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Abstract. In this study, the vertical deflection responses of tapping mode atomic force microscope
(TM-AFM) micro-cantilever tip are obtained by simulation and experiment. The results show that,
under the blocking of the sample on one side, the steady-state response of the tip is still a sinusoidal
form almost symmetrical about the equilibrium position. Furthermore, from the perspective of
energy dissipation of the micro-cantilever system, the phases of two surfaces with different
properties are simulated under different background dissipation. The result shows that eliminating
partial background dissipation can increase the phase contrast between the two surfaces. These
results are of significance for understanding the tip response and phase optimization in TM-AFM.
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1. Introduction

Since the emergence of atomic force microscopes (AFM), it has become one of the most
powerful tools in micro- and nanotechnology because of its excellent resolution [1, 2]. The key
component of AFM is a micro-cantilever with sharp a tip. The information of the sample is
recorded by transforming the interaction forces between the tip and the sample into the
displacement signal of the tip [2]. Tapping mode (TM) is one of the most commonly used
operation modes in atomic force microscopes. It can obtain high-resolution images of various
information of samples, and can greatly reduce the wear of the tip and damages to the sample
compared with contact mode [3]. Therefore, tapping mode atomic force microscope (TM-AFM)
is widely used in various fields, including biomolecules, polymers, and nanostructures [4-7].

During the operation of TM-AFM, the micro-cantilever oscillates above the sample under the
excitation of the piezoelectric actuator, and the tip contacts intermittently with the sample. The
interactions between the tip and sample are very complex, including van der Waals interactions,
short-range repulsive, adhesion, air damping, and capillary forces [8], which may make the
response of the tip very complex. Payam [9] obtained the time history responses of the
microcantilever with different distances between the tip and sample through simulation. Cleveland
et al. [10] showed through experiments that the time history response of the tip vertical deflection
was nearly sinusoidal. However, few researchers have conducted detailed analysis on the
displacement response of the microcantilever tip in simulation and experiment.

In addition, phase-imaging is an important part of TM-AFM, which is very sensitive to the
properties of samples. The different components and properties of the sample are distinguished by
recording the difference between the tip response signal and the excitation signal. Phase-imaging
has been widely used to study various heterogeneous materials and their viscoelasticity,
wettability, and so on [11-13]. The phase in TM-AFM is considered to be related to the energy
dissipation of the system [10, 14, 15]. At present, few studies have optimized the phase contrast
in TM-AFM from the perspective of reducing the background dissipation of the micro-cantilever
system.
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In this paper, the time history response of the tip displacement is obtained by numerical
simulation and experiment. Then, from the perspective of energy dissipation, the phases of the tip
working on two surfaces with different properties under different background dissipation is
simulated, and the factors affecting the phase contrast between the two surfaces are analyzed.

2. Analysis of tip response in TM-AFM
2.1. Model

The key component of TM-AFM is a micro-cantilever with a sharp tip, which is sensitive to
small forces. The piezoelectric actuator drives the substrate with sinusoidal displacement to make
the micro-cantilever oscillate near its first natural frequency. The information of the sample can
be obtained by detecting the change of the response at the tip. As shown in Fig. 1(a), the length of
the micro-cantilever is [, the width is b, and the thickness is d, the displacement excitation
zf = Dsinwt, D is the excitation amplitude, @ is the excitation frequency. The differential
equation of the micro-cantilever is as follows:
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where w is the absolute displacement of the micro-cantilever, u is the relative displacement of the
micro-cantilever relative to the substrate, E and I are the Young’s Modulus and section moment
of inertia of the micro-cantilever respectively, p is the density of the micro-cantilever, m’ is the
mass of the tip, ¢ is the equivalent damping coefficient per unit length of the micro-cantilever, Fyg
represents the interaction forces between the tip and the sample, and §(x) Dirac function.
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a) Continuous micro-cantilever model b) Simplified model of micro-cantilever
Fig. 1. Micro-cantilever model of TM-AFM

In TM-AFM, the surface information of the sample is imaged by monitoring the response at
the tip of the micro-cantilever. At the same time, the micro-cantilever works near its first-order
natural frequency, so the tip position and first-order mode can be used to simplify the
micro-cantilever model. As shown in Fig. 1(b), the differential equation of motion of the needle
tip can be written as:

d’z mowydz
Megert gy at t kel %) = Fes @

where m, is the effective mass of the micro-cantilever, k, is the force constant of the
micro-cantilever, ¢, is the equivalent damping coefficient representing the background
dissipation, w, = (k,/m,)/? is the first-order natural angular frequency, Q, = m,w,/c, is the
effective quality factor representing the background dissipation of the micro-cantilever system. In
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tapping mode, the micro-cantilever has various energy dissipation paths when vibrates in air, such
as air viscous dissipation, squeeze film damping, liquid bridge dissipation, and so on. This type of
dissipation, which does not reflect the sample information is called background dissipation.

In AFM, the interaction between the tip and the sample is very complex, and the interaction
forces are usually simplified in the response analysis. Assuming that the spherical tip interacts
with the flat sample surface, van der Waals forces and DMT contact force are typically used to
describe attraction and repulsion forces, respectively. The forces between the tip and sample can
be expressed as follows [8, 15, 16]:

HR B S
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where h is the distance between the tip and the sample at the equilibrium position, H is Hamaker’s
constant, R is the radius of the tip, a, is the intermolecular distance, 1 is the viscosity of the
sample, and E* is the equivalent Young’s modulus, which can be expressed as follows:
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where, E;, Eg, v¢ and v are the Young’s modulus and Poisson’s ratio of the tip and sample,
respectively.

2.2. Analysis of time history response of the tip displacement

In order to simulate the response of the tip in TM-AFM, the parameters of the real micro
cantilever are used. The effective quality factor Q, used in this paper is obtained by processing
the results of Tune experiment by half-power method. The excitation frequency is 99.9 % of the
system’s natural frequency. The specific parameters are shown in Table 1.

Table 1. Parameters used in simulation

Symbol Value Symbol Value
Effective mass (kg) me 9.13x1071? Tip radius (nm) R 6
Force constant (N/m) ke 42 Equivalent Young’s modulus E* 10.08
(GPa)
Effethlve quality Qp 500 Hamaker’s constant (J) H 2x10°1°
actor
Natura&lglezc)luency fo 341.36 Intermolecular distance (nm) ao 0.38
Drive amplitude (nm) D 0.1 Sample viscosity (Pa-s) n 20
Drive frequency (kHz) f 341.02

By substituting the parameters in Table 1 into Eq. (1-3), and solving Eq. (2) can obtain the tip
response under the sample limitation. It is noted that the interaction forces between the tip and the
sample in Eq. (3) are piecewise nonlinear. Therefore, Eq. (2) is a piecewise nonlinear second-order
differential equation. Here, the fourth-order Range-Kutta algorithm is used to solve Eq. (2).

When the micro-cantilever is far away from the sample, the interaction forces between the tip
and sample can be ignored, and Eq. (2) can be considered as a second-order linear differential
equation. The time history response of the vertical deflection of the tip is shown in Fig. 2(a). The
tip oscillates from the equilibrium position, and finally, the vertical deflection of the tip tends
toward a steady state. The fast Fourier transform (FFT) of the steady-state response after 5 ms is
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shown in Fig. 2(b). It can be seen from the FFT diagram that there is only one frequency
component which is the same as the excitation frequency. These results show that the steady-state
response of the tip displacement when the micro-cantilever is far away from the sample is an
absolute sine wave symmetrical about the equilibrium position. At this time, the amplitude of the
steady-state response of the tip without sample constraint is 4.

Vertical Deflection (nm)
Vertical Deflection (nm)
log,,(Amplitude)
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Time (ms) Time (ms) f (kHz)

a) Time-history response of the tip vertical deflection b) FFT of the steady-state response

Fig. 2. Time history response and FFT of the tip vertical deflection

when the micro-cantilever is far away from the sample
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¢) Time-history response of the d) FFT of the steady-state response
tip vertical deflection when h = 0.14, when h = 0.14,
Fig. 3. Time history response and FFT of the tip vertical deflection
at different initial distances between tip and sample

In tapping mode, the amplitude of the tip is generally 85 %-90 % of that when oscillating in
air. It is assumed that the sample surface is smooth and uniform. When the initial distance between
the needle tip and the sample h = 0.94,, the time history response and FFT of the tip vertical
deflection are shown in Fig. 3(a) and 3(b), respectively. The magenta dotted line represents the
position of the sample, and the orange dotted line represents the symmetrical position of the
sample with respect to the equilibrium position. The FFT of steady-state response is shown in
Fig. 3(b), in which there are many very small frequency doubling components and a very small
direct current (DC) component in addition to the fundamental frequency. This is due to the tip
intermittently contacts with the sample, and the system is no longer linear, but piecewise
nonlinear. Because the frequency doubling components and DC component of the response are
very small compared with the fundamental frequency, the steady-state time history response of
the tip displacement can be considered as a standard sinusoidal signal symmetrical about the
equilibrium position.
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In a more extreme case, when the initial distance between the needle tip and the sample
h = 0.14,, the time history response and FFT of the tip vertical deflection are shown in Fig. 3(c)
and 3(d), respectively. As can be seen from the FFT diagram, the DC component and frequency
doubling components are very obvious at this time. This is because the depth of the tip pressing
into the sample is large, and the interaction time between the tip and the sample becomes longer
in one cycle. In this case, although the DC component and frequency doubling components are
obvious, they are very small compared with the fundamental frequency, so that the steady-state
response can also be regarded as a sine wave.

The experiment is carried out on a Bruker’s Dimension Icon AFM. The sample is a highly
oriented pyrolytic graphene (HOPG). We select TappingMode to scan the sample. During
operation, the vertical deflection signal of the tip is recorded by High-Speed Data Capture (HSDC)
function. Fig. 4(a) shows the time history response of the tip vertical deflection when the
amplitude setpoint A, = 0.8894,. The magenta dotted line represents the amplitude setpoint, and
the orange dotted line represents the symmetrical position of the amplitude setpoint with respect
to the equilibrium position. FFT is performed on the time history response data of a certain point
of the sample, as shown in Fig 4(b). The results show that the vertical deflection of the tip is a sine
wave almost symmetrical about the equilibrium position. The experimental and simulation results
show that the steady-state response of the needle tip in intermittent contact with the sample is a
sinusoidal form symmetrical about the equilibrium position.
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a) Time-history response of the tip vertical deflection b) FFT of the steady-state response
Fig. 4. Experimental results of time history response and FFT

of the tip vertical deflection when the amplitude setpoint A, = 0.8894,

[

2.3. Influence of background dissipation on phase contrast in TM-AFM

In TM-AFM, the phase image is performed by monitoring the phase shift between the tip
response and excitation. The phase reflects the energy dissipation of the micro-cantilever system.
During the operation of TM-AFM, there are various energy dissipation, such as air viscous
dissipation, squeeze film dissipation, liquid bridge dissipation, and so on [18].
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Fig. 5. Simulation results of phase and phase contrast
of the two-component sample under different background dissipation
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Such dissipation that cannot reflect the sample information is called background dissipation,
and the background dissipation of the system can be expressed by the quality factor Q;,. When the
tip works in two areas with different surface properties, the phase shifts ¢, and ¢, of the two areas
are different, and the difference between the two-phase shifts is the phase contrast.

As shown in Fig. 5, the sample is composed of two components with different properties. The
viscosity 1, of surface I is 800 Pa-s, and the viscosity 7, of surface II is 200 Pa-s. The phase shifts
of the two surfaces and the phase contrast results between the two surfaces under different
background dissipation are obtained by simulation. It can be seen from the figure that the phase
contrast A@ between the two surfaces increases with the increase of the quality factor representing
background dissipation. The results show that reducing the background dissipation of the system
can improve the phase contrast between the components of the sample.

3. Conclusions

In this work, the displacement response of the tip in tapping mode is obtained by simulation
and experiment. The results show that when one side is constrained by the sample, the steady-state
time history response of the tip vertical displacement is still a sinusoidal form symmetrical about
the equilibrium position, which is inconsistent with our perceptual understanding. In addition, the
phase response of the tip on two surfaces with different properties under different background
dissipation is simulated. The results show that reducing the background dissipation can improve
the phase contrast between the components of the sample, which has hardly been mentioned by
previous studies. The results of this study are of significance to understanding the response of
intermittent contact in micro-nanoscale and provide a reference for the imaging of TM-AFM.
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