a custom
Matlab code based on [9]. The cantilever was

considered as a homogeneous, isotropic material (the
nominal geometrical values provided by the supplier,
see Section 2.2.), and the four-node quadrilateral
element was applied in the mesh using two-
dimensional Lagrange shape functions. The effect of
the tip was considered in the distribution of the
loading force and in constrains. The approaching part
of the contact-mode point-spectroscopy was simulated
applying 500nN maximum loading force on the
cantilever.

2.2. Experimental

A Veeco dilnnova type atomic force microscope
(AFM) was used for the measurements. The force
curves were obtained by performing contact-mode
point-spectroscopy with an ART D160 diamond probe
on a silicon surface. The nominal values of the tip
were used for the subsequent the calculations, namely
the spring constant (k) was regarded as 5 N/m and 10
degree was used as the half opening angle of the tip
(). The Poisson-ratio of the silicon was assumed to be
v=0.27. The nominal values of the cantilever
geometrical parameters are the following; length is
125 um + 5 pum, width is 25 um £ 3 um, thickness is 2
pum + 0.5 um. For the simulation the mean values were
used. E =179 GPa was used for the simulation as the
elastic modulus of the cantilever.

Fig. 2 presents a schematic illustration of the
investigated laser spot positions. The four positions
were selected to be equidistant from the tip of the
cantilever. The position of the spot was estimated
based on the optical microscopy images made on the
cantilever during the measurements. The centers of the
four positions were 22 um, 49 um, 87 um and 109 um
away from the base of the cantilever (the total length
of the cantilever is 125 um). These values were also
used for the simulations.
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Fig. 2. Schematic illustration of the investigated laser spot
positions on top of the cantilever.



3. RESULTS AND DISCUSSION

Figures 3-5 present the measurement and
simulation results, respectively. The slope of the
point-spectroscopy curves were measured in function
of the position of the laser spot atop the cantilever.
This measured slope of the curves (AV /Az, [V/Inm],
see Fig. 3) is the inverse of the conversion factor
(Az/AV, [nm/V]), which is used to transform the point-
spectroscopy curves into force-curves. As can be seen
in Figs. 3 and 4, the measured slope is significantly
influenced by the position of the laser spot.
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Fig. 3. The measured point-spectroscopy curves obtained at
49 and 109 pum from the base of the cantilever, respectively.
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Fig. 4. The measured slope of the force curves in function
of the position of the laser spot on top of the cantilever (see
Fig 2). Relative values are given considering the value
measured at 109 um as 100 %.

By comparing the measured data with the
simulation results presented in Fig. 5, we can see, that
the characteristic of the curves match. However, the
simulation results suggest a stronger dependence of

the measured slope on the position of the spot. This
significant difference could arise either from the
imperfection of the model, or from the fact, that the
model neglects the effect of the photodetector, since it
only calculates the slope as a linear shift of the
reflected laser beam from the cantilever. In the real
measurements this beam is reflected into a four-
segmented PSPD (position sensitive photo detector),
where the linear shift of the spot is transformed into
voltage, based on the position of the beam in the
segments. Although the manufacturer generally states
how the signal is calculated (as a difference between
the top and lower segments), we do not have detailed
information about the precise linearization and
normalization algorithms they probably use to
generate the £ 10 V ranged output signal. Besides, the
model presumes that only normal forces act on the
cantilever. During the real measurements it could have
been possible that due to an improper contact between
the tip and the surface lateral forces also occurred
(these lateral forces were not monitored during the
measurements), which could cause differences in the
measured slopes.
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Fig. 5. Relative values of the slope obtained by simulations
with different laser spot radius (22.5, 33.75 and 45 um), in
function of the position of the laser spot on top of the
cantilever (see Fig 2). Relative values are given considering
the value obtained at 109 um with R=33.75 pum laser spot

radius as 100 %.

Regarding the significance of the results, the
following can be stated. In AFM practice the laser is
generally positioned at the end of the cantilever, close
to the tip. Considering only this end of the obtained
curves (120-90 um range), the relative sensitivity of
the slope (and thus the determination of the conversion
factor) is around 0.5 %/um for the measured data and
around 1 %/um for the simulations. This means that



for example a 10 um repositioning of the spot on top
of the cantilever can possibly cause a 5-10%
difference in the obtainable conversion factor. Since it
directly affects the scaling of the force curves and the
elastic modulus depends in non-linear way on it, in
turn a 15-20 % difference in the measured Young’s
modulus. In other words, repositioning the laser spot
between calibration and measurements could cause
significant error in the scaling of the obtained force-
curves, which could lead to variance in the calculated
elastic modulus.

Besides the investigated phenomenon, there are
several other aspects of the practice of force-curve
measurements which could cause similar of even
higher inaccuracy in the determination of the elastic
properties of the samples. In order to maximize
precision, the position of the spot should not be
changed between cantilever sensitivity calibration and
the measurements.

4. CONCLUSIONS

The calibration method which was used to scale
AFM point-spectroscopy data was investigated
experimentally and by finite element method based
simulations. It was confirmed, that the conversion
factor (cantilever sensitivity) is strongly depending on
the position of the laser spot on top of the cantilever.
The relative sensitivity of this position dependence is
found to be between 0.5-1 %/um. It can highly affect
the elastic modulus because the Young’s modulus is
derived from the force curve that is rescaled by the
application of this conversation factor. Results indicate
that the repositioning of the laser spot between
cantilever sensitivity calibration and measurements are
not advised.
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