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Abstract. Topic and aim. One of the tools which are extremely useful and valuable for creating a topography of surfaces,
measuring forces, and manipulating material with nano-meter-scale features is the Atomic force microscope (AFM). Since
it can create the image of the surface object in different mediums at the nano-scale, AFM can be used in a wide variety of
applications and industries. This work aimed at creating the mathematical model of the non-contact atomic force microscope.
Models and Methods. The lumped parameter model of the atomic force microscope in the non-contact operation mode is
utilized to make the mathematical model of the micro cantilever of the AFM in this article. In this mode, non-contact operation
mode, a stiff micro machined cantilever is oscillated by the harmonic external force in the attractive regime, i.e. the sharp tip
at the end of the cantilever is quite close to the surface of the specimen but not in contact. In this work, the mathematical
model is nonlinear since we use the van der Waals force as the sample-tip interaction. We use the van der Pol average method
to find solution of the system and get the frequency response equation. Results. This equation was employed to investigate the
effect of non-linearity, excitation amplitude, and damping coefficient on the response of the system. Also, the steady-state
motion stability was studied, and state space trajectory and timing response of states were demonstrated.
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Annomayun. Tema u yerp. OOHAM N3 MHCTPYMEHTOB, UPE3BBIYANHO MONE3HBIM WM IIEHHBIM AJIS CO3IAHUS Tomorpaduu
MIOBEPXHOCTEH, M3MEPEHNS CHJI ¥ MaHHITYJIHMPOBAHUS MAaTCPHAIOM C HAHOMETPOBBIMHU XapaKTEePHCTHKAMH, SIBIISIETCSI aTOMHO-
cuioBoii Mukpockon (ACM). ITockonbKy OH MOXKET cO3/JaBaTh H300paKeHUE MMOBEPXHOCTH O0BEKTA B PA3IMYHBIX CPelax B
HaHopazMepHoM MaciiTadbe, ACM MOXeT HCTIOJIB30BaThCsl B CAMBIX Pa3HOOOPA3HBIX MPHIMKEHHUAX M OTPACISX MPOMBIIUICH-
HocTH. JlaHHas paboTa HalpaBlieHa Ha CO3JaHUEe MAaTeMaTHIEeCKOH MOJeNH OECKOHTAaKTHOTO aTOMHO-CHIIOBOTO MHKPOCKOIIA.
Mooenu u memoowt. [ln1s1 NOCTPOCHUSI MaTeMaTH4eCcKoil Mozienn MUkpokanTuiesepa ACM B TaHHOM cTaTbe UCIIONBL3YeTCs
MOJIENb COCPENOTOUEHHBIX NMapaMeTPOB aTOMHO-CUJIOBOTO MHKPOCKOIA B GECKOHTAaKTHOM pexXuMe paboTel. B 3ToM pexume
KECTKUI MUKpOOOpaOOTaHHBIN KaHTHIICBEp KOJIEOIETCS O NEHCTBHEM rapMOHUYECKOW BHEIIHEH CHIIBI B PEKUME TIPUTS-
JKEHUsI, TO €CTh OCTPHI HAKOHEYHHK Ha KOHIIe KaHTHJIEBEpPa HaXOJHUTCS OCTAaTOYHO OJM3KO K IOBEPXHOCTH 0Opasiia, HO
He colnpukacaeTcs. B aToit paboTe MareMaTrnueckas MOZENb HEJMHEHHA, Tak KaKk MbI HCIIONb3yeM cuily Ban-nep-Baanbeca B
KauecTBE B3aMMOJCHCTBHS 00pa3iia ¢ HAKOHEYHHKOM. MBI HCTIONB3yeM METOJ yCpeaHeHus BaH Aep lons At HaxoxKIeHUs
pelIeHHs] CHCTEMBI M MOJIyYeHHs] yPaBHEHHSI YaCTOTHOM XapaKTepPUCTUKH. Pe3ynbmanivi. IT0 ypaBHEHHE OBLIO HCHOJIB30BAHO
JUISL ICCJICIOBAHMsI BIIMSHUS HEITMHEHHOCTH, aMIUTUTYAbI BO30Y)XIeHUs U KoddduimeHTa 3aTyXaHusl Ha OTKJIUK CHCTEMBI.
Taxoke O6bUTa M3yueHa YCTOMYMBOCTH CTAI[IOHAPHOTO ABW)KEHMs, OBLIM MPOAEMOHCTPUPOBAHBI TPAEKTOPHs MPOCTPAHCTBA
COCTOSIHUH U BPEMEHHAsI PEAKIHsl COCTOSHHUM.

Knioueswvie cnosa: aroMHO-CHUI0BOI MUMKPOCKOII, ACM, HCHHHCﬁHOCTB, HEJIMHEHHBIC CHUCTEMBI, METOA YCPECAHCHUS, OeCKoH-
TaKTHBIﬁ, OTKJIMK COCTOSTHHS.
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DOI: 10.18500/0869-6632-2021-29-3-345-355
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Introduction

Typically, when we want to describe a microscope, we think of it as an optical or electron one.
By concentrating electromagnetic radiation on an object surface, these kinds of microscopes make a
magnified image of an object where these radiations may be photons and electrons. By using an optical
microscope with 1000X magnification and an electron microscope with 100000X magnification, two
dimensional magnified images of an object surface can be easily created [1].

Although these microscopes are known as powerful and precise instruments, the images that are
obtained by using these instruments are characteristically 2D and located in the horizontal plane of the
object surface and the vertical dimensions of the object surface are neglected, i.e. the height and depth
of the surface properties, are not taken into account in these microscopes [2-5].

To overcome the drawbacks of the described methods, the atomic force microscope (AFM)
invented and developed in the mid-1980s has been used. With an AFM which has a sharp probe, the
topography of an object surface can be imaged with enormously high resolutions, up to 1000000X.
And on the other hand, one of the most important characteristics of an AFM which makes it a valuable
instrument is that the magnification of an AFM is made in three directions, the horizontal X-Y plane and
the vertical Z direction [2-5]. The surface of an object can be imaged with atomic resolution by using
an AFM. And also, it was developed to surmount a basic drawback with the STM, scanning tunneling
microscope that can just scan conducting or semiconducting surfaces. However, it is an advantage
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for the AFM that can image different types of Photo

surfaces in different mediums [5-8]. detector
One of the tools which are extremely useful Laser m
and valuable for creating a topography of surfaces, unit A

measuring forces, and manipulating material with
nano-meter-scale features is the Atomic force

microscope (AFM). Since it may create the image A4
of the surface object in different mediums at the Control
nano-scale, AFM can be used in a wide variety of m unit
applications and industries. By probing the surface iochanical

of the specimen with a micro cantilever, the data scanner

required to create a surface image is gathered.

Utilizing piezoelectric elements, facilitating small /l\

but exact movements on electronic command,
capable the AFM to construct the most accurate Fig. 1. Typical AFM schematic
and precise scanning.

Fig. | illustrates a conventional AFM system. The AFM comprises a sharp tip located at the end
of a micro cantilever installed on a piezoelectric (PZT) actuator and a photo detector which receives
a laser spot repulsed from the end-point of the cantilever probe to track the deflection of the micro
cantilever for obtaining feedback. The AFM working principle is to probe the surface of the specimen
by moving the tip over it with mechanisms that provide feedback and allow the mechanical scanners,
PZT, to keep the tip of the cantilever at a constant height over the surface of the sample, i.e. keep the
interaction force constant.

Changing the contour of the surface of the specimen the tip is moving up and down when it
probes the surface of the sample. As a result of these movements, the laser beam deflects and the
difference in light tenseness between the upper and lower photo detectors is calculated. The feedback
signal obtained from the photo detector odds passes via the control unit and makes the cantilever tip
able to be kept either invariable force or prefixed height (constant height) above the surface of the
specimen. In mode, where the force is invariable, real-time height deviation is monitored by the PZT
transducer, and in the prefixed height mode, the flexure force on the sample is measured [4].

The AFM is an extremely useful tool for various applications as it is capable of scanning surfaces
in a vacuum, air, or in liquids with atomic resolution, manipulating objects with nanometer-scale
characteristics, and also measuring forces with better than pico-newton resolution.

Since an AFM is the most powerful instrument for imaging the sample surface and due to its
advantages, it has a variety of applications. Applications of an AFM can be classified into three major
categories: molecular metrology, biological science, and force spectroscopy [2-5,7, §].

The dynamic behavior of the micro cantilever, in various modes of operations, is an interest of
many researchers and different methods have been used to accomplish this [6,9-15]. Here, we used the
lumped parameter model of the cantilever to obtain the mathematical model, and then we solved it using
the van der Pol averaging method. The influence of non-linearity variable, excitation amplitude, and
damping coefficient on the response of the system is studied through the frequency response equation.
To study the steady-state stability, the nature of the singular points is investigated.

1. AFM cantilever modeling

The most important component of an AFM which has a high influence on the effective operation
and performance of the AFM is the micro-cantilever. Therefore, to improve the efficient operation of the
AFM, it is necessary to have a complete analysis of its dynamics. Several models have been presented
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N\ to describe the interaction forces between the tip
\AV and the surface of the specimen. In this project,
the lumped parameter model is employed to create

the cantilever model.
Fig. 2 illustrates the lumped model of
k. b z Zy the cantilever. In this model, the mass of the
micro cantilever, m, is located at end the of a
massless spring with the stiffness k£ and damping

coefficient .

_______ m AU We write the equation of motion of the
r f system as:
ext
. S A d2z d
Jiv Mg+ bo-zt k2 = fup(2(1) + fexi(T). (1)

In non-contact operation mode, a stiff

Sample Surface cantilever is oscillated by the harmonic external

Fig. 2. The tip excited AFM cantilever: Lumped-parameter force, f ext, 1.1'1 the' attractive regime, meaning

model that the tip is quite close to the sample but

not touching it. In this work, we consider the

sample-tip interaction, fiip(2(t)), is the van der Waals sphere-plane force, which makes the model
nonlinear [5, 13, 15]. (2) presents these forces:

fext(t) = Ap cos o,

AR 2
Fane(0) = g, @

where Ay is the coefficient of Hamaker, and R is the tip apex radius. It should be noted that the zg is
the fixed space between the stationary stage and the surface of the object, sample here.
Inserting (2) in (1) we obtain:
d?z

d
m——i—b—i—i—kz:

AR
02 g 5 + Agcosot. 3)

6(z0 — 2)

To find the equilibrium point of the system, in (3) we set all the time terms and the excitation
force amplitude to zero as:

3
s = 5(QH)%,
“4)
- AR
- 6k
The dimensionless equation of motion can be obtained by setting:
A
x:ia t:(DO‘E) F= E) czzjv
Zs Zs Zs
L= g Vifm Y
C = — = — = — mwn = m
277 o ’ mwg ) 0 y
and inserting in (3) as:
c
T+ Bt +x = -——5 + F cospt. 6
In this paper, derivation with respect to ¢ is designated by dots.
baxpawu M. P.
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2. Van der Pol averaging method

In our system, since we have a system containing time-scales division, i.e. quickly vibrating terms
versus a slow drift, the method of averaging is a good option. The van der Pol averaging method suggests
to perform an averaging over the vibration period of time in order to smooth the fast fluctuations and
study the resulting dynamics. To employ van der Pol averaging method, first we approximated the van
der Waals sample-tip interaction force around the relax point z:

c B c n 2c (@ — 24
(C - x)2 (C - 23)2 (C - Zs)g ’ (7)
3c 9 (n+1)c "
+————(@—z) "+ ——————(x— 2z)".
e A P R
Introducing
- c o — 2¢c 0 — 3c w - (n+1)c
e I (N A (TP " C-z)n+2)
and setting y = x — z,, one can rewrite (0) as:
i+ 0f,y = —By + F cos ¢t + ag + doy® + agy® + -+ + apyn (8)

where wg, = /1 — a;.

As mentioned before, in the non-contact mode the frequency of external excitation is close to the
natural frequency of the oscillation part, where the frequency disorder ¢ = wq,, + 0 is small. Here, 0 is
named detuning parameter that presents how close ¢ is to wg,. As one can notice, the right hand side
terms are related to dissipation, non-linearity, and external effects. By ignoring these terms, the system
turns into a typical harmonic vibrator. The solution may be found in the quasi-harmonic vibration form
with a amplitude that varies slowly since the dissipation, non-linearity, and external are assumed to be
small. To accomplish this, using asymptotic methods one can write the simplified equation of (&) in the
following form:

y(t) = A(t) exp{iognt} + A(t) exp{—iwont}. 9)

Also, it should be mentioned that there is an extra condition on the slowly changing complex
amplitude A4:

A(t) exp{ioont} + A(t) exp{—iwgnt} = 0. (10)

Writing the excitation force as:

F it} + F —ifpt
F cos ¢t = Re Fexp{ipt} = exp{ipt} +2 exp{=i¢ } (11
It should be noted that in this work, [J is the complex conjugate of [J.
The first and second derivative of (9) with respect to time ¢ will be presented as:

§ = i0on A exp{iwont} — 00, A exp{ —iwont},

. ) (12)
i = 2iwg, A exp{imont} — w2, Aexp{ing,t} — w3, Aexp{—ing,t}.
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Inserting (12) and (9) in (8), we get:

. _ 1
2impn A exp{iog,t} = —Biwg, A exp{iog,t} + Biog, A exp{—iwo,t} + §F exp{idpt}+

1 - _ _
+ §F exp{—idpt} + ap + apA? exp{2iwgnt} + 200 AA + an A% exp{—2iwgnt} +az{...} + ...
(13)

First we divide both sides of (13) by iwg, A exp{iwg,t} and then do averaging over the given

period of time, here the vibration period, % we get:

2A=—-BA—1i r
2(1)0n

exp{idt} — ang|A|2A. (14)
On

The altering in complex amplitudes can be ignored at this timeline. Also, the term including the
exponent will be insensibly varying since in the case that we consider, the frequencies and are close.
Therefore, one can write the simplistic equation of (14) by omitting the fast oscillating terms.

The solution of (14) can be presented as:

A = aexp{if}, (15)

where a and [ are real variables.
Inserting (15) into (14), and splitting the real and imaginary parts yields:

. r 3
2acosfP — 2aPpsinfp = —Bacosf + Sinét—l—aga—sinﬁ, (16)
2(1)071 Won
. : : F a®
2asinf + 2ap cosp = —Basinf — cos 0t — a3— cos f. 17
20)071 Won

Introducing ¢ = 8¢ — 3 and solving for & and B, we obtain:

1
a—+ §Ba = o, cos,
(18)
. 5 a2a3 i
=0- — ina.
v 200, 4awgy, v
Setting @ = 1 = 0 provides:
QBa(o()n
———— = oS
5 a’as\ dawo, . (
— = sin.
2(1)071 F w
To obtain the frequency response equation, we square and add terms in (19):
QBCL(DQn 2 CL2(13 4au)0n 2
et L P O =1. (20)
F 2w0p, F
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Now, we can use (20) to examine the influence and effects of the non-linearity, the amplitude of
excitation (excitation force), and the coefficient of damping on the response of the system. It should be
mentioned again, that the system is excited by an external harmonic force with a frequency near to the
natural frequency of the micro cantilever.

(20) presents that the peak of the amplitude, a, = F'/2wq, B, does not depend on the ag, the
non-linearity. The effect of the non-linearity on the response amplitude is shown in Fig.

The excitation amplitude effect is shown in Fig. . As we expected, the response amplitude
increases by increasing the the external force. It should be noted that the frequency-response curves are
multi-valued for some values of detuning & (Fig. ).

Fig. illustrates the linear and nonlinear plots. As shown in Fig. , the linear response
occurs by setting a3 = 0. It means that when T goes to infinity, the linear case happens. The other
interesting thing is that the peak amplitude does not depend on the value of a3, as presented in Fig.

By changing the sign of a3 (in the nonlinear cases, when a3 # 0) the graph slanting to the right or left.

Fig. presents the effect of the excitation intensity on the response equation. As one can see,
with the higher the amplitude of the excitation force the amplitude of response increases as well.
In Fig. , the effect of the damping coefficient on the frequency response is presented.

As illustrated, the peak of the response amplitude reduces by growing the damping coefficient.
The amplitude goes to infinity setting the damping coefficient to zero.

In nonlinear dynamical systems take place phenomena where the oscillation amplitude can harshly
grow or reduce as the excitation frequency is increased or decreased and multi-valued areas appeared.
The multivaluedness implies that two amplitudes of oscillation exist for a given external frequency.
This yields to the phenomena that are famous and known as the jump phenomenon [16] as presented in
Fig. by arrows.

If one from the left-hand side of the plot increases the & (the excitation frequency) the amplitude
grows till reaching point 1 on the graph. As a result of a further increase in 0, a jump happens from point
1 to point 2. From point 2 the amplitude decreases by growing 8. And if we start from the right-hand
side and decrease the §, subsequently the amplitude increase until attaining point 3 on the plot where

Fig. 3. a — Effect of the non-linearity, b — the excitation amplitude on the response amplitude for several detunings
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Fig. 4. a — Effect of non linearity, b — effect of excitation, ¢ — effect of damping, d — jumping phenomenon

again a jump happens to the upper point (point 4 on the plot). This can be summarized as follow, the
amplitude of the response may bounce to the higher amplitude by an increase in the frequency of the
external excitation, and by a decrease in the frequency of the excitation, the response amplitude might
jump to lower amplitude [16].

3. Stability of the steady-state motions

There exists various methods to investigate the stability of the steady state motions [16-20].
To analysis the steady-state stability, the stability of the various sections of the response graph, by
investigating the nature of the singular points of (18), one may set:

a = ap + ai,

Y =Po + YP1.

e2))
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Inserting (21) into (18), expanding for small a; and 1; and removing nonlinear terms in a; and
|1, we obtain:

= 1B in
a1 =——Ba — S
1 5 1 oo, Yo | Y1,

U,; < a0(13+FSin'l])0> ( F cos ) "

1= |- ar—\ ——— 0 1.
Won 4a(2)030n 4CLO(,00n

It should be noted that ag and g satisfy (19).

Therefore, stability of the steady state motions depends on the eigenvalues of the coefficient matrix

conducted from the right-hand sides of (22). Subsequently, one gets the equation of the eigenvalues
through (19):

(22)

1 2
—3B-h —ag (gm - a) ) -
1 [ ada 1 .
a0 (23)02 *6> —3B -1

Expanding (23) we conclude that the instability of the steady-state motions happens when

1 2 2
1B+ <3a°°‘3 - 6) (“00‘3 - 6) <0, (24)

2 Won, 20)0n

and the steady-state motions are otherwise stable.

Fig. 5 demonstrates the State space trajectory and timing response of states with two initial
conditions; with the initial (2,0,0)” are shown in Fig. and 5, b, while the initial (—2,0,0)7 satisfies
stabilization conditions, but neither the system is stable.

P
<
393
1

10

v 20

30

a ! a b
- 1007 2]
-8()—_ -3
-60 1
v o -4
-40 ]
-20+ ]
-2 -3 -4 -5 4y T T _40-6()'8(T'00
c t a d ¢ 0 -20

Fig. 5. a — State space trajectory and b — timing response of states with the initial (2,0,0)%, ¢ — state space trajectory and
d — timing response of states with the initial (—2,0,0)”
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Conclusion

The typical AFM contains a probe installed at the end of a micro cantilever that is utilized to
scan the surface of the specimen and is used for gaining resolution in the scale of atomic. The micro
machined cantilever usually is a beam from materials; silicon or silicon nitride. At the end of this beam
is installed a sharp tip with the radius on the order of nanometers. When this sharp tip extends toward a
surface of a specimen, in concordance with Hooke’s law, the micro cantilever, because of the sample-tip
interaction force, deflects. To monitor the cantilever deflection a laser unit is employed. An array of
photodiodes is employed to gather the reflected laser spot from the top surface of the cantilever. Then,
a mechanism that provides feedback to adjust the sample-tip distance (to keep the interaction force
constant) is used. Typically, a mechanical scanner consists of a piezoelectric tube that is utilized for
holding the specimen and used to accomplish the goal which is to keep the interaction force constant.
This PZT tube moves the sample in the x - y plane as well as in the z direction. By mapping the area,
the scan of the surface of the sample is created [21].

This work aimed at creating the mathematical model of the non-contact atomic force microscope.
To accomplish this, the lumped parameter model is utilized. In non-contact operation mode, a stiff
cantilever is oscillated by the harmonic external force in the attractive regime, i.e. the sharp tip at the end
of the cantilever is quite close to the surface of the specimen but not in contact. Here, we used the van
der Waals force as the sample-tip interaction force. This sample-tip interaction force makes the model
nonlinear. The van der Pol method was utilized to solve the system and find the frequency response
equation. It followed by, investigating the effect of non-linearity, excitation amplitude, and damping
coefficient on the response of the system utilizing the frequency response equation. The stability of
steady-state motion was explored using the nature of the singular points and state space trajectory and
timing response of states has been illustrated.
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Moxammao Peza baxpamu nony4wn cteneHb 0akajiaBpa B 00JIaCTH MalTUHOCTPOCHHSI YHUBED-
curera lllaxuna baxonap-u-Kepman (Mpan, 2005), crenens maructpa B 00J1aCTH MEXaTPOHUKH
B TexnomormueckoMm ynusepcurere lllapuda, MexayHaponuslii kamiyc, octpoB Kum (Mpan,
2010) 1 TOKTOPCKYIO CTEIEHb U AWIUIOM HHXKeHepa-MexaHuka Caskt-IlerepOyprckoro momm-
TexHu4eckoro yHuBepcurera I[lerpa Bemmkoro (Poccwnst, 2016). Harpaxaen rpantoM 3a paboty
npenonasareneM By3a 1o nporpamme 5-100 Cankr-IleTepOyprekoro moiMMTEXHUIECKOTO YHHBEP-

- s curera [lerpa Bemmkoro (B 2016, 2017 n 2018 romax) ¥ rpaHTOM Ha COMCKaHHE y4EeHOH CTeNneHH
JIokTopa duocodun cryneHToB nporpaMmsl 5-100 Cankt-IleTepOyprckoro moiIuTeXHHYECKOTO
ynusepcutera Ilerpa Bemuxoro (B 2014 u 2015 ronax). ABrop 6onee 50 HayyHBIX paboOT, B TOM
YUCIIe JBYX KHUI, OJIHA U3 KOTOPBIX HAa PYCCKOM f3bIKE.
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