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Abstract:

Quantitative studies of material properties and interfaces using the atomic force microscope (AFM) have
important applications in engineering, biotechnology and chemistry. Emerging studies require an estimate of the
stiffness of the probe so that the forces exerted on a sample can be determined from the measured
displacements. Numerous methods for determining the spring constant of AFM cantilevers have been proposed,
yet none accounts for the effect of the mass of the probe tip on the calibration procedure. This work
demonstrates that the probe tip does have a significant effect on the dynamic response of an AFM cantilever by
experimentally measuring the first few modes of a commercial AFM probe and comparing them with those of a
theoretical model for a cantilever probe that does not have a tip. The mass and inertia of an AFM probe tip are
estimated from scanning electron microscope images and a simple model for the probe is derived and tuned to
match the first few modes of the actual probe. Analysis suggests that both the method of Sader and the thermal
tune method of Hutter and Bechhoefer give erroneous predictions of the area density or the effective mass of the
probe. However, both methods do accurately predict the static stiffness of the AFM probe due to the fact that the
mass terms cancel so long as the mode shape of the AFM probe does not deviate from the theoretical model.
The calibration errors that would be induced due to differences between mode shapes measured in this study and
the theoretical ones are estimated.

1. Introduction

The Atomic Force Microscope (AFM) has long since proved its utility for imaging at very small scales [1].
In recent years, effort has shifted towards obtaining quantitative information regarding material properties, friction,
bond strengths, etc... at the nanoscale using the AFM. A number of procedures have been proposed to find the
stiffness of the AFM cantilever so that the forces applied to a sample can be obtained from deflection
measurements [2-7]. All of the methods available in the literature neglect the effect of the mass of the tip, which
can be considerable compared to the mass of the cantilever beam on which it is mounted for many commercially
available cantilevers. For example, Figure 1 shows scanning electron microscope (SEM) images of the tips of
two micro cantilevers. Figure 2 shows an image of three cantilever beam AFM probes of the series studied here.
The tip volume is significant relative to that of the beam, even for the long cantilevers shown in Figure 2.

This work evaluates the calibration error that is induced by neglecting the mass of the AFM tip, and seeks
to derive more exact calibration procedures. The results presented here suggest that spring constant estimated
by either the method of Sader [3] or the thermal tune method of Hutter and Bechhoefer [4] should be quite
accurate, so long as the first elastic mode is used in the calibration. On the other hand, the effective mass (or
area density) is greatly underestimated, the error being approximately proportional to the ratio of the tip mass to
the effective mass of the cantilever, which is greater than 30% for the cantilever studied here. This work also
estimates the magnitude of the error that can be incurred by using any of the higher modes of the cantilever to
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perform the calibration. The results presented here reveal that special care must be taken when using higher
harmonic imaging [8], because the higher modes are observed to be much more sensitive to the influence of the
tip than the fundamental.
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Figure 1: SEM images of AFM probe tips, (right) manufacturer’s Image, (left) image of probe tip
from the lot studied in this work.

In order to assess the importance of the tip to the dynamics of the AFM probe, the natural frequencies
and mode shapes of a contact-mode AFM probe are measured and compared with those of a tip-less Euler-
Bernoulli cantilever beam. The restraining effect of the tip is clearly visible. The mass and inertia of the tip are
estimated from SEM images of a probe. A simple Ritz series model is then derived that includes the mass and
inertia of the AFM tip, and the model is tuned to better mimic the dynamics of the first few bending modes of the
AFM probe. Both the SEM estimated tip mass and that estimated from the calibrated model are used to find the
error in the Sader prediction for the cantilever area density. The mode shapes of the tuned analytical model are
also used to estimate the error in the stiffness predicted by the method of Sader.

2. AFM Calibration Procedures

Two of the most commonly used approaches for calibrating AFM cantilevers are the method of Sader [3]
and the thermal tune method of Hutter & Bechhoefer [4]. The former derives an analytical model for the
interaction of the cantilever with the surrounding fluid (typically air) and uses this to solve for the unknown density
per unit area and stiffness of the cantilever from measurements of its resonance frequency and Q-factor in the
fluid. The latter utilizes the equipartition theorem to find the cantilever’s spring constant from the magnitude of its
mean-square thermal vibration in air. A number of other, less commonly used procedures have also been
proposed, including: applying nano-scale beads of known mass [5, 7] and using the AFM to deflect levers of
known stiffness [6]. All of the methods that rely on a model for the cantilever have utilized an Euler-Bernoulli
cantilever beam model and have neglected the effect of the probe-tip.

2.1. Calibration Method of Sader

Sader modeled the forces that a viscous fluid exerts on a vibrating cantilever beam in [9], showing that
the fluid has both a mass loading and a vibration damping effect. The equation of motion for the surrounding fluid
was solved and transformed to the frequency domain yielding the force F},,,, that the fluid applies to a differential
cross section of the cantilever beam as a function of the beam’s displacement W(x,w), resulting in the following.
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The force that the fluid exerts on the beam depends on the fluid density p,, the frequency o of vibration, the
beam’s width 5, and the hydrodynamic function I'(w). The hydrodynamic function is a complex function of
frequency; its solution is given in [3, 9]2. The solution assumes a long cantilever beam with rectangular cross
section, whose width greatly exceeds its thickness. Sader then proceeded to find the solution for the forced

% One should note that the Bessel functions in the solution for the hydrodynamic function are Bessel functions of
the second kind (hence the nomenclature K), not the third kind (Hankel functions) as stated in Sader’s paper.



vibration of the cantilever in terms of Green’s functions. The imaginary part of the hydrodynamic force, due to the
imaginary part of I'(w), acts as a dissipative term, and is responsible for vibration damping. The real part acts as
a mass term. Sader obtained analytical expressions for the Q-factor (or the damping ratio £ = 1/(2Q)) and the
natural frequency o, of the cantilever vibrating freely in a fluid. He then recognized that these expressions could
be solved for the area density p.z and static stiffness k, of the cantilever as a function of the measured Q-factor
and natural frequency, the in-plane dimensions of the cantilever, and the density and viscosity of the fluid.
Sader’s method has been used widely by probe manufacturers and experimentalists.

Sader’s model can be modified to account for the effect of a tip on the cantilever beam by simply adding
mass and inertia terms to the model. This is most easily done using a Ritz series model for the cantilever, and
the result will be shown to reduce exactly to that presented by Sader using Greens functions, when the tip mass
and inertial are zero. The Ritz method expresses the displacement at any point on the beam as a product of a
spatial basis function y(x) and a time function y(¢). For a single term series, one obtains the following frequency
domain equation of motion for the amplitude Y(w) of the Ritz basis function w(x), and hence the response of the
entire beam using W(x,0) = w(x) Y(w).
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where p. is the mass density of the cantilever, 4 and L are the height and length of the cantilever respectively, m,
is the mass of the tip, /; its mass moment of inertia and x,, is the normalized location of the tip-mass (unity for the
tip on the end of the cantilever). The static spring constant of the cantilever is &, which is equal to E*bh3/(4L3)
where E is the modulus of elasticity of the cantilever. The two constants R; =-1.3622 and o; = 1.8751. The terms
my; and kp; are the effective mass and effective stiffness of the cantilever. The text by Ginsberg [10] details how
to implement the Ritz method for this type of analysis.

One can divide eq. (2) through by the mass factor and match the terms multiplying iowY and Y to 2w, and
o’ respectively to obtain analytical expressions for the damping ratio and natural frequency. One can then invert
the procedure and solve for the area density p.# and the cantilever stiffness &, from the parameters mentioned
previously as well as the mass and inertia of the tip, resulting in the following expressions.
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Equation (4) reduces exactly to the expression given by Sader and his colleagues in [3] if the tip mass and inertia
are negligible. One can also verify that these equations agree with Sader’s online calibrator® to within a small
fraction of a percent. Interestingly, eq. (5) for the static stiffness is identical to that presented by Sader, even with
the inclusion of the tip mass. The terms that include the tip mass and inertia have canceled!

The method of Sader implicitly assumes that the basis function y(x), which is the first mode function of an
Euler-Bernoulli beam, is a good approximation for first mode shape of the actual AFM probe. In general, on
would expect that the inclusion of a significant tip mass would alter the shape of the modes of the probe. If the
true mode shape differs from the assumed one, then a similar analysis employing the true mode function as the
basis function results in the same equation for k; (eq. (5)) with m; and k;, replaced by the integrals of the true
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mode functions. We denote the values of those integrals with hats, 71, and lgn . Hence, we obtain the following
relationship between the estimated spring constant k, and the true one ke

= ﬁhks (6),

s,true ~
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This suggests that one can evaluate the accuracy of the method of Sader by comparing the true mode functions
of an AFM with the analytical mode functions defined in eq. (3). This is done in for the probe of interest and
discussed in the following section.

At this juncture, we note that one could apply this same procedure to any mode of the cantilever simply
by replacing the terms m;, and k;, in the preceding equations with the integrals of the mode function for the
desired mode (see eq. (3)). Such a procedure is useful when the fundamental mode cannot be accurately
identified, or when higher-harmonic imaging is used [8].

2.2. Thermal Tune Calibration Method

A similar analysis reveals that the thermal tune method [4] also accurately predicts the static stiffness of
the beam so long as the inclusion of the tip mass does not significantly alter the shape of the natural mode that is
used in the calibration procedure. As with the method of Sader, one can estimate the accuracy of the thermal
tune method by comparing the actual mode shapes with the theoretical ones. The thermal tune method does not
accurately predict the effective mass of the cantilever if the tip mass is significant, even if the mode functions do
not change shape.

3. Application to AFM Probe

The corrected method of Sader, which accounts for the tip mass, was applied to Mikromasch contact
mode cantilevers of the 38" series. The manufacturer's specifications are shown below. The middle or “B”
position cantilever from a few nominally identical chips was used for this study.
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Figure 2: (Left) SEM image of the 3 cantilevers (A, B, C) on chip of the 38th series. (Right)
Schematic of silicon chip of the 38th series showing 3 rectangular cantilevers.

Position |Cantilever Length |Cantilever Width |Cantilever Thickness (um) |Resonant Frequency (kHz) |Force Constant (N/m)
(I£5)um (w+3)um min typ max min typ max min | typ | max
A 300 35 0.7 1.0 1.3 9.5 14 19 0.01 | 0.05 | 0.1
B 350 35 0.7 1.0 1.3 7.0 10 14 0.01 | 0.03 | 0.08
C 250 35 0.7 1.0 1.3 14 20 28 0.02 | 0.08 | 0.20

Table 1: Manufacturer specifications for AFM probes of the 38" series. The beam in the B
position was used in this study.

3.1.Estimating Tip Mass and Inertia
The tip mass and inertia must be known to apply the corrected method of Sader in egs. (4) and (5). An
SEM image of a cantilever tip was obtained, shown in Figure 1, and was used to estimate the volume of the tip.
The tip was approximated as a cone with base radius R, and height L, equal to 8.4 and 22.1 microns respectively.
Using a nominal value for the density of silicon of p, = 2300 kg/m’ the mass of the tip is found to be m, =



p(m/3)LR = 3.76 ng. Assuming the same density for the cantilever and using the nominal dimensions in Table 1,
the mass of the cantilever beam B was estimated to be m, = 28.2 ng. Hence, the ratio of the tip mass to the total
beam mass is 0.13. However, the effective mass of the cantilever, which is the important factor in dynamic
calculations, is much less than its total mass of the beam. (The effective mass is the mass that would be applied
to the tip of a massless beam to give the same effect as the actual mass, which is distributed along the length of
the cantilever.) The effective mass is 25% of the total mass of the beam, estimated via egs. (2-3), and also in
[11]. The tip mass to effective mass ratio for this cantilever is 0.54. The mass moment of inertia of the tip,
approximated as a cone, was found using the formula from Ginsberg [12] including the adjustment for the parallel
axis theorem: I, = (3/80)m (4R +L+(L/4+h/2)%).

There is considerable uncertainty associated with this calculation of the mass of the tip. First, observe
that the image acquired for this work shows a tip that is far from a perfect cone, while the manufacturer supplied
image is nearly conical. Second, note that the thickness of the cantilever beam is about 5um near the tip, greatly
exceeding the manufacturer’s specification. Finally, one would expect that the density of the silicon from which
the tip is made could vary considerably from its nominal value.

3.2. Experimental Validation

In order to verify that these values for the tip mass are reasonable, the first few modes of two cantilever
AFM probes, both Mikromasch beam B of the 38" series, were measured using a Polytec MSV-400 Laser
Doppler Vibrometer focused through a Mitutoyo optical microscope. The experimental procedure was essentially
the same as that described in [13], and the tests were performed at low air pressures (~7mTorr) to minimize
dissipation and hence improve the vibration signals. The first four operating deflection shapes and their peak
frequencies were extracted from one beam at 7mTorr, and only the first two operating shapes from a second at
ambient pressure. Considering the high quality factor of these modes, the operating shapes and the peak
frequencies are very good approximations for the mode shapes and for the natural frequencies of the beams
respectively. The natural frequencies of the first four modes (at very low air pressure) are reported in Table 2.

An analytical model of the probe was also created to compare with the experimental measurements. This
analytical model consisted of a ten-term Ritz series [10] and included the effect of the mass and inertia of the tip
as done in the single-term Ritz model in the previous section. Convergence of the Ritz series was verified by
increasing its length to 50 terms and confirming that the mode shapes and natural frequencies of the first four
modes did not change appreciably. The nominal dimensions for the cantilever (see Table 1) were used along
with a nominal value for the modulus of silicon (E = 170 GPa) and the values given previously for the mass and
inertia of the tip. The frequencies and mode shapes predicted by this initial model agreed roughly with those
measured experimentally, dyet there were significant differences.

The 1%, 2" and 3" natural frequencies of the model were affected quite strongly by the inclusion of the tip
mass. However, one cannot use these to identify the tip mass in an absolute sense because there are various
combinations of beam density, stiffness and tip mass that would give the same result. One can define a
nondimensional factor for the beam as (Ebh?/(12L?))/(p.bhL), and obtain the same modal frequencies by adjusting
this factor and the tip mass such that m, /(p.bhL) remains constant. This ambiguity was circumvented by first
optimizing based on the ratios of the 2" and 3" natural frequencies to the 1%. The model was optimized by
varying the tip mass and its location x,, until the ratios of the 2" and 3" natural frequencies to the 1% matched
very closely. It was also observed that this gave good agreement between the analytical mode shapes and the
experimental ones. The nondimensional factor for the beam (Ebh*/(12L%))/(p.bhL) was then adjusted so that the
first natural frequency exactly matched that of the experimental beam. This procedure uniquely identifies the
nondimensional factor and the tip mass ratio m, /(p.,bhL) that give the best agreement between the model and
experimental results.

One needs an estimate for either E, p, or m, to eliminate this ambiguity and determine unique values for
the other two parameters. For the comparisons that follow, this was done by assuming that the static stiffness k;
= (Ebh*/(4L?)) estimated by the method of Sader, in the following section, was accurate. The beam density and
the the mass of the tip could then be determined from the nondimensional factor (Ebh*/(12L°))/(pcbhL) and tip
mass ratio m, /(pcbhL). The resulting values are shown in Table 3.

The tip mass required to obtain good agreement with the model is more than twice that estimated from
the SEM images. All of the other parameters are within a few percent of their nominal values. The resulting
natural frequencies of the first four modes predicted by this model are shown in Table 2. The first three natural
frequencies agree to within 2%, while the fourth is different by almost five percent.



Mode Number Experimental (kHz) Analytical (kHz)
1 9.07 9.07
2 70.8 70.5
3 213.8 210.3
4 439.8 419.8
Table 2: Natural frequencies of AFM probe measured experimentally and predicted analytically
by Ritz model.
Parameter Nominal Model | Tuned Model
m 3.76 ng 8.0 ng
Xm 1 (350 um) 0.928 (325 um)
K 0.0414 N/m 0.0424 N/m
2300 kg/m® 2250 kg/m’

Table 3: Nominal AFM probe parameters and parameters after tuning the model.

The first four mode shapes for the Ritz model are shown in Figure 3 along with the experimentally
obtained operating shapes. The latter were rescaled to have the same norm as the analytical shapes for this plot.
The analytical shapes agree quite well with the experimentally observed shapes, with a few exceptions. The tip
motion for Beam 1 was considerably different than that of both Beam 2 and that of the analytical model for any
reasonable value of the tip mass. A change of this order of magnitude of the first mode shape could have a
significant effect on any calibration procedure, especially the thermal tune method since it relies on the mode
shape near the tip matching the analytical mode function. Beam 1’s second mode also agrees less closely with
the second mode predicted by the analytical model than does Beam 2’s, and its fourth mode shape also deviates
significantly from the measurements near the tip end. While there is considerable uncertainty, the first two modes
of the model do match the measured modes of Beam 2 quite well, and the third mode of the model matches the
third mode of Beam 1 very well, so these modes can be used to evaluate the effect of the tip on the calibration
methods.
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Figure 3: Experimentally measured mode shapes for two cantilever AFM probes (red and green)
and mode shapes from a tuned Ritz model that includes the mass effects of the tip.

It has been noted in previous works that the inclusion of a sizable mass on the end of a cantilever beam
does not significantly change either the shape of the first mode nor its effective stiffness significantly [11].
However, it is important to note that the effective mass of the beam, and hence the scale of the mode shape,
does change considerably. This is illustrated in Figure 4, which shows the mass-normalized mode shapes for the
cantilever probe both with and without the tip mass, as predicted by the tuned analytical model. The restraining
effect of the tip mass is clearly evident near the end of the beam, where the mode shapes with the tip mass show
considerably less motion due to the inclusion of the tip. The shape of the first mode does not change noticeably,
yet its overall scale has reduced by 25%.
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Figure 4: Analytically predicted mode shapes for cantilever AFM probes both without (solid) and
with (dotted) a tip.

3.3.Effect on Calibration Methods

Using the value for the tip mass and tip location from the calibrated model discussed in the previous
section, one can now use the corrected method of Sader in egs. (4-5) to estimate the area density of the
cantilever from the natural frequency and Q-factor measured in air. These were found to be 8969 kHz and 38.7
respectively for Beam 2. Values of 0.96 and 1.85e-5 were used for the density and viscosity of air. The former is
a reasonable value for Albuquerque, NM, where the measurements were taken, and the latter is a nominal value.
Considering the uncertainty in the measurement of the tip mass, two results are reported. The first, denoted
“nominal tip”, uses the tip mass estimated by SEM and using the nominal density for silicon, discussed earlier.
The second uses the modified tip mass, found by tuning the Ritz model as described in the previous section. The
results are shown in Table 4. The inclusion of the tip mass effect does not alter the prediction of the spring
constant of the cantilever, for the reasons discussed earlier, but it does change the predicted area density by 34%
and 130% respectively for the nominal tip mass and that found by tuning the Ritz model.

Sader Modified Percent Modified Percent
(no tip) Sader Difference Sader Difference
(nominal tip) | (nominal tip) (tuned tip) (tuned tip)
kg 0.0424 N/m 0.0424 N/m 0 % 0.0424 N/m 0%
p.h 4.39 g/m” 3.28 g/m® 34% 1.90 g/m” 130%

Table 4: Spring constants and area densities estimated using Sader’s method and using the
proposed approach that includes the effect of the tip mass.

The mode shapes from the tuned Ritz model were used to evaluate the effect that mode shape changes
induced by the tip mass have on the method of Sader. The ratio of the true spring constant to the spring constant
estimated by the Method of Sader was computed using eq. (6). This was found to be 0.996, 1.13 and 1.06 for the
first, second and third modes of the cantilever respectively. Hence, one would expect errors of 0.4%, 13% and
6% respectively when using the first, second and third modes of the cantilever in the calibration procedure due to
the fact that the probe’s true mode shapes are different from the analytical. The error is small if the first mode is
used because the shape of the first mode did not change shape appreciably. However, the experimentally
measured shape of the 1% mode of Beam 1 was significantly different, so significant errors could be incurred
when trying to calibrate Beam 1 using the Method of Sader.



4. Conclusions

This work has evaluated the effect of a probe tip on calibration by the method of Sader. The thermal tune
method was found to produce similar results, although the specifics of that method were not discussed in detail.
The method of Sader was modified to account for the mass of a probe tip, revealing that the area density
estimated by that method can be significantly in error if the tip mass is not accounted for. The tip dimensions,
found via SEM, were used to estimate the mass of the tip for the probe of interest, which was found to be 53% of
the effective mass of the cantilever.

The spring constant estimated using the method of Sader was found to be unaffected by the tip mass, so
long as the shape of the mode used in the calibration procedure was not altered by the presence of the tip.
Experimental measurements of the natural mode shapes and of an AFM probe were obtained and compared with
the analytical ones, verifying that little error is incurred in Sader’s method if the first mode is used for calibration.
Larger errors could occur for the higher modes. The errors were estimated to be 12% and 5% for the 2" and 3"
modes respectively. Note however, that one of the AFM probes tested deviated significantly from the analytical
model. The reason for this not known, yet it does suggest that other factors not modeled here could be important
to the dynamics of the AFM probe, and hence have a significant effect on calibration. Future works should
investigate this in light of the variability inherent in a batch of nominally identical probes, so that accurate
quantitative results can be obtained with the AFM in a myriad of important applications.

The SEM estimate of the tip mass was used in a Ritz model for the AFM probe, yet it was was found to be
insufficient to cause the observed changes in the mode shapes and frequencies of the AFM probe. We sought to
estimate the mass of the tip of an AFM probe using an inverse dynamics procedure, adjusting the mass in a Ritz
model until it agreed closely with the experiments. This process estimated the tip mass to be twice that estimated
via SEM, or more than 120% of the effective mass of the beam. One should recall however, that it was necessary
to assume that the stiffness of the cantilever, as estimated from the Q-factor by the method of Sader, was correct
in order to estimate the absolute tip mass from the ratio of the tip mass to the beam mass (m; /(p;bhL)). The large
discrepancy between the SEM and inverse dynamics estimated tip masses might be a result of inaccuracy in the
spring constant estimated by the method of Sader. One would expect that the Q-factor estimated from vibration
measurements would have an uncertainty of tens of percent or more, and this uncertainty is translated directly to
the spring constant. If the spring constant were actually smaller, then the mass of the beam would be lower, and
the tip-mass estimate would also be lower and closer to the SEM estimated value.

The inverse problem that must be solved to estimate the tip mass from the frequencies and mode shapes
of the AFM probe is quite ill conditioned. There seem to be many combinations of the tip mass and tip location
that provide some level of agreement. The uncertainties in the model, such as the non-uniformity of the beam,
etc... seem to be significant enough to make finding a robust solution very difficult. Hence, the tip mass is not
easy to estimate. On the other hand, it has a significant effect on the dynamics of the AFM probe, so some effort
should at least be made.
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