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THESIS PRESENTATION

This PhD thesis has been mainly realized at the ‘Centro Nacional de Microelectrénica’ —
‘Instituto de Microelectrénica de Barcelona’ (CNM-IMB), that is part of the ‘Consejo Superior de
Investigaciones Cientificas’ (CSIC) (Spanish National Research Council), and directed there by Dr.
Francesc Pérez-Murano. It has also been partly carried out at INSA Lyon, at the ‘Institut de
Nanotechnologie de Lyon’ laboratory (INL), that is part of the ‘Centre National de la Recherche
Scientifique’ (CNRS) (French National Research Center), and directed there by Pr. Georges
Brémond.

This work must be placed in a context of rapid and growing expansion of the interest for the
so-called ‘nanotechnologies’. This denomination actually covers an extremely wide range of
applications which are related to very different scientific disciplines, like physics, chemistry,
microelectronics, biology and biochemistry, materials science in general, etc...

Besides other research topics, like nano-materials (that find applications from metallurgy to
medicine), the field of nanosensors is also extremely attractive because ultra-miniaturized sensing
devices feature very high sensitivities to many different signal domains, like pressure,
temperature, mass, mechanical stress, chemical adsorption, etc... Within this field, the scope of
this thesis is related to resonant nanomechanical devices applied as ultra-sensitive mass sensors. A
smart nanosystem has been developed based on a monolithic integration of a mechanical
resonating device with CMOS.

At the beginning, this work partially relied on the previous experience of CNM acquired
during its participation to the NANOMASS! project in which a similar approach was followed except
for two major differences: a different interfacing CMOS circuit for the readout of the resonance

! Project funded by the European Commission within the FP5 (5% Framework Program), contract ne IST-
1999-14053
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signal and alternative nanolithography methods to define the nanodevices have been employed. In
the NANOMASS project, the functionality of first prototypes was demonstrated. However, in the
present work, the fabrication process has been improved in order to drastically increase the yield
and a much better functionality of the devices has been demonstrated.

The work of this thesis has been carried out in the frame of the NaPa? project, whose
objective is to develop emerging nanopatterning techniques which could be transferred to
industry in short/medium terms. A complementary objective has been to promote possible
applications, i.e. innovative nanodevices, using those techniques. Hence, the main goals of this
thesis have been the simultaneous developments of (i) CMOS integrated nano (and micro)
electromechanical systems (N-MEMS), and of (ii) an entire N-MEMS processing technology based
on an advanced nanolithography technique named ‘nanostencil’, in order to fabricate monolithic
systems with high yield and throughput.

This thesis features three well-distinct aspects: (i) the design of a nanodevice, (ii) its
fabrication using nanofabrication techniques and (iii) its operation for sensing applications.

Concretely, it has consisted first in modeling and designing nano/micromechanical
resonators, then the advantages and the feasibility of a monolithic integration on CMOS have
been studied. Indeed, CMOS-NEMS are attractive systems which combine unprecedented sensing
(and actuating) attributes originated by the mechanical part with the possibility of detecting the
sensing signal in enhanced conditions (reducing parasitic loads) through the on-chip circuitry that
can complementarily amplify and condition it.

These devices have been subsequently fabricated at full-wafer scale combining a standard
CMOS technology with emerging nanolithography techniques, in particular with nanostencil
lithography (nSL) whose practical implementation and patterning resolution have been optimized
through a collaboration with EPFL (Ecole Polytechnique Fédérale de Lausanne, Switzerland) in
the frame of the NaPa project.

Then, the successful operation of the system has been demonstrated by characterizing
precisely the frequency response of the micro/nanomechanical structure whose output signal is
obtained under the form of an alternate electrical signal detected and amplified through a new
specifically designed CMOS readout circuitry. Finally, this CMOS-NEMS resonator has been
implemented as an ultra-sensitive mass sensor in four distinct experiments oriented to either
scientific or technical purposes.

This PhD dissertation is structured in six chapters. Chapter 1 introduces the field of MEMS
and their further evolution towards NEMS. With regard to this matter, an overview of modern
nanopatterning techniques is given. Then, a survey of existing nano/micromechanical resonators is
presented in terms of specific attributes and physical features: a special focus is given on the
specific application of these resonating nano/micromechanical resonant structures as ultra-
sensitive mass sensors.

? “Emerging Nanopatterning methods” project funded by the European Commission within FP6 (6%
Framework Program), 31 (academic and industrial) partners from 14 countries (contract NMP4-CT-2003-
500120)
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In chapter 2, three types of nano/micromechanical resonators are analytically modeled in
order to predict their mechanical frequency response. With the aim of electrically actuating and
detecting the nanodevices, a capacitive detection scheme is adopted and an electromechanical
model is followed to calculate their electrical response when mechanically resonating.

With regard to this matter, a specific low-power CMOS readout circuit has been designed.
Its specifications have been defined according to theoretical predictions of resonance signal levels.
Chapter 3 describes its topology and its operation principle. Its intrinsic behavior as well as its
behavior when coupled to the electromechanically modeled nano/micromechanical resonator are
fully analyzed based on simulations results.

Nevertheless, the practical realization of such CMOS integrated devices is challenging. In
terms of fabrication, a full-wafer cost-effective integration of NEMS on CMOS still had to be
demonstrated at this time. Because of this, a collaboration with EPFL (Ecole Polytechnique
Fédérale de Lausanne) was undertaken to further develop nanostencil lithography with the aim of
integrating at full-wafer scale mesoscopic (nano and micro) structures on pre-fabricated CMOS
circuitry. Chapter 4 describes the main initial issues that were identified and then solved. The
successfully developed post-processing technology leading to the full-wafer integration of NEMS
on CMOS in one single nSL step will be entirely detailed. In parallel, a second approach based on
electron beam lithography with the aim to fabricate rapidly new prototypes of nanodevices on
CMOS is also presented.

The complete characterization in air and vacuum of the obtained CMOS-NEMS is detailed
in chapter 5. The main features of the frequency response, the experimental signal levels and the
effect of the driving voltage on the mechanical frequency response are discussed.

Finally, chapter 6 focuses on the implementation of these CMOS-NEMS as ultra-sensitive
mass sensors. This is currently one of the most explored applications of NEMS since
nano/micromechanical resonators offer outstanding advantages in terms of sensitivity and
integration compared to widely used quartz-crystal microbalances (QCM). Due to their small size,
NEMS resonators inherently offer high mass sensing attributes together with a spatial resolution.

Four different experiments that have been designed and carried out are described in this
chapter: (i) monitoring the evaporation of droplets to analyze wetting mechanisms at the
femtoliter scale, (ii) a novel device is presented and tested that allows making reliable mass
measurements in ambient conditions by directly providing the measurement uncertainty, (iii)
monitoring in-situ the deposition of ultra-thin gold layers (sub-monolayer coverage). (iv) the very
high areal mass sensitivity featured by the CMOS-NEMS has led us to implement it as a
positioning sensor in a quasi-dynamic stencil lithography system, that is presently under
development jointly with EPFL.

At the end, an annex section provides additional information: summaries in Catalan,
Spanish, French and German, as well as technical data and schematics. Finally, a list of
publications related to this thesis is presented.
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In the late 1970s, the semiconductor microelectronics industry gave rise to a new branch of
science and technology referred to as microtechnology. Benefiting from the know-how in terms of
materials and miniaturization processes acquired through the fabrication of silicon integrated
circuits (IC), diverse types of mechanical devices with dimensions in the deep submillimeter
range, typically 100 microns (um) or below, could be fabricated from then on.

In fact, for more than one hundred years already, the watchmaking industry mastered the
fabrication of miniature mechanical pieces but the more recent booming of microtechnology
comes from the coincidence that the silicon material used in IC also has outstanding mechanical
properties [1], in particular a high Young modulus (around 160 GPa) and a wide and very linear
elastic range. In parallel, the possibility to manufacture it under crystalline or polycrystalline
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forms results in low dissipation layers. Another advantage comes from the fact that its processing
is very well known and cost effective.

The outstanding electrical and mechanical properties of silicon allow designing smart mixed
electro-mechanical monolithic components which involve on one hand a silicon micromechanical
element for sensing (or actuating) purposes, and on another a microelectronics complementary-
metal-oxide-semiconductor (CMOS) circuitry to control it.

Applicable to a broad range of sensing and actuating purposes, devices known as
microelectromechanical systems (MEMS) provide enhanced sensitivity and resolution owing
basically to their reduced size. Physically, they also access new interesting mechanisms that
cannot be observed at macroscopic scales.

MEMS fabrication technology offers the possibility of very large scale integration (VLSI) of
ultra-compact devices in a batch fabrication process. For this reason, a growing number of
companies are already selling different types of MEMS-based products for clients coming from the
automotive industry (the most famous is the accelerometer used in car airbags) until the
biomedical sector (electronic blood pressure equipment, for instance).

Throughout the 80s and the 90s, MEMS have progressively been scaled down but not as fast
as the Moore’s law that guides the constant diminution of transistors size in IC. The obtained
advantages when scaling down a mechanical element in the micron range and below are maybe
not as straightforward as when a transistor is scaled down whereby faster and more complex
functions per unit space are yielded. There is also maybe a cost reason as the MEMS market is not
yet as profitable as the IC market although it also requires heavy investments in research and
development.

However, jointly with the birth of the so-called ‘nanotechnology’ in the late 90s and the
advances provided by novel deep-submicron CMOS processes, MEMS technology has recently
derived towards a further miniaturization, under the form of so-called ‘nanoelectromechanical
systems’ (NEMS). Indeed, a reduction of dimensions towards nanometer scale does not only
represent a further and natural improvement: this leads not only to extremely high sensitivities
and very high natural resonance frequencies but also new physical effects can be explored by the
fact of getting closer to the atomic scale.

This global trend has created new needs in terms of lithography, and new versatile
techniques are now required to scale down devices and thereby to reach nanometer resolution.
Definitely, a certain number of nanopatterning techniques are already available like deep-ultra-
violet lithography (DUV), immersion lithography (IL) or electron-beam lithography (eBL). The
first two techniques represent a huge investment cost only affordable for large microelectronics
foundries but prohibited de facto to research laboratories interested in the design of nanodevices.
On the contrary, the use of eBL has democratized in the last few years as its use has spread among
research laboratories. Its inherent low throughput arising from the serial operation does not
constitute a limitation for research purposes but it does for industrial applications. Cheaper,
parallel and ‘clean’ (resistless if possible) nanopatterning techniques are nowadays highly needed.

With regard to these matters, a short review of existing MEMS is going to be presented.
Then, some interesting and specific features of NEMS considering them as further evolution of
MEMS will be described. To fabricate NEMS, modern nanopatterning techniques are required:
they will be briefly introduced. Finally, a short survey of existing nano/micromechanical
resonators will be exposed insisting on the application as ultra-sensitive mass sensors.
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I.1. MEMS overview

Microelectromechanical devices (or systems, i.e. MEMS) are miniaturized structures that are
mechanically stimulated by an input electromechanical transducer. The mechanical response
under the form or static or dynamic motion is then translated back into an output electrical signal
through another application-specific electromechanical transducer.

Very diverse actuation and detection schemes of the mechanical motion exist. Interestingly,
the mechanical element, depending on its shape and mode of operation, can be applied to versatile
sensing purposes. Pressure, temperature, angular rate and all types of chemical sensors as well as
accelerometers, gas chromatographs and radio-frequency (RF) MEMS have been developed. In
nature, MEMS science and technology are multi-disciplinary and require know-how in electronics
and mechanical engineering as well as in material science, eventually in chemistry and theoretical
physics.

The materials constituting MEMS, the mechanical part and its electrical connections, are
generally the ones utilized in the microelectronics industry: silicon (single or- polycrystal), silicon
compounds like silicon oxide (SiOz2), silicon nitride (SisNs) and eventually silicon carbide (SiC), III-
V materials like GaAs, and metals like copper or aluminum.

The interest of scaling down mechanical devices can be understood considering the
transformation of very general magnitudes affected by a scaling factor K, defined as
K=transformed dimension (miniaturized) / reference dimension (macro) (i.e. A<1). Table I - 1
illustrates the improvements resulting from a miniaturization through an emphasis on the
mechanical resonance frequency and the mass sensitivity (proportional to mv/1).

magnitude scaling factor
length (Z) K
area (A) K2
volume ( V), i.e. mass (m) K3
stiffness (%) K
resonance frequency (#) K
mass sensitivity (5 K*
thermal time constant (7) K

Table I - 1. Scaling factor for several magnitudes

Decreasing the size of the device (i.e. X), higher resonance frequencies (scaled as K7) can be
obtained what is interesting for high frequency applications (telecommunication devices, etc...)
and in parallel, a drastic enhancement of the mass sensitivity (equivalent to the ratio m/1, the
precise calculation is detailed later) is yielded (& scale factor). The thermal time constant is also
reduced what physically means that the dissipation of power may become an issue in small
structures. This also has to see with the fact that the surface to volume ratio equal to K/ is
increased: surface-related effects like thermal losses will become increasingly important.

These specific examples give anyway general trends of the influence of the size reduction of
mechanical devices. At smaller scales down to the micron range, the physics is still the same but
the dominant effects are modified with respect to macroscopic scales.
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Among all the existing types of MEMS, the main types are:

* pressure sensors. They generally rely on a bulk micromachined membrane of which one
side is vacuum sealed. The deformation caused by the differential pressure between both
sides is sensed using piezoresistors or capacitively.

* inertial sensors: accelerometers or gyroscopes. Such sensors are widely used for military
and automotive applications. Generally, accelerometers are bulk micromachined and can
be sensed either piezoresistively or capacitively. MEMS gyroscopes vibratory are so far
exclusively vibratory [2]. They rely on the Coriolis force and are generally sensed
capacitively.

* chemical sensors. For the monitoring of chemical reactions, very different approaches of
chemical MEMS are reported: chemomechanics-based, thermal effects-based, integrated
optics-based, or electrochemistry-based.

= RF MEMS. There exist four main types [3]: (i) switches, varactors and inductors operable
from DC to 120 GHz in relatively mature technologies; (ii) micromachined transmission
lines; (iii) thin film bulk acoustic resonators (FBAR) and filters that base on acoustic
vibrations of thin films in the GHz range and with high quality factor (Q-factor, further
defined) (>2000); (iv) RF micromechanical resonators and filters until 100 MHz. In
general, they achieve high Q only in vacuum: this technology is not ready yet for
commercial applications but represents a very promising way to form reference clock
circuits.

* power related applications. In the last few years, these devices have faced an increasing
interest. Fuel cells and microgenerators [4] are now two hot topics.

* scanning probes. The successful development in the mid-80s of scanning tunneling [5]
and atomic force microscopy [6], constituting a breakthrough towards the further
emergence of nanotechnology, partially relies on the development of the
microfabrication techniques to make cantilever (singly clamped beams)-based scanning
probes with sharp tip apex.

Since the early development of MEMS technology, researchers have been trying to co-
integrate microelectromechanical devices with bipolar or CMOS on-chip circuitry to fabricate
monolithic microsystems. Another opposite alternative is the heterogeneous integration of
different types of components. Simple heterogeneous systems link the die wherein the sensing
microdevices are located to a PCB containing IC chips by means of a wire bonding. Compacter
solutions require an increasing complexity of the packaging process.

To make monolithic devices, a CMOS technology and micromachining (either bulk or
surface) techniques have to be combined in order to fabricate smart microsystems that can be of
all the previously cited types. These CMOS integrated sensors benefit from a reduction of parasitic
loading due to the very short distance between the sensing and the circuit parts, thus allowing
improving the signal over noise ratio (SNR) and drastically upscaling the number of parallel
controllable sensors in a single chip. The CMOS circuitry offers convenient mixed-signal
possibilities to collect, amplify and condition the raw electrical signal originated by the
mechanical part of the MEMS: as an example of application the signal can be calibrated,
compensated and linearized on-chip. In RF MEMS, monolithic implementations integrate a
variety of high Q and low insertion loss components with RF transistors.
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In terms of technology, three approaches exist: pre-, intra- and post-CMOS
micromachining. In order not to interfere with reproducible and stable CMOS processes, the post-
CMOS is mostly used owing to its flexibility. However, commonly to those three methods, the
complexity of the combination between CMOS and micromachining processes, together with
packaging issues have been a constant limitation to the achievement of fully integrated MEMS.

In this context, following a trend pulled by the development of modern deep submicron
CMOS technologies, MEMS have further evolved towards the submicron scale, that is nanoscale,
to constitute the new category of nanoelectromechanical systems (NEMS). In analogy with the
new phenomena encountered in sub-50 nm MOS transistors related to quantum physics (like
short channel effect), NEMS cannot be simply viewed as a smaller MEMS. Just like previously
illustrated in the difference between macro and microdevices, there is effectively an effect of
scaling factor that changes the dominant roles between classical physical effects but the novelty
here is that additionally other effects rise like molecular or quantum effects.

I.2. NEMS: interest and features

NEMS cannot be considered only as smaller MEMS, i.e. as a natural extension of MEMS.
The difference here is that they combine classical phenomena together with quantum and
molecular effects. Actually, existing NEMS are generally more of mesoscopic type than purely
nanoscaled. This means that they generally involve two dimensions (typically width and
thickness) in the deep submicron range (hundreds of nm) and the third in the 1-10 um range.
However, although these devices are not strictly ‘nano’ regarding their dimensions, they feature
specific phenomena that are effectively related to nanoscience: molecular recognition,
adsorption/desorption processes, etc...

Existing NEMS could be classified between quasi-static and resonant NEMS [7]: the most
versatile and widely used NEMS are vibrating singly- (cantilever) or doubly-clamped beams
(bridge). In section III, resonating N/MEMS will be emphasized.

Compared to MEMS, NEMS have smaller area and volume but the resulting ratio
area/volume is increased (see Table I - 1). In this sense, surface effects (roughness, adsorption,
native oxides, and impurities) become more significant and influence the dynamic response
through the Q-factor. In some cases, proximity forces like van der Waals or Casimir can start
being more pronounced.

In terms of integration, the density can be increased by two or three orders of magnitude
with respect to MEMS. Furthermore, ‘true’ nanodevices, whose all dimensions are submicronic,
could ever be integrated in the IC itself in convergence with nano/microelectronics circuits.
Otherwise, more classical post-CMOS integrations provide the same advantages as for MEMS in
the sense that parasitic loading is much reduced.

One important question to answer is to what extent continuum mechanics can be applied to
describe the mechanical behavior of NEMS. It appears from molecular dynamics (MD) simulations
that for structures with a cross-sectional area larger than few nm? continuum approximations are
still mostly valid [7, 8]. If a further refinement of the mechanical modeling of mesoscopic
structures was pursued, the first improvement would consist in not using bulk material properties
but MD corrected ones.
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NEMS operated as high-frequency resonators feature unprecedented attributes from both
technical and scientific points of view: with dimensions in the deep sub-micron, they exhibit
extremely high fundamental resonance frequencies in the microwaves, very low active masses in
the femtograms and relatively high quality factors (Q-factor) around 103-10%

These properties make NEMS suitable for a wide range of technological applications such as
ultra sensitive [9] and fast sensors, actuators and signal processing components. Mechanically
based data storage using NEMS has been pursued for some years: IBM Ziirich [10] was a pioneer
some years ago with the ‘Millipede’ device, an array of AFM cantilevers that provides gigabit
storage at high data rate. Since then, other nanomechanical memory elements relying on
mechanical bistability have been reported: one approach consisting in using the hysteretic non-
linear behavior of nanobridges [11, 12], the other in implementing a SiO: floating beam to form a
high speed (1 GHz) nonvolatile memory cell [13].

For scientific purposes, NEMS open up the exploration of new topics like the quantum
behavior of mesoscopic mechanical systems. A manifestation of quantum mechanics on such
systems is claimed to have been observed [14-16].

The development of NEMS devices and technology is carried out worldwide following very
different orientations. However, it faces nowadays two major challenges: the establishment of
cheap and reproducible nanofabrication techniques and the development of more accurate
transducing methods adapted to nanoscale devices

-10-
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Since its early development, the semiconductor microelectronics industry has been using

photolithography as a way to pattern the diverse structural layers of integrated circuits. A
photolithography process flow implies coating the substrate with a photosensitive resist by
spinning or spraying, exposing it to UV light through a mask containing chromium opaque
patterns, either in contact or by projection, and finally developing the resist (in positive resists,
exposed areas are dissolved by the development, in negative ones non-exposed areas are
dissolved). In this way, 1-2 um line-widths are routinely achieved [17]. Along the years, the
resolution of photolithography has continuously been improved [17] through the use of (i) shorter
wavelength in projection exposure tools, and (ii) optimized resists and masks. The patterning of
sub-100 nm features constitutes a threshold where diffraction issues appear to be the main
limitation. However, further decreasing the wavelength to circumvent this issue does not
represent the ideal solution: smaller wavelengths are actually strongly absorbed in many materials
what requires the use of new resists, masks and processing techniques in general.

The most modern implementation of photolithography already in industry is deep UV
(DUV) lithography that achieves 65 nm resolution with 193 nm wavelength thanks to a reduction
lens system. Other improvements of optical lithography are immersion lithography, occurring in a
liquid environment, and extreme UV (EUV). All these techniques have in common extremely
high investment costs both for the exposure system and the related tools, resists and masks.

High-resolution (100 nm) alternative techniques are X-ray and Laser-Interference (LIL)
lithography. In the first one, the problem comes from the complicated mask fabrication process as
no image reduction is possible so that the mask must be a 1:1 replica. The second one is limited to
periodic patterns only.

Charged particle beams lithography, namely electron beam (eBL) and ion beam (iBL)
lithography, are other well-known techniques. They are maskless direct writing systems that use a
narrow beam to expose the patterns in a charge sensitive resist writing sequentially, point by
point. This means that no mask is involved and the pattern is originally computer-stored and
directly written through the fine spatial control of the beam. A main advantage here is that the
beam particle, in particular electrons, are not limited by diffraction effects, however the sequential
patterning limits considerably the throughput. To circumvent this limitation, efforts are underway
to design projection lithography systems that generate in parallel thousands of charged particle
beams (see www.charpan.com). In chapter 4, eBL is presented in more detail.

Both the microelectronics industry, looking forward defining sub-100 nm transistors, and
nanotechnology, pursuing the definition of NEMS or materials-related applications, require new
alternative nanopatterning techniques.

One reason is the cost. The development of a new method for the low cost parallel
definition of sub-100 nm patterns is actively pursued. In topics not specifically related to IC, a
second direction consists in proposing other approaches than resist based lithography. In
applications involving chemically functionalized surfaces, a cyclic process based on the use of
resist is not optimum as the surface is continuously chemically treated. Also related to the use of
resist, non-planar substrates with more or less pronounced topographies are difficult to coat
uniformly what makes the exposure more delicate. Another reason that guides the development of
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new nanopatterning methods is the need to structure ‘unconventional’ materials (for example
organic materials for organic light emitting diode) on ‘unconventional’ surfaces (polymers, self-
assembled monolayers).

These new techniques can be classified into three main types: nanoimprint lithography
(NIL) [18-20], soft-lithography [21] (also named micro-contact printing) and MEMS-based
nanopatterning. MEMS-based means actually that they use nano/micromachined Si frames as tools
to perform local depositions of a patterning material; in this category we can distinguish the items
for liquid nano/microdispensing [22, 23] and for vacuum nanostencil lithography (nSL) [24-26]
consisting in depositing various solid materials. In Figure 1, the principle of NIL, soft-lithography
and nSL is sketched taking as a reference the already well established eBL+lift-off process:

NIL Soft-lithography eBL + lift-off nSL

resist

e
(@ (a)

B
O I E— ) I

resist metal

resi/duals _
oI - IR - Ealete

N/ N/

Figure 1. Schematic representations of the main alternative nanolithography techniques

stencil metal

The [eBL+lift-off] process consists in usually coating the substrate with PMMA (a), then this
resist is exposed to the electron narrow beam and developed (b). After that, the top side of the
substrate is metallized (c) with a metal thin layer (less than 50 nm thick). Finally, the sample in a
resist dissolvent and the metal initially located on unexposed PMMA pillars is lifted-off what
results in a structured surface with local nano/micropatterns.

In contrast to this process, the other three novel techniques are parallel. In NIL, a mold (a),
generally defined previously by eBL and reactive ion etching (RIE), is pressed by hard contact
onto a polymer resist [27] (b), what produces indentations (c). At this step, the resist is hardened
by thermal or UV annealing and the unavoidable residuals remaining in-between the patterns are
removed in general by an oxygen plasma etching. NIL can be applied according to a step-and-
repeat approach with small molds and at full-wafer scale with wafer-sized molds. The problem
here is the density of patterns in the mold and the ability of the system to apply a constant
pressure all over the mold.

-12-
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Micro-contact printing consists in fitting a stamp (a), in general made of PDMS, with ink
and then in pressing it by soft-contact onto the surface (b). Compared to NIL, whose resolution
has been demonstrated down to 10 nm, the resolution of soft-lithography lies more in the 100 nm
range. The resulting pattern is very thin what makes difficult to implement it as an etch mask,
however this technique can circumvent the issue of non-planar substrates.

Nano/micro dispensing techniques (not depicted here) of liquid sessile (i.e. attached)
droplets (see chapter 6) face a major development for about ten years. The application of these
non-lithographic techniques (for example dip-pen lithography [28]) lies mainly in biological
assays and refilling of micro/nanofluidics networks.

Finally, the third alternative nanopatterning method is nanostencil lithography (nSL) and is
one of the main topics of this thesis. As Figure 1 illustrates it, the principle of this technique is
relatively simple. Its implementation is straightforward and requires less process steps compared to
other approaches. It is a shadow-mask based parallel technique capable of patterning a full wafer
with mesoscopic structures in one single deposition step. In the last few years, its resolution has
been continuously pushed down and sub-50 nm patterns have been demonstrated [29].

A major advantage of nSL comes from the fact that it is a resistless non-contact method. In
this sense, chemically functionalized and mechanically fragile surfaces can be structured with a
wide, potentially unlimited, range of materials. Until a certain limit, surfaces with topography can
also be patterned.

Nanostencil lithography is precisely described in chapter 4 and in the framework of this
thesis it has been applied to the full-wafer patterning of nano/micromechanical devices on pre-
fabricated CMOS substrates.

-13-
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Nano/micromechanical structures operated in static or dynamic (resonant) mode are

potentially extremely versatile sensors depending on the way they are implemented and detected.
Very diverse signal domains like magnetic, thermal, electrical, chemical, mechanical, etc... can be
transduced with the same structure. In the late 90s, different authors [30, 31] pioneered the
development of micromechanical-based multi-sensors taking advantage of scanning probes with
nanoscale tip apex. Since then, diverse sensors based on nano/microstructures have been reported.

Nano/micromechanical structures can also be implemented as low-power low phase noise
high-Q radio- (RF) and intermediate-frequency (IF) components [32, 33], in particular as filters
and reference oscillators.

In all these resonating devices, electrical energy is converted into mechanical energy by
exciting one resonant mode. The resulting displacement is then converted back directly (using for
instance capacitive or piezoresistive detection schemes) or indirectly (for example optical
transducing schemes) into an electrical signal.

Hereafter, a short survey of the different existing types of nano/micromechanical resonators
is proposed. The key mechanisms playing upon the resonance quality factor and noise levels of
such resonators are discussed. Finally, the main readout methods for the characterization of the
frequency response are exposed.

III.1. Types of nano/micromechanical resonators

The most classical resonators are singly clamped beams, namely cantilevers. One reason for
that is that because of their simple shape, they can be easily modeled. Actually, cantilevers have
been extensively studied for a long time both in static (stress-related effects) and dynamic (effects
of the viscosity of the surrounding medium) mode. They have been used for a long time for
Scanning Probe Microscopy (SPM), consequently their further implementation as versatile sensors
has been a natural evolution. In all resonators-based sensing applications, the detection scheme
relies on monitoring the mechanical response that is modified by specific physical changes in the
environment which can be further quantified.

Cantilevers operated in the quasi-static mechanical regime have been widely used to assess
the adsorption of specific (through polymer or gold coating) and non-specific species onto the
cantilever through the measurement of deflection changes related to adsorption-induced surface
stress [34-43]: DNA hybridization (when the complementary strand links), glucose, alcohol and
other odorant analytes have been successfully detected. The advantage of the static approach is
that it can be performed in liquids as the viscosity of the environment is not an issue. However,
one drawback associated to this approach is that the analyte must be located on one side only
(what can be achieved functionalizing one side only).

In dynamic mode, cantilevers can potentially access more information. All the features of its
frequency response give indications on external physical effects: resonance frequency shifts with
respect to the eigenfrequency (natural resonance frequency, i.e. without any external force) and
the value of the Q-factor [44, 45] can be related to the density and viscosity of the surrounding
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fluid. Additionally, when some mass is deposited or adsorbed on it, the resulting frequency shift
can be dissociated between a decreasing contribution related to the mass and another increasing
one related to stiffness [46] or surface stress changes [34]. Some authors have actually measured
simultaneously bending and resonance frequency changes [47, 48] to decorrelate these effects.

The other most reported nano/microresonators are flexural doubly clamped beams (bridges)
[7, 49, 50], and paddles with doubly clamped beams [51, 52] that are operated in flexion and
torsion. Nanowires and nanotubes seem to be promising ultra-high frequency mechanical
resonators. A resonator operated in the bulk acoustic (longitudinal extension) mode [53] with high
Q.in air has also been demonstrated.

There exist other resonator shapes which are mostly implemented as RF components. In this
category, Nguyen and coworkers [33] have promoted for fifteen years the use of MEMS as filters
and reference clock oscillators with the target of achieving the highest possible product Q-factor
per resonance frequency. These devices involve a broad range of shapes [33]: in particular comb
capacitors transducers [54], free-free beams, wine-glass disks (Q=161000 at 62 MHz in vacuum),
contour-mode disks (Q=10000 at 1.5 GHz) and radial-mode disks (Q=1500 at 1.14 GHz). Arrays of
coupled resonators that form programmable band-pass filters have also been demonstrated. All
these devices are very interesting for two reasons: first they illustrate very well the assumption
that structures supported at resonance nodes rather than at their extremities minimize drastically
anchor losses and achieve high Q. Second, they show that a miniaturization towards nanometer
scale is not always directly the best solution to achieve high frequencies, in particular for power
handling issues (the interface with micro and macro-components is difficult in terms of
impedance matching).

This overview will end with the thin-film bulk acoustic resonator (FBAR). This is actually
the type of MEMS that is equivalent to bulk acoustic wave macro-resonators (typically quartz-
crystal resonators). Structurally, this is a parallel plate capacitor sandwiching a piezoelectric
dielectric thin film. An alternate signal applied at the electrodes provokes bulk vibrational modes
in the piezo-film. Very high Q-factors are obtained for frequencies in the GHz range minimizing
anchors losses by releasing the membrane. Commercially available devices [55] are already in the
market.

II1.2. Mechanisms determining the quality factor and the noise

A given resonance mode is characterized by (i) its resonance frequency, (ii) its amplitude
and shape and (iii) its quality factor Q. Regarding the design and the operation of
nano/micromechanical structures, it is important to assess, at least qualitatively, what are the
dominant physical phenomena behind the Q-factor. For sensing and actuating purposes,
maximizing the Q-factor is systematically an objective to pursue to improve the resolution and
lower the noise.

Physically, the Q-factor can be understood as the ratio between the total elastic energy
stored in one vibration cycle and the dissipated energy during this cycle, what is approximately
equivalent to the ratio between £ the resonance frequency and Af'the bandwidth at -3 dB (at the
maximum amplitude divided by V2):

0=2 z{—} (L1)

E
ﬂ'_
AE
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In practice, the Q can be extracted from the resonance spectrum, for example fitting it with
a Lorentz function, or can be obtained through the implementation of the “ring-down” technique
[56, 57] that consists in brusquely stopping the driving and in monitoring the amplitude decay.
Fitting the obtained curve to an exponential one, the Q can be obtained from the time constant
in this way: Q=77 f, .

It is always difficult to determine if energy dissipations affecting the resonance spectrum of
the resonator are related to intrinsic or extrinsic processes caused by the detection set-up. The
effective Q factor is the result of the combination of several losses mechanisms [57], in general the
damping of the surrounding medium plays a key role but there are also clamping (anchor),
thermoelastic, surface and volume-related effects:

i:L1+1+1+1+1+l (1.2)

Q i Qi QCLAMPING QT 'HERMOELASTIC QS URFACE QVOL UME QVIS cous QOT 'HERS

Some energy losses are localized in resonators clamping anchors [57, 58]. For vertically
vibrating cantilevers, Hosaka et al. [59] report that the related Q factor is approximately given by
OQrimve =2-170 18 (where /and rare the cantilever length and thickness). To get free of this type
of loss, the resonators should be operated in torsional mode or as previously said, they should be
supported at vibration nodes (i.e. null motion) and not at their ends.

When the resonator bends, thermoelastic dissipation (TED) [57, 58] is generated owing to
the irreversible thermal flux that is created through the device between the compressed and
strained sides. In thin resonators (equal or less than few microns), TED is expected to be
negligible.

One point on which all experimental data are in agreement concerns surface related losses.
Several authors [56-58, 60] have shown experimental measurements demonstrating a clear
correlation between increasing surface/volume ratio (when down scaling the devices) and lower Q
factors (in [60], the authors even report a linear trend between both).

Internal losses, related to volume effects, are very difficult to model, however some authors
[58] attribute these losses to phonon interactions between structural internal defects (charged
impurities). Nano/micromechanical resonators are frequently coated with metal layers to ensure
electrical conduction: in this sense the effect of the amount of deposited metal on the Q factor is
investigated [52]. Metals are known to have important internal frictions and it has been
experimentally confirmed that the Q-factor decreases with increasing deposited thickness.

The last main contribution is the damping of the surrounding medium, namely viscous
losses. This effect is the one that is maybe the most analytically assessed [45]. For resonators
exhibiting Q<100 000, a saturation in the enhancement of the Q factor is generally observed below
pressure levels comprised between 0.1 and 1 mBar [58, 61].

Improving the quality factor of a mechanical structure is not straightforward. However,
some guidelines could be the use of (i) crystalline materials as structural materials to reduce
internal losses, (ii) surface treatments to passivate the surface in order to suppress free chemical
bonds and (iii) a refined mechanical analysis to place adequately the supporting points of the
vibrating structure (to reduce clamping-related losses). Surface thermal treatments have yet
demonstrated to be effective only in a limited timeframe [57]. Another way recently illustrated in
[62, 63] is to use highly strained structures (the exact explication for this is not yet agreed).
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With regard to these matters, the fluctuation-dissipation theorem (known as Nyquist-
Johnson theorem in electrical circuits) indicates that systems which dissipate energy are
necessarily sources of noise [64]. For all kinds of sensing applications implementing resonators in
dynamic mode, the frequency stability is an important feature governed both by extrinsic (from
the transducer and the readout circuitry) and by intrinsic (related to the nanomechanical part
itself) processes [65]. In macro and micro-elements, it is generally considered that the noise is
determined by extrinsic processes. In contrast, in nanodevices the fluctuations related to higher
sensing sensitivity and ultra-sensitive integrated transducing schemes are likely to become
predominant over extrinsic processes.

Focusing on intrinsic processes, three main sources of noise affect the nanoresonator:
thermomechanical, temperature and adsorption/desorption fluctuations [64].

Thermomechanical noise is generated because of the thermally driven random motion of
the mechanical device:

1 1
S o (x5 ) = ST (1.3)

where merr, @y, X1, kg and T are respectively the resonator effective mass, the angular
resonance frequency, the thermally driven mean-square displacement of the resonator, the
Boltzmann constant and the temperature. In fact, the displacement noise also causes frequency
fluctuations. The exact calculation depends from the type of readout scheme, either closed or open
loop. In any case, this source is generally considered as the dominant one among intrinsic
processes.

Because of their small heat capacity [65], NEMS face rather large temperature fluctuations.
Since the resonator dimensions and material properties are both temperature dependent, this type
of fluctuation will also convert into frequency fluctuations. This trend should amplify in ultra-
small devices whose temperature should be lowered to diminish these effects.

Finally, the third main intrinsic noise process is related to permanent adsorption/desorption
phenomena taking place on the resonator surface. Indeed, gas molecules located in the vicinity of
the resonator constantly adsorb and desorb from its surface, i.e. mass load or unload it, and
therefore create permanent resonance frequency fluctuations. This phenomenon is a surface
effect; surface passivation should help in reducing the binding energy between gas molecules and
the surface.

II1.3. Characterization techniques of frequency response

To characterize either the static or the dynamic mechanical response of nano/
micromechanical resonators, several techniques have been reported. We propose to classify them
into two categories: (i) techniques requiring an external set-up that cannot be easily miniaturized
and integrated on-chip and (ii) techniques that can potentially be integrated on-chip.

In the first category, three main approaches emerge. The first, maybe the most expanded
one, relies on optical methods. There exists (i) interference techniques [51, 52, 66-68] based on the
Fabry-Pérot interferometer formed by the stack resonator/air gap/substrate and (ii) AFM-based
set-up [35, 39, 69] which monitor the reflection of a laser beam off the resonator with a position
sensitive photodiode. Resonator deflection is detected through the modification of the impact
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point of the beam on the photodiode. The obtained resolution in motion is in the tenth of
nanometer, however the micron range size of the laser spot limits the minimum size of the
resonator. More generally, the relatively heavy set-up together with the required alignment step
between the beam and the resonator constitute serious drawbacks if a portable implementation of
the sensor is pursued. The samples measured with an optical technique can be actuated in many
different ways: electrostatic (direct [51, 66] or parametric [70]), thermal [71, 72], or piezoelectric
[69].

A second important detection methods relies on driving the resonator through the Lorentz
force applying a magnetic field and passing a current across the resonator (magnetomotive
approach). The resulting motion develops an electromotive voltage whose associated impedance
depends upon the oscillation amplitude. Directly measuring this voltage [7, 49, 50, 64, 73] allows
accessing the frequency response of the resonator. This method can be applied to almost any
structure, its drawback arises from the heavy set-up requiring high magnetic fields. In the same
order, resonator with a magnetic structural layer have directly been oscillated applying a time-
varying magnetic field. This approach is too restrictive since only resonators fabricated with a
magnetic material can be driven.

A third non portable method consists in using atomic force microscopy (AFM) to
characterize the dynamic mechanical frequency response. In [74], the AFM is operated in dynamic
non-contact mode to study the resonance of a cantilever. In this low force regime, the oscillation
amplitudes are registered maintaining the tip at a fix position sweeping laterally. Constantly (but
slowly) varying the driving frequency, a resonance ‘image’ is formed. In [75, 76], GHz oscillations
of thin-film bulk acoustic resonators (FBAR) are studied according to a different procedure: the
AFM tip is placed in contact. A modulated driving signal allows detecting low frequency
oscillation amplitudes by means of a lock-in detection technique while driving (electrostatically)
the FBAR at GHz frequencies. This method allows determining mode shapes and resonance
frequencies in the GHz range. In the framework of this thesis, some preliminary work detailed in
annex A.9 has been undertaken at INL (INSA Lyon) to use AFM as a versatile characterization
technique of NEMS.

In the second category, we consider electrical readout techniques: piezoelectric [77],
capacitive [33, 53, 54, 78-80] and piezoresistive [31, 61, 81, 82]. In N-MEMS, these last two are
widely used. Piezoresistive detection is a smart solution that takes advantages of the high gauge
factor provided by doped silicon. Basically, the deflection motion generates a change in the
piezoresistor resistance. Placing such piezoresistors on a target resonator and on a reference non-
driven one, a Wheatstone bridge can be formed to monitor the bending dependent differential
output voltage. The principle of the capacitive method is relatively simple and easy to implement
as well: the resonator is placed in front of a fixed driving electrode. The parallel plate capacitance
thus formed is continuously measured (through its voltage or its current) while driven with an
alternate voltage. Around resonance, a mechanical motion appears and modifies the gap between
the two plates: a new component of the capacitive current (named motional current) is generated.
It is specifically originated by the mechanical motion and maximized at the resonance frequency.
This approach is the topic of this thesis and is going to be detailed in chapters 2 and 3.

Following one of these three approaches, smart and portable devices can be fabricated for
sensing or actuating applications.

-18-



Chapter 1. Introduction to Nano/Microelectromechanical resonators and systems (N/MEMS)

Nano/micromechanical resonators offer outstanding perspectives to measure ultra-small

amounts of mass deposited on them. In the last decade, mass measurements based on resonating
nano/microdevices have been a subject of growing interest. The principle of operation is based on
the detection of the shift of resonance frequency when a small quantity of mass is deposited on top
of the mechanical structure. In general, the smaller the resonator, the more sensitive it is because
the relative change of mass is greater.

The reference device used for the purpose of measuring small masses, for example to
monitor the deposition of thin layers in the semiconductor industry, is the commercially available
quartz crystal microbalance (QCM). With respect to it, micro and nanomechanical resonators may
offer drastic advantages in terms of mass sensitivity and system integration. In addition, their
small size ensures intrinsically a high spatial resolution.

Hereafter, the basic features of a QCM are described and a survey of implementations of
nano/micromechanical resonators as ultra-sensitive mass sensors is proposed. In direct connection
with these studies, chapter 6 will present a series of mass sensing experiments based upon NEMS
which all use this sensitivity attribute for other purposes than just measuring a small mass.
Additionally, a comparison of the performance of QCM and nano/microdevices we have been
fabricating will be carried out based on experimental results.

IV.1. Quartz-crystal microbalances: applications and performance

Owing to their mechanical, electrical and chemical properties, quartz crystals are widely
used piezoelectric devices that are very adequate for applications requiring well-controlled
frequencies. They are mostly applied as controlling element in reference clock oscillating circuits
and as precision microbalances. Due to their piezoelectricity, the application of an alternate
voltage on two opposite sides creates bulk acoustic waves resulting in high-Q and high resonance
frequency modes.

Quartz-crystal microbalances consist of a thin quartz disc sandwiched between a pair of
electrodes. They have been used for a long time to monitor thin film deposition [83, 84] under
vacuum or gaseous environments. The development of QCM systems (see for example www.q-
sense.com) for use in fluids or with visco-elastic deposits has dramatically increased the number of
applications. In this sense, QCM also serve now to explore the electrochemistry of interfacial
processes at electrode surfaces.

The main features of a QCM are an areal mass sensitivity of 1.2 10® g.cm2.Hz! and a
classical and optimum frequency resolution of 0.1 and 0.005 Hz respectively (www.inficon.com).

In chapter 6, the theory of operation of a quartz-crystal with the aim of measuring ultra-thin
(subatomic) gold layer thicknesses will be described.

IV.2. State-of-the-art of mass sensors based on micro/nanomechanical
resonators

In this section, a brief survey of existing NEMS-based mass sensors is exposed. According to
criteria of mass sensitivity and minimum mass resolution (mass noise floor), we report in Table I -
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2 some of the most relevant (according to our opinion) NEMS-based mass sensing experiments we
are aware of and discuss them. Then the main applications, the experimental procedure and
different ways to improve the mass sensor are discussed.

Research fres S ém (g) resolution deposited

group & year (MHz) (g.Hz-1) (deposited) (10 '3g) material conditions
Caltech [9] 0.62 102 N2 SiC bridge in ultra-high
1 100 102 .02
2006 %0 (zepto) 0010 0.0 (areal) vacuum at 37 K
Caltech [49] 0.39 108 8 Au SiC bridge in ultra-high
2004 328 (atto) 4010 25 (areal) vacuum at 17 K
~ P . o
Cornell [85] 133 =~ 0.110 ~10 108 0.4 Thiolate Polysilicon paddles
2004 (atto) SAM (punctual) measured at 3 10° Torr
hemi on of - 1 th
Caltech [81] 14102 7 ~01 c .emlsorptlon o SiC l’laIlf)CEu:ltl evers X.Vlt
127 11078 L. di-fluoroethane metallic piezoresistive
2007 (zepto) (in air) ..
(areal) layer measured in air
-18 ]
UAB [86] 13 0910 14105 12 Au 'CMOS metal cantilever
2007 (atto) (areal) in vacuum (6 107 mBar)

Table I - 2. Main features of five state-of-the art NEMS-based mass sensing experiments in terms of
resonance frequency (fkes), mass sensitivity (), reported deposited mass (5m), mass noise floor,
deposited material and specific conditions (device, environment, etc...)

The Caltech group (USA) [7, 9, 49, 65] is a leader in this topic and used to apply
magnetomotive actuation and electromotive voltage detection schemes in cryogenic chambers
(low temperatures and ultra-high vacuum). In [9], the authors suggest that NEMS can potentially
provide a one Dalton (mass of a carbon atom) resolution. In [81], they use SiC cantilevers coated
with a metallic piezoresistive layer for ultra-sensitive low noise measurements in air. In all the
experiments, SiC bridges are embedded in a phase-locked loop (PLL) to directly track the
resonance frequency and thereby the shifts related to mass loading.

At Cornell university (USA) [85, 87], they use paddle nanoresonators with optical detection
and at UAB (Spain) [86] smart CMOS cantilevers in a capacitive scheme. In those papers, both
groups have calibrated the mass sensing performance of their sensor respectively (i) removing a
gold accretion of well-known mass (Cornell) and (ii) depositing a MgF: layer of well-known
thickness (UAB).

The applications provided by this high-resolution mass sensing concept are multiple.
Ultimately, the fact of continuously pushing down the mass sensitivity and resolution will allow
studying theoretical physical and chemical surface phenomena through the monitoring of the
adsorption and desorption of molecules on a surface. Bio-chemical, -medical and-technological
applications are very promising, in particular to study molecular interactions. A group of the
university of Basel (Switzerland) together with IBM Ziirich [37-39, 47, 69] are very active in this
field. In [69], they get to measure time-resolved adsorption of small masses based on protein-
ligand interactions. For more industrial objectives, such sensors can likely replace in a future QCM
to monitor the deposition of thin layers in vacuum in evaporation systems, or in FIB-aided
depositions [88].

Depositing a mass on top of a nano/micromechanical resonator results in a resonance
frequency shift that is a combination of three contributions: (i) a mass loading leading to a
frequency decrease (this is the most general approach in first approximation), but also (ii) a
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stiffening effect of the resonating structure caused by the adsorbate [46] and (iii) and an
adsorption-induced surface stress [34] which both tend to increase the frequency. In some specific
applications, the mass loading effect dominates over the others two: (i) depositing sub-monolayer
areal accretions, or (ii) placing a punctual mass accretion at the maximum deflection point [46,
89], or (iii) using low-stress deposition materials.

Concerning the detection technique, capacitive readout seems to generate less temperature
fluctuations than optical detection since the laser beam provokes a local heating effect [90], [91].
Electrical mass sensors, either CMOS integrated [78, 86] or discrete [92] capacitive devices and
piezoresistive cantilevers [81], relax alignment requirements and may be potentially packaged as
portable sensors.

To improve the NEMS-based mass sensing concept in terms of mass sensitivity and mass
resolution, several approaches have been proposed. To enhance the sensitivity, Spletzer et al. [93]
use mechanically coupled microcantilevers and basing on Anderson mode localization theory,
they show that using such devices the relative change in amplitude is much bigger (two-three
orders of magnitude) than the relative resonance frequency shifts (what is usually measured),
furthermore the amplitude change is relatively independent of Q-factor changes and is quite
insensitive to environmental drifts common to both cantilevers. In [94], [95] and [96], the authors
insist that both the Q-factor and the mass sensitivity are enhanced using higher resonance modes,
either flexural or torsional, provided the deposit is not located at nodal points (i.e. of minimum
motion). In [97], the author demonstrates theoretically the intuitive assumption that operating the
mass sensor at the onset of the mechanical nonlinear regime ensures a very high sensitivity since
the slope is almost infinite at this point. In [98], the authors compare different resonator structural
materials (among the ones classically available in a MEMS foundry: Al, Si, Ti, Au, etc..): at
constant spring constant, thickness and width, they demonstrate that Al offers the best mass
sensitivity. Finally, the authors in [99] study the influence of the resonator shape and suggest that
increasing the // A ratio (moment of inertia and the cross-section respectively) can help in
decreasing the mass noise floor. With regard to this matter, they propose a simplified
technological process flow that creates a double-triangle cross section, e.g. with a better 7/ A ratio.
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The concept of measuring ultra-small masses using resonating micro and nanomechanical
devices has been a subject of growing interest in the last few years [1-3]. The principle of
operation is based on the detection of the shift of resonance frequency when a small quantity of
mass is deposited on top of the mechanical structure. In general, the smaller the resonator, the
more sensitive it is because the relative change of mass is greater. Compared to quartz crystal
microbalances (QCM), micro and nanomechanical resonators may offer advantages in terms of
sensitivity and system integration. In addition, if they are small enough, they can provide mass
sensing with spatial resolution (concept of spatially localized detection).

For the readout of resonator oscillations, magnetomotive [3-5] and optical characterization
techniques are the most cited in the literature. The first requires a heavy set-up while the second
offers very high resolution under various configurations (through interferometric technique [6, 7]
or with atomic force microscopy (AFM) based set-ups). However, with the aim of conceiving a
portable and non-invasive system, our research has been focused on a purely electric actuation
and detection method. The reasons of this choice and the features of this technique will be
exposed later in this chapter.

In relation with this aspect, this thesis has been focused on the study of silicon based micro
and nanomechanical devices since they can be fabricated in batch using standard silicon
technology process and they can be combined with CMOS technology to fabricate monolithic
integrated microsystems. It allows the assembly of arrays and matrices of resonators [8, 9], and the
development of portable systems with integrated read-out circuitry for signal processing and
conditioning. With regard to this matter, the monolithic integration of nano/micromechanical
resonators [10, 11] is precisely the topic of chapters 3, 4 and 5.

In this chapter, the basic physical concepts related to the application of silicon
nano/micromechanical resonators as ultra-sensitive mass sensors will be tackled. First, the
prediction of their mechanical frequency response will be studied.
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Second, their electrical response to electrostatic actuation will be analyzed: in particular the
issue of converting a mechanical motion into an electrical signal with a capacitive readout scheme
will be addressed. Then it will be explained how to model such a mechanical component like an
electrical element. This will help in predicting the resonance signal level and open up possibilities
of performing SPICE-type simulations for the study of the coupled system resonator/CMOS circuit.
Then, the influence of the excitation signal upon the mechanical frequency response will be
analyzed.

Third, two ways of operating micromechanical resonators will be studied: in their out-of-
plane and in their in-plane flexural mode. Both modes of operation have well distinct features and
these will be compared in terms of electrical and sensing performances.
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This section describes the general behavior of a mechanical oscillator. We will consider in
detail the calculation of the mechanical resonance frequency for three specific shapes:

* cantilevers, i.e. singly clamped beams (only anchored at one end)
* bridges, i.e. doubly clamped beams
* quad-beams (QB), that consist of a central plate with four beams

Finally, the basic modeling for obtaining the mechanical mass sensitivity will be developed.

I.1. Equations of oscillating systems

The description of a mechanical resonator as a harmonic oscillator is useful to catch the
main features of a resonant structure. In this sense, the simplest way to model a mechanical
resonator is the mass-spring system (Figure 1):

m is the dynamic (or effective) mass of the system, & is
the spring constant (or stiffness). Both depend on the
vibration mode and on the characteristics of the applied

K force (uniformly or punctually applied, and at which point).
By solving the equation of motion, the resonance frequency
can be addressed.

In the following section, three general configurations of

Figure 1. Mass spring system force balances are tackled.

[.1.a. Harmonic (undamped non-driven) oscillators.

In a first and simplified approach, the oscillator is considered purely harmonic, what means
that (i) the damping of the medium in which dynamic motion occurs is not considered and that
(ii) no external force drives it. Then, only the spring force acting in the opposite direction of the
spring stretching intervenes. It is proportional to the displacement x and the stiffness 4 The
balance is:

d’x

F=-kx=m >
dt

IL1)

a general solution is x = Asin(wr + ¢). From eq.(IL.1), we deduce:
k
o, =21 f, = |— (IL.2)
m

where @y is the natural angular resonance frequency, and £ the natural resonance
frequency also named eigenfrequency.
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I.1.b. Damped non-driven oscillators.

Let us consider now a damping force acting on the resonator and arising from the
surrounding medium (air, liquid, etc...). The damping is modeled as a force proportional to the
displacement velocity that acts in the opposite direction of the bending. Compared to eq.(II.1), one
additional term must be included in the force balance:

2
—kx—D@=mdf (IL3)
dt dt
Dis called coefficient of damping force. Rewriting eq.(I.3) and given @, = i then:
m
x+2mxrEx 20 with n=2 (IL4)

m 2m

The solutions of this homogeneous differential equation are given by A>+2ni+w,” =0. This

results in:

A, =-nt\n’ -a} (IL5)

. . . n
The response of the system can be discussed according to the ratio & =—:
@

* case of slight damping, n<®,, then 4,, =-n+ iy w,” —n’ . One solution is:

x=Ae " sin (Ja)()2 —-n’t+ a) = Ae " sin(w,t +a) (11.6)

with o, = \/a)o2 -n’ =w, \/1—52 (I1.7)

This means that the system oscillates at a certain angular frequency with a time
decreasing amplitude (first term of the solution).

wp is the angular resonance frequency of the oscillator in presence of slight damping,
it differs from pure resonance towards lower values depending on the magnitude of the
damping coefficient n. In practice, in air, ay and @p differ very few.

» for critical damping and heavy damping (n>®,), no oscillations occur, only a limited

displacement returning to stationary position.

I.l.c.  Driven damped oscillators
In practice, mechanical systems are always confronted to damping arising from both the
surrounding medium and internal energy losses (c.f. chapter 1).

This requires a permanent external solicitation to provide energy in order to maintain the
oscillations; this is the so-called forced regime in which a periodic external force is applied. Let us
formulate again the balance with a sinusoidal external excitation:
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d’x dx
m +c—+kx=F, (t)=F, sin(wt 11.8
de*  dt e () = F sin (1) (118)

A solution is x = x; + x,, where Xx; is the solution of the homogeneous differential equation

. . F,
like eq.(IL6). For x» we assume: x, =W, sin(wf —¢). Setting 4 =—", so:
m

A 2
W, = and ¢ = arctan no

: (IL9)
\/(a)oz—a)z) +4n’ e’ @ —@

2

Transient oscillations arising from x; are disregarded; only the steady solution x» is
considered. The frequency of the steady vibration is the same as the one of the driving force, but
there is a phase lag ¢ (function of free vibration frequency £, driving force /; and damping
coefficient n). According to eq.(IL.9), there is a 180° phase change around £. From the expression
of W>, the Q-factor can be theoretically estimated as:

Qzé:f—; (IL.10)

The resonance frequency £ corresponds to a maximum in amplitude, in other words when
W, is maximized. It is actually shifted downward with respect to £ according to:

[, = fiN1-2¢ (IL11)

From eq.(I.11), we learn that, theoretically, if £ > 0.7, the peak would disappear.

As an example, the amplitude-frequency response given by eq.(IL.9) is plotted for A=1, wp=1,
and n=0.05, 0.125, 0.25, 0.375 and 0.5. It is clear from this graph that the higher is z, the lower are
the peak magnitude and the quality factor (see eq.(I.10)). Furthermore, the resonance frequency is
clearly shifted down to lower values when z increases:

109 —0.05 (Q=10)]
- ——0.125 (Q=4)
8- n=—~025 (Q=2) -
—0.375 (Q=1.3

0.5 (Q=1)

Vibration amplitude (a.u.)

0,0 0:5 ) 1:0 ) 1,5 2,0
Normalized Frequency

Figure 2. Amplitude-frequency response normalized to a frequency of 1 for several n factors
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As a conclusion, and after validation of this observation based on experimental results, in
practice our resonators (operated either in air or vacuum) are always in the case of slight damping,
and thereby f, f» and £ are very close to each other. Indeed, Q-factors of at least 10 have always
been observed: according to eq.(I.10), this corresponds to & =0.05. Consequently, the resonance

frequency of the driven damped resonator is f, =0.997 f, following eq.(II.11).

A practical consequence of this is that if we wish to theoretically predict the resonance
frequency of nano/micromechanical devices, in first approximation the effects of driving and
damping do not need to be taken in account.

I.2. Resonance frequency of nano/micromechanical resonators:
Analytical modeling

This section deals with mechanics of nano/micromechanical elements and, in particular,
with methods allowing the determination of the resonance frequency. An analytical approach is
followed trying to find out direct methods for three different resonator shapes: cantilever, bridge
and quad-beams. The analytical study of most practical problems give good enough results for
design optimization, as in most cases the performances of mechanical sensors are more
significantly affected by process variations than by analytical approximations.

Our samples have dimensions in the micron and submicron scale (typically between 200 nm
and 20 pm), but still equations of macroscopic elastic continuum mechanics are employed. The
experimental results will further justify this approach since these laws still seem to predict
relatively accurately the resonance frequency at these scales, in other words no mechanical effect
specifically related to the nanoscale has been significantly observed.

[.2.a.  General equations

EULER-BERNOUILLI EQUATION

This approach [12] is also called method of differential equations. This is a fundamental
method for finding the vibration frequencies and the shape functions of all the vibration modes. In
principle, it can be applicable to any structure but very often numerical methods are needed due
to the complexity of the calculation. Here, the study is restricted to the relatively simple case of
beam structures.

The free vibration of a beam at small amplitude can be described by a partial differential
equation. According to section I.1, the calculation can be simplified neglecting the damping and
driving forces. Then, making a balance of forces on an element section of a beam (provided the
ratio length/thickness is much larger than 1) and neglecting its own loading (gravitational force),
the Newton’s law can be written under the form [12]:

o*w o'w
A +E1
Pm or ox’

=0 (I1.12)

where A is the cross-section area, wis the displacement in the direction of vibration, xis the
cantilever length axis, ¢is the time, py, is the cantilever material density, £is the Young modulus
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(according to elastic Hooke’s law). /is the moment of inertia of the beam for out-of-plane motions
and is given by:

hi2 b h3
I= j 2’b(z)dz = (I1.13)
~h/2 12
where band 4 are respectively the beam width and thickness
A general solution is a linear combination of each mode of vibration:
w(x,t):ZCi sin(w;t+9,) 4, (x) (IL.14)
where wiis the resonance frequency and ¢: the shape of the i mode.
4 2
; Aw; . .
Thus, eq.(I.12) can be reduced to 68 é’ =L mEth ¢; of which a solution is:
X
#,(x) =a, cos [i] + b, cosh [ij +¢; sin [ij +d; sinh (i] (II.15)
K; K; K; K;

EI
where «; = 4———
pmAa)i

Then, depending on the considered structure (singly, doubly clamped, etc...), specific
boundary conditions must be applied to ¢, so that the detailed expression of @, can be extracted.

RAYLEIGH-RITZ METHOD [12]

In this method also, the mechanical properties of silicon nano and microstructures are
assumed to be ideally elastic and homogeneous. In these conditions, the vibration frequency of a
specific mode can be determined if the shape function of this mode is known. The problem is that
in general it is not straightforward to foresee the shape functions of complex structures. However,
the vibration frequency of the fundamental mode (i.e. with the lowest resonance frequency)
whose shape function is generally known, can be found with high accuracy (however the result
provided by this method will always be only an approximation of the real eigenfrequency).

The strategy to follow is to find first the shape function w(x). For this purpose, the total
bending moment M(x) acting on the beam is expressed. This is a classical approach in mechanics
that consists in calculating the integral of the moment of forces across the cross section of the
beam. This expression can be put under the form [12]:

M(x)=[zdF =-E I'w"(x) (IL.16)
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where xis the cantilever length axis, £'is the Young modulus, /the moment of inertia of the
beam and w’{x) is the second derivative of the shape function with respect to x.

Eq. (IL.16) can be applied to any specific beam-like structure adapting the left part [M(x)] of
the equation by making the adequate balance of the moments and applying the specific boundary
conditions. Hence, w’{x) must be twice integrated so that w(x) (the so-called shape function) is
finally determined.

The total potential energy (related to the bending) and kinetic energy of the whole beam are
respectively [12]:

E, :% j E I(x)w"™(x,t)dx (11.17)

1 dw)\’
By =2 ! pb(x)h(x)(;] dx (I1.18)

where H(x), A(x) and /are the beam width, thickness and length respectively (xis still axis in
the direction of the length). In general, the vibration of a beam structure can be described by:

w(x,t) = icn w,(x,t) :i c, [wn (x)sin(w,t+ o, )] (I1.19)

where w,(x,f) indicates a specific vibration mode (with specific coefficient ¢,)
corresponding to a sinusoidal vibration of frequency @, and whose shape function is w,(x).

Mathematically, w,(x,?) are the eigenfunctions of the vibration system.

Computing eq. (IL.17) and (IL.18) with eq.(I.19), the potential and kinetic energy can be
expressed for each mode thus containing a time-varying sinusoidal component:

1 1
E, =%c,2, j EI(x)w.*(x)sin*(w t+¢ )dx and E,= j Pb(x)h(x)w’ (x) &’ cos*(w,t + ¢, )dx (I1.20)
0 0

According to the principle of energy conservation (£pmax=Ekmax=E), both maximum are equal:

E

P max K max

] 1
= %cij I(x)w (x)dx=E, = %ci j pb(x) h(x)w’(x) &’ dx (11.21)
0 0

From that, the angular resonance frequency contained in the term of kinetic energy can be
extracted to define the so-called Rayleigh-Ritz quotient [12] that provides the radial resonance @,
frequency for any vibration mode:

j E I(x)w*(x)dx
w, =2
[ PBC) ) w, (x)dx

(11.22)
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I.2.b. Cantilever and bridge

1.2.b.i) Cantilever

Beams clamped in one side only are named b
cantilevers. This is the simplest resonator design.

In this section, the cantilever dimension in the 1 »
direction of vibration will be named A.

Following the Euler-Bernouilli approach, the

following bound diti lied to eq.(I1.15):
otlowing boundary conditions are applied to q.( ) Figure 3. Cantilever resonator. / 4 and b are

$1(0)=0, ¢'(0)=0 and ¢,"())=0 its length, thickness and width respectively

what results in:

o, =1.015 Eﬁz and o, =6.361 iﬁz (11.23)
pﬂl l pm l
T
and more generally o, = (i Eiz =y, Eﬁz [13] (I1.24)
192 Pu 1 Pu 1

where ¢, is a constant depending on the vibration mode.

A second approach, more convenient to subsequently estimate the mass sensitivity of the

n

device, is to rely on the equation of a mass-spring system (eq.(I.2)): o, = , what implies
EFF _n

the separate determination for a given mode n of (i) the cantilever stiffness &, and (ii) its effective
mass merr . Nevertheless, in the case of a cantilever, this formula must be manipulated with
caution since the mass is not located in one single point at the extremity, like in the mass-spring
model originating this formula, but uniformly distributed. Consequently a corrective term ay ,
must be applied to m in order to obtain the efficient mass mgrr :

m =a, m=qa, ,lbh (IL.25)

EFF _n

Regarding the stiffness 4, it depends on the point of application of the force and on its
distribution upon the cantilever. Another corrective term a, ,needs to be applied:

(IL.26)

Books of Mechanics (for example [12]) generally provide the value of a» , in general cases.
Considering eq.(I1.24), it comes that a7 ,can be deduced from a; , through the relation:

a, , =—= (I1.27)
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Table II - 1 reports a coefficients for the fundamental flexural mode (here, out-of-plane) in
two common cases:

aq [2¢]
Punctual force applied 0243 0.5
at the free end
Distributed force uniformly 2
. . 0.647 =
applied on the cantilever 3

Table IT - 1. a coefficients of a cantilever for two different force loadings

A third approach consists in employing the Rayleigh-Ritz method. Relying on the balance
of bending moments, it becomes relatively easy to evaluate the resonance frequency of a
cantilever with and without a mass at the free end. Following the strategy previously exposed, the
shape function of a cantilever under an uniform load v of any nature is given by [12]:

FU 2 2 2
w(x) = x (x" —4lx+6l 11.28
) 2EbIR ( ) ( )

what results in the following expression after making the Rayleigh-Ritz quotient (eq.(I1.22)):

o, =1.019 /££2 (I1.29)
Pu !

Comparing with eq.(I.23), one can notice that the value provided by this method is slightly
higher but extremely close to it (#; =1.019 with this method instead of 1.015).

Following again the strategy previously exposed, we try to calculate the resonance
frequency of a cantilever loaded at its free end with a punctual force /7 (for example with a mass
much larger than its own mass). First, the shape function is estimated through a balance of
moments without taking into account the mass of the beam, so that the shape expression is much
simplified [12]:

2F,
w(x) = Zh ;;3 x*(31-x) (I1.30)

Then, the Rayleigh-Ritz quotient (eq.(I1.22)) is calculated including also the beam mass (by
integrating it along its length) in the term of kinetic energy what gives:

3
k
@ = | Ebh z\/ Y (I131)
ol ms B om, | N Mrora
140 *
: Ebh’
where M, is the beam mass, M the mass located at the free end, kyg,y, :4—3 and
L

Mrora =M +%M » - kseam corresponds to the stiffness for a punctual force applied at the free
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end (a2=0.25); while myro7a. expresses the equivalent mass of the beam in a mass-spring model. If
M=0, then it comes that:

o, =1.03 Eﬁ, not differing much from eq. (11.23)
1 D lz

This demonstrates that the Rayleigh Ritz quotient is sufficiently accurate even with
approximated shape functions.

1.2.b.ii)Bridge

The doubly clamped beam, also named bridge, is
rigidly anchored at its two extremities.

In this section, the bridge dimension in the
direction of vibration will be named A.

Following the Euler-Bernouilli approach, the

following boundary conditions are applied to eq.(IL.15): Figure 4. Bridge resonator. / and A are its

length and thickness respectively. 5, not

' — A — A i —
HO=41=0, 4'O=h'D=¢ (2) 0 depicted here, is the bridge width.

Following the second approach of previous section whereby the angular resonance
frequency is estimated basing on the mass-spring model, a coefficients and angular resonance
frequency are reported in Table II - 2 for the fundamental out-of-plane flexural mode in two
common cases:

ag a2 (1]

Punctual force applied at the

mid-point 0379 16 65 | £
Distributed force uniformly on I’

. 2
applied on the cantilever 0.757 3

Table II - 2. a coefficients of a bridge for two different force loadings

I.2.c.  Quad-beams resonators

A quad-beam (QB) resonator is formed by a central plate
and four (doubly clamped) beams (Figure 5).

This configuration is a nice example of structure
intrinsically equivalent to a spring-mass system in the sense
that both elements are well dissociated: on one part four

beams acting like a spring of negligible mass, and on
another a plate, that does not deform, acting as a mass.

By shrinking the dimensions of the beams down to the Figure 5. Quad beam resonator with a
micron/submicron range, resonance frequencies in the MHz central square plate of width Z;, and
can be attained for the out-of-plane flexural fundamental four beams of length and thickness of /
mode while maintaining the central plate area relatively 2nd A respectively. b, not depicted

large. here, is the width of the beams.

This large area is an advantage regarding the capacitive coupling with the substrate (as it
will be detailed in section II, the technique of resonance detection we employ is capacitive).
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Concerning the further objective of implementing the device as a mass sensor (depositing
mass on the central plate), the QB is adequate for the following reasons:

* mechanically speaking, it remains relatively insensitive both to the adsorbate stiffness
(which ensures the mass loading effect is mechanically dominant [14-16]) and to the
adsorbate position within the central plate. On the opposite, a cantilever is very sensitive
to the location of the adsorbate [17].

* the large area of the central plate makes more convenient the deposition of particles or
the dispensing of liquid for their mass measurement.

In order to find out the most accurate way to predict the resonance frequency, a comparison
between several approaches is undertaken, all based on more or less refined Rayleigh-Ritz
methods. Methods 1, 2 and 3 are the most simple (the effect caused by the underetching of the
anchors is neglected), although methods 4 and 5 are more complex as they do take into account
the effect of the underetching of the anchors and the own mass of the beams.

According to Figure 5, the following dimensions are defined: Z; as plate width (square
shaped plate), /as beam length, b as beam width, 4 as structural layer thickness. £'is the Young
modulus, p the polysilicon density (structural material), @ the angular frequency, m the plate mass
(= oL h) and 1, the mass of one single beam (= p/wh). Quad-beams with diagonal beams (like

in Figure 5) and with parallel beams have been analyzed. In methods 1, 2 and 3, these two
configurations do not require separate calculations. On the contrary, when considering the effect
of the underetching of the anchors, like in methods 4 and 5, both cases must be dissociated.

Method1 The Rayleigh-Ritz method is applied to an anchored beam with final mass 27/4 (one
quarter of the central plate mass). The own mass of the beams is neglected and the
effect caused by the underetching of the anchors as well. Making a balance of the
bending moments, a punctual force Fp is considered at the end of each beam (on
the side of the central plate):

M(x)=—EIw'(x)=F, x— M, (I1.32)

where M, is a restrictive moment to be determined. Here w(0)=w{0)=0, w{1)=0

and w’{1/2)=0, so M, :%Fl,l and EIw'(x)=F, (é—xj , 50 w'(x)= 1152:;:3 ({/2-x).
After a double integration, the shape function is obtained:
F, (Ix* X
——e XX 11.33
W) Ebh{ 4 3} (11.33)

The Rayleigh-Ritz quotient is applied to this shape function. In the term of
kinetic energy, we only consider the punctual mass 77/4 located at the beam end (x

=/):
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jE I(x)w"(x)dx
=2 (I1.34)

1 2
—mw (1
4 )

3 . E 0.5
o, = ﬂ , equivalent to w, =2 —ﬂls (I1.35)
ml Pn L1

Method 2  Eq.(IL31) is taken as a basis. This corresponds to the case of a cantilever beam: (i)

what results in:

loaded with a punctual mass located at its moving end and (ii) whose own mass is
also taken into account. However here, the total spring constant is assumed to be
equal to four times the one of a single beam:

3 3
o = 4[Ebh 1 |  Ebh (1L.36)

40 j( 33 J_ ( 33 j3
m+——m, m+——m, |l
140 140

Method3 A similar approach to method 2 is followed, but considering a spring constant of
one single beam that is loaded at its moving end with a punctual mass m/4.

_ |EbK 1 REIG

a) =
' ar ([m] 33 132 R
— |+ ——m, m+——m, l
4| 140 140

In practice, the results provided by methods 2 and 3 are very close since the beam mass is

(11.37)

rather small compared to the plate mass.

Now, more exhaustive methods are going to be detailed. The related calculations have
required the use of the Mathematica software (www.wolfram.com) and the resulting analytical

expressions are so long and complex that they are not provided in this manuscript. Hereafter, we
describe and insist on the guidelines of these calculations.

Method 4 In this method, the aim is to calculate the resonance frequency of diagonal or
parallel quad-beams taking into account the effect caused by the underetching of
the anchors but neglecting the mass of the four beams.

The anchor underetching arises from the wet etching performed to release the central plate.
In Figure 6, a quad-beam (fabricated at CNM in the framework of this thesis) is depicted. It has
been successfully released but the counter consequence is that the anchors of the four beams are
also underetched over a distance S since the etching is isotropic. In first approximation, this
extension Sis equivalent to the half-width of the plate:
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Released plate Underetched part
— of the anchor

Figure 6. SEM image of a Si quad-beam with underetched anchors

DIAGONAL QUAD-BEAMS

The first step is to make the balance of bending moments:
M(x)=-EIw' (x)=F,x-M, (I1.38)

The boundary conditions are: w(0)=w’(0)=0, w'(1)=0. However here, w”(1/2)=0 is not true since the
exact location of the inflexion point is not known (the symmetry is modified by the underetching
extension). Consequently, M, cannot be directly determined.

In the Rayleigh-Ritz method, it is necessary to predict the shape function w(x) of the
movable part. Figure 7 depicts the part that is bent:

S
QB anchor ——
partially
underetched

Limit of the
bending part

Contour of
5i0, pillar

X
QB central plate

Figure 7. Schematic partial top-view of a QB whose anchor is affected by underetching

This modifies the calculation of the moment of inertia. For out-of-plane vibrations,
hi2

3
1= J. 2%b(x,z)dz = % but here specifically, b is not constant and depends on x. Introducing
~hi2
this expression into eq.(IL.38), the second derivative of the shape function can be expressed as:

_12M,-12F, x

w () Eb(x)IX

with the following conditions:
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for x € {0; V28 —2} , b(x) =228 - 2x resulting in w/ (x) = 12M, ~12F, x (11.39)
2 E(zJZS—zx)E
. 12M,-12F,
forx € {\/ES —g;l +28 - g} , b(x)=b resulting in w,(x)= # (11.40)

PARALLEL QUAD-BEAMS

For parallel QB, the balance of bending moments is identical but here the movable part is
totally different. What potentially moves is the whole anchor width. Intuitively, the effect of the
underetching is lessened compared to the case of diagonal beams because the movable part of the
anchor is much wider and therefore much stiffer.

. . . " 12M, —12F, . .
The shape function to consider here is: w'(x)= 0—3,,x with the following
Eb(x)h
conditions:
.. " 12M,—-12F
for x € [0;8], b(x) = P resulting in w, (x) = 0—3,,x (I1.41)
EPh
.. " 12M, —12F,
forx € [S;l + S], b(x)=b resulting in w,(x)= bl Ml B (11.42)

EbH

where Pis the width of the anchor.

DETERMINATION OF THE RESONANCE FREQUENCY FOR PARALLEL AND DIAGONAL QB:

Starting from the second derivative of the shape functions (eq.(I1.39) and (I1.40), or (I1.41) and
(I1.42)), we integrate them a first time according to w;(0)=0 and w,(I)=0. At this stage, the first

derivatives (w; and w,) are equaled at their junction point (x=~/28 —g for the diagonal ones, and

x=S for the parallel ones) what also allows determining M,. Then, w, and w, are integrated
according to w,(0)=0 and equaling w, and w, at their junction point. When making the

Rayleigh-Ritz quotient, the term of kinetic energy is calculated considering a punctual mass (22/4)
only located at the moving extremity of the beam (i.e. where it is anchored to the central plate).

Method5 In this method, the aim is to calculate the resonance frequency of diagonal or
parallel quad-beams taking into account both the effect caused by the underetching
of the anchors and the mass of the beams.

Knowing that the Rayleigh-Ritz method is not very sensitive to the shape function and in
order to simplify the balance of bending moments, that becomes very complex when considering
the mass of the beam, the shape function is approximated with the one of methods 4. Then, the
kinetic term of the Rayleigh-Ritz quotient is calculated integrating the mass all over the length of
the moving part plus the punctual mass (22/4) located at the end of the beam.
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The results of all the methods are reported in Table II - 3 and Table II - 4, in which
experimental data of real devices (fabricated and measured according to techniques explained in
forthcoming sections) are listed. Among these seven devices, six are diagonal and one is parallel
while four have a monocrystalline silicon structural layer and three a polycrystalline one:

Device E L 1 b h S 1o (exp)

(GPa) (pm) (um) (nm) (um) (pm)  (MHz)
Diagl (single-crystal Si) 160 14 17.5 660  1.48 8 1.72
Diag? (single-crystal Si) 160 14.6 22 700 1.47 9.5 1.38
Diag3 (single-crystal Si) 160 114 192 1050 147 9.5 2.20
Diag4 (single-crystal Si) 160 9.4 19.6 670 1.45 5.9 2.58
Diag5 (polySi) 130 6.25 1345 765 450 3.5 1.45
Diag6 (polySi) 130 6.25 1345 765 450 3.5 1.49
Par7 (polySi) 130 6.2 19.4 685 450 4 1.23

Table II - 3. Experimental characteristics of real devices and measured resonance frequency

b b b b b b 4" mgeam/
Device M1) M2) (M3) (exp) M4) M5) mpLATE

(MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (%)

Diagl (single-crystal Si) 3.09 1.54 151 1.72 2.67 2.54 24

Diag? (single-crystal Si) 2.15 1.07 1.04 1.38 19 1.79 29

Diag3 (single-crystal Si) 4.14 2.03 1.93 2.20 3.4 3.01 50

Diag4 (single-crystal Si) 3.84 1.89 1.80 2.58 3.46 3.1 59
Diag5 (polySi) 1.45

Diag6 (polySi) 3.03 1.47 1.36 1.49 2.66 2.22 105

Par7 (polySi) 1.67 0.8 0.72 1.23 1.65 1.34 138

Table II - 4. Comparison between theoretical (for the five methods) and experimental resonance frequency
of real devices. The last column indicates the proportion of the mass of the beams respect to the plate mass

DISCUSSION OF THE RESULTS

The first remark to do is the major uncertainty in the determination of the devices
parameters. Regarding the Young modulus, the one of monocrystalline Si depends upon the
crystallographic orientation and can vary from 170 to 130 GPa whereas here a fixed value of 160
GPa has been considered. Concerning the polycrystalline structures, their Young modulus is not
precisely known neither as it depends upon the deposition parameters.

Regarding the dimensions, it has been assumed in the models that all the four beams have
identical dimensions and a rectangular shape. In practice it is not completely the case what
complicates much the study. It has not been easy neither to measure the underetching affecting
each device and additionally some dispersion in the thicknesses has been noticed although it has
not been possible to check it for each device.

Second, another important uncertainty comes from the experimental value of the natural
resonance frequency. It is estimated from a fit (of the curve that plots the resonance frequency as a
function of the excitation voltage, c.f. section I1.3.b). Experimentally, the curve is not always as
linear as it should theoretically be.

Methods 2 and 3 seem to be the most accurate. In monocrystalline structures, theoretical
values are smaller than experimental ones: one the reason for this may be that the Young modulus
is underestimated. In polycrystalline structures, theoretical values are also smaller than
experimental ones but probably because of the internal stress (some curvature has been observed).
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1.3. Mass sensitivity of nano/micromechanical resonators

Regarding our aim of performing mass sensing experiments with nano/micromechanical
resonators, methods to evaluate their mass sensitivity Sare required. An usual and convenient way
to determine the mass sensitivity of a given vibration mode is to start from the expression of the
resonance frequency (of this mode) put under the form of the mass-spring system approach:

fzi\/kEFF _ 1 \/ kEFF (1143)

Mype 27\ oy Mgy

where kcrr, merr and mges are respectively the effective spring constant, effective mass and
the resonator mass (a4 = mgrr /mRes has been previously defined) of a given mode.

[.3.a.  Calculation of mass sensitivity

For the determination of the mass sensitivity, our approach is based on the previous
equation. In chapter 1, a survey of existing NEMS-based mass sensors has been proposed and it has
been stated that depositing some mass on top of the resonator results in a resonance frequency
shift that is a combination of three phenomena: (i) a mass loading leading to a frequency decrease
(c.f. eq.(11.43) as the denominator increases), but also (ii) a stiffening effect caused by the additional
contribution of the adsorbate and (iii) an adsorption-induced surface stress. Effects (ii) and (iii)
both tend to increase the frequency (as the numerator of eq.(I1.43) is increased). Here, the study is
restricted to the case of very small mass accretions and to the deposition of low-stiffness low-stress
materials (like liquids). Therefore, we will assume that the spring constant is not affected by the
mass deposition and therefore that the mass loading effect exclusively dominates.

At this stage, two cases must be distinguished according to the type of mass deposition:
either punctual or areal (also named distributed).

I.3.a.i) Punctual mass sensitivity

The punctual mass sensitivity corresponds to the measurement of punctual, spatially localized
species like particles, droplets, bacteria, molecular aggregates, etc...

With the aim of determining the sensing attribute of a device, let us reformulate first
eq.(I1.43) to express the effective mass m,, ,:

L Kerr r (I1.44)

m RES — g fz

grr_p — O p

In this expression, the effective mass m corresponds to the equivalent mass of the

EFF _P
whole resonator as if it were located in one single point. Depending on the position of this point, a
specific corrective coefficient «, , must be applied. In the case of a cantilever, the «, , coefficient

is equal to 0.25 for the free end point what means that the whole cantilever mass is equivalent to a
four times smaller punctual mass exerted at its free end.

Considering an addition of mass upon the resonator restricted to a punctual location, the
first derivative of the mass with respect to the frequency is calculated. It is necessary to derive the
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effective mass m,,,, and not the resonator mass m,,, since the effective mass considered in

eq.(Il.44) can be directly seen as a true mass exerted at the point of mass deposition, in other
words:

m =My +Am (I1.45)

EFF _FINAL

where Am is the punctual mass accretion. Hence, S, the punctual mass sensitivity, can be

i L kEFF_P
of 47* f2

This value of sensitivity is valid only around the initial resonance frequency and for small

estimated in this way:

_ ‘amEFF_P

k m
af ~L EFF_P:2 EFF _P (g.Hz—l) (11.46)

Tt S f

deviations. However, there is a more accurate way to estimate the corresponding amount of mass
as a function of the frequency deviation. Considering that the effective mass before depositing is:

1 kEFp P .- . . 1 kEFF P
Myrr_p i = Qs = fiz— , and after depositing is: m,,. , , = amy. +Am =7 ffz_
so:
k 1 1
Am=—"0 (11.47)
SN P

This method is more reliable as one directly bases on the initial and final value of the
resonance frequency what is more confident than relying on an estimated mass sensitivity that is
only valid around the unloaded resonance frequency value.

1.3.a.ii) Areal mass sensitivity

The determination of the areal mass sensitivity is required to quantify in terms of mass some
resonance frequency shifts related to uniformly deposited masses, like when depositing layers of a
material in an evaporation chamber. Let us reformulate eq.(I1.43) to express the effective mass

Mppp 4+

1 kg 4
=— = 11.48
RES = 40 IE ( )

m m

EFF_4 ~ % 4

In this case, on the contrary to punctual deposition, the new value of the effective mass after
uniform deposition is

EFF_4 ~ O _4 (mRES +Am)

m (11.49)

where Am = p,, AAe =S, AN (pumis the deposited material density, A the resonator area on

the side where the mass is deposited, Ae the deposited thickness, S the areal mass sensitivity and
Af the resulting frequency shift). Actually, the accreted mass must be corrected by «, , (areal

effective mass coefficient) as it is spread all over the resonator area.

Considering a uniform addition of mass upon the resonator, the first derivative of the mass
with respect to the frequency is calculated. From eq.(IL.49), it is clear that the proper resonator
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mass, and not the effective mass, must be derived. Sy, the areal mass sensitivity, can therefore be
estimated in this way:

_ i‘amRES

4| of

k k
_1]a 21 EFFZ—A oL 21 EF’Z—A = ZimRES (g.Hz’l.cm’z) (I1.50)
Alof |47, , f A0, , f A f

This value of sensitivity is valid only around the initial resonance frequency and for small
deviations. However, as previously said, there is another approach, more accurate. Considering
that the effective mass before depositing is:

1 kEFF A L] . 1 kEFF A
Mipre a1 =00 Mg =75 f{ , and after depositing is: m,,, , , =a, (Mg +Am)= Wf—z_
i s
this results in [14]:
k
Am=p ANe=—"=2 Lz—iz (I1.51)
Ar a4 ff f;

I.3.b. Dynamic linear range

The linear range of the mass sensor is given at its lower limit by the frequency noise floor
while its upper limit is reached when the effective spring constant 4gzrr is modified (either by an
additional stiffening caused by the accretion or by an adsorption induced surface-stress).

When depositing mass on top of the resonator, one can make the assumption that until a
certain limit the resonator will still remain in its linear elastic mechanical regime, i.e. that kgrr
still remains constant. Hence, a change in .S does not mean automatically that the resonator enters
a mechanical nonlinear regime but rather simply than mgrr and £, vary in eq.(I1.46) or (I1.50). Thus,
a quasi-linear approach can be followed to predict the sensor response. Let us write the resonance
frequency as a function of the deposited mass for a punctual (left) or distributed (right) mass

loading;:
1 k 1 k
Fops =— EFF _P and fRES 1 EFF_A (I.52)
2z \|m +m 27\, (m,.. +m
EFF _P DEPOSITED _ PUNCTUAL 1_A RES DEPOSITED _ AREAL
what can be re-written as:
m (04 m
EFF_P 1_4 M RES
Jres = 1o and Jres = Jo (IL.53)
Mppp p + M pppogirep _puncruaL a4 (m res Y M ppposiTeD_ AREAL )
what can be further simplified as:
o ! dr —r | ! 1154
fRES_-fE) an fRES_f;) ( ° )
m DEPOSITED _ PUNCTUAL DEPOSITED _ AREAL
1+ | + — DEPOSITED _AREAL
mEFFiP mRES

These two equations can help in predicting the resonance frequency decrease along the mass
deposition. They remain valid only while the stiffness remains constant, what is true until the
mass deposit is large enough so that it generates an additional stiffening of the structure or a
surface stress.
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In chapter 1, different techniques have been mentioned to actuate and detect the
mechanical resonance spectrum of nano/micromechanical devices. We have chosen an all electric
actuation and detection scheme, concretely electrostatic actuation and capacitive detection. The

advantages of this approach compared to other methods are detailed hereafter.

Optical characterization is an expanded and classical way to measure resonance frequencies
as it offers a very high resolution in terms of spatial displacements (i.e. oscillation amplitudes).
Yet, its implementation is not suitable here for several reasons.

In particular, issues related to the laser spot are problematic. The spot size, in general in the
micron range, may be a limitation compared to nanometer scale resonator dimensions, and its
alignment with the device may be another issue. Furthermore, AFM-based and interferometric
optical techniques are limited to out-of-plane vibrations only. For measuring several devices at the
same time, for example an array of resonators for multiple samples detection, several laser beams
would be required and the resulting practical implementation is rather complex.

Magnetomotive detection is another approach to detect mechanical oscillations but it
requires a heavy set-up under high magnetic fields (1-10 Tesla).

Piezoelectric and piezoresistive detection schemes are also possible but the capacitive
technique provides a favorable trade-off between simplicity of implementation, displacement
sensitivity and system portability. It does not require any material (unlike the piezoelectric
approach) incompatible with a CMOS process. It also opens up possibilities of simultaneously
operating multiple devices (arrays) without requiring heavy set-ups neither alignment.

The smartest realization of NEMS embedded in a capacitive detection scheme is a
monolithic integration with CMOS circuitry. It makes possible “on-chip” signal processing
(amplification and conditioning), additionally arrays of sensors can be operated while the overall
system remains ultra-compact and light. The integration of NEMS on CMOS will be described in
chapters 3, 4 and 5.

I1.1. Transduction principle: capacitive detection with electrostatic
actuation
In our approach, mechanical resonators are electrostatically actuated and a capacitive
detection scheme converts mechanical oscillations into an electrical signal.

The global system is illustrated, taking the example of a cantilever, in Figure 8: it consists of
a driver, mechanically fixed, and a cantilever placed in parallel very close to the driver. It can
freely bend around the static position at a given oscillation frequency.
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l VREF

Figure 8. All electric actuation and detection scheme for a cantilever

The fixed driver is devoted to bias the required DC voltage (V,N e —VREF) (typically 1 V to 30
V) and to act as the input terminal for the alternate voltage stimulation V,, ,. (typically -30 dBm
to 0 dBm). On the other hand, the cantilever plays the role of the output terminal, allowing the
readout of the resonator oscillation current I, (typically in the range of nA), subsequently
converted into a voltage ¥,,, by the load resistor R,,,, . The resonance frequency depends on the

resonator material, shape and dimensions as previously detailed.

The mechanical motion is translated into an electrical signal (subsequently collected and
conditioned by a read-out device) through a capacitive transduction. In fact, the capacitive current
generated by the two-electrodes system can be described as:

. _ dQRES -C d(VINDC _VREF +VINAC) v v % dCNEMS
Ipps () = dt — “ NEMS dt +( IN DC rer + INAC) dt (I155)
dVy 4 E .

~
~

0 dt +( INDC_VREF)dt

where Cy,,(?)=C,+c¢(t), Cois the static component and c the time dependant one of the

(here, in-plane) capacitor cantilever/air/electrode. It is assumed that V,, ;. —=Viepr > Viy e -

Thus, the NEMS current can be understood as a sum of two contributions of current: (i) one
dVIN AC

arising from the static structure: i =C, and (ii) the other coming from the resonator

. . , dc . .
mechanical motion i, = (V,N pe —VREF)E . This latter component allows measuring the frequency

response of the resonator.

I1.2. Equivalent electrical modeling of a mechanical resonator

I1.2.a. Global equivalent electrical scheme

Equation (II.55) describes an ideal case in which no parasitic capacitances affect the
measurement. As a matter of fact, the total generated capacitive current is not only a sum of
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motion and static components but also of a parasitic component, usually the most significant
fraction of the total. In fact, this high parasitic component may even “hide” the motional current.
For a more accurate prediction of the resonance signal level, the mechanical resonator is modeled
in the following way:

Z_
pmmmmmm S st ST 1
| |
| |
Vinac Z Readout device
C+ w Vour |
T M
| H
Vinpc —— :_I=
Zy Zp| | Ze
|
\-'7

Figure 9. Actuation and detection electrical scheme including parasitic components

where Zp is a parasitic impedance existing between input and output terminals, Z the
impedance associated to the static capacitor, Zj the impedance associated to the mechanical
motion occurring around resonance, Zp, the equivalent parasitic impedance at the output port and
Z the input impedance of the readout device (a network analyzer in the case of discrete devices, a
CMOS circuit in monolithic systems).

GENERAL BEHAVIOR

As a first remark, it should be stated that all over the work presented in this thesis, the
resonators structural layer (either mono- or polycrystalline silicon) is always sufficiently doped
with phosphorous (n-type) so that we consider it as a good conductor of negligible resistivity.

Zp deeply depends upon the type of resonator and on its electrodes configuration. It can be
approximated as:

(IL.56)

where Cp is the parasitic stray capacitance and o the angular frequency of operation.

In the case of in-plane vibrating cantilevers, this impedance corresponds to the capacitance
related to the fringing electrostatic field and the resulting impedance is usually very high. For
other types of resonators, in particular out-of-plane vibrating devices, it may be dramatically low
because of a strong capacitive coupling between the underlying layer acting as input terminal and
the resonator anchors (belonging to the structural layer, i.e. the output terminal). This will be
detailed in section III.1.c.i). As a design rule, Zp should be maximized (i.e. Cp reduced).

Zy depends on the resonator geometry: it is associated to the static capacitance Cy of the
resonator/air/input terminal capacitor:

Z, = ! = d

w

(IL.57)
C,o Ao

where & is the vacuum dielectric constant, A the capacitor area, d the gap between
resonator and input port, and @ the angular frequency of operation.
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Zy is the motional impedance of the resonator. The lower it is, the higher is the signal
generated by the mechanical resonance. An important challenge to address is the implementation
of a reliable model in order to be able to translate mechanical parameters such as &, m and D (refer
to eq. (IL3)) into electrical equivalent parameters. Thus, the levels of electrical signal generated
during mechanical resonance could be assessed.

Zpy is related to parasitic capacitances located at the output terminal. In an experimental set-
up for discrete devices, the total parasitic capacitance arises from the measurement
instrumentation and is in the order of tens of pF (what corresponds to parasitic capacitances
respectively of the wire bonding between chip and printed circuit board (PCB), of the PCB itself
and of the coaxial cables).

In case of a monolithic integration, this capacitance is in the order of tens of fF (three orders
of magnitude less) and corresponds to a parasitic physical capacitor related to the routing between
the resonator output terminal and the CMOS circuit input. As a design rule, Zp, should be
maximized (i.e. Cp, reduced).

ZE is the input impedance of the readout device. The network analyzer we use for device
frequency characterization is configurable at either 50 Q or 1 MQ.
The resulting load resistance R,,,, (see Figure 8) that converts the resonance current into
V,ur is given by:
1 11 Z,Z,

=—+— = R, =—n%E (11.58)
LOAD ZP2 ZE roav ZP2 + ZE

Usually, Cp, is quite high what is equivalent to a low Zp,. Yet, Zp; is usually larger than 50
Q and in this case, it is more favorable to set Zt to 1 MQ, what makes that Zp, dominates and acts
as load resistance (instead of 50 Q).

I1.2b. RLC equivalent model of the motional impedance

This section presents a model that allows estimating the electrical behavior of a mechanical
resonator. From a phenomenological point of view, a D, m, k& [c.f. eq.(I.3)] mechanical oscillator is
equivalent to a small signal electrical RLC oscillator [18-21]. A conversion scale factor is needed to
transfer mechanical signals domain to an electrical signals domain. These issues are detailed
hereafter.

I1.2.b.i) Phenomenological approach of a RLC oscillator

The objective here is to determine the frequency response, and its key features, of two
oscillators, pure RLC and RLC in parallel with C, by calculating their transfer function. Through
the study of such classical electrical components, the electrical behavior of a mechanical resonator
can be qualitatively predicted.

RESPONSE OF A SINGLE RLC BRANCH
R L Cc

Figure 10. RLC branch
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A single RLC branch provides a similar response than a pure mechanical resonator. The
intrinsic mechanical response is accessible for instance via optical techniques, what is not the case
of capacitive detection as it will subsequently explained. The impedance of the branch is:

Zye=——+jLo+R (IL59)
jCw

LCs? + RCs +1

setting s = jw= j2af , then: Zp, - :_L+jLa)+R:
jCw Cs

. Setting V=1, the frequency response is:

The resonator current is given by: ip, - = v
ZRic

1 Cs

= 5 (I1.60)
Zyc LCs”+RCs+1

lrie =

1 1

27 JLC

while the resonance frequency is f,,; =

In Figure 11 and Figure 12, typical magnitude and phase responses are plotted in different
conditions: Z and Care set to about 1 H and 10 fF (what results in fzes<1.5 MHz) while R is set to
5, 25 and 50 kQ.

Magnitude (a.u.)

Figure 11. Typical magnitude response of a RLC branch

0.0002 " . .
75 ,\\\ increasing R
0.00015 | \\\\ S0 ¢ \L
z \25 r
0.0001 | . . O
[ LT R )] 1.46 :10°  1.48510° }5@6 1.54510°
L g o5 [ \\\
0.00005 | o . ~
, =75 L
1.46 10° 1.48>10° 1.52 x10°  1.5410° —
Frequency (Hz) Frequency (Hz)

Figure 12. Typical phase response of a RLC branch

The key features here are the single peak in the magnitude spectrum and the 180° phase
shift downwards around the resonance frequency.

At a given resonance frequency, the general trends are (i) increasing the inductance (i.e.
decreasing the capacitance) tends to lower the peak magnitude and (ii) increasing R (maintaining
L and C constant) tends to decrease the peak magnitude as well, worsens the peak quality factor
and produces a less steep phase shift.
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RESPONSE OF A DOUBLE BRANCH: RLC PARALLEL WITH C

I
11
Cpa
R L C

Figure 13. Double branch RLC in parallel with (parasitic) Cpa

This system is the most similar to the configurations of Figure 8 and Figure 9 whereby the
mechanical resonator, equivalent to a RLC branch, is embedded in an electrical readout system
based on a capacitive scheme. Let us see to what extent the unavoidable parallel capacitance (sum
of parasitic and static contributions) modifies the NEMS frequency response.

The impedance of each branchis: Z,, =——+ jLo+ R and Zp, = !
jCa) jCPAC()

Setting s = jw= j27f , then 7, - 1 _ 1
1 1 1
—+ CPAS+
Zra Zric ——+jLo+R
jCo
=, _ LCs® + RCs +1 1 LCs® + RCs +1
eq 3 2 B
LCCpys® + RCCpys® +(C+Cpy)s  Cras [LCs2 +RCs+[1+ c D
PA

Normalizing again V to 1, the frequency response of the resonator current is given by:

LCs* + RCs + (1 + CJ
o .,

s 11.61
P LCs® + RCs +1 aLe1)

In Figure 14 and Figure 15, typical magnitude and phase responses are plotted in different
conditions: L and Care set to about 1 H and 10 fF (what results in fzes=1.5 MHz), Cpa is set to 1.5
pF while Ris set to 2, 0.7 and 0.2 MQ.

Magnitude (a.u.)

0.000017 increasing R
—
0.000016 L
0.000015 3
§°]
0.000014 N i i
. o 77.5 increasing R
0.000013 ‘ ) ) \ ‘ ) ‘
1.310% 1.4-10% 1.5 Tf 1.610% 1.7-10% 1.810°
6 6 6 6 6 6 ez
1.3:20°% 1.4:10° 1.5510° 1.6510° 1.7:20° 1.8:10
Frequency (Hz) Frequency (Hz)
Figure 14. Typical magnitude response Figure 15. Typical phase response
of a double branch RLC//C of a double branch RLC//C
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Magnitude and phase spectra change radically compared to the behavior of a single RLC
branch. Here, the magnitude response exhibits the proper resonance immediately followed by an
anti-resonance peak. The background level is determined by Cpa. The phase response is no more
stairs-like; the resonance provokes a phase shift down to lower values but comes back rapidly to
the background value.

CrA plays a key role: the higher it is the more pronounced is the magnitude anti-peak and
the less pronounced is the phase peak.
I1.2.b.ii) Parameters calculation

Now, the qualitative response of the system depicted in Figure 9 is known. Let us quantify
Zy the impedance illustrating the mechanical motion. Ideally, Zj should be as low as possible in
order to predominate against either Zp or Zy.

The mechanical resonator, characterized by its mechanical parameters 4 (resonator
stiffness), m (resonator mass) and D (viscous damping coefficient related to the resonance quality

factor Q, according to D:ﬂ:%w), can be electrically modeled as a RLC branch. This

electromechanical model assigns to each mechanical parameter an equivalent electrical value. We
follow the approach from Mattila et al. [19]. Let us express the electrostatic force:

1 oC 2 10C . . . .
F,= 5 g(V,NAC +Vype ) = (vAC2 sin’ ot +2v Ve sSinot +V,, .0 ) with V. =V, sinot
.2 1—cos22wt
actually, sin“ or = — SO
1C | (v, 2 : Vi
F,=—— +Vivne | T2V Vinpe Sin ot — cos 2wt (IL.62)
2 ox 2 2

The time-varying part of the capacitive driving force actuating the driven damped mass-
spring system (eq.(IL.8)) to the first order is:

10C . oC
F, (t) :Eg |:2"Ac Vin pe Sin a)t:| = EI/INAC Vinpe

2
The global equation is: m d f + DE+ kx=F_(t)= EV,NAC Vixbe
dt dt ox
. 2 oc
that is to say: mo’x+Dox+kx =F,(t)= a—V,NAC Vix pe (I11.63)
X

As previously said (eq.(IL.55)), the motional current 7y can be expressed as:

oC oC ox oC i i
Uy zVINDCEZ INDCaa = INDCa:l:i (11.64)
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Inserting (eq.(I1.64)) into (eq.(I1.63)), we obtain ma’x + Dax + kx = Dy and rewrite it as:
ox

IN AC

ma’'x’ Do*x* kox?

Vivae =———+——+—; (11.65)
Iy Ly Ly
On another part, basing on eq.(IL.59),
Vivac = JLy @iy + Ry iy +— o (I1.66)
JjC,o

Identifying the complex modulus of the left terms of eq.(I.65) and (I1.66),

32 2.2
L,oi, =22% :»LM=m{“’x }:ﬂz (IL67)

we define 7 the electromechanical coupling coefficient that puts in relation electrical current and
mechanical transducer velocity:

dy iy oC

= —M _y - 11.68
g wox v(t) NPC ox ( )

where v(z)is the mechanical velocity

where & is the vacuum dielectric constant, d the gap

For small displacements, 7 ~ g:l_;lVIN e

between resonator and input port, and A the capacitor area.

Identifying the two other terms of eq (I1.65) and (I1.66), it results in:

D Jkm 1 |[L, 7 _m
R, == =Y __ |Zu c, =1L L, == (IL.69)
- 0n 0O\C, k n

Note that the resonance frequency of the electrical RLC branch is equal to the mechanical

1 1 k1 [k
[ S __:_\P (11.70)
g JL,c, 2x\n’m 2z\m

Around resonance, Cy and Zy cancel each other and the branch becomes equivalent to a

resonance:

simple resistance whose value is Ry.
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II.2.c. Global response

A general expression of the total capacitive current yeys generated around resonance
frequency is:

V,
Lyps (8) === i=i, +iy +iyy =~V ¢ (C,,a)+CWa)+RLJ (I1.71)

ZTOT M

where ip, 7y and iy are the currents respectively associated to Zp (i.e. Cp), Zw (i.e. Cy) and
Rum. Vinac is the AC excitation voltage.

We define a figure of merit (#M),calculated at the resonance frequency, that points up the
trend to generate a high resonance current compared to the currents arising from parasitic and
static capacitances:

FM =100 in % (11.72)

lP +lW

Efforts on resonator design and readout configuration should focus on increasing FM.

So, computing eq.(I1.71) with eq.(11.72),

2
FM =100 —10024¢ ! 0 27 L o927
i,,+1W R, v, o,(C,+C, ,/km (C,+Cy) k(C,+C,)

Inserting eq.(I1.68) into the previous expression, we obtain the general formula:

2 42 2
QgO A VINDC

1
FM =100 —
d*(C,+C,) k

in% (1L.73)

where Q is the resonance quality factor, & is the vacuum dielectric constant, A is the
resonator / gate electrode capacitor area and d the capacitor gap (assuming d is much larger than
the resonator displacement). Vjypc is the applied DC voltage (assuming Viy pc >> Vin ac), and & the
spring constant of the considered resonator.
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I1.3. Response to electrostatic actuation

This section is focused on the impact of electrostatic actuation on either the static or
dynamic mechanical response of the resonator.

II.3.a. Deflection and pull-in voltage related to electrostatic force

Electrostatic actuation results in an attractive force that tends to bend the resonator towards
the excitation electrode. It is of interest to quantify this deflection as it gives indications on the
sensitivity of the displacement transducing scheme and allows predicting the pull-in voltage in
order to prevent collapse and irreversible stiction of the resonator on its driving electrode.

In order to estimate the deflection, we equal the restoring spring force and the electrostatic
force, neglecting air damping:

|F,| = |Fy| = kx = %%Vz with ¥V =V, . +V,c sinot

The electrostatic force involves time-constant and time-varying parts [see eq.(IL.62)]:

2

10C (v, . v
F,(t) = H"—ZCJr Vinoe j +2v o Vin pe Sin @t —A—zccos 20t (I1.74)

Let us separate the two cases of static and dynamic deflection.

For the determination of the static deflection, the equation to solve is (assuming Viy pc >>

VIN Ac)i

2 gA
= x(d-x) :20—kV,fVDC (IL.75)

It comes that stable equilibrium positions only exist in the domain 0 < x < 3

Let us introduce now the useful notion of pull-in voltage. Above this voltage, the
electrostatic force is always greater than the spring force and the resonator is pulled towards the
fixed electrode. The pull-in voltage is calculated at the limit d/3 of the stable domain:

[8kd®
| 11.76
o\ 27¢,4 (1L.76)
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In Table II - 5, the expression of the pull-in voltage is reported for two devices:

Device k(N/m) A@m? Ve (V)
Cantilever 2Eb'h nl 16E b* d’"”
In-plane flexion 3 P 8lg, I°
Quad-beam . E b IE 840 E B’ 0" d*?
Out-of-plane flexion % p : 27¢, rerL

Table II - 5. Pull-in voltage formula for specific resonator designs

where Agg is a fitting factor in order to take into account deviations from the experimental
resonance frequency. The effective factor of the cantilever spring constant (see a», section 1.2.b.i))
is set to 2/3 since the electrostatic force is uniformly applied.

Around the static bending given by eq.(IL.75), an additional periodic deflection is driven by
the time-varying part of the electrostatic force. Neglecting the air damping, the oscillation
amplitude x can be calculated as:

g,A4
= x(d-x) :(’TVAC Vo v (1L.77)

0 1
kx 22v INDCgOAa[d_x\J

At large amplitudes, the resonator enters a mechanical nonlinear regime with hysteresis. In
this regime, the dependence of the amplitude of vibration upon the axial force has to be taken into
account, resulting in a non-linear term in eq.(Il.3). The threshold amplitude, named critical
amplitude [5, 22, 23] is given by:

x :L (11.78)

c

[p.0(1-v)f

where b is the resonator dimension in the direction of vibration, f, is a coefficient
depending on the mode and on the resonator shape, and v is the Poisson’s ratio of the structural
material (for silicon: v=0.28).

[, depends on the structure and on the operated mode n. It is given by [23]:

B, = (11.79)

nMAX(x) ‘(!‘[ w, (x)J

where w;(x) is the approximate shape function of the n* mode and W, pax its maximum (see
part I for the corresponding expressions of wj(x) ). For a cantilever beam vibrating in its
fundamental mode, £, =1.58; for a bridge S, = 0.528 for the fundamental (flexural) mode.

In chapter 5, vibration amplitudes will be calculated when analyzing experimental results
obtained on resonators that have been fabricated.
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I1.3.b. Spring-softening effect

To what extent electrostatic actuation influences the mechanical resonance frequency is an
important issue. It has been experimentally observed, for example on cantilevers that an
increasing applied voltage decreases the resonance frequency: this phenomenon arises from the
so-called “spring-softening” effect [24, 25]. Hereafter, we propose an analytical explanation
providing formulas of two specific mechanical structures. Let us consider the equation of the
mass-spring system:

: OF .
m d f =F,, =—% x =—kx leading to f, =L1{£ (natural resonance frequency)
dt Ox 27 \'m

If an electrostatic force is applied, then

2

OF, F,
m‘;szs},JrFE =[J+8—E
t

ox ox

sz(—k+kE)x

OF,

E

leading to f' L /ﬁ (modified resonance frequency) with &, =
2z m ox

then, f'=f, 1—%

At this stage, we use a Taylor development (since k, <<k ) to obtain the relation between £
and f:

el ke
f —f”(l 2k) (11.80)

The spring-softening effect depending on what point of view it is considered may represent
either a drawback or an advantage. It tends to decrease the mass sensitivity according to eq.(I1.46)
(2 m/f) but it makes the device more controllable as its resonance frequency is tunable, what may
be interesting in particular to circumvent process-induced variations of dimensions.

RESONANCE FREQUENCY REDUCTION FOR AN IN-PLANE VIBRATING CANTILEVER

Lh . .. .
%Z{)T)ZVIN pe. assuming Vivoc>>Vivac. Deriving F, , we detail

eq.(I1.80) assuming d>>x (xis the vibration amplitude):

In this configuration, F, =-

& lh 2 1

f'= f;(l_TI/INDC ﬁj and Ky arerar = 2

Ehb’
13

where / b and A are respectively the cantilever length, width and thickness. The
electrostatic force is uniformly applied on the cantilever, consequently «, =§. (a, =% is widely

spread but is actually restricted to punctual force applied at the free end).

-62-



Chapter 2. Concepts of nano/micromechanical resonators for mass sensing applications with all electric
actuation and detection

The detailed expression becomes:

3¢ 0
AEbD d’

3g, 1"

S 11.81
AEb’ d’ ( )

f':fn(l VINDCZJ:fn(I_KVINDC2) with K =

where K'stands as the electromechanical coupling factor.

RESONANCE FREQUENCY REDUCTION FOR AN OUT-OF-PLANE VIBRATING QUAD-BEAM

e L? i . )
—2(‘;’ 1 7 V,.. assuming Vv pc>>Vivac. Deriving F,, we detail
-z

eq.(11.80) assuming d >>z (zis the vibration amplitude):

In this configuration, Fe=-—

Eblk’

13

gO le
d3

1
f':f,,(l— V'NDCZEJ and k = A,

where Zs, [, b and A are respectively the central plate width, the beams length, width and
the common thickness. To maintain a simple expression for the spring constant, we introduce Agg,
an empirical factor extracted to fit with experimental values. We need to proceed with such an
approximation since the effect of the underetching of the anchors, previously cited, drastically
complicates the analytical formula. Typically, Agg is the range 1 — 4.

e LI
"= flle— 2 11.82
U f"[ 270 EbIW & ”“’C] (1182)

GENERAL COMMENT ON HOW TO LESSEN SPRING-SOFTENING EFFECT

Looking at the expanded expression of the electrostatic force (eq.(I.74)), one can observe
that both time-varying terms do not oscillate at the same frequency: the first term oscillates at the
frequency w of the driving signal and the second one at 2w twice the driving frequency.

On the contrary to the term oscillating at o, the second term depends exclusively on Viy ac
and not on Vjy pc. Therefore, we might expect a less pronounced spring-softening effect as the
alternate voltage magnitude is generally much weaker than the DC one. However, it must be stated
that without DC voltage, the AC voltage must be much increased to excite enough the system. This
tends to operate the resonator in its non-linear regime, what may be unwanted.

II.3.c. Generalization

In the literature, resonance frequency tuning with electrostatic actuation has been
demonstrated [26, 27] both upward and downward. Very few authors have clearly explained the
origins of both opposite trends in electrostatic nano/microresonators. Let us call the influence of
the driving electrostatic signal on the resonance frequency as amplitude-frequency (A-f) effect.
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Some authors have recently developed relatively general theoretical and qualitative models
but focusing only on doubly clamped resonators (bridges). Basing on their statements, we propose
a general qualitative explanation of both phenomena applicable to every resonator.

The opportunity to tune the resonance frequency is particularly interesting for applications
oriented to telecommunications systems and more primarily to compensate unavoidable variations
of devices dimensions related to technological process fluctuations. Various reversible frequency
tuning mechanisms have been explored in the past: in particular stiffness variation with thermal
stress [28] and electrostatic tuning [29, 30].

In quartz [31] devices and Si NEMS, the nonlinear A-f effect limits the maximum
sustainable drive amplitude and hence the maximum SNR that can be achieved [32, 33]. Beyond
the sustainable drive current, the resonant amplitude and phase response exhibit Duffing
bifurcation instabilities [33, 34], as well as excess phase noise induced by amplitude noise [35]. It is
of interest to determine the optimal bias condition in order to maximize the response.

These tuning behaviors are characteristic of nonlinearities. Actually, they come from the
nonlinearities of two counterbalancing forces: spring force and electrostatic force resulting
respectively in mechanical stiffening and electrical softening.

The most general rule than we can establish is:

* when the frequency is tuned upwards with increasing voltage (either AC or DC or a sum
of both), it means that elastic frequency tuning dominates. In other words, the effect of
the capacitive forces is weaker than the mechanical stiffening A-feffect: the electrostatic
attraction stretches the resonator and causes an additional tensile axial force that tends to
increase the resonance frequency (like in a guitar string, this effect is also named ‘hard-
spring’ effect [23]).

* when the frequency is tuned downwards with increasing voltage, capacitive frequency
tuning dominates: the softening A-feffect related to the capacitive forces [see eq.(I11.80)]
is stronger than the mechanical stiffening A-feffect.

Based on these two statements, each resonator will exhibit a specific behavior depending on
its configuration (direction of the driving electrostatic field with respect to the direction of
vibration [27]), and initial state (for example, stress in resonators may impose a bending towards or
opposite the electrode and favor one type of behavior or another). This behavior can be either
monotonous or with several states [26]. What can be added is that for optimal driving polarization,
the interaction of the opposing mechanical stiffening and electrical softening leads to an increase
in the amplitude while the frequency remains stationary. Agarwal [26] reports that the A-f
coefficient in Si NEMS/MEMS is several orders of magnitude larger than quartz crystals what may
be interesting for tuning.
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