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Effects of air damping on quality factors of different probes
in tapping mode atomic force microscopy
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School of Mechanical and Electrical Engineering, Beijing University of Chemical Technology, Beijing 100029, China
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The AFM probe in tapping mode is a continuous process of energy dissipation, from moving away from to intermittent
contact with the sample surfaces. At present, studies regarding the energy dissipation mechanism of this continuous process
have only been reported sporadically, and there are no systematic explanations or experimental verifications of the energy
dissipation mechanism in each stage of the continuous process. The quality factors can be used to characterize the energy
dissipation in TM-AFM systems. In this study, the vibration model of the microcantilever beam was established, coupling
the vibration and damping effects of the microcantilever beam. The quality factor of the vibrating microcantilever beam
under damping was derived, and the air viscous damping when the probe is away from the sample and the air squeeze
film damping when the probe is close to the sample were calculated. In addition, the mechanism of the damping effects of
different shapes of probes at different tip—sample distances was analyzed. The accuracy of the theoretical simplified model
was verified using both experimental and simulation methods. A clearer understanding of the kinetic characteristics and
damping mechanism of the TM-AFM was achieved by examining the air damping dissipation mechanism of AFM probes in
the tapping mode, which was very important for improving both the quality factor and the imaging quality of the TM-AFM
system. This study’s research findings also provided theoretical references and experimental methods for the future study

of the energy dissipation mechanism of micro-nano-electromechanical systems.

Keywords: TM-AFM, quality factors, air viscous damping, air squeeze film damping

PACS: 68.37.Ps, 43.40.Cw, 46.40.Ff

1. Introduction

In 1986, Binning from IBM and Quate and Gerber from
Stanford University jointly invented the atomic force micro-
scope (AFM).!! Since its introduction, AFM has become one
of the most central tools for micro and nano research. It has
become a fundamental tool for studying the properties of ma-
terials and surfaces at the micro and nano scale, and then per-
forming micro and nano operations. Atomic force microscopy
has three scanning modes:?! Contact mode, tapping mode
(TM-AFM), and non-contact mode. The tapping mode has the
advantage of high imaging resolution while avoiding scratch-
ing and damage to the sample by the tip,®! and has high ap-
plication value in imaging soft, fragile, and highly adhesive
materials.[*] At the same time, the tapping mode can obtain
phase images along with morphological images, from which
more information about a sample can be obtained than with
morphological images alone,! such as the adhesion, elastic-
ity, viscoelasticity, stiffness, and chemical structure of a sam-
ple surface. In TM-AFM, the phase images and quality factor
are directly related to the energy dissipation of the system.[¢]
It has been determined that increasing the quality factor Q of
the TM-AFM system can improve the imaging sensitivity and
contribute to the resolution of the phase imaging.[#! In ad-
dition, the accurate identification of various energy dissipation
mechanisms helps to further improve the accuracy of the imag-
ing.

It has been demonstrated that the volume forces acting
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on an object, such as gravity and inertia forces, vary propor-
tionally to the third power of the length. Meanwhile, surface
forces, such as viscous forces, vary proportionally to the sec-
ond power of the length. Therefore, as the size of an object
continues to decrease, the surface forces on that object will
gradually increase. At the microscale, the action of surface
forces will have significant effects on the performance of an
object.l”] Newell!'! first observed that air damping increases
rapidly as the surface-mass ratio increases when a cantilever
resonator is miniaturized and presented the formulas of qual-
ity factor at three different Knudsen numbers. In the atmo-
spheric environment, the most significant surface force is the
surrounding air damping force. For a micron-sized object vi-
brating near a surface, the air resistance mainly consists of air
viscous damping force and air squeeze film damping force.
When an object is vibrating away from the surface, the air
squeeze film damping force tends to be very small and can
be ignored, since the surface force mainly consists of air vis-
cous damping force. However, when an object vibrates at a
surface attachment, the air squeeze film damping force sharply
increases as the gap in distance decreases, and the squeeze film
damping force will not be negligible at that time.

Chen et al.!'!l solved the energy dissipation of the sys-
tem by considering the micro-cantilever beam as a cylinder
of equal width and compared it with the experimental results.
Sader et al.''?! developed a theoretical model of the energy
dissipation of micro-cantilever beams under different excita-
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tion methods. Hosaka et al.'3! theoretically analyzed the
damping characteristics of a beam resonator with transverse
oscillations in order to estimate its energy dissipation and dy-
namic performance. The cantilever beam was considered to
be a combination of several small spheres and an air viscous
damping expression was obtained for the winding of the can-
tilever beam based on hydrodynamics.

As an object gradually approaches a surface, the air
squeeze film effects become nonnegligible. At present, [>-14-17]
studies regarding squeeze film damping mainly revolve around
simple micro-electromechanical systems (MEMS),!!418:191
such as squeeze film damping between parallel plates. How-
ever, there has been little discussion on the mechanism of ac-
tion of squeeze film damping in TM-AFM. Pandey!*’! pre-
sented an analysis of the errors between a one-dimensional
simplified model of cantilever squeeze film damping and a
two-dimensional (2D) model, which was very important in
simplifying the Reynolds equation. In related theoretical
studies, 21-241 many researchers have determined the effects
of squeeze film damping on cantilever dynamics by solving
the Reynolds equation, but have not considered the effects of
different tip shapes on squeeze film damping.

As the tip—sample distance decreases, the air rarefaction
effects are not negligible.[!3232%1 Previously, based on the
analytical research of Fukui and Kaneko?”-?®! in which the
Boltzmann transport equation was adopted, Veijola et al.[*]
obtained a simple approximate fit function for the effective
viscosity coefficient, which was important for the calculation
of air squeeze film damping under rarefied gas conditions.

The AFM probe in the tapping mode is a continuous en-
ergy dissipation process, from moving away from a sample
to intermittent contact with a sample surface. At present, in-
formation regarding the energy dissipation mechanism of this
continuous process is still sporadic in the relevant literature,
and there are no systematic explanations or experimental ver-
ifications of the energy dissipation mechanism during each
stage of the continuous process. Therefore, with the goals of
furthering the understanding of the dynamics of TM-AFM and
determining the mechanism of the damping action, this study
carried out theoretical and simulated analyses, along with ex-
perimental verifications of the air damping dissipation mech-
anism of the continuous process of atomic force microscope
probes with different shapes, from distances far away up to in
contact with samples. The aforementioned research was con-
sidered to be important for reducing the background dissipa-
tion of TM-AFM and improving the phase imaging quality of
AFM. The findings of this study also provide an important the-
oretical basis for MEMS/NEMS in order to reduce the energy
dissipation and improve the quality factors of micro and nano
resonators.

2. Theoretical analysis
2.1. Quality factor

The core component of TM-AFM is a micro-cantilever
beam that is sensitive to weak forces. The force between the
needle tip and a sample causes the micro-cantilever beam to
change in vibration parameters, and the corresponding mor-
phological and phase images are obtained by detecting such
changes. It has been shown that the phase images of TM-
AFM are reflections of the energy dissipation of the entire
system, 222830311 where the dissipation of the adhesive con-
tact between the tip and the sample is the key dissipation that
reflects the properties of the sample. The total energy dissipa-
tion (the reciprocal of the quality factor, Q~!) of the system
can be written as follows: 73233

07" = Oy + 0y = Oty + O+ 0 + Qi+ (1)

where Q is the total system quality factor; le;y is the adhe-
sion contact dissipation (also referred to as the key dissipation
between the tip and the sample), and Qg; is the system back-
ground dissipation, Q;i; is viscous dissipation, Qs’qlZ is squeeze
film dissipation, Qt:ril is liquid bridge dissipation.

Numerous studies.[?33%31] indicate that phase image
which was obtained in the TM-AFM scanning was not only
controlled by the key dissipation between the tip and the sam-
ple, but the background dissipation also affected the phase
image, where only the adhesive contact dissipation can re-
flect the nature of the sample. Meanwhile, a decrease in
the contrast of the scanned image may be caused by the
background dissipation, which could even potentially weaken
mask, or distort (artifacts) the effective information in the
phase image.[?>33-3*] However, reducing the background dis-
persion of the TM-AFM can help to improve the micro-
cantilever quality factor, which in turn can improve the qual-
ity of the phase image.[®>333-31 Typically, AFM operates in
atmospheric environments where the background dissipation
mainly consists of air damping dissipation.[”! Therefore, in-
vestigating the air damping dissipation mechanism in TM-
AFM is of crucial significance for understanding phase imag-
ing and enhancing phase contrast.

TM-AFM typically operates in the vicinity of the first nat-
ural frequency of the system, with information obtained by
monitoring the displacement of the probe’s free end. There-
fore, a harmonic oscillator model can be utilized to depict the
probe’s motion, as shown in Fig. 1(b). The motion equation
can be represented as

meZ+ cez+ ke (Z - W) = F, 2)

where z represents the absolute displacement of the probe tip,
ce represents the equivalent damping coefficient, m. denotes
the equivalent mass, and k. stands for the equivalent stiffness.
Furthermore, given w(z) = Bsinot, where B represents the
excitation amplitude, substituting into Eq. (2), we obtain

MmeZ 4 ceZ + kez = Bsin ot 4 Fig. 3)
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Dividing both sides of the above equation by m., and neglect-
ing the effect of the tip—sample force Fi. Let ce/me = 2& @,
we arrive at the standard form

B .
428wz + 0z = —sinar, 4)
(&

where @y is the first-order resonance frequency of the system,
& is the total damping ratio of the system. Then, the amplifi-
cation of the amplitude will be as follows: [13-20]

1
PO = s car ®

Asinwt/

d

(a)

iezo
e, .
actuatofct“c

b

Cantilever cross section

h(z)

= Sample IS T

(a) Ilustration depicting the motion of a microcantilever beam under fixed-end displacement, (b) schematic diagram of a one-

Fig. 1.
dimensional (1D) simplified spring-mass model for TM-AFM.

2.2. Dynamical model

When TM-AFM scans a sample, its excitation comes
from the piezoelectric ceramic connected to the substrate.
Based on this working principle, the differential equation of
the free vibration of the Euler—Bernoulli beam evidently needs
correction. Figure 1 illustrates a schematic diagram of the vi-
bration with excitation present at the left end of the micro-
cantilever beam, where w(r) represents the excitation from the
piezoelectric ceramic, which can also be expressed as w(0,t).
This model can be referred to as the CTS system (cantilever-
tip—sample system, the CTS system). Therefore, the dynami-
cal equations of the micro-cantilever can be described by the
following equation:[2>-34-36]

0* [u(x, 1) + w(t)] 9 u(x,t) +w(t)]
EI ot ~+ Cunit oL
2
+pbd§lﬁgggffiﬁlzfgé&—4% ™)

In the equation above, the second term on the left-hand
side represents the damping force experienced by the system,
where cypir denotes the damping coefficient per unit length.
It should be noted that most damping terms are not exactly
proportional to velocity, but they can be equivalently obtained
with respect to energy conservation; E and [ are the Young’s
modulus and section moment of inertia of the microcantilever,
respectively; [, b, and d represent the length, width, and thick-
ness of the cantilever beam, respectively; Fis represents the

where s = @/ represents the ratio of the excitation fre-
quency to the resonance frequency in the tapping mode. Since
the excitation frequency is generally comparable to the first-
order resonance frequency, s = 1 £ € can be applied, where €
is a small amount. The strong and weak nature of the damp-
ing system and the steepness of the resonance peak can be re-
flected by the amplification factor at resonance. At that time,
the amplification factor at resonance is referred to as the qual-
ity factor and denoted as follows:

1
0=l = 28 (©6)
(b)
Bsinwt l| Substrate |

L.

=

- -

4

Sample

force between the tip and the sample. & (x—1) is the Dirac
delta function, 132334361 it i5 introduced as a concept of gener-
alized functions to represent density distributions that are not
continuously distributed in space or time, but rather concen-
trated at a single point or instant. In the theory of generalized
functions, the exact meaning of the Dirac delta function should
be understood in the context of integration. It can be defined
as follows:

oo, x:l7

5@—0:{Q il

Assuming the excitation from the piezoelectric ceramic is a si-

/MBQ—de:L @®)

nusoidal excitation, we have w(z) = Bsin ¢, where @ is the
excitation angular frequency. Substituting this into Eq. (7), we

obtain
*u(x,1) du(x,t) d%u(x,t)
El ax4 ~+ Cunit 81 + pbd 8t2
= f+F6(x—1), ©)

where f = pbdB®? sin 0t — cyyi B® cos wt, it can be regarded
as a uniformly distributed load acting on the entire microcan-
tilever beam. To solve Eq. (7), the method of separation of
variables is used, assuming

uer)= Y 0 (0)ai (1),

i=1

(10)

where @; (x) is the i-th mode shape function and ¢; (7) is the
i-th response function. Substituting Eq. (10) into Eq. (7), we

096806-3



Chin. Phys. B 33, 096806 (2024)

obtain

EI Z 0" qi+ cunit Y, igi + pbd Y, @i
i=1 i=1
=f+Fts (x=1). (1D

///I

Furthermore, from Egs. (10) and (7), it is known that ¢@;

*¢;, where B; = bdw? /EI. Substituting ¢! = B ¢; into
B'e \/P g o, ;i
Eq. (11), we obtain

pbdzﬁl Qiqi pLZ:;Z(qu’—’_Z(qu’

_f | Fs
~ pbd + pbd

o(x—1), (12)

from the orthogonality property of the modal functions, we
can deduce

! 0, i#j
; i(x)dx = R
[owewa={y 7

where y; represents the integral value of the orthogonal mode

i,j=1,23,..., (13)

of the j-th order, by calculation, it is determined that y; ~
Multiplying both sides of Eq. (12) by ¢;(x) and integrating
over the interval [0, /], and considering only the first-order
state i = j = 1, we obtain

1 'l
M/O Cunit(P12del (l) +

f ! Fs !
_ 7pbdw1/o (pldx+pbd%/0 018 (x—1) dx,

when we neglect the complex nonlinear interaction force be-

Qi (1) + =L pia 1)

(14)

tween the tip and the sample, by comparing Eqs. (14) and (3),
we can obtain the damping ratio & of the CTS system as

CR N N

15
2pbdyian Jo (15)

Therefore, the expression for the quality factor of the CTS sys-

1 I

In the above equation, cyy;; represents the surface force dissi-

tem is

(16)

pation per unit length of the microcantilever beam caused by
the environment. Therefore, from the above equation, it is evi-
dent that only cypit needs to be determined to obtain the quality
factor of the CTS system.

2.3. Air viscosity damping in TM-AFM

In a vacuum environment, AFM systems can disregard
the energy dissipation caused by viscous damping. However,
the operational requirements of many biological material de-
tection and physical sensing processes are limited to gas or
liquid environments. Therefore, in the practical applications
of AFM systems, air is the most common fluid environment,

and the damping problem of gas environment at microscale is
also the most concerning energy dissipation problem. 2337411

(1) Intrinsic region gas damping characteristics

In the intrinsic region, the air pressure is extremely low
and the energy dissipation of the AFM system is mainly due
to other forms of energy dissipation. Therefore, this working
environment can be approximated as a vacuum environment.
The quality factor of the AFM system is maximum and rela-
tively stable in this stage.

(ii) Molecular region gas damping characteristics

In the molecular region, as the pressure gradually in-
creases, gas molecules begin to randomly collide with the
probe and sample surfaces, and the interaction between gas
molecules can be neglected. At this time, gas damping begins
to affect the quality factor of the AFM system, and as the gas
pressure gradually increases, the quality factor of the AFM
system gradually decreases.

(iii) Viscous region gas damping characteristics

When the gas pressure increases to a certain level, the
gas environment can be regarded as a viscous fluid, and gas
molecules not only collide with the probe and sample surfaces
but also constantly collide and escape internally. At this time,
viscous damping takes a dominant role in the energy dissi-
pation of the AFM system, and as the gas pressure gradually
increases, the quality factor of the AFM system further de-
creases.

TM-AFM is generally operated under laboratory atmo-
spheric conditions, and the gas damping on micro-cantilever
beams is viscous gas damping. In addition, it is necessary to
consider the scale effects of the gas medium. The dimension-
less number (Knudsen number) can be utilized to determine
the flow region in which the fluid is flowing as follows:
A
I

where [ is the characteristic length and A is the average free

K, = 7

range of the gas molecules, which can be expressed by the
following equation:

1
V2ng*n’

where g represents the effective diameter of the molecule and

A= (18)

n indicates the local molecular number density of the air.
Therefore, according to the Knudsen number, the flow can
be divided into the following four states: continuous flow
(K, < 0.001), slip flow (0.001 < K,, < 0.1), transition flow
(0.1 < K, < 10), and free molecular flow (K, > 10).

The squeeze film effects of the probe can be ignored when
the probe is far away from the sample, and only the viscous
damping of the gas is considered. This stage is referred to as
the isolation stage, during which the beam needs to be consid-
ered as an isolated object for air damping. Also, during the
isolation stage, the Knudsen number of the gas, K, < 1, along
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with the gas flow, will be consistent with the continuity as-
sumption. Another important dimensionless number for fluid
flow is the Reynolds number (Re):

Re — PaVls. (19)

u

where p, indicates the air density, usually taken as p, =
1.293 kg/m3, v is the fluid velocity vector, and u refers to
the dynamic viscosity coefficient of air, usually taken as u =
19.8 x 107°. For common AFM system probes, the Reynolds
number is generally much less than 1. Therefore, the air can
be considered as a small Reynolds number fluid.

2.3.1. Examination of the air viscous damping of the
micro-cantilever

As can be seen from the above-mentioned analyses, dur-
ing the isolation stage, the small Reynolds number effects of
the air need to be taken into consideration. This study divided
the air viscous damping of the probe into the following two
parts: Micro-cantilever and the tip of the probe. The air vis-
cous damping of the micro-cantilever beam was first analyzed.

According to the string bead model introduced by
Hosaka, 3! the micro-cantilever can be approximated as an
infinite number of tiny spheres. Therefore, by solving the
sphere bypassing problem according to the Stokes equation,
the fluid bypassing damping coefficient per unit length sub-
jected to the beam vibration can be obtained using the follow-

ing equation:[13:26421

c1=3nu. 20)

However, due to the special nature of the high frequency mo-
tion of the probe, it is also necessary to consider the penetra-
tion depth o when the probe vibrates. For viscous fluids, when
an object vibrates in the fluids, there will be a transverse wave
that is consistent with the vibration speed of the object, which
tends to decay exponentially as it moves away from the flat
plate. The depth at which the amplitude decays to 1/e of the
original is defined as the penetration depth §. The expression

of the penetration depth § can be written as follows: [26:4°1

_ [2u
5=\/oa 1)

where @ is the angular frequency of the object vibration.

Therefore, when the probe vibrates in the air, there will be
a thin layer of spiny flow around the probe, and the air at a dis-
tance from the surface of the object is the potential flow. On
this basis, if the probe micro-element located at x satisfies the
probe size [ of a magnitude much larger than the penetration
depth 8, and the probe amplitude is much smaller than its size,
the following applies:

Po>6, A<, (22)

where A indicates the object vibration amplitude. Then, the
micro-element vibration can be regarded as a high-frequency
vibration. At that time, with the exception of the thin layer
immediately above the surface of the probe, other parts of the
air can be regarded as ideal fluid. In TM-AFM, the motion of
the probe generally satisfies Eq. (22). Therefore, when consid-
ering the damping coefficient of the fluid to which the micro-
cantilever is subjected in air, it is necessary to consider both
the damping force of the bypass caused by the fluid bypassing
phenomenon, and the damping force of the high-frequency vi-
bration caused by the presence of cyclonic flow around the
micro-cantilever. Then, according to the Stokes equation, the
damping coefficient of the fluid viscosity per unit length of
the beam during high frequency vibration can be obtained as

follows: [26:42:43]
3nb
2= 2ph0o. (23)
The air viscous damping coefficient per unit length of the
42,441

micro-cantilever can be obtained as!

3nb
Cvis:C1+C2:3ﬂu+T\/m- (24)

Then, the quality factor under the air viscous damping of the
micro-cantilever can be obtained using Egs. (24) and (16) as
follows:

1 L 3nb
Ovis = 1/(Pbdllflwo/0 (3717[.1 + 4\/2pa/.w)> (p]2dx> .

(25)

2.3.2. Examination of the air viscous damping of
micro-sphere and conical probes

For microsphere and conical probes, which have spheri-
cal and conical tips attached to the free end of the microcan-
tilever beam, they are also subject to the effect of air viscous
damping. However, since they are located at the free end of
the microcantilever beam, their motion can be considered one-
dimensional. Therefore, the quality factor of air viscous damp-
ing dissipation for microsphere and conical tips can be directly
calculated using the quality factor formula of the harmonic os-
cillator model. Thus, this paper divides the calculation of the
quality factor of the probe into two parts: the quality factor of
the microcantilever beam and the quality factor of the probe
tip. Next, this paper will explore the mechanism of air viscous
damping dissipation for microsphere and conical tips.

The operation of a micro-sphere probe shown in Fig. 2.
As can be seen in the figure, for a sphere of radius R, do-
ing 1D simple harmonic motion in air, the damping coefficient
on the sphere in the fluid can be expressed by the following

equation: [26:42:44]

Cyis.1 = 6TUR +3TR?\/2p 1. (26)

The air viscous damping of the micro-cantilever beam can be
expressed by Eq. (24). Therefore, the quality factor of the
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micro-sphere probe by air viscous damping can be obtained as

follows:
1 ! 3nh
visi =1/ =————— [ (3 = \/2p. 2d
Ovis,1 /<2pbd% /0(7ru+ 7 puﬂ))% x
R R2.\/20, 10
4 Omm +3}Zw p““w). 27)

The effects of the conical tip were ignored in this study
due to the relatively small size of the conical tip when com-
pared with that of the micro-cantilever beam. In addition, it
was considered that the theoretical solution would be too dif-
ficult to obtain due to the complex boundary conditions of the
conical tip. This study’s assumptions were proven correct in
the later simulations and experimental results. Therefore, the
quality factor of the conical probe by air viscous damping was
obtained as follows:

Qvis,Z
1 ! 3nh 2
=1/ (spidgran y (37 52080 ) giar).

It was clear from the analysis results in the above sections
that the air viscous damping of the micro-sphere and coni-
cal probes consisted of two parts, namely, the micro-cantilever
and the tip of the probe. Therefore, it was very important to
determine the strength of the contributions of the air viscous
damping of those different parts to the reductions in the air vis-
cous damping of the probe, as well as the improvement of the
quality factor. The probe parameters shown in Table 2 were
utilized in this study. The energy dissipation caused by the
viscous damping effects of the air for the micro-cantilever and
probe tip were separately obtained from the previous analy-
sis results. For the conical probe, the air viscous damping at
the tip of the conical needle was determined to be so small
that it could be neglected. For the micro-sphere probe, the
air viscous dissipation quality factors were comparable for the
microcantilever beam and microsphere tip at 1930 and 1490,
respectively, for a total quality factor of 842. Therefore, it was
indicated that the micro-sphere probe was not the same as the
conical probe, and the air viscous dissipation of the tip was not
negligible.

2.4. Air squeeze film damping in TM-AFM

When a probe moves gradually closer to a sample, the air
squeeze film damping effects cannot be ignored. This is re-
ferred to as the squeeze film stage. During the squeeze film
stage, it is necessary to consider not only the air viscosity
damping effects, but also the air squeeze damping effects be-
tween the probe and the sample. The squeeze film damping
between different probes and samples were next analyzed in
this study.

In most cases, the squeeze film damping is governed by
a combination of viscous and inertial effects inside the fluid,

but for the micron-sized micro-cantilever of TM-AFM, the in-
ertial effects are usually negligible. In this study, the squeeze
film effects between the probe and the sample was expressed

by the well-known Reynolds equation!'*!

d (5 0P\ 9 5 P 9(Ph)

The Reynolds equation assumes that the fluid is flowing in
a continuous region. The important dimensionless number
(Knudsen number) to generally used to determine the flow re-
gion in which the fluid is flowing, as discussed in detail in the
previous section.

For a TM-AFM system, the Knudsen number usually
ranges between 0.001 and 10. When the fluid is in the region of
slip and transition flow, and the traditional Reynolds equation
can no longer accurately describe the squeeze film effects, and
the dynamic viscosity of the fluid needs to be modified to take
into account the rarefaction effects of the gas. Veijola et al.
successfully corrected the gas rarefaction effects by introduc-
ing the following fitting function for the effective dynamic vis-

cosity, considered to be valid in the range of 0 < K, < 880:(*°]

u

1+9.638K1 159" (30)

Heft =

Another important dimensionless number associated with the
15]

Reynolds equation is the squeeze number o'
_ 12ul’e

= TR 1)
a

where @ is the excitation frequency, L indicates the character-
istic length, and 4 is the thickness of the squeeze film. The
above nondimensional simplifications of the Reynolds equa-
tion are conducted under the condition of compressible fluid.
Typically, air squeeze film damping exhibits both viscous and
elastic effects. For instance, when two parallel plates undergo
high-frequency relative motion, the fluid between them cannot
dissipate rapidly enough. On one hand, this hinders the motion
of the plates, known as the viscous effect. On the other hand,
due to compressibility, elastic effects occur. The squeeze num-
ber (o) can be used to determine viscous and elastic effects.
When ¢ < 1, viscous effects dominate, and elastic effects can
be neglected. Conversely, when o > 1, the elastic effects of
the fluid must be considered. In TM-AFM, the squeeze num-
ber ¢ is usually much smaller than 1. Therefore, the stiffness
effects of the squeeze film are neglected in this study, and only
its damping effects are considered. Based on the above analy-
ses, equation (29) is simplified as follows: 3]

9 (30P\ . 3 (,59P\ _ _ oh
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2.4.1. Examination of the squeeze film damping of an
inclined micro-cantilever

In this section, the effects of the squeeze film damping
of a micro-sphere probe and conical probe on the quality fac-
tor of the probes were analyzed. The operations of a micro-
sphere probe and a conical probe, respectively, are schemati-
cally detailed in Fig. 2. In this study, it was considered that the
squeeze film damping of the probe could be divided into two
parts: Micro-cantilever and probe tip. Therefore, the squeeze
film damping of the micro-cantilever required analysis prior to
analyzing the micro-sphere and conical probes.

In a real AFM system, the micro-cantilever and the sam-
ple will exhibit an angle of approximately 10°. The distance
between the micro-cantilever and the sample can be denoted
by a function A(x). Typically, the amplitude of the free end
of the micro-cantilever is in the order of tens of nanometers,
which is much smaller than the distance between the free end
of the micro-cantilever and the sample at rest. Therefore, the
effects of the micro-cantilever vibrations on %(x) can be ig-
nored, and A(x) can be expressed as follows:

h(x) =D+ (I—x)sina, 33)

where [ is the length of the micro-cantilever; and D repre-
sents the distance of the free end of the micro-cantilever from
the sample. When combined with the actual size of the can-

tilever, the aspect ratio will X = b/l ~ 0.2. According to the

(@) P,
actuat Iectflc 2

" . Y
Cantilever cross section h(x)

amp

research conducted by Pandey,!?°! the smaller the aspect ratio,
the smaller the damping coefficient errors calculated by the
1D and 2D cantilever models. To simplify the calculation pro-
cess, the Reynolds equation can be reduced to one dimension
and equation (32) can be simplified to the following:

d (39P\ _ Jh
8y (h Iy )—12/,1655. (34)

Then, by integrating the above equation along the width of
the cantilever beam and bringing in the boundary conditions
(wheny = +b/2, P = p,, wheny =0, dP/dy = 0), the distri-
bution of the pressure along the width of the cantilever beam
can be obtained using the following equation:

Ollett o 3b7Uefr ) dh
<h3( Y T o ) ar (33)

The squeeze film force per unit length of the cantilever can be
obtained by integrating the above equation

2/b b3 dh
F, _/ _ Hefr (36)

2/b y B (%) dr
Then, from the equation of dynamic viscosity ¢ = F /v, the

damping coefficient of the air squeeze film per unit length of
the micro-cantilever can be obtained as follows:

.ueffb3
(D+(I—x)sina)®”

Csq = 37

Tip-sample position relationship

Fig. 2. Schematic diagrams of the operations of micro-sphere and conical probes: (a) micro-sphere probe, where R = 15 um; (b) conical probe,

where Rc =5 um, H = 10 pum.
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2.4.2. Examination of the squeeze film damping of the
micro-sphere and conical probes

In the previous section, we analyzed the air squeeze film
damping effect on the microcantilever beam and derived the
expression for the air squeeze film damping coefficient of the
microcantilever beam. In this section, we will analyze the air
squeeze film damping effect on the microsphere and conical
tips, and derive the expressions for their air cushion damping
coefficients.

As shown in Fig. 2, the spherical and conical surface
squeeze film effects can be described by the Reynolds equa-
tion in cylindrical coordinates as follows:

2 M 12 [rha(m) BP} (38)

o T ror or

By letting v = di/dz, the above equation can be integrated
twice by r, and the expression for the pressure distribution can

be obtained as follows: 13

L
Ap = Oty / el (39)

where R is a value of r, which is assumed to be large enough
to represent the farthest point in the region of the film layer.
Then, based on that assumption, the total squeeze film force
exerted by the fluid on the surface can be calculated using the
following equation:

Fyq :/AAp(n'eZ)dA. (40)
|

3V57pesr (3D(D +2R)?(log(D +2R) —log(D)) — 2R (3D* + 9DR +4R?))

As shown in Fig. 2(a), for the micro-sphere tip squeeze film
effects, the film thickness can be approximated as follows: 4!

2
h(r) :D+§ <1’;2) @1

Then, by inserting Eq. (41) into Egs. (39) and (40), the squeeze
film damping coefficient of the micro-sphere tip can be calcu-
lated using the following equation:

67 UerrR?
Csq1 = %. 42)

In the case of a real AFM probe, the free end of the micro-
cantilever usually comes with a pyramidal tip. However, for
a pyramidal structure, it is too difficult to solve theoretically.
Therefore, in order to simplify the calculation, the pyramidal
tip can be simplified to a conical tip as shown in Fig. 2(b).
Then, for the conical tip squeeze film effects, the film thick-
ness under the conical tip can be expressed in cylindrical co-
ordinates as follows:

h(r)=D+2r. 43)
Therefore, by inserting Eq. (43) into Egs. (39) and (40), the

squeeze film damping coefficient of the conical tip can be cal-

culated using the following equation:

Csq2 =

In this study, based on the analysis results detailed in the above
sections, it was clear that the squeeze film damping of the
micro-sphere probe and the conical probe consisted of two
parts, namely, the micro-cantilever and the tip of the probe.
Therefore, it was very important to determine the strength of
the contribution of the squeeze film damping of the different
parts to the reduction of the squeeze film damping of the probe,
as well as the improvement the quality factor. This study was
able to obtain the curves of the variation of the squeeze film
damping ratio with the tip—sample distances for the microcan-
tilevers and the tips through the above theoretical analysis pro-
cess, as detailed in Fig. 3.

As shown in Fig. 3(a), for the micro-sphere probe, the
presence of the micro-meter sphere made the cantilever beam
more than 30 um away from the sample surface, resulting in
the squeeze film damping mainly being concentrated on the
micro-meter sphere. Since the squeeze film damping ratio of
micrometer sphere was at least one order of magnitude larger
than that of the micro-cantilever, the squeeze film damping of
the micro-cantilever was no longer more important than that of

8(D+2R)?

(44)

the micro-meter sphere. In contrast to the microsphere probe,
the micro-cantilever was subjected to a much larger squeeze
film force than that of the conical tip, as shown in Fig. 3(b). In
this study, it was believed that although the distance between
the tip and the sample was much smaller than the distance be-
tween the micro-cantilever beam and the sample, the pressure
film damping effects of the needle tip itself were small, leading
to the pressure film damping being concentrated on the micro-
cantilever beam. Therefore, the squeeze film damping of the
micro-cantilever beam could be neglected for the micro-sphere
probe, while the squeeze film damping of the conical tip could
be neglected for the conical tip. Based on the above-mentioned
results, this study was able to obtain the quality factor calcula-
tion equations for both the micro-sphere probe and the conical
probe as follows:

67rueffR§
sa.1 = 1 — 4
Osq,1 /( Dimg (45)

0 21/ Hetth® [ of
54 2pbdy1® Jo (D+ (I —x)sina)?

dx) , (46)
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where me = 0.25mcangilever + Miip, Me is the equivalent mass of

the probe, 2334

Meantilever 18 the mass of the micro-cantilever,
myp is the mass of the tip, QOsq,1 is the quality factor of the

micro-sphere probe, and Qg > is the quality factor of the coni-

cal probe.
1072 (a) = Micro-sphere 7
—— Cantilever
S
+
8 103} ]
o0
=
=
E 104t ;
@)
1075} ;
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2
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Fig. 3. Theoretical results of the squeeze film damping ratios for the dif-
ferent parts of the two examined probes: (a) squeeze film damping ratio
of the micro-sphere probe; (b) squeeze film damping ratio of the conical
probe. Note The parameters of the two types of probes are detailed in
Table 2.

3. Simulation analysis

In this study, numerical simulations were used to calcu-
late air viscous damping and squeeze film damping to further
investigate the mechanism of the air damping action of the
AFM probe. The simulation analysis results further confirmed
the accuracy of the theoretical model.

3.1. Simulation models in COMSOL multiphysics

The interaction between the probe and the air is a fluid-
structure coupling process. Since the dimensions of the probe
are much smaller compared to the surrounding air domain,
and its amplitude generally ranges only within a few tens of
nanometers, the fluid motion induced by the probe vibration
is considered to be a minor disturbance compared to the back-
ground flow field. Therefore, linearized Navier—Stokes (NS)
equations can be used to describe the flow field. In this study,
the finite element model of the probe in atmospheric condi-
tions is established using the Thermal Viscous Acoustic (TVA)
interface and the Pressure Acoustic (PA) interface available
in the commercial finite element software package COMSOL

The TVA interface is used to solve the lin-
earized Navier—Stokes equations, while the PA interface is

Multiphysics.

used for the propagation of sound waves, with the outer bound-
ary conditions terminating with spherical wave radiation con-
ditions. Many studies have shown that these interfaces can ac-
curately calculate the quality factors of microcantilever beam
vibrations in atmospheric conditions.*-2] Therefore, in this
research, both the microcantilever beam and the sample sub-
strate are modeled using solid mechanical elements, while the
fluid around the probe is modeled using the TVA interface, and
the fluid far from the probe is modeled using the PA interface.
The finite element analysis software package COMSOL mul-
tiphysics implements the above physical interfaces through
multi-physics coupling (acoustic—thermal boundary coupling
and thermal-structural boundary coupling). As shown in
Fig. 4, both the microcantilever and substrate are made of sil-
icon, which with a density of 2329 kg/m?, elastic modulus of
170 GPa, Poisson’s ratio of 0.28, and the fluid domain is air.

Air environme

ompressible
linearized NS

Symmetry planes

[ Thermo acoustics layer
[ Pressure acoustics layer

*Dimensions not to scale

Fig. 4. Schematic representation of a three-dimensional finite element
simulation model for a microcantilever probe immersed in an infinite
fluid medium.

3.2. Results and discussion

As detailed in Table 1, the differences between the vis-
cous dissipation quality factors of the two different probes ob-
tained by theory and simulation were very small. The dif-
ferences between the theory and simulation results were de-
termined to be 8076 and 3038, respectively, which indicated
that the theoretical models were more accurate. For the micro-
sphere probes, the air viscous dissipation at the tip was not
negligible. In addition, the air viscous dissipation quality fac-
tor of the probe was affected by both the micro-cantilever
beam and the micro-sphere tip. In contrast, for the conical
probes, it was determined that the air viscous dissipation at
the probe tip could be neglected. To further analyze the dis-
tribution of air damping effects on the microcantilever beam
and the probe tip, we used the finite element model shown in
Fig. 4 to compute the pressure distribution around the micro-
cantilever beam and the probe tip. To compare the pressure
distribution for the microsphere and conical probes at varying
distances from the tip to the sample, we extracted the pressure
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data along the central axis of the probe and plotted the result-
ing graph as shown in Fig. 5.

Table 1. Comparisons of the theoretical and simulated viscous dissipation
quality factors of a micro-sphere probe and a conical probe, where Qrye is
the quality factor of probe from the theoretical calculations; Qsin, is the qual-
ity factor from the numerical simulations, and AQ = \Q,l?hle — Qghlnrl is the
quality factor differences between the simulation and experimental results.

Micro-sphere probe Conical probe

OThe 842 458
Osim 940 398
AQ 8076 3038

As shown in Fig. 5, the maximum pressures for both the
micro-sphere probe and the conical probe were concentrated
on the tip, and the pressure differences between the tip and the
micro-cantilever gradually decreased as the tip—sample dis-
tance increased. For the microsphere probe, at a small tip—
sample distance (for example, D = 0.1 um), it was found that
the pressure on the micro-sphere tip was more than four orders
of magnitude greater than that on the micro-cantilever. How-
ever, for the conical probe, there was no significant difference
observed between the pressure on the conical probe and the
pressure on the micro-cantilever, with the exception of the tip
of the conical, which generated a larger pressure. Therefore,
it was concluded that for the micro-sphere probe, the squeeze
film effects were concentrated on the micro-sphere tip, and for
the conical probe, the squeeze film effects were distributed on
the micro-cantilever, while the conical tip had little effect.
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Fig. 5. Pressure distributions of a micro-sphere probe and a conical
probe along the central axis of a micro-cantilever at different tip-sample
distances: (a) micro-sphere probe, excited frequency ®/27m = 169 kHz,
amplitude A = 50 nm; (b) conical probe, excited frequency /27 =
268 kHz, amplitude A = 50 nm.

Figure 6 details the total squeeze film forces on the micro-
cantilever and the tips of both probes operating at different
tip—sample distances. As can be clearly seen in the figure, in
the case of the micro-sphere probe, the total squeeze force on
the micro-sphere tip was more than two orders of magnitude
greater than that on the micro-cantilever when the tip—sample
distance was small (for example, D = 0.1 pm and D = 1 pm).
However, when the tip—sample distance was greater (for ex-
ample, D = 10 um), the squeeze film force on both the micro-
sphere tip and the micro-cantilever beam was minimal, and the
squeeze effects of the probe were not obvious at that time. For
the conical probe, it was observed that at different tip—sample
distances (for example, D =0.1 um, 1 um, and 10 pm), the to-
tal squeeze film force on the micro-cantilever was consistently
much larger than that on the conical tip, which indicated that
the squeeze film effects of the conical tip were very small com-
pared with those of the micro-cantilever. Those findings were
in good agreement with the results of the theoretical analysis
described in the previous section.
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Fig. 6. Total squeeze film force on different parts of a micro-sphere
probe and a conical probe at different tip—sample distances: (a) micro-
sphere probe, excited frequency @/27w = 169 kHz, amplitude A =
50 nm; (b) conical probe, excited frequency ®/2m = 269 kHz, ampli-
tude A = 50 nm.

4. Experimental analysis

This study’s frequency tune experiment was performed
using a commercial AFM system (TM-AFM, Dimension
3100, Bruker). The initial use of the frequency tune experi-
ment was to determine the resonance frequency of the micro-
cantilever. In addition, the amplitude—frequency curve was ob-
tained by varying the excitation frequency and obtaining the
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frequency responses in order to obtain the quality factor of the
system. When the probe was located far away from the sam-
ple, it was considered to be in the isolation stage, and the air
squeeze film damping could be neglected. During that stage,
the obtained amplitude—frequency curve tended to be stable
and was directly related to the air viscous damping. Then, as
the probe approached the sample, the air squeeze film damp-
ing was taken into consideration, and it was assumed that the
differences in the amplitude—frequency curves at different dis-
tances were reflected in the frequency tune experiment. There-
fore, to vary the tip—sample distance, the amplitude—frequency
curves were obtained at each specific position using the tune
and tip offset functions. The adjustable range of the tip off-
set for the experiment in this study was £6.6 um. For the
conical probe, the tip—sample distance had been determined
by the truncation of the amplitude—frequency curves. Trun-
cation refers to the phenomenon where the amplitude signif-
icantly decreases due to the tip adhering to the sample when
the tip—sample distance is sufficiently small (or when the tip
is pressed into the sample).!!33*33] In this study, we define
the point of truncation on the amplitude—frequency curve as

the point where the tip contacts the sample, which is when the
tip—sample distance is zero microns. However, for the micro-
cantilever beam and the microsphere probe, truncation does
not occur, making it impossible to directly determine the ab-
solute distance between the tip and the sample. Instead, only
relative height variation can be observed. To obtain the abso-
lute tip—sample distance, we fitted the O—D curve of relative
height variation with the theoretical Q—D curve, allowing us
to deduce the absolute tip—sample distance.

During the experimental process, the half-power band-
width of the system was obtained based on the amplitude—
frequency curves. The quality factor was then estimated us-
ing O = @y/Aw, where Ao is the bandwidth, and @y is the
first-order resonance frequency of the probe. Table 2 shows
the detailed parameters of the three different types of probes.

In addition, the air viscous damping dissipation quality
factor and the air squeeze film damping dissipation quality fac-
tor were simulated in COMSOL multiphysics, and the quality
factors of the different probes at different tip—sample distances
were obtained. The SEM images of three types of different
probes are shown in Fig. 7.

Table 2. Basic parameters of the three different types of probes.

Types Elastic Force Density 3(S1) Resonance Length (um) Width (um) Thickness (um) Tip size (pum)
modulus (GPa) constant (N/m) (kg/m’) frequency (kHz)
Micro-cantilever ~ TL-NCH-10 190 68 2330 330 125 40 3.5
Micro-sphere probe  TL-NCH-10 190 47 2330 167 125 40 35 R=15
Conical probe AN-NSC10-2 190 49 2330 268.5 135 30 3 R.=5pum
H =10 pm

5U8220 5.0k 9.8mm (3.00k SE(U) 12/17/2018 0927 [

Fig. 7. SEM images of the three types of different probes: (a) micro-cantilever, (b) micro-sphere probe, (c) conical probe.

4.1. Results and discussion

As shown in Table 3, the difference between the experi-
mental and the theoretical air viscous dissipation quality factor
was found to be 1585 for the micro-cantilever beam when the
probe was far away from the sample. This was considered to
be the sum of the energy dissipation other than the air vis-
cous dissipation. The experimentally obtained quality factor
was 410. The comparison results showed that the air viscous
dissipation was the dominant energy dissipation mechanism
in the AFM system during the isolation stage. For the micro-
sphere probe, the sum of the dissipation other than the air vis-
cous dissipation was 2850, and for the conical probe, it was
2902. When compared with the experimental results, it was
indicated that the same results were obtained for the micro-

cantilever beam.

Table 3. Experimental, simulated, and theoretical air viscosity dissipation
quality factors, where Qexp is the quality factor obtained experimentally
when the probe is away from the sample, Qi is the viscous dissipation
quality factor obtained from the numerical simulations, Q. is the viscous
dissipation quality factor obtained from the theoretical calculations, AQ; is
the quality factor difference between the simulation and experimental re-
sults; and AQ» is the quality factor difference between the theoretical and
experimental results.

Micro-cantilever ~ Micro sphere probe  Conical probe

Oexp 410 650 350
Osim 553 940 398
Othe 565 842 458
AQ, 1585 2107 3038
AQ> 1495 2850 1484
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It was confirmed in this study that during the isolation
stage, the air viscous dissipation was the most dominant en-
ergy dissipation mechanism in the AFM system. The discrep-
ancies between theoretical, simulation, and experimental re-
sults are within a reasonable range, indicating that the theo-
retical and simulation models developed in this study can ac-
curately describe the effects of air damping in TM-AFM to a
certain extent.

As can be seen in the frequency—amplitude curves shown
in Fig. 8, the quality factors of different probes were obtained
at different tip—sample distances. In addition, to better com-
pare the quality factors of different probes under different tip—
sample distances obtained by theorical, experimental, and sim-
ulation methods, the theoretical, experimental, and simulation
results were entered into one graph, as shown in Fig. 9.

As shown in Fig. 9(a), the tip-sample distance belonged
to the squeeze film stage in the range of 0 to 16 um, while
above 16 um, it belonged to the isolation stage. The quality
factors and theoretical curves for the different tip—sample dis-
tances obtained from this study’s simulations and experiments
for the micro-cantilever beam were found to be in good agree-
ment. This indicated that the theoretical simplified model was
accurate and could be used to calculate the air damping dis-
sipation of AFM probes. The quality factor shown in Fig. 9
represents the total quality factor of the TM-AFM system.
The following analysis will focus primarily on the effect of
air squeeze film damping on the quality factor. Therefore, the
quality factor of air squeeze film damping dissipation in the
subsequent analysis is obtained by subtracting the quality fac-
tor of air viscous damping dissipation from the total quality
factor in Fig. 9.
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Fig. 8. Amplitude—frequency curves of the different probes at different positions: (a) micro-cantilever, (b) micro-sphere probe, (c) conical probe.
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Fig. 9. Comparison of the theoretical calculations and the experimental and simulation results of the different probes: (a) micro-cantilever, where
Ovis = 410; (b) micro-sphere probe, where Qyis 1 = 650; (c) conical probe, where Qyis2 = 350; Qyis, Ovis, 1, and Qyis > are the air viscous dissipation
quality factors, which were obtained experimentally when the probes were located far away from the sample.

As detailed in Fig. 9(a), the quality factor of the squeeze
film damping dissipation was calculated to be 236 at a tip—
sample distance of 5 um. Meanwhile, this value was 1271
at a tip—sample distance of 10 um and 2952 at a tip—sample
distance of 15 um. It can also be seen in the figure that the
distances between the micro-cantilever beam and the sample
had greatly affected the quality factor. For example, when the
distance between the micro-cantilever beam and the sample
was greater than 16 pum, the air squeeze film damping effects
could be neglected.

Figure 9(b) illustrates that for the microsphere probe,
the theoretical curve agreed well with the experimental and

simulation results, which indicated that the air squeeze film
damping of the micro-sphere probe had been concentrated on
the micro-sphere tip. Those findings were consistent with
this study’s analytical results. At the same time, the pres-
ence of the micro-sphere tip greatly reduced the quality fac-
tor of the probe, which was calculated from the data dis-
played in Fig. 9(b). It was determined that the quality fac-
tor of the squeeze film damping dissipation was 461 when the
tip—sample distance is 1 pm, and 1990 when the tip-sample
distance was 4 pm, which indicated that the presence of the
micro-sphere tip greatly reduced the quality factor when the
tip—sample distance was very small.
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As shown in Fig. 9(c), for the conical tip, the experimen-
tal and simulation results were in good agreement with the
theoretical curve. Those results confirmed that it was reason-
able that for the pyramidal tip to be simplified to a conical
tip, and the squeeze film damping of the conical probe was
concentrated on the micro-cantilever beam rather than on the
probe tip. The squeeze film force on the conical tip was deter-
mined to be minimal and negligible. The squeeze film force on
the micro-cantilever beam was inversely related to the distance
between the micro-cantilever beam and the sample. Since the
distance between the micro-cantilever beam and the sample
consisted of two parts, the tip—sample distance and the height
of the conical tip, it was believed in this study that increas-
ing the height of the conical tip could effectively reduce the
squeeze film damping effects and improve the quality factor.

As detailed in Fig. 9(c), it was found that the quality fac-
tor of the squeeze film damping dissipation was 715 when the
tip—sample distance was 0 um. However, that value was 5483
when the tip—sample distance was 10 um. Since the conical tip
was neglected, the increase of the tip—sample distance could be
regarded as the increase of the conical tip height. Therefore,
it was found that the quality factor of squeeze film damping
dissipation was 715 when the conical tip height was 10 pum.
When the conical tip height was 20 pum, that value was 5483,
and at that time, the effects of the squeeze film damping on the
quality factor of the AFM system could almost be ignored.

5. Conclusions

In this research study, the effects of air damping on the
quality factor for micro-cantilever beam, micro-sphere probe,
and conical probe were examined. When the probe was lo-
cated a far distance from the sample, it was considered that the
probe was in an isolation stage, during which the main energy
dissipation mechanism was the viscous damping dissipation of
the air. Then, when the probe was located closer to the sam-
ple, the probe entered a squeeze film stage, in which the air
viscous damping and air squeeze film damping effects needed
to be considered simultaneously. A new method was proposed
in this study for calculating the equivalent viscous damping
of micro-cantilever beams, by which the equivalent viscous
damping considering air viscous damping and air squeeze film
damping was calculated and compared with both the experi-
mental and simulation results. The obtained results confirmed
that the model was reasonable.

It is known that the mechanism of air damping action
varies for probes with different tip shapes. During the isola-
tion stage for the micro-sphere probe, the air viscous damping
on the microsphere tip was comparable to that of the micro-
cantilever beam. Conversely, for the conical probe, the air
viscous damping on the conical tip was negligible. During
the squeeze film stage, it was found that for the micro-sphere

probe, the squeeze film damping of the probe was concentrated
on the micro-sphere tip and the squeeze film damping of the
microcantilever beam is negligible. In contrast, for the conical
probe, the squeeze film damping of the conical tip was very
small, the squeeze film damping of the probe was observed
to be concentrated on the micro-cantilever beam. The squeeze
film damping of the tip was considered to be negligible. There-
fore, based on the above-mentioned results, this study believed
that the squeeze film damping of the micro-sphere tip by the
air was large. The quality factor of the micro-sphere probe
was only a single-digit in the atmospheric environment when
the tip—sample distance was very small, and it did not meet the
requirements for accurately scanning samples. For the con-
ical probe, the presence of the conical tip greatly increased
the distance between the micro-cantilever beam and the sam-
ple, while the conical tip itself was subjected to very little air
damping. It was determined that increasing the height of the
probe tip could effectively reduce the squeeze film damping
of the probe. Therefore, in the majority of the cases involv-
ing ordinary probes, when the tip height is above 20 pum, the
squeeze film damping of the probe can be neglected.

In this study, a theoretical model for the air damping dis-
sipation of different shapes of AFM probes at different stages
was presented. In addition, it was verified through theory, ex-
periments, and simulations that the air damping effects greatly
reduced the quality factor of the system and affected the phase
imaging quality of the TM-AFM. Such findings were consid-
ered to be very important for deepening the understanding of
the air damping dissipation mechanism of AFM and improv-
ing the imaging quality of TM-AFM.
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