
 

 

 University of Groningen

Surface and bulk nanostructure influence on dissipation in nanoelectromechanical resonators
Ergincan, Orçun

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2014

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Ergincan, O. (2014). Surface and bulk nanostructure influence on dissipation in nanoelectromechanical
resonators. [Thesis fully internal (DIV), University of Groningen].

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 23-05-2023

https://research.rug.nl/en/publications/8286c329-7b58-46ec-a9c4-bb1f8df6e5aa


S   
    
 

Proefschri

ter verkrijging van de graad van doctor aan de
Rijksuniversiteit Groningen

op gezag van de
rector magnificus prof. dr. E. Sterken

en volgens besluit van het College voor Promoties.

De openbare verdediging zal plaatsvinden op

vrijdag 16 mei 2014 om 16:15 uur

door

O E

geboren op 19 maart 1982
te Ankara, Turkije



Promotor
Prof. dr. ir. B.J. Kooi

Copromotor
Dr. G. Palasantzas

Beoordelingscommissie
Prof.dr. E. van der Giessen
Prof.dr. K. Loos
Prof.dr. K.L. Ekinci



Surface and bulk nanostructure influence on energy dissipation
in nanoelectromechanical systems

Orçun Ergincan

Zernike Institute PhD thesis series 2014-14

ISSN: 1570-1530

ISBN: 978-90-367-7055-2 (printed version)

ISBN: 978-90-367-7054-5 (electronic version)

e work described in this thesis was performed at the Zernike Institute for Advanced
Materials of the Rijksuniversiteit Groningen.

is research is supported by the Dutch Technology Foundation STW, which is part of
the Netherlands Organisation for Scientific Research (NWO) and partly funded by the
Ministry of Economic Affairs (project number 10082)

© 2014, Orcun Ergincan



Aileme...



Contents

1 Introduction 1
1.1 Micro and nanotechnology . . . . . . . . . . . . . . . . . . . . . 1
1.2 Micro and nanoelectromechanical systems . . . . . . . . . . . . 2
1.3 Cantilever based sensors . . . . . . . . . . . . . . . . . . . . . . 3
1.4 esis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 General cantilever theory 11
2.1 Cantilever characteristics . . . . . . . . . . . . . . . . . . . . . . 11

2.1.1 e beam equation . . . . . . . . . . . . . . . . . . . . . 11
2.1.2 Eigenfrequency . . . . . . . . . . . . . . . . . . . . . . . 12
2.1.3 Vibration amplitude: . . . . . . . . . . . . . . . . . . . . . 13

2.2 Dissipation and Quality factor . . . . . . . . . . . . . . . . . . . 14
2.2.1 Intrinsic dissipation . . . . . . . . . . . . . . . . . . . . . 14
2.2.2 Extrinsic dissipation . . . . . . . . . . . . . . . . . . . . . 17

2.3 Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3.1 ermomechanical noise . . . . . . . . . . . . . . . . . . 20
2.3.2 Adsorption-desorption noise . . . . . . . . . . . . . . . . 20
2.3.3 Total noise . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3 Experimental 23
3.1 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1.1 Non-modified cantilevers . . . . . . . . . . . . . . . . . . 23
3.1.2 Modified cantilevers . . . . . . . . . . . . . . . . . . . . . 25

3.2 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2.1 Atomic force microscope (AFM) . . . . . . . . . . . . . . 30

4 Spring constant calibration of nanosurface-engineered AFM can-
tilevers 35
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

v



Contents

5 Influence of surface modification on the quality factor of microres-
onators 43
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.2 Experimental procedure . . . . . . . . . . . . . . . . . . . . . . 45
5.3 Energy dissipation mechanisms . . . . . . . . . . . . . . . . . . 47
5.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . 50
5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

6 Viscous damping of microcantilevers with modified surfaces and
geometries 57
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
6.2 Experimental section . . . . . . . . . . . . . . . . . . . . . . . . 60
6.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . 61
6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

7 Quality factor surface nanoengineering for metal coated microres-
onators 69
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
7.2 eory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
7.3 Experimental procedure . . . . . . . . . . . . . . . . . . . . . . 75
7.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . 75
7.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

8 Influence of random roughness on cantilever resonance frequency 85
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
8.2 eory for frequency shi for cantilevers with rough surfaces . . 87

8.2.1 Equation of cantilever motion . . . . . . . . . . . . . . . 87
8.2.2 Frequency shi calculation: . . . . . . . . . . . . . . . . . 90

8.3 Local surface slope and surface roughness model . . . . . . . . . 92
8.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . 93
8.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
Appendix A Equation of cantilever motion . . . . . . . . . . . . . . 96
Appendix B Calculation of total frequency shi . . . . . . . . . . . 96

9 Influence of random roughness on cantilever curvature sensitivity 99
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
9.2 eory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
9.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

vi



Contents

Bibliography 107

Summary 115

Samenvatting 119

Acknowledgments 123

List of publications 125

vii





Chapter 1

Introduction

1.1 Micro and nanotechnology

e vision of pioneering scientists, such as Richard Feynman and Gordon
Moore, during explorations of how to manipulate and control things on a small
scale has caught the attention of the scientific world up to this day. is is
reflected in the famous talk of Feynman entitled: “ere’s Plenty of Room at
the Bottom”, in the early 1960s. [1] Richard Feynman envisioned a technology
which mimics nature, to build up nano-objects atom by atom or molecule by
molecule. e first steps towards this envision started in the decades aer this
talk with a continuous miniaturization of functional devices far into the sub-
micron regime using a top-down approach and thin film techniques. Following
the invention of the scanning tunneling microscope in 1982, and the atomic
force microscope (AFM) in 1986 by G. Binnig et al. [2, 3] inspection and ma-
nipulation at nanoscales (even at atomic scales) became reality.

More than fiy years aer the famous talk of Feynman relentless studies in
the microelectronics industry still aim towards smaller, faster and higher effi-
ciency, leading as a result to further miniaturization. e advances in manu-
facturing of materials and devices down to the nanoscale and even to the scale
of atoms, which has been enabled by exciting tools, created new techniques,
new materials, and new application fields for mankind. is is reflected in a di-
verse variety of science fields including e.g. optics, mechanics, chemistry, and
medicine. [4] is progress has also created exciting possibilities to explore the
underlying physics behind the phenomena in nature, and novel tools for fun-
damental scientific endeavours.
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Chapter 1. Introduction

1.2 Micro and nanoelectromechanical systems

Micro/nanoelectromechanical systems (MEMS/NEMS) have been proven to be
good candidates for many industrial and scientific applications. As a break-
through technology, MEMS/NEMS are building synergy between previously
unrelated fields such as biology/chemistry and microelectronics. [5] Today,
well advanced in the commercial path, MEMS devices are found in projection
displays, micropositioners in data storage systems, [6] bio-MEMS in medical
and health related technologies from Lab-On-Chip to biosensor & chemosen-
sor, [7–10] accelerometers and gyroscopes for inertial navigation in space ex-
ploration, micro-power sources and turbines and improved performance of in-
ductors and capacitors due to the advent of the RF-MEMS technology. [11, 12]
e rapid advances in the MEMS technology make it possible for the sci-
ence community to progress and move the frontiers of miniaturization with
NEMS. As device dimensions are reduced previously unattainable character-
istic properties are reached, while intrinsic mass and heat capacity of devices
are reduced to extremely low values, [13, 14] and simultaneously the surface-
to-volume ratio and fundamental resonance frequencies increase significantly.
[14,15]e basis of applications of theMEMS/NEMS vary in threemain groups
as: (i) tools & equipments, (ii) sensing and (iii) control e.g., nano-tweezers,
micro/nano-cantilevers, micro/nano-accelerometers, and micro/nano-fluidic
modules. [10, 16, 17]

In the most general form, MEMS/NEMS consist of mechanical microstruc-
tures, microsensors, microactuators/transducers, and microelectronics, all in-
tegrated onto the same silicon chip. A sensor responds to physical stimuli such
as pressure, heat, light or motion, and generates an electric signal for detection
while an actuator converts an electric signal to motion. e mechanical res-
onator plays a central role in MEMS or NEMS devices. Examples of mechani-
cal resonator sensors used inMEMS andNEMS are cantilevers, double clamped
beams, quartz crystal tuning forks, andmicrodisk resonators. MEMSwith their
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1.3. Cantilever based sensors

batch fabrication techniques enable components and devices to be manufac-
tured with increased performance and reliability, combined with the obvious
advantages of reduced physical size, volume, weight and cost. However, there
are many challenges and technological obstacles associated with miniaturiza-
tion that need to be addressed and overcome before MEMS/NEMS can realize
its overwhelming potential.

A central theme in attaining the ultimate limits of MEMS/NEMS perfor-
mance is the pursuit of ultrahigh quality factors (Q’s) which is the ratio of en-
ergy stored to dissipated energy within an oscillation cycle. Dissipation (∼ 1/Q)
within a resonant element limits its sensitivity to externally applied forces, sets
the level of fluctuations that degrade its spectral purity, and determines themin-
imum intrinsic operation power. e initial hope was that within small enough
structures bulk acoustic energy loss processes should be suppressed and ultra-
high Q factors thereby attained. Although, they were significantly higher than
those of electrical resonant circuits, they were lower than expected. Indeed, for
centimeter-scale semiconductorMEMSQ factors as high as 100million at cryo-
genic temperatures can be obtained. As the devices are shrunk to the nanometer
scale, the value Q decreases significantly by a factor of between 1000-10000 (see
Fig. 1.1).

e reasons for this decrease are, however, not clear at present andwill be the
main focus of the work presented in this thesis,and can probably be attributed
to the largely increased surface-to-volume ratio together with non-optimized
surface properties. erefore downscaling of resonators comeswith unexpected
surface related phenomena which are the central topic of study in this thesis.

1.3 Cantilever based sensors

Since the invention of atomic force microscopy (AFM), cantilevers have been
the central devices used not only for imaging of the surface structure of mate-
rials ranging from micrometer to atomic scale, they are also used in manipu-
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Chapter 1. Introduction

Figure 1.1 |Q factors of inmonocrystalline resonators frommacroscale→nanoscale size fromvarious
groups: a decrease in Q roughly with linear dimension. [18]

lation of individual atoms and molecules on surfaces [19], quantum behavior
investigations of mechanical systems [20], and as sensors in many applications.
Cantilever based sensors are used for a wide variety of applications and can
generally be operated in either static (Fig. 1.2a) or dynamic mode (Fig. 1.2b).

a) b)

Figure 1.2 | Cantilever in operation: a) Static mode, and b) Dynamic mode

In the static mode the signal response of the cantilever based sensor is cre-
ated by a bending of the cantilever. e bending can be due to a surface stress
caused by a chemical or biochemical reaction on the cantilever surface [5] or by
the bimorph effect caused by a change in temperature [21]. In dynamic mode

4



1.3. Cantilever based sensors

the changes in the dynamic behavior of the resonating cantilever such as, fre-
quency, phase, and vibration amplitude of the cantilever are monitored. In the
dynamic mode cantilevers are commonly used as a mass sensor offering many
opportunities with increasing downscaling.

Figure 1.3 | Size scaling of resonators (Meff) and the correspondingminimum resolvable massΔm (in
vacuum): QCM → MEMS → NEMS [M.L. Roukes, Caltech 2012].

e advances in probe technology and reduced costs make this technology
available for many scientific groups. is increase in the diversity of the dis-
ciplines utilizing cantilever based measurement systems diversified the opera-
tional environment (such as fluid (air, liquid) and vacuum environments), also
increased the variety of cantilevers in the market. As a result, a vast variety of
cantilevers are classified according to their shapes, materials, coating types, res-
onance frequencies and spring constants (k) as shown in Fig. 1.3. Proper can-
tilever determination for the desired measurement conditions is an important
step towards a successful experiment due to the trade-off between the properties
of cantilevers e.g., frequency, sensitivity, chemical inertness, conductivity, re-
flectivity, hardness and durability. e selection of probes in this thesis required
consideration of several criteria related to the measurement set-up, measuring
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Chapter 1. Introduction

environment, and research topic.
e research started with the aim of investigating the surface related energy

dissipation mechanism in micro/nanoelectromechanical systems. e contri-
bution of surfaces to energy dissipation becomes non-negligible as compared to
volume dissipation due to continuous decrease in the dimensions of the sensors,
or in other words increased surface to volume ratio. erefore, in the present
thesis surfaces of cantileversweremodified in order to improve our understand-
ing of the surface-related energy dissipation mechanisms. is modification is
particularly performed using dry etching processes with accelerated Ga+ ions
of a focused ion beam (FIB) system. In addition, energy dissipation of the res-
onator appears to be strongly affected by the pressure of the environment (gas
or liquid) surrounding the resonator. erefore, the measurements in this the-
sis have been performed as a function of gas pressure from atmospheric pres-
sure down to high vacuum, where the total pressure range can be subdivided
in different gas rarefaction regimes. e thermal motion measurement of the
cantilever is essential for capturing the surface-related energy dissipation as ex-
ternally driving the cantilever will suppress the surface-related energy dissipa-
tion. In a high vacuum environment the external effects can be neglected, and
the dominant energy loss in the vibratory motion of the cantilever is due to in-
trinsic losses. In this regime the signal to noise ratio (SNR) of the system is in
its purest form. e deflection of the cantilever is inversely proportional to the
spring constant k. Cantilevers with large spring constant will be too stiff, and
the deflection will be too small to measure (low sensitivity). Additionally, low
k cantilever will experience large oscillation amplitudes due to thermal noise
which is a desired condition for noise experiments. However, these large de-
flection amplitudes of vibrations of a high quality (Q)-factor cantilever might
be easily disturbed by ambient noise thus increasing the possibility of large devi-
ations in the noise measurements. In addition, the stabilization of the vibratory
motion response will take more time upon changes of the forces acting onto
resonators due to changes in the external conditions increasing thus the dura-
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1.4. Thesis outline

tion of the experiments. On the other hand, the downside of using a very low
k cantilevers is the increased vibratory motion during the dry etching process
with the accelerated Ga+ ions of the focused ion beam (FIB) process causing
manufacturing errors as it is shown in more detail in the sample preparation
section of chapter 3.

Finally, the samples used throughout this thesis are based on commercially
available cantilevers with neither too low nor too large spring constants as it
is denoted in the corresponding chapters. Some of the reasons why we per-
formed our studies with commercially available cantilevers are: to benefit from
the high manufacturing quality of the companies, and reduce the amount of di-
versities that might occur during the manufacturing process such as geometry
and contamination. Additionally, ourmainmotivation was to study on the can-
tilever type resonators which are already available in the market, and in use for
similar conditions in a non-modified form, and for a rapid comparison of the
results with other groups before and aer modification. Indeed, we were able
to concentrate on the surface treatment techniques instead of cantilever man-
ufacturing, as explained in detail in the experimental chapter. We will indicate
the type of cantilever resonator used for the experiments at the relevant part of
each chapter.

1.4 Thesis outline

We can consider this thesis in several distinct parts. e first major part is
the introduction to the concept of MEMS/NEMS and the utilized experimental
methods (chapters 1-3). In chapter 2 we have provided also concise information
on the energy dissipation mechanisms, and the different regimes of gas rarefac-
tion, because these regimes are of crucial importance when studying energy
dissipation. In chapter 3 we give a description of the custom home-build in-
vacuum system, noise measurement setup, and the surface modification tech-
niques used for sample preparation.

7



Chapter 1. Introduction

e second major part concerns the experimental results, analysis, and con-
clusions (chapters 4-7). As a start in chapter 4 we have investigated the valid-
ity of a non-destructive spring constant (k) calibration method developed by
Sader et al. [22] for nano-engineered surfaces. In chapters 5 and 6 we have in-
vestigated the noise responses of the samples with various surface structures
and within different regimes of gas rarefaction (Fig. 1.4). e latter consists
of 4 main regimes termed as intrinsic, molecular, transition, and continuum
(viscous) regimes. For each regime, the change in the nature of the effective
energy dissipation mechanism permits research of different phenomena by the
altered properties of the cantilevers. In this manner the influence of surface re-
lated energy dissipation together with the clamping losses, and thermoelastic
dissipation is shown. Additionally, the effect of hydrodynamic loading to the
frequency shi in the continuum regime is explored. Furthermore, in chapter
6 we have investigated the energy dissipation mechanisms of widely used metal
coatedmicrocantilevers with various surface modifications response within the
different regimes of gas rarefaction. In the third and the final part, there are
two theoretical studies devoted to the influence of random roughness on the
cantilever frequency and the curvature sensitivity (chapters 8-9).

8



1.4. Thesis outline

Figure 1.4 | Plane view geometry of non-modified and modified cantilevers. (Top) Gold coated rect-

angular cantileverbefore (Top - Left) andafter surfacemodification (Top -Right). (Bottom)Trapezoidal

non-coated cantilever before (Bottom - Left) and after surface modification (Bottom - Right).
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Chapter 2

General cantilever theory

Abstract. In this chapter a general cantilever theory for cantilever based sensors will
be presented. Several important aspects will be addressed regarding resonant frequency,
thermal noise, and energy dissipation mechanisms.

2.1 Cantilever characteristics

e general cantilever theory will be presented using the equation of motion
from which resonant frequencies of a cantilever, as illustrated in Fig. 2.1, will
be deduced.

2.1.1 The beam equation

A cantilever can be considered as a spring-mass system and consequently its
dynamics can be well approximated by the classical harmonic oscillator. To de-
rive the relation between the resonance frequency (f0), mass (m) and the spring
constant (k) one can use the general equation for a vibrating body: [23]

𝜕2U(z, t)
𝜕t2 ρΓ + 𝜕4U(z, t)

𝜕z4 EI = 0 (2.1)

where U(z, t) is the displacement in the z-direction, ρ is the density, Γ = wh is
the cross-sectional area, E is the Young’s modulus, and I is the area moment of
inertia of the beam.

e solution to this differential equation is a harmonic form U(z, t) =
U(z)e−iωnt, where ωn is the resonant frequency. By insertion into equation 2.1
the spatial solution can be found

11



Chapter 2. General cantilever theory

z

yx
L

h

w

hB

Figure 2.1 | Schematic of a vibrating cantilever. The cantilever has a length L, width w, and height h.
The density of the cantilever is ρ, and Young’s modulus is E.

𝜕4U(z, t)
𝜕z4 = κ4nU(z, t), κ4n = ω4

nρΓ
EI . (2.2)

e boundary conditions of a free-fixed beam are

U(0, t) = 0, 𝜕U(z, t)
𝜕z |z=0

= 0

𝜕U2(z, t)
𝜕z2 |z=L

= 0, 𝜕U3(z, t)
𝜕z3 |z=L

= 0
(2.3)

Using the boundary conditions, the solution to equation 2.2 obtains the
form, [24]

Un(z) = An(cos κnz − cosh κnz) + Bn(sin κnz − sinh κnz) (2.4)

Where

An
Bn

= −1.362, −0.982, −1.001, −1.000, … (2.5)

2.1.2 Eigenfrequency

e eigenfrequencies of the cantilever can be found from equation 2.2 but still
the area moment of inertia needs to be calculated. e area moment of inertia
when bending a structure around the z-axis is given by

12



2.1. Cantilever characteristics

Iz = ∫A
L2dA (2.6)

where L is the distance to the x-axis. In case of a rectangular, uniform cantilever,
the area moment of inertia is

Icant = ∫
h/2

−h/2∫
w/2

−w/2
y2dydx = wh3

12 (2.7)

assuming small bending. e eigenfrequencies are obtained from the equation
2.2

ωn = C2
n

L2 √
EI
ρΓ = Cn

2w

2√3L2√
E
ρ . (2.8)

It is common to simplify the beam-dynamics with that of a harmonic oscillator,
whereby the cantilever is assigned a spring constant and an effective mass.

ωn ≡
√

k
meff

, meff = 3m0

C4
n
,

m0 = ρΓL, k = 3EI
L3

(2.9)

e effective mass depends on the mode of vibration as the mass participat-
ing in the vibration changes with the mode.

2.1.3 Vibration amplitude:

e equipartition theorem combined with the potential energy of a harmonic
oscillator is used to estimate resonance amplitude of a cantilever vibrating due
to thermal noise. e equipartition theorem states that each degree of freedom
in a system contains an amount of energy equal to

Eequipartion = 1
2kBT (2.10)

where kB is the Boltzmann constant andT the temperature. epotential energy
for a harmonic oscillator is given by

13



Chapter 2. General cantilever theory

Epotential = 1
2kBx

2 (2.11)

where √⟨x2⟩ is the mean square amplitude [25]. At thermal equilibrium Eq.
2.10 is equal to Eq. 2.11, and as a result the mean square amplitude is given by

√⟨x2⟩ = √
kBT
k

. (2.12)

e spring constant of a rectangular cantilever with Length (L), width (w )
and thickness (h) is given by [26]

k = Ew
4 (

h
L)

3
(2.13)

with E the Young’s modulus of the cantilever material.

2.2 Dissipation and Quality factor

A cantilever with kinetic energy will experience damping and thereby dissipa-
tion of its kinetic energy. e performance of a microresonator is characterized
by its resonant frequency, and/or quality factor (Q-factor). e latter is asso-
ciated with damping and energy dissipation, which measures the ratio of the
stored energy Estor to the dissipated energy Edis (within an oscillation cycle) and
it is defined as

Q = 2πEstor
Edis

(2.14)

Energy dissipation occurs through several mechanisms that are either intrinsic
or extrinsic to the cantilever.

2.2.1 Intrinsic dissipation

e intrinsic energy dissipation mechanisms are related to the nature of the de-
sign of the microresonator (manufacturing conditions) and to the fundamental

14



2.2. Dissipation and Quality factor

nature of the resonation such as thermoelastic dissipation and other phonon-
phonon interactions, clamping losses [27, 28], defect movement [18, 29] and
surface related loss mechanisms [30]. For the noise measurements cantilevers
from the same batch were used to gauge and minimize variations of the Qint

factor due to internal losses. e latter is given by

1
Qint

= 1
QTED

+ 1
Qclamp

+ 1
Qsurface

+ 1
Qdefects

(2.15)

where QTED, Qclamp, QSurface and Qdefects denote respectively the quality factors
due to thermoelastic damping, clamping losses, surface losses, and motion of
lattice defects. [14, 30–37]

Clamping losses:

Energy losses due to clamping occurs because of the strain at the connection
with the support base. As the beam vibrates, it applies a time-harmonic force on
the support, thereby leading to the generation and propagation of elastic stress
waves into the support. Typically, the majority of this energy is not reflected
back into the cantilever. e contribution of the attachment loss to the total
dissipation mechanism is obtained by the radiated power from the oscillation
into the base for cantilevers with semi-infinite base or when the thickness of
the beam is much less than the wavelength of the shear waves in the beam. e
Qclamp is given by [27],

Qclamp = 0.95 Lw
h2B
h2

(2.16)

with w, L,hB and h the width, length, thickness of the support and thickness of
the cantilever, respectively.

Clamping losses can be minimized using guidelines that have been devel-
oped based on experience. [38] For instance, by incorporating a step at the base
of the cantilever one can minimize losses due to stick-slip friction [39]; or by
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Chapter 2. General cantilever theory

employing long slender beams with a high aspect ratio of beam length to thick-
ness. Alternatively, more sophisticated designs can be employed to isolate the
beam from the supports by creating free–free beams that are attached at their
nodal points. [40]

Phonon-Phonon interactions:

Phonon-mediated dissipation mechanisms are related to the processes of heat
redistribution and entropy production. is happens during beam mechani-
cal dynamics because spatially inhomogeneous strain is induced in the beam
material by the motional flexure. Local compression and dilation directly af-
fects the phonon dispersion, thereby leading to the creation of nonequilibrium
phonon distributions, temperature gradients, and, consequently, heat trans-
fer. [41] ermoelastic dissipation and Akhizier effect are two of the common
dissipation mechanisms of phonon- phonon interactions.

ermoelastic dissipation: is mechanism is the result of irreversible heat
conduction across thermoelastic temperature gradients in beams undergoing
bending vibrations. In turn, the heat conduction leads to entropy generation
and energy dissipation [42]. erefore, regardless of any other consideration,
TED must operate in all beams undergoing bending vibrations. In that sense,
TED establishes the absolute lower bound on structural damping for microcan-
tilever.

Moreover, the QTED due to thermoelastic dissipation (associated with ther-
mal currents generated by vibratory volume changes in elastic media with
nonzero thermal-expansion coefficient) is given by [43]:

1
QTED

=
Eα2TT
Cpρ (

6
ζ2

− 6
ζ3
sinh ζ + sin ζ
cosh ζ + cos ζ) (2.17)

E is the Young’s modulus, αT the thermal expansion coefficient, Cp the specific
heat at constant pressure, T the system temperature, ρ the material density of
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the cantilever, and

ζ = t√(ωρCp)/2κ (2.18)

with κ the thermal conductivity of the cantilever.

Akhiezer effect: is effect is most commonly considered in relation to the
attenuation losses suffered by ultrasonic waves in dielectric crystals at elevated
temperatures. In essence, due to anharmonious, a strain modulates the phonon
frequencies and, most importantly, is different for different phonon modes.
us, the original phonon distribution becomes distorted and requires amicro-
scopic time to re-establish phonon equilibrium locally. is irreversible process
results in an absorption of elastic energy to generate entropy in the phonon sub-
system. us the Akhiezer effect is valid for bulk mode resonators. [44]

Surface and bulk defects:

On the surface, there are many defects, such as adsorbed gas molecules and
contaminants, which capture single or multiphonons in a state of mechanical
motion and emit them as an acoustic dissipation. e defect density on the sur-
face is much larger than that in the bulk, and this is the reason why the Q-factor
is generally related to the volume in the nano to microscale cf. Fig. 1.1 Possible
causes may be combination of a thin layer of oxidized silicon on the surface,
damaged crystal structure, surface contamination, and surface roughness.

2.2.2 Extrinsic dissipation

eextrinsic dissipation occurs due to interactions with the surroundingmedia
and can be controlled by the mode of operation.

Momentum exchange:

Momentum exchange occurs when the cantilever and the surrounding
molecules collide and exchange energy and momentum, usually giving rise to a
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Chapter 2. General cantilever theory

damping of the cantilever. According to the degree of surrounding gas rarefac-
tion, four main gas pressure regimes (P) are identified: free molecular, molec-
ular, transition regime, and continuum regime. [45] e rarefaction regimes
can be characterized by the Knudsen number Kn=Lmph/w. is is the ratio of
the molecular mean free path Lmph (= 0.23kBT/Pd2) for a dilute gas of pressure
P assuming the molecules as hard spheres of diameter d (≈ 3.6x10−10m), and
a characteristic length corresponding to the resonator beam width w (w<0.1L
with L the resonator length). e effects of the fluid viscosity and the device ge-
ometry on the Q-factor and the frequency response of devices in viscous fluids
is well understood using the Navier-Stokes equations. [46–48]

Intrinsic regime: In high vacuum (e.g., P<101Pa) where Lmph > >w
(Kn>10), the interaction between the gas molecules and the surface of the res-
onator can be neglected (intrinsic regime). e energy losses are intrinsic and
the Q factor is identical to Qint.

Molecular regime: For medium-vacuum (e.g., 101Pa<P<103Pa) we are
within the molecular regime where Lmph > w (or 1 ≲ Kn < 10).In this case
possible distortion of the free stream velocity distribution caused by the colli-
sion of the molecules with the surface of the resonator can be neglected. e
quality factor is given by [14, 49, 50],

Qgas = [
Meffωoυ

P ]
1

Stotal,1
(2.19)

Meff is the effective resonating mass of the cantilever that vibrates, and ω0 is the
angular resonance frequency in vacuum. Stotal,1 is the corresponding surface
area of the resonator, and υ = √kBT/m is the thermal velocity of impinging
molecules of mass mm at absolute temperature T. In the molecular regime the
quality factor scales with gas pressure P asQ ∝ 1/P [14,49,50], while the scaling
changes to Q ∝ 1/P0.5 in the continuum regime. [51]
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Transition regime: When the pressure increases and the mean free path
Lmph becomes comparable to the characteristic flow length w (Kn∼1), the tran-
sition regime is entered. Understanding the transition regime is highly non-
trivial and constitutes an area of intense research. [49–51]

Viscous regime: With further increment of the pressure (P>103Pa) the sur-
rounding gas acts as a viscous fluid (Kn <0.1). e microcantilevers, having a
plate-like shape immersed in fluid are dominated by three different dissipation
mechanisms due to the surrounding fluidmedium: acoustic radiation, squeeze-
film, and viscous/viscoelastic losses [49, 50, 52] . Squeeze film loss can be sig-
nificant when there is a narrow gap between a vibrating and a stationary ele-
ment [53], which is not relevant in our case. e dominant viscous losses due
to inertial effects can be calculated via fluid mechanics, [48, 54, 55] and the as-
sociated quality factor is given by,

QFluid = kd
ρStotal,2wΛ(Re)ωR2

(2.20)

Λ(Re) = aRe−0.7 is a dimensionless hydrodynamic function (a is a constant co-
efficient specific for each type of cantilever), Re = (ρw 2ω0)/4μ, is the Reynolds
number, kd is the dynamic spring constant, μ is dynamic viscosity of the gas, and
ρ = P Mm/RT is the density of the ideal gas with R the gas constant andMm the
gas molar mass, ωR is the resonance frequency at the measured pressure [48].
STotal,2 is the surface area of the cantilever associated with the QFluid in the dense
regime.

2.3 Noise

Every measurement of a mechanical system is influenced by unavoidable noise.
ere are two different kinds of sources of noise in a system. Internal noise
sources, thermomechanical noise, which can be described by the Zener’smodel,
due to the relation between dissipation and noise, and measurement related
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Chapter 2. General cantilever theory

noise [56]. In addition, external noise sources are present such as due to tem-
perature fluctuations, and adsorption and desorption noise. In this thesis we
will neglect possible small variations in the temperature during measurement
aer careful checks we did.

2.3.1 Thermomechanical noise

At thermal equilibrium the mean total energy of a system will be equal to the
thermal energy kBT and this energy will be distributed in the available degrees
of freedom [35]. In the case of a cantilever this is kinetic vibrational energy and
potential strain energy. us we have

1
2k ⟨ẋ2c⟩ = 1

2kBT (2.21)

Since the energy of a single specific system is not equal to the ensembled
averaged energy, then energy will be exchanged with the surrounding through
the available degrees of freedom by random and irreversible processes. e ex-
change of energy will introduce mechanical noise due to fluctuating forces on
the system according to the fluctuation-dissipation theorem. [56]

2.3.2 Adsorption-desorption noise

A cantilever will experience noise due to interactions with the surroundingme-
dia even in absence of thermal energy in the cantilever. Indeed, when individual
molecules adsorb and desorb to the surface this process leads to mass loading
and therefore to noisewill be introduced at the resonant frequency as denoted in
Fig. 2.2. [35,56] As the molecules adsorb and desorb due to their finite binding
energy and nonzero temperature, the changes in frequency lead to the so-called
phase or fractional frequency noise. However, the adsorption-desorption cycle
is not intrinsically dissipative since the arrival and departure of the atoms are
random, and on average they do not change the energy of the resonator (res-
onator quality factor remains unchanged). [56]
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Figure 2.2 | Schematic of a vibrating cantilever with molecules absorbing-desorbing.

2.3.3 Total noise

All the dissipation processes add coherently such that the reciprocals of the cor-
responding Q-values satisfy the dominating source of noise. It will be depen-
dent on the geometry of the cantilever, the intrinsic Q-factor, and the pressure.
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Chapter 3

Experimental

Abstract. is chapter describes the general experimental techniques and methods
used to produce the studied samples, the measurements of cantilever damping andmaterial
properties, and analyze the obtained results. e methods mentioned here will serve as the
base for the experiments performed in the next chapters. Any deviation from the standard
experimental practice, and the additional instruments usedwill be indicated in each chapter
separately.

3.1 Sample preparation

In this thesis, commercially available, chemically inert and tipless cantilever
beams are used to measure the intrinsic energy dissipation and the fluid damp-
ing. We will denote the commercially available cantilevers as “non-modified”
unless their geometry or the surface structure are altered. In that case, the prop-
erty altered cantilevers will be termed as “modified cantilevers”. A schematic
view of a one-fixed-end cantilever is depicted in Fig. 2.1.

3.1.1 Non-modified cantilevers

e non-modified (bare and gold coated silicon) cantilevers were supplied by
several knownmicrosensormanufacturers (e.g. NanoandMore, Bruker, Mikro-
Masch). Some general properties of the non-modified cantilevers from these
brands are given in Table 3.1. However, the values of the non-modified can-
tilever properties provided by their manufacturers may deviate from the mea-
sured values. In general, the standard deviation of the dimension is within
≈ 10%. is approximate value may rise up to ≈ 50% for the spring constant,
and up to ≈ 20% for the natural frequency of the cantilever. ese parame-
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Table 3.1 | Some Examples of commercially available cantilevers used in the experiments conducted
in this thesis.

Company L x w x t
μm

k
N/m2

f 0
kHz Coating Cross-section

NanoandMore 125 x 30 x 4 30 320 None trapezoidal

MikroMasch 110 x 35 x 2 9 210 Cr & Au square

MikroMasch 90 x 35 x 2 16 300 Cr & Au square

MikroMasch 130 x 35 x 2 5 150 Cr & Au square

ters are vital for theoretical calculations of the energy dissipation mechanisms,
the effective mass, and the spring constant. erefore, each non-modified can-
tilever was characterized via optical and scanning electron microscopes (SEM)
to gather the dimensions, to check the surface quality against surface contam-
ination and/or manufacturing errors, as depicted in Fig. 3.1. e atomic force
microscope (AFM)was used for nanoscale resolution surface topography imag-
ing, resonance frequency, and spring constant measurements.

a) b) c)

Figure 3.1 | Examples of somemanufacturing errors (a) Surface contamination caused by a dust par-
ticle (depicted with the red circle) on the reflective-side of a gold coated cantilever, (b) Surface con-
tamination after the wet-etching process, (c) Surface contamination after FIB modification process.
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3.1. Sample preparation

3.1.2 Modified cantilevers

We have used several methods to alter the surface related properties of our can-
tilever samples. ese methods can be divided into two sub-groups as “geom-
etry modification” and “surface modification”. e first one is to increase the
surface to volume ratio by material removal and altering the plane geometry
of the cantilever as depicted in Fig. 3.6 (b,c). e second method is changing
the surface structure properties by either removing material from the surface
or benefiting from the crystal structures property variations (such as density,
volume, roughness) of the phase change material (PCM) as depicted in Fig. 3.6
(a,d-f). e modification techniques are depicted in Fig. 3.2.

Figure 3.2 | Brief scheme of the surface modification techniques used in this thesis.

Focused Ion Beam: e focused ion beam (FIB) instrument is similar to a
scanning electron microscope (SEM) except that the beam that is rastered over
the sample is an ion beam rather than an electron beam as illustrated in Fig. 3.3.
e Ga+ ions are used and their sputtering action enables precise machining of
samples. In combinationwith the gas-injection capabilities of these systems one
can enable ion-beam-activated deposition and enhanced etching. We have used
“the Tescan dual beam system” that is supplemented with an ion beam column
and an additional electron beam column. is makes the machine versatile for

25



Chapter 3. Experimental

imaging, material removal, and deposition at length scales of a few nanometers
to hundreds of microns.

Detector
Ion Beam column

Deposited Material

Focusing 

Figure 3.3 | The illustration of FIB, Ga+ striking to the surface of a sample sputtering away matter.

edual beam system provided us with low structural damage during imag-
ing by rastering over the sample with electrons instead of Ga+ ions, and the real
time imaging of the ion assisted modification process with the aid of the back-
scatter electron imaging system. Furthermore, ionmilling related damages (e.g.
ion implantation, structural damage and re-sputtering) can be minimized by
controlling the ion acceleration energy, and ion acceleration rate, hence sur-
face pattern repeatability can be achieved. Some examples of ion beam related
structural flaws are shown in Fig. 3.4.

e milling properties using the ion beam varies according to the material
to be etched, and to the mode of operation. e general values we used are: i)
the ions were accelerated with 30 keV extraction voltage, and ii) the probe ion
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3.1. Sample preparation

Figure 3.4 | FIB manufacturing errors (a) Low spring constant cantilever wobbles due to Ga+ ions
during etching (b) Re-sputtering due to aggressive ion etching (probe current ∼ 10nA) (c) Etching
design fault (e.g., narrow etching gaps).

current was ranging between 200 pA - 1 nA. e depth of milling is adjusted by
the exposure time, the longer the exposure time the higher the milling depth.
e information on the variations in the adjustment parameters of the milling
process are delivered in the corresponding chapters.

Phase-change material: Phase-change materials based on (doped) germa-
nium, tellurium and antimony alloys show some truly remarkable properties
suitable for memory purposes. e large change in optical contrast between the
amorphous and crystalline phase can be easily detected, which is why they are
widely employed for the application in re-writable optical media, like CD-RW,
DVD±RW and Blu-ray RE. e change in electrical conductivity is attributed
to the change of an insulator (amorphous phase) where the Fermi level shis
from the middle of the gap to within the top of the valence band (crystalline
phase). [57]

e purpose of their use in our experiments as amethod of surface structure
modification technique is the atomic scale increase in the surface roughness,
and the measurable stresses in the thin films. ey provide an attractive way of
analyzing surface structure related dissipationmechanisms without a change in
mass of the system during phase transformation.
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Figure 3.5 | Semi-automatic crystallization setup, (a) Watlow Ultramic 600 ceramic heater used for
heating the samples , (b) a 100mW 640nm diode laser (OBIS 640LX) for local heating of the phase-
change film.

e samples used for these experiments consist of a 50 nm, 100 nm and
200 nm thick phase-change films with a Ge7Sb93composition on non-modified
silicon cantilevers. e phase-change films were deposited using co-sputtering
with a Unaxis Sputter coater. is was done simultaneously on all of the sub-
strates with a deposition rate of 2.5 nm s−1. To prevent oxidation of the phase-
change film, all the phase-change films were, without breaking the vacuum, di-
rectly capped with a 5 nm layer of ZnS−SiO2. e composition was selected by
varying the powers for the germanium and antimony targets.

e crystallization in the phase-change films are acquired using two meth-
ods designed & prepared by G. Eising; Heating the samples up to crystallization
temperature using a hot plate (Watlow Ultramic 600 ceramic heater), or, for lo-
cally induce heating in the phase-change film, using a 100mW 640 nm diode
laser (OBIS 640LX), as shown in Fig. 3.5.

Surfacemodification:

e surface modification term means altering the surface structure properties
of the microresonators without altering their planar geometry. is method
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a) b) c)

d) e) f )

Figure 3.6 | Cantilever type resonators, (a) Focused Ion Beam (FIB) etched surface grooves on a gold
coated cantilever, (b) clamping part removed with ”thin neck” type (c) clamping part removed with
double legs, (d) surfacemetal layer removedwith FIB etched surfacegrooves on a Silicon cantilever,(e)
Focused IonBeam (FIB) etched surfacegroovesonagold coatedcantilever, (f ) Non-Modifiedcommer-
cially available cantilever.

is used for both coated and bare non-modified cantilevers. We have used two
distinctive techniques, the FIB modification, and the PCM-crystallization, to
modify the surfaces of the cantilevers.

ese resonators are used in the noisemeasurements for a wide range of vac-
uum pressures (10−3 − 105 Pa). We have analyzed the influence of the variations
of their local surface roughness, the cross section area variations, and the geo-
metrical increase in the surface area on energy dissipation mechanisms versus
pressure. e results are compared between themodified and the non-modified
cantilevers, and also with the existing theory in the corresponding chapters as
depicted in Fig. 3.6 (a,d-f).
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Geometry modification:

e geometry modification consist of changing the plane view geometry of the
cantilevers. We have analyzed the noise spectrum of these samples as function
of increased surface to volume ratio, and the energy dissipation mechanism
versus pressure as depicted in Fig. 3.6 (b,c).

3.2 Experimental setup

3.2.1 Atomic forcemicroscope (AFM)

e topography, the spring constant and the thermal noise measurements of
bothmodified and non-modified cantilever sensors aremeasured using a Veeco
PicoForce Multimode microscope with Nanoscope V controller measurement
system.
e topography images of the samples are recorded using Bruker (Veeco)-
MSNL/SNL super sharp cantilevers which have low spring constants nomi-
nal 0.6 − 0.07Nm−1, tip radius nominal 2 nm, frequencies ranging from 15
− 70 kHz and the back side is reflective gold coated for increased signal to noise
ratio. Topography imaging of a cantilever sensor with another one is a non-
trivial operation. ere are several important properties that have to be taken
into account during imaging with respect to the selected mode of operation of
the scanning probe. If this is tapping mode (TM) then it is important to use a
probe which has a natural resonance frequency below or higher than the nat-
ural frequency of the surface scanned cantilever. If possible it is advisable to
use the contact mode to avoid the possible perturbation on the image with the
interaction of the force acting on the surface of the scanned cantilever during
tapping mode (TM). It is also important to engage to the surface of the scanned
cantilever’s bulk part as close as possible to avoid the damage on both of the
probes and bending prior to imaging.
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Figure 3.7 | High vacuum, thermal motion measurement setup illustration.

e AFM was transformed into a semi-auto, high-vacuum, environmental
AFM for the thermal noise measurements; see Fig. 3.7. e pressure inside
the bell jar is decreased with a Varian TPS turbo pump, and increased by one
electromagnetic valve, and one manual pinhole valve. e pressure inside the
system is monitored by two different types of pressure gauges. Due to the fact
that the accuracy of a full range pressure gauge drops at high pressures, it is
necessary to use a gas independent, diaphragm pressure gauge for more accu-
rate high pressure measurements. A difference up to 80 % was experienced
(P > 10−3 mbar) between the full range pressure gauge (Varian FRG-700), and
the high pressure, gas independent, diaphragm gauge (Vacuubrand DVR-2).
e temperature and the relative humidity conditions inside the vacuum sys-
tem are monitored using relative humidity and temperature sensors (Sensiron,
SHT75), and also the pressure is controlled by a Labview program. e AFM
controller is also connected to the system for a continuous thermal noise mea-
surement. When theAFMcontroller communicates with the Labview program,
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Figure 3.8 | High-vacuum AFMmeasurement system in a glass bell-jar. External noise from the turbo
pump is damped by a pile of sandbags.

interaction between the pressure gauges and the electromagnetic valve allows
changes of the pressure inside the system. When the required pressure increase
is reached, a signal is send to activate the AFM controller to do the thermal
noise measurements. At each pressure eleven thermal noise measurements are
gathered and saved to the server. Between each pressure measurement a time
interval of 5 - 10min. is taken to avoid possible sensor instabilities. e noise
created by the turbo pump for high vacuum measurements has been damped
effectively using a pile of sand bags as shown in Figs. 3.8 and 3.9. However,
during a part of the low pressure measurements 10−3 mbar the turbo pump is
turned-off.

Noise measurements:

e Q-tuning (or thermal tuning) method, which was developed for the deter-
mination of the cantilever spring constants (k) with accuracy down to 10% [33]
involvesmeasuring the cantilever’smechanical response due to agitations of im-
pinging molecules from the surrounding fluid (ambient air, gases, liquids) and

32



3.2. Experimental setup

Figure 3.9 | AFM head that remains in the bell-jar. External noise is damped by a spring system.

due to thermal dissipation via internal degrees of freedom, as illustrated in Fig.
3.10. [33] e AFM hardware measures the cantilever’s fluctuations as a func-
tion of time from which, by Fourier transformation, the frequency dependent
power spectral density (PSD) is obtained.

|A (ω) |2 = Ao

[(ω2 − ω2
o)2 + (ωωo/Q)2]

(3.1)

|A(ω)| is obtained. e averaged Q factor (both due to intrinsic and fluidic
or gas dissipation) is obtained by fitting the PSD spectrum |A(ω)| with a well-
know Lorentzian form, [33] for multiple PSD spectra. e noise measurements
were repeated more than eleven times at each pressure to avoid the influence
of instantaneous measurement errors such as jitter effect, and to confirm the
repeatability of the measurement. e acquired data was averaged allowing one
to obtain the Q-factor with an accuracy of ∼ 10%. Notably, extensive analysis
of cantilever heating effects in both air and vacuum resulted in negligible fre-
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lock-in ampli�erlaser photo diode

FFT

Figure 3.10 |Cantilever’smechanical response due to agitations is capturedby reflecting a laser beam
from the surface of the cantilever on to a photodiode. Then the measurement in the time domain is
converted to the frequency domain by FFT.

quency shis of the order of Δf ≈ 10− 20Hz (Δf/fo ≈ 10−3%), as shown in Fig.
3.11.

Figure 3.11 | PSD spectra of a resonator at a certain pressure in high vacuum(10−5mbar). The graph
on the left denotes PSD versus frequency graph after one measurement at 10−5mbar. The graph on
the right denotes PSD versus frequency graph of several measurements at 10−5mbar.
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Spring constant calibration of

nanosurface-engineered AFM cantilevers

Abstract. e determination of the dynamic spring constant (kd) of atomic force mi-
croscopy (AFM) cantilevers is of crucial importance for converting cantilever deflection to
accurate force data. Indeed, the non-destructive, fast, and accurate measurement method
of the cantilever dynamic spring constant by Sader et al. [Rev. Sci. Instrum.83, 103705
(2012)] is confirmed here for plane geometry but surface modified cantilevers. It is found
that the measured spring constants (keff, the dynamic one kd), and the calculated (kd,1) are
in good agreement within less than 10 % error.

4.1 Introduction

e experimental determination of the spring constant (k) of atomic force mi-
croscope (AFM) cantilevers plays an essential role in many AFM applications.
[17, 58] As a matter of fact, it is fundamentally important to calibrate the force
sensing components to be able to convert cantilever deflection into an interac-
tion surface force. So far, several calibrationmethods have been devised for this
purpose. e three major approaches in these methods include: dimensional
approach [59, 60], measuring the static deflection of the cantilever by apply-
ing/removing a known force [61, 62] and monitoring the dynamic response of
the cantilever [22, 63, 64]. Nowadays, the ability to experimentally determine
the spring constant of a microscopic component fast, relatively accurate (∼10
% level), and using a non-destructive technique is a significant challenge. e
use of bulk material properties to determine the mechanical characteristics of

Based on Note: Spring constant calibration of nanosurface-engineered atomic force microscopy cantilevers in O. Ergin-
can*, G. Palasantzas and B.J. Kooi, Rev. Sci. Instrum. 85, 026118 (2014)
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microscopic components oen significantly deviates (up to ∼30 %) from the
calculated values due to the micro-fabrication techniques that produce struc-
tures with altered material properties.

Recently, Sader et al. presented a generalized model for acquiring the spring
constant for similar plane geometry cantilevers independent of their dimen-
sions, thicknesses, andmaterial properties. [48]emethod proposed by Sader
et al. approaches the spring constant calibration problem by monitoring the re-
sponse of the oscillating cantilever due to hydrodynamic loading in fluid (gas or
liquid) environments. e latter requires measuring the Q-factor versus pres-
sure P of a test cantilever, within the viscous regime, which has a similar plane
view surface as the one for which the dynamic spring constant is required and
properties are unknown. [48,54] Likewise, the radial frequencyωtest, the length,
and the width of the test cantilever are required for the dynamic spring constant
calculation of the test cantilever. e generalized method for acquiring the dy-
namic spring constant kd is given by the formula, [48]

kd = ρb2LΛ(Re)ωR
2Q (4.1)

where ρ is the density of the fluid (gas or liquid) surrounding the cantilever, b
and L are the cantilever width and length respectively, ωR and Q are the radial
resonant frequency and quality factor in fluid of the fundamental flexural mode
respectively. Re ≡ (ρb2ωR)/4μ is the normalized Reynolds number that indi-
cates the importance of viscous forces relative to inertial forces in the fluid [65],
and Λ(Re) ≈ aRe−0.7 is the dimensionless hydrodynamic function. [48]

Despite enormous progress so far, the desire for higher compositional reso-
lution (minimum detectable mass) and high mass sensitivity (maximum fre-
quency shi for a given mass change) is even today one of the major chal-
lenges. e latter is associated with the Q-factor, defined by the relation Q =
2π(Estor/Edis) (ratio of stored to dissipated energy Edis within an oscillation cy-
cle). ere are many groups working towards the fundamental limits of the

36



4.2. Experimental

cantilevers by re-designing and manufacturing cantilevers with minimum en-
ergy loss and high Q-factor. [18, 30, 36, 66]

Moreover, advances in micro/nano manufacturing processes created a vast
variety of probes, for example, coated with functional materials for mass de-
tection of different components, [11, 67], etched micro/nano grooves on the
surfaces for fundamental studies of energy dissipation, [68] microfluidic flow
experiments, [69] etc. All these studies require accurate spring constant cali-
bration, clearly not only for smooth rectangular cantilevers, but also for ones
with rough/corrugated surfaces.

However, up to now the experimental method by Sader et al. [48] to obtain
the dynamic spring constant for cantilevers with corrugated/rough surfaces is
missing. erefore, in this paper we will study the validity of this method with
systematic surfacemodifications of gold coatedmicrocantilevers that are widely
used in scanning probe technology. For this purpose, different length micro-
cantilevers but with similar widths (∼ 30 µm) and thicknesses (∼ 2 µm) (see
Table 4.1) were modified by focused ion beam (FIB) along different etching di-
rections as it is shown in Fig. 4.1.

4.2 Experimental

espring constant of each cantilever ismeasured before and aer surfacemod-
ification using the thermal tune calibration method (denoted by keff in Table
4.1). e method is developed for the determination of keff measuring the can-
tilever’s mechanical response due to agitations of impinging molecules from
the surrounding fluid (ambient air, gases, liquids) and due to thermal dissipa-
tion via internal degrees of freedom with an accuracy down to ∼ 10 %. [33]
e AFM hardware measures the cantilever’s fluctuations as a function of time
from which, by Fourier transformation, the frequency dependent power spec-
tral density (PSD) is acquired. Using the well-known Lorentzian function and
equipartition theorem keff is acquired. Furthermore the values of keff are de-
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Figure 4.1 | SEM images of modified cantilevers (a) type-(1), (b) type-(2), (c) type-(3), (e) SEM image of
gold coated non-modified cantilevers of different lengths (≈ 130 and ≈ 90 µm denoted as A and B,
respectively, similar widths (≈ 30 µm), and thicknesses (≈ 2 µm) as shown in (d).

picted in Table 4.1 to compare with the dynamic spring constant results calcu-
lated via the hydrodynamic function.

e implementation of the dimensionless hydrodynamic function for the
dynamic spring constant kd calculation (Eq. 4.1) relies on the fact that energy
the dissipation of a resonator in the viscous regime is dominated by the hydro-
dynamic loading and requires information of the density, the viscosity of the
fluid surrounding the cantilever, the width, the length, the resonance frequency,
and the quality factor of the cantilevers. Accordingly, the dimensionless hydro-
dynamic function (Λ(Re)) scales with the energy dissipation into the fluid (gas
or liquid). [48] erefore, we performed noise measurements to determine the
Q-factor as a function of vacuum pressure P as it is shown in Fig. 4.2. e ex-
periments were conducted for cantilevers with two different lengths, denoted
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A-1 A-3

Figure 4.2 | Q-factor versus pressure P graph of cantilever A with dimensions as shown in Fig. 4.1
with surface modification types -(1) and (3). “m” denotes modified cantilever. The red solid lines in
the viscous regime (P > 104Pa) shows the typical Q ∼ P−0.5 scaling behavior (illustrated with the gray
gradient color)

as A and B (Fig. 4.1e). ey were modified using FIB in various etching direc-
tions: x and y are the coordinate notations of the cantilever surface plane (Fig.
4.1e). Etching in the y-direction (along the length of the cantilever, Fig. 4.1a) is
denoted as (1), etching in the x-direction (along the width of the cantilever, Fig.
4.1b) is denoted as (2), and etching at ±30 angles with respect to the y-direction,
Fig. 4.1c), is denoted as (3). All grooves are 2 µm apart from each other, while
the etching depth is ∼ 60 nm. In addition, the dimensions of each cantilever
were confirmed using a scanning electron microscope (SEM: Fig. 4.1a-d). e
hydrodynamic function is acquired for each modified and non-modified can-
tilever as shown in Fig. 4.3.

Utilizing Λ(Re) = aRe−0.7, the “a” values of each individual cantilever before
and aer surface modification were collected from the fittings of the Λ(Re) ver-
sus Re graphs.(Fig. 4.3) as shown in Table 4.1. Moreover, the dynamic spring
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Figure 4.3 | Λ(Re) vs Re graph of type-(1) modification for cantilevers with dimensions A and B as
shown in Fig. 4.1. “m” denotes the modified cantilever. The fittings with the green dashed lines
correspond to the non-modified cantilevers A-(1),(2),(3) and B-(1),(2),(3). The solid red and blue fitting
lines indicate the modified cantilevers A-1(m),2(m),3(m) and B-1(m),2(m),3(m), respectively.
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constants kd of each cantilever before and aer surface modification were cal-
culated using Eq. 4.1 and the “a” values from the fitting see Table. 4.1.

Table 4.1 | Properties of non-modified and modified microcantilevers. All symbols used are defined
in the main text.

Typea f air
(kHz) Qair a keff

[N/m]
kd

[N/m]
kd,1
[N/m]

A-1 152.256 296 1.21 5.80 ± 0.58 5.63 5.33

A-1(m) 153.257 287 1.12 5.30 ± 0.53 4.93 5.22

A-2 134.528 266 1.14 5.00 ± 0.50 5.56 4.08

A-2(m) 135.44 265 1.24 4.60 ± 0.46 5.01 4.10

A-3 130.499 241 1.00 3.60 ± 0.36 3.79 3.56

A-3(m) 132.974 234 0.90 3.30 ± 0.33 3.38 3.54

B-1 326.214 452 0.84 21.50 ± 2.15 23.26 20.40

B-1(m) 328.15 434 0.73 21.20 ± 2.12 20.84 19.74

B-2 269.203 350 1.15 11.40 ± 1.14 12.32 test

B-2(m) 271.57 359 1.03 11.90 ± 1.19 13.89 12.77

B-3 272.049 360 0.84 11.70 ± 1.17 12.24 12.84

B-3(m) 278.708 352 0.75 11.50 ± 1.15 11.12 12.96
a (m) denotes modified cantilever.

Furthermore, Sader [48] proposed that “a” is a variable that only depends on
the plan view geometry for the cantilevers with identical plan view dimensions.
us, we obtain for the dynamic spring constant [48]

kd,1 = kd,test
Q
Qtest(

fR
fR,test)

2−α
(4.2)

where α = 0.7, and the subscript “test” refers to the known parameters of the
reference cantilever. Accordingly, both modified and non-modified cantilevers
of the dimensions A and B have identical plan view geometries. [48]erefore,
we have calculated the values of kd,1 of both the modified and non-modified
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cantilevers using the kd and the Qair values of the sample B-2 (considered as a
test cantilever). e values of kd,1 are given in Table 4.1.

Despite of the significant changes of the surface structures of the gold coated
cantilevers, as Table 4.1 shows in detail, the dynamic spring constant kd values
are in a good agreement with the spring constant keff values acquired by the
thermal tune method (within ∼ 10 % error apart of sample B-2(m), ∼ 17 %
error). Furthermore, the spring constant kd,1 values calculated considering a
non-modified cantilever, the B-2, as the test cantilever, are also in agreement
with the spring constant values of keff and kd (within ∼ 10 % error apart of the
samples A-2, ∼ 18 % and B-3(m), ∼ 13 % error).

4.3 Conclusions

From the analysis above it becomes evident that, for the cantilevers with mod-
ified surfaces, even if significant changes of the Q-factor take place in the in-
trinsic regime, as the energy dissipation of a resonator in the viscous regime
is dominated by the hydrodynamic load, one can reliably and accurately ob-
tain dynamic spring constant values from a test cantilever of the similar surface
plane geometry, while the actual cantilever remains continuous in operation
immersed within the fluid (gas or liquid) for which it is easy to acquire can-
tilever parameters such as resonance frequency and Quality factor.
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Chapter 5

Influence of surface modification on the

quality factor of microresonators

Abstract. Noise measurements were performed to determine the quality factor (Q)
as a function of gas pressure P for microresonators in cantilever form with systematically
modified surfaces. In the free-molecular regime, which is dominated by internal energy
losses, Q was substantially decreased by more than an order of magnitude with increasing
surface roughness. At higher pressures, within the molecular regime, Q showed the typical
inverse linear dependence on pressure Q∼P−1, followed by the Q∼P−1/2 dependence in the
continuous regime. However, in themolecular regime the Q factor also showed a strong de-
pendence on surface morphology as indicated by surface areas calculations using measured
roughness data and compared to those obtained from Q∼P−1 plots.

5.1 Introduction

Nowadays there is relentless effort formicroelectronics technology to push deep
into the sub-micron range, which inspires the extension of microelectrome-
chanical systems (MEMS) into the nanometer range leading to nanoelectrome-
chanical systems (NEMS) [14, 30–37]. In this way it is possible to attain ex-
tremely high fundamental frequencies in the microwave range [14, 15], while
preserving very high mechanical responsivity with mechanical quality factors
Q ∼ 103 − 105 [14,70], active masses of picograms (∼ 10−12 g) [14], heat capaci-
ties far below a yoctocalorie (10−18cal) [13] etc. is combination of properties
translates into high force and mass sensitivity and the potential to operate at
very low power levels [71].

Based on Influence of surface modification on the quality factor of microresonators in O. Ergincan, G. Palasantzas* and
B.J. Kooi, Phys. Rev. B 85, 205420 (2012)
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Despite the enormous progress, a central theme of fundamental and applied
research in MEMS/NEMS is the achievement of high Q factors. e latter is
associated with damping and energy dissipation, which measures the ratio of
the stored energy Estor to the dissipated energy Edis (within an oscillation cycle)
and it is defined by the relation

Q = 2πEstor
Edis

(5.1)

e larger the value of Q, the higher the sensitivity of the resonance system
is to external perturbations. e Q factor determines also the level of fluctua-
tions that degrades the spectral purity of a resonance (linewidth broadening),
and determines the minimum intrinsic power at which the device must oper-
ate [14]. In any case, the Q factor of a resonator is determined by the various
loss mechanisms and it can be approximated by the relation,

Q−1 = ∑j
Q−1

j (5.2)

e index j includes for example attachment loss from gas molecules im-
pinging the resonator, losses due to bulk and surface defects and impurities,
thermoelastic losses (thermal currents generated by vibratory volume changes
in elastic media with nonzero thermal-expansion coefficient), and losses due to
phonon scattering (interaction between oscillatory sound waves and thermal
phonons) [18].

In addition a variety of studies have shown that surface roughness influence
the quality factor for operation in vacuum [72–74]. In Si nanowires with 45 nm
beam widths and 380MHz resonating frequencies, the quality factor was de-
creased from ∼3000 to 500 by an increment of the surface area to volume ra-
tio from ~0.02 to 0.07 [72]. Studies for SiC/Si resonators have shown that de-
vices operational in theUHF/microwave regime had a low surface roughness (∼
2.1 nm), while devices with rougher films (up to ∼ 7.1 nm) were operational up
to the VHF range [73]. Recently it was shown theoretically that random surface
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roughness affects the quality factor, limit tomass sensitivity, Allan variance, and
dynamic range of resonators [74, 75].

However, so far a systematic experimental study of the influence of surface
roughness on the quality factor of resonators is still missing. is will be the
topic of the present paper, where we explore the dependence of the Q factor on
the surface morphology of commercial microcantilevers (Table 5.1) at various
gas pressures covering the whole range from the free molecular up to the con-
tinuous regime (ambient regime ∼1 atm). For our purposes the surfaces of mi-
crocantilever were systematically modified using ion etching in a focused ion
beam (FIB), followed by surface morphology measurements using an atomic
force microscope (AFM; Bruker Multimode).

5.2 Experimental procedure

e noise measurements for the determination of the Q factor were performed
at room temperature using the thermal or Q-tuning method [33] and having
the AFMhead into a high vacuumbell-jar systemwith controlled pressure from
ambient down to ∼10−6 mbar. e Q-tuning method, which was developed for
the determination of cantilever spring constants (k) with accuracy down to ∼5
% [33] , involves measuring the cantilever’s mechanical response due to agita-
tions of impinging molecules from the surrounding fluid (ambient air, gases
at different pressures, or even liquids) and due to thermal dissipation via in-
ternal degrees of freedom [33]. e AFM hardware measures the cantilever’s
fluctuations as a function of time from which, by Fourier transformation, the
frequency dependent power spectral density |A (ω) | (PSD) is obtained. Fitting
the PSD spectrum |A (ω) | (e.g., Fig.5.1) with a Lorentzian form [33]

|A (ω) |2 = Ao

[(ω2 − ω2
o)2 + (ωωo/Q)2]

(5.3)

with ω0 the resonance frequency of the free cantilever, and aer multiple data
averaging of PSD spectra, the averagedQ factor (both due to intrinsic andfluidic
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or gas dissipation) is obtained. e noise measurements were repeated eleven
times at each pressure to avoid the influence of instantaneous measurement
draw backs such as jitter effect etc. and to confirm repeatability of the mea-
surement. e acquired data was averaged allowing one to obtain the quality
factor Q with accuracy of ∼ 10 %.

Table 5.1 | List of investigated samples and summary of results

No L x t 1
(µm)

ωo/2π
(kHz)

kb
(N/m)

ka
(N/m)

Sctotal
(10−9m2)

Sdtotal
(10−9m2)

S1 131x3.9 343.7 37.3 31.4 2.18 2.29

S2 132x4.0 342.7 38.2 32.3 2.92 2.35

S3 128x4.1 337.1 36.1 37.2 2.02 2.28

S4 131x3.9 343.8 37.3 31.4 2.20 2.34

S5 128x4.1 330.7 34.7 37.2 2.30 2.52

S6 132x3.9 333.7 34.1 28.5 – 2.42
1 w is the same for all the samples (≅ 38 μm)
c Calculated from the fit factor b (with a standard error ~5-10 %) shown in
Fig. 5.2
d Calculated theoretically using the ρrms (S4,~0.03; S5,~0.35; S6,~0.11) ob-
tained from AFM images For Si we have: E [76].

Notably, extensive analysis of cantilever heating effects in both air and vac-
uum resulted in negligible frequency shisΔω0 ~10-20Hz (~10−3%ωo). e in-
sets of Fig. 5.1 show the AFM images of non-modified (Fig. 5.1a) and FIBmod-
ified (Fig.5.1b) cantilever surfaces. e write capability of FIB allows nanofab-
rication of grids on a specific region of the cantilever without requiring an etch
mask [77]. Choosing the area of interest, without changing the cantilever width
and length, the surfaces of the cantilevers are exposed to impinging Ga+ ions
in the FIB altering the surface morphology in different directions (Fig.5.2, over
the whole surface area of the resonator as given the dimensions on table 5.1).
Varying the morphology with wave-like modulation parallel or perpendicular
to the length of the cantilever affects the reduction of the Q factor.
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5.3. Energy dissipation mechanisms

5.3 Energy dissipationmechanisms

For the noisemeasurements cantilevers from the same batch were used to gauge
andminimize variations of theQint factor due to internal losses (Table 5.1). e
latter is given by

Figure 5.1 | PSD spectra for various pressures from free molecular to dense regime. The graph on
the left represents the non-modified cantilever S1 and at the right hand side shows the modified
cantilever (S4) for similar pressures. Smaller amplitudes of PSDs yield lower Q factors. The insets (a)
and (b) show the AFM images respectively for the smooth (S1) and the FIB roughened (S4) cantilevers.

1
Qint

= 1
QTED

+ 1
Qclamp

+ 1
QSurface

(5.4)

where QTED, Qclamp and QSurface denote respectively the quality factors due to
thermoelastic damping, clamping losses, and surface losses [14,30–37]. Energy
losses due to clamping occurs because of the strain at the connection with the
support base. For cantilevers with semi-infinite base or [27], where is the wave-
length of the elastic wave in the base of thickness tb (tb ∼ 280 µm in our case),
the Q factor is given by,

Qclamp = 0.95 l
w
t2b
t2 (5.5)
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with w and l the width and length of the cantilever respectively. Moreover, the
QTEDdue to thermoelastic dissipation (associated with thermal currents gen-
erated by vibratory volume changes in elastic media with nonzero thermal-
expansion coefficient) is given by [43]:

1
QTED

=
Eα2TT
Cpρ

( 6
ζ2

− 6
ζ3
sinh ζ + sin ζ
cosh ζ + cos ζ

(5.6)

E is the Young’s modulus, αT the thermal expansion coefficient, Cp the specific
heat at constant pressure, T the system temperature, ρ the material density of
the cantilever, and

ζ = t√((ωρCp)/2κ) (5.7)

where κ the thermal conductivity of the cantilever [43]. Finally, we consider
the surface losses to originate from a thin surface layer of complex modulus
Esl due to the disruption of the atomic lattice at the surface and due to a thin
layer of surface contamination [30, 43]. Although this layer does not influence
drastically the stored energy in the cantilever, it can enhance energy dissipation.
QSurface , which can be described by [30]

1
Qsurface

= 2δ(3w + t)
wt

Esl
E (5.8)

with δ the thickness of the surface layer and Esl = Im[Es] [30,43]. e saturated
or free molecular regime in Fig. 5.2 yields Qint allowing calculation of QSurface

(aer subtraction of QTED and Qclamp obtained via Eqs.(7.2) and (5.6)). Subse-
quently Eq. (5.8) yields the product δEsl having an average value ⟨δEsl⟩ ∼0.9
for the non-modified cantilevers (S1→S3; Table 5.1). Although the cantilevers
come from the same batch, δEsl varies as ∼ 0.7-1.1 indicating variation of sur-
face dissipation, with Qsurface deviating significantly from its average value. e
calculations are shown on Table 5.1, as QSurf.

In the intrinsic region, it is the subtraction of the thermoelastic and clamping
losses from the measured Q factor of the resonator which actually gives us the
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Figure 5.2 | Scanning electron microscopy (SEM) and higher resolution AFM images of FIB modified
surfaces (a) perpendicular to and (b) along the cantilever length.

surface related losses of the resonators, shown on Table 5.1, as QSurface. More-
over, once the internal loss is known the essential parameter in the molecular
regime is the surface area variation and not the surface contamination or surface
defects (which are of secondary importance). Indeed, the first non-modified
resonator shows excellent agreement between the calculated and measured Q
factors, showing that this procedure is appropriate for comparison with the
modified resonators, i.e. to properly distinguish the effect of the surface modi-
fication.

Furthermorewhen operating in a fluid (gas or liquid),mechanical resonators
generate a rapidly oscillating flow in the surrounding environment [49, 52]. A
transition from Newtonian (ωτ ≪ 1) to non-Newtonian (ωτ ≫ 1) flow occurs
atωτ ≈ 1with τa fluid relaxation time (∼ 1/P) [49,52]]. eNewtonian approx-
imation, the basis for the Navier-Stokes equations, breaks down also when the
particulate nature of the fluid becomes significant to the flow. It is common to
consider the validity of the Newtonian approximation by comparing the mean
free path λ in the medium to an ill-defined characteristic length (the width of
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the cantilever w) or using the Knudsen number Kn = λ/w>>1 (Fig. 5.3).
For fluidic dissipation Qgas is given by [49, 52],

Qgas =
ωMeffυ

f (ωτ) PSTotal
(5.9)

f (ωτ) = 1
(1 + ω2τ2)3/4 [(1 + ωτ) cos(

tan−1ωτ
2 ) − (1 − ωτ) sin(

tan−1ωτ
2 )]

(5.10)
STotal is the surface area of the cantilever, υ = √kBT/m is the thermal velocity
of impinging molecules with massm, andMeff is effective mass of the cantilever
that vibrates.

5.4 Results and discussion

In order to show that the surface area increase governs the development of the
Q factor in themolecular regimewe used exactly the same FIB treatment (accel-
erating voltage, probe current, milling duration) to produce the different types
of patterns. erefore, we are able to compare the results without the need to
exactly know the individual effects of surface contamination and surface de-
fects. Fig. 5.3 shows that in the molecular regime Qgas scales with pressure
P as Q ∼ 1/P, [50], while in the continuous regime the scaling changes to
Q ∼ 1/√P [51]. e transition regime is also shown qualitatively in Fig. 5.4. In
more detail, the total factor QTotal is given by 1/Qtotal = (1/Qint + (1/Qgas), where
in the molecular regime it is fitted via the relation

1
Qtotal

= 1
Qint

+ 1
Qgas

(5.11)

with b = Meffωυ/Stotal. e latter yields the total effective surface area Stotal of
the cantilever. For consistency an analytical estimation of Stotal was performed.
For this we used the rough area calculation [51, 75, 78]
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Table 5.2 | List of investigated samples and summary of results

No Qint Qclamp QTED Q2
Surface Q3

Surf

S1 22100 33800 126646 128860 118100

S2 22300 32340 123886 174600 119500

S3 14920 31500 119862 37280 122340

S4 18832 33800 126631 64020 118100

S5 9090 31500 122203 14270 122340

S6 1495 38020 133784 1575 116540
2 Calculated subtracting Q−1

TED and Q−1
clamp from Q−1

int
3 Averaged Qsurf =< Qsurface > calculated via Eq. (5.8) using the
average value < δEsl >≈ 0.9.

Srough\Ssmooth = ∫
+∞

0
du√1 + ρ2rmsue−u (5.12)

with ρrms the average local surface slope [79]. In all cases ρrms was estimated
from AFM profile analysis of cantilever surfaces. erefore we can define the
effective total surface area of the cantilever as

Stotal = ∑ S
rough

+ ∑ S
smooth

(5.13)

Moreover, since the cantilever’s cross section is trapezoidal the area of side
walls is also taken into account for the calculation of Stotal.

A crucial parameter for the calculation of the effective area Sctotal (Table 5.1)
via the fitting factor b isMeff. In order to cross check the result, values forMeff

have been obtained both via theoretically and experimentally determined can-
tilever spring constants. Indeed, the theoretical spring constant for rectangular
cantilevers with trapezoidal cross section is given by kaeff = 3EI/l3 (Table 5.1)
with I the second moment of inertia [80]. Alternatively, from Q-tuning one
obtains the experimental cantilever spring constant kbeff (Table 5.1) [33]. Hence
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Figure 5.3 |Quality factor (Q) vs. P and Kn. The samples S1→3 are non-modified cantilevers. Samples
S4 (S1 modified) and S5 (S3 modified) are modified cantilevers on the top surfaces but in different
etching directions: (a) S4: perpendicular to the cantilever length and (b) S5: along the cantilever
length. The cantilever S6 has been modified on both the top and bottom surfaces using the same
etching direction as in (b; sample S5). The fits by the solid lines illustrate the ∼ 1/P scaling in the

molecular regime, and the ∼ 1/√P scaling in the dense or continuum regime.

from the first resonance frequency of the cantilever (obtained from the maxi-
mum of the PSD’s as i.e in Fig. 5.1)

ω0 =
√√√
⎷

kbeff
Meff

(5.14)

one obtains anMeff ≈ 23.5%MTwithMT the total mass of the cantilever.
Alternatively, the total effective surface area, denoted as Sdtotal, is also calcu-

lated using the average local slope ρrms fromAFM topography images (e.g. Figs.
5.1 and 5.2) and the expression [78]
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Sdtotal ≈ ∑ S
smooth

+ ∑ S
smooth ∫

+∞

0
du√1 + ρ2rmsue−u (5.15)

Both results for Sc,dtotal agree rather well, S
c
total ≈ Sdtotal, except for sample S6 for

which both top and bottom surfaces were modified. In this case only Sdtotal can
be calculated; the estimation of Sctotal is not feasible, because in this specific case
the molecular regime, Qgas ∼ 1/P, is absent. e reason for this absence is the
large energy dissipation due to intrinsic losses making the cantilever sensitive
only to drastic energy losses in the continuum regime. In any case, it can be
concluded that the reduction in Q within the molecular regime is associated
with an increase in surface area (Table 5.1).

e decrease in Qint aer altering the surface of cantilevers shows a clear
change in the dominating energy dissipation mechanism in the free molecular
regime which can be due to defect dissipation associated with an effective sur-
face layer [30,43] and morphology changes. is is also depicted by the change
of the PSD noise amplitude in Fig. 5.1 which is decreased and as we move from
the molecular, to transition, and to the continuum regime where it is saturated.
In addition, around the same pressure as we cross from the molecular to the
continuum regime (ωτ = 1, Fig. 5.4), a negative frequency shi Δω0/ω0 occurs
indicating mass loading (Fig.5.4). Although Δω0/ω0is small for relatively high
frequency cantilevers the actual frequency change Δω0 ∼ 1 kHz is significant.
Using the relation Δm ≈ 2(m/ω)Δω one obtains a mass change Δm ≈ 200pg,
which is large enough to be taken into account for the calculation of theQ factor
in the continuum regime (ωτ ≥ 1 with τ = 1850/P [50]).

Finally, an important result of the present analysis is that the reduction of
Qint due to FIB modification is clearly affected by the type of surface morphol-
ogy that is created (Fig.5.2). Indeed, since both resonators in Fig. 5.3 has been
modified in FIB using the same ion probe current and exposure time (600 pA
for 5 min respectively), one would expect similar amount of surface contami-
nation and ion implantation. However, when the increased surface roughness
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Figure 5.4 | Relative frequency change Δω0/ω0vs. P. The linear part changes at ωτ ≈1 as it is shown
by the vertical solid line. The inset shows magnified the molecular to continuum transition regime.
The solid (blue) lines are fits that shows the change in scaling for different regimes. Dots (red) denote
the scaling in the transition regime. The dotted (red) lines at the transition regime (Q~P−1/3) are only
meant as a guide to the eye. The samples are denoted as in Fig.5.2.

corresponds to a wavelike modulation running parallel to the length of the can-
tilever, the reduction of Qint is clearly more pronounced than that when the
modulation runs perpendicular to the cantilever length (Fig.5.2). is differ-
ence is clearly a surface modification effect and it is related to the direction of
wave propagation and surface scattering during resonation [81, 82]. In fact the
quality factor associated with dissipation due to scattering of surface acoustic
waves into bulk elastic waves is strongly influenced by the presence of surface
roughness [81, 82].
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5.5 Conclusions

Surface related energy dissipation, in the molecular regime, is taken into ac-
count as a geometrical correction via the surface area calculation where our
data provide a clear correlation between increasing surface area and decreas-
ing Q factor. In the intrinsic regime the results indicate that not only surface
roughness but also the direction of the surface pattern affectsQint. Etching in an
in-plane direction perpendicular to the wave propagation (along the width of
the resonator) decreasesQint less than that in the direction of wave propagation
(along the length of the resonator) during resonation.

Finally, extensive surface areamodification of both faces of a cantilever leads
to drastic reduction ofQint bymore than an order ofmagnitude and thus to high
energy dissipation. is study also shows, even the surface modifications are
small comparing to the thickness of the resonator, energy loss per cycle is that
drastic, the importance of surface related losses are far from underestimation.
Although it is more interesting to improve Q rather than degrade it, improved
understanding is one of the key factors enabling progress in this field and ulti-
mately leading to proper Q-engineering and improved Q factors.
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Chapter 6

Viscous damping of microcantilevers with

modified surfaces and geometries

Abstract. Noise measurements were performed to determine the quality factor Q
and the resonating frequency shi as a function of gas pressure P for microcantilevers with
modified surfaces and geometries. In the molecular and continuum regimes energy loss is
dominated by the surrounding fluid leading to reduction of the Q factor and shi of the
resonance frequency by Δf, which becomes significant in the continuum regime showing
sensitivity on surface changes. is is shown via three methods: frequency shi Δf vs. P, Q
factor vs. P, and direct calculation using surface roughness details acquired via atomic force
microscopy.

6.1 Introduction

A relentless effort is underway inmicroelectronics technology to push deep into
the submicron range by extending microelectromechanical systems (MEMS)
to the nanometer range, i.e. towards nanoelectromechanical systems (NEMS)
[14, 30–37]. As a result we can obtain extremely high fundamental frequen-
cies in the microwave range [14, 15], while preserving very high mechani-
cal responsivity with mechanical quality factors ∼ 103 − 105 [14, 70], active
masses of picograms (∼ 10−12 g) [14], ultra-low heat capacities (10−18cal) [13]
etc. is combination of properties translates for example to high force and
mass sensitivity [71]. A central topic of fundamental and applied research in
MEMS/NEMS is the achievement of highQ factors. e latter measures the ra-
tio of the stored energy Estor to the dissipated energy Edis within an oscillation
cycle, and it is defined by the relation.

Based on Viscous damping of microcantilevers with modified surfaces and geometries in O. Ergincan, G. Palasantzas*
and B.J. Kooi, Appl. Phys. Lett. 101, 061908 (2012)
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Q = 2πEstor
Edis

(6.1)

e higher the Q factor the higher is the sensitivity of the resonance system
to external perturbations. eQ factor determines also the level of fluctuations
that degrades the spectral purity of a resonance (linewidth broadening), and
the minimum intrinsic power at which the device must operate (∼ kBT/Q) [14].
eQ factor of a resonator is determined by various loss mechanisms and it can
be approximated by the relation.

e index j includes for example attachment loss from gas molecules im-
pinging the resonator, losses due to bulk and surface defects and impurities,
thermoelastic losses (thermal currents generated by vibratory volume changes
in elastic media with nonzero thermal-expansion coefficient), and losses due to
phonon scattering (interaction between oscillatory sound waves and thermal
phonons) [18].

Up to now a variety of studies have shown that surface roughness influence
the quality factor for operation in vacuum [72–75] . e quality factor of Si
nanowires, with 45 nm beam widths and 380MHz resonating frequencies, was
decreased from ∼3000 to 500 by an increment of the surface area to volume
ratio from ∼0.02 to 0.07 [72]. Studies for SiC/Si resonators have shown that de-
vices operational in the UHF/microwave regime had a low surface roughness
(∼ 2.1 nm), while devices with rougher films (up to ∼ 7.1 nm) were operational
up to the VHF range [73]. Recent studies have shown theoretically that random
surface roughness affects the quality factor, limit to mass sensitivity, Allan vari-
ance, and dynamic range of resonators [74,75]. Moreover, noise measurements
were performed to determine the quality factor (Q) as a function of gas pres-
sure P as in [49] but for cantilevers with systematically modified surfaces [68].
At higher pressures, within the molecular regime, Q showed the typical inverse
linear dependence on pressure Q∼P−1 [49]. However, in the molecular regime
the Q factor also showed a strong dependence on surface morphology as indi-
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Figure 6.1 | SEM images and the corrosponding AFM topography images of the samples with the
same height scale: a) S4 sample: FIB modifed surface and grooves are parallel to the width of the res-
onator, b) S5 sample:, FIB modifed surface and the grooves are parallel to the lenght of the resonator,
c) S3 sample:, coated with Ge7Sb93, d) S1 sample: non modified resonator.

cated by surface areas calculations using measured roughness data obtained by
atomic force microscopy (AFM), and compared to those obtained from Q∼P−1

plots [68].
However, so far a detailed systematic experimental study of the influence of

surface area on the Q factor of resonators within the continuum regime, where
dissipation is the highest, is still missing. Hence, this will be the topic of the
present paper, where we explore the dependence of the Q factor on the sur-
face area of commercial microcantilevers (see Fig. 6.1) at various gas pressures,
covering for completeness the whole range, from the free molecular up-to the
continuous regime (reaching ambient pressures ∼1 atm). To modify the ef-
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fective surface areas of the cantilevers in contact with the fluid (gas or liquid),
we used two well-known techniques; the focused ion beam (FIB) etching tech-
nique, and co-sputtering of a metal film. FIB was also used for altering the
geometry of some of the resonators. e purpose of varying the techniques and
types of sample geometry is to broaden the perspective to understand in a wide
pressure range the effect of surface areas on the Q factor of the resonators.

6.2 Experimental section

Commercially available microcantilevers are used for surface modification due
to the ease of handling them and relative purity in their manufacturing process
(Table 6.1). Scanning electron microscopy (SEM) was used to acquire the can-
tilever dimensions (Table 6.1). Notably, even for the samples of the same batch
dimensions may vary ∼10 % for each axis. Samples (S) that were not modified
are denoted as S1 and S2 and they have different dimensions and cross-section
geometry. Samples S3 and S4 were etched using FIB forming grooves ≈ 200 nm
apart from each other (Fig. 6.1a, 6.1b) either parallel to the wave propagation
along the length of the resonator S3 or normal to the wave propagation (along
the width) of the resonator S4. e sample S5 was co-sputtered with 50 nm
thick Ge7Sb93 thin film. Finally, the samples S6 and S7 have been geometrically
modified in the clamping area of the cantilever to its support block by removing
mass (Fig 6.2(b), 6.2(c)).

e noise measurements for the determination of the Q-factor were per-
formed at room temperature using the thermal tuning (Q-tuning) method [33]
and placing the AFM head into a vacuum bell-jar system with controlled pres-
sure from ambient down to ∼ 10−6 mbar. eQ-tuning method, which was de-
veloped for the determination of cantilever spring constants (k) with accuracy
down to ∼5 % [33], involves measuring the cantilever’s mechanical response
due to agitations of impinging molecules from the surrounding fluid (ambient
air, gases, liquids) and due to thermal dissipation via internal degrees of free-
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dom [33]. e AFM hardware measures the cantilever’s fluctuations as a func-
tion of time from which, by Fourier transformation, the frequency dependent
power spectral density |A (ω) | (PSD) is obtained. Fitting the PSD spectrum
|A (ω) | with a Lorentzian form [33]

|A (ω) |2 = Ao

[(ω2 − ω2
o)2 + (ωωo/Q)2]

(6.2)

where ω0 the radial resonance frequency of the free cantilever, and aer data av-
eraging ofmultiple PSD spectra, the averagedQ factor (both due to intrinsic and
fluidic or gas dissipation) is obtained. e noise measurements were repeated
more than eleven times at each pressure to avoid the influence of instantaneous
measurement errors such as jitter effect etc. and to confirm repeatability of the
measurement. e acquired data was averaged allowing one to obtain the qual-
ity factor Qwith an accuracy of∼ 10%. Notably, extensive analysis of cantilever
heating effects in both air and vacuum resulted in negligible frequency shis
Δω0 ∼ 10 - 20Hz (∼10−3 % ωo).

Finally, the high pressure range measurement of the PSD spectra increases
the necessity of an accurate pressure measurement. Finally, because the accu-
racy of a full range pressure gauge drops at high pressures, it is necessary to
use a gas independent, diaphragm pressure gauge, for a more accurate pressure
measurement. It was experienced up to 80% difference between the full range
pressure gauge (Varian FRG-700), and the high pressure, gas independent, di-
aphragm gauge (Vacuubrand DVR-2).

6.3 Results and discussion

Furthermore, in the measurement plots of the Q factor and frequency shi (Δf)
vs. P there are four regimes of interest (Figs. 6.2, 6.3). e first one is the intrin-
sic regime, the so-called free molecular regime, where the number of molecules
impinging (molecule mean free paths ≪ resonator size) the resonator is low
enough so that it can be neglected and energy losses are dominated by intrinsic
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Figure 6.2 | Quality factor (Q) vs. P. The samples S1 (trapezoid, Fig. 6.1d), and S2 (rectangular) are
shown as insets. (a) and (b) are non-modified surface cantilevers. Samples S3 (Fig. 6.1a) and S4
(Fig. 6.1b) aremodified cantilevers on the top surfaces but in different etching directions as shown in
Fig.6.1. S5 is FIB modified inset (b), and S6 is FIB modified inset (c). The fits by the solid lines illustrate
the ∼ 1/P scaling in the molecular regime [68], and that of Eq.(6.5) for the continuum regime. The
arrows show the transition point from the molecular to the dense regime (ω τ≈1,= 1850/P [49]).

resonator mechanisms. In this regime Q factor and frequency are constant and
independent of pressure P. e second regime is called the molecular regime
where the oscillation is damped due to momentum exchange with a dilute gas
of non-interacting molecules, where the Q factor scales down with pressure as
Q∼P−1 [49]. e effect of local roughness and surface area in this regime has
been recently explored and good agreementwas found between results obtained
from Q∼P−1 plots and direct surface area calculations from AFM analysis [68].
e third regime is the transition where a crossover from the non-Newtonian
molecular regime to continuum or dense flow regime occurs. e Newtonian
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Figure 6.3 |Normalized frequency changeΔfo/fovs. P. The linear part changes atωτ≈1 for pressures
approximately at 102 Pa. The inset shows the magnified continuum regime for samples with smaller
surface areas as shown for the indicated window. Types of the resonators are indicated with letters
similar to Fig. 6.2 inset. All the fittings were done via Eq.(6.5). Notations of the samples are the same
as in Fig. 6.2.

approximation, the basis for the Navier-Stokes equations, breaks down when
the particulate nature of the fluid becomes significant to the flow. In this case
it is common to consider the validity of the Newtonian approximation by com-
paring themean free path λ in themedium to an ill-defined characteristic length
(e.g., the width of the cantileverw). In the fourth regime or continuum regime a
transition from Newtonian (ωτ ≪ 1) to non-Newtonian (ωτ ≫ 1) flow occurs
at ωτ ≈ 1 with τ a fluid relaxation time (∼1/P) [49]. For our cantilevers in the
pressure ranges between ∼102 Pa - 105Pa, the gas acts as a viscous fluid and the
ambient damping can be calculated using fluid mechanics [49]. In this case the
relative frequency shi is given by [83, 84]:
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Δf
f0

= Δω
ω0

= −
πbSTotal,1
24Meff

M
RTP −

3πSTotal,1
8Meff √2μ M

RT√
P
ω0

. (6.3)

In Eq. (6.3) R the gas constant, T the absolute temperature, M the molar mass
of the gas, P the pressure, μ the dynamic viscosity of the gas, ω0 the resonance
frequency in vacuum, and Δω is the shi in resonance frequency. One of the
crucial parameters for the calculation of the effective surface area is the effective
mass,Meff. e values forMeff have been obtained using both geometric means
and experimentally determined cantilever spring constant (keff), [68]

ω0 = (keff / Meff)1/2 (6.4)

Indeed, one obtains the experimental cantilever spring constant keff by theQ-
tuningmethod [33]. Hence from the first resonance frequency of the cantilever,
one obtains an Meff ≈ 23.5% MT with MT the total mass of the cantilever [68].
In addition, the Q factor is given by [83, 84]:

QFluid =
2Meffw2ω0

STotal,2 (6πμw + (3πw2/2)√2μ(M/RT)ω0P)
. (6.5)

Both Eqs. (6.3) and (6.5) yield the total effective surface area Stotal of the can-
tilever denoted with different index for Q and Δf. Finally, for consistency an
analytical estimation of Stotal was also performed using AFM data. Indeed, for
the rough area calculations we used the expression [78]:

Srough / Ssmooth ∫
+∞

0
du√1 + ρ2rmsue−u (6.6)

with ρrms the average local surface slope [78, 79]. In all cases ρrms was esti-
mated fromAFMprofile analysis of cantilever surfaces (Fig. 6.1, insets). ere-
fore we can define the effective total surface area of the cantilever as STotal,3 =
∑ Srough + ∑ Ssmooth . For the resonators with the trapezoidal cross section area,
the inclined side wall area is also taken into account for the calculation of STotal,3.
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Table 6.1 | List of investigated samples and summary of results. STotal,1, total effective surface area
from the fittings in Fig. 6.2 STotal,2, total effective surface area from the fittings in Fig. 6.3 STotal,3
total effective surface area calculated by ρrms (S1,S6,S7 ∼0.0018, S2∼0.0046 S3∼0.0016, S4∼0.007,
S5∼0.006) as obtained from AFM line profiles

Sample∗ Dimensions#

(µm)
f0
(kHz)

STotal,1
(x10−9m2)

STotal,2
(x10−9m2)

STotal,3
(x10−9m2)

STotal,1/3 STotal,1/2

S1(a) 15x35x130x4 342.7 2.13 1.29 2.13 1.00 1.65

S2(d) 90x500x0.99 38.3 15.6 9.15 1.99 0.78 1.70

S3(a) 25x47x141x4.1 311.2 2.35 1.55 2.68 0.88 1.52

S4(a) 18x38x131x3.9 340.3 1.80 1.26 1.97 0.91 1.43

S5(a) 15x35x131x4.1 312.6 2.12 1.14 2.18 0.97 1.86

S6(b) 18x35x88x3.95 181.3 1.36 0.89 1.27 1.07 1.53

S7(c) 18x35x112x3.9 227.4 1.55 0.90 1.59 0.97 1.72
∗ Type notation is the same as used for the inset of Fig.6.2
# For the trapezoidal shape beam the dimensions are: (width_top xwidth_bottom x length x thick-
ness) and for rectangular beam (type d) the dimensions are: (width x length x thickness)

In order to show the effect of the surface area on the Q factor and the fre-
quency shi Δf, measurements were performed for different types of micro-
cantilevers with varying frequencies, dimensions, and surface modifications.
We have investigating the viscous regime because any measurable frequency
changes occur for pressures above 102Pa and aer the transition regime. In the
continuum regime, where the dominant loss mechanism is due to the viscous
damping by the fluid, the total effective surface area plays also an important
role together with the resonance frequency. e point of the transition from the
molecular (fits are also indicated for Q∼1/P) to continuum regime is indicated
in Fig. 6.2 by an arrow for each individual resonator (ω τ ≈1). In the contin-
uum regime the mass loading of the fluid has several effects: the first one is the
frequency shi due to mass loading, and the second one is the change in the
characteristic properties such as the cantilever spring constant due to the new
effective mass of the system. e large differences in the sizes of the resonators
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studied here require the validation of Eqs. (6.3) and (6.5) and also comparison
to analytical calculations.

e total surface area, denoted asSTotal,1 is obtained fitting Eq.(6.3) on the
relative frequency shi Δf/f0 vs. P data shown in Fig. 6.3. e total surface area,
denoted as STotal,2, is obtained by fitting the Eq.(6.5) on the Q factor vs. P data in
Fig. 6.2. Alternatively, the total effective surface area, denoted as STotal,3, is also
calculated using the average local slope ρrms fromAFM topography images as in
Fig.6.1 using the expression STotal,3. e results in Table 6.1 show that analytical
calculations STotal,3 and STotal,1 agree very well apart from the sample with a very
large geometrical surface area (S2). On the other hand, the STotal,2 obtained from
the Q factor measurements needs a correction factor of approximately 1.62 (av-
eraged value of the ratios, STotal,1/2, Table 6.1). e contribution of the losses in
the intrinsic regime due to clamping losses, thermoelastic dissipation etc. does
not bridge the deviation on the calculation of STotal,2.e deviations between the
obtained STotal,2 and the other two measurement types (STotal,1, and STotal,3 [68])
in the viscous regime are partly a result of the change in the mechanical prop-
erties of the resonators due to mass loading and this is not taken into account
for Q-factor calculations. is also shows the importance of surface area cal-
culations for a better understanding of the change in the mechanical properties
of the resonators due to mass loading. For evaluating the occurring frequency
shi in the viscous regime due to mass loading surface area and the increase
in surface area due to surface roughness is a crucial parameter. However, for
the Q-factor there is also an additional interplay between energy loss mecha-
nisms, surface roughness and mass loading. erefore, the obtained STotal,2 is
systematically too low.

6.4 Conclusions

e dissipation caused by the effective surface area in contact with the sur-
rounding fluid was experimentally measured and analytically calculated cor-
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recting the increase in the effective surface area caused by the existing or delib-
erately introduced surface roughness. Even though the variations in geometries
andmodification of the resonatingmediums, the effective surface area determi-
nation approach using the normalized frequency is accurate in the continuum
regime. However, the Q factor is more sensitive to surface area changes in the
molecular diluted regime [68] and not so much in this continuum regime. In
any case, these studies show the important effect the effective surface area has
on the resonating properties. erefore the effective surface area has to be taken
into account in geometry designs in order to arrive at improved sensing prop-
erties.
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Chapter 7

Quality factor surface nanoengineering for

metal coatedmicroresonators

Abstract. We present here an extensive surface nanoengineering study of the quality
factor (Q) and frequency response of coated microcantilever that are surface modified us-
ing focused ion beam. eQ factor and resonance frequency shiΔf of themicrocantilevers
were extracted from noise measurements. Our studies demonstrated that surface engineer-
ing offers a promising method to control and increase the Q factor up to 50 % in vacuum.
Finally, both quantitiesQ andΔfwere obtained over awide range of vacuumpressures yield-
ing information about the nature of energy dissipation in relation to the patterned surface
structure in various pressure regimes.

7.1 Introduction

Gold coated silicon cantilevers with microscale and, more recently, nanoscale
dimensions enable important applications in scanning probe microscopy and
force spectroscopy. Relentless efforts are under-way bymany research groups to
understand the limits of submicron range resonators. [30–32,35]Hence our un-
derstanding is broadened not only about the nature of the resonating medium
but also of new pathways to obtain more accurate and wider range of infor-
mation from electromechanical systems. [66, 85] e need for higher compo-
sition resolution (minimum detectable mass) and sensitivity (maximum fre-
quency shi for a given mass change) down to the molecular level is a dom-
inant driving force strongly pushing towards nanoelectromechanical systems.
e general approach for higher sensitivity is to reduce the inertial mass of the
resonator. is results in extremely high frequencies up to microwaves [14,73],
while preserving high mechanical responsivity with high quality (Q) factors,
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Q ∼ 103 − 105 [14, 35], active masses of picograms (∼ 10−12 g) [86], ultralow
heat capacities (10−21 cal) [13] etc. Different sensor geometries and materials
were also used in mass sensing technologies. [87, 88]

Despite enormous progress so far, a central theme of fundamental and ap-
plied research in micro/nano-resonators is the achievement of high Q-factors.
e latter is associated with damping and energy dissipation, which measures
the ratio of the stored energy Estor to the dissipated energy Edis (within an os-
cillation cycle), and it is defined as Q = 2π(Estor/Edis). e larger the value of
Q-factor, the higher the sensitivity of the resonance system is to external per-
turbations. e Q-factor determines also the level of fluctuations that degrades
the spectral purity of a resonance (linewidth broadening), and determines the
minimum intrinsic power with which the device can operate. [14] e total Q-
factor of a resonator is determined by the various lossmechanisms, and it can be
approximated by the relation Q−1 = ∑j Q−1

j where the index j denotes intrinsic
and extrinsic energy loss mechanisms. [18]

ere are several theoretical and experimental studies that investigated the
fundamentals of energy dissipation of small-scale devices. [89–92] According
to the degree of surrounding gas rarefaction, three main gas pressure regimes
(P) are identified: molecular regime, transition regime, and continuum regime.
[45] e rarefaction regimes for high frequency oscillatory flow of MEMS can
be better characterized using the Weissenberg number, Wi ≡ ωτ. Where ω is
the radial frequency and τ = μ/P (τ ≈ (246μs-Pa)/P) is the relaxation time of the
surrounding fluid, μ viscosity and the P pressure. [49,50,93] When the ωτ ≪ 1
the Newtonian approach of the Navier Stokes approximation is valid within the
continuum regime. Earlier studies elucidated the hydrodynamic loading de-
scribed by a frequency response model of a cantilever beam immersed in vis-
cous fluid. [65] In the continuum regime the interactions between the oscillat-
ing surface and the fluid molecules are characterized by the penetration depth
λ = √2μ/ωρfl (with ρfl and μ respectively the density and dynamic viscosity of
the surrounding fluid). [49,89,93]e transition regime which is defined as the
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deviation of flow from the Newtonian a, is well approximated with the ωτ ≪ 1.
eωτ > 1 is the invalidity of the Newtonian regime. When themean free path
Lmph (= 0.23KBT/Pd2) for a dilute gas of pressure P assuming the molecules as
hard spheres of diameter d (≈ 3.6−10m) is much larger than a characteristic
length corresponding to the resonator beam width w (w<0.1L with L the res-
onator length),and ωτ → ∞ the intermolecular collisions are effective which is
the molecular regime. [49, 50, 93] [49, 93]

However, so far, experimental studies of the energy dissipation and the fre-
quency response of metal coatedmicroresonators with systematic surfacemod-
ifications in the Newtonian and especially non-Newtonian regimes remain un-
explored. Hence, we study here the influence of surface modification of gold
coated (≈ 350nm thick) microcantilevers, which are widely used in scanning
probe technology. For this purpose, different length microcantilevers but with
similar widths (≈ 30μm) and thicknesses (≈ 2μm) (see Table 7.1, 7.2) were
modified by focused ion beam (FIB) along different etching directions as it is
shown in Fig. 7.1. e patterns of the surface modifications were carefully cho-
sen so that their influence on the Q-factor and resonance frequency fo vs. pres-
sure P could be clearly observed.

7.2 Theory

In high vacuum (e.g., P < 10Pa.) where the characteristic length w is much
grater than the mean free path of the gas molecules Lmph ≫ w (ωτ ≫ 1), In this
case possible distortion of the free stream velocity distribution caused by the
collisions of the molecules with the surface of the resonator can be neglected
(intrinsic regime). e energy losses are intrinsic and the Q (=Qint)factor is
given by;

Q−1
int = Q−1

TED + Q−1
clamp + Q−1

Surface (7.1)

where QTED, Qclamp and QSurface denote respectively the quality factors due to
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thermoelastic damping, clamping, and surface losses. [27, 30, 31, 34] QTED and
Qclamp are not strongly influenced by surface modifications of the coating layer
for small modification thickness’s tmod ≪ twith t the thickness of the cantilever.

Energy losses due to clamping occurs because of the strain at the connection
area with the support base. For cantilevers with semi-infinite base or , where the
wavelength of the shear wave in the beam ismuch less than the base of thickness
tb (≈ 300μm in our case), the Q-factor is given by, [27]

Qclamp = 0.95 l
w
t2b
t2 (7.2)

with w and l the width and length of the cantilever respectively. Moreover, the
QTED due to thermoelastic dissipation (associated with thermal currents gen-
erated by vibratory volume changes in elastic media with non-zero thermal-
expansion coefficient) is given by [43]:

1
QTED

=
Eα2TT
Cpρ (

6
ζ2

− 6
ζ3
sinh ζ + sin ζ
cosh ζ + cos ζ) (7.3)

E is the Young’s modulus, αT the thermal expansion coefficient, Cp the specific
heat at constant pressure, T the system temperature, ρ the material density of
the cantilever, and ζ = t√(ωρCp)/2κ where κ the thermal conductivity of the
cantilever [43]. Finally, we consider the surface losses to originate from a thin
surface layer of complex modulus Esl due to the disruption of the atomic lattice
at the surface and due to a thin layer of surface contamination [30,43]. Although
this layer does not influence drastically the stored energy in the cantilever, it can
enhance energy dissipation. QSurface , which can be described by [30]

1
Qsurface

= 2δ(3w + t)
wt

Esl
E (7.4)

with δ the thickness of the surface layer and Esl = Im[Es] [30,43]. e saturated
or free molecular regime in Fig. 7.2 yields Qint allowing calculation of QSurface

(aer subtraction of QTED and Qclamp obtained via Eqs.7.3 and 7.2, plotted in

72



7.2. Theory

the Fig. 7.2. Subsequently Eq. 7.4 yields the product δEsl having an average
value ⟨δEsl⟩ ≈ 14 for the unmodified cantilevers (A and B; Table 7.1). Multi-
directional surface modification for this regime allows examining the influence
of anisotropic surface structure and possible residual stress release that is built
within the metal coating.

For medium-vacuum (e.g., 101Pa<P< 103Pa) we are within the molecular
regime where Lmph > w (or ωτ > 1). e distortion of the free stream velocity
distribution is caused by the collisions of the molecules with the surface of the
resonator. e quality factor is given by [14, 49, 50],

QMolecular = [
Meffωoυ

P ]
1

Stotal,1
(7.5)

Meff is the effective resonating mass of the cantilever that vibrates, and ω0 is the
angular resonance frequency in vacuum. Stotal,1 is the corresponding surface
area of the resonator, and υ = √kBT/m is the thermal velocity of impinging
molecules of mass mm at absolute temperature T. In the molecular regime the
quality factor scales with gas pressure P asQ ∝ 1/P [14,49,50], while the scaling
diverts toQ ∝ 1/P0.5 in the continuum (Fig. 7.2). [51] ωτ ≈ 1 very well approx-
imates the region where molecular approach to continuum approach diversion
occurs which is called the transition regime. e transition occurs as an exam-
ple for cantilevers with frequencies 150kHz and 320kHz at respectively ≈230
Pa and ≈500Pa. Understanding the transition regime is highly non-trivial and
constitutes an area of intense research. [49–51]

With further increment of the pressure the surrounding gas acts as a viscous
fluid (ωτ ≤ 1). e microcantilevers, having a plate-like shape immersed in
fluid are dominated by three different dissipation mechanisms due to the sur-
rounding fluid medium: acoustic radiation, squeeze-film, and viscous losses.
Squeeze film loss can be significant when there is a narrow gap between a vi-
brating and a stationary element [53,94], which is not relevant in our case. e
dominant viscous losses due to inertial effects can be calculated via fluid me-
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chanics, [22, 48, 55] and the associated quality factor is given by,

QFluid = kd
ρwωR2STotal,2Λ(Re) (7.6)

Λ(Re) = aRe−0.7 is a dimensionless hydrodynamic function (a is a constant co-
efficient specific for each type of cantilever), Re = (ρw 2ω0)/4μ, is the Reynolds
number, kd is the dynamic spring constant, μ is dynamic viscosity of the gas, and
ρ = P Mm/RT is the density of the ideal gas with R the gas constant andMm the
gas molar mass, ωR is the resonance frequency at the measured pressure [48].
STotal,2 is the surface area of the cantilever associated with the QFluid in the dense
regime.

Figure 7.1 | Types of gold cantilever surface modification. (a) AFM image of type-(1) gold surface
modification, RMS (≈ 30 nm), ρrms ≈ 0.7361; (b) AFM image of type-(2) gold surface modification,
RMS ≈ 21.4 nm, ρrms ≈ 0.721; (c) AFM image of type-(3) gold surface modification, RMS ≈ 26.5 nm,
ρrms ≈ 0.589; SEM image of A with surface modification (d) type-(1); (e) type-(2); (f ) type-(3); (h) SEM
image of gold coated cantilevers of different lengths before surface modification (≈ 130 and ≈ 90
μm) denoted as A and B, respectively, similar widths (≈ 30 μm.), and (g) thickness’s (≈ 2 μm). Insets
of (a-c)show the height profile of the modified surfaces.
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7.3 Experimental procedure

Noise measurements were performed to determine the Q-factor as a function
of vacuum pressure P as it is shown in Figs. 7.2, 7.4. e experiments were
conducted for cantilevers with two different lengths, denoted as A and B (Fig.
7.1h). ey were modified using FIB in various etching directions: x and y are
the coordinate notations of the cantilever’s surface plane (Fig. 7.1h). Etching
in the y-direction (along the length of the cantilever, Fig. 7.1d) is denoted as
(1), etching in the x-direction (along the width of the cantilever, Fig. 7.1e) is
denoted as (2), and etching at ±30 angles with respect to the y-direction, Fig.
7.1f), is denoted as (3). All grooves are ≈ 2μm. apart from each other, while
the etching depth is ∼ 60nm (insets of Fig. 7.1a-c). In addition, the dimensions
of each cantilever were confirmed using a scanning electron microscope (SEM:
Fig. 7.1d-f). is is important for the comparison of the effective surface area
STotal,i(=1,2), obtained from the fittings of the Q vs. P data in different pressure
regimes (corresponding to different dissipating mechanisms) with the geomet-
ric value STotal. e latter is obtained using AFMmorphology data as input into
the expression [78, 79]

STotal/Ssmooth = ∫
+∞

0
du√1+ρ2rmsue−u, (7.7)

with ρrms the average local surface slope. [51, 53]

7.4 Results and discussion

Furthermore it is of crucial importance to analyze our results according to gas
rarefaction. Hence, starting with some of the important outcomes of the in-
trinsic dissipation regime (P ≤ 10Pa), Q ≈ Qint. First of all, the removed
mass calculations, both by simple assumption of the frequency shi due tomass
change Δm ≈ 2m (Δf/f) (Δm is the mass removed, andm is the total mass), and
the calculations by geometrical means show that for both type-(1) and type-(2)
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Table 7.1 | Properties of non-modified and modified microcantilevers

Typea L(μm) f air(kHz) Meff[ng] keff[N/m] Qint QSurf δEsl
A-1 135.6 152.256 6.3 5.8 5526 5554 10.4

A-1(m) 135.6 153.257 5.68 5.3 5935 5968 9.6

A-2 127.6 134.528 6.96 5 3453 3463 16.6

A-2(m) 127.6 135.44 6.31 4.6 4066 4080 14.1

A-3 136 130.499 5.32 3.6 3457 3466 16.6

A-3(m) 136 132.974 4.7 3.3 4535 4551 12.6

B-1 95.1 326.214 5.09 21.5 5003 5053 11.4

B-1(m) 95.1 328.15 4.96 21.2 5152 5205 11.1

B-2 87.3 269.203 3.96 11.4 4006 4032 14.3

B-2(m) 87.3 271.57 4.07 11.9 3552 3573 16.1

B-3 95.6 272.049 3.98 11.7 3499 3519 16.4

B-3(m) 95.6 278.708 3.73 11.5 4948 4989 11.5
a (m) denotes modified cantilever.

surface modifications the amount of removed mass is Δm/m ≈ 1.5%.(see Table
7.2) e influence of the removed mass on the Q-factor for both cantilevers A
and B with Type-(1) surface modification is within the standard ∼10% of the
measurement error as depicted in Figs. 7.2 and 7.3. We have further analyzed
the mass removal influence on the Q-factor, in the intrinsic regime, by includ-
ing a trapezoidal metal coated cantilever (Fig. 7.5). We have removed mass
from the surface of the device using the FIB as shown in the inset of Fig. 7.5.
e change in the frequency of the cantilever aer mass removal(Δm/m ≈ 2%)
can be seen from the Fig. 7.5. Nonetheless, the Q-factor vs. P graph (Fig. 7.5)
showed the same negligible change of the Qint as within the standard error of
the measurement similar to the type-(1) and type-(2) samples. However, for
type-(3) surface modification, even though the removed mass is not larger than
Δm/m ≈ 4%, the increase in the Q-factor is clearly observable as it is ∼ 50%
larger for both A and B cantilevers Fig. 7.2.
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a) b)

A-1 A-3 B-1 B-3

Figure 7.2 | Q-factor vs. pressure P for cantilever types A and B with dimensions given in Fig. 7.1.

(a,b) The corresponding surface modifications (1, 3) are illustrated in the insets (a, b). The index “m”

denotes the modified cantilevers as shown in Fig. 7.1. (a, b) The fits shown by the red and the green

dashed lines in the molecular regime illustrate the Q ∼ 1/P scaling of Eq.7.5 respectively for A and

B unmodified cantilevers. The solid black lines are the calculated Q−1 ( =Qint
−1 +QMolecular

−1) with

δEsl = 0, 2 and 7, The increase in the surface related energy dissipation is shown with the blue

arrows (a, b) The fits shown by the red and the green solid lines in the molecular regime illustrate the

Q ∼ 1/P scaling of Eq.7.5 respectively for A and B modified cantilevers. The small red arrows depict

the increase in theQint after the surface modification. (a, b) Fits in the continuum regime (illustrated

with the gradient gray background): red and green fit lines depicts theQ ∼ 1/P−0.5 scaling

Wehave removedmass from the surface of the device using the FIB as shown
in the inset of Fig. 7.5. e change in the frequency of the cantilever aer mass
removal(Δm/m ≈ 2%) can be seen from the Fig. 7.5. Nonetheless, the Q-factor
vs. P graph (Fig. 7.5) showed the same negligible change of theQint aswithin the
standard error of themeasurement similar to the type-(1) and type-(2) samples.
However, for type-(3) surface modification, even though the removed mass is
not larger than Δm/m ≈ 4%, the increase in the Q-factor is clearly observable
as it is ∼ 50% larger for both A and B cantilevers Fig. 7.2.

77



Chapter 7. Quality factor surface nanoengineering for metal coated microresonators

A B

(b)

Figure 7.3 | Q-factor vs. pressure P for cantilever types A in Fig. 7.1. The corresponding surface mod-

ification (2) is illustrated in the insets. The index “m” denotes the modified cantilevers as shown in

Fig. 7.1. The red fitting lines illustrate the 1/P scaling behavior in the molecular regime and 1/P−0.5

scaling behavior in the continuum regime. Blue lines illustrate the 1/P−0.3.

Although previous studies have shown clamping losses as the dominant loss
mechanism for the intrinsic regime [95], ourQ-factormeasurements of samples
A and B with type-(1) and type-(2) surface modifications have not shown any
distinct behavior for the Q-factor due to differences of the cross section areas of
the clamping part between modified and non-modified resonators. Note that
clamping losses are known to be directly correlated to the cross-section area
of the clamping part. [27] Accordingly, if we assume surface losses as the only
cause of energy dissipation. e calculated values of the δEsl by subtracting
Qclamp and QTED from the Qint as depicted in the Table 7.1 shows the decrease
in the surface energy. Also the relation between the energy dissipation and the
surface structure change (δEsl = 0, 2, 7) is illustrated by the black solid lines in
Fig. 7.2 by the accordingly calculated values of Qint.
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7.4. Results and discussion

(a) (b) (c)

Figure 7.4 | Energy Dissipation vs. pressure P for cantilever types A, B and C with dimensions given

in Fig. 7.1. (a-c) Q−1 − Q−1
int vs. P plots for cantilever types A and B with dimensions given in Fig. 1.

The blue lines indicate the scaling behavior in the molecular regime with c=1 and in the continuum

regime with c=0.5 (as indicated with arrows in Figs.(a-c)). The red lines to illustrate the actual Q∼
P−c scaling; in the molecular regime c=0.75 (as indicated in figs (c) for Type-3 modification) and the

continuum regime c=0.3. (Figs. a-c)

One might also expect the cause for the increase of Qint for type-(3) sur-
face modification to be the result of a change in the physical properties of the
microresonators introduced by the FIB patterning process leading to drastic
changes of the cantilevers structure. Latter can be compared by the the spring
constant measurements before and aer surface modification. Indeed, keff is a
physical property, which depends on the elastic modulus (E), and the cantilever
dimensions. Calculations of both thermoelastic dissipation [18] and clamping
losses [27] requires knowledge of E of the resonating medium. For this reason
besides the Q-factor, an accurate measurement of the cantilever spring con-
stant keff is essential for a meaningful calibration of the resonator as a sensor.
It is possible to acquire by the Q-tuning (ermal tuning) method keff and the
resonance frequency f0( =ω0/2π) with an accuracy down to ∼10% and ∼1%, re-
spectively. [33] In fact, as Table 7.1 indicates, there is no significant discrepancy
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between the keff of the non-modified and modified resonators. Consequently,
for the etched grooves of type-(3) surfacemodification, the drastic 50% increase
of Qint can be related to the relaxation of surface residual stress by creation of
small micrometer size gold patches or surface strain induce change in the cur-
vature of the cantilever. As other possible factors such as, relaxation of defects
under oscillating strain and Ga+ ions induce defect states are expected to effect
all of the modified cantilevers regardless of the directional gold surface modifi-
cation.

10µm

Df ≈ 2.7kHz

Figure 7.5 |Q-factor and Frequency vs. pressure P for PCM coated cantilever before and after surface

modification. Q-factor vs. P of 50nm metal (Ge7Sb93) coated cantilever before (indicated with black

squares) and after FIB milling (indicated with green squares) as depicted in the SEM image in the

inset (the FIB milled part of the cantilever surface is dark colored and the remaining metal part is

falsely colored in green). The red and the blue solid fitting lines show the negligible difference of the

Q-factor in the intrinsic regime between the modified and non-modified cantilevers. The inset is the

Frequency vs. P of the modified and non-modified cantilevers indicate the frequency shift Δf ≈ 2.7

kHz due to mass removal.

80



7.4. Results and discussion

One of the main reasons that inspired the patterning of the resonator sur-
faces with anisotropic corrugations (grooves) in various plane directions was
to observe possible differences in the scaling behavior of Q-factor vs. P for
both themolecular and continuum regimes fromwhat is known in the literature
(Fig. 7.4a-c). Indeed, from literature it is expected the known scaling behavior,
Q∼ P−c where c is “-1” and “-0.5” respectively for the molecular regime and
the continuum regime. [50, 68] e Q∼ P−1 scaling predicted by Eq. 7.6 is al-
most confirmed for bothmodified andnon-modified cantilevers of type-(1) and
type-(2) for both samples A and B (Fig. 7.4a, b). As a matter of fact no change
is observed from the known scaling characteristics of type-(1) and type-(2) sur-
face modifications in any of the gas rarefaction regimes ( Fig. 7.2a, Fig. 7.4a).
However, for the type-(3) surface modification an increase in the slope of the
scaling behavior is observed (Q∼ P−0.75) for the modified cantilevers in com-
parison with the non-modified ones (Fig. 7.4c). e average energy dissipated
by considering the shear stress on cantilever surface [49] is evidently altered by
the increased number of patch edges on the surface leading to increased energy
dissipation (Q∼ P−0.75, Fig. 7.4c).

As observed in Fig. 7.5a-b , the transition to the continuum regime is not
sensitive to surface structure modifications and Q-factor values of the modified
cantilever converges to similar Q-factor values of the non-modified cantilevers
around the transition point.

In contrast to the molecular regime, in the continuum regime we observed
a significant deviation in the scaling behavior of the Q-factor as a function of
pressure from the P−0.5. We have demonstrated this deviation with the linear
fits in Fig. 7.4a-c. As shown in the Fig. 7.4a-c the scaling follows the behavior
Q ∼ P−c with c≈0.3 for both modified and non-modified cantilever surfaces.
is scaling behavior has also been reported by Sader and Karabacak in their
corresponding articles. [48, 50]

Within the continuum regime the hydrodynamic function in Eq. 7.6 shows,
by the power law Λ(Re) = aRe−0.7 [48]. is power law behavior has been ex-
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Table 7.2 | Properties of non-modified and modified microcantilevers

Type[a] w(μm) t(μm) f vacuum(kHz) Meff[ng] c[b] keffc[N/m] Δm/m(%)

A-1 30.9 2.2 152.694 6.3 0.33 5.8 -

A-1(m) 30.9 2.2 153.707 5.68 0.34 5.9 1.33

A-2 31 2.0 134.943 6.96 0.30 4.0 -

A-2(m) 31 2.0 135.848 6.31 0.33 4.0 1.34

A-3 31.4 2.0 130.924 5.32 0.35 4.0 -

A-3(m) 31.4 2.0 133.407 4.7 0.33 4.2 3.79

B-1 30.7 2.2 326.956 5.09 0.35 18.6 -

B-1(m) 30.7 2.2 328.945 4.96 0.34 18.8 1.21

B-2 31.4 1.8 270.040 3.96 0.33 10.1 -

B-2(m) 31.4 1.8 272.281 4.07 0.34 10.2 1.66

B-3 31.0 2.0 272.753 3.98 0.35 12.1 -

B-3(m) 31.0 2.0 279.482 3.73 0.34 12.7 4.93

[a] (m) denotes modified cantilever.

[b] e scaling exponent “c” in the continuum regime.

plained by Sader et al. [48] considering the asymptotic limits of the Reynolds
number (Re): For Re ≪ 1 the hydrodynamic function scales as Λ(Re) ∼ Re−1,
while for Re ≫ 1 it scales as Λ(Re) ∼ Re−1/2. [48] us intermediate power-
law dependence during the measurement is not unexpected since the Re of our
measurement is of the order of unity (Re∼1). For an ideal surrounding gas we
obtain the scaling behaviorΛ(Re) ∼ Re−0.7. e latter aer substitution into Eq.
7.6 yields, [48]

QFluid =
⎡⎢⎢⎢⎣

kdωR
−1.3

(
w2

4μ)
0.7

a(
Mm
RT )

0.3
w

⎤⎥⎥⎥⎦

P−0.3

STotal,2
(7.8)

erefore, it is possible to calculate Q-factor for any cantilever with simi-
lar plane surfaces (corresponds to similar “a” constants) by simple spring con-
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Table 7.3 | Surface area values from various techniques and comparison betweenmodified and non-
modified

Typea STotal(μm2) STotal,1(μm2) STotal,2(μm2)

A1 4190 3550 4291

A1(m) 4227 3710 4010

A2 3956 3710 4841

A2(m) 4079 4190 4432

A3 4266 3050 3802

A3(m) 4328 3170 3706

B1 2700 2750 2876

B1(m) 2724 2650 2931

B2 2610 1930 2551

B2(m) 2691 2950 2567

B3 2852 1900 2498

B3(m) 2893 2120 2434

stant measurement [33] with the assumption of Hydrodynamic loading being
the dominant loss mechanism in the continuum regime, using Eq. 7.8. [48, 96]

Finally, we have to stress that besides the enhanced hydrodynamic damping
in the continuum regime, the resonators also undergo changes in their effective
mass due to mass loading, resulting in significant frequency shis. e depen-
dence loss of the Q-factor scaling with P−0.5 was also observed by Svitelskiy et.
al. and explained as a result of mass loading. [51] Despite the drastic alterations
of the surface structure, the change in surface area was <1 % of the total surface
area. e latter could be the reason why we did not observe a measurable dif-
ference neither in the Q-factors (Fig. 7.2a, b) nor in the frequency shis due to
viscous loading between the modified and non-modified resonators. e sur-
face area values calculated from the fittings of Eq.7.5, Eq.7.6 are comparable
to the geometric STotal values in Table 7.3, while deviations for some values of
STotal,1 appear to occur. is can be partly understood from the fact that the
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effective resonating surface area can differ from the geometric one but further
investigations are still necessary to understand the precise nature of these devi-
ations.

7.5 Conclusions

We have demonstrated a different approach to quality factor engineering by
patterning the coating of commercially available microcantilevers. Our work
shows that surface engineering gives promising results, as the quality factors
could be increased even up to 50 %, and is shown to be dependent on the type
of surface pattern for vacuum operations. In the molecular regime the qual-
ity factor decays with increasing pressure P as Q∼1/P, however the Q vs. P
results of type-(3)surface modification shows that the scaling can also change
within themolecular regime due to surfacemodification related energy dissipa-
tionmechanisms. Although in the continuum regime, comparingmodified and
non-modified cantilevers, it became clear thatQ-factor becomes less sensitive to
surface modifications. e STotal,2 calculations depicted in Table 7.3 indicate the
necessity of introducing a correction parameter for rougher surfaces. A semi-
empirical formulation for Q-factor with scaling c≈0.3 instead of c=0.5 is given
(Eq. 7.6). Finally, it became evident that there is a complex dependence of the
Q-factor or equivalently energy dissipation on the effective surface area of the
resonator at different pressure regimes and this requires further investigations.
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Chapter 8

Influence of random roughness on cantilever

resonance frequency

Abstract. In this paper we investigate the influence of random roughness on the oscil-
lation frequency of cantilevers coated with thin film overlayers. First the theory expressions
for the roughness induced frequency shi are derived using the cantilever equation of mo-
tion. Subsequently it is shown that the roughness induced shi depends on the particular
roughness parameters, assuming the general case of self-affine rough surfaces for the over-
layer film, the material properties of the overlayer film, and the dimensions mainly of the
bare cantilever. Indeed it is shown that the roughness influence becomes significant for rel-
atively thin cantilevers (≤ 1 µm), and increased local surface slopes (>0.5) within the limits
of applicability of the proposed formalism. e results of this study can be used in high
precision frequency sensing applications in the field of micro/nanomechanics.

8.1 Introduction

Currently there is intense research with micro/nanoelectromechanical systems
(MEMS/NEMS) since they are important electromechanical devices compatible
with high speed and large-scale integration of silicon-based microelectronics
systems. erefore, many research groups are investigating various aspects of
MEMS/NEMS in order to understand their resonance properties, and potential
for a wide variety of sensing applications. [14, 20, 30–32, 34, 35, 37, 72, 97] In-
deed, microcantilevers, which have been used as physical, chemical and biolog-
ical sensors, [11,98–100] have high sensitivity allowingmass resolution down to
femtograms even in air environment. [11,98–100]e sensitivity is determined
by the effective vibratory mass of the resonator (depending on geometry, con-

Published as Influence of random roughness on cantilever resonance frequency in O. Ergincan, G. Palasantzas*, Phys.
Rev. B 82, 155438 (2010)
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figuration, and material properties of the resonant structure), and the stability
of the device resonance frequency. [14, 20, 30–32, 34, 35, 37, 72, 97]
As the size of cantilevers is scaled down in dimensions the surface to volume
ratio increases making the influence of surfaces, and as a result that of surface
roughness, important for the associated surface stress, [95,101,102]and inmore
general the cantilever sensitivity. On the other hand during the determination
of the cantilever vibration frequency and deflection, only flat planar surfaces
are assumed while real cantilever surfaces can be rough over various length
scales. In this respect it has been shown that the adsorption-induced surface
stress depends on the cantilever surface roughness. [103,104] Cantilever deflec-
tion enhancement was found due tomolecular adsorption onto cantilevers with
rough surfaces [103]. Differences in hydrogen absorption rates were associated
with the dependence of surface stress on surface roughness [104]. Nanoscale
roughness was also associated with decrement of the adsorption-induced sur-
face stress as compared to smooth surfaces. [105, 106]

Besides cantilever sensing based on static deflection detection, cantilever
sensors also operate in a dynamic mode by measuring the change in the res-
onance frequency. Recently it was shown that surface roughness can shi the
resonance frequency of microcantilevers, depending on the properties of the
surface stress, the local surface inclination using only deterministic sinusoidal
rough profiles, and the Poisson ratio (ν) of the bare cantilever material. [107]

However, calculations of the roughness effects on the cantilever sensitivity
as a function of characteristic parameters of random rough surfaces, which is
a more realistic morphology for deposited metal overlayers, are still missing.
Moreover, the former calculations ignored the effects of the overlayer thickness
(d) and Young modulus (E). [107] ese are essential omissions and they will
be the topic of the present paper, where, however, a more rigorous formalism
will be developed, and proper random roughness models will be implemented
for quantitative results.
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8.2 Theory for frequency shift for cantilevers with rough surfaces

8.2.1 Equation of cantilever motion

Here we will present the theory of cantilever bending [107] including the gen-
eral roughness corrections form, and aerward we will implement the specifics
of random self-affine roughness. As in Ref. [108] we consider a thin layer of
thickness d having a rough profile h(r), which is deposited on top of a cantilever
of thickness dca ≫ d [ Fig.8.1(a)]. Typical material for a bare cantilevers as in
Fig.8.1(a) is Si and inmany cases the overlayer film is gold with granular rough-
ness as shown in Fig.8.1(b). e Young modulus, density and Poisson ratio of
the substrate are Es, ρs and υs respectively, and these of the overlayer film are
Ef,ρf and υf. e rough surface of the deposited overlayer film is under surface
stress τ, which for isotropic surfaces can be written as τ = τo + τs. τo is the con-
stant residual surface stress, and τs = 2μsεs + λs(trεs)I is the strain-dependent
surface stress [107,108]. I is the unit tensor in a two-dimensional space, and μs
and λs are the isotropic Lame surface moduli, and (trεs) is denoting the trace of
the stress tensor εs.

Based on the Bernoulli-Euler assumption with d ≪ dca (considering the
mid-plane at z = −dca/2), the displacement field in the x-direction can be writ-
ten as u(x) = uo(x) − (z + dca/2)𝜕xZ (Ref. [108])(the displacement in the y-
direction is neglected). Z=Z(x) is the displacement in the z-direction. Since
the bending caused by the change in the surface stress is dominant, the overall
stretching of the cantilever is neglected or equivalently uo(x) = 0. [107]

e strain components are given by εxx = 𝜕xu(x) = −(z+dca/2)𝜕2
xxZ and εyy =

0, while the Hook’s law yields the corresponding stress components σxx = Ẽεxx
with Ẽ = E/(1−v2) [107]. e surface strain εs can be calculated by a coordinate
transformation from the global coordinate system to the local inclined one at
z=h(r). [107] Implementing this into the kinetic and elastic energies and further
assuming the Hamilton’s variational principle,as well as n(= d/dca) ≪ 1 the
equation of the cantilever motion has been shown to have the form [see Also
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Figure 8.1 | (a) Cantilever schematic with an overlayer film on top, (b) Granular film of gold typically
deposited onto cantilevers withw/ξ=0.23 and H=0.9.

Appendix A, Eq. (A1)] (Ref. [108])

𝜕2
𝜕x2 ([

Ẽsd
3
ca

12 + Ẽfd
3
ca

3 {(n + 1
2)

3 − 1
8} + (2μs +λs)d2ca (n + 1

2)
2 [1−(vf/1−vf)(∇h)2]

[1+(∇h)2]3/2 ]
𝜕2Z
𝜕x2 )

+dca((ρs + ρfn)𝜕2Z
𝜕t2 = τodca

𝜕2

𝜕x2 (
(n + 1

2) [1 − (vf/1 − vf)(∇h)2]
[1 + (∇h)2]3/2 )

(8.1)

with ρ = √⟨(∇h)2⟩ the so called average local surface slope. Note that the
assumption of a slow variation of the surface slopemeans relativelyweak surface
roughness or ρ < 1.
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Figure 8.2 | Δω/ωs vs. local surface slope for an overlayer film thickness d= 100nm and cantilever
thicknesses (dca) 1 and 4 µm for gold (υf,Au=0.44) and Si (υf,Si =0.28).

Figure 8.3 | Δω/ωs vs. local surface slope for various overlayer film thickness of gold (d), and fixed
cantilever thickness dca= 1 µm.
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[
Ẽsd

3
ca

12 + Ẽfd
3
ca

3 {(n + 1
2)

3 − 1
8} + (2μs +λs)d2ca (n + 1

2)
2 [1−(vf/1−vf)ρ

2

[1+ρ2]3/2 ]
𝜕4Z
𝜕x4

+dca(ρs + ρfn)𝜕2Z
𝜕t2 = 0 (8.2)

8.2.2 Frequency shift calculation:

Furthermore, in order to obtain the frequency shi due to roughness, Eq. (8.1)
can be written in the form

Ẽsf,rd3ca
12

𝜕4Z
𝜕x4 + μ̃𝜕2Z

𝜕t2 = 0 (8.3)

with

Ẽsf,r = [Ẽs + 4Ẽf {(n + 1
2)

3
− 1
8}

+ (2μs + λs) 12dca (n + 1
2)

2 [1 − (υf/1 − υf)ρ2]
[1 + ρ2]3/2 ]

(8.4)

and μ̃ = dca(ρs + ρfn). For the case of flat surfaces or equivalently ρ = 0, Eq.
(8.2) yields

Ẽsf,sdca3

12
𝜕4Z
𝜕x4 + μ̃𝜕2Z

𝜕t2 = 0 (8.5)

with Ẽsf,r = [Ẽs + 4Ẽf {(n + 1/2)3 − 1/8} + (2μs + λs)(12/dca)(n + 1/2)2].
e vibration frequency of the cantilever beam is given byωr

2 = CẼsf,r(d3ca/12)/μ̃
with C a constant depending on geometry [65].
For flat surfaces a similar equation applies yielding ω2 = CẼsf,s(d3ca/12)/μ̃. If the
roughness contributes a frequency shiΔω so thatωr = ω+Δω, then we obtain
ω2
r ≈ ω2 + 2ωΔω (assuming Δω ≪ ω). Substitution yields the frequency shi

Δω/ωwith respect to that of a film/cantileverwith flat surface (see alsoAppendix
B)
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Figure 8.4 | Δω/ωs vs. roughness ratio w/ξ for different roughness exponents H, overlayer thickness
of a gold film d=100 nm thick, and cantilever thickness dca=1 µm. The inset shows the local surface
slope ρ as a function ofw/ξ for the same roughness exponents H=0.6 (black line), and H=0.9 (red line)

Δω
ω =

Ẽsf,r − Ẽsf,s

2Ẽsf,s
(8.6)

Substitution of the terms Ẽsf,r(s) yields the analytic form for the frequency shi

Δω
ω =

[
2μs + λs
Ẽsf,s

6
dca (n + 1

2)
2

{
[1 − (υf/1 − υf)ρ2]

[1 + ρ2]3/2 − 1
}]

(8.7)

Equation (8.8) will be the basis for our analysis, where, however, knowledge
of the Young modulus Ef of the overlayer film is necessary . One can observe
from Eq.(8.8) that for a flat film surface or equivalently ρ = 0, Eq. (8.8) yields
Δω = 0 which is the correct asymptotic limit. In comparison the correspond-
ing equation derived in Ref. [108] does not obey this constraint because during
its derivation Esf,s was, incorrectly, approximated with Es. In any case, for the
calculation of the frequency shi Δω/ω from Eq. (8.8) the knowledge the local
surface slope ρ = ⟨(∇h)2⟩1/2 is necessary as it will be discussed in the following
paragraph.
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8.3 Local surface slope and surface roughness model

e local surface slope ρ =< (∇h)2 >1/2 in terms of Fourier-transform analysis
is given by the expression

ρ = (∫
Qc

o
q2 ⟨|h (q)|2⟩ d2q)1/2 (8.8)

with < |h(q)|2 > the power roughness spectrum, and Qc = π/ao with ao
a minimum lateral roughness cut-off. Furthermore, a wide variety of de-
posited thin film surfaces exhibit the so-called self-affine or power law rough-
ness [79, 109–112] . is type of roughness is characterized by the rms rough-
ness amplitude w, the lateral correlation length ξ (indicating the average lateral
feature size), and the roughness exponent 0 < H < 1 [79, 109–112]. Small
values of H ( 0) corresponds to jagged surfaces, while large values of H ( 1)
to a smooth hill valley morphology. An example is shown in Fig.8.1(b) for a
gold overlayer film with roughness ratio w/ξ=0.23 and H=0.9. For self-affine
roughness, the power spectrum obeys the scaling behavior ⟨|h(q)|2⟩ ; ∝ q−2−2H

if qξ ≫ 1 and ⟨|h(q)|2⟩ ; ∝ const. if qξ ≪ 1. is scaling is satisfied by the
analytic model

⟨|h(q)|2⟩ = aw2ξ2

(1 + q2ξ2)1+H (8.9)

e parameter ’a’ in Eq. (8.9) is obtained by the normalization condition
∫0<q<Qc

q2 ⟨|h (q)|2⟩ d2q = w2 yielding [79]. is is equivalent to the fact that

the height-height correlation C(r⃗) =< h(r⃗)h(0⃗) >= ∫ < |h(q)|2 > e−iq⃗⋅r⃗d2q
obeys the condition: C(r⃗ = 0⃗) = w2. Furthermore, substituting in Eq. (8.9) the
roughness spectrum from Eq. (8.10) we obtain for the local slope the simple
analytic expression

ρ = w
ξ {

aπ
(1 − H) [(1 + Q2

cξ2)1−H − 1] − 1}
1/2

(8.10)
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e actual expressions in the limiting asymptotic cases H=0 and 1 can be ob-
tained using the identity ln(x) = lim c→0(1/B)(xB − 1). erefore, we ob-
tain in both cases for the local slope the more compact expressions: ρ|H=1 =
(w/ξ)[a ln(1 + Qc

2ξ2) − 1]1/2 with , and ρ|H=0 = (w/ξ)[aπ(Qcξ)2 − 1]1/2 with
a|H=0 = 1/ [π ln (1 + Qc

2ξ2)].

8.4 Results and discussion

Our calculations were performed for relatively weak roughness or ρ <1 corre-
sponding to surface feature inclination angles θ = tan−1(ρ) < 45o. For the Lame
moduli we used the parameters respectively μs=-2.627 GPa, and λs=-2.70 GPa,
and for the Youngmodulus of the bare bulk cantilever (assuming that it is made
from silicon) the value Es= 130 GPa. For gold (Au) overlayer films we used
the parameters υf,Au=0.44, Ef,Au=79 GPa, and for Si overlayers the parameters
υSi=0.28 and EfSi=180 GPa.
Calculations of the frequency shi ratio Δω/ω vs. the local slope ρ are shown in
Fig.8.2 for two different cantilever thicknesses corresponding to different thick-
ness ratios n (= d/dca). Indeed, as dca decreases it leads to significant increase
of the roughness dependent frequency shi Δω/ω for relatively increased local
surface slopes (ρ >0.5). On the other hand, if one increases the thickness d of
the overlayer film, the influence on the ratio Δω/ω is far less significant as it is
expected and illustrated in Fig. 8.3. erefore, amplification of the roughness
effect onΔω/ω can bemore significant depending on the dimensions of the bare
cantilever rather than the thickness of the overlayer film.
Moreover, as Fig. 8.2 shows the influence the bare cantilever thickness dca is
more prominent for lower Poisson ratios υf and increased local surface slopes
or equivalent rougher surfaces. As a matter of fact as Fig. 8.2 indicates a change
of the Poisson ratio υ from that of gold (υf=0.44) to that of silicon (υf=0.28) for
the ovelayer film, and local slope values ρ >0.5, the frequency shi Δω/ω can
change more than a factor of five approaching that of an order of magnitude
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for surface slopes ρ >0.7. On the other hand for very weak slopes, ρ ≪1, if we
consider the expansion [1 + ρ2]3/2 ≈ 1+(3/2)ρ2.... then we obtain fromEq. (8.7)
up to second order in ρ a quadratic dependence on ρ; Δω/ω ∝ ρ2. In the more
general case, by substituting Eq. (8.10) into Eq. (8.7), one obtains an analytic
form for the frequency shi ratio Δω/ω as a function of the surface roughness
parameters w, ξ, and H

Δω
ω = 2μs + λs

Ẽsf,s

6
dca (n + 1

2)
2

⎧⎪
⎪
⎨
⎪
⎪⎩

[1 − vf
1−vf (

w
ξ )

2

{ aπ
(1−H) [(1 + Q2

cξ2)1−H − 1] − 1}]

[1 + (
w
ξ )

2

{ aπ
(1−H) [(1 + Q2

cξ2)1−H − 1] − 1}]
3/2 − 1

⎫⎪
⎪
⎬
⎪
⎪⎭

(8.11)

Equation (8.11) allows calculation of the roughness dependent frequency shi
if one measures the surface roughness parameters w, ξ, and H by means, for
example, correlation function measurement [79, 109–113], using for example
’or’ would be better as for example repeats twice atomic forcemicroscopy (AFM)
scans (Fig. 8.1(b)).
In this respect, Fig.8.4 shows directly the dependenceDirect dependence of sur-
face roughness on frequency shi of the roughness dependent frequency shi
Δω/ω as function of the long wavelength roughness ratiow/ξ for various rough-
ness exponentsH. From Fig.8.4 it is evident that if the corresponding curve has
a maximum, then we can only consider as a valid regime the one prior to the
maximum in order to avoid to crossover into the regime with large local slopes
(ρ >1). To clarify this point we show in the inset of Fig.8.4 the dependence of
the local slope ρ vs. the roughness ratiow/ξ for the two distinct roughness expo-
nentsH used for the calculations of Δω/ω. For both cases of different cantilever
thicknesses the requirement ρ <1 translates respectively to roughness ratiosw/ξ
<0.1 ifH=0.6, andw/ξ<0.3 ifH=0.9. Clearly if the exponentH becomes smaller
or equivalently the surface rougher at short length scales (< ξ), the influence on
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the frequency shi can increase drastically for thinner made cantilevers.
e previously illustrative calculations of the roughness effect on Δω/ω in-

dicate that changes in the cantilever frequency due to surface roughness is a
factor that requires attention especially for high frequency cantilevers in the
megahertz (MHz) range and above. If we consider for example in Fig. 8.4 the
roughness ratio of w/ξ=0.23 andH=0.9 [Fig. 8.1(b)] which are parameters typ-
ically observed for gold overlayers, the frequency shi for 1 µm thick cantilever
is ∼ 100Hz, while for an 4 µm thick cantilever is ∼ 10 - 20Hz.ese values can
be significant in high precision sensing applications, such as force sensing in
ultrahigh vacuum conditions, where changes in the frequency are directly re-
lated to the gradient of acting forces (Δω ∝ ∇F) in terms of dynamic frequency
modulation schemes [58, 114].

8.5 Conclusions

We investigated the influence of random roughness on the vibration frequency
of cantilevers coated with thin film overlayers. Initially we derived the neces-
sary expressions for the surface roughness induced frequency shi Δω/ω. Sub-
sequently it was illustrated that this shi depends on the particular roughness
parameters ( assuming the general case of self-affine rough surfaces), the ma-
terial properties of the deposited overlayer film, and the dimensions mainly of
the bare cantilever (which linearly amplify the roughness effect). Indeed, it was
shown that the roughness influence becomes significant for thin cantilevers (≤
1 µm), and significant local surface slopes (>0.5) within the limits of applica-
bility of the proposed formalism. Finally, as it was discussed, our results can
be of importance for high precision frequency sensing applications (using high
frequency cantilevers) in the field of micro-/nanomechanics.
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Appendix A Equation of cantilever motion

e general equation of cantilever motion derived in Ref. [108] has the form

𝜕2

𝜕x2 ({
Ẽsd3ca
12 +

Ẽfd3ca
3 [(n + 1

2)
3

− 1
8]

+ (2μs + λs) d2ca(n + 1
2)

2 [1 − (νf/1 − νf) (∇h)2]
2

[1 + (∇h)2]
3/2

⎫⎪
⎬
⎪⎭

𝜕2Z
𝜕x2

⎞
⎟
⎟
⎟
⎠

+ dca [(ρs + ρfn) 𝜕2Z
𝜕t2 ]

= τodca
𝜕2

𝜕x2
⎧⎪
⎨
⎪⎩

(n + 1
2) [1 − (νf/1 − νf) (∇h)2]

[1 + ρ2]3/2

⎫⎪
⎬
⎪⎭

(A1)

If we consider a slow roughness variation then substitution of the term (∇h)2

in Eq. A1 with its average value ⟨(∇h)⟩ [Ref. [108]] yields Eq. (8.1). Under
these conditions the term on the right hand side of Eq. A1 gives only zero con-
tribution. [108]

Appendix B Calculation of total frequency shift

In order to calculate the frequency shi due to the overlayer film on top of the
cantilever we consider the equation of motion for flat surfaces, Eq. (8.5), and
that of a bare cantilever

Ẽsd3ca
12

𝜕4Z
𝜕x4 + μ̃o 𝜕2Z

𝜕t2 = 0 (B1)

with μ̃o = dca3/ρs. Since the vibration frequencies of the bare cantilever and
film/cantilever are given by ω0

2 = CẼs (dca3/12) /μ̃o and ω2 = CẼsf,s (dca3/12) /μ̃
respectively, if we consider the expansion ω2 ≈ ω2

o + 2ωoΔωo (assuming Δωo ≪
ω)
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B. Calculation of total frequency shift

Δωo
ωo

= 1
2 (

μ̃o
μ̃
Ẽsf,r

Ẽs
− 1

)
(B2)

Moreover, if we consider Eqs. (8.7) and B2, the total frequency shi Δωo
ωo

due to
the overlayer film and surface roughness is given by

Δωtot
ωo

= (
Δωo
ωo ) + (

ω
ωo)

Δω
ω (B3)

Finally, substitution from Eqs. B2 and (8.11) yields also the analytic form

Δωtot
ωo

= 1
2 (

ρs
ρs + nρf

Ẽsf,r

Ẽs
− 1

)
+ (

ω
ωo)

2μs + λs
Ẽsf,s

6
dca(n + 1

2)
2

⎧⎪
⎪
⎨
⎪
⎪⎩

[1 − νf
1−νf (

w
ξ )

2

{
aπ

(1−H) [(1 + Qc
2ξ2)1−H − 1] − 1}]

2

[1 + (
w
ξ )

2

{
aπ

(1−H) [(1 + Qc
2ξ2)1−H − 1] − 1}]

3/2 − 1

⎫⎪
⎪
⎬
⎪
⎪⎭

(B4)
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Chapter 9

Influence of random roughness on cantilever

curvature sensitivity

Abstract. In this work we explore the influence of random surface roughness on the
cantilever sensitivity to respond to curvature changes induced by changes in surface stress.
e roughness is characterized by the out-of-plane roughness amplitude w, the lateral cor-
relation length ξ, and the roughness or Hurst exponent H (0 < H < 1). e cantilever
sensitivity is found to decrease with increasing roughness (decreasing H and/or increasing
ratio w/ξ) or equivalently increasing local surface slope. Finally, analytic expressions of the
cantilever sensitivity as a function of the parameters w, ξ, and H are derived in order to
allow direct implementation in sensing systems.

9.1 Introduction

Microelectromechanical/Nanoelectromechanical systems (MEMS/NEMS) are
important devices that combine in many cases the advantages of mechani-
cal systems with the speed and large scale integration of silicon based micro-
electronics. As a result a large number of groups are experimenting on vari-
ous aspects to understand fully the properties and potential of MEMS/NEMS.
[14, 20, 30–32, 34, 35, 37, 72, 97, 115] As a matter of fact, micromechanical can-
tilevers allowmass resolution down to femtograms in air environment. [11]e
sensitivity is determined by the effective vibratory mass of the resonator (de-
termined by geometry, configuration, and material properties of the resonant
structure), and the stability of the device resonance frequency. [35]

Complete understanding of cantilever bending is crucial for ultrasensitive
applications including bending experiments to monitor the evolution of mate-

Published as Influence of random roughness on cantilever curvature sensitivity in O. Ergincan, G. Palasantzas* and B.J.
Kooi, App. Phys. Lett. 96, 041912 (2010)
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rial properties, monitoring the surface stress during bending, adsorption stud-
ies, self-assembly, thin film deposition, and molecular-recognition based on-
chip biomedical sensing devices. [13, 15, 70, 105, 106, 116–120] Such experi-
ments exploit Stoney’s equation, which assumes planar geometry, to relate the
cantilever bending to the magnitude of the surface stress (f ) change Δf. [101]
However, the surfaces of real cantilevers (and in more general material systems;
even for themost thoroughly polished surfaces) have random surface roughness
on different lateral length scales.

Recently, it was shown that the response of the curvature of cantilevers to
changes in their surface stress depends significantly on the surface morphol-
ogy. [101] is dependence was attributed to the transverse coupling between
the out-of-plane and in-plane components of the surface-induced stress. More-
over, roughness corrections were introduced, which are highly important for
experiments measuring the surface stress on nominally planar surfaces. [101]
However, calculations of the roughness effects on the cantilever sensitivity as a
function of characteristic parameters of random rough surfaces are still missing.
is will be the topic of the present letter.

9.2 Theory

Initially, we will present the theory of cantilever bending including the gen-
eral roughness corrections from Ref. [101] , and aerwards we will implement
specifics of random self-affine roughness. It has been shown that the in-plane
stress T in a surface layer, which is required to undo the additional in-plane
strain components induced by the stress at equilibrium in the layer (if it was
detached from the substrate and allowed to strain freely under the influence of
the surface stress) while allowing for free relaxation along the normal is given
by [101]

T = 1
hL

Arough

A (s∥ − υL
1 − υL s⊥) , (9.1)
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with hL the mean thickness of a layer deposited on one side of the cantilever
surface (inset Fig. 9.1) andhaving a rough surfacewith areaArough, and a Poisson
ratio υL. We assume an isotropic and continuously differentiable rough profile
h(r)with r=(x, r) the in-plane position vector [ hL =< h(r) >with ⟨… ⟩ denoting
an ensemble average]. e stress components s∥ and s⊥ are respectively the in-
plane and out-of- plane stress components. ey are given respectively by [101]

Figure 9.1 | Cantilever sensitivity T/T0 as a function of local surface slope ρrms with a varying corre-
lation lengths 10nm ≤ ξ ≤ 500nm, w= 1nm, H=0.5, and two different Poisson ratios υL=0.18 (cor-
responding to υL=0.18 (corresponding to Si(111) and υL = 0.28 (corresponding to Si(100)). The inset
shows a random rough surface of an overlayer on a cantilever surface, θ is the inclination angle be-
tween the normal vectors n and n̂.

s∥ = ( A
Arough

) ⟨
f(3 + cos 2θ)

4 cos θ ⟩ (9.2)

and

s⊥ = ( A
Arough

) ⟨
f(sin2 θ)
cos θ ⟩ (9.3)

f is the position dependent scalar surface stress. e angle θ (inset, Fig. 9.1)
is defined as tan θ = |∇h| and A is the average flat surface area. Substitution in
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Eq. (9.1) yields for the stress T

T = 1
2hL ⟨f [

1 + υL
1 − υL cos θ + 1 − 3υL

1 − υL sec θ]⟩ (9.4)

Forweak roughness (tan θ = ∇h ≪ 1 and hL ≫ wwithw=√⟨(h − hL)2⟩ the rms
roughness amplitude), s∥ is only weakly affected by surface roughness, while the
dominant effect arises from the out-of-plane stress component s⊥. Local values
of f and θ will be correlated due to dependence of the surface properties on the
surface crystallographic orientation. [121]

Furthermore, if we assume a Gaussian height distribution of the height pro-
file (which is reasonable in many cases of deposited overlayers and depending
on the growth mode), [78,79,79,109,110] the rough surface area in Eq. (9.1) is
given by [78]

Arou
A = ∫

+∞

0
du(√1 + ρ2rmsu) e−u (9.5)

with ρrms =< (∇h)2 >1/2 the rms local surface slope. Qc = π/ao with ao is
minimum lower roughness cut off of the order of atomic dimensions. e latter
in terms of Fourier transform analysis is given by

ρrms = (∫
Qc

o
q2 ⟨|h (q)|2⟩ d2q)1/2 (9.6)

and ⟨|h(q)|2⟩ the power roughness spectrum. [79] Qc = π/a0 is the integration
limit with a0 the minimum lower roughness cut-off of the order atomic dimen-
sions. For weak roughness (ρrms << 1) we obtain Arou/A ≈ 1+ (ρ2rms/2) = 1+ <
θ2 > /2 since ρrms ≈ √< θ2 > (ρrms = √1 + |∇h|2 = √1 + tan2θ). Note that
the first order perturbative expansion for the surface area ratio Arou/A is also
independent of the assumption of Gaussian height distribution.

A wide variety of surfaces exhibit the so called self-affine roughness which is
characterized besides the rms roughness amplitude w by the lateral correlation
length ξ (indicating the average lateral feature size), and the roughness exponent
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0<H<1. Small values of H ∼ 0 corresponds to jagged surfaces, while large
values ofH ∼ 1 to a smooth hill valley morphology. [79,109,110] For self-affine
roughness, the power spectrum obeys the scaling behavior ⟨|h(q)|2⟩ ∝ q−2−2H

if qξ ≫ 1 and ⟨|h(q)|2⟩; ∝ const. if qξ ≪ 1. [79, 110] is scaling is satisfied by
the analytic model [79]

⟨|h(q)|2⟩ = aw2ξ2

(1 + q2ξ2)1+H . (9.7)

e parameter “a” in Eq. (9.7) is obtained by the normalization condition
∫0<q<Qc

q2 ⟨|h (q)|2⟩ d2q = w2 yielding a = (H/π)/[1 − (1 + Q2
cξ2)−H]. [79] is

is equivalent to the fact that the height-height correlation

C(r⃗) =< h(r⃗)h(0⃗) >= ∫ < |h(q)|2 > e−iq⃗⋅r⃗d2q (9.8)

obeys the condition C(r⃗ = 0⃗) = w2. Furthermore, we obtain for the local slope
ρrms the analytic expression

ρrms = w
ξ {

aπ
(1 − H) [(1 + Q2

cξ2)1−H − 1] − 1}
1/2

. (9.9)

Analytic expressions in the limiting cases H=0 and 1 can be obtained us-
ing the identity ln(x) = limc→0(1/B)(xB − 1). erefore, we obtain ρrms|H=1 =
(w/ξ) {a ln(1 + Q2

cξ2) − 1}1/2 with aH=1 = (1/π)[1 + (Qcξ)−2], and ρrms|H=0 =
(w/ξ) × {aπ(Qcξ)2 − 1}1/2 with aH=0 = 1/[πln((Q2

cξ2)].
For weak roughness (ρrms ≈ √⟨θ2⟩ ≪ 1) by considering the Taylor expan-

sions cos x ≅ 1 − x2/2 + ...and sec x ≅ 1 + x2/2 + ..., Eq. (9.4) yields aer series
expansion the simpler form [105] T ≅ (⟨f⟩S /hL) (1 − υL/(1 − υL)ρ2rms) where
substitution of Eq. (9.9) gives the analytic form for the cantilever sensitivity
T/T0

T
T0

≅ [1 − υL
(1 − υL) (

w
ξ )

2

{
aπ

(1 − H) [(1 + Q2
cξ2)1−H − 1] − 1}] (9.10)

with T0 = ⟨f⟩S /hL representing the effective stress for a planar surface with the
same surface stress as the rough one.
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Figure 9.2 | Cantilever sensitivity T/T0 as a function of long wavelength roughness ratio w/ξ for w =
1nm and H=0.5, and two different Poisson ratios υL = 0.18 (corresponding to Si(111) and υL = 0.28
(corresponding to Si(100)).

Figure 9.1 shows the cantilever sensitivity T/T0 for as a function of the lo-
cal slope ρrms. In fact, Eq. (9.10) defines a limiting value of the local slope ρrms

for which T=0 yielding ρrms|max = √(1 − υL)/υL. For Poisson ratios υL = 0.18
[Si(111)] [122] and υL = 0.28 [Si(100)] [122] we obtain respectively ρrms/max =
2.13 and 1.6. For a metallic overlayer as gold (widely used to coat cantilevers)
with υL = 0.44 [122] we obtain ρrms/max = 1.12. ese are relatively significant val-
ues for ρrms and the perturbative expansion of Eq. (9.10) is valid only for local
slopes ρrms < 1. It is clear [e.g., from Fig. 9.3 and Eq. (9.10) ] that the local sur-
face slope influence is minimized with decreasing Poisson’s ratio. e cantilever
sensitivity can decrease significantly with changing crystallographic structures
corresponding to different Poisson’s ratios and the effect becomes more pro-
nounced when the local slope increases or equivalently the surface roughness
increases.

In order to obtain a direct feeling of the influence of the characteristic rough-
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ness parameters (w, ξ, H), we present in Fig. 9.2 the cantilever sensitivity T/T0

as a function of the long wavelength roughness ratio w/ξ for various roughness
exponentsH. e inset shows simultaneously the corresponding local slopes to
ensure that our calculations are performed for ρrms < 1 and thus to ensure va-
lidity of the present formalism. It is clear that for lower roughness exponents
H and/or larger roughness ratios w/ξ the cantilever sensitivity decreases rather
drastically. A similar behavior is depicted in Fig. 9.3 where the cantilever sen-
sitivity is depicted as a function of w/ξ for two different Poisson’s ratios υL. e
inset, showing a typical gold rough surface deposited onto Si with H=0.9, w=
7 nm, and ξ = 30 nm yieldingw /ξ = 0.23, indicates that the random surface pa-
rameters used in this study are oen met in experimental coatings depending
on the material and the preparation conditions.

9.3 Conclusions

Random surface roughness influences the cantilever sensitivity T/T0 to respond
to the changes in the associated surface stress when the cantilever sensor is used
with a sensing layer on top.

In more detail the cantilever sensitivity T/T0 is found to decrease with in-
creasing local surface slope or equivalently increasing surface roughness (de-
creasing H and/or increasing ratio w / ξ).Even weak local surface slopes are
shown to have a significant effect on the cantilever sensitivity T/T0. Finally,
the analytic expressions derived for the cantilever sensitivity T/T0 as a function
of characteristic roughness parameters allow direct implementation in sensing
systems if measurements of the characteristic roughness parameters of can-
tilever surfaces are performed and the corresponding roughness correction is
taken into account for the surface stress T. is is desirable since cantilever
bending studies are a major source for current experimental data of surface
stress T.
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Figure 9.3 | Cantilever sensitivity T/T0 as a function of long wavelength roughness ratio w/ξ for w =
1nm, different roughness exponents H, and Poisson ratio υL = 0.18 (corresponding to Si(111). The
inset shows a typical gold rough surface deposited onto Si with H = 0.9, w = 7nm, and ξ = 30nm
yielding w / ξ = 0.23.
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Summary

e past 30 years microelectromechanical systems have been thriving in a
vast area of usage from automotive to microscopy. In the most general form,
MEMS/NEMS consist of mechanical microstructures, microsensors, microac-
tuators/transducers, and microelectronics, all integrated onto the same silicon
chip. A sensor responds to physical stimuli such as pressure, heat, light or
motion, and generates an electric signal for detection while an actuator con-
verts an electric signal to motion. e mechanical resonator plays a central
role in MEMS or NEMS devices. Examples of mechanical resonator sensors
used in MEMS and NEMS are cantilevers, double clamped beams, quartz crys-
tal tuning forks, and microdisk resonators. MEMS with their batch fabrication
techniques enable components and devices to be manufactured with increased
performance and reliability, combined with the obvious advantages of reduced
physical size, volume, weight and cost. However, there are many challenges
and technological obstacles associated with miniaturization that need to be ad-
dressed and overcome before MEMS/NEMS can realize its overwhelming po-
tential.

In this thesis work we investigated the surface structure influence on en-
ergy dissipation in the cantilever type microresonators which are clamped on
one side and free on the other. A cantilever with kinetic energy will experience
damping and thereby dissipation of its kinetic energy. e performance of ami-
croresonator is characterized by its resonance frequency, and/or quality factor
(Q-factor). e latter is associated with damping and energy dissipation, which
measures the ratio of the stored energy Estor to the dissipated energy Edis (within
an oscillation cycle) Q-factor = 2πEstor

Edis
. e larger the value ofQ, the higher the

sensitivity of the resonance system is to external perturbations. eQ factor de-
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termines also the level of fluctuations that degrades the spectral purity of a res-
onance (linewidth broadening), and determines the minimum intrinsic power
at which the device must operate. Energy dissipation occurs through several
mechanisms that are either intrinsic or extrinsic to the cantilever. Q-factor can
be estimated by the inverse of the sum of intrinsic and extrinsic energy dissipa-
tion mechanisms.

e complexity of distinguishing the surface structure influence on energy
dissipation comes from the fact that surfaces of micro/nano resonators are di-
rectly related to various internal loss mechanisms (e.g. clamping losses, sur-
face defects) as much as to the various external loss mechanisms (e.g. hydro-
dynamic loading, heat exchange). To start with, at ambient conditions, when
the external disturbances are the dominating factor in energy dissipation for
a microresonator; To understand, solely, the influence of surface structure in
the total energy dissipation is a non-trivial problem, indeed. For this reason,
the experiments in pursuit of understanding the influence of surface related
energy dissipation are conducted in a controlled vacuum environment. e
noise responses of the samples with various surface structures and within dif-
ferent regimes of gas rarefaction regimes in vacuum (< 10−5 to < 103 mbar)
were investigated. e rarefaction regimes consists of 4 main regimes termed
as intrinsic(Kn > 10, molecular(Kn ≫ 1), transition(Kn ∼ 1), and contin-
uum (viscous)(Kn ≪ 1) regimes. For each regime, the change in the nature of
the effective energy dissipation mechanism permits research of different phe-
nomenon by the altered properties of the cantilevers.

e two conducted experiments, in this thesis, which explored the surface
structure influence on the Q-factor in the intrinsic regime had a similar ap-
proach using two distinctive cantilever sets. emodification of the surfaces of
the cantilevers were achieved by utilizing accelerated Ga+ ions. e duration
of Ga+ ion exposure onto the surface of the cantilevers were the same for each
cantilever in the that experiment. Furthermore, the topographies of the sample
surfaces were confirmed and analysed before and aermodification by anAFM.
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e first experiment was conducted on a trapezoidal, non-coated silicon can-
tilever without tip. e Q-factor and frequency measurements for each sample
were acquired before and aer the surface modification of the samples. Af-
ter analysis, surface structure related differences were observed in the Q-factor
and frequency responses of the cantilevers with modified surfaces in compar-
ison with the cantilevers before modification, in the intrinsic regime. e cal-
culations revealed that clamping losses are the major cause of energy dissipa-
tion for these particularmicroresonators. Furthermore, the results also demon-
strated the possibility of surface related energy dissipation being influenced by
the anisotropy of the grooves on surface structure. A similar approach is fol-
lowed for the second experiment to broaden the range of understanding for the
effect of anisotropy of the surface structure on the energy dissipation. However
this time, rectangular, top side 50 nm thick gold coated microresonator with
different lengths (∼130 and ∼90 µm) were used. e top surfaces of the res-
onators were etched in different directions using FIB, upto the bulk silicon part
of the cantilever. e Ga+ ion exposure time of the gold coated resonator was
diminished 30 times as gold is easily etched comparing to silicon which also
diminished the possibility of introducing FIB related defects (e.g., ion implan-
tation, re-deposition). e results were investigated for a wide range of vacuum
(< 10−5 to < 103 mbar). e quality factors could be increased even up to 50 %,
and was shown to be dependent on the type of surface pattern for vacuum oper-
ations. In the molecular regime the quality factor decays with increasing pres-
sure P as Q∼1/P, however the Q vs. P results of this study shows that the scaling
can also changewithin themolecular regime due to surfacemodification related
energy dissipation mechanisms. Although in the continuum regime, compar-
ing modified and non-modified cantilevers, it became clear that Q-factor be-
comes less sensitive to surface modifications.

e influence of surface geometry in the continuum regime for various types
of cantilevers were also investigated. eQ-factors and frequencies vs. pressure
of FIB modified resonators with different geometries were compared. e re-
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sults of this study showed that, for the larger surface area resonators the energy
dissipation in the molecular regime was also larger. Furthermore we have in-
vestigated the frequency response of the resonators in the continuum regime
which have given very accurate values for the effective surface area comparing
with the analytically calculated values.

Additionally, the effect of hydrodynamic loading to the Q-factor and the
frequency shi in the continuum regime was explored. As a result a non-
destructive method of spring constant (k) calibration using a dimensionless hy-
drodynamic function which is valid also for the resonators with modified sur-
faces was shown.
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Samenvatting

Micro-elektromechanische systemen (MEMS) zijn de afgelopen 30 jaar
veelvuldig gebruikt in veel verschillende toepassingen, variërend van de auto-
industrie totmicroscopie. In demeest algemene vormbestaanMEMS enNEMS
uit mechanische microstructuren, microsensoren, microactuatoren en micro-
elektronica, allen geïntegreerd op één silicium chip. Een sensor reageert op
fysische stimuli zoals druk, temperatuur, licht of beweging, en genereert een
elektrisch signaal voor detectie terwijl een actuator een elektrisch signaal in
beweging omzet. Mechanische resonatoren spelen een centrale rol in MEMS
en NEMS apparaten. Voorbeelden van sensoren in MEMS en NEMS appa-
raten gebaseerd op mechanische resonatoren zijn bladveren, dubbel geklemde
balken, quartzkristalstemvorken en microdisk resonatoren. MEMS maken het
door hun batchproductieprocessen mogelijk om componenten en apparaten te
fabriceren met verbeterde prestaties en betrouwbaarheid, en gereduceerde om-
vang, volume, gewicht en kosten. Voordatwe echter de volledigemogelijkheden
van NEMS en MEMS tot onze beschikking hebben zijn er nog veel technolo-
gische hindernissen die genomen moeten worden.

In dit proefschri hebben we de invloed van de oppervlaktestructuur op
de energiedissipatie onderzocht voor microresonatoren in de vorm van een
buigveer die aan één kant is verankerd en aan de andere kant vrij kan bewe-
gen. Een buigveer met kinetische energie zal demping ondervinden en hier-
bij kinetische energie kwijt raken. De prestaties van een microresonator wor-
den gekarakteriseerd door de resonantiefrequentie en/of kwaliteitsfactor (Q-
factor). De laatstgenoemde wordt geassocieerd met demping en energiedissi-
patie, enmeet de verhouding tussen de opgeslagen energieEstor en gedissipeerde
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energie Edis (in één oscillatie cyclus) Q-factor = 2πEstor
Edis

. Hoe groter de waarde
van Q, hoe hoger de gevoeligheid van het resonerende systeem voor externe
verstoringen. De Q-factor bepaalt ook het niveau van fluctuaties die de spec-
trale zuiverheid van een resonantie verminderen (lijnbreedte verbreding), en
bepaalt het minimum intrinsieke vermogen dat een apparaat nodig hee om
te werken. Energiedissipatie vindt plaats door enkele mechanismen welke in-
trinsiek of extrinsiek zijn voor een buigveer. De Q-factor kan afgeschat worden
door de inverse van de som van bijdragen door de intrinsieke en extrinsieke
energiedissipatiemechanismen.

De moeilijkheid in het bepalen van de invloed van de oppervlaktestruc-
tuur op de energiedissipatie komt voort uit het feit dat het oppervlakte voor
micro- en nanoresonatoren direct gerelateerd is aan verschillende interne ver-
liesmechanismen (zoals klemverliezen en oppervlaktedefecten) alsook aan ver-
schillende externe verliesmechanismen (zoals hydrodynamische belasting en
warmtetransport). Onder, bijvoorbeeld, omgevingscondities zijn de externe
verstoringen de dominante factor voor energiedissipatie in microresonatoren.
Om enkel de invloeden van de oppervlaktestructuur te begrijpen in het totaal
van energieverliezen is een niet-triviale kwestie. Daarom zijn de experimenten
die nodig zijn om deze invloeden te bepalen, gedaan in een gecontroleerde vac-
uümomgeving. De ruiseigenschappen van buigveren met verschillende opper-
vlaktestructuren zijn onderzocht voor verschillende vacuümregimes (< 10−5

tot < 103 mbar). De vacuümregimes bestaan uit vier hoofdregimes: intrin-
siek (Kn > 10), moleculair (Kn ≫ 1), transitie (Kn ∼ 1) en continu (viskeus)
(Kn ≪ 1). Doordat bij de verschillende regimes de oorsprong van de effectieve
energiedissipatie verandert, veranderen ook de eigenschappen van de buigv-
eren en kunnen verschillende fenomenen onderzocht worden.

Twee experimenten beschreven in dit proefschri, welke de invloed van de
oppervlaktestructuur op de Q-factor in het intrinsieke regime onderzochten,
hadden een soortgelijke benadering maar maakte gebruik van twee duideli-
jke verschillende buigverensets. De oppervlaktemodificaties van de microres-
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onatoren werden bewerkstelligdmet behulp van versnelde Ga+-ionen. De duur
van de blootstelling van de oppervlakken aan Ga+-ionen was voor beide sets
gelijk. Bovendien, werd de topografie van de samples geanalyseerd en beves-
tigdmet behulp van atoomkrachtmicroscopie, zowel voor als na demodificatie.
Het eerste experiment werd gedaan met een trapezoïdische, niet-bedekte sili-
cium buigveer zonder tip. De Q-factor en frequentiemetingen werden voor elk
sample gemeten, zowel voor als na de oppervlaktemodificatie van de samples.
Na analyse werden veranderingen in Q-factor en frequentierespons gevonden
ten opzichte van niet-gemodificeerde buigveren. Deze veranderingen wor-
den toegeschreven aan de wijziging in oppervlaktestructuur. Met behulp van
berekeningen is aangetoond dat klemverliezen de grootste bron van energiedis-
sipatie zijn voor de gebruikte microresonatoren. Bovendien tonen de resultaten
ook dat de oppervlaktegerelateerde energieverliezen beïnvloed kunnen worden
door anisotropie veroorzaakt door de groeven in het oppervlak. Een soortgeli-
jke aanpak is ook gebruikt voor het tweede experiment waar we de invloed van
anisotropie van het oppervlakte op de energiedissipatie onderzoeken. Echter,
hierbij werden rechthoekige silicium buigveren gebruikt, bedektmet een 50 nm
dikke goudlaag op de bovenzijde, van verschillende lengtes (∼130 en ∼90 µm).
De bovenzijde van de resonatorenwerden geëtst in verschillende richtingenmet
behulp van een FIB tot op het siliciumbulkmateriaal. De tijdwaarin de buigveer
werd blootgesteld aan deGa+ werdmet 30 keer verminderd omdat goudmakke-
lijker te etsen is dan silicium. Hierdoor wordt ook de kans op FIB-gerelateerde
defecten (zoals ionenimplantatie en her-depositie) verminderd. De resultaten
werden onderzocht voor een groot bereik in vacuüm (< 10−5 tot < 103 mbar).
De kwaliteitsfactor kon verhoogd worden tot 50 %, en er is aangetoond dat
deze in vacuümoperaties aankelijk is van het type oppervlaktepatroon. In
het moleculaire regime neemt de kwaliteitsfactor af met toenemende druk P
omdat Q∼1/P, maar de Q tegen P resultaten in dit onderzoek tonen dat de
verandering van de kwaliteitsfactor kan veranderen in het moleculaire regime
door energiedissipaties gerelateerd aan oppervlakte modificaties. Door gemod-
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ificeerde en niet-gemodificeerde buigverenmet elkaar te vergelijken in het con-
tinue regime werd het duidelijk dat de Q-factor in dit regime minder gevoelig
wordt voor oppervlaktemodificaties. De invloed van oppervlaktegeometrie in
het continue regime voor verschillende typen buigveren is ook onderzocht. De
Q-factor en frequentie als functie van druk voor resonatoren, aangepast met
FIB, zijn ook vergeleken voor verschillende geometrieën. De resultaten tonen
ons dat voor resonatoren met een grotere oppervlakte, de energiedissipatie in
het moleculaire regime ook groter is. We hebben ook de frequentierespons van
resonatoren in het continue regime onderzocht waarmee zeer accurate waar-
den voor de effectieve oppervlakte, in vergelijking met de analytische waarden,
verkregen konden worden.

Ten slotte is het effect van hydrodynamische belasting op de Q-factor en de
frequentieverschuiving in het continue regime onderzocht. Hier is een non-
destructieve methode uit voortgekomen om de veerconstante k van buigveren
met een aangepast oppervlak te kalibreren met behulp van een dimensieloze
hydrodynamische functie.
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