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Abstract  Atomic force microscope is a typical micro-nano resonator and its core component is a micro-cantilever
beam probe, which is extremely sensitive to weak force. When it works in different environments, there are various forms
and characteristics of energy dissipation mechanisms. These energy dissipations are closely related to the phase image of
the system. Among the many dissipation mechanisms, we believe that only the adhesive contact dissipation between the
tip of the probe and the sample can truly reflect the nature of the sample, and the other dissipations will reduce the
proportion of adhesive contact dissipation in the total dissipation of the system, thus weakening the effective information

in the phase image. Therefore, it is important to clarify the quantitative contribution of other dissipations to the quality
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factor of the system, which helps us to improve the quality of the phase image. In order to study these dissipations, in this
paper, we meticulously classify different energy dissipations according to the causes of the dissipation mechanism and
systematically summarize the different types of energy dissipations. Then, we study the energy dissipation of micro-
cantilever beam probe in different environments and at different positions by theoretical, experimental and simulation
methods, and the magnitude contribution of different dissipation to the quality factor of the system is also clarified. Then,
for the energy dissipation in different fluid environments, we compare their mechanism of action and their magnitude
contribution to the quality factor of the system. Finally, for an atomic force microscope probe operating in an atmospheric
environment, we investigate the energy dissipation at different stages of the vibration process from above the sample
surface to descending and touching the sample, and the analysis shows that the most significant impact on the system

quality factor is caused by the air, including air viscosity damping, squeeze film damping and liquid bridge dissipation.

Key words atomic force microscope, energy dissipation, phase, quality factor
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Fig. 1 Schematic diagram of support dissipation model and simulation

grid



2604 7 o

Eitd 2023 4E 5 55 %5

FEN A BB, 2% B R RA LE.

7558 Jl L IR AL (R T ), [RIFES e — N T
135 pm x40 pm x 4 pm R TRk R 2 0 B R RN <7 4%
AT A B #E A BE (E =169 GPa |, p = 2330 kg/m?
v=03). TREFELER I o AR B8 BR BT B B AR R
400 um , Bl hg = 400 um , FLEEGERNSZEE A R & B
hy > h, 56 10(9) BN, 2 )5, HESCHEN T
IR MK, 1 =2.67x1072 m, hs < A, 53 (10)
ANIE T AFM SCEEBRE AL 5. B, R B
i} 5L 9) PritErERE R 1 .

R1 ZEHENEBELRAESER
Table 1 Theoretical and simulation results of support

dissipation

Parameter Value
[XbXh/um 135 x40 x4
hs/pm 400
material Si
E/GPa 169
theory O 35538.75
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Table 4 Comparison of other dissipation types and magnitudes under different environmental conditions
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Qins qup» Qliquid
Q~(0~10)

® .
includes Othes Osons Osurs Qint

FIRE 21107, XIS T 3 MOEHILHI K 5w, 25
AERTERLE R RHLJE BT FE L. A A A% 0
NG TG, WA P AR S AR S B ANTR], RO B
vt T DAL 50 R LR 1 ~ 109 181, S AT A 22 1) R o
FEHL, OB 2 TRAT P AL (HoZ, JUAbFE
HOFRA AR TR O AR, FER AR S 00
FAFE RO K TR AT, IR, WS A AE RO &
GERZ LA HE i 2 e AN AT .

e, FEARZ IAERILE T, PR 20 &
G 1 b Jo DA R AR, R, A RE SRR EE
PR BB L (e DFB D) A7 RE WU i FLSE P
Jot, FCPT S I (R AR A SR A 2 Bl T 2. iy H A AE
oS B ARAZ O FE BUTE R S8 FE R 1 L, 51k 4
Fili P 500 EG R BRAIR, A8 A PR 4R b K AT 200 R A 55,
RS RTIR i D 3X 28 T ABRE 5 1) B v Rl A
TALTE, W T AR FPAST A AE AR RO S
DT HR. I A 96k 55 HLABFE HOT 2R G0 it o DR 5
A B RS, 32 i AR G0 R BUZ ARG LK) H
¥, R+ BRI E X

4 Zip

ATCWEIT T B RAE N esh A, AN
B BORUAS [RI PR 851 (R e PG ROV LB, W14 T R BT
HLHIR 22 50 54 e AR DTk, O i 55 2L At FE IO
ARG R R R A T BIR S % AESCH, IR
FEHORIE AN, X500 AFM 248 (1 AR FER AT
TR, K oo T A SRR AN AR HL, T AE
SEREAE O AT R 1 AL BT 58 it it D) K
DUHRIEAT T VR ) ) 38

ZJa, MR AR ARM, 518 T A
AE BB RUHLH] 2 18] RS 5 OCR, R EREE A B A i
PRI I PR AR i R X — B A B R AT T 47
7% L&, JFA I SER AN BER (K 5 VAT T RAIE, 234
R, AR S R ol T R S A e AL B
A ARERLE, IR JE SR AR . B, Tk

TAEARFIAED AR BE RABOR AL, BLW] T /e
B, TOKD TR, IR KA R
LRERACHOILB], 19 2) T EANIES ARSI X RS
JE it T DR B e g DR, LSO SRR, FRATTR I,
WARIREG b () e B AE RO ] B, IR R ORI
Z, RJE R TIAEE L AT /DB A A

&2 £ X #

1 Helena MG, Carlos A, Perez-Madrigal MM. Beyond biology: Al-
ternative uses of cantilever-based technologies. Lab Chip, 2023,
23(5): 1128-1150

2 Zhang WM, Hu KM, Peng ZK, et al. Tunable micro-and nanomech-
anical resonators. Sensors, 2015, 15: 26478-26566

3 Ghaemi N, Nikoobin A, Ashory M. A comprehensive categorization
of micro/nanomechanical resonators and their practical applications
from an engineering perspective: A review. Advanced Electronic
Materials, 2022, 8: 2200229

4 Zeng JW, Dong YJ, Zhang JR, et al. The trend of structured light-in-
duced force microscopy: A review. Journal of Optics, 2023, 25:
023001

5 BUAE, FBERHE, X 5h 4. RN AFM 3l 77 S5 % fik ARG AL
MLEEWE 5T . 1 % 24, 2020, 524: 1106-1119 (Wei Zheng, Zheng
Xiaoting, Liu Jing, et al. Study on a dynamics model of tapping
mode AFM and energy dissipation mechanism. Chinese Journal of
Theoretical and Applied Mechanics, 2020, 524: 1106-1119 (in
Chinese))

6 Cleveland JP, Anczykowski B, Schmid AE, et al. Energy dissipation
in tapping-mode atomic force microscopy. Applied Physics Letters,
1998, 72(20): 2613-2615

7 WeiZ, SunY, Ding WX, et al. The formation of liquid bridge in dif-
ferent operating modes of AFM. Science China Physics Mechanics
& Astronomy, 2016, 59(9): 694611

8 Chen XH, Li BW, Liao ZX, et al. Principles and applications of li-
quid-environment atomic force microscopy. Advanced Materials In-
terfaces, 2022, 9(35): 2201864

9 Zener C. Internal friction in solids I. Theory of internal friction in
reeds. Physics Review, 1937, 52: 230-235

10 Hosaka H, Itao K, Kuroda S. Damping characteristics of beam-
shaped micro-oscillators. Sensors and Actuators A: Physical, 1995,
49(1-2): 87-95

11 Stoffels S, Autizi E, Van HR, et al. Physical loss mechanisms for
resonant acoustical waves in boron doped Poly-SiGe deposited with
hydrogen dilution. Journal of Applied Physics, 2010, 108: 084517

12 Hao Z, Liao B. An analytical study on interfacial dissipation in


https://doi.org/10.6052/0459-1879-20-099
https://doi.org/10.1016/0924-4247(95)01003-J

11 W

KRS KR 7 B sh ) 7 R gErh RERAE BB ST

2613

13

14

15

16

17

18

19

20

2

—_

22

23

24

25

26

27

28

29

piezoelectric rectangular block resonators with in-plane longitudinal-
mode vibrations. Sensors & Actuators A Physical, 2010, 163(1):
401-409

Yang JL, Ono T, Esashi M. Energy dissipation in submicrometer
thick single-crystal silicon cantilevers. Journal of Microelectromech-
anical Systems, 2002, 11(6): 775-783

Imboden M, Mohanty P. Dissipation in nanoelectromechanical sys-
tems. Physics Reports, 2014, 534(3): 89-146

SKRICH], FI9E, w2 G B, AR IR &% RE S RE HOHL BRI 9T
JEE. RlEEI ], 2017, 62(19): 2077-2093 (Zhang Wenming, Yan Han,
Peng Zhike, et al. Research progress on energy dissipation mechan-
isms in micro- and nano-mechanical resonators. Chinese Science
Bulletin, 2017, 62(19): 2077-2093 (in Chinese))

Wei Z, Liu J, Zheng XT, et al. Influence of squeeze film damping on
quality factor in tapping mode atomic force microscope. Journal of
Sound and Vibration, 2021, 491(23): 115720

Wei Z, Liu J, Wei RH, et al. Theoretical model and experimental
study on environmental dissipation mechanism of tapping mode
atomic force microscope. Journal of Microscopy, 2021, 283: 219-
231

AL, PhA, TS, BN s 7 ) BB RE AR L. )
27274, 2017, 49(6): 1301-1311 (Wei Zheng, Sun Yan, Wang Zair-
an, et al. Energy dissipation in tapping mode Atomic Force Micro-
scope. Chinese Journal of Theoretical and Applied Mechanics, 2017,
49(6): 1301-1311 (in Chinese))

Herruzo ET, Garcia R. Frequency response of an atomic force mi-
croscope in liquids and air: Magnetic versus acoustic excitation. Ap-
plied Physics Letters, 2007, 91(14): 143113

Chen GY, Warmack RJ, Thundat T, et al. Resonance response of
scanning force microscopy cantilevers. Review of Scientific Instru-
ments, 1994, 65(8): 2532-2537

Lifshitz R, Roukes ML. Thermoelastic damping in micro-and
nanomechanical systems. Physical Review B, 2000, 61: 5600-5609
Ergincan O, Palasantzas G, Kool BJ. Influence of surface modifica-
tion on the quality factor of microresonators. Physical Review B,
2012, 85: 1-5

Cleland AN. Foundations of Nanomechanics: From Solid-State The-
ory to Device Applications. Berlin: Springer-Verlag, 2003: 109-119
Ghaffari S, Chandorkar SA, Wang S, et al. Quantum limit of quality
factor in silicon micro and nano mechanical resonators. Scientific
Reports, 2013, 3: 3244

Yasumura KY, Stowe TD, Chow EM, et al. Quality factors in mi-
cron- and submicron-thick cantilevers. Journal of Microelectrome-
chanical Systems, 2000, 9(1): 117-125

Jimbo Y, Itao K. Energy loss of a cantilever vibrator. Journal of the
Horological Institute of Japan, 1968: 1-15

Photiadis DM, Judge JA. Attachment losses of high Q oscillators.
Applied Physics Letters, 2004, 85: 482-484

Wang FY, Kong H, Zheng H. The numerical manifold method for
harmonic wave propagation in unbounded domains. Engineering
Analysis with Boundary Elements, 2022, 145(1): 310-320

LiYY, Wang R, Zhang, JM. A stepwise artificial boundary condi-

30

31

32

33

34

35

36

37

38

39

40

41

4

43

44

45

tion for wave propagation in elasto-plasticmedia. Soil Dynamics and
Earthquake Engineering, 2023, 165: 107733

Du Y, Zhang JW. Numerical solutions for nonlocal wave equations
by perfectly matched layers II: The two-dimensional case. Journal of
Computational Physics, 2023, 488: 112209

Savidis S, Bergmann M, Schepers W, et al. Wave propagation in in-
homogeneous media via FE/PML method. Geotechnik, 2022, 45: 98-
107

Bindel DS, Govindjee S. Elastic pmls for resonator anchor loss sim-
ulation. Journal for Numerical Methods in Engineering, 2005, 64(6):
789-818

Li P, OulY, Yan J. Method for optimising the performance of PML
in anchor-loss limited model via COMSOL. IET Science, Measure-
ment & Technology, 2022, 16: 327-336

Landau LD, Lifshitz EM. Jik3) Jj 2. {EEE. S5 TUR. Jbat: 5%
¥H R AL, 2013: 51-104 (Landau LD, Lifshitz EM. Fliuid Mech-
anics. Li Zhi, Trans. Fifth Edition. Beijing: Higher Education Press,
2013: 51-104 (in Chinese))

Newell W. Miniaturization of tuning forks. Science, 1968, 161:
1320-1326

Bao M, Yang H. Squeeze film air damping in MEMS. Sensors and
Actuators A-Physical, 2007, 136(1): 3-27

Garcia R. Dynamic atomic force microscopy methods. Surface Sci-
ence Reports, 2002, 47(6-8): 197-301

Wei Z, Zhao YP. Growth of liquid bridge in AFM. Journal of Phys-
ics D. Applied Physics, 2007, 40(14): 4368-4375

Asay DB, Kim SH. Evolution of the adsorbed water layer structure
on silicon oxide at room temperature. The Journal of Physical
Chemistry B, 2005, 109: 16760-16763

Beaglehole D, Christenson HK. Vapor adsorption on mica and silic-
on: Entropy effects, layering, and surface forces. Journal of Physic-
al Chemistry, 1992, 96: 3395-3403

BRAE, AT, WD 5345 J 1 7 Sul Bl P RO A LB .
B2 f )y 2%, 2015, 36(1): 87-98 (Wei Zheng, Zhao Shuang, Chen
Shaoyong, et al. Study of growth mechanisms for the liquid bridge in
atomic force microscopes. Applied Mathematics and Mechanics,
2015, 36(1): 87-98 (in Chinese))

UL, Wb 53, R R o1 ) SR BT S5 A MR 1) B 4T 3 23 A
I B 2: i) 2%, 2014, 35(4): 364-376 (Wei Zheng, Chen Shaoy-
ong, Zhao Shuang, et al. Capillary force analysis of medium liquid
bridge in atomic force microscopy. Applied Mathematics and Mech-
anics, 2014, 35(4): 364-376 (in Chinese))

Garcia R. Ji i 8 )5+ 7 AR, Ry, RIMeM . 55—, b
W B2 H R #E, 2016: 95-99 (Garcia R. Amplitude Modulated
Atomic Force Microscopy. Cheng Zhihai, Qiu Xiaohui, Trans. First
Edition. Beijing: Science Press, 2016: 95-99 (in Chinese))
Greenspon J. Vibrations of cross-stiffened and sandwich plates with
application to underwater sound radiators. Journal of the Acoustical
Society of America, 1961, 33(11): 1485-1497

Butt HJ, Siedle P, Seifert K, et al. Scan speed limit in atomic force
microscopy. Journal of Microscopy, 1993, 169: 75-84


https://doi.org/10.1360/N972016-00463
https://doi.org/10.6052/0459-1879-17-223
https://doi.org/10.6052/0459-1879-17-223
https://doi.org/10.3879/j.issn.1000-0887.2015.01.008
https://doi.org/10.3879/j.issn.1000-0887.2015.01.008
https://doi.org/10.3879/j.issn.1000-0887.2014.04.003

	引 言
	1 内禀耗散
	1.1 热弹性耗散
	1.2 声波−热声子相互作用
	1.3 表面耗散
	1.4 界面耗散

	2 在不同环境下的外部耗散
	2.1 支撑损耗
	2.2 在空气中的外部耗散
	2.2.1 空气黏性阻尼
	2.2.2 空气压膜阻尼
	2.2.3 液桥耗散

	2.3 在液体中的外部耗散

	3 讨 论
	4 结 论
	参考文献

