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Resum

Els sensors de massa nanomecànics han atret un gran interès darrerament per la
seva alta sensibilitat, que ve donada per les petites dimensions del ressonador que
actua com a element sensor. Aquesta tesi tracta sobre la fabricació i caracterització
de ressonadors nanomecànics per a aplicacions de sensat de massa. Aquest objectiu
inclou diferents aspectes: 1) el desenvolupament d'una tecnologia de fabricació per a
ressonadors nanomecànics basats en nano�ls de silici, 2) la caracterització de la seva
resposta freqüencial utilitzant mètodes elèctrics i 3) l'avaluació del seu rendiment
com a sensors de massa.

Durant aquest treball hem fabricat ressonadors nanomecànics basats en nano�ls
de silici doblement �xats, utilitzant dues estratègies de fabricació diferents: els
nano�ls crescuts amb mètodes bottom-up (�de baix a dalt�), i els de�nits amb
mètodes de litogra�a top-down (�de dalt a baix�). Apro�tant les característiques
d'ambdues tècniques, hem fabricat nano�ls amb dimensions laterals de �ns a 50
nanòmetres, i amb un alt nombre de dispositius per xip, aconseguint un alt grau de
rendiment per a estructures d'aquestes dimensions.

Hem aplicat esquemes avançats de detecció elèctrica basats en la mescla de
senyals cap a freqüències baixes per tal de caracteritzar la resposta freqüencial dels
ressonadors. Hem demostrat que el mètode de freqüència modulada (FM) propor-
ciona la millor e�ciència en la transducció de l'oscil�lació mecànica en una senyal
elèctrica. Aquesta tècnica ha permès detectar múltiples modes de ressonància del
ressonador, a freqüències de �ns a 590 MHz. La detecció de modes de ressonància
superiors és important per tal de solucionar una de les principals problemàtiques
en el camp dels sensors de massa nanomecànics: desacoblar els efectes de la posició
i la massa de partícules dipositades al sensor. També hem combinat la informació
obtinguda de la caracterització elèctrica amb simulacions d'elements �nits per tal
de quanti�car l'estrès acumulat als nano�ls durant la seva fabricació.

Hem estudiat els sistemes de transducció electromecànica en ressonadors basats
en nano�ls de silici comparant l'e�ciència de tres mètodes de detecció: el mètode FM
ja esmentat i els mètodes de dos generadors, 1! i de dos generadors, 2!. D'aquesta
manera hem demostrat que dos mecanismes de transducció diferents coexisteixen
en els nano�ls de silici bottom-up: el mecanisme lineal (en què la senyal transduïda
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és proporcional al moviment del ressonador) i el quadràtic (en què la senyal trans-
duïda és proporcional al quadrat del moviment del ressonador). Per altra banda,
en els ressonadors top-down només és present el mecanisme de transducció lineal.
Aquest mecanisme lineal és el que permet la gran e�ciència del mètode FM per a la
caracterització de la resposta freqüencial de ressonadors basats en nano�ls de silici.

Per tal d'utilitzar els ressonadors nanomecànics com a sensors de massa, el segui-
ment de la freqüència de ressonància en temps real és indispensable. Hem dissenyat
i implementat una con�guració en llaç tancat basada en la caracterització FM i un
algorisme de detecció de pendent. Aquest sistema permet el seguiment de canvis
en la magnitud i freqüència de la resposta del ressonador, possibilitant la detecció
de massa en temps real i la caracterització de l'estabilitat temporal del sistema.
D'aquesta manera s'ha pogut avaluar l'e�ciència del sistema per a aplicacions de
sensat de massa. La sensibilitat en massa dels sensors de dimensions més reduïdes
és de l'ordre de 6 Hz/zg (1 zg = 6�10−21g), i les mesures d'estabilitat en freqüència
en llaç tancat mostren una resolució en massa de 6 zg a temperatura ambient.
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Summary

Nanomechanical mass sensors have attracted interest during the last years thanks
to their unprecedented sensitivities, which arise from the small dimensions of the
resonator which comprises the sensing element. This thesis deals with the fabrication
and characterization of nanomechanical resonators for mass sensing applications.
This objective comprises three di�erent aspects: 1) development of a fabrication
technology of nanomechanical resonators based on silicon nanowires (SiNW), 2)
characterization of their frequency response by electrical methods and 3) evaluation
of their performance as mass sensors.

During this work, we have fabricated nanomechanical resonators based on SiNW
clamped-clamped beams, using two di�erent approaches: bottom-up growth of
SiNW and top-down de�nition by lithography methods. By exploiting the advan-
tages of each technique, we have succeeded in fabricating nanowires of small lateral
dimensions, in the order of 50 nanometers, and with high number of devices per
chip, achieving a high throughput for structures of these dimensions.

We have applied advanced electrical detection schemes based on frequency down-
mixing techniques for the characterization of the frequency response of the devices.
We have found that the frequency modulation (FM) detection method provides the
best e�ciency in transducing the mechanical oscillation into an electrical signal.
This technique has enabled the detection of multiple resonance modes of the res-
onator at frequencies up to 590 MHz. The detection of high modes of resonance is
important to address one of the issues in nanomechanical mass sensing, decoupling
the e�ects of the position and mass of the deposited species. Moreover, by combining
the information obtained from the experimental characterization of the frequency
response with FEM simulations, we have quanti�ed the stress accumulated in the
SiNWs during the fabrication.

We have studied the electromechanical transduction mechanisms in SiNW res-
onators by the comparative performance of three electrical detection methods: the
aforementioned FM and two more detection techniques (namely the two-source, 1!
and the two-source, 2!). We have proved that two di�erent transduction mecha-
nisms co-exist in bottom-up grown SiNWs: linear (in which the transduced signal is
proportional to the motion of the resonator) and quadratic (in which the transduced
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signal is proportional to the square of the motion of the resonator). On the other
hand, in the top-down nanowires only the linear transduction mechanism is present.
It is this newly found linear transduction which enables the outstanding performance
of the FM detection method when characterizing the frequency response of SiNW
resonators.

For the use of nanomechanical resonators in mass sensing applications, the real-
time tracking of their resonance frequency is needed. We have designed and im-
plemented a novel closed-loop con�guration, based on the FM detection technique
and a slope detection algorithm. It allows the monitoring of changes in the magni-
tude and the frequency of the response of the resonator, enabling not only the real
time detection of mass, but also the characterization of the temporal stability of the
resonator. In this way, the overall performance of the system for mass sensing appli-
cations has been characterized. The mass sensitivity of the system for the smallest
resonators stands in the range of 6 Hz/zg (1 zg = 6 � 10−21 g) and the frequency
stability measurements in the closed loop con�guration reveal a mass resolution of
6 zg at room temperature.
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Thesis presentation

This thesis has been realized in the group of Nanofabrication and functional proper-
ties of nanostructures, of the Institut de Microelectrònica de Barcelona (IMB-CNM),
which is part of the CSIC (Centro Superior de Investigaciones Cientí�cas). This work
has been supervised by Prof. Francesc Pérez Murano.

Introduction

This thesis deals with the study and application of nanoelectromechanical systems,
that is, electromechanical systems of nanometric dimensions. First of all, a de�nition
of an electromechanical system is in order: this term refers to a mechanical compo-
nent coupled to electronic circuits via electromechanical transducers [1]. Therefore,
an electromechanical system consists of di�erent parts: 1) an input transducer,
which receives electric signals from a circuit and transforms them to stimuli for the
mechanical element; 2) the mechanical element itself; and 3) the detection trans-
ducer, which senses the state or stimuli provided by the mechanical element and
transforms them to measurable electric signals.

This general description encompasses a large number of systems, in which the
mechanical element is a�ected by di�erent kinds of stimuli. Electromechanical sys-
tems have applications ranging from sensing (pressure, inertial, chemical sensors,...)
to RF components, scanning probes, etc. This work is centered in the study of
clamped-clamped beam structures, in which resonance states can be excited and
detected using electrical methods. The resonance frequency of these structures is
extremely sensitive to a number of parameters, and therefore its tracking can be
used for sensing purposes.

Miniaturization in electromechanical systems: MEMS-NEMS

Over the last century, the evolution of electronics and more speci�cally, Integrated
Circuits (ICs) has induced a revolution in the miniaturization and integration of
electronic components. This has enabled consumer electronics and a breakthrough
in information technologies. This technology is based in the fabrication of electronic
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components using planar technologies, generally based on silicon wafers. Much e�ort
has been put into the miniaturization of these components, mainly by improving the
di�erent technologies involved in their fabrication.

In parallel to the development of IC technologies, bulk Si micromachining tech-
niques have been developed, adding the possibility of using a similar set of techniques
to fabricate mechanical structures integrated in Si chips [2]. The combination of
these mechanical parts with electronics quickly followed, giving birth to the �eld of
Microelectromechanical Systems (MEMS) [3]. This term makes reference to mechan-
ical elements of micrometric dimensions which are actuated or sensed electrically,
by means of transduction mechanisms.

During the last three decades this �eld has evolved, taking advantage of the
evolution of microelectronic technologies and using them to fabricate mechanical
structures of increasingly small dimensions. As a result of this trend of minia-
turization, eventually the fabrication technology allowed to fabricate structures of
sub-micrometric dimensions, opening the �eld of the Nanoelectromechanical Sys-
tems (NEMS). NEMS are �rst, but not only, an evolution of MEMS in which one or
more of its dimensions are in the sub-micron range. This miniaturization provides
advantages in many applications, such as lower masses of the mechanical elements
and higher resonance frequencies. Additionally, the evolution of the size of these
structures towards the atomic range enables the exploration of quantum e�ects,
which can be exploited to create new paradigms of sensing and electronics.

NEMS as mass sensors

One of the applications of NEMS�and, more speci�cally, the beam structures studied
in this work�is their use in the �eld of mass sensing. Due to their small dimensions,
nanomechanical resonators present exceptionally low masses and high resonance fre-
quencies, which confer them outstanding qualities as mass sensors. For this reason,
the �eld of mass sensing based on NEMS has been gathering interest in the last
years, and recent works have reported unprecedented resolution in the yoctogram
range [4] (1 yg is 1 � 10−24 g, or the mass of a proton) and real-time detection of
single proteins [5].

Despite all of the developments of the last years in the �eld of mass sensing based
on nanomechanical resonators, there are still challenges to be addressed. From the
point of view of the resonators, their miniaturization in a controlled way implies
technological di�culties that require improving the existing fabrication methods.
Furthermore, the small dimensions that confer exceptional mass sensing perfor-
mance also entail issues in the measurement of the resonators, such as transduction
signals of small amplitude and high frequency, tendency to non-linear behaviours,
etc. Therefore, high sensitivity mass sensing implies not only a challenge in the
miniaturization of the sensors, but also in their measurement and characterization.
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Fabrication methods

The fabrication of mass sensors based on nanomechanical resonators pushes the
limits of existing fabrication technologies in order to build structures of the small-
est possible dimensions. In general, two di�erent approaches can be employed to
fabricate micro- and nanostructures. 1) Top-down techniques, which start with a
bulk material, and selectively remove certain regions to fabricate the structures [6],
similarly to sculpturing a �gure from a block of rock. This is the base of classical
micromachining techniques, in which a mechanical structure is patterned in bulk Si
using IC and microfabrication technologies. 2) Bottom-up techniques, in which the
structures are fabricated from smaller building blocks by molecular recognition or
self-assembly, similarly to building a structure from smaller bricks. These are the
technologies used for the fabrication of Carbon Nanotubes (CNTs) or Silicon Nano-
wires (SiNWs) based devices, which are synthesized by chemical reactions favoured
from a seed of catalyst.

Each of these general approaches presents advantages and disadvantages. With-
out entering into the particulars of each technique, many of the processes employed
in top-down methods are also used in IC fabrication, and therefore are widely used
and well controlled. This kind of techniques generally o�er good resolution and
repetitivity for relatively large structures, but they fail when resolutions below hun-
dreds of nanometers are required. On the other hand, bottom-up methods are
usually speci�c to one material or family of materials, as they rely on chemical re-
actions, but they can o�er outstanding results when fabricating structures of small
dimensions. These methods can be used to fabricate materials of the lowest possible
dimensionality, like CNTs or graphene sheets, which are fabricated from a single
atomic layer. However, the accurate positioning of the grown objects is usually
di�cult, which hinders the repetitive fabrication of devices based on these struc-
tures. In summary, top-down and bottom-up approaches can be considered to have
complimentary advantages nowadays, which must be evaluated for each particular
application.

Objectives

The general objective of this thesis is the study of nanomechanical resonators, and
the evaluation of their application in mass sensing. This objective is approached
as a means of exploring di�erent challenges currently present in the �eld of mass
sensing based on nanomechanical resonators. For this reason, special emphasis is
put during each step into the study and application of di�erent alternative solutions.
The speci�c objectives of this thesis and their implications are:

Fabrication: Fabrication of nanomechanical resonators of small dimensions. In this
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step, the advantages and limitations of bottom-up and top-down fabrication
approaches are studied. With these objectives, two di�erent fabrication pro-
cesses are developed based on top-down and bottom-up approaches, in order
to take advantage of their respective particularities.

Measurement: Characterization of nanomechanical resonators by using novel elec-
trical measurement methods. This implies the comparison of di�erent mea-
surement techniques, addressing the issues related with the high frequencies
and the low signal levels which are inherent to these devices. A comparative
study of diverse electrical detection methods is performed.

Investigation of the properties of nanomechanical resonators: Study of the
characteristics of the fabricated nanomechanical resonators from the charac-
terization results. Several attributes of the resonators which are important for
their application ass mass sensors can be investigated and disclosed with the
help of experimental results and �nite element simulations.

Application of the resonators as mass sensors: Integration of the resonators
into a close-loop interface for their application as a mass sensors. This step in-
volves the design and implementation of a close loop interface for the real time
monitoring of the resonance frequency of nanomechanical resonators, adapted
to the particular measurement method employed.

Structure

This document consists in 6 di�erent chapters, comprising a theoretical introduction
to NEMS resonators, followed by the fabrication and characterization of top-down
and bottom-up nanowires and �nally their application as mass sensors.

Chapter 1 is devoted to introducing the theory of nanoelectromechanical res-
onators, and it is divided in three sections. The �rst part comprises a study of the
theory of resonating beams, which describes the behaviour of the mechanical struc-
tures studied throughout this work. The second section presents actuation methods
for nanomechanical resonators, while the last one deals with di�erent transduction
mechanisms to electrically detect the motion of nanomechanical resonators.

Chapter 2 presents the fabrication of nanomechanical resonators based on bottom-
up silicon nanowires. First, an introduction to bottom-up fabrication and its chal-
lenges is presented, centred in the speci�c issues particular of semiconductor nano-
wires. Afterwards an overview of di�erent technologies used for the fabrication of
this kind of devices is presented. The last section presents the actual fabrication
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process for nanomechanical resonators based on bottom-up silicon nanowires, and
an evaluation of the fabrication results.

Chapter 3 introduces several downmixing methods for the measurement of nano-
mechanical resonators, and their application for the measurement of bottom-up sili-
con nanowires. In the �rst section, three di�erent downmixing methods are studied,
namely the two-source, 1!, the two-source, 2! and the frequency modulation. In the
next section the measurement of bottom-up nanowires with these di�erent methods
is presented, and afterwards the transduction mechanisms of the studied devices are
discussed based on the experimental measurements. Next, the obtained results are
compared with �nite element simulations in order to obtain additional information
about the resonators. Finally, the last section presents a small discussion of the
mode-splitting e�ect encountered during the measurement of the resonators.

Chapter 4 presents the fabrication of nanomechanical resonators based on top-
down nanowires. Analogously to chapter 2, �rst an overview of top-down fabrication
technologies is presented, followed by the speci�c fabrication process for top-down
nanomechanical resonators used in this work. Finally, the fabrication results are
discussed.

Chapter 5 describes the measurement results of top-down nanomechanical res-
onators using the previously studied downmixing methods. First the measurement
results are presented, and then the transduction mechanisms present in top-down
nanowires are discussed based on the characterization results. Afterwards a study
of the measurement results with �nite elements simulations is performed. Finally,
the last section presents a comparison and discussion of the measurement results of
top-down and bottom-up nanowire resonators.

Chapter 6 studies the application of nanomechanical resonators as mass sensors.
First an introduction to mass sensing is performed, starting with the state of the art
and following with a study of the characteristics of nanomechanical resonators as
mass sensors. Afterwards, a theoretical evaluation of the resolution of nanomecha-
nical resonators as mass sensors is performed. Then, the building of a closed loop
system for the real time frequency tracking of nanowire resonators is presented, al-
lowing to characterize the frequency stability of the measured devices. This closed
loop con�guration is validated by tracking changes in the response of the resonator.
Finally, an evaluation of the SiNW nanomechanical resonators as mass sensors is
performed.

To �nalize, some general conclusions are extracted from the di�erent parts of the
present work. Additionally, this document includes several appendices. The �rst two
of them describe some additional work which has been performed as a part of this
thesis, namely the evaporation of metal contacts employing Nanostencil Lithography
and the implementation of software libraries and interfaces for the measurement
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of the nanomechanical resonators. A third annex contains a list of peer-reviewed
publications and contributions to scienti�c events that have been produced as a
result of this work.
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Nanoelectromechanical systems are being used in many �elds, from sensors to
RF components. Their small dimensions also imply low masses, high surface-to-
volume ratios and high resonance frequencies, which make them excellent candi-
dates for many applications. In the case of mass sensors based on nanomechanical
resonators, for example, the sensitivity is determined by the resonance frequency
and the mass of the mechanical element. For this reason, the use of devices with
small dimensions allows achieving excellent sensitivities, and even mass resolutions

7



Chapter 1. Nanomechanical resonators with electrical transduction

down to the yoctogram range [1]. Furthermore, the employment of these resonators
as sensors requires a good knowledge of their frequency response, which is indeed
well known and studied by standard elasticity theory, which is valid even for small
structures such as carbon nanotubes and graphene resonators [2].

However, an accurate modelling of the resonating element is not su�cient, as
it is part of a wider system. An electromechanical system consists on the one side
in the mechanical element, and on the other in the transducers, which allow to
interact electrically with the former. The mechanical element, which is the central
part of the system, is in our case the nanomechanical resonator. The actuation
transducer is in charge of transforming electrical signals to mechanical stimuli to
drive the mechanical element. Lastly, the detection transducer reads the state of
the mechanical element and converts it to measurable electric signals. Therefore,
the modelling of a nanoelectromechanical system includes the study of all of these
parts.

This chapter deals with the basic modelling of the resonators and their trans-
duction methods, with the objective to serve as a basis for the measurement and
study of these devices. First, an overview of the dynamic response of the resonator
is given, centered in the devices and phenomena which are afterwards studied during
the measurements. Then some actuation methods are reviewed, and electrostatic
actuation is studied in detail. Finally the basics of some detection mechanisms used
for nanomechanical resonators are studied, focused in the study of piezoresistive
transduction and conductance modulation due to induced charge in the resonator,
which are commonly employed for the measurement of nanomechanical resonators.

1.1 Modelling of the response of nanomechanical

resonators

Nanomechanical resonators are used as sensors in di�erent �elds, such as mass sens-
ing or gas detection. One of the usual modes of operation of these sensors is the
dynamic mode, in which the resonator is driven into resonance. Some of the parame-
ters of this resonant response are tracked, and changes in this response are correlated
with the sensed parameter (such as deposition of mass in the case of mass sensing).
This kind of sensing requires a good knowledge of the frequency response of the
resonator, in order to measure and predict its behaviour. This section is centered in
the study of the dynamic response of beam resonators, focused in clamped-clamped
beam (cc-beam) structures. Di�erent models of the response are studied, with focus
on some of the most common experimental conditions and phenomena (such as the
driven response and non-linearities in the elastic constant).
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EI
@4w(x; t)

@x4
+ �A

@2w(x; t)

@t2
= 0 (1.1)

where w(x; t) is the displacement of the beam at its longitudinal position x at
time t, E is the Young's modulus of the material, � is the density of the material,
A is the area of the cross-section of the beam (b � h in beam of rectangular cross-
section) and I its moment of inertia, which for a rectangular beam moving in the z
direction is de�ned as:

I =

Z h/2

−h/2
z2b(z)dz ! Irectangular =

bh3

12
(1.2)

As we observe, the thickness of the resonator in the direction of motion h has
a strong in�uence in its moment of inertia. Equation (1.1) describes the unforced
behaviour of the beam. By solving this equation we �nd that the resonator has a
stable oscillating solution at determinate frequencies with certain associated mode
shapes. In these conditions, the motion of the resonator w(x; t) can be described as
the shape of the mode w(x) oscillating at a determined frequency:

w(x; t) = w(x) cos(!nt+ �) (1.3)

By substituting this equation into (1.1) and derivating we obtain:

EI
@4w(x)

@x4
� �A!2

nw(x) = 0 (1.4)

We de�ne (kn)4 = ρA
EI
!2
n and rewrite the expression as:

@4w(x)

@x4
� k4

nw(x) = 0 (1.5)

To solve this equation we use w(x) = eλx, obtaining:

�4 � (kn)4 = 0 (1.6)

And therefore the solutions to this expression are:

� = kn; � = �kn; � = jkn; � = �jkn (1.7)

From this solution, we determine that the shape of the mode w(x) can be ex-
pressed as a sum of trigonometric functions:

w(x) = An sin(knx) +Bn cos(knx) + Cn sinh(knx) +Dn cosh(knx) (1.8)
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1.1. Modelling of the response of nanomechanical resonators

The coe�cients An, Bn, Cn and Dn can be extracted from the contour conditions
of the resonator, determined by the clampings. As an example, here equation (1.8)
will be solved for a clamped-clamped beam, with perfect clampings at both sides,
so the displacement of the beam and its curvature are null at both ends:

w(0) = 0; w(l) = 0;
@w(0)

@x
= 0;

@w(l)

@x
= 0 (1.9)

With these conditions, (1.8) is solved yielding:

An = �Cn (1.10)

Bn = �Dn (1.11)
An
Bn

=
sin(knl) + sinh(knl)

cos(knl)� cosh(knl)
(1.12)

An
Bn

= �cos(knl)� cosh(knl)

sin(knl)� sinh(knl)
(1.13)

The parameter knl is di�erent for each mode of vibration. From the last two
equations, the following equation is deduced:

cosh(knl)� cos(knl) = 1 (1.14)

This expression allows obtaining the values of knl, where each solution corre-
sponds to a di�erent vibration mode. For the particular case of a a cc-beam, the
�rst four solutions are 4.73004, 7.8532, 10.9956 and 14.1372. The solution of the
shape of the di�erent modes of the resonator (1.8) can be written as:

w(x) = cosh(knx)� cos(knx) +
sin(knl) + sinh(knl)

cos(knl)� cosh(knl)
(sinh(knx)� sin(knx)) (1.15)

Equations 1.14 and 1.15 allow determining the shape of the di�erent vibration
modes of vibration of the resonator. Substituting the �rst three solutions of knl into
the modeshape equation (1.8), the �rst three modeshapes of a cc-beam resonator
are obtained and shown in Figure 1.2.

Finally, from the de�nition of knl, an expression of the resonance frequency is
obtained:

!n =
(knl)

2

l2

s
EI

�A
(1.16)

where the resonance frequency of the di�erent modes is obtained from the dif-
ferent values of knl.
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Figure 1.2: Shape of the �rst three resonance modes of a cc-beam resonator with unitary length.

This development can be easily applied to cantilever resonators by solving equa-
tion (1.8) with the appropriate contour conditions. Additionally, many of the
measurement performed throughout this work are from bottom-up nanowires with
hexagonal cross section, where the moment of inertia takes the form:

Ihexagonal =
5
p

3d4

144
(1.17)

where d is the distance between the parallel sides of the hexagon.

1.1.1.1 Mass-spring model

The vibration of a mechanical structure studied with the Euler-Bernoulli equation
(1.1) can be simpli�ed using a mass-spring model. Using this method, the motion of
a particular point of the resonator is modelled as the movement of a mass attached to
a spring (Figure 1.3). This simpli�ed model provides no information of the resonance
parameters for a determined physical structure, but has advantages in the study of
complex resonating con�gurations, such as those containing multiple clampings or
coupled resonators, which can be then modelled as series of springs and masses.
This approximation and its related terminology are also used in the modelling of
resonators for mass sensing applications (Section 6.2).

In a simple mass-spring model, the actuation of a force in the x direction which
disturbs the mass from its balance position, provokes a recovery force F = �kx
where k is the elastic constant of the spring. In absence of a force, the equation of
motion of the system is:
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Figure 1.3: Mass-spring model. a) Simple mass-spring model: response of the system to an
applied force. b) Mass-spring model with damping.

mẍ = �kx! mẍ+ xk = 0 (1.18)

Where ẋ denotes the derivative of x with respect to time. De�ning the oscillation
frequency !n =

p
k=m the equation of motion becomes:

ẍ+ !2
nx = 0 (1.19)

The general solution for equation (1.19) is:

x(t) = A sin(!nt+ �) (1.20)

where the amplitude of motion (A) and the phase (�) are determined by the
initial conditions.

In order to use this model, it is necessary to �nd equivalents between the physical
parameters of the resonator, which have been studied using the Euler-Bernoulli
method, and the ones from the mass-spring model. The natural oscillation frequency
!n corresponds to the resonance frequency of the resonator, which is found using
the Euler-Bernoulli method. The spring constant k has a direct correspondence in
the case of beams. When applying a punctual force to a beam (for example, to
the center of a cc-beam) the beam de�ects a certain amount. The constant which
relates the displacement of the beam as a reaction to the de�ection force is the spring
constant, similarly to the mass-spring model. This parameter can be calculated by
using the elasticity theory: for a cc-beam resonator, for a displacement of the center
of the resonator provoked by a punctual perpendicular force, the elastic constant is
de�ned as:

kcc−beam =
192EI

l3
(1.21)

where I is the moment of inertia and E the young modulus of the material. On
the contrary, the mass term m does not correspond to the real mass of the resonator.
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It is a mathematical term, usually referred to as the e�ective mass of the resonator
(meff ). It can be found from the resonance frequency and the elastic constant as
m = k=!2. From the de�nition of the resonance frequency in equation (1.16) and the
de�nition of the spring constant in equation (1.21), the e�ective mass of a cc-beam
can be de�ned as:

meff,cc−beam =
192mbeam

(knl)4
= �mbeam (1.22)

where mbeam is the real mass of the resonator extracted from its dimensions and
density.

The mass-spring model is a useful abstraction to study the behaviour of the
resonator, although it does not give information of the resonance frequency or the
modeshape. Until now, the analysis has been centred in a lossless resonator, where
there is no dissipation of energy. In a real system dissipation is always present, and
damping a�ects the motion of the oscillator. As a �rst order approximation, damping
can be modelled with a damping force proportional to the speed of movement Fd =
�cẋ. In this case, the response of the system to a disturbance presents di�erent
solutions depending on the damping ratio, de�ned as � = c=(2!0m). For slight
damping � < 1 the system oscillates with an exponentially decaying amplitude. In
contrast, for � � 1 the system does not oscillate at all. A complete development of
the general response of a damped oscillator is found in [3].

During the operation of the resonator, a sinusoidal excitation force is generally
supplied in order to overcome the damping and provoke the motion of the resonator.
The force has the general form F = F0 sin(!t). In presence of these two additional
terms, the di�erential equation describing the motion of the resonator becomes:

mẍ = �kx� cẋ+ F0 sin(!t) (1.23)

A detailed solution of this equation can be found in [3]. The response of the
resonator contains two terms: the �rst one is important during the �rst cycles
of the oscillation, and contains beats due to the forced oscillation and damping.
The �rst transitory term vanishes quickly in most experimental conditions and the
steady oscillating response dominates afterwards. Therefore, the analysis is centred
in the stationary regime. In these conditions, the solution of equation (1.23) can be
approximated as:

x(t) � F0=mp
(!2

0 � !2)2 + 2c!2=m
sin(!t� ∂) (1.24)

This equation shows that the amplitude of vibration is maximum when the fre-
quency of the excitation signal equals the resonance frequency of the structure
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(! = !0). However, the damping of the system has an important e�ect on the
shape of the frequency response of the resonator.

1.1.2 Quality factor and dissipation

The quality factor is a measure of the dissipation of energy in the resonator. The
e�ects of this parameter are important for many applications: dissipation limits the
sensitivity of the resonator to externally applied forces, it sets the level of �uctuations
that degrade its spectral purity and determines the minimum intrinsic power levels
at which the resonator can operate [4].

The quality factor Q is de�ned as the ratio between the total system energy and
the average energy loss in one radian at resonance frequency:

Q = 2�
E

∆E
(1.25)

where E is the total energy of the system and ∆E the energy dissipated by
damping in one cycle. When studying the response of the resonator, a more useful
expression of the quality factor can be de�ned from the damping ratio � = c=(2!0m):

Q =
1

2�
p

1� �2
! Q � 1

2�
(1.26)

Where the approximation is valid form for a small damping ratio. Returning to
the equation of motion (1.24), the introduction of the quality factor yields:

x(t) =
F0=mq

(!2
0 � !2)2 +

ω2
0ω

2

Q

sin(!t� ∂) (1.27)

∂ = atan

�
2n!

!2
0 � !2

�
(1.28)

The frequency response of the resonator can be extracted from equation (1.27),
and takes the form:

jX(!)j = F0=mq
(!2

0 � !2)2 +
ω2
0ω

2

Q2

(1.29)

∠X(!) = atan

�
!!0=Q

!2
0 � !2

�
(1.30)

15



Chapter 1. Nanomechanical resonators with electrical transduction

Figure 1.4: Frequency response of a resonator with unitary resonance frequency, for di�erent
quality factors.

These equations describe the amplitude of motion at the center of the resonator
when the excitation force is a sinusoidal at frequency !. A graphical representation
of the equations near the resonance frequency is shown in Figure 1.4. The mag-
nitude of the response has a resonance peak with its maximum at the resonance
frequency, and its phase experiments a shift of � radians during resonance. In most
experimental situations, the motion of the resonator is only detectable near the reso-
nance frequency, where its amplitude is highest. From equation (1.29) the maximum
oscillation amplitude of the resonator in resonance can be calculated:

jX(!0)maxj =
F0Q

m!2
0

(1.31)

Figure 1.4 also shows the e�ect of the quality factor in the response of the res-
onator. With increased energy dissipation (lower quality factor) the resonance peak
and the phase response widen, and the maximum oscillation amplitude decreases.
In practice, this results in more uncertainty in the determination of the resonance
frequency, due to lower signal-to-noise ratios and a smoother response.

Experimentally, the quality factor can be extracted from the bandwidth of the
frequency response and the resonance frequency as shown in Figure 1.5:

Q =
f0

∆fA/
√

2

(1.32)

The dissipation in nanomechanical resonators has di�erent origins, both external
to the resonator (such as the pressure of the gas surrounding the resonator) or
relative to the resonator itself, such as defects in its structure. Due to the high
quantity of e�ects which lead to energy dissipation, it is very di�cult to predict the
quality factor of a device, although some of its contributions can be studied. The
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Figure 1.5: Determination of the quality factor from the response of the resonator.

total quality factor of the deviceQt can be calculated from the di�erent contributions
as:

Q−1
T = Q−1

gas +Q−1
clampings +Q−1

internal + ::: (1.33)

Therefore, when one of these factors dominates, its in�uence can be studied.
Some of the sources of external damping which commonly a�ect nanomechanical
resonators are losses due to gas damping and clamping losses at supports [4]. The
losses due to gas damping are usually dominant when resonators are operated at
ambient pressure, where there is a large number of collisions with gas molecules.
When decreasing the gas pressure this e�ect becomes less important, which is why
it is a usual practice to measure the resonators in vacuum conditions. Another
source of damping which is more di�cult to avoid arises from the clampings of the
resonator with its supports, which introduce losses due to acoustic coupling. These
are specially important in the case of cc-beams (which are supported at both of their
ends). These losses increase when the clampings are of poor quality (compared to
the ideal clamping de�ned during the Euler-Bernoulli development), such as in the
cases where the clampings are not rigid or not completely immobile.

The sources of internal damping are relative to the material and structure of
the resonator. Many resonators are fabricated from crystalline latices (such as Si
resonators). Perfect crystal lattices have an intrinsic amount of damping, which
represents the fundamental damping limit of the resonator. However, in practice
the crystalline structure contains defects that add losses, which become higher than
the intrinsic limit. More important in many cases is the damping at the surface of
the resonator: native oxide, defects on the surface or adsorbates all contribute to
generate damping in the resonator. These losses are specially important in small
resonators, which present high surface-to-volume ratios: in general, this means that
these resonators are more sensitive to surface e�ects. In practice, it is found that
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smaller resonators tend to present lower quality factors, which con�rms the increas-
ing importance of surface e�ects when reducing the dimensions of the resonators
[5, 4].

1.1.3 Non-linearities

One of the assumptions made during the analysis of the resonator is that the spring
constant of the resonator remains constant for its whole range of operation (in other
words, k does not depend on the motion of the resonator x). When this is not
ful�lled and k can not be considered a constant, some corrections have to be applied
to the equation of motion. This section presents an overview of the e�ects of non-
linearities in the spring constant. The developments to �nd the studied expressions
can be found at [6, 7].

When the spring constant is dependent on the amplitude of motion, it can be
modelled with high order corrections, k1 and k2, which are included in the equation
of motion:

mẍ+ kx+ cẋ+ k1x
2 + k2x

3 = F0 sin(!t) (1.34)

The solution of this equation yields a response very similar to equation (1.29), in
which the resonance frequency !′0 is not a constant, but a function of the amplitude
of motion:

jX(!)j = F0=mq
(!

′2
0 � !2)2 +

ω
′2
0 ω

2

Q2

(1.35)

!′0 = !0k
′jX(!)j2 (1.36)

k′ =
3k2

8k
!0 �

5k2
1

12k2
!0 (1.37)

where !0 and k are the resonance frequency and spring constant of the linear
resonator. Figure 1.6a shows the evolution of the response of the resonator for an
increasing excitation force (and hence, an increasing amplitude of motion), for di�er-
ent values of k′. When k′ is positive, the resonance peak shifts to upper frequencies
with an increasing amplitude of motion, while for negative k values it shifts towards
lower frequencies. Another e�ect of non-linearities is shown in Figure 1.6b: after a
certain critical amplitude jXcrit(!)j, the response of the resonator presents hystere-
sis. The existence of multiple paths in the function entails issues with the use of
the resonator as a sensor, due to the instability of part of the frequency response.
For this reason, it is important to work in linear regime or develop strategies to deal
with these non-linear e�ects [8].
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1.2. Actuation methods

Figure 1.6: E�ects of a nonlinear spring constant in the frequency response of the resonator. a)
Evolution of the response with an increase of the amplitude of motion, for positive and negative
values of k′. b) Hysteretic frequency response, which appears for high amplitudes of motion.

In practice, there are two main factors which modify the spring constant of the
resonator: an increase of the rigidity of the beam due to its elongation (called spring
hardening), and a decrease of its spring constant due to the gradient of the electric
�eld when using electrostatic actuation (called spring softening).

The mechanical spring hardening e�ect occurs when the rigidity of the resonator
is no longer constant relative to the elongation of the resonator. When the elongation
of the resonator is su�ciently large, its rigidity (and its restoring force) increases.
This e�ect is common in cc-beam resonators, in which their de�ection also implies
an elongation of the beam: for su�ciently large vibration amplitudes, the rigidity
is higher when the beam is at its maximum de�ection. This e�ect can be modelled
with a positive value of k′, representing a higher rigidity of the structure when the
amplitude of motion increases.

The spring softening e�ect occurs for electrostatically actuated resonators. In
this actuation method, which is treated in detail below, the motion is induced by an
electric �eld between the resonator and an actuation electrode, which are separated
by a gap. The attracting force from the electrode increases with a decreasing gap,
but for small vibration amplitudes (amplitude of vibration much smaller than the
gap) this e�ect can be neglected. However, for large vibrations, the electrostatic
force over the resonator is stronger when the resonator is near the gap, and weaker
when it is farther. This can be modelled with a negative values of k′, representing a
decrease of the rigidity of the structure with an increase of the amplitude of motion.

1.2 Actuation methods

The present section deals with the modelling of the actuation transducer, which is in
charge of setting in motion the mechanical element using electric signals. In the case
of nanomechanical resonators, the actuator drives the resonator into resonance and
therefore has the particularity of dealing with high frequency signals, specially for
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Chapter 1. Nanomechanical resonators with electrical transduction

NEMS resonators. In order to generate this mechanical stimulus, several di�erent
actuation methods can be used [9]. This section provides a general description
of some common actuation methods and a detailed description of the electrostatic
actuation, which is employed in this work.

1.2.1 Electrostatic actuation

Electrostatic actuation, also called capacitive actuation, is probably the most ex-
tensively used method in the �eld of nanomechanical resonators. It relies in the
attractive force which develops between the plates of a capacitor when they are
charged. In most cases, either a driving electrode (also called gate) is fabricated
near the resonator for actuation, or the substrate under the resonator is used. The
main advantages of this technique is that it is integrable, and it works in a wide
range of materials, as long as they are conductive. This actuation technique is e�ec-
tive at high frequencies, and has been used from low frequency resonators to those
operating at tens of gigahertzs [10]. This section presents an analysis of electrostatic
actuation of nanomechanical resonators.

In electrostatic actuation, the resonator and the driving electrode form a capac-
itor, with capacitance C0 at rest. Several models for the calculation of this capaci-
tance are discussed below, based on the geometry of the gate-resonator system. In
this case, the electrostatic energy stored in the capacitance is:

W =
1

2
CV 2 (1.38)

Where V is the voltage drop between the resonator and the electrode. The force
between both elements is de�ned as the energy gradient:

Fe = �@W
@x

= �1

2
V 2@C

@x
(1.39)

The term @C=@x depends on the geometry of the system. In general, the voltage
V applied between the resonator and the driving electrode consists in a DC plus an
AC term. The AC term is in charge of the high frequency excitation of the resonator,
and in general its frequency ! is the resonance frequency of the resonator. Moreover,
in general VDC � VAC , and in then in this case the voltage term in the equation
can be written as:

V 2 = (VDC + VAC cos(!t))2

= V 2
DC +

1

2
V 2
AC +

1

2
V 2
AC cos(2!t) + 2VDCVAC cos(!t) (1.40)

The voltage has three di�erent contributions: a constant term, a high frequency
term at twice the AC frequency (2!) and a third term at the frequency of the AC
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signal. This third term is the one used for excitation. With these contributions, the
electrostatic force takes the form:

Fe = �1

2

@C

@x

�
V 2
DC +

1

2
V 2
AC +

1

2
V 2
AC cos(2!t) + 2VDCVAC cos(!t)

�
(1.41)

The particular expression of the excitation frequency depends on @C=@x. How-
ever, in most cases, if the gap between the resonator and the actuation electrode g
is much larger than the motion of the resonator at resonance x (g � x) the electro-
static force can be considered constant. In this case, the force term at the excitation
frequency, which is the one that dominates when the resonator operates near its
resonance frequency, is:

Fe = �@C
@x

VDCVAC cos(!t) (1.42)

This expression can be treated as a �rst approximation of the electrostatic force.
However, a more accurate model of the capacitance has to be used to study the
motion in each particular case.

1.2.1.1 Capacitance between the resonator and the actuation electrode

As it is shown in the last section, and specially in equation (1.42), a model of the
capacitance between the resonator and the actuation electrode is important to eval-
uate the e�ciency of the electrostatic actuation method. Here, several capacitance
models are presented, which are applicable to di�erent geometries of the resonator
and actuation electrode. In this work, all the studied resonators have two features
which are used to simplify the calculations: the gap between the resonator and driv-
ing electrode is large compared to the motion of the resonator x (g � x), and the
gap is also much larger than the lateral dimensions of the resonator t (g � t). This
second approximation is not as clear as the �rst one. However, we �nd that in most
of the measured devices, g > 10t. Finally, the motion of the resonator with respect
to the actuation electrode is modelled as a reduction of the gap between both ele-
ments. Figure 1.7 shows the di�erent models of capacitance which are analysed in
this section, and their associated dimensions.

The �rst model is the parallel plate capacitor, in which the electric �eld is gen-
erated between two parallel plates (Figure 1.7a). The motion of the resonator x
reduces the gap:

Cpp,0 = �
lt

g
(1.43)

Cpp = �
lt

(g � x)
= Cpp,0

g

(g � x)
(1.44)
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Cpw =
2��l

ln
�

2g
r

�
1� x

g

�� (1.49)
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(1.51)

Again, for x� g:

@Cpw
@x

� Cpw,0

g ln
�

2g
r

� (1.52)

The third considered model consists in two parallel wires (Figure 1.7c). The
capacitance between the wires in this model is expressed as:

Cww,0 =
��l

ln

�
g
2r

+
q

g2

4r2
� 1

� � ��l

ln
�
g
r

� (1.53)

Cww =
��l

ln
�
g−x
r

� (1.54)

Similarly to the wire-plane model, the derivative considering x� g yields:

@Cww
@x

� Cww,0

g ln
�
g
r

� (1.55)

In all three cases, as a �rst approximation, the derivative of the capacitance with
respect to the motion of the nanowire can be considered a constant (independent of
the amplitude of motion), as long as this amplitude of motion is su�ciently small
compared to the gap.

1.2.2 Other actuation methods

Besides electrostatic actuation, other methods are employed to actuate nanomecha-
nical resonators. In magnetomotive transduction [9, 11] the motion of the resonator
is induced by the Lorentz force generated by a static magnetic �eld to a current-
carrying conductor. The resonator is exposed to a strong magnetic �eld, and a
current at the desired frequency of motion is passed through it in order to induce
the actuation. The strong magnetic �eld is generated externally, and the direction
of the actuation force can be controlled by the direction of the �eld. This technique
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does not degrade at high frequencies [12], but it needs the external generation of
strong magnetic �elds (it is not integrated in the chip).

Another actuation mechanism is the use of thermal mechanisms to provoke the
de�ection of the mechanical structure. These thermal e�ects are generally applied
using Joule heating originated from a current passing through the resonator or one
of its elements. Di�erent methods for thermal excitation exist. Rahafrooz et al. take
advantage of the expansion of the material conforming the bulk of the resonator,
which expands when heating [13]. By applying an AC current, the cycles of heating-
cooling of the resonator induce their motion, which is further ampli�ed at resonance.
This is possible thanks to the small dimensions of the resonators, which allow fast
cycling of the temperature. Another alternative is used by Bargatin et al. [14]. In
their case the current is not supplied to the body of the resonator, but introduced
through a metal loop located over the resonator. The di�erence in thermal expansion
coe�cients causes stress in the structure when the loop heats and induces the motion
of the resonator.

Another actuation method consists in using piezoelectric elements to induce the
motion of the resonator. A piezoelectric material responds to an external electric
�eld by deforming, which can be used to actuate nanomechanical resonators. This
can be accomplished, for example, by de�ning a loop of piezoresistive material over
the resonator [15]. Piezoresistive actuation however relies on a reduced choice of
materials which present piezoelectric properties. For high frequency applications,
the material also needs to be able to react su�ciently fast to the applied voltages
(i. e. its relaxation time must be su�ciently small).

1.3 Transduction mechanisms

The third part of a nanoelectromechanical system is the transducer in charge of
transforming the response of the mechanical element to an electric signal. In the
case of nanomechanical resonators, this implies obtaining a measurable electrical
signal which provides information about the motion of the resonator. The most
common approach in the �eld of NEMS resonators is electrical transduction, in
which the motion of the resonator directly generates a measurable electric signal,
and optical transduction, in which optical methods (such as interferometry) are
used to detect the motion of the resonator. This section is focused in the study
of electrical detection mechanisms, paying special attention the piezoresistive trans-
duction mechanism and the conductance change due to charge modulation in the
resonator, which are widely used for the detection of the motion of high frequency
nanomechanical resonators.
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Figure 1.8: Simulation of the strain in a deformed clamped-clamped beam using the Ansys FEM
software. The strain has opposite signs in the upper and lower sides of the neutral axis of the
beam: it is compressive in the lower side of the resonator, and tensile in the upper side.

1.3.1 Piezoresistive transduction

The piezoresistance e�ect is the change of the electrical resistivity of a material
upon the application of an external stress. In the case of a nanoelectromechanical
resonator, the stresses generated by its motion change its resistance, which can be
monitored electrically. Although this transduction mechanism is used in di�erent
topologies, this section is centered in the study of cc-beam resonators fabricated
entirely from a piezoresistive material.

In the case of cc-beams, the internal stresses which occur in the di�erent parts
of the beam during its de�ection balance each other, so that the total stress of
the structure is null. This is shown in �gure 1.8, where strains (and therefore,
stresses) are tensile above the neutral axis and compressive below. Therefore, the
total resistance change provoked by these stresses is null. However, the deformation
of the beam also causes an elongation of the structure.This elongation provokes an
overall tensile stress, which increases the resistance of the resonator. Considering a
cc-beam resonator with length l0 at rest, laying along the x direction (such as the
one in Figure 1.1), when the deformation of the wire is w(x), its elongation can be
de�ned as:

ldeformed = l0 + ∆l =

Z l0

0

s
1 +

�
@w(x)

@x

�2

dx �
Z l0

0

s�
@w(x)

@x

�2

dx (1.56)

As a �rst approximation, the elongation of a wire with a displacement at its
center can be found by supposing that the deformed center forms a triangle with its
clampings, similarly to the deformation of a rubber. In this case, it is readily found
that the elongation ∆l = (ldeformed � l0)=l0, when displacing the centre of the wire
a longitude z is:

∆l

l0
� 2

z2

l20
(1.57)
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A more accurate approximation can be obtained using equation (1.56) when
using an appropriate equation describing w(x). A more precise value for a deformed
resonator with a punctual force applied to its centre is ∆l=l0 � 2:44(z2=l0)2.

A widely used parameter to quantify the piezoresistance e�ect in beam resonators
is the gauge factor GPR, which relates the elongation of the resonator with the re-
sistance change due to its piezoresistance. It should be noted that, even without a
piezoresistive e�ect, a deformed beam still increases its resistance due to the elon-
gation and the related decrease of its cross-section when deformed. To rigorously
determine the gauge factor, the geometric increase of resistance should be extracted
when determining the resistance change from the elongation. In practice, however,
when using a piezoresistive material with relatively high gauge factor (such as sili-
con), the geometric e�ect is generally low enough to be negligible [16]. In this case,
the gauge factor for a resonator with a resistance at rest R0 can be de�ned as:

GPR =
∆R=R0

∆l=l0
(1.58)

Combining equations (1.57) and (1.58), and de�ning the motion at the centre of
the resonator as x(t), the resistance change due to a de�ection at the centre of the
cc-beam can be written as:

∆Rmotion(t) = R0GPR
∆l(t)

l0
� 2:44R0GPR

�
x(t)

l0

�2

(1.59)

1.3.2 Conductivity modulation by induced charge

It has been observed that the conductivity of certain types of nanowires and nan-
otubes can be modi�ed by inducing charge in the structure. Under these conditions,
a modulation of this charge leads to a modulation of the conductivity of the de-
vice [17]. This e�ect is used, for example, in the fabrication of Carbon Nanotube
Field E�ect Transistors (CNT-FETs) from semiconductor CNTs. This conductivity
modulation is also used in the case of nanomechanical resonators, where the motion
of the resonator modulates the capacitance with an actuation electrode, which in
turn modulates the charge (and conductance) in the resonator [2]. Therefore, the
conductance of the resonator G(t) can be expressed as:

G(t) =
@G(t)

@q
q(t) (1.60)

In the case of a nanomechanical resonator with electrostatic actuation, the res-
onator forms a capacitance with the actuation electrode. Considering the relation
between capacitance C, charge q and tension V , q = V � C, and that the motion
of the resonator is induced by a voltage in the actuation electrode with frequency
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! (Vg(t) = Vg,DC + Vg,AC(t), where Vg,AC(t) = Vg,AC,0 cos(!t)), the expression of the
charge in the resonator is:

q(t) = Cg(t)Vg,DC + Cg,0Vg,AC(t) (1.61)

where Cg,0 is the capacitance between the resonator and the actuation electrode
at rest, and Cg(t) is the capacitance due to the motion of the resonator. The
�rst term describes the contribution of the motion of the resonator to the charge
modulation, modelled as a capacitance which includes the motion of the resonator
and its frequency response. The second term is the purely electrical contribution of
the gate voltage at frequency ! which is used to actuate the resonator. We de�ne
the motion of the center of the resonator as x(t), with an amplitude depending on
its frequency response jX(!)j. In this case the distance between the resonator and
the gate g(t) depends on the gap at rest g0 and the motion of the resonator:

g(t) = g0 � x(t) = g0 � jX(!)j cos(!t) (1.62)

This motion induces a change in capacitance between the resonator and the gate:

Cg(t) =
@Cg
@x

x(t) (1.63)

Therefore, the motion of the resonator induces a charge modulation of the form:

qmotion(t) = Cg(t)Vg,DC =
@Cg
@x

x(t)Vg,DC (1.64)

and consequently a conductance modulation:

∆Gmotion(t) =
@G

@q
qmotion(t) =

@G

@q

@Cg
@x

x(t)Vg,DC (1.65)

In practice however, the contribution of the second term of expression (1.61) is
not negligible and will contribute with a parasitic signal of electrical origin, which
interferes with the motional signal and hinders its detection.

1.3.3 Other transduction mechanisms

The piezoresistive e�ect and the conductivity change by charge modulation are com-
mon detection techniques for nanomechanical resonators, but there are other meth-
ods which are equally popular for the transduction of the motion of resonators, such
as capacitive, magnetomotive and piezoelectric transduction.

Capacitive transduction is based in the modulation of the capacitance between
the beam and a �xed detection electrode, which in turn modulates the charge in
the readout electrode (originated by the relation q = CV ). First, a biasing voltage
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is applied between the resonator and the actuator electrode. When the capacitance
is modulated by the motion of the resonator, the charge in the readout electrode
is also modulated, generating a current which contains information about this mo-
tion. The main advantages of this method are its simplicity and the fact that it
is integrated on chip. However, additional capacitances are present at the output
of the resonator (called parasitic capacitances), which can absorb part of the out-
put signal. When reducing the dimensions of the resonator, the capacitance of the
resonator and the output signals become smaller, and additionally the resonance
frequencies are generally higher. Because of these e�ects, care must be taken when
scaling down this transduction mechanism. Some techniques are used to alleviate
this issues, such as the use of integrated ampli�cation circuitry at the output of the
resonator or the reduction of the dimensions of the gap between the resonator and
the actuation electrode to achieve a higher capacitance [18, 19].

The magnetomotive transduction mechanism is also employed to detect the mo-
tion of resonators. Similarly to the magnetomotive transduction, it relies in the
e�ects of a strong magnetic �eld applied to a conductive resonator. When the res-
onator oscillates in a uniform constant magnetic �eld, a current is generated through
the resonator. The detection of this current has constraints similar to those found
in the capacitive method, namely small currents and the presence of parasitic ca-
pacitances.

Alternatively, the piezoelectric e�ect can also be used as a transduction mecha-
nism. We have seen in previous sections that the motion of the resonator provokes
stress in its structure. In a piezoelectric material, this stress in turn provokes a
voltage drop in the structure, which can be monitored to obtain information about
its motion.
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The fabrication of nanomechanical resonators with lateral dimensions in the
nanometer scale poses a technological challenge. The scaling of classical top-down
approaches involving photolithography is not e�ective at this range of dimensions,
because their resolution is usually limited by the wavelength of the exposing light [1].
Smaller dimensions can be de�ned by using complex resolution-enhancing techniques
or with other methods such as electron-beam (e-beam) lithography, which are able
to reach dimensions down to 10 nm. Even with appropriate techniques, device size
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�uctuations are important at this scale, and they can a�ect key characteristics of
the nanostructures, such as their electrical properties [2] or resonance frequency.

The use of bottom-up methods alleviates some of the problems related with
fabrication at the nanometer scale. These techniques consist in building structures
by using nanoscale building blocks and placing them at the desired positions [1].
With this approach it is inherently easy to build structures of small dimensions
because there are no photolithographic constraints, although a precise control of
the dimensions of these structures is still challenging. In this sense, bottom-up
nanowires are good candidates for the fabrication of nanomechanical resonators of
small dimensions.

This chapter describes the fabrication process of nanomechanical resonators
based on doubly-clamped bottom-up silicon nanowires. The objective is the fabrica-
tion of nanomechanical resonators of small dimensions, with lengths of micrometers
and diameters of tens of nanometers. These resonators must have good electrical
properties to allow electrical transduction in down-mixing electrical measurement
methods. Moreover, the nanowires must be as close as possible to a side-gate for
electrostatic actuation.

The �rst section of this chapter presents a short review of the state of the art
and challenges in the �eld of bottom-up nanomechanical resonators based on nano-
wires. The next section reviews the di�erent technological processes involved in the
fabrication of the resonators, paying special attention to those speci�c to bottom-up
techniques (such as nanowire synthesis). The last section presents the fabrication
process which is used in this work.

2.1 Introduction to resonators based on bottom-up

semiconductor nanowires

Bottom-up semiconductor nanowires present intrinsic properties that make them
excellent candidates for nanomechanical resonators, thanks to their electric and ma-
terial properties. For example, the synthesis of nanowires with small dimensions and
diameters in the deep nanometer scale allows to reach high resonance frequencies.
Moreover their lateral dimensions in the nanometer scale reveal properties which dif-
fer from that of bulk materials, such as the giant piezoresistive coe�cients present
in silicon nanowires [3]. In consequence these devices are outstanding candidates to
study both the properties of nanomechanical resonators and material properties at
the nanoscale.

This work is centred in electrically-transduced nanomechanical resonators, which
is based in applying an electric signal to the nanoresonator and detecting changes in
this signal produced by its motion. In this sense, a cc-beam connected to electrodes

32



2.1. Introduction

which supply the electric signals is the most basic structure which allows this kind
of transduction. The cantilever is another geometry suitable for the fabrication of
electrically-transduced nanomechanical resonators: they can be sensed capacitively
[4] or electrostatically [5]. However, this work is centred in the clamped-clamped
beam topology.

Even if the technology allows for a feasible fabrication of nanowires with dimen-
sions in the range of tens of nanometers, the integration of these devices as nanome-
chanical resonators is not straightforward. In order to have electrically transduced
nanomechanical resonators, the nanowire needs to electrically connect two electrodes
which are typically patterned using standard micromachining planar technologies.
At this point, two di�erent approaches exist: to grow the nanowires directly on the
pre-patterned substrate, or to deposit previously grown nanowires in between the
electrodes to connect them.

The growth of nanowires directly in the pre-patterned chips, in which they are
welded to both sides of a trench, presents some advantages thanks to the epitax-
ial contacts formed between the nanowires and both side-walls [6]. However, the
fabrication process usually involves placing catalyst particles at the desired growth
position, that is, a localized position of the walls. This is challenging from a techno-
logical point of view, and di�erent approaches to solve this problem are explained
below.

The �rst attempts at growing nanowires in pre-patterned chips were performed
in 2005 by the group of P. Yang [7, 8] and by R. S. Williams et al. [9]. In these
works, Silicon Nanowires (SiNWs) are grown in trenches connecting two electrodes
de�ned in the device layer of Silicon-on-Insulator (SOI) wafers (as seen in Figure
2.1), allowing to introduce and read electric signals through the wire. These struc-
tures permitted new approaches for the study of mechanical properties of this kind
of nanowires, such as the determination of their elasticity using Atomic Force Mi-
croscopy (AFM) [10]. Also, these structures allowed to study electromechanical
properties of bottom-up SiNW of small dimensions, such as their piezoresistive fac-
tors. A complete study of this parameter for nanowires of di�erent diameters and
conductivities was performed [3], �nding that structures of small lateral dimensions
present giant gauge factors. Later on, the same structures were used as nanome-
chanical resonators using magnetomotive [11, 12] (Figure 2.1) and piezoresistive
[13] transduction. In these works, a dynamic characterization of nanowires with
diameters down to 30 nm with resonance frequencies ranging up to 215 MHz was
performed. Also, high quality factors arising from the crystalline structure of the
nanowires and their epitaxial contacts were demonstrated.

An alternative to the epitaxial growth of nanowires in substrates is the synthe-
sis of the nanowires followed by their deposition in pre-patterned substrates. An
example of this technology can be seen in Figure 2.2, in which zinc oxide (ZnO)
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Chapter 2. Fabrication of bottom-up SiNW resonators

Figure 2.1: Silicon nanowire resonator transduced using magnetomotive transduction. Extracted
from [11].

nanowires are deposited on top of pre-de�ned electrodes, and are subsequently used
as nanomechanical resonators [14]. This approach has also been followed by Nelis
et al. [15] to successfully characterize SiNW resonators using optical interferometry.
The �exibility of this fabrication technique allows to use nanowires of a variety of
materials, because there is no in�uence of the substrate in their synthesis. Several
works use this approach to build nanomechanical resonators from a variety of mate-
rials such as the ZnO nanowires (shown above), tin oxide (SnO2) [16], gallium nitride
(GaN) [17] and indium arsenide (InAs) [18, 19]. In all these cases, the nanowires
have diameters of 100 nm or more and the resonance frequencies are lower than 100
MHz.

Some works have also been performed with nanomechanical resonators based in
bottom-up nanowires characterized with optical methods. Although they do not
use electric transduction, these works provide insight into phenomena related to
nanomechanical resonators, such as mode splitting. In this case, the nanowires do
not need to be clamped to the side-walls by both ends, as no electric signal is required
to pass through the wire. Examples of such devices can be found both for in-chip
grown [20, 21] and deposited [22] nanowires.

2.1.1 Challenges in the fabrication of bottom-up nanomecha-
nical resonators

As it is pointed above, there are several di�culties in the use of bottom-up nano-
wires as nanomechanical resonators. A complete NEMS device typically comprises
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2.1. Introduction

Figure 2.2: Fabrication of nanomechanical resonators based on ZnO nanowires.Extracted from
[14].

the mechanical element (in this case, the resonator) as a part of a larger system
which includes electrical connections, actuation electrodes, etc. In the case of the
studied nanomechanical resonators, the bottom-up element is placed within larger
structures de�ned by top-down methods. Nowadays the limiting technological step
is the placement of the bottom-up elements in speci�c positions of these top-down
structures. The proper placement of the nanowire is crucial, as it a�ects some of the
properties of the resonator: as an example, in the case of electrically actuated nano-
wires, the position of the nanowire with respect to the actuation electrode greatly
a�ects its behaviour. Therefore the precise and repetitive placement of the nanos-
tructures is a key issue to ensure device reliability and fabrication throughput. This
is specially important if batch manufacturing is desired.

The fabrication approach which generally yields the best qualities for nanome-
chanical resonators is the growth of the nanowires directly in a pre-patterned sub-
strate, so that the nanowire is welded by both ends to the top-down structures. In
this sense, it is important to develop techniques to ensure the proper placement of
the catalyst particles which determine the growth position and the diameter of the
nanowire in most bottom-up techniques.

On the other hand, in the case of the deposition of previously synthesised nano-
wires, the critical step is the placement of the nanowire at a desired position with
respect to the pre-patterned structures. It is crucial to develop methods which
address this issue, and some works have made advances in this sense [22, 23]. Al-
ternatively, methods such as e-beam or FIB techniques can be used to place the
readout electrodes and other structures at the position of a pre-deposited nanowire
[18]. However, this approach is not feasible for batch fabrication for two reasons:
it requires a particular treatment of each device and it uses beam-lithography tech-
niques, which are slow and expensive.
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Chapter 2. Fabrication of bottom-up SiNW resonators

2.2 Fabrication technologies for bottom-up nano-

mechanical resonators

This section provides an overview of di�erent technologies involved in the fabri-
cation of nanomechanical resonators based on bottom-up silicon nanowires grown
in pre-patterned chips. The critical steps of the fabrication process are studied,
and di�erent alternatives are explored for each step. The contents of this section
are sorted by technologies: the nanowire synthesis method, the deposition of the
catalyst, the doping of the nanowires and the structuring of the substrates.

2.2.1 Growth of silicon nanowires

This section presents an overview of three di�erent growth mechanisms for SiNWs.
Special attention is paid to the Vapor-Liquid-Solid (VLS) mechanism, which is one of
the most studied and also the one which we employ to fabricate the nanowires. More
thorough reviews about the growth of semiconductor nanowires, which also include
other growth mechanisms and methods, can be found at references [1, 24, 2, 25, 26].

2.2.1.1 Vapor-Liquid-Solid mechanism

The vapor-liquid-solid mechanism for the growth of nanowires is one of the most
deeply studied, and it is widely employed for the synthesis of semiconductor nano-
wires [2]. In this growth mechanism, which was �rst reported by Wagner et al. in
1964 [27], the nanowire grows from a catalyst particle deposited in a crystalline sub-
strate. Using the VLS growth mechanism, nanowires with diameters from hundreds
of microns to 3 nm [28] have been synthesised, and lengths up to millimetres [29]
have been achieved with guided-growth techniques.

The main advantage of this method is that the diameter of the nanowire is
determined by that of the catalyst particle, and its direction by the crystalline
structure of the substrate. Furthermore, the nanowire and the substrate form an
epitaxial union, which has good electrical and mechanical properties [6]. Therefore,
nanowires grown in a substrate using this method are outstanding candidates to
be used as nanomechanical resonators with electrical transduction. The name of
the growth mechanism makes reference to the phases of precursor silicon during the
growth process, which starts in gas phase, then moves to a liquid droplet and �nally
to the solid nanowire.

The VLS process usually takes place in a Chemical-Vapor-Deposition (CVD) sys-
tem in which the temperature, the gases and sometimes the pressure of the process
are controlled. The growth process for SiNWs starts on a crystalline Si substrate.
Catalyst particles�usually gold (Au)�of small dimensions are deposited on the sub-
strate, which is then heated until the particles dissolve with the silicon and melt.
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2.2. Fabrication technologies

Figure 2.3: Growth process of SiNWs using the VLS mechanism.

The temperature range for this process depends on the catalyst material, but it is
above the eutectic temperature of Si and the catalyst (in the case of SiNWs with
Au catalyst, this temperature is above 363 oC [2]). Then a gas containing the pre-
cursor is introduced into the chamber, providing silicon which dissolves in the liquid
droplet. When su�cient precursor is introduced into the droplet the mixture super-
saturates, and as a consequence the precursor precipitates to the base of the droplet
(which is in contact with the substrate). In this way, the silicon starts depositing at
the substrate below the Au-Si droplet and the growth of the nanowire begins. The
growth direction of the nanowire follows the crystalline structure of the substrate
with a given direction which depends on the material and the size of the nanowire
[28].

The VLS method has been used to grow nanowires from a number of semi-
conductors [30], most notably silicon and germanium, but also gallium arsenide
(GaAs), indium phosphide (InP) or zinc oxide (ZnO) [1]. In the particular case of
silicon nanowires, they are usually grown in a CVD system (the so-called VLS-CVD
method) with Au as a catalyst. However, Au is known to a�ect the electrical prop-
erties of the nanowire and is also incompatible with CMOS processes, so a number
of other metal catalysts have been studied. SiNWs have been successfully grown
using Au, silver (Ag), platinum (Pt) [1], copper (Cu) [31], or aluminum (Al) [32],
the two last ones being compatible with CMOS processes. Nevertheless, Au still
remains the most widely used material. The precursor gases used for the growth of
SiNW are silane (SiH4) and silicon tetrachloride (SiCl4). The growth temperature
for SiH4 is lower than for SiCl4, but the process takes place at low pressure, whereas
with the latter the growth process is performed at atmospheric pressure.

2.2.1.2 Vapor-Solid mechanism

The vapor-solid mechanism is based on the thermal evaporation of the source mate-
rial and its subsequent condensation under certain conditions of temperature, pres-

37



Chapter 2. Fabrication of bottom-up SiNW resonators

sure, substrate, etc. [33]. This method does not rely on liquid droplets of catalyst on
the substrate (and hence the name Vapor-Solid, in contrast to the VLS mechanism
which relies on a liquid intermediate step), but instead the nanowires self-organize
covering the surface of the substrate material. It is possible to control the diameter
and length of the nanowires by varying the parameters of the growth process (tem-
perature, pressure, time, etc.) although a control of the spacial density of nanowires
is di�cult to achieve. Although this method is usually employed for metal oxide
nanowires (such as ZnO or Ga2O3) it is also possible to use it to grow SiNW [34].
The absence of a localized catalyst particle makes this method poorly suitable for the
fabrication of single NWs, although a posterior deposition of the grown nanowires
intro pre-patterned substrates is still possible.

2.2.1.3 Solution growth

The Solution-Liquid-Solid (SLS) growth mechanism is similar to the VLS mecha-
nism, but in this case the precursor is in a liquid solution instead of a vapour phase.
This mechanism was �rst reported in 1995 by Buhro et al. [35], and consists in
growing the nanowires in a solution containing both the catalyst particles and the
precursor. Similarly to the VLS mechanism, under certain conditions of tempera-
ture and pressure the nanowires grow on the substrate at a position de�ned by the
catalyst particles. The main advantage of this mechanism with respect to the VLS
method is the possibility to operate at lower temperatures, which allow to use a
large range of di�erent substrates [1].

2.2.2 Deposition of catalyst for nanowire growth

One of the key issues in the fabrication of bottom-up SiNW resonators is the place-
ment of the catalyst. The position and diameter of the nanomechanical resonator
is �xed by the particle which catalyses its growth, and therefore it is important
to control both parameters. In the case of nanomechanical resonators additional
di�culties arise, because the catalyst must be placed in vertical side-walls (i. e.
side-walls perpendicular to the planar substrate). In this section di�erent cata-
lyst deposition techniques are presented, with particular emphasis to the particular
problematic of nanomechanical resonators.

2.2.2.1 Thin �lm deposition

One of the most common techniques to deposit catalyst material on the substrates to
grow nanowires is the selective deposition of thin �lms using lithographic techniques.
The Figure 2.4 shows an example of a process using this technique: a metal �lm is
deposited on a substrate, followed by a lithography step and a selective etch of the
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2.2. Fabrication technologies

An evolution of this method consists in using the galvanic displacement tech-
nique in su�ciently small deposition areas (i. e. areas with exposed silicon), so that
a single nanowire is grown. This approach is based on the deposition of a thin �lm
of gold in the deposition area. When heated above the Au/Si eutectic temperature,
this �lm forms droplets and, if the �lm is su�ciently small and thin, it forms a single
droplet. Afterwards, a single nanowire can be grown from this catalyst particle us-
ing CVD-VLS techniques. This approach has been used to fabricate single-nanowire
bottom-up resonators [41], which are shown in Figure 2.5b. Compared to the col-
loidal nanoparticles deposition method, this technique provides a precise control over
the position of catalyst, and therefore over that of the nanomechanical resonator.

2.2.3 Doping of bottom-up nanowires

This section deals with the doping process of bottom-up nanowires. Also, the doping
and conductivity of electrically transduced resonators have an important e�ect on
their properties, such as their transduction e�ciency. The doping of semiconductor
nanowires is a much-studied issue, given the interest of using these nanowires as
electronic components such as transistors and interconnections. It is known that
the dopant pro�le di�ers from that of bulk materials specially for nanowires of small
dimensions [42, 25], and there is an ongoing related discussion about how this pro�le
can a�ect their properties. In the �eld of SiNW resonators, for example, it has been
proposed that the dopant pro�le has some e�ect in the giant piezoresistive properties
of these devices.

This section discusses the di�erent doping approaches for bottom-up SiNWs: the
in-situ approach, in which the nanowires are doped at the same time as they grow;
and the ex-situ approach, in which they are doped afterwards, so the doping process
is independent of the synthesis of the nanostructure.

2.2.3.1 In-situ doping

One of most common techniques to dope bottom-up nanowires fabricated by VLS
techniques is the in-situ approach. With this method the nanowires are doped at
the same time that they are synthesized, by introducing a dopant gas in the reaction
chamber together with the precursor [43]. By adjusting the �ow of the doping gas,
the dopant concentration can be varied and consequently the conductivity of the
nanowire controlled. The dopant pro�le for VLS-grown Ge nanowires using this
doping technique has been studied, and it has been found that this pro�le consists
in a heavily doped shell and a much less doped core [42]. This raises questions
about how this pro�le can a�ect the electrical properties of the nanowires. The
main advantages of this technique are that the doping level is controllable and it
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does not require additional fabrication steps. Also, under most circumstances the
doping process does not heavily a�ect the growth process of the nanowires [43].

This technique has been successfully used to fabricate several functional devices,
such as electrically transduced resonators based on Si [13] and InAs nanowires [19],
and Indium Phosphide transistors [44].

2.2.3.2 Ex-situ doping

The second approach for the doping of bottom-up nanowires is the ex-situ, in which
the devices are doped after the growth process. This approach provides additional
control over the doping process, as it is independent of the growth process, but also
requires additional fabrication steps, namely the implantation and high-temperature
annealing of dopant species.

In general, this process consists in the following steps: �rst, the nanowires are
grown in a supporting substrate. Afterwards this substrate is annealed at high tem-
peratures while providing a source of dopant species, so that the doping molecules
di�use into the nanowire [45]. The annealing to activate this dopant can be the
same as the di�usion one, or a separate process.

Di�erent alternatives can be used as the source of dopant species. One option is
to use a CVD method, where the dopant is introduced in gas phase with a controlled
�ow while the samples are annealed at high temperature. This approach has been
reported with SiNWs doped with Boron Tribromide (BBr3) [46]. Another option is to
introduce the dopant in powder form, along with the chips carrying nanowires, into a
sealed ampoule, and to anneal it so that the dopant di�uses into the nanowires [47].
Also, spin-on doping has been used in top-down fabricated nanowires [48], in which
the dopant is provided by a solution which is spin-coated over a chip containing the
nanowires and afterwards annealed.

An alternative doping procedure is to place a source of dopant in close proximity
to the nanowires, and then anneal them in a CVD while providing a mild �ow of
inert gas to allow the dopants to di�use to the nanowires (Figure 2.6). This method
has been reported by Ingole et al. [45], using a chip with spin-on dopant as the boron
source. This method does not require a dedicated CVD or spin-coating the doping
substance directly over the nanowires, which can lead to contamination issues. One
variation of this method is to use a dopant wafer fragment (for example, a boron
nitride wafer) as a source of the doping species. We have successfully applied the
latter alternative to dope bottom-up and top-down SiNWs [49], as it is explained in
detail below.
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Figure 2.6: Ex-situ deposition using a dopant source in close proximity to the nanowires. Ex-
tracted from [45].

2.2.4 Structuring of the substrates

The top-down structuring of the substrates where the nanowires are grown is usually
performed using IC and micromachining technologies. This kind of structures are
typically of hundreds of micrometers or larger, and can be de�ned using optical
photolithography, which is widely used in IC fabrication and therefore well studied.
This section presents an overview of two steps in the de�nition of structures in the
substrate, the lithography and the etching processes.

2.2.4.1 Photolithography

The de�nition of structures in the substrate requires a means of transferring some
computer-generated patterns into the substrate, what is called the lithography pro-
cess. This is performed by selectively covering some areas of the substrate, in order
to process only the uncovered ones. Lithographic techniques can be divided into
two families: parallel lithographic techniques�in which the substrate is treated as a
whole or in regions�and series techniques, in which the patterns are �drawn� one by
one.

Many of the lithographic techniques are based in di�erent types of resists which
are sensitive to UV light, electron beams, X rays or similar sources. This pho-
toresists are polymeric materials which are spun onto the substrates in liquid form,
covering it with a homogeneous layer. These materials change their properties after
an exposition of a determined light source: the exposed areas are dissolved in a
subsequent development step (for �positive� photoresists) or they remain intact af-
ter the exposition, whereas the non-exposed areas dissolve (in the case of �negative�
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photoresists). This leaves a selectively covered substrate, which can be treated with
a variety of processes afterwards. Once the selective processing of the substrate is
performed, the photoresist is completely stripped.

The most common lithographic technique, photolithography, is a parallel tech-
nique which relies on selectively exposing photosensitive resists usually using ul-
traviolet light. This selective exposition is performed by placing a photomask, or
mask with clear and covered areas, between the substrate and the light source. Pho-
tolithography is widely used by the microelectronic industry, and its resolution is
limited by that of the exposing light source. The highest resolutions are achieved
with extreme UV, with a wavelength of 10-14 nm. However, reaching this level of
detail is complex and expensive, and requires taking into account interference ef-
fects when designing the photomasks, making it exclusive to only a few foundries
worldwide. Most common photolithographic equipments use UV sources like high
pressure mercury lamps (for example, the i-line with a wavelength of 365 nm) or
deep UV sources like excimer lasers (with lengths of 248 nm for KrF and 193 nm for
ArF), with more modest resolutions [24]. In spite of its relatively low resolutions,
photolithography allows parallel processing, and patterns of di�erent sizes can be
de�ned in the same exposition.

Another family of lithography techniques rely on de�ning the patterns in a se-
quential manner, by �drawing� them in the resist or directly on the structure. This
is the case of e-beam lithography, which relies on an electron beam of small wave-
length (around 1 Å) to draw patterns on a resist sensitive to this kind of radiation.
The resolution of this technique is limited by the scattering of the electrons in the
resist, but it can achieve resolutions of around 10 nm. Nevertheless, this is a slow
technique, and the patterning of large areas is long and expensive. Therefore, it is
usually reserved for the fabrication of photomasks (which require high resolution),
or used in conjunction with conventional photolithograpy. Other techniques similar
to e-beam lithography are laser lithography (which relies on a laser source) or fo-
cused ion beam lithography (in which the patterns are de�ned using an ion beam).
Some of these high-resolution lithographic techniques are covered in more detail in
section 4.2.2.

2.2.4.2 Micromachining using reactive ion etching

The micromachining of silicon can be performed using two di�erent kinds of etch-
ings: wet, in which the etchant is in liquid phase; and dry etching, which usually
relies on plasma-based techniques. In general, dry etching techniques achieve better
resolution and higher anisotropy, allowing to fabricate high aspect ratio structures
[24]. This section is centred in the use of dry etching techniques for the structuring
of the substrates, and in particular in the Reactive Ion Etching (RIE) technique. A
more detailed study of RIE can be found at references [24, 50].
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Figure 2.7: Schematic of a Reactive Ion Etching processing chamber (Center of Micronanotech-
nology, EPFL).

The reactive ion etching is a dry etching method which is based in attacking
the substrate with chemically reactive ions. The ions are generated at low pressure
by an electromagnetic �eld which creates plasma from gas species, and then they
are accelerated towards the substrate. The Figure 2.7 shows a schematic of a RIE
processing chamber. The top antenna is used to generate the plasma from the
incoming gas, using a high-frequency signal. The substrate holder is also connected
to an RF source of lower frequency, which is used to bias it and control the energy
of the incoming ions.

The main advantage of RIE compared to other etch methods is its high direc-
tionality, which is independent of the crystalline orientation of the substrate, and
provides the ability to faithfully transfer photolithographically de�ned patterns to
the underlying substrate. Moreover, RIE can achieve relatively high etching rates,
which is important in bulk micromachining. This process has been widely studied
and optimized, and nowadays is an important part of micro and nanofabrication
processes. The fabrication of substrates for the growth of silicon nanowires requires
a good control of the RIE process, as high aspect ratio structures are needed. Some
of the parameters and e�ects which can become an issue for the fabrication and
must be carefully controlled are listed below.

Aspect ratio: One of the main advantages of the RIE is its high anisotropy. The
aspect ratio of the etching is de�ned as the relation of the etch rate in the
direction of interest to that in other directions. The fabrication of nanostruc-
tures requires a good control of the process parameters to achieve a very low
lateral attack. Moreover, these structures also present the particularity that
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this etching must be done at the nanoscale, i. e. with depths of micrometers
and lateral attacks in the orders of tens on nanometers (Figure 2.8b). While
high aspect ratio etchings are well controlled for structures in the orders of
micrometers or hundreds of micrometers (the Deep RIE process), they are not
so studied for nanostructures, which require di�erent RIE conditions.

Scalloping: Some RIE processes present a characteristic pro�le of the walls, which
contain scallops due to the cycles of passivating and etching gases which occur
during the process (Figure 2.8a). This scallops determine the morphology
and verticality of the walls and may a�ect the growth of the nanowires or
the colloid deposition. The shape (depth and width) of the scallops can be
controlled by tuning the etch parameters, such as the length of the gas pulses
or its �ow rate.

Notching: Notching is a phenomenon which occurs during time-multiplexed etch-
ings when silicon is located over a layer of dielectric material (for example,
the oxide layer of SOI substrates). When the etch reaches the boundary of
the two layers, a characteristic lateral etch occurs due to charge accumulation.
When the RIE is performed at wafer level on SOI wafers, due to the desuni-
formity of the etching, some zones must be over-etched in order to completely
etch all the silicon and reach the oxide layer in the whole wafer (�gure 2.8a).
These over-etched zones will present notching on the lower zones of the silicon
layer. Some special processes can reduce or eliminate the notching e�ect. For
example, by applying a pulsed RF power to the cathode, the charge at the
silicon dioxide boundary has time to dissipate in between pulses, and thus the
notching e�ect is attenuated.

Selectivity: The selectivity of an etching is de�ned as the relationship of the etch
rate of the silicon to that of the mask (usually photoresist or silicon dioxide).
In general, the photolithography of high resolution patterns requires very thin
layers of photoresist, making selectivity an important parameter of the etching,
specially for that of deep silicon layers (in this case, deep means in the order
of micrometers). The etch rate of the photoresist can be decreased by baking
it prior to the etch process, but this also causes a deformation of the resist
and a loss of resolution of its features. Also, if the width of the photoresist
is insu�cient, an additional layer may be put on the silicon to be used as an
additional mask, such as silicon dioxide.
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Figure 2.8: E�ects of the RIE process during the patterning of substrates. a) Scalloping and
notching e�ects in a SOI wafer using a time-multiplexed etching. b) E�ect of high lateral etching
in narrow electrodes (scale bar: 400 nm).

2.3 Fabrication of bottom-up nanomechanical res-

onators

The fabrication method of bottom-up SiNW resonators used in this work is based
on several of the fabrication steps which are presented above. The process is based
on the use of colloidal solutions to deposit the catalyst particles, and a CVD-VLS
process is employed to grow the SiNWs. This section presents the complete fabri-
cation process of nanomechanical resonators based on bottom-up silicon nanowires.
The di�erent fabrication steps and equipments are discussed, and afterwards the
results of the fabrication process are shown. The whole fabrication process was car-
ried out at the clean room facilities of the Institut de Microelectrònica de Barcelona,
IMB-CNM (CSIC).

2.3.1 Fabrication process

An overview of the fabrication process is shown in Figure 2.9. The process is car-
ried out in SOI wafers, in which a thin SiO2 layer acts as an insulator between the
electrical contacts and the substrate (Figure 2.9a). First, the electrical contacts and
trenches are patterned in the device layer using photolithography and dry etching
(Figure 2.9b). Then, the wafers are cut into chips and catalyst particles are ran-
domly deposited in them using a gold colloid solution (Figure 2.9c). Afterwards,
the nanowires are grown in the substrates using a VLS method in an atmospheric
CVD (Figures 2.9d-e). Finally, the nanowires are doped using an ex-situ process,
by annealing the chips with NWs in close proximity to a wafer containing boron.
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Figure 2.9: Fabrication process for nanomechanical resonators based on bottom-up SiNWs. a)
SOI wafers are used as a substrate. b) The top-down structures are de�ned using photolithography
and RIE. c) Gold colloids are deposited on the substrate. d) SiNWs are grown using a CVD-VLS
process. e) Once the nanowires are grown, they are doped using an ex-situ process.
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2.3.1.1 Patterning of the substrates

The �rst step in the fabrication process is the de�nition of the microstructures
where the nanowires will grow and that will be used as electrical contacts. Due
to the randomness of the deposition of the catalyst particles, substrates with a
high number of structures are designed, in order to account for the low yield of
the fabrication process. In addition, the width of the trenches in the substrate
determines the length of the resonator, so di�erent chips aimed at di�erent lengths
of the resonator are designed. Additionally, each of these di�erent chips has small
design variations: di�erent width of the side-walls and di�erent dimensions of the
side-gates. These variations are aimed at �nding adequate conditions for the whole
fabrication process.

The fabrication process starts with the selection of the substrate wafers. The
crystallographic direction of the top silicon layer is one of the important parameters
during this step, because the bottom-up nanowires grown using the VLS method
grow preferentially along the <111> direction of the crystalline structure. The SOI
wafers and the orientation of the top-down patterns must be chosen so that this
direction is perpendicular to the trenches where the nanowires will grow.

The substrates which are employed for the fabrication process are 4-inch SOI
wafers from Ultrasil Corporation. Table 2.1 shows some of their speci�cations. The
top silicon layer (device layer) has <110> orientation�so that the <111> direction
is horizontal (i. e. in-plane) with respect to the wafer�and it is heavily doped with
boron to obtain low-resistivity contacts. Note the high dispersion of the device layer,
of about a 25% of the total: this causes issues during the dry etching step (leading
to over-etch some of the regions of the wafer) as well as uncertainty regarding the
�nal dimensions of the side-walls where the nanowires grow.

The next step of the fabrication process is the patterning of the structures in
the device layer: the electric contacts and the trenches which will be connected by
the nanowires. This process is carried out using photolithography and dry etching.
Two di�erent kinds of substrates are fabricated, which di�er in the employed pho-
tolithography equipment, which conditions the resolution of the designs: the �rst
iteration of the substrates is fabricated with the stepper NIKON i12D, which has
a resolution of 0.5 �m, while the second iteration is fabricated with the stepper
NIKON NSR 1505-G7 with a resolution of 0.35 �m. Another di�erence between
these two processes is the photoresist that they use: the lower resolution 0.5 �m
patterns are fabricated using 1.2 �m of HIPR-6512, while the 0.35 �m process uses
0.6 �m of OiD-650 photoresist. The dry etching step is identical for both of them.

The 0.35 �m resolution photolithography step was carried out for the �rst time
in the facilities of the IMB-CNM, and a calibration step was necessary to adjust the
proper exposition time during the photolithography. This calibration was performed
by exposing di�erent areas of a Si wafer with di�erent parameters, and then choosing
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Device Layer
Orientation <110>
Thickness 2 � 0.5 �m
Dopant P/Boron
Resistivity 0.07-0.14 ohm � cm

Buried oxide (BOX)
Thickness 0.5 �m

Handle Wafer
Dopant P/Boron
Resistivity 1-10 ohm � cm

Table 2.1: Speci�cations of the SOI wafers used during the fabrication (source: Ultrasil Corporation
[51]).

RIE Recipe
Parameter Value

SF6 �ow (sccm) 150 (pulsed 2.5 s)
C4F8 �ow (sccm) 100 (pulsed 2 s)
ICP RF power (W) 1500
Plate LF power (W) 13
Pressure (mbar) 1.4-2.8 � 10−2

Time (s) 90

Table 2.2: Conditions of the optimized RIE process.

the best results using SEM inspection (Figure 2.10). To avoid a loss of resolution,
the photoresist is not baked after exposition, which also causes its selectivity during
the dry etching to be a little lower.

The silicon dry etching process in the IMB-CNM is performed using an Alcatel
P-601 RIE equipment. The fabrication of the electrodes requires an optimization
of the existing RIE recipes to adapt them to the stringent requirements described
above. The objective of the optimization is to correctly fabricate electrodes for
the growth of silicon nanowires, which have dimensions as low as 350 nm of width
and 2.5 �m of depth in the case of the high-resolution photolithography process.
The RIE process which has been chosen as a base for the optimization is a pulsed
method, which consists in cycles of C4F8 and SF6 acting as passivating and etching
agents respectively.

The optimization of the process is performed by varying some of the parameters
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Figure 2.10: Characterization of the photolithography expositions. Photoresist structures over
SiO2 substrates. Scale bar: 1 µm.

of the base recipe at full wafer scale. The results are examined by SEM after the
photoresist stripping. Figure 2.11a shows an etching using the base conditions, which
presents a high level of lateral attack (about 60 nm for each 1000 nm of depth). This
excessive lateral attack may be due to a lack of passivating layer on the sidewalls.
This can be solved by lengthening the passivating gas cycles or increasing its �ow.
Moreover, we found that increasing the passivating gas using either method also
leads to improved surface quality in the sidewalls. The next tests were aimed at
optimizing these parameters. Figure 2.11b shows a detail of one structure after the
optimization process, with little lateral attack and a good quality of the side-walls.
The conditions of the optimized recipe are shown in Table 2.2.

The recipe obtained from the optimization process has been used for the fab-
rication of all the chips used to grow bottom-up SiNWs. Even though the wafers
containing 0.35 �m patterns have a thinner layer of photoresist, the selectivity of the
recipe is high enough to withhold the process. However, due to the desuniformity
of the thickness of the device layer, some areas of the wafer have to be over-etched
in order for the etching to �nish in other areas. This causes damaged structures
and underetching in some regions of the wafer. Figure 2.12 shows a full wafer of
patterned chips. Di�erent regions of the wafer contain chips with di�erent lengths.

2.3.1.2 Deposition of the catalyst

The process employed to deposit the catalyst particles in this work is based in the
use of gold colloid solutions. Although this method lacks control of the position
of the nanowires, it provides an accurate control of their diameter, thanks to the
low dispersion of the size of the catalyst particles. This absence of control on the
position of the particles (which entails a decrease of the fabrication yield) can be
compensated by having a large number of potential devices per chip. In addition, the
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Figure 2.11: Results of the di�erent RIE tests. a) Recipe without optimization. The width of
the electrode is 5000 Å approximately. Scale bar: 1 µm. b) Results after the optimization process.
The lateral attack is reduced, and the walls present a smooth surface. Scale bar: 400 nm.

Figure 2.12: Four-inch SOI wafer with patterned chips.
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number of functional devices can be maximized by adjusting the density of colloids,
in order to obtain the maximum value of devices with a single nanowire in between
the electrodes.

Gold colloid solutions of di�erent diameters are commercially available from
BBInternational. For the growth of nanomechanical resonators, the chosen diam-
eters are 30 and 50 nm. In order to achieve the correct density of colloids (and,
consequently, nanowires), the solution containing gold colloids is diluted in deion-
ized (DI) water prior to its deposition in the chip. Additionally, poly-L-lysine is
used to propitiate the deposition of the gold particles on the chips by charging its
surface.

After the RIE process and the stripping of the photoresist, the pre-patterned
wafers are cut into chips. These chips are then cleaned by dipping them in acetone
for four minutes and then in isopropanol for two more minutes, and afterwards they
are dried under a �ow of nitrogen. Immediately before the deposition of the colloids,
a short HF attack is performed on the chips to eliminate the native oxide layer in
the silicon, which can interfere with the growth process of the nanowires. This
attack is performed using an HF solution (Sioetch MT 06/01 VLSI selectipur, from
Basf) for ten seconds, followed by a rinse with DI water and a drying in a �ow of
nitrogen. Then, the chips are dipped for 60 seconds in a poly-L-lysine solution, and
then rinsed with DI water. Finally the chips are dipped into a mixture containing
DI water and the gold colloid solution for 30 seconds, rinsed in DI water and then
dried using a �ow of nitrogen.

2.3.1.3 VLS-CVD growth of silicon nanowires

The silicon nanowires are grown by a VLS mechanism using an atmospheric CVD
equipment, using silicon tetrachloride (SiCl4) as a precursor gas. This section de-
scribes the SiNW growth method in detail, as well as the optimization process to
control the growth of SiNWs.

The atmospheric CVD used to grow the SiNWs is located in the clean room
facilities of the IMB-CNM, and it was designed by Dr. Álvaro San Paulo. The system
uses SiCl4 as a precursor and Ar with 15% H2 as both the reaction and carrier gas.
The precursor is supplied by a bubbler located in the same system (Figure 2.13b).
During the growth process the carrier gas passes through the bubbler, which is held
at a constant temperature of 0 oC to have a constant vapour pressure, and it drags
some precursor into the reaction chamber. The same gas is introduced directly to
the camber during the reaction. The CVD works at temperatures up to 1100 oC.
The base conditions for the growth process are similar to those found in reference
[52]: the process takes place at a temperature of 800 oC, with a direct �ow of Ar/H2

of 270 sccm and a precursor �ow of 50 sccm.
It is necessary to perform a �ne optimisation of the growth parameters to adapt
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Figure 2.13: CVD equipment for the growth of VLS silicon nanowires. a) Image of the atmo-
spheric CVD owen in the clean room facilities of the IMB-CNM. b) Simpli�ed schematic of the
bubbler and the �ow control system.

them to the speci�c nanowire density and diameter. The optimization process con-
sists in a series of growths in unpatterned <111> chips varying some of the pa-
rameters (mainly the process temperature and the precursor gas �ow), followed by
a �ne-tuning of the conditions in patterned chips. In these substrates the growth
direction lies perpendicular to surface, so the results of these growths are arrays of
vertical nanowires. The optimisation process has to be performed for each diame-
ter, because the density of nanowires and growth conditions are slightly di�erent.
In addition to obtaining optimal growth conditions, this process allows to study the
dependence of the nanowire morphology on the synthesis parameters.

The �rst parameter which has been studied is the �ow rate of the precursor
gas, SiCl4, while the temperature and other parameters are held constant. The
temperature of the growth process is �xed at 800 oC, and gold colloids of 50 nm are
used for this test. The results of the sweep of this parameter are shown in Figure
2.14a-c. The precursor �ow has a clear e�ect on the density and morphology of the
nanowires. It is readily observed that the optimal density appears for the precursor
�ow of 50 sccm, specially for vertical nanowires (which follow the <111> direction
of the substrate).

For a low precursor �ow several e�ects are observed in the morphology of the
nanowires: the apparition of amorphous silicon at the base of the nanowires, a
loss of directionality (i. e. the NWs are not vertical) and a high coni�cation of
the structures. The coni�cation e�ect is due to the VS deposition of silicon in the
side-walls of the nanowire during the growth process, which competes with the VLS
longitudinal growth. This layer of silicon is thicker at the base of the wire, which has
been exposed for a longer time. The coni�cation can be reduced by adjusting the
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Figure 2.14: SEM images of the optimization of the growth of 50-nanometer SiNWs. Left column:
sweep of the SiCl4 �ow, for a process temperature of 800 oC. a) Flow of 45 sccm. b) Flow of 50
sccm. c) Flow of 80 sccm. The scale bar of the left images is 2 µm, and of the right images is
200 nm. Right column: sweep of the process temperature, for a precursor �ow of 50 sccm. d)
Temperature of 785 oC. e) Temperature of 800 oC. f) Temperature of 845 oC. The scale bar of the
large images is 2 µm, and of the small images is 500 nm.
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growth conditions, but it is nonetheless present in some grade in all the structures
which have been fabricated. The best results are found with a �ow of 50 sccm
of precursor, with a high density of directional nanowires, good morphology and
length. When further augmenting the �ow of precursor the length and density of
the nanowires decrease (Figure 2.14c).

The second parameter which has been studied is the temperature of the process.
In this case, the �ow of precursor gas is �xed at the optimum value found during
the �rst tests, at 50 sccm, while the temperature is varied from 785 oC to 845 oC.
Some results from these tests are shown in Figure 2.14d-f. In this case we observe
an evolution analogous to that found by varying the �ow os SiCl4. This is due to the
fact that both parameters have the e�ect of increasing the reaction rate, whether
by supplying a greater amount of precursor or a higher process temperature.

For low temperatures less density of NWs is observed, as well as an apparition
of amorphous silicon at the base of the wires. The best results are found at tem-
peratures around 800-815 oC. For high temperatures, a loss of quality in the surface
of the nanowires is observed, together with localized defects (Figure 2.14f). Both
e�ects are due to the generation of HCl during the reaction, which etches the silicon
surface of the nanowires when its concentration is high enough [53].

The length of the nanowires is consistently controlled by the reaction time. The
growth speed varies with the density and diameter of the nanowires, but it is found to
be around 0.5 �m per second for the 50 nm nanowires. The diameter of the nanowires
is a�ected by the coni�cation and the size of the catalyst particle. However, it should
be noted that the diameter of the nanowire does not correspond to the diameter of
the solid catalyst particle in the solution: during the growth process, the gold colloid
mixes with silicon and forms a liquid droplet in the substrate. It is the contact
surface between this droplet and the substrate which de�nes the growth area and
the initial diameter of the nanowires. Additionally, the coni�cation e�ect is always
present in the grown wires: when it is provoked by VS deposition it can be alleviated
by choosing optimal growth conditions, but in some cases there is also a migration
of the gold from the droplet along the nanowire [54] o towards other nanowires [55]
which a�ects the �nal shape of the structure. In practice, we �nd the nanowires
grown from 50-nanometer colloids to have a diameter of around 80 nm, and those
grown from 30-nanometer colloids have diameters around 50 nm. The in�uence of
these phenomena on individual nanowires is further discussed in section 2.3.2.1.

2.3.1.4 Doping of silicon nanowires

The doping of the silicon nanowires fabricated in pre-patterned chips is performed
ex-situ, after the growth process. The process is similar to the work of Ingole et al.
[45], but using a di�erent dopant source. This doping process is �exible and o�ers
a good control of the doping level of the nanowires.
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Typical annealing conditions
Parameter Value

Nitrogen �ow 50 sccm
Ascending ramp temperature 850 - 1000 oC
Ascending ramp time 30 min
Descending ramp temperature 1000 - 850 oC
Descending ramp time 30 min

Table 2.3: Typical conditions of the ex-situ doping of SiNWs.

The doping process consists in an annealing of the chips with NWs in close prox-
imity to a wafer containing boron, while subject to a mild �ow of N2. Commercial
boron nitride wafers are used (BN-1250 from Saint-Gobain Advanced Ceramics),
containg 40 % of boron nitride and 60 % of SiO2. The level of doping is controlled
by varying the annealing temperature and time.

The objective of the doping is to obtain an optimal nanowire conductivity for
electrical transduction. A high level of doping is needed so that the structures ex-
hibit high conductivity and a metallic behaviour [43]. In order to �nd the correct
doping conditions, some undoped resonators are located in di�erent chips and elec-
trically characterized using a probe station. The undoped nanowires present non
metallic behaviour, consistent with that observed in previous works [43] (Figure
2.15a). Afterwards, the chips are doped using di�erent annealing times, and the
devices are characterized again both electrically and by scanning electronic micro-
scope. The doping conditions that ful�l our requirements, and which have been
used to dope the resonators used throughout this work, are summarized in Table
2.3. Under standard doping conditions no damage of the surface of the nanowires
is observed from SEM images. However, during the tests we observed that a high
level of doping can indeed damage and etch the nanowires (Figure 2.15b).

Under the right doping conditions, the nanowires present a a metallic electric
response with conductivities around 1 � 10−4 Ω�m. The doping level is found to
be quite consistent, both in the same chip and under di�erent doping processes.
However, due to constrictions arising from the layout it is not possible to perform
4-probe measurements, and therefore a detailed analysis of the repetitivity of the
doping process of the nanowires is di�cult to perform.

2.3.1.5 Packaging of the chips

After the chips are fabricated, a wire bonding step is performed in order to be able
to connect individual nanowires to the measurement systems. The �rst step is the
localization of functional devices: it is done with a combination of optical and SEM
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Figure 2.15: Ex-situ doping of SiNWs. a) i-V characteristic of a SiNW prior to the doping. It it
presents a non-resistive behaviour. b) SEM image of the e�ect of high doping level on the surface
of a SiNW. The wires present a diameter of few nanometers, when initially it was of 70 nm. Scale
bar: 1 µm.

microscopy, the �rst one to locate candidates of functional devices and the second
one to characterize their geometry with precision. After the devices are located,
the chips are glued to a PCB with conductive silver paste. Then, a wire-bonding
step is used to connect the electrodes contacted with a single nanowire to the PCB
for electrical measurement (Figure 2.16). After the wire-bonding, nanowires are
extremely sensitive to electrostatic discharge issues, so this last step must be done
immediately before the measurements and using a series of anti-static measures to
avoid destroying the devices.

2.3.2 Results

The fabrication process has provided a high number of patterned substrates for
the growth of SiNWs with di�erent lengths. Depending on the chip design (di�er-
ent designs are used for the two di�erent photolithography equipments), each chip
contains between 392 and 480 device candidates. For their use as nanomechanical
resonators, we consider that a device is functional when it contains only one nano-
wire between the electrical contacts, and there are no nanowires short-circuiting the
side-gate. After the growth step usually around 20 functional devices per chip (out
of 392 devices) are located and characterized by SEM, which represents a yield of
roughly 5%. Although this fabrication method is not suitable for batch production
due to its low repetitivity and yield, it is more than appropriate for the study of the
properties of individual resonators.

Some of the resulting nanomechanical resonators obtained using this fabrication
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Figure 2.16: Wire-bonding of the functional resonators. Left: PCB with a wire-bonded device.
Right: Detail of a wire-bonded nanowire with a side-gate.

Figure 2.17: Fabrication results of nanomechanical resonators. The lower-right image shows a
non-functional device, with multiple wires between the electrodes and a nanowire short-circuiting
the side-gate. The diameters of these particular devices range from 70 to 100 nm. Scale bar: 2
µm.
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Figure 2.18: Morphology of a resonator based in VLS-grown silicon nanowires. a) SEM image
of a nanowire and an electrode. Scale bar: 400 nm. b) Schematic of the geometry of the nanowire,
in the same orientation as a).

technology are shown in Figure 2.17. The fabricated resonators have diameters from
50 to 100 nanometers, and lengths ranging from 1 to 3 micrometers. They have a
lateral electrode for electrostatic actuation, which in some cases is as close to the
nanowire as 300 nanometers. Additionally, the nanowires can be electrostatically
actuated using the substrate, although it is farther than the side gate, so the actua-
tion e�ciency is lower. One particularity of the fabrication process is the minimum
distance between the nanowire and the side-gate to the nanowire as a function of
its length. Due to the resolution of the photolithograpy step, the side-gate can be
placed closer to the trenches where the nanowires grow only for the lengths greater
that 3 �m. In the lengths of 2 and 1 �m this side-gate is located farther from the
trench which results in lower electrostatic coupling to the nanowire, thus leading to
a lower actuation e�ciency. In practice, it means that nanowires with a length of 3
�m can potentially be located as close as necessary to the side gate, while those with
lengths of 2 and 1 �m have a minimum distance of around 200 and 400 nanometers
respectively.

2.3.2.1 Morphology of the resonators

The nanowires fabricated using the VLS method follow the <111> direction of the
silicon device layer. Another particularity of this type of nanowires is that their
section is hexagonal, and their surfaces lie along the {112} plane. Moreover, they
present a edge facing upwards, so an untilted image of the nanowire using SEM
provides the side-to-side diameter as illustrated in Figure 2.18. This geometry is
typical from bottom-up nanowires with this range of diameters grown from VLS
techniques [11].

The use of bottom-up nanowires as nanomechanical resonators provides a series

60



2.3. Fabrication of bottom-up nanomechanical resonators

of advantages in terms of the morphology of the resonator: they are formed by
crystalline silicon, they present epitaxial contacts to the top-down structures, and
they have a high quality surface. However, they can also present some defects which
a�ect their performance. These defects are mainly coni�cation, which has been
already discussed above, and buckling.

Tapering or coni�cation is a phenomenon which occurs frequently during the
bottom-up growth of nanowires, and consists in the nanowires having a di�erence in
diameter between their ends (as can be observed in Figure 2.19a). This phenomenon
is observed in the nanowires grown during this work, with di�erences in diameter of
a 25% in the worst cases (characterized by SEM). The coni�cation e�ect can have
di�erent origins: it can be caused by a change of the size of the catalyst particle
during the growth, or due to the deposition of silicon in the side-walls of the nanowire
caused by a VS process.

The size of the catalyst particle can change during the growth process for di�erent
causes. For instance, it is known that during nanowire growth part of the gold of the
colloid is introduced into the structure and surface of the nanowire [54]. This can
cause a modi�cation of the size of the droplet, and it has caused some concern over
the uncertainty of the e�ect that this gold can have over the electric properties of the
nanowires. Alternatively, it has also been reported that the gold can migrate from
one colloid to another, or even to di�erent chips [55]. In these cases, the diameter
of the nanowire becomes thinner than it should be according to the diameter of
the gold colloid, because the process begins with a larger volume of catalyst which
decreases during the growth process. The second mechanism causing tapering is
the VS deposition of silicon during the growth of the nanowire: in addition to the
growth process catalysed by the colloid, there is an incorporation of silicon directly
from the precursor to the surface of the nanowire. In this case, the nanowire is
thicker than it should be according to the catalyst particle diameter.

The latter is indeed our case: the nanowires have diameters thicker than ex-
pected from the diameter of the employed gold colloids. As an example, the nano-
wires grown from 50 nm colloids have lower diameters of around 70 nm, and higher
diameters of up to 100 nm. R. He made an estimation of the relationship between
the diameter of the gold colloids (dAu) and that of the nanowires (dNW ) for a growth
temperature of 800 oC [53]. He found that for colloids of 30 nm or more the following
relation holds dNW = 1:16dAu, and veri�ed it for di�erent diameters. This means
that 50 nm colloids should yield 58 nm nanowires, while 30 nm colloids should yield
35 nm nanowires. Moreover, we examined the catalyst particles by SEM before the
growth of the nanowire and we found their diameter to be in concordance with the
speci�cations, of around 50 nm. Also, the diameter of the nanowires varies a little
between di�erent growth processes, presumably because of slightly di�erent growth
conditions which favour one growth mechanism over the other. This leads us to
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Figure 2.19: E�ects of the coni�cation and buckling in resonators based on bottom-up nanowires.
a) SEM image of a coni�cated nanowire. In this case the nanowire is too short to contact both
electrodes. Scale bar: 1µm. b) SEM image of a coni�cated nanowire resonator. Scale bar: 2µm.

conclude that the VS deposition is the cause of coni�cation in our case.
Another phenomena that we observed in the resonators is buckling. This e�ect is

caused when the nanowire reaches the opposite side-wall during the growth process.
Usually the nanowire �bounces� and continues its growth along another <111> di-
rection. In some cases, however, the nanowire continues growing �against� the wall
for a period of time, introducing compressive stress into the structure. This e�ect
is di�cult to quantify using SEM characterization: in order to correctly measure
the de�ection caused by the buckling it should occur perpendicular to the image,
and this is not generally the case. However we observed this phenomena in repeated
occasions, such as in Figure 2.19b. Even though this e�ect has not been character-
ized in depth during this work, we observe that it is more common for the thinner
nanowires grown from 30 nm colloids.

In the next chapter, devices fabricated with this technology are electrically char-
acterized. From these measurements, several characteristics of the nanowires are
studied, including the stress accumulated during the fabrication process.
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Chapter 3. Electrical measurement of bottom-up SiNW resonators

The building-up of functional systems based on one or several mechanical nanos-
tructures has raised the �eld of nanoelectromechanical systems (NEMS). Physical
and biochemical sensing are some of the areas where NEMS are showing signi�cant
advance, because they can provide enhanced sensitivity and resolution, speci�cally
originated from their small dimensions. Nanomechanical resonators, for example,
combine low mass and high operating frequency at the same time, which allows to
achieve mass sensing resolution down to the yoctogram range [1]. However, their
small dimensions pose a challenge for the measurement of these devices, entailing
constraints such as small signals, low dynamic range and high oscillation frequency.
In view of this, the development of e�cient transduction methods is especially cru-
cial for the future development of NEMS.

SiNWs present high gauge factors, thus providing an intrinsic transduction mech-
anism for electrical read-out. In the case of double-clamped SiNWs, the resistance
change was proposed to be due to the non-vanishing longitudinal strain caused by
the lengthening of the de�ected wire, and consequently resulting in an oscillating
signal which varies at doubled frequency, 2!, with respect to the mechanical oscil-
lation (as explained in section 1.3.1). He and co-workers implemented an electrical
detection scheme based in a frequency down-conversion circuit (two-source, 2! de-
tection) that exploits this feature [2]. Also, frequency downmixing schemes based
on a linear dependence of the resistance change with the displacement (two-source,
1! detection) have been used to characterize the frequency response of cantilevers
[3], where a piezoresistor is integrated in the surface of the cantilever, and CNTs [4],
where the transduction mechanism is based on the change of conductance induced
by the variation of the gate-induced charge in the nanotube (detailed in section
1.3.2). Moreover, these same nanotubes have been measured using the frequency
modulation (FM) detection technique [5], which provides advantages in terms of
absence of parasitic signals and the simplicity of the measurement setup.

In this chapter, we demonstrate the usefulness of the frequency modulation (FM)
transduction scheme for the electrical read-out of bottom-up nanomechanical res-
onators. The FM scheme enables the observation of the resonance mode-splitting
e�ect of silicon nanowires resonators in the UHF range for the �rst time, as well as
the detection of higher-order modes of the resonant structure, which is crucial for de-
veloping quantitative mass-sensor with spatial selectivity. Our results indicate that
two transduction mechanisms co-exist in the electrical read-out of the oscillation of
bottom-up grown silicon nanowires. In particular, the existence of a transduction
mechanism that presents a linear dependence of the change of the conductivity as a
function of the displacement is necessary to explain the experimental results.

The chapter is organised as follows: the �rst section presents a study of di�erent
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3.1. Electrical measurement methods based on downmixing techniques

down-mixing methods applied to nanomechanical resonators (the FM and two vari-
ants of the two-source detection method). The second section presents measurement
results of bottom-up silicon nanowire resonators using these di�erent methods. The
following section presents a study of the measurement methods, focused on their
e�ciency for the detection of transduction signals of di�erent origin, which is then
applied to the determination of the transduction mechanisms present in the mea-
sured SiNW resonators. Afterwards, the results of Finite Element Modelling (FEM)
simulations are presented, which allow extracting additional information from the
measurement of multiple modes of the resonators. Finally, the last section deals
with the mode-splitting phenomena observed during the measurements.

3.1 Electrical measurement methods based on down-

mixing techniques

The small dimensions of the resonators used throughout this work bestow reso-
nance frequencies in the range of 50-150 MHz for the �rst mode of resonance, and
much higher resonance frequencies for higher modes. Moreover, small dimensions
also imply that the transduction signals generated by their motion are vary small.
Working with high frequency signals of small amplitude arises issues due to para-
sitic capacitances, mismatch with the RF components, etc. The detection methods
used in this work are based on downmixing RF techniques, which alleviate the is-
sues of working with high frequency signals. These techniques are an adaptation
of methods used in radio-frequency, based in the transformation of a signal which
carries information at a determined frequency to a di�erent frequency which is more
appropriate for its application. For example, in most radio-frequency techniques,
such as analog radio, a low frequency signal (a voice or music) is modulated to high
frequency in order to be transmitted at large distances using antennas. This high
frequency signal is afterwards demodulated to obtain the original signal. In the case
of nanomechanical resonators, the process is in some sense the inverse: the motion
of the resonator generates a high frequency transduction signal, which is down-
mixed (moved to low frequencies) at device level, thus generating a low frequency
measurement signal. This low frequency component carries information about the
demodulator, and therefore of the motion of the resonator. This general principle
can be implemented with di�erent methods, corresponding to di�erent modulation
and demodulation techniques adapted to appropriate devices. In this work we use
three di�erent methods, as it is explained below.

With independence of the detection method, the measurement of the resonators
is performed in a vacuum chamber, at a pressure of 10−6 mbar approximately, and
ambient temperature. The major part of the measurements have been performed
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Chapter 3. Electrical measurement of bottom-up SiNW resonators

Figure 3.1: Measurement setup using the two-source, 1ω detection method. PS stands for power
splitter, BT for bias tee and LPF for low-pass �lter.

at the facilities of the group of Núria Barniol (ECAS group, Electronic Engineering
department of the UAB).

3.1.1 Two-source, 1! measurement method

In this technique, voltage is applied to the resonator at a frequency with a small
o�set with respect to the resonance frequency. When the resonator is in resonance,
its motion induces a resistance change proportional to its motion. Then, the mul-
tiplication of the applied voltage with the resistance of the device generates the
low frequency measurement current, which is then detected using a lock-in ampli-
�er. The reference signal is generated externally from the signals generated by the
RF generators (the actuation voltage and the voltage through the wire) and and a
mixer. The two-source, 1! detection technique has been previously used to detect
the motion of carbon nanotube (CNT) resonators, in which the transduction sig-
nal is proportional to the motion of the resonator, originated by the conductance
modulation caused by a change in the capacitance between the nanowire and the
side-gate [4]. The measurements are performed using the setup of Figure 3.1.

A detailed description of the two-source, 1! method is presented. The voltage
applied to the nanowire is:

VNW,2s1ω(t) = VNW cos((!c + !L)t) (3.1)

where !c is the high frequency carrier component and !L the measurement fre-
quency. The voltage applied to the side gate, which provides the electrostatic actu-
ation, consists in a DC and an AC component, and takes the form:

72



3.1. Electrical measurement methods based on downmixing techniques

Vg,2s1ω(t) = Vg,DC + Vg,AC cos(!ct) (3.2)

The amplitude of vibration at the center of the resonator x(t) can be expressed
as a sinusoidal wave at the excitation frequency multiplied by the magnitude of the
frequency response of the resonator jX(!c)j:

x(t) = jX(!c)j cos(!ct) (3.3)

In the general case, the transduction mechanism transforms this signal x(t) to a
change of resistance ∆R(t), so the resistance of the resonator vibrating at frequency
!c is:

R(t) = R0 +
@R

@x
x(t) = R0 +

@R

@x
jX(!c)j cos(!ct) = R0 + ∆R(t) (3.4)

whereR0 is the resistance at rest. Then, the current �owing through the nanowire
is:

iNW (t) =
VNW,2s1ω(t)

R(t)
=

VNW,2s1ω(t)

R0(1 + ∆R(t)
R0

)
(3.5)

We develop this expression using Taylor expansions:

iNW (t) � VNW,2s1ω(t)

R0

 
1� ∆R(t)

R0

+

�
∆R(t)

R0

�2

+ :::

!
(3.6)

The resistance change is only important when the nanowire is resonating at
the resonance frequency !0�where the amplitude of motion is maximum�so ∆R(t)
can be de�ned as ∆R(t) = ∆R0 cos(!0t). Then, by expanding the expression, a
multitude of frequency components are obtained. However, the measurement using
the lock-in ampli�er �lters only the component at the measurement frequency !L.
Then, the only term which provides information at the measurement frequency is
the one that comes from the intermodulation of the NW voltage at frequency !+!L
and the resistance at !0:

iNW (t) =
VNW∆R0

R2
0

cos(!0t) cos((!0 + !L)t) + ::: (3.7)

iNW,ωL
=

VNW∆R0

2R2
0

cos(!Lt) (3.8)

where ∆R0 = @R=@xjX(!0)j. Therefore, the output current measured at a low
frequency !L is proportional to the frequency response of the nanowire at the high
actuation frequency Xj!0j. Moreover, even when changing the frequency at which
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Chapter 3. Electrical measurement of bottom-up SiNW resonators

the nanowire is actuated�and therefore, the frequency at which it oscillates�the
measurement is always performed at the same low frequency. This is a general case,
where no assumption is made about the transduction mechanism.

The expressions of the two-source, 1! detection method can be developed for
the particular case of the conductance change due to charge modulation induced by
the capacitance coupling with the side-gate, explained in section 1.3.2. The main
di�erence with the general development is that, in this case, the conductance of the
resonator presents three di�erent components: a constant component of the con-
ductance at rest, the conductance change due to the motion of the resonator at the
actuation frequency !c and another component at frequency !c, originated by the
modulation of the conductivity of the resonator caused by the gate voltage. There-
fore, this transduction mechanism includes a parasitic component which modi�es
the frequency response and hinders the detection of the resonance peak. The resis-
tance change caused by this transduction mechanism has been developed in section
1.3.2:

∆R−1 = ∆G =
@G

@q
(Cg(!; t)Vg,DC + Cg,0Vg,AC(t)) (3.9)

From this expression where @G=@Vg = @G=@q Cg is the transconductance, the
amplitude of the current at the measurement frequency can be found:

INW,ωL
=

1

2
p

2

@G

@Vg

�
Vg,AC + Vg,DC

@Cg
Cg

�
VNW (3.10)

where @G=@Vg is the transconductance of the nanowire and @Cg=Cg is the relative
change of capacitance between the nanowire and the excitation side-gate due to its
motion.

An estimation of the transconductance @G=@Vg can be found from the parasitic
signal, that corresponds to the �rst term of equation 3.10. When measuring the
electrical background of the signal at a frequency !, far away from resonance, the
transconductance value is de�ned as:

@G

@Vg
=

1

2
p

2

ILIA,background
Vg,ACVNW

(3.11)

3.1.2 Two-source, 2! measurement method

The two-source, 2! technique has been previously used to measure the frequency
response of piezoresistive silicon nanowires, in which the transduction signal is not
proportional to its motion but quadratic (as seen in section 1.3.1). It is very sim-
ilar to the two-source, 1! detection method presented above, but in this case it is

74



3.1. Electrical measurement methods based on downmixing techniques

Figure 3.2: Measurement setup using the two-source, 2ω detection method.

adapted to a transduction signal occurring at twice the resonance frequency. The
measurements are performed using the setup shown in Figure 3.2.

In this measurement technique, the actuation voltage is the same than for the
two-source, 1! (equation (3.2)). On the contrary, the voltage passing through the
nanowire operates at twice the resonance frequency with a small o�set, and therefore
it takes the form:

VNW,2s2ω(t) = VNW cos((2!c + !L)t) (3.12)

The nanowire has a resistance at rest R0. Its motion causes a certain elonga-
tion, which in turn provokes a change in its resistance due to the piezoresistive
e�ect. Following the analysis performed in section 1.3.1, this resistance change ∆R
is described for the �rst mode of resonance as:

∆R(t)

R0

� 2:44GPR
x2(t)

l20
(3.13)

where GPR is the gauge factor and l0 is the length of the resonator at rest. When
∆R(t)=R0 � 1 (in our case, ∆R(t)=R0 < 10−3), then the expression for the current
�owing through the resonator can be approximated as:

INW =
VNW,2s2ω

R0 + ∆R(t)
� VNW,2s2ω

R0

(1�∆R(t)=R0) (3.14)

This expression contains two terms: the purely electrical term due to the re-
sistance of the resonator and a second term related to its motion. Discarding the
high-frequency and DC components (which are �ltered by the lock-in ampli�er), the
motional term provoked by the oscillation of the resonator is:
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Figure 3.3: Measurement setup using the frequency modulation detection method.

INW,motional = �VNW,2s2ω
R0

∆R(t)

R0

= 2:44GPR
VNW
R0

jX(!c)j2

l20
cos2(!ct) cos((2!c + !L)t) (3.15)

(3.16)

And the measurement term at low frequency is:

INW,motional,ωL
= 0:61

VNWGPR

R0

jX(!c)j2

l20
(3.17)

Therefore, the measurement signal at low frequency !L carries information about
the response of the resonator at the actuation frequency !c. In the case of the two-
source, 2! measurement technique there is no electric parasitic signal, that is, the
measurement signal is due entirely to the motion of the resonator. Moreover, the
amplitude of the measurement signal using this technique is proportional to the
square of the displacement of the resonator jX(!)j2.

3.1.3 Frequency modulation

The frequency modulation (FM) detection technique is based in introducing an
FM-modulated voltage through the resonator. The FM signal consists in a high
frequency carrier signal near the resonance frequency of the resonator !0, which
modulates a low frequency reference signal at frequency !L. When the resonator
is in resonance, the conductivity change induced by the motion of the resonator
demodulates the high frequency FM signal, generating the reference signal at !L
which is then detected using a lock-in ampli�er. A schematic of this detection
method is shown in �gure 3.3.

In this case, the FM signal causes both the actuation and downmixing. The elec-
trostatic force is generated by the voltage di�erence between the resonator and the
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3.1. Electrical measurement methods based on downmixing techniques

side-gate, which is polarized at a DC voltage Vg,DC . The equation of the actuation
voltage is:

Vactuation,FM = VNW � Vdriving_electrode = VNW,FM � Vg,DC (3.18)

The FM modulated signal VNW,FM takes the form:

VNW,FM(t) = VNW cos

�
!ct+

!∆

!L
cos!Lt

�
(3.19)

This signal is centered at the carrier frequency !c, and !∆ is the frequency de-
viation. As this FM signal is also the actuation signal, it is useful to transform
it into the frequency domain, to relate it with the frequency response of the res-
onator. In order to ease this transformation, the signal can be expressed as a sum
of trigonometric functions using the Jacobi-Anger expansion:

VNW,FM(t) = VNW

�
J0

�
!∆

!L

�
cos(!ct)

+
∞X
n=1

Jn

�
!∆

!L

�
(cos((!c � n!L)t) + (�1)n cos((!c � n!L)t))

#
(3.20)

where Jn is the nth Bessel function. In frequency domain, the FM signal con-
sists in a series of peaks, the central one at the carrier frequency !c and the others
surrounding it at intervals of frequency fL. The relative amplitude of these peaks
varies depending on the frequency deviation !∆. Figure 3.4 shows the frequency
response of the FM signal for di�erent values of !∆=!L near the carrier signal at
frequency f0. For all the cases, these peaks can be considered negligible for frequen-
cies far away from the carrier. It is interesting to note the opposite sign of the peaks
adjacent to the excitation frequency, that is, at !0 + !L and !0 � !L. Thanks to
this particularity, the FM presents no parasitic signal at the low frequency !L due
to intermodulation and other e�ects.

When the FM signal is applied to a SiNW resonator, the conductance change
due to the motion generates a current INW with several frequency components at
di�erent frequencies, which have either electrical or mechanical origin. As the output
signal is detected with a lock-in ampli�er, tuned precisely at the reference frequency
!L, all of the components which are not at this measurement frequency are �ltered
and discarded.

Now, the expression of the current through the nanowire is developed, with the
objective to �nd a term at frequency !L that contains information regarding the
motion of the nanowire. This study was �rst reported by Gouttenoire et al. [5], and
it is adapted here. We consider an oscillating cc-beam with a displacement at its
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Chapter 3. Electrical measurement of bottom-up SiNW resonators

Figure 3.4: Frequency spectrum of a FM signal centered at frequency f0 (f0 = ω0/2π), for
di�erent values of f∆/fL.

center x(t), to which an FM voltage is applied. Developing the general expression
of the current through this device using a Taylor expansion we obtain:

INW (VNW,FM(t); x(t); Vg,DC) = I(0; x0; Vg,DC) +

@I

@Vsd
(0; x0; Vg,DC)VNW,FM(t) +

@I

@x
(0; x0; Vg,DC)x(t) + I2 (3.21)

where x0 is the position of the resonator at rest (in our case, it is generally 0),
Vsd is the voltage drop at the nanowire and I2 contains higher order terms. In this
expression, the �rst and third terms are zero, because there is no voltage drop in
the nanowire (and therefore no current passing through it), and the second term
contains high frequency purely electrical terms. By developing the higher terms of
the Taylor expansion contained in I2 we obtain:

I2 �
1

2

@2I

@V 2
sd

VNW,FM(t)2 +

@2I

@Vsd@x
VNW,FM(t)x(t) +

1

2

@2I

@x2
x(t)2 (3.22)

Here, for the same reason as before, the last term is zero and the �rst term only
contains high frequency signals. The second term, however, is the product of the
motion of the nanowire with the excitation signal. These two high frequency signals
originate a downmixing, similarly to the two-source techniques, and generate the
low frequency component. Here, the transduction parameter @2I=@x@Vsd is kept
generic, and therefore no assumptions are made about the transduction mechanism.

We now focus in the FM signal. The FM voltage can be expressed as VFM =
VFM cos( (t)). For a timescale ∆t smaller than that of the resonator (Q=!0), the
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3.1. Electrical measurement methods based on downmixing techniques

argument of the cosine can be rewritten as  (t + ∆t) =  (t) + ∆t @ =@t. Also,
when the frequency is much higher than the frequency deviation (! � !∆) and
!0=Q � !L, we can consider that the resonator is exposed at each time t to an
harmonic force of frequency !i = @ =@t = ! + !∆ cos(!Lt), plus an additional
phase which can be considered constant. Then the current through the nanowire is:

I(t) =
@2I

@x@Vsd
VFM cos(!i∆t+  (t))x(t+ ∆t) (3.23)

When the nanowire is actuated with a sinusoidal signal, its amplitude of motion
can be found from its frequency response. In this case the motion of the nanowire
can be written as:

x(t+ ∆t) = Re(X(!i) cos(!i∆t+  (t)))� Im(X(!i) sin(!i∆t+  (t))) (3.24)

Substituting equation 3.24 into 3.23, we �nd an expression for the studied current
component:

I(t) =
1

2

@2INW
@x@VNW

VNWRe(X(!i)) (3.25)

We now develop the di�erent terms of this expression. The one related with
the frequency response of the nanowire, Re(X(!i)), can be expanded using Taylor
series. After this expansion, the term at low frequency is:

Re(X(!i))ωL
� @Re(X(!i))

@!
!∆ cos(!Lt) (3.26)

During the modelling of the nanowire (section 1.1.2), its frequency response
X(!) is explained in detail. This frequency response represents the amplitude and
phase of vibration of the center of the nanowire as a result of an excitation force of
frequency !. The real part of this response is:

Re(X(!)) =
F

meff

!2
0 � !2

(!2
0 � !2)2 +

�
ωω0

Q

�2 (3.27)

where F is the amplitude of the excitation force at the excitation frequency.
Then, the derivative of this expression with respect to the frequency is:

@Re(X(!))

@!
=

F

meff

2Q2w
�
�!4

0 +Q2 (w2 � !2
0)

2
�

�
w2!2

0 +Q2 (w2 � !2
0)

2
�2 =

F

meff

D(!) (3.28)
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Chapter 3. Electrical measurement of bottom-up SiNW resonators

Figure 3.5: Detection of the frequency response of a resonator using the FM method. a) Di�erent
frequency responses: the mechanical response of the resonator and the FM response. The FM
response is the derivative of the real part of the response of the resonator. b) Determination of
the quality factor of the resonator from the frequency response: Q=f0/∆f .

And �nally, the complete expression of the low-frequency current detected by
the lock-in ampli�er is:

IFM,ωL
(t) =

1

2

@2INW
@x@VNW

VNW
F

meff

D(!)!∆cos(!Lt) (3.29)

The measurement current is a function of the transduction mechanism, contained
in the term @2INW=@x@VNW . One of the interesting things that can be observed in
this expression is that the detected signal as a function of the excitation frequency
does not correspond to the frequency response of the resonator jX(!)j, but to the
real part of the derivative of that response D(!). This is illustrated in Figure
3.5a: the actual amplitude of motion at the center of the resonator with respect
to the excitation frequency follows the response coloured in black, while the signal
measured with the FM detection technique is described by the red shape. In this
sense, the interpretation of the FM response is not straightforward.

Additionally, the FM detection technique has another particularity which is use-
ful to simplify the study of the response of the resonator. When plotting the mag-
nitude (which is the term that is actually measured with the lock-in ampli�er), the
bandwidth which determines the quality factor is enclosed by the two minima of the
response (Figure 3.5b). This eases the process of extracting the quality factor from
the frequency response obtained during the measurements.

Equation (3.29) shows that the output current is proportional to the frequency
deviation !∆. However, this expression is only valid when !∆ � ∆!, the width
of the resonance peak. When this condition is not ful�lled, the measured response
widens with respect to the real response of the resonator [5]. In our measurement
conditions, due to the low signals and high quality factors of the studied devices,
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3.2. Electrical characterization results

there is a compromise between the amplitude of the detected signal and the band-
width of the measured peak. This means that, for some measurement conditions, the
measured quality factor does not correspond with the quality factor of the resonator,
and instead the measured response peak widens with respect to the mechanical one
as a consequence of the measurement method.

In conclusion, the FM demodulation method provides a measurement signal
without electrical parasitic signals. However, its interpretation is not as straightfor-
ward as with the other studied detection techniques, in the sense that the measured
signal is more di�cult to relate with the mechanical response of the resonator. It
is important to highlight that the FM measurement method requires a relatively
simple measurement setup (composed of an RF source, a DC source and a lock-in
ampli�er).

3.1.4 Comparison of the measured response with di�erent
detection methods

The measurement of the mechanical response of a resonator yields a di�erent electri-
cal response for each detection method, as it is observed in equations (3.10), (3.17)
and (3.29). For this reason, it is useful to perform a comparison of the mechani-
cal response of the resonator compared with its measurement employing di�erent
detection methods. However, it is di�cult to perform a quantitative comparison,
because the di�erent measurement methods have been developed for di�erent trans-
duction mechanisms, and therefore depend on di�erent parameters. The relation
between the measurement methods and transduction mechanisms is further studied
in section 3.3.1.

Figure 3.6 shows a comparison of the mechanical response of the resonator and
the results of its measurement with the di�erent studied detection methods. This
graph is obtained by calculating the mechanical response jX(!)j with a certain res-
onance frequency and a quality factor. Then, the shape obtained with the di�erent
measurement methods is obtained from equations (3.8), (3.17) and (3.28). All the
equations are scaled for an easier comparison, and for the two-source, 1! method
only the response of mechanical origin is shown, without the electrical parasitic
signal. We observe that each detection method presents a characteristic frequency
response, and the two-source, 1! is the only one that is proportional to the mechan-
ical response of the resonator.

3.2 Electrical characterization results

In the last section several measurement methods for nanomechanical resonators
based on downmixing techniques have been studied. In this section, we characterize
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Chapter 3. Electrical measurement of bottom-up SiNW resonators

Figure 3.6: Comparison of the frequency response of a resonator and its measurement with
di�erent detection methods. The amplitude of the signals is arbitrary, chosen for comparison.

the frequency response of bottom-up silicon nanowires using di�erent measurement
methods, in order to compare their e�ciency.

3.2.1 Frequency modulation measurement method

The FM detection technique had been previously used to characterize CNT res-
onators. It has been employed to measure devices with frequencies up to tens of
gigahertzs [6], and it has allowed to use CNT resonators as mass sensors with yoc-
togram resolution [1]. However, to our knowledge, this technique had not been
applied to the measurement of silicon nanowires before.

We �nd that the FM method allows the measurement of bottom-up silicon nano-
wire resonators with high e�ciency. We measure the response of high order reso-
nances (up to the third mode, with frequencies of 360 MHz), which had not been
previously measured for this kind of devices. Moreover, we observe mode-splitting
due to asymmetries in the cross section for both the fundamental and higher or-
der modes. This e�ect had been previously observed for Si nanowires using optical
methods [7], and had been electrically measured for semiconductor nanowires at low
frequency [8, 9], but never at high frequency nor for other than the fundamental
mode.

In this thesis, the FM method has been employed to measure a variety of bottom-
up nanowires of di�erent dimensions. Figure 3.7 shows the results of the measure-
ment of three di�erent nanowires, with diameters ranging from 52 to 100 nanometers
and lengths of 2 to 3 micrometers. The fabrication method allows the side-gate to
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3.2. Electrical characterization results

Figure 3.7: Electrical measurement of the frequency response of di�erent SiNWs using the FM
detection method. The thin line (ref) represents experimental data, and the thick line (blue) a
smoothing for clarity. The �rst row presents SEM images of the di�erent nanowires.
a-c) Silicon nanowire 100 nm wide and 3 µm long. Side-gate at 380 nm. a)VNW=200 mV, Vg,DC=5
V. b) VNW=350 mV, Vg,DC=18 V. c) VNW=1125 mV, Vg,DC=25 V.
d-f) Silicon nanowire 70-85 nm wide and 3 µm long. Side-gate at 380 nm. d)VNW=140 mV,
Vg,DC=0.5 V. e) VNW=800 mV, Vg,DC=10 V. f) VNW=800 mV.
g-h) Silicon nanowire 52-64 nm wide and 2.3 µm long. Side-gate at 900 nm. g) VNW=140 mV,
Vg,DC=10 V. h) VNW=140 mV, Vg,DC=20 V.
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Chapter 3. Electrical measurement of bottom-up SiNW resonators

be positioned relatively close to the nanowire (less than 400 nanometers), providing
good electrostatic coupling and facilitating the electrical actuation of the nanowire.
For the �rst two nanowires (with diameter of 100 and 70-85 nanometers respectively,
and a lengths of 3 �m) three di�erent resonance modes are detected, corresponding
to di�erent modeshapes. Moreover, for the �rst two modes, additional resonance
peaks are detected: these are caused by orthogonal vibration modes due to the
breakage of the radial symmetry of the nanowire arising from small imperfections
[7, 8, 9].

Moreover, nanowires of smaller dimensions can also be measured by the FM
detection technique: a 52-65 nanometer wide nanowire with a length of 2.3 �m is
measured, in this case up to the second mode of resonance (Nanowire 3, Figure
3.7g-h). The length is chosen in order to have resonance frequencies comparable to
those of the thicker nanowires. However, due to technological constrictions of the
fabrication process (explained in more detail in section 2.3.2) the side gate is located
far away from the nanowire, at 900 nanometers, which worsens the electrostatic
coupling and therefore the actuation e�ciency. This is due to the resolution of the
photolithography step, and in our case it is the main hindrance for the measurement
of nanowires of small diameters.

Also, as detailed above, a trade-o� exists between the amplitude of the detected
signal and the apparent quality factor in the case of FM measurements, determined
by the frequency deviation f∆. In Figure 3.7 this term is optimized for a maximum
peak amplitude (and therefore, a maximum signal-to-noise ratio), and under these
conditions the width of the resonance peaks is widened. However, by lowering the
frequency deviation, we measure in the regime where the measured width of the
resonance peak corresponds to that of the mechanical response of the resonator.
Under these conditions, we �nd a quality factor of 3200 for the fundamental mode
of Nanowire 1. This quality factor is comparable to those found for other works
employing bottom-up nanowires [2, 10], and it is quite high taking into account the
size of the resonators and that the measurements are taken at ambient tempera-
ture. Such high quality factors probably arise from the crystalline structure of the
nanowire and its low number of surface defects [10].

In general, the shape of the measured resonance peak corresponds to the real part
of the derivative of the response of the resonator, which is coherent with the analysis
of the FM detection method. We con�rm this by �tting the experimental response
to the theoretical one, as it is shown in Figure 3.8. The �t is performed adjusting
the measurement to the shape of the FM response (equation (3.28)), and therefore it
does not account for the widening arising from the frequency deviation. Therefore,
it does not provide information about the mechanical quality factor. This �t is
performed for one of the peaks of the second mode of resonance, because it presents a
good signal-to-noise ratio. In this particular response we observe that the agreement
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3.2. Electrical characterization results

Figure 3.8: Fit of the experimental response of a nanomechanical resonator measured using the
FM detection method. The experimental response corresponds to the measurements shown in
Figure 3.7e. Resonance frequency f0=122.28 MHz, Q=400.

between the measured response and the theoretical one is good. Furthermore, we
detect a quality factor of 400, which is probably lower than the mechanical one due
to the aforementioned widening of the response caused by the detection method.

In some cases however, the measured shape deviates with respect to the predicted
one. This is the case, for example, of the �st mode of Nanowire 2 in Figure 3.7, in
which one of the peaks presents an abnormal shape: this is caused by non-linearities
in the response of the resonator. The detection of nonlinear resonators using the
FM detection technique has been previously studied for CNTs [11]. In this case, the
observed nonlinearities are probably related to the spring hardening e�ect, which
occurs when the amplitude of motion of the resonator is su�ciently large with respect
to its dimensions.

The apparition of nonlinear e�ects can be studied by observing the evolution of
the response of the resonator as a function of the DC gate voltage. The increase
of this gate voltage provokes an increase in the excitation force, and therefore, in
the amplitude of motion. When this amplitude of motion is su�ciently large the
response of the resonator is not a lorentzian any more, and for large DC values hys-
teresis appears in the response. This e�ect is shown in Figure 3.9: when increasing
the voltage, the frequency of the peak shifts to higher frequencies, as the sti�ness
of the resonator increases due to the elongation of the wire. The �gure shows two
frequency sweeps for each DC voltage, from low to high frequency and its inverse. In
the major part of the sweeps both responses coincide, but the one at the highest DC
voltage (VDC=2 V) presents an hysteresis in the response. Both the upwards shift
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Chapter 3. Electrical measurement of bottom-up SiNW resonators

Figure 3.9: Evolution of the frequency response of a nanomechanical resonator detected by the
FM method. The resonator has a diameter of 70-85 nm, and a length of 3 µm (it is the same device
shown in Figure 3.7d-f). Measurement conditions: VNW=80mV. The �gure shows two sweeps for
each DC voltage, from low to high frequencies and its inverse. When increasing the DC voltage,
the amplitude of motion increases until the nanowire presents a non-linear response.

of the resonance frequency and the hysteresis are signs of a nonlinear mechanical
response, possibly arising from the spring hardening e�ect described in section 1.1.3.

The issue of non-linearities is especially important for resonators of small dimen-
sions [12]. In these devices, the transduction signals are typically small, while the
noise background of the system does not necessarily get smaller. For this reason,
it is not unusual to be forced to operate the resonator in a nonlinear mode (with
a high amplitude of motion, which provides a higher transduction signal) in order
to be able to detect its motion. Even in resonators in which the signal is clearly
detectable in linear regime, operating the resonator with high amplitudes of motion,
in order to obtain transduced electrical signals of higher amplitude, is desirable for
many applications. For these reasons, the study on non-linearities in resonators is
becoming a topic of interest in the �eld of nanomechanical resonators [11, 13, 14].

3.2.2 Two-source measurement methods

The two-source measurement method has been previously used to characterize the
frequency response of nanowires and nanotube resonators. In the particular case
of silicon nanowires, they have been reported to present high piezoresistive factors,
providing a self-transducing method e�cient at high frequencies. These devices have
been measured using the two-source, 2! method, which has allowed the electrical
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Figure 3.10: Measurement of the frequency response of a single nanowire 75 nm wide and 3µm
long, using di�erent detection techniques. The mode-splitting phenomena can be observed by both
methods. The thin line represents experimental data, and the thick line a smoothing for clarity.
a) FM detection technique, fundamental mode. VNW=100 mV, Vg,DC=100 mV. b) Two-source,
2ω detection technique, fundamental mode. VNW=200 mV, Vg,AC=280 mV, Vg,DC=500 mV. c)
FM detection technique, second mode. VNW=1.1 V, Vg,DC=8 V. d) Two-source, 2ω detection
technique, second mode. VNW=500 mV, Vg,AC=1.1V, Vg,DC=10 V.

measurement of nanowires with diameters of 30 nanometers at room temperature
[2]. These nanowires are very similar to our devices both in material properties
and geometry. It is interesting to measure our resonators using the two-source, 2!
method, and afterwards compare the obtained results with the FM detection.

Figure 3.10 shows the frequency response of the same nanowire obtained by the
FM (top) and by the two-source, 2! (bottom) methods. The measurements are
performed for Nanowire 2 (Figure 3.7d-f), which has a diameter of approximately
75 nanometers and a length of 3�m. For the fundamental mode (Figure 3.10a-b) we
obtain similar signal levels using both methods, but the actuation conditions�and
hence the amplitude of motion�are much lower for FM detection. The FM method
allows a linear measurement of the response of the fundamental mode, whereas with
the two-source, 2! method the high amplitude needed for the measurement causes
the resonator to behave nonlinearly. Remarkably, for the second resonance mode
a very large output signal level is obtained by means of the FM detection scheme
(Figure 3.10c-d), whereas the signal obtained using the two-source, 2! method is
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Figure 3.11: Measurement of the frequency response of a single nanowire 52-65 nanometers
wide and 2.3 µm long, using di�erent detection techniques. a) Fundamental mode. FM con-
ditions: VNW,FM=140 mV, Vg,DC=7 V. Two-source conditions: VNW,2s=36 mV, Vg,DC=7 V,
Vg,AC,2s=140 mV. b) FM conditions: VNW,FM=140 mV, Vg,DC=22 V. Two-source conditions:
VNW,2s=80 mV, Vg,DC=22 V, Vg,AC,2s=140 mV.

much weaker even with higher excitation conditions. These results point out to
a greater e�ciency of the FM method for the measurement of silicon nanowires,
specially for lower modes of resonance.

Additionally, the two-source, 1! detection method has been used to measure
semiconductor nanowires of several materials [8, 9] and semiconductor nanotubes
[4]. This detection technique is usually employed for devices in which the trans-
duction mechanism is the conductivity modulation caused by induced charge in the
resonator.

Figure 3.11 shows the results of the characterization of the frequency response
of Nanowire 3 using the three di�erent detection methods, for the �rst and second
resonance modes. The excitation conditions (VAC +VDC) are the same for the three
detection methods, so the motion of the resonator can be considered to have a similar
amplitude for all of them. We observe that the signal amplitude is similar for the
FM and the two-source, 1! detection techniques for both modes, and weaker for
the two-source, 2! method, pointing out at the lower e�ciency of this later method.
Moreover, a parasitic signal of electrical origin is observed for the two-source, 1!
detection technique.

3.3 Study of the transduction mechanisms

In the previous section the e�ciency of the di�erent detection methods in the mea-
surement of bottom-up SiNWs has been studied. It has been observed that the FM
and two-source, 1! methods are more e�cient. To discern the origin of these di�er-
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Detection method Transduction mechanism
linear quadratic

Frequency modulation good null
Two-source, 1! good weak
Two-source, 2! null good

Table 3.1: E�ciency of the studied detection methods for the measurement of the signals originated
by di�erent transduction mechanisms.

ences, in this section a study of these detection methods is performed, by building
and simulating an electromechanical model of the system. Afterwards, additional
measurements are performed based on the information obtained by this model.

3.3.1 Simulation of the detection methods

In the last section, we have successfully applied di�erent downmixing detection
methods to the measurement of the same device in order to compare their e�ciency.
These downmixing methods had been previously applied to devices which present
di�erent transduction mechanisms. More concretely, the FM and two-source, 1!
detection methods had been used to measure devices based on the conductivity
modulation caused by induced charge, while the two-source, 2! method had been
used to measure piezoresistive nanowires. From the transduction point of view, the
most important di�erence between these two mechanisms is the frequency of the
transduced signal in relation to the oscillation frequency of the resonator. When the
conductance change is proportional to the motion of the resonator (such as in the
case of conductance modulation, as seen in equation (1.65)) the transduced signal
has the same frequency as the oscillation frequency of the resonator. We classify
this transduction as linear transduction. On the other hand, when the conductance
change is proportional to the square of the motion of the resonator (such as in
the case of piezoresistive transduction (1.59)) the transduction signal has twice the
oscillation frequency of the resonator: we classify this transduction as quadratic
transduction. This classi�cation is shown in Table 3.1.

Without getting into the physical origin, it is interesting to evaluate the e�ec-
tiveness of the di�erent detection methods for the two families of transduction mech-
anisms. With this objective, we have built an electromechanical model of the res-
onator and the actuation/detection setup using commercial software (MathWorks R

Matlab [15] and Simulink R2007A [16]). This model is adapted for the three di�erent
detection methods, and for the two transduction mechanisms.

An example of the model is shown in Figure 3.12a, for the FM detection of a
1! transduction mechanism (and therefore, corresponding to the detection method
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Figure 3.12: Simulation of the system comprising the resonator and the actuation/detection
setup. a) Simulation schematic of the FM transduction method for a 1ω transduction, implemented
using MathWorks Simulink. The model includes the electromechanical element, as well as the
actuation and detection setup. The lock-in ampli�er is not included in this model, and its behaviour
is simulated afterwards using Mathworks Matlab [15]. b) Simulation of the detection of the response
of a resonator using the FM setup, for di�erent values of the quality factor Q.

shown in Figure 3.3). The schematic includes the actuation/detection setup and
the response of the resonator, which is de�ned as a linear transference function
based on the frequency response of the resonator (equation (1.29)). The software
generates the low frequency measurement signal, modulates it and applies it to the
resonator, modelled with its frequency response jX(!)j and a gain which represents
the transduction e�ciency. The resulting signal, which corresponds to the resistance
change, is added to the resistance at rest. Afterwards, the voltage applied to the
resonator is divided by the total resistance to obtain the current through the device.
This current is the parameter which is then detected using the lock-in ampli�er
during the experiments. To simulate the lock-in ampli�er, a Fourier transformation
of the current is then performed, and the component at the readout frequency !L is
monitored.

Using this model, and varying the FM carrier frequency !, a frequency sweep
can be simulated. Figure 3.12b shows the result of one of such sweeps. It is obtained
by detecting the amplitude of the output signal at the measurement frequency (!L)
for each value of excitation frequency !. The resulting shape corresponds to the
FM detection of the mechanical response of the resonator, as described by equation
(3.29). Moreover, during these series of sweeps the mechanical quality factor has
been changed, and a widening of the response and a decrease in the peak is observed,
as expected. These simulations are coherent with the behaviour observed during the
experimental measurements and with the theoretical equations.

This model is also applied to evaluate the e�ciency of the di�erent detection
methods for di�erent transduction mechanisms. Therefore, the transduction ef-
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Figure 3.13: Simulation of the frequency spectrum of the current at the output of the nanowire
in resonance, using di�erent readout techniques and transduction principles: resonance frequency
f0=46 MHz; lock-in measurement frequency fL=20 kHz. a) Wide frequency spectrum. b) Low
frequency detail for the 2ω transduction mechanism (top) and for the 1ω transduction mechanism
(bottom).

�ciency is analysed for each combination of detection method and transduction
mechanism. In this case, instead of taking a full spectrum of the response as in
the case of Figure 3.12b only one excitation frequency is used, corresponding to
the resonance frequency of the resonator. Under these conditions, the motion of
the resonator (and therefore, the resulting transduction signal) are highest, allowing
to study the maximum obtainable transduction signal for each detection method.
Then, a Fourier transformation of the output current is performed, in order to study
the frequency components of the measurement signal for this single excitation fre-
quency. The obtained frequency spectra are shown in Figure 3.13a for each of the
di�erent combinations of detection mechanism and transduction method. More im-
portantly, a detail of this spectrum for low frequencies is shown in Figure 3.13b.
The peaks at 20 kHz represent the detected transduction signal, and its amplitude
relative to the rest of detection methods. Therefore, the e�ciency of each detection
setup for the 2! (3.13b, top) and 1! (3.13b, bottom) transductions can be evaluated.

From these simulations we con�rm that a pure 2! transduction produces a de-
tectable signal using the two-source, 2! detection. Moreover, a 1! transduction
produces a detectable signal using the FM and two-source, 1! detection of compa-
rable amplitude. More importantly, we observe that a pure 2! transduction does not
provide a detectable signal using FM detection. Alternatively, if the transduction
is entirely at 1!, the resulting output signal using the two-source, 2! method hap-
pens to be extremely small. From the simulations shown in Figure 3.13b, we have
evaluated that for the same amplitude of motion of the nanowire and considering
the experimental detection conditions, the measured signal would be approximately
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Figure 3.14: Comparison of the frequency response of a single nanowire 100 nm wide and 3 µm
long using the two-source, 1ω and 2ω techniques for the same excitation conditions. The thin
line represents experimental data, and the thick line a smoothing for clarity. a) Fundamental
mode. VNW=100 mV, Vg,AC=350 mV, Vg,DC=5 V. b) Second mode of resonance. VNW=100
mV, Vg,AC=350 mV, Vg,DC=18 V.

400 times lower for the two-source, 2! than for the FM method in the case of pure
1! transduction. These conclusions are summarized in Table 3.1.

3.3.2 Comparison of 1! and 2! detection methods

During the experimental comparison of di�erent detection methods we have observed
that there are di�erences between the e�ciency of each detection method, specially
at higher resonance modes. Furthermore, the simulation of these detection methods
has given us evidence that they are e�cient for di�erent transduction mechanisms.
For this reason, the comparison between the di�erent detection methods provides a
good tool to discern the origin of the transduction mechanisms for bottom-up silicon
nanowires.

The FM detection method provides excellent SNRs and allows the characteri-
zation of high order resonance modes occurring at high frequency. However, the
correlation of the frequency response detected using this method and the mechan-
ical response of the resonator is not straightforward. Therefore, this method is
e�ective to detect and track the resonance frequency of the device, but it is com-
plex to study the mechanical response of the resonator based on the information it
provides. On the other hand, the two-source techniques do not provide such high
SNRs, but present an easier understanding to correlate the electrical response with
the mechanical response of the resonator.

Figure 3.14 shows a comparison of the measurement of the response of a nanowire
using the two source detection methods. For the fundamental mode of resonance
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(Figure 3.14a) we �nd that the signals have comparable amplitudes. In accordance
to what has been discussed above, this a signature that transduction at 1! and
2! must co-exist: simulations reveal that the expected signal for the two-source,
2! method should be 30 times lower if a 1! transduction mechanism was the only
existing mechanism. Remarkably, the frequency spectrum corresponding to the
second resonance mode (Figure 3.14b) presents important di�erences: while it is
readily detected using the two-source, 1! method, it is below the noise level for the
two-source, 2! (by increasing the actuation signal, the second mode can also be
detected, as it is shown in Figure 3.10). It points out to a greater e�ciency of the
1! transduction mechanism at higher resonant modes.

In order to obtain more information of the behaviour of the di�erent transduc-
tion mechanisms, we study the evolution of the detected response with a variation of
the DC gate voltage for di�erent detection methods. The evolution of the amplitude
of motion with respect to the actuation voltage has been studied in section 1.2.1.
For an oscillation amplitude of the resonator much smaller than the gap, and a DC
voltage much higher than the AC voltage, the electrostatic actuation force is pro-
portional to the DC voltage, and therefore the amplitude of motion of the resonator
is proportional to the DC voltage too. However, if the amplitude of motion is too
large, higher order e�ects appear and this relation no longer holds. According to
the calculation of the electrostatic force in our case, the amplitude of motion of the
resonator should be small compared to the gap. However, without having direct
evidence of this amplitude we can't be sure that these approximations are correct.

Figure 3.15 shows the DC dependence of the response of the same resonator
using the two-source, 1! (3.15a-c) and 2! (3.15d-f) detection methods. The AC
actuation voltage is the same in both cases, as well as the amplitude of the voltage
passing through the nanowire. First of all, we observe that, for low amplitudes
of motion, the two-source, 1! detection method provides a better signal to noise
ratio. More interestingly, by observing Figure 3.15c we �nd that the maximum
amplitude of the resonance peak using this detection method scales linearly with
the DC gate voltage, and moreover it is symmetrical with the DC actuation voltage.
This symmetric behaviour is expected, because the actuation force depends on the
square of the actuation voltage. On the other hand, in the case of the two-source, 2!
detection method, the peak amplitude depends quadratically with the DC voltage
(Figure 3.15f). This is in concordance with the di�erent origins of the transduction
mechanism: in the case of the two-source, 1! the transduction signal is proportional
to the amplitude of motion of the nanowire (1! transduction), and in the case of
the two-source, 2! it is quadratic with the oscillation amplitude (2! transduction).

Additionally, the shape of the frequency response can be �tted to the theoretical
equations of each transduction mechanism. By comparing the frequency response
of a resonator using the same excitation conditions and measuring it with the two
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Figure 3.15: Evolution of the frequency response of a nanomechanical resonator detected by
di�erent two-source methods. The nanowire has a diameter of 80 nanometers and length of 3 µm.
The side-gate is located at 700 nanometers. Measurement conditions: VNW=36 mV, Vg,AC=140
mV. a-c) Dependency of the frequency response to a variation in the DC gate voltage using the
two-source, 1ω detection technique, for positive (a) and negative (b) DC values. c) Maximum
magnitude of the resonance peak as a function of the DC gate voltage. d-f) Dependency of
the frequency response to a variation in the DC gate voltage using the two-source, 2ω detection
technique, for positive DC values. e) Shows a detail for low DC voltages. f) Maximum magnitude
of the resonance peak as a function of the DC gate voltage.
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Figure 3.16: Fitting of the frequency response of a nanomechanical resonator detected by the
di�erent two-source methods. The nanowire has a diameter of 80 nanometers and length of 3
µm. The side-gate is located at at 400 nanometers. Measurement conditions: VNW=36 mV,
Vg,AC=140 mV, Vg,DC=6 V. a) Two,source, 1ω detection method. The experimental results are
�tted to a function proportional to the mechanical response of the resonator, as corresponds to
1ω transduction. Fitting conditions: f0=41.74 MHz, Q=400. a) Two,source, 2ω detection method.
The experimental results are �tted to a function proportional to the square of the mechanical
response of the resonator, as corresponds to 2ω transduction.Fitting conditions: f0=41.7 MHz,
Q=400.

di�erent methods, we can observe if the results are consistent with 1! and 2! trans-
duction. This comparison is shown in Figure 3.16, where the �ttings are performed
for two of the responses obtained in Figure 3.15. A good �tting is obtained us-
ing the same mechanical parameters (f0=41.7 MHz, Q=400) and varying the shape
of the adjusted response: for the case of two-source, 1! the measurement results
�t well to a lorentzian proportional to the mechanical response of the resonator,
whereas for the two-source, 2! the adjusted function is proportional to the square
of the mechanical response (equations (3.8) and (3.17) respectively). This is also
consistent with the di�erent origin of the transduction signals, caused by 1! and 2!
transduction mechanisms.

3.3.3 Discussion of the origin of the transduction signal

We have observed that there is experimental evidence that the di�erent detection
methods detect transduction signals of di�erent origins. In this section the origins
of these 1! and 2! transduction mechanisms are discussed.

The transduction originating the two-source, 2! detection is coherent with the
2! piezoresistive mechanism, originated by the elongation of the nanowire during
the oscillation [2]. We can make an estimation of the gauge factor by estimating the
oscillation amplitude of the nanowire from the electrostatic coupling with the side
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gate. Then, from the peak current detected by the lock-in ampli�er and equation
(3.17), we obtain gauge factors in the order of 200 in the case of Figure 3.14. This
gauge factor is consistent with to the dimensions and doping of the silicon nanowires
[17].

We discuss now the possibilities for the transduction mechanism responsible for
obtaining measurable signals for the FM and two-source, 1! detection schemes. One
possibility is that the SiNW conductance change is due to the change of the gate-
induced charge along the nanowire. Assuming this transduction principle, and using
the two-source 1! detection technique, the magnitude of the signal detected by the
lock-in ampli�er has been previously studied. It can be described as the sum of two
components, described in equation (3.10), which is reproduced here for clarity:

INW,ωL
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2
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2
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�
Vg,AC + Vg,DC

@Cg
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�
VNW (3.30)

As it is explained above, the �rst component corresponds to a purely electrical
parasitic signal, from which the transconductance of the nanowires can be extracted,
while the second is caused by the motion of the nanowire. We can apply this equation
to Nanowire 1, which has a diameter of 80 nanometers, a length of 3 �m and a side-
gate separated from the nanowire by 700 nanometers. From Figure 3.14 we can
obtain the value of the transconductance from the signal level at a frequency far
away from the resonance, in which the main contribution is the parasitic current.
The obtained transconductance value is 16 nS/V, which is consistent with the high
doping levels of the SiNWs.

In order to validate the transconductance value, this parameter can also be
found in static mode by monitoring the resistance while varying the value of the
gate voltage. We �nd that the change of resistance provoked by the charge induced
by the gate voltage is small compared with the total resistance value. Moreover, a
drift of the resistance is observed during the measurements, which further hinders
the detection of the conductance change originated by the gate voltage. For these
reasons, the transconductance in static is di�cult to detect using a semiconductor
analyser or similar methods. Therefore, we perform semi-static measurements, using
the lock-in ampli�er to monitor the resistance value of the nanowire when applying
a voltage at 34 Hz. Using this method, and varying the gate voltage from -25 to 25
V, a transconductance value of 7-9 nS/V is obtained, in the same order of magnitude
of that obtained with dynamic measurements.

By knowing the value of the transconductance and the amplitude of the resonance
peak in the experimental response, we obtain the variation in capacitance of the
resonator and the side-gate due to the motion of the resonator, @Cg=Cg, which is
around 5 % in this case (Figure 3.14). In order to obtain the amplitude of motion
from this parameter, a model of the capacitance change with respect to the distance
between the nanowire and the side-gate is needed. Several models can be used, as

96



3.3. Study of the transduction mechanisms

Figure 3.17: Ansys model of a nanowire near a side-gate for electrical actuation, based on the
geometry of a real device as studied by scanning electron microscopy. The model is used to study
the capacitance between the resonator and the side-gate. The nanowire is shown coloured in red,
the side-gate in gray, and the SiO2 substrate in orange. a) General view of the model for a nanowire
at rest. b) Top view of a model representing a nanowire de�ected towards the side-gate.

explained in section 1.2.1. By using two di�erent models to calculate the capacitance
between the nanowire and the side gate (a parallel plate capacitor and a wire parallel
to an in�nite plane), we estimate that the capacitance at rest has a value of 29 aF
in the case of the wire-parallel plane model, and the motion necessary to cause the
observed response should be around 50 nm.

Additionally, we use the Ansys software [18] to simulate this capacitance with
Finite Element Modelling (FEM) simulations. We inspect the device with SEM, and
then construct a geometry as similar as possible to the experimental one (Figure
3.17a). This geometry includes the nanowire, the side-gate, the substrate and a
medium surrounding the elements. The capacitance simulations are performed using
the CMATRIX command, which extracts the capacitance between two conductors
of the model. The capacitance between the nanowire and the side-gate is simulated
in this manner, yielding a value of 50 aF for the nanowire at rest. We observe that
this value in not too far away from the one obtained with the wire-plane model. In
order to estimate the capacitance of the nanowire during its motion, another model
is built where the nanowire is de�ected with respect to the side-gate (Figure 3.17b),
and we extract its capacitance in this case. From these simulations we also �nd that
an amplitude of motion higher than 50 nanometers is needed to justify the observed
experimental response, similarly to the theoretical models.

As the diameter of the nanowire is 100 nm, such amplitude of motion is not
possible without the nanowire showing a highly nonlinear response, which is not ob-
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served during the measurements. Moreover, the studied case is quite conservative,
and shows a strong background current which allows to extract the transconduc-
tance. In the case of Figure 3.15, for example, the background current is very low
and the side-gate is located farther away from the nanowire, so a higher amplitude of
motion would be necessary to justify the observed peak with this method. However,
as the phenomenon of non-linearities is di�cult to characterize, it is necessary to
obtain a better estimation of the motion of the nanowire in order to evaluate the
feasibility of this transduction mechanism.

Another candidate for the transduction at 1! is the static de�ection of the nano-
wire caused by the DC voltage. This static de�ection provokes an asymmetry in
the motion of the nanowire, causing the piezoresistive signal to have an additional
component at the excitation frequency, and therefore providing a transduction term
at 1!. We have analysed this possibility by comparing the static de�ection of the
nanowire with the expected amplitude of motion x at resonance. As a �rst ap-
proximation we suppose that the response of the resonator can be described by the
mass-spring model, and that the DC voltage applied to the gate is much larger than
the AC component. In this case, the electrostatic actuation force takes the form de-
scribed in section 1.2.1. In the case of static de�ection, where only a DC component
exists, the motion of the nanowire can be extracted from the electrostatic force by
the spring constant:

FNW,DC = �1
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g,DC = �kx (3.31)
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V 2
g,DC
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(3.32)

The same method can be applied to extract the dynamic amplitude of motion.
In this case, the maximum amplitude of motion is extracted from the force using
the value of the frequency response of the resonator at the resonance frequency.
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xNW,resonance =
FNW,ACQ

k
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Therefore, the relationship between both amplitudes is:

xNW,resonance
xNW,static

=
2QVg,AC
Vg,DC

(3.35)

Under typical actuation conditions, this relationship is in the range of 50-150
(for example, in the case of Figure 3.7a, xNW,resonance=xNW,static = 80), which means
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that the asymmetry caused by the static de�ection in resonance is negligible for the
fundamental resonance mode.

In conclusion, our measurements indicate the co-existence of two di�erent trans-
duction mechanisms in the studied nanowires. More concretely, a linear (1!) and a
quadratic (2!) mechanisms co-exist. While the quadratic transduction mechanism is
consistent with piezoresistive transduction, previously reported for nanowires sim-
ilar to the ones studied here, we have not fully resolved the origin of the linear
transduction mechanism. In part, this is due to the lack of information of both the
transduction method and the amplitude of motion of the nanowires at resonance.
For this reason, more information regarding the amplitude of motion of the stud-
ied devices is needed for a complete study of the origin of the linear transduction
mechanism.

3.4 FEM simulations of the mechanical frequency

response of SiNW resonators

Finite element modelling (FEM) simulations have been performed using the Ansys
software in order to study the theoretical resonance frequencies and the shapes
of the resonance modes, and compare them with the experimental measurement
results. The characterization of the SiNWs has allowed us to obtain information of
the resonance frequency of several modes of resonance, which in turn can provide
some hints about parameters such as the internal stress of the structure.

In this section, simulations of bottom-up resonators based on �nite element mod-
elling are presented. Based on these simulations, the in�uence of the geometry and
stress on the resonance frequency of the nanowires is analysed, and a comparison
with the experimental measurements allows to extract conclusions about the geom-
etry and internal stress of the measured resonators.

A modal analysis provides the di�erent frequencies and shapes of the resonance
modes of a resonator from its geometry, material and clamping conditions. Each
of the measured devices (shown in Figure 3.7) is modelled and simulated using this
method. An example of these simulations is shown in Figure 3.18: in this case, the
resonator is an hexagonal prism, with a length and diameter similar to the fabricated
devices (a diameter of 90 nanometers and a length of 3 micrometers). It is important
to note that, if the hexagonal prism is regular, the resonance frequency is the same
for all of its radial directions (there is no appearance of orthogonal modes with
di�erent frequencies). In Figure 3.18 we observe the shape of the �rst three modes
of the resonators, that corresponds to the modeshape w(x) presented in chapter 1.

During the experimental measurements we have been able to detect multiple res-
onance frequencies of the studied resonators, which provide additional information
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Figure 3.18: Shape of the resonance modes of an hexagonal silicon nanowire cc-beam. The �rst
three modes are shown, from left to right. The amplitude of the motion is arbitrary. For these
simulations, the diameter of the nanowire is 90 nanometers and its length is 3 micrometers

Nanowire 1 Nanowire 2 Nanowire 3

Length (�m) 3 3.3 2.3
Diameter (nm) 100 70-85 52-65

f1 - simulated (MHZ) 88,7 49,3 88,4
f1 - experimental (MHZ) 72,3 43 83,5
f1 - diference -22,88% -14,75% -5,85%

f2 - simulated (MHZ) 243,0 135,7 242,7
f2 - experimental (MHZ) 210,0 122,0 206,5
f2 - diference -15,73% -10,12% -17,52%

f3 - simulated (MHZ) 472,3 265,6 473,5
f3 - experimental (MHZ) 413 238 -
f1 - diference -14,35% -11,58% -

Table 3.2: Comparison between the experimental measurements and the simulated nanowires with
the same dimensions, for multiple modes and three di�erent nanowires.

about the dimensions and internal stress in the resonator. In this sense it is inter-
esting to simulate the resonance frequency of the measured nanowires, based on the
geometry obtained by SEM images. The resonance frequency of the devices shown
in Figure 3.7 has been simulated and the results are shown in Table 3.2. There are
important di�erences between the experimental and predicted frequencies, specially
for the �rst mode of resonance. There are several factors that can account for this
di�erence: inaccuracy in the dimensions of the nanowires (which are determined
from SEM inspection), the appearance of stress during the fabrication process or
defects in the structure of the nanowires.

From the results in Table 3.2, we observe that the experimental values are always
lower than the theoretical ones. It is possible that this e�ect is caused by compressive
stress accumulated during the fabrication process, due to the nanowire growing
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longer than the trench where it is con�ned.

3.4.1 Simulation of the stress and buckling

One of the parameters which has an important e�ect in the resonance frequency of
cc-beams is the stress accumulated in the structure. Contrary to other geometries,
such as the cantilevers, in general cc-beams accumulate stress which is di�cult to
release because both edges are con�ned by side-walls. During the inspection of the
fabricated devices we have observed some nanowires which present buckling, so we
know that the fabrication process can induce some stress in the structure.

The e�ect of the stress can be introduced into modal FEM simulations. In or-
der to evaluate the in�uence of this parameter in the resonance frequency of the
resonators, modal simulations of a nanowire with di�erent values of stress are per-
formed. The simulated nanowire has a diameter of 90 nanometers and a length of
3 �m. In these simulations, the stress is on the longitudinal direction with respect
to the nanowire, similar to that obtained when compressing or stretching it from its
clamped edges. As both of these ends are �xed, the geometry of the wire is exactly
the same for all the simulations, but the stress accumulated in the structure a�ects
the mechanical characteristics of the resonator. By convention, a compressive stress
is de�ned as negative, while a tensile stress is de�ned as positive. Figure 3.19 shows
the e�ect of the stress in the resonance frequency of the resonator. More concretely,
Figure 3.19a shows the in�uence of the stress on the absolute value of the resonance
frequency, while Figure 3.19b, represents the deviation of the resonance frequency
under stress fd from the resonance frequency without stress f0. We observe that
compressive stress reduces the resonance frequency, while tensile stress increases it.
For example, a compressive stress of 500 MPa introduces a reduction of around 30
% in the resonance frequency of the �rst mode (in absolute terms, a reduction from
69 to 48 MHz in this particular case).

A di�erent geometric defect observed in the fabricated bottom-up silicon nano-
wires is the di�erence in diameter between its ends (tapering). In our case, this
defect is present in the major part of the fabricated devices, and it is caused by
e�ects particular to the fabrication method, as discussed in section 2.3.2.1. It is
important to quantify the in�uence of this e�ect in the resonance frequency of the
di�erent modes. FEM simulations have been performed for di�erent tapering val-
ues, where a coni�cation of around 10 % of the diameter was observed. The results
of these simulation are presented in Table 3.3. We observe that this di�erence in
diameter does not have an important e�ect on the resonance frequencies of the
resonator.

Another of the e�ects of the stress on cc-beams is the buckling of the structure,
which has indeed been observed for fabricated devices. This buckling causes a dis-
placement of the centre of the nanowire at rest. If this e�ect is important enough,
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Figure 3.19: E�ect of the stress in the resonance frequency of the �rst 3 modes of an hexagonal
cc-beam resonator, for the particular case of a nanowire with a diameter of 90 nm and a length
of length=3 µm. a) Results of the modal simulation of the resonator for di�erent values of axial
stress. b)Deviation of the resonance frequency of the resonator under stress fd with respect to the
resonance frequency of the unstressed resonator f0.

Frequency (MHz)

Diameter Mode 1 Mode 2 Mode 3
90 nm 69.35 190.49 371.73
88-92 nm 69.34 190.43 371.64
85-95 nm 69.31 190.28 371.29

Table 3.3: Simulation of the e�ect of tapering on the resonance frequencies of a cc-beam resonator.
Length of 3 µm.

it can cause a modi�cation of the mechanical response of the nanowire and explain
the 1! transduction signal. However, the analysis of a buckled beam is not straight-
forward: when the beam buckles it releases accumulated stress, and the deformed
structure and its internal stresses both modify the resonance frequency.

3.4.2 Fitting of the experimental results with FEM simula-
tions

The e�ect of the stress on the resonance frequency of the measured nanowires can
be evaluated, in order to try to �nd a stress that justi�es the discrepancy between
the experimental and simulated values. For these simulations we try to �t the ex-
perimental frequencies found for Nanowire 1 in Figure 3.7. Figure 3.20 shows the
results of the simulations for di�erent values of stress and three di�erent diameters
(100, 95 and 90 nanometers). We �nd that the values which are in better concor-

102



3.5. Study of the mode splitting e�ect

Figure 3.20: Simulation of the resonance frequency of the �rst three modes of an hexagonal cc-
beam with a length of 3 µm, for several diameters and values of axial stress. a) Simulation results
of the resonance frequencies of the �rst three modes of the resonator for di�erent values of diameter
and stress. b) Detail of the graph in a): projection in the frequency/stress plane, in order to ease
the �tting of the experimental resonance frequencies. Each graph represents a di�erent mode of
resonance. The horizontal gray lines represent the experimental resonance frequency values for a
beam of the studied dimensions: 75.25 MHz for the �rst mode, 210 MHz for the second mode and
413 MHz for the third. The point where the experimental and simulated values present the best
concordance is for the 90-nanometers nanowire, with a stress between -250 and -500 MPa.

dance with the experimental measurements are a diameter of 90 nanometers and a
compressive stress in the range of -250 and -500 MPa. Therefore, we can conclude
that the simulations con�rm the presence of compressive stress in the bottom-up
nanowires.

3.5 Study of the mode splitting e�ect

During the measurements we detect di�erent resonance peaks for each mode of
resonance, caused by the mode splitting e�ect. In this section this e�ect is presented,
and FEM simulations are performed in order to validate its origin.

During the measurements, the mode splitting e�ect is observed, for example,
for all of the devices in Figure 3.7. These peaks correspond to the vibration of
the nanowire in di�erent orthogonal directions. Therefore, these orthogonal modes
share the same modeshape with slightly di�erent resonance frequencies. For this
reason, in this work we refer to them as di�erent directions of vibration of the same
mode, instead of di�erent modes.
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Figure 3.21: FM measurement of the frequency response of Nanowire 3, with a diameter of 52-65
nanometers, a length of 2.3 µm and at 900 nanometers from the side-gate. The excitation in each
case is performed either by using the lateral side-gate and the back-gate at the same time, or using
only the back-gate. a) First mode of resonance. Excitation conditions side-gate+back-gate (red):
VNW=140 mV, Vg,DC=5 V. Back-gate (blue): VNW=250 mV, Vg,DC=20 V. b) Second mode of
resonance. Measurement conditions: VNW=250 mV, Vg,DC=20 V.

If the silicon nanowire was a perfect hexagon, the resonance frequency would be
the same for all of the vibration directions. However, small defects in the nanowire
break this asymmetry and localize the modes in determined directions. The mode
splitting e�ect should be present for all of the resonance modes of the device. How-
ever, typically the amplitude of motion (and therefore the signal to noise ratio) is
lower for higher modes. In the case of the measurement of the third mode of Nano-
wire 1 and Nanowire 2 (Figure 3.7c,f) only the dominant peak is detected, probably
because the second peak is below the noise level.

In our measurements, we typically �nd the amplitude of one of the orthogonal
modes is higher. The electrostatic force is applied in the direction of the side-gate.
When the direction of vibration of the mode is aligned with the excitation direction,
the actuation is more e�ective and therefore the amplitude of vibration is higher. In
some particular cases, only one mode of resonance is found for low modes: in this
case, it is possible that one of the modes is aligned to the excitation direction, so the
other mode has a very ine�cient actuation. Moreover, by changing the direction
of excitation, the relative amplitude of the peaks switches. This is observed in
Figure 3.21, in which di�erent directions of excitation are used: the nanowire is
excited using the side-gate (with which the direction of excitation is in-plane) and
the substrate as a back-gate (with which the direction of excitation is out-of-plane).
We observe that for the �rst mode, only one resonance peak appears: it is possible
that the two orthogonal vibrations are too close together to be able to discern them
separately. For the second mode of resonance, however, the orthogonal modes clearly
appear. In this case, it is observed that the relative amplitude of the peaks varies
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Figure 3.22: FM measurement of the evolution of the frequency response of the two modes of the
resonator as a function of the DC actuation voltage. The studied silicon nanowire as a diameter
of 70-85 nm and a length of 3 µm. The side-gate is located at 380 nm from the nanowire. a)
Response of the orthogonal directions for the �rst mode of resonance. VNW=80 mV. b) Response
of the orthogonal directions for the second mode of resonance. VNW=800 mV.

depending on the direction of actuation. We also observe that the electrostatic
coupling is much worse in the case of the back-gate excitation: using SEM we have
observed that the nanowire is farther from the substrate than from the side-gate,
and therefore the electrostatic actuation is more ine�cient in the former case. For
this reason, higher excitation conditions are used to be able to electrically detect
the response.

A control of the directionality of the excitation force can provide information of
the direction of vibration, which is useful for mass sensing applications. A similar
phenomena is used by Gil-Santos et al. [7], in which the determination of the
direction of vibration is used to detect of the axial position of a punctual mass
deposition. In their case, the vibration is caused by thermomechanical noise, so
there is no preferential direction of vibration, but the transduction is performed by
optical interferometry, which allow to determine the angle of the vibration planes
with respect to the direction of the laser beam.

The di�erent amplitudes of vibration in di�erent directions also induce di�erences
in the linearity of their respective response peaks for the same actuation conditions.
Figure 3.22 shows the evolution of the response of the di�erent modes during a
variation of the DC gate voltage. As it is explained above, an increasing DC gate
voltage provokes an increase of the amplitude of motion, so it is a useful method
to study the evolution of the linearity of the response of the resonator. For the
�rst mode of resonance (Figure 3.22a) the lower mode of resonance increases its
amplitude with the DC voltage, and the resonance frequency and shape of the
response change very little. However, in the case of the higher mode, the increase
in the DC voltage provokes a variation of the resonance frequency and the response,
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due to the nanowire entering a nonlinear regime. This higher mode is probably
more aligned to the electrostatic direction of actuation, and therefore its amplitude
of vibration is higher. For the second mode of resonance however (Figure 3.22b)
the evolution of the response of the two orthogonal modes is more similar: the
shape of the modes is linear for high voltages, but a slight shift in the frequency
of the resonance peaks is observed in both cases. As amplitude of vibration of the
resonator is typically lower for the second mode of resonance than for the �rst one,
the absence of nonlinear e�ects in the measurement of the second mode is coherent.

Gil-Santos et al. propose the asymmetry factor Ω as a means to characterize the
asymmetry of the nanowire, which is de�ned from the relative di�erence of resonance
frequency of the two directions of vibration, de�ned as !h and !l.

Ω =
!h � !l
!l

(3.36)

If the asymmetry factor is too low compared with the quality factor, the two
resonance peaks will superpose (they will be too close together), and they won't be
discernible from each other. We now consider an elliptical nanowire with a maximum
radius Rmax and a minimum radius Rmin. In this case, !h is located in the direction
of the higher radius and !l in the direction of the lower radius, and the resonance
frequency of the nth mode is de�ned as [7]:
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In this case, the asymmetry factor also corresponds to the di�erence in the radii
of the elliptical nanowire:

Ω =
Rmax �Rmin

Rmax

(3.38)

The resonance splitting phenomena has been validated using Ansys modal sim-
ulations, performed with two nanowires of di�erent cross-sections: the �rst one
presents regular hexagonal cross section with a distance between parallel sides of
100 nanometers. The second one presents an irregular hexagonal cross-section: it
has a diameter of 100 nanometers, except for one side which has a thicker diameter
of 110 nanometers. This irregularity introduces a radial asymmetry in the nano-
wire, in a manner similar to the elliptical nanowire described above with respect to
a cylindrical nanowire. By simulating the resonance modes of these two structures,
we observe that the regular nanowire presents the same resonance frequency for the
di�erent directions of vibration, and also that the nanowire does not vibrate in a
preferential direction (i. e. it does not have localized vibration modes). However,
for the case of the irregular nanowire, the directions of vibration are localized in
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the thick axis and its orthogonal direction, and they present di�erent resonance fre-
quencies. The behaviour of the nanowire in the second case is similar to the one
obtained during the experiments: two di�erent resonance frequencies, close together,
and vibrating in �xed directions. Therefore, these simulations con�rm that the two
di�erent resonance peaks found during the measurements correspond to di�erent
directions of vibration, caused by imperfections in the section of the nanowire. We
also con�rm that if the section of the nanowire was a regular hexagon, only one
resonance frequency would exist for each mode.
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In the �eld of nanomechanical resonators, the tendency during the last years
has been the study of structures of ever-decreasing dimensions. With this goal
in mind, bottom-up fabricated nanostructures are ideal candidates thanks to their
intrinsically small feature size. However, for the use of these devices beyond research,
batch fabrication and good process repetitivity are indispensable, and at this point
the integration of bottom-up and top-down structures is a major bottleneck. On
the contrary, most top-down fabrication technologies present the necessary qualities
for batch processing, but the reliable fabrication of structures of small dimensions
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is still challenging. Therefore, the study of technologies capable of fabricating top-
down structures of small dimensions is important to develop applications based on
nanodevices.

This chapter presents the fabrication of top-down nanowires with dimensions
comparable to the ones attained by bottom-up techniques. This means diameters as
small as possible, ideally of less than 100 nanometers, and lengths in the orders of
micrometers. Also, the fabrication is carried out using batch fabrication techniques,
which enables the fabrication of a multitude of resonators in parallel.

The �rst section describes the state of the art in top-down nanomechanical res-
onators, more speci�cally those based on clamped-clamped nanowires. The second
section presents several alternative steps for the fabrication of nanomechanical res-
onators based on top-down cc-beam nanowires. Finally, the fabrication process
employed for the fabrication of top-down nanowires is presented, followed by an
analysis of the fabrication results.

4.1 Introduction to resonators based on top-down

cc-beam nanowires

The fabrication of top-down nanomechanical systems is based in the same technolo-
gies as traditional MEMS. As such, these technologies and their problems are an
evolution of their larger counterparts, but at the same time they are well studied
and controlled. However, the scaling of these techniques in the sub-100 nanometer
range is challenging. A lot of work is being done in the fabrication of top-down
structures of small dimensions, as well as in the increase of complexity of larger
structures. This section contains a review of some works dealing with the fabri-
cation of top-down nanomechanical resonators, and in order to limit the scope of
this introduction, more speci�cally clamped-clamped beam nanowire resonators. So
far, this kind of structures have presented the best sensitivity and resolution as
nanomechanical mass sensors.

Often, the fabrication process is based on the deposition of thin �lms: there
are a number of techniques capable of controllably fabricate thin layers of di�er-
ent materials (atomic layer deposition, evaporation, chemical vapour deposition,...).
Therefore, when the resonator is patterned in one of these layers,its thickness is al-
ready inherently small. Afterwards, the patterning of this �lm can be de�ned using
e-beam of FIB techniques, which also provide high resolution. Employing this this
approach, many works use thin layers of silicon compounds deposited over silicon
or SiO2. The group of M. Roukes has studied the dynamics of top-down nanome-
chanical resonators, and many of their devices are based in silicon carbide (SiC)
membranes patterned using e-beam lithography [1, 2, 3]. This approach yields de-
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vices with sections around 100 nm (both in the in-plane and out-of-plane directions),
and additionally the resonators can be coated with aluminium (Al) to allow electri-
cal read-out (such as the device shown in Figure 4.1a). Another popular material
is silicon nitride (SiN) [4, 5]: SiN resonators were used to demonstrate dielectric
excitation, a method to detect the motion of non conductive resonators [6], with
devices with lateral dimensions also in the order of 100 nm [7]. Furthermore, 50
nanometer thick resonators with widths of 16 nm have been fabricated by the group
of S. Evoy using SiCN membranes (Figure 4.1b), and they have been characterized
using optical methods [8].

Additionally, other approaches tackle the issues related with the fabrication of
these top-down resonators. Some works are based in metal layers: the group of S.
Evoy build NEMS resonators by patterning a 50 nanometer thick TiN layer deposited
by Atomic-Layer Deposition (ALD) [9], and Nelson-Fitzpatrick et al. use thin Al
layers [5] (although this technique does not allow them to reach thicknesses below 170
nm). Sulkko et al. present a method in which e-beam followed by FIB milling allow
to achieve small gaps between a resonator and its side-gate, providing outstanding
control over the electrostatic actuation of the resonator [10].

In some cases, the nanomechanical cc-beam serves as the transduction element
of larger resonators. In this sense, Steeneken et al. use a thin Si beam to detect
the motion of a larger cantilever [11]. An evolution of the same principle is used
by Mile et al. which use two top-down SiNWs as straing gauges to piezoresistively
transduce the motion of a larger Si beam [12], taking advantage of a di�erential
geometry which inherently provides background suppression.

However, few works deal with the large scale fabrication of nanomechanical res-
onators. In this case, the pattern transfer step must be performed using standard
photolithography, which entangles restrictions in terms of pattern resolution (see
section 2.2.4.1). Fujii et al. circumvent this limitation by de�ning wires in a SOI
wafer using photolithography and afterwards oxidizing them, obtaining devices of
tens of nanometers [13, 14]. However, the main advances in this �eld have been
performed using the CMOS-NEMS approach [15, 16, 17], in which the resonators
are fabricated with standard CMOS technologies (in some cases, adding some post-
processing steps). The CMOS-NEMS technology has the advantage that the res-
onators can be fabricated alongside circuitry to perform signal treatment on-chip,
such as signal ampli�cation or the building of closed loop systems. However, the use
of CMOS technologies also implies severe limitations on the materials and processes,
which have to be accommodated to the existing CMOS fabrication process. Out-
side the CMOS-NEMS �eld, Bargatin et al. from the CEA/LETI (Grenoble) have
reported the large scale fabrication of resonator arrays using photolithography, and
their characterization using optical methods [18]. In their work, the characterization
method allows to determine the resonance frequency of all of the devices, permitting
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Figure 4.1: Nanomechanical resonators fabricated by top-down approaches. a) SiC beam of
lateral dimensions around 100 nm. It is located near a reference beam in order to facilitate its
electrical read-out. Extracted from [19]. b) SiCN beam with a cross-section of 50x16 nm, which is
characterized using optical methods. Extracted from [8].

the study of the repeatability of the fabrication method.

4.1.1 Challenges in the fabrication of top-down nanomecha-
nical resonators

The main challenges in the fabrication of top-down nanomechanical resonators are
the technological issues arising from the fabrication of structures of small dimensions.
While most fabrication techniques rely on standard photolithography to transfer
patterns to the substrate, this technique does not provide enough resolution to
transfer patterns in the order of 100 nanometers or below. In this case, the use
of alternative lithography techniques (such as e-beam of FIB) or pattern reduction
methods (such as oxidation) is necessary to correctly de�ne the resonators. Even
with the correct patterning techniques, obtaining a stable fabrication process which
is e�ective at these scales can be also an issue, which can result in a poor repetitivity
and throughput of the process.

The aforementioned issues become even more important for the batch fabrica-
tion of nanomechanical resonators: in this case parallel techniques (such as standard
photolithography) have to be used, and throughput and repetitivity become more
important. In general, the batch fabrication of this kind of devices is still a chal-
lenging technological enterprise.
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4.2 Fabrication technologies

As described above, a common approach for the fabrication of top-down nanome-
chanical resonators is taking advantage of thin layers and high resolution patterning
for the fabrication of small structures. Based on this approach, this section studies
some of the technological steps involved in the fabrication of top-down resonators.
An overview of thin layer technologies is �rst presented, followed by a description of
high-resolution photolithography techniques. Afterwards, several techniques aimed
at the reduction of dimensions of existing structures are presented. One of the crit-
ical steps in the fabrication, dry etching, is not addressed here as it is studied in
detail in section 2.2.4.2.

4.2.1 Thin �lm deposition for the fabrication of nanomecha-
nical resonators

Many top-down resonators of small dimensions are fabricated from a thin layer of
material deposited on a substrate. Several fabrication techniques allow the control-
lable deposition of thin layers (in some cases, even of single atomic layers): taking
advantage of this techniques, one of the dimensions of the resonator (its thickness)
can be controlled. Di�erent deposition techniques exist based on di�erent principles
and e�ective for di�erent kinds of materials. This section will brie�y present the
chemical vapor deposition and evaporation techniques.

One of the most common deposition techniques is Chemical Vapor Deposition
(CVD), in which the process is performed by the reaction of chemicals in gas phase.
These reactions are generally performed at high temperatures in order to supply en-
ergy for the deposition reaction to occur. Some of the most common variants of these
technique are low-pressure CVD (LPCVD) and plasma-enhanced CVD (PECVD).
In LPCVD the reaction occurs at low pressure (0.1-1 mbar) and high temperature
(500-900 oC). This approach can be used for polysilicon, silicon nitride or silicon
oxide, and yields materials with good mechanical qualities and good selectivities in
etching processes. However, the materials deposited by LPCVD usually have a high
level of stress due to the high temperatures of the process. In contrast, PECVD
relies in plasma to supply the energy necessary for the reaction, and therefore can
operate at lower temperatures (150-350oC). In general, materials deposited with
this technique have worse mechanical properties but also a lower level of stress. For
NEMS fabrication, where stress and mechanical properties both play an important
role in the fabrication and the properties of the resonator, all these parameters have
to be evaluated when choosing the fabrication method.

Another method to deposit thin �lms, which is widely used in metals, is evapo-
ration. This technique consists in heating up a material source to a temperature to
which evaporation occurs. This process is performed in a vacuum chamber with the
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substrates in line of vision of the evaporation source, so that the evaporated material
deposits on them. The heating of the substrate can be performed by several meth-
ods, such as surrounding the source material with coils and inducing a high current
through them, or bombarding the source material with an electron beam. The evap-
oration process yields a conformal layer of deposited material on the substrate, but
it is very susceptible to shadow e�ects provoked, for example, by irregularities on
the substrate. Nevertheless, nanostencil lithography takes advantage of this shadow
e�ects to selectively deposit materials through a stencil on a substrate [20, 21, 22].

Two other widely used thin �lm deposition methods are sputtering and Atomic
Layer Deposition (ALD). The sputtering process is based in the bombardment of
a target material with high energy inert ions, causing parts of this material to be
removed from the target and ejected towards the substrate. Due to its physical
nature, this process can be performed with a wide variety of materials, and presents
a good step coverage. In contrast, ALD is a chemical process alternative to CVD.
However, ALD is based in self-limiting surface reactions, providing an outstanding
control over the deposited thickness (even to the atomic level�0.1Å). The process
consists in the sequential reactions by two chemicals in gas phase: one of them is
in charge of the self-limiting material deposition reaction, while the other one re-
activates the surface for the next deposition step. The main disadvantages of ALD
are its slowness and the limited choice of materials compatible with this technique.

Silicon-on-Insulator (SOI) wafers are also used for the fabrication of NEMS res-
onators based on thin �lms. These wafers consist in a silicon handle wafer covered
by a layer of SiO2 and a top silicon layer on top of them. The fabrication process of
a SOI wafer is based in the oxidation of the handle wafer, and the subsequent fusion
bonding with the silicon device layer. This process allows controlling the thickness of
both the silicon and oxide layers, and additionally the wafers are commercially avail-
able with a wide selection of parameters (doping, thickness of the di�erent layers,
etc.). SOI wafers provide a good platform for the fabrication of NEMS resonators
from the top Si layer, which can be doped to become conductive, and furthermore
it is isolated from the substrate by the SiO2 layer.

4.2.2 High resolution nanolithography

One critical step in the fabrication of top-down resonators is the pattern de�nition
of the resonator itself. In opposition to bottom up techniques, in this case the
resonator is patterned directly in the substrate by using lithography techniques.
In consequence, the minimum feature size of the lithography technique de�nes the
minimum size of the resonator in the in the planar direction. In section 2.2.4.1 a
general overview of some photolithograpic techniques has been given. The present
section is centered in high-resolution techniques, capable of delivering patterns in
the orders of tens of nanometers. More concretely, e-beam, nano-imprint, scanning-
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probe assisted lithographies and nanostencil lithography are discussed.

E-beam lithography consists in the exposition of an electron-sensitive resist using
a beam of electrons. The resist can be positive or negative, and this process can be
performed in an adapted SEM of TEM equipment. The resolution of the process is
limited by the backscattering of the electrons in the resist (not by the beam width
itself), and it can reach 10 nanometers with the adequate exposition conditions. E-
beam lithography is a serial technique, which means that it is slow and not adequate
for exposing large areas or patterns. However, it can be combined with a step of
optical photolithography in order to circumvent this limitation. Therefore, e-beam
lithography is widely used for the fabrication of a large number of nanostructures.

Another serial alternative for the transfer of high resolution patterns is the use
of scanning probe techniques. Scanning probe techniques are based on controlling
the motion of an atomically sharp tip in contact or near a substrate. The motion of
this tip can be controlled with sub-nanometer accuracy, providing a high degree of
control over its operation. These techniques are widely used for microscopy, manipu-
lation and machining applications at the nanoscale. One example of scanning-probe
assisted lithography is the scanning-probe induced oxidation technique, which con-
sists in the local oxidation of a material by supplying a high voltage between the
probe and the substrate [23]. At ambient humidity conditions, a water meniscus
is formed at the contact point of the tip, oxidizing a small region of the surface.
This oxidized region can be later used as a mask for an etching process. The main
disadvantage of this technique is that the material of substrate must be suitable for
oxidation in this conditions (such as silicon, or some metals like Ti or Al). Addi-
tionally, if the tip is operating in contact with the substrate, it changes its shape
due to the wearing, and introduces reproducibility issues. This can be avoided by
operating the cantilever in non-contact mode.

Nanoimprint lithography (NIL) is a parallel technique capable of attaining high
resolutions , which is based in employing a hard material master to stamp and
deform a polymeric resist. The deformed resist can be then used as a mask for
pattern transfer techniques (such as dry etching). The stamp can be fabricated by
high-resolution techniques such as e-beam combined by RIE and it is reusable, so a
single stamp can be used to fabricate a high number of nanostructures. There are two
main variants of NIL: Thermal NIL (T-NIL) and UV-NIL. In T-NIL the material �lm
is thermoplastic, which is deformed with the help of high temperature. In contrast,
UV-NIL uses a liquid photoresist at room temperature, which is hardened after the
stamping process using UV-exposure. NIL is capable of de�ning high resolution
patterns (few nanometers) in parallel, and at low cost compared with other parallel
techniques providing similar resolutions.

Finally, Nanostencil Lithography is a shadow-masking method, based on the se-
lective deposition of material by evaporation through micro- and nano-apertures
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realized in a thin membrane. It is a clean and parallel fabrication method, which
requires no use of photoresists and no contact with the substrate whatsoever. Fur-
thermore, resolutions down to 50 nanometers have been demonstrated [24], and it
is applicable at chip or wafer level [25, 21]. Nanostencil Lithography has been used
in this work for the metallization of electrical contacts in silicon electrodes (see
Appendix A).

4.2.3 Reduction of beam dimensions: oxidation and wet etch-
ing

In some cases, the parallel fabrication of nanomechanical resonators of small dimen-
sions is desirable. In this case, high-resolution serial techniques cannot be used due
to their long processing times, and optical photolithography does not provide enough
resolution for the pattern transfer. To circumvent these limitations, one alternative
is to reduce the dimensions of a resonator patterned with standard photolithography
by using a techniques such as oxidation or etching, until it has the desired dimen-
sions. If the reduction method is well controlled, beams of several nanometers can
be fabricated [26]. This section is centered in the reduction of the dimensions of
silicon beams by means of oxidation and wet etching processes.

The oxidation of silicon is generally used to grow a thin �lm of silicon oxide on its
surface, with a very good control of the oxide thickness and a low density of defects.
During the oxide growth part of the silicon is consumed, so this technique can also
be used to controllably thin a silicon layer. An illustration of the oxidation of a
silicon surface is shown in Figure 4.2a: during the oxidation process, roughly half
of the oxide grows below the initial layer of silicon, and the other half above. This
oxidation reaction already takes place at ambient temperature and humidity, but in
this case the process self-passivates with an oxide thickness of about 2 nanometers.

The oxidation of silicon is typically carried out at temperatures from 900 oC
to 1200 oC. There are two di�erent kinds of oxidation: dry oxidation, which takes
place in the presence of O2, and wet oxidation, in the presence of H20. Typically,
wet oxidations provide higher oxidation rates, but the oxide quality obtained with
this technique is lower. The oxidation process of silicon is well studied due to its
importance in the fabrication of ICs, and can be reliably controlled by varying the
temperature, time and gas �ow in the furnace during the process. Several works
have been published which use an oxidation process to reduce the dimensions of Si
beams [26, 27, 28, 29, 30].

Another approach to reduce the dimensions of Si beams is the use of wet etching
methods. During a wet etching, the Si surface is dipped into a etchant chemical
in liquid form witch dissolves its surface. In general, the wet etching of silicon
is more e�ective for some crystallographic directions than for others, resulting in
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Figure 4.2: E�ect of etching and oxidation processes in a silicon substrate. a) Geometry of the
Si oxidation process: the SiO2 grows from the Si surface. b) Anisotropic wet etching of a (110)
silicon substrate, with some parts protected by a mask (green).

an anisotropic etch pro�le. For example, for some common silicon etchants such
as potassium hydroxide (KOH) and tetramethyl ammonium hydroxide (TMAH),
the etching process is slowest for the (111) plane: Figure 4.2 shows typical etch
pro�les for a (100) Si substrate with some areas protected by a mask. The etch rate
depends on the temperature of the process, the etch time, and the concentration
of the etchant. Several works make use of wet etching techniques to de�ne and
reduce dimensions of Si beams [30, 29, 31]. The disadvantage of this method for
the reduction of beams is that eventually the beam is reduced to a triangular cross-
section con�ned by (111) planes; at this point, the etch rate is too slow for the
reduction to be very e�ective. For this reason, in general this method is combined
with thermal oxidations.

4.3 Fabrication of top-down resonators

The fabrication process of nanomechanical resonators based on top-down silicon
nanowires developed in this work is based in standard photolithography and ox-
idation to reduce the dimensions of the resonator. This process allows parallel
fabrication, and the �nal pattern dimensions are only limited by the control over
the oxidation process. Therefore, this process potentially allows to obtain a high
number of devices per chip, contrary to the few which were obtained using bottom-
up methods, and at the same time small dimensions in the sub-100 nanometer scale.
This section deals with the fabrication of nanomechanical resonators using top-down
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methods. First, a detailed description of each step of the fabrication process is given,
and afterwards the geometry of the fabricated devices is studied.

4.3.1 Fabrication process

The di�erent processes for the fabrication of top-down nanomechanical resonators
are carried out in the clean room facilities of the Institut de Microelectrònica de
Barcelona (IMB-CNM, CSIC). The main steps of the fabrication process are shown
in Figure 4.3, along with an illustration of the section of the beam during each
step of the fabrication. A SOI wafer is used as a substrate for the process (Figure
4.3a). The patterns are de�ned using optical photolithography, with a minimum
feature size of 350 nm. These patterns are then transferred to the silicon device
layer using reactive ion etching (Figure 4.3b). Then, the structures are oxidized in
order to reduce the dimensions of the patterned beams (Figure 4.3c), and afterwards
the oxide is removed using a dip in a solution with HF followed by critical point
drying (Figure (Figure 4.3d). Finally, the nanowires are doped using the same ex-
situ technique used for the bottom-up nanowires�an annealing in close proximity
to a SiN wafer. This section describes in detail the di�erent steps involved in the
fabrication process.

4.3.1.1 Patterning of the substrates

The substrates used for the fabrication of top-down nanomechanical resonators are
four-inch SOI wafers with a thin silicon layer, of approximately the same thickness
as the resolution of the photolithography process (340 nm). This silicon layer is
chosen in order to fabricate resonators of a unitary width to thickness ratio. In this
case, the top silicon layer does not have low resistivity, but it is not necessary due
to the doping process which is performed afterwards. The buried oxide layer has a
thickness of 400 nm, which acts as an insulator between the silicon contacts and the
substrate. The wafers used during this work are provided by Soitec Corporation, and
their speci�c characteristics are shown in table 4.1. The crystalline orientation of the
silicon device layer is not critical in this case. However, the resonators are oriented
along the <011> direction, which is the direction in which the bulk piezoresistive
coe�cient of silicon is higher [32], maximizing the piezoresistive response. However,
to our knowledge, there is no certainty that this fact holds true for nanowires of
small dimensions.

The patterns in the substrates are de�ned using optical photolithography. In or-
der to achieve the best possible resolution (the smallest pattern, as well as the best
uniformity of these patterns) the process is carried out in the NIKON NSR 1505-G7
equipment, which uses an i-line high pressure mercury lamp with a resolution of 0.35
�m. The photolithography process is the same as described for the higher-resolution
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Figure 4.3: Top-down fabrication of nanomechanical resonators. Left column: steps of the
fabrication process. Right column: Detail of the cross section of the resonator during the di�erent
steps of the fabrication process. a) SOI substrate. b) De�nition of patterns in the silicon device
layer (resonator and electric contacts) by photolithography and dry etching. c) Oxidation to reduce
the dimensions of the section of the resonator. d) Release of the resonator using HF.
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Device Layer
Orientation <100>
Thickness 340� 40 nm
Dopant P/Boron
Resistivity 14-22 ohm � cm

Buried oxide (BOX)
Thickness 400 nm

Handle Wafer
Dopant P/Boron
Resistivity 14-22 ohm � cm

Table 4.1: Speci�cations of the SOI wafers used during the fabrication of top-down nanomechanical
resonators (source: Soitec Corporation).

patterns in bottom-up nanowires (section 2.3.1.1). Roughly, in order to achieve the
higher possible resolution, the exposition parameters have to be adjusted and after-
wards validated using a SEM inspection. This process yields photoresist patterns
de�ning resonators with lateral dimensions of 500 or 350 nanometers, situated near
a side-gate.

The next step in the fabrication is the transference of these photoresist patterns
to the top silicon layer. This process is carried out using reactive ion etching.
However, a new RIE process has to be calibrated in order to correctly pattern
the resonators. In this case, the surface of the side-walls must be smooth, and
the scalloping e�ect present in time-multiplexed RIE recipes (described in section
2.2.4.2) is too important to correctly de�ne the 350 nm wide patterns. A non-pulsed
RIE recipe has been optimized for this fabrication process, with the objective to
obtain smooth and vertical side-walls for the resonator.

The dry etching process is carried out in the Alcatel AMS-110 DE equipment.
The tests to calibrate the etching recipe consist in using an existing recipe as a base,
and varying its parameters until we reach fabrication conditions adequate for our
devices. The gases used for this recipe are the same that for the bottom-up process
(C4F8 and SF6), but in this case the recipe uses a constant �ow of both of these
gases at the same time to etch the silicon layer. The results of the optimization
process can be seen in Figure 4.4, using the conditions shown in Table 4.2.

The actual dry etching process is as follows: immediately prior to the silicon
RIE, a short SiO2 dry etch is performed in order to eliminate the native silicon
oxide layer. Afterwards, the dry etching of the silicon layer is performed, until the
silicon layer is completely removed. Finally, the photoresist remaining after the dry
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RIE Recipe
Parameter Value

SF6 �ow (sccm) 20
C4F8 �ow (sccm) 20
ICP RF power (W) 220
Plate LF power (W) 20
Pressure (Pa) 2
Time (s) 240

Table 4.2: Conditions of the optimized RIE process for the de�nition of top-down nanomechanical
resonators.

Figure 4.4: Results of the reactive ion etching to fabricate resonators based on a top-down ap-
proach. a) SEM image of a 500 nanometers wide resonator after the RIE process. Some photoresist
traces can be seen on top of the resonator. Scale bar: 400 nm. b) SEM image of a tilted (30o)
resonator after the RIE process. The side-walls are smooth and vertical, with some defects due to
irregularities in the photoresist edges. Scale bar: 400 nm.

etching process is removed by processing the chip in an oxygen plasma equipment
for 15 minutes, followed by 10-15 minutes of stripper and afterwards a dip in hot
acetone.

After the dry etching, beams with a width of 350 or 500 nm are obtained (de-
pending on the pattern size), and a thickness of 340 nm (de�ned by the thickness of
the Si device layer). Figure 4.4 shows images of the fabricated devices. The surface
of the beams is relatively smooth, with some roughness caused by the irregularity
of the photoresist edges and the RIE process (as seen in Figure 4.4b).

4.3.1.2 Oxidation

As explained above, the photolithography and RIE processes allow the de�nition of
beams of sections of 340� 350 nanometers. To further reduce this section and obtain
dimensions in the order of 100 nanometers, an oxidation process is performed. Using
this process, the section of the beams can be reduced to the desired dimensions, and
afterwards the oxide can be eliminated by an HF dip.
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Figure 4.5: Simulation of the oxidation process using the Sentaurus software. a) Initial structure:
beam of 500x340 nanometers over a SiO2 software. b) Oxidation time: 300min. c) Oxidation time:
600min. d) Oxidation time: 900 min.

The oxidation process in the clean room of the IMB-CNM is performed in the
BTU-Bruce di�usion furnace. The oxidation process is as follows: before the oxida-
tion, the chips are chemically cleaned to eliminate organic or metallic contaminants.
The oxidation process itself consists in several steps. First, the chips are charged
into the furnace at 150oC, and afterwards stabilized to a temperature of 400oC under
a �ow of N2. Then the temperature is ramped from 400-1000 oC for 2 hours under a
�ow of 6000 sccm N2 and 1000 sccm of O2. The main oxidation process is carried out
at 1000oC, under a �ow of 7500 sccm of O2, during a variable time which depends
on the required amount of oxidation. Then the temperature is ramped down again
to 600 oC during 1:30 hours under a �ow of nitrogen, and �nally down to 400oC
again.

This process is simulated using the Sentaurus simulator (Synopsis Inc.) [33] in
order to determine the amount of oxidation time needed for the reduction of dimen-
sions of the resonator. The simulations are based on the oxidation process described
above, varying the time of the oxidation step. Figure 4.5 shows the results of these
simulations, which determine that an oxidation time of around 15 hours would be
necessary to achieve the desired dimensions (section around 100 nanometers).

Nevertheless, the available dry oxidation equipment is not able to perform oxi-
dations of more than 100 nm, which is not enough for the reduction process. For
this reason, we perform a series of oxidations followed by SiO2 removal by wet etch-
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Figure 4.6: Results of the oxidation process to reduce the dimensions of nanomechanical res-
onators. a) SEM image of a nanowire near a side gate after the second oxidation, covered in SiO2.
Scale bar: 1 µm. b) SEM image of the cross-section of a nanowire after the second oxidation.
The section has been performed using FIB milling. In this case the diameter of the resonator is
roughly 170 nm. The silicon parts (nanowire, side-gate and substrate) are coloured in blue for
easier identi�cation. Scale bar: 200 nm. c) SEM image of a nanowire after the third oxidation,
still covered by SiO2. Scale bar: 1 µm. d) SEM image of the cross-section of a nanowire after the
third oxidation (the same device as in (c)). The section has been performed using FIB milling.
The diameter of the resonator in this case is roughly 125 � 100 nm. The silicon parts (nanowire,
side-gate and substrate) are coloured in blue for easier identi�cation. Scale bar: 200nm.

ing. In order to get an indication of the oxidation times adequate to the particular
geometry of the beams, this new process is also simulated using the Sentaurus Pro-
cess simulator, and the results are shown in Figure 4.5. These simulations provide
an indication of the oxidation times, but we have found that the actual oxidation
results present some di�erences with respect to the simulated ones.

The full process �nally used to reduce the dimensions of the resonators is as
follows: �rst, the chips are cleaned in order to eliminate the native oxide and other
impurities present in the surface of the chips. Then, an oxidation of 100 nm of SiO2 is
performed (using the oxidation process described above), followed by a dip in HF to
eliminate the grown oxide. The oxidation process is then repeated, and then beams
are then examined by performing FIB milling and inspection using SEM (Figure
4.6a), in order to validate their section in detail. Finally, another HF followed by a
short oxidation is performed to de�ne the �nal dimensions of the beam. After this
oxidation, an HF followed by critical-point drying is performed in order to release
the resonators.

After the last oxidation process, the section of the nanowires is inspected by
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Figure 4.7: Evolution of the active dopant concentration during the oxidation of Si beams.
The �gure shows a cross-section of the Si beam patterned in the device layer of a SOI wafer.
The dimensions of the beam are 340 � 500 nanometers, and the thickness of the oxide layer 400
nanometers. a) Active dopant concentration after the patterning of the Si beam. In this case, the
beam presents a doping concentration around �2� 1019. b) Active dopant concentration after the
oxidation process. We observe a decrease of two orders of magnitude on the doping of the beam,
which in this case is around �5� 1017

FIB milling and SEM (Figures 4.6b,c), before the HF release of he resonators. This
inspection shows that in most cases the nanowires present rectangular cross-sections
with straight side-walls. The nanowires are located at a distance of approximately
900 nm of the side-gate, and around 650 nm from the back-gate: the same oxidations
that reduce the section of the resonator separate the resonator from the electrical
actuation electrodes. The oxidation process has made possible to fabricate nano-
mechanical resonators of sections in the range of 100 � 100 nanometers, around
the same size as some of the bottom-up fabricated nanowires. The section of these
nanowires is limited by the control over the oxidation process, the variability of
the thickness of the silicon device layer, and the variability of the photolithography
process.

4.3.1.3 Doping

The doping method for the top-down silicon nanowires is the same as for the bottom-
up ones. A doping process by ionic implantation before the oxidation is not possible,
because the dopant di�uses into the SiO2 during the oxidation process. This has
been observed in some fabricated devices, by measuring their electric properties
before and after oxidation, and has been further validated using simulations. Figure
4.7 shows the results of simulations using Sentaurus, showing the concentration of
active dopant before and after the oxidation. It is observed that this concentration
decreases in two orders of magnitude, and also (not shown in the �gure) that part
of the dopant di�uses to the oxide around the nanowire.
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Figure 4.8: Packaging of the top-down nanomechanical resonators using wire-bonding to a PCB.
Chip with a resonator and its side-gate wire-bonded to a PCB.

The ex-situ doping method and conditions are exactly the same that for bottom-
up nanowires. The chips with top-down nanowires are annealed from 850-1000 oC
in proximity to a boron nitride wafer, under a mild �ow of nitrogen. This process
allows the boron of the wafer to di�use into the nanowire and electrodes, and the
same annealing serves as an activation step for the dopant. See section 2.3.1.4 for a
more thorough explanation of the process and its conditions.

The doped nanowires present resistances of 3-10 kΩ, depending on their section.
These resistance values correspond to resistivities in the order of 1 � 10−4 ohm�m,
similar to those of the bottom-up nanowires.

4.3.1.4 Packaging of the chips

The packaging of the chips is performed in the same way as their bottom-up coun-
terparts. Once the nanowires are doped, they are stuck in a PCB with conductive
silver paste and the individual resonators are wire-bonded to a PCB. The voltage
of the substrate is controlled by an independent pad in the PCB (Figure 4.8). Due
to their sections, slightly larger than those of the fabricated bottom-up nanowires,
these resonators are not so sensitive to ESD issues. However, electrostatic protection
measures are still observed during the packaging and measurements.

4.3.2 Fabrication results

The fabrication process described above has permitted the fabrication of nanomecha-
nical resonators based on top-down nanowires. The fabricated devices have sections
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Figure 4.9: Fabrication results of top-down nanomechanical resonators. a) SEM image of a top-
down resonator with a side-gate in close proximity. Scale bar: 1 µm. b) SEM image of a top-down
resonator designed for back-gate actuation. Scale bar: 1 µm. c) SEM image of the electrodes
individually contacting the nanomechanical resonator and its side-gate. Scale bar: 50 µm. d)
Detail of a wafer containing chips with fabricated top-down nanomechanical resonators.

ranging from 110 � 145 nanometers to 60 � 70 nanometers. The length of the
devices is approximately 3 �m, although due to the fabrication process it is not
constant, but has a widening near the clampings. The dimensions of the resonators
are comparable to some of the fabricated bottom-up silicon nanowires (which had
diameters of 100 nanometers and lengths of 3 micrometers), which allows to com-
pare the di�erent fabrication approaches. Also, the fabricated devices have good
conductivity to allow their electrical measurement. Moreover, they are located at
approximately 900 nanometers from a side-gate for electrostatical actuation, and
600 nanometers from the bulk silicon layer which can also act as a back-gate. Some
examples of the fabricated devices are shown in Figure 4.9.

One of the main di�erences between the bottom-up and top-down fabrication
approaches that are used in this work is the number of functional devices: while the
bottom-up fabrication technique yielded few resonators per chip, due to the random
nature of the catalyst deposition method, the top-down approach can potentially
yield hundredths of functional resonators per chip. Using our current designs, 480
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devices per chip are fabricated, which represent about 40800 devices per wafer.
Moreover, each resonator is addressable individually, i. e. readout contacts are
patterned for each of them.

Even if the design of the chip and the fabrication technology are suitable for
the parallel fabrication of a large number of resonators, the actual designs only
contain a small percentage of the devices adequate for measurement (that is, with
an appropriate geometry). Moreover, as the oxidation has to be tuned for each
particular geometry, most of the devices of the chip are not correctly fabricated.
Even if the number of fabricated devices is more than enough for a proof of concept,
it is not enough to perform adequate statistics of the fabrication process. However, as
an orientative �gure, the diameter of a number of resonators of a chip was measured
using SEM. Of 32 devices, 27 of them (an 85%) were functional, meaning that the
resonator seemed adequate for measurement (no broken parts, no fabrication issues).
The measurement of the diameter of the functional resonators had a median of 179
nanometers, with a standard deviation of 15.8 nanometers. This high deviation value
is caused by drifts of the di�erent technological processes in di�erent geometric areas
of the chip. That is, the resonators located nearby had similar diameters, but the
di�erence in diameter gets larger the farther apart the resonators are located.

From the study of the fabrication process, we identify several sources of variance
in the fabrication results. The device layer of the SOI wafer presents a less than
ideal uniformity. Nominally, the thickness of this layer is 340 � 40 nanometers,
and this has been con�rmed by using interferometry measurements. This variability
in thickness of the device layer causes deviations in the fabrication process, more
specially in the oxidation step. Moreover, some variability was observed in the
photolithography process, although it was not quanti�ed. Also, we observe di�erent
oxide thickness for the devices in the border of the chips than for those in the center.
This last issue can be alleviated by performing the oxidations at full wafer scale,
using the appropriate fabrication equipments.

4.3.2.1 Geometry of the resonators

It is important to study the geometry of the structures in order to predict their
behaviour as nanomechanical resonators. The resonance frequency of a structure is
a�ected by its geometry and internal strains, so their study is important in order
to predict the behaviour of the structure. During the modelling of the frequency
response of beam resonators (section 1.1) perfect beams have been studied, with
regular cross-sections for the whole beam and perfect clampings (rigid and immo-
bile). It is readily observable that the geometry of the fabricated resonators does
not completely correspond to a perfect beam: its section is not regular for its whole
length, but it widens near the clampings. Moreover, the clampings to the silicon
contacts are not ideal, in the sense that there is an important overetching of the
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Figure 4.10: Geometry of the top-down fabricated resonators. a) SEM image of the resonator.
The de�ection of the beam due to the accumulation of stress during the oxidation is observable.
Scale bar: 1 µm. b) AFM image of the resonator and side-gate. c) Deformation of the clampings
and the nanowire, extracted from the AFMmeasurements. The portion of the length corresponding
to the nanowire is highlighted in gray. d) Detail of the curve in c), containing only the deformation
of the wire.

SiO2 that provokes an overhang in the silicon contacts (as observed in Figure 4.9a).
These overhangs provide some mobility and curvature to the beam at the position
of the clampings. These two e�ects must be taken into the account when studying
the structures from a mechanical point of view.

Another geometric e�ect which is observed is a deformation of the whole structure
in the out-of-plane direction. This deformation has been observed in the SEM
images, and further studied using AFM measurements in tapping mode. The results
of these measurement are shown in Figure 4.10. Both the nanowire and the silicon
overhangs (i. e. the parts of the Si device layer that are not subject to the substrate
by the SiO2) are deformed �upwards� (in the out-of- plane direction, and away from
the substrate). The nanowire itself is deformed about 30 nanometers from the
clampings to the center of the nanowire. Moreover, the side-gate is also slightly

130



4.3. Fabrication of top-down resonators

deformed and deviated from the center of the nanowire: this allows to electrically
excite the motion of the nanowire in di�erent directions. This is useful to measure
the resonance modes of the nanowire corresponding to di�erent vibration directions
(in-plane and out-of-plane), which otherwise would be di�cult to study.

Another important point about the deformation of the structure is not the ge-
ometry itself, but that it is a symptom of internal stress in the structure. A similar
e�ect has been observed by Pennelli et al. for similarly fabricated structures [30].
They attribute this deformation to surface strain accumulated during the oxidation,
which is released in the form of deformation when the oxide covering the nanowire is
removed. However, this deformation causes an internal stress in the resonator which
modi�es its sti�ness, a�ecting its resonance frequency. Pennelli et al. estimate the
internal stress of the resonator relating its longitudinal deformation (as measured
by AFM) and their sti�ness. This deformation and its associated stress are taken
into account when studying the response of the resonator in the following chapters.
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In the last chapters the fabrication of nanomechanical resonators based on top-
down and bottom-up silicon nanowires has been presented. The nanowires fabricated
using both approaches are similar in many aspects: both of them are fabricated from
crystalline silicon, although the bottom-up nanowires are grown along the <111>
direction while the top-down ones are fabricated following the <011> direction in
order to maximize their piezoresistive coe�cients. Furthermore, their dimensions
are comparable: the resonators fabricated using both methods have lengths in the
order of micrometers and diameters in the order of 100 nanometers�the bottom-up
resonators present diameters from 50 to 100 nanometers, while the thinnest top-down
resonators of 60-72 nanometers�. The development of both fabrication methods
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allows measuring and comparing the characteristics of similar devices fabricated
with di�erent technologies.

This chapter presents the electrical measurement of top-down silicon nanowire
resonators. Similarly to the measurement of their bottom-up counterparts, several
di�erent detection techniques are used, and a comparison of the e�ciency of these
methods and its relation with the transduction mechanisms is performed. The �rst
section of the chapter presents the electrical measurement of top-down resonators
using the FM and the two-source techniques. The second section extends the dis-
cussion of the transduction mechanisms initiated in Chapter 3 to the top-down
resonators, and presents a method to estimate the amplitude of vibration at res-
onance based on SEM inspection. Afterwards, FEM simulations of the top-down
resonators are performed, with the objective of �tting the electrically measured res-
onance frequencies with the simulated ones, which provides additional information
about the dimensions and stress of the resonators. Finally, a comparison between
the bottom-up and top-down fabricated resonators is performed.

5.1 Electrical characterization results

This section presents the electrical measurement of top-down silicon nanowire res-
onators. These measurements are based in the downmixing detection methods stud-
ied in section 3.1: the frequency modulation, the two-source, 1! and the two-source,
2! detection methods. The e�ciency of these di�erent techniques for the measure-
ment of the frequency response of top-down resonators is studied.

Similarly to the bottom-up nanowires, the top-down resonators are actuated
electrostatically by means of a side-gate. The detection of its motion is performed
by taking advantage of the conductivity change which occurs in the resonator due
to its motion, caused by a certain transduction mechanism. The readout of this
transduction signal is performed using electrical downmixing methods, in which the
high frequency response of the resonator is detected by its contribution to a low-
frequency measurement signal, which is detected using a lock-in ampli�er. The
major part of the measurements are taken at room temperature at a pressure of
approximately 10−6 mbar. Most of these measurements have been performed at
the facilities of the group of Núria Barniol (ECAS group, Electronic Engineering
department of the UAB).

5.1.1 Frequency modulation measurement method

The frequency modulation (FM) detection method has been used in Chapter 3 to
electrically measure the frequency response of bottom-up nanowires with outstand-
ing results. Besides, this method had been previously used to measure the frequency
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response of top-down resonators. More concretely, Koumela et al. employ it to mea-
sure the response of top-down resonators fabricated by EBL lithography [1, 2]. In
their work, only the �rst mode of the resonator is characterized, at frequencies from
50 to 300 MHz.

We use the FM method to measure the frequency response of several top-down
nanomechanical resonators, in order to �nd and study their resonance modes. Some
of the obtained results are shown in Figure 5.1: in this particular case, the char-
acterized resonator has a width of 137 nanometers (characterized by SEM) and its
thickness is estimated to be of around 110 nanometers. However, this thickness is
di�cult to characterize by SEM, and the only reliable method to do it is by studying
its section using FIB+SEM, which destroys the resonator. The length of the res-
onator is 2.5 micrometers approximately. We �nd that the FM method provides an
e�cient detection of the response of the resonator, allowing the characterization of
high modes of resonance at frequencies close to 600 MHz. For the particular case of
Figure 5.1 we detect 6 di�erent peaks, located in three di�erent groups of relatively
close frequencies. They are identi�ed as the frequencies of vibration of the resonator
for the in-plane and out-of-plane directions of each mode of resonance. Similarly to
the bottom-up nomenclature, here we identify a mode of resonance with a partic-
ular modeshape, independently of the direction of vibration. Therefore, we detect
the response of the �rst three resonance modes for the in-plane and out-of-plane
directions. The out-of-plane direction is identi�ed with the peak at lower frequency,
because the thickness of the resonator is smaller than its width. The detection of
both orthogonal modes is possible due to the fact that the side-gate is slightly dis-
placed in the out-of-plane direction with respect to the resonator, so that there is a
component in the excitation force in each of the directions of vibration. As discussed
above, in this case the geometry of the top-down resonators does not correspond to
that of an ideal double clamped beam: for this reason, instead of studying the
resonance frequencies using the theoretical equations, all of these assumptions are
validated afterwards using FEM Ansys simulations.

During most of these measurements we observe that the shape of the frequency
response of the resonator �ts well with the derivative of the real part of the expected
mechanical response of the resonator, which is coherent with the FM detection
method. This means that the mechanical response of the resonator is linear for
most of the detected modes. For some of the measurements, however, the response
does not seem to correspond exactly to the mentioned shape (the second in-plane
mode of Figure 5.1, for example). The FM detection technique presents a complex
response, and care must be taken when interpreting the results (as explained in
section 3.1). In this case, more than a mechanical nonlinear behaviour, it is more
probable that it is the electrical detection which modi�es the measured response of
the resonator. Therefore, it is possible that by varying the detection parameters
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Figure 5.1: Electrical Measurement of the frequency response of a top-down nanomechanical
resonator using the frequency modulation detection method. a) SEM image of the resonator. The
nanowire has a diameter of 137 � 110 nanometers approximately, with a length of 2-3 micrometers.
Scale bar: 3 µm. b) The �rst three modes of resonance are detected, for di�erent directions of
vibration. Measurement conditions for the �rst mode of resonance: VNW = 140 mV, Vg,DC = 10
V. Measurement conditions for the second mode of resonance: VNW = 250 mV, Vg,DC = 15 V.
Measurement conditions for the third mode of resonance: VNW = 250 mV, Vg,DC = 15 V.
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Figure 5.2: Evolution of the measured frequency response of a resonator when changing the value
of the frequency deviation f∆. The measured quality factor varies with respect to the mechanical
one as a consequence of the widening of the electrically measured response, for some values of f∆.

(such as the frequency deviation f∆) we would be able to recover the expected
response.

During the measurement of the bottom-up nanowires, we observed that there is
a compromise between the SNR and the amplitude of the detected response, due to
particularities of the FM detection. This phenomenon is also observed for the top-
down resonators. An example of the in�uence of the measurement conditions over
the detected response if shown in Figure 5.2, where a resonator is measured using
di�erent values of frequency deviation f∆. We assume that this parameter does not
strongly a�ect the e�ciency of the actuation of the resonator, and therefore the
changes observed in the response are due exclusively to the detection method. Of
the three studied values of f∆, we observed that one of them presents an optimal
SNR, where the amplitude is highest with respect with the other two. Additionally,
in this case the detected response corresponds to the one expected for FM detection.
When the value of the frequency deviation is lowered, the amplitude of the measured
response decreases, which is also consistent with the detection equations of the
FM method (3.29). Moreover, when increasing the frequency deviation above the
optimal value, the amplitude of the detected signal decreases and the width of
the detected peak increases (that is, the measured quality factor decreases). This
e�ect is not contemplated in the studied equations, but it is indeed expected of the
FM detection method for certain measurement conditions [3]. When the frequency
deviation is not much smaller than the width of the measured resonance peak, a
widening of the detected resonance response with respect to the mechanical one is
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Figure 5.3: Evolution of the measured frequency response of a resonator when changing the value
of the DC gate voltage. Measurement conditions: VNW = 0.1 V.

observed, and for high values of frequency deviation the detected amplitude peak
decreases. Therefore, an accurate choice of the frequency deviation is needed for the
measurement of these resonators, specially when studying the mechanical quality
factor. In the case of Figure 5.2 we detect quality factors in the order of 4400-6500
with the optimum measurement conditions.

The evolution of the measured response to a variation of the DC gate voltage is
also studied. As discussed in section 1.2.1, this parameter a�ects the amplitude of
vibration of the resonator, and additionally in most cases it does not a�ect the e�-
ciency of the transduction. Moreover, an increase in the electrostatic potential can
also induce a change in the resonance frequency of the device, caused by the spring
softening e�ect (explained in section 1.1.3). Figure 5.3 shows the measurement of
the evolution of the response of the resonator when varying the gate voltage. To
obtain the graphs, two di�erent sets of sweeps were measured: one for positive DC
gate voltages and one for negative voltages. For this reason, there is a slight o�set
between the values of amplitude and resonance frequency for positive and negative
values, caused by the temporal drift of the response of the resonator. We observe a
linear increase of the amplitude of the resonance peak with an increasing gate volt-
age, both for positive and negative values (Figure 5.3b) with a slope of 395 pA/V.
This e�ect is consistent with electrostatic actuation and a 1! detection. However,
we have observed that correlating the detected response using the FM method with
the mechanical response is not straightforward, and therefore this is not the ideal
method to study the evolution of the mechanical response of the resonator. We also
observe a decrease in the resonance frequency of the resonator, which seems to vary
with a quadratic dependence with the DC gate voltage. This is consistent with the
spring softening e�ect, and it is frequently observed in resonators with electrostatic
actuation [4, 5]. In this case, it is safe to assume that the value of the resonance
frequency as measured with the FM method is the same as the mechanical one.

Additionally, in Figure 5.3 we observe that the maximum signal amplitude is not
lowest at 0 V as expected, but somewhere around 2 V: this e�ect is probably caused
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Figure 5.4: Measurement of the frequency response of the resonator in air and vacuum condi-
tions. The approximate section of the nanowire is 125 � 90 nanometers, and its length is 3 - 3.7
micrometers. Measurement conditions: VNW = 250 mV, Vg,DC = 15 V. The inset shows a detail of
the response of the resonator in air conditions. f0,air = 116.6 MHz, Qair = 1500, f0,vacuum = 117
MHz, Qvacuum = 200.

by charge accumulated in the silicon oxide which covers the substrate below the res-
onator, which induces an unknown potential and therefore modi�es the DC voltage
applied to the resonator. We have con�rmed this by monitoring the response of
the resonator before and after exposing the device to SEM inspection, during which
negative charges become trapped in the substrate. We observe that the minimum
peak signal as a function of DC gate voltage shifts as a result of this exposition,
con�rming that the electric �eld induced by these charges a�ects the behaviour of
the resonator.

Although the optimum medium for the measurement of nanomechanical res-
onators is at vacuum, it is also interesting to study their behaviour in air conditions.
Figure 5.4 shows the frequency response of a resonator in vacuum and ambient pres-
sure for the same actuation conditions. The inset shows a detail of the response
in air, with a smaller vertical scale. We observe di�erent e�ects arising from the
change of medium: the most important one is the decrease of the quality factor due
to damping arising from collisions with the air molecules. In practice this a�ects the
amplitude of vibration of the resonator and the width of the mechanical response.
We observe that the peak amplitude descends in a factor of 10, while the quality fac-
tor decreases in a factor of 7.5 approximately. According to the theoretical frequency
response of the resonator, the maximum amplitude of oscillation is proportional to
the quality factor. Therefore, the evolution of the amplitude and the quality fac-
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Figure 5.5: Comparison of the electrical measurement of the response of a resonator using the
FM, the two-source, 1ω and the two-source, 2ω methods. The �rst out-of-plane (a) and in-plane (b)
modes are shown. The device has a section of 110 � 80 nanometers approximately and a length of 3
µm. a) FM measurement conditions: VNW,FM = 140 mV, Vg,DC = 10 V; Two-source measurement
conditions: VNW,2source = 80 mV, Vg,DC = 10 V, Vg,AC = 140 mV. b) FM measurement conditions:
VNW,FM = 140 mV, Vg,DC = 15 V; Two-source measurement conditions: VNW,2source = 80 mV,
Vg,DC = 15 V, Vg,AC = 140 mV.

tor is in a relatively good concordance with the theory, taking into consideration
the uncertainty in the determination of the quality factor in the case of the FM
measurement method and the poor knowledge of the transduction mechanisms (and
therefore, the relation between the electrical and mechanical responses). The second
observed e�ect is the decrease of the resonance frequency, which recovers its original
value once the vacuum conditions are restored. This e�ect has also been observed
by Peng et al. during the measurement of CNT resonators [6], and it may be caused
by the adsorption of molecules present in the air to the surface of the resonator.

5.1.2 Two-source measurement methods

In the last section we have validated the usefulness of the FM detection method to
measure the response of top-down nanomechanical resonators. Now, we compare
the e�ciency of this method with the di�erent two-source techniques.

Figure 5.5 shows the measurement of the �rst out-of-plane and in-plane modes
of a top-down nanowire using the di�erent detection techniques. The measured
nanowire has dimensions comparable to those of the studied bottom-up nanowires:
it has a diameter of 110�80 nanometers approximately, while some of the measured
bottom-up nanowires have a diameter of 90-100 nanometers. We employ the same
actuation conditions for the di�erent detection methods, so we can consider that
the amplitude of motion of the resonator is similar. We observe that the amplitude
of the detected response is similar for the FM and the two-source, 1! methods,
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for both directions of vibration. The exact amplitude using both methods is not
comparable, because some parameters in the FM method in�uence the amplitude
of the detected signal. Moreover, it is notable that the resonance is not detected
using the two-source, 2! detection technique for none of the directions of vibration.
Furthermore, the 2! signal is not detected either for higher modes of resonance.
This indicates a di�erence in the transduction mechanisms present in bottom-up
and top-down nanowires: this is studied in depth in the next section.

Therefore we conclude that the FM and the two-source, 1! detection methods
are e�ective for the measurement of the fabricated top-down nanowires. The FM
method allows the measurement of high modes of resonance with frequencies close
to 600 MHz. Moreover, the FM method presents no parasitic electric signals, and
its measurement setup is simpler than that of the two-source techniques.

5.2 Study of the transduction mechanisms

As we have studied in section 3.3.1, di�erent transduction mechanisms contribute
di�erently to the signal detected by the various detection methods. We concluded
that the two-source, 2! detection method is e�ective when the transduction sig-
nal is caused by a quadratic transduction mechanism (2! transduction), such as a
piezoresistive change of conductance due to the elongation of the beam. In contrast,
the two-source, 1! and the FM detection methods are e�cient transducing linear
transduction signals (1! transduction), such as those originated by the conductance
modulation due to charge capacitively induced by the side-gate. The results of Fig-
ure 5.5 indicates that a linear transduction mechanism is present in the case of the
fabricated top-down nanowires, and it is e�ective to measure higher modes of reso-
nance. On the other hand, the measurements show that a 2! transduction signal is
not detected, and therefore a quadratic transduction mechanism is either not present
or very weak.

We now study the evolution of the response of the resonator when changing the
DC gate voltage using the two-source, 1! method. The variation of this voltage
provides a good tool to study the electrical response as a function of mechanical
parameters (the amplitude of vibration), because the change of the DC voltage in
most cases does not induce changes in the transduction mechanisms or detection
parameters. The obtained results are shown in Figure 5.6. We observe that, sim-
ilarly to analogous measurements with bottom-up nanowires, the amplitude of the
resonance peak escalates linearly with the DC voltage. As explained above, this
is expected from a linear transduction mechanism, where the transduced signal is
proportional to the amplitude of motion of the resonator. Furthermore we observe
that the minimum amplitude is not centered at 0 V: this phenomenon was also ob-
served in the FM measurements, and it may be due to charge accumulated on the
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Figure 5.6: Evolution of the frequency response of a nanomechanical resonator detected by the
two-source, 1ω method. Measurement conditions: VNW = 80 mV, Vg,AC = 200 mV.

substrate.
Similarly to the case of the bottom-up nanowires, we study the possibility that

the 1! transduction is caused by conductance modulation due to charge induced
in the resonator by capacitive coupling to the side-gate. The current measured at
low frequency !L using this measurement method is described by equation (3.10).
In order to evaluate the possibility that the transduction signal is caused by this
e�ect, we study the measurement of a nanowire using the two-source, 1! detection
method, shown in Figure 5.7. We �rst obtain the value of the transconductance
from the purely electrical signal measured at a frequency far away from resonance,
by �tting it to the �rst term of expression (3.10). With this method, we �nd a value
for the transconductance of 20 nS/V, which is similar to that found for bottom-up
nanowires. In this case, we obtained no information from the static measurement of
the transconductance (based on monitoring the resistance while changing the gate
DC voltage), due to resistance �uctuations and noise which hinder the measurement.
However, from the uncertainty of these DC measurements we determined that the
static transconductance should be lower than 200 pS/V, which otherwise is below
the value found dynamically.

From the transconductance value extracted from the dynamic measurements (20
nS/V) and applying it to the equation of the detected current we �nd that the
relative change of capacitance at resonance @Cg=Cg should be of 0.2 approximately
(a 20%). For a nanowire of with a width around 100 nanometers and located at
900 nanometers from the side-gate, such a capacitance change would mean a huge
amplitude of motion: as an example, according to FEM simulations (detailed in
section 5.3), an amplitude of motion of 50 nanometers implies a capacitance change
of only 1%.

Taking into account these di�culties, the origin of the 1! signal is still not clear.
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Figure 5.7: Electrical measurement of the frequency response of a resonator using the two-source,
1ω measurement method. The nanowire has a diameter of 137 � 110 nanometers approximately,
with a length of 2-3 micrometers. Measurement conditions: VNW,2source = 120 mV, Vg,DC = 10 V,
Vg,AC = 200 mV.

Another option is that the de�ection of the nanowire at rest, provoked by the stress
accumulated during the fabrication process, a�ects the transduction signal. The
idea is that, if the nanowire is su�ciently de�ected, the elongation signal which
usually takes place at 2! would appear at 1!, due to the nanowire not reaching
its rest position (the piezoresistive transduction signal appears at the square of the
amplitude of motion). This is illustrated in Figure 5.8, specially in the latest case
(c): when the nanowire is de�ected, it does not elongate twice per cycle, originating
a 2! signal, but instead it alternates between elongation and compression during
vibration.

The described e�ect would �translate� the 2! piezoresistive signal at frequency
1!, in some cases entirely. Furthermore, it would also explain the absence of a
piezoresistive signal in the case of the studied top-down nanowires, which present
an important static de�ection. However, in the case of the fabricated devices, we
observe a de�ection in the out-of-plane direction, but not in the in-plane one. There-
fore, this e�ect would only appear when the direction of motion is aligned with the
static de�ection of the nanowire. Nonetheless, during the measurements of top-down
resonators the 2! signal is not detected neither in the in-plane nor in the out-of-
plane directions. In any case, a deep study of this e�ect should be performed using
FEM simulations in order to evaluate its feasibility.

5.2.1 Estimation of the amplitude of motion using scanning
electron microscopy

One of the di�culties when analysing the transduction mechanisms of the resonators
is the lack of information about the amplitude of vibration at resonance. With no
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Figure 5.8: Evolution of the linear and quadratic transduction signals when the nanowire is
de�ected with respect to the rest position. The higher row shows the shape of the motion at the
center of the resonator and the two transduction signals, while the lower row depicts the de�ected
resonator. a) No de�ection. b) The de�ection at the center of the nanowire is half of its amplitude
of vibration. c) The de�ection at the center of the nanowire is twice its amplitude of vibration.

information about neither the transduction mechanism nor the vibration amplitude,
it is not possible to make an estimation of the transduction e�ciency of the readout
system. In order to estimate the amplitude of motion of the resonators, we attempt
to image the resonator while it is in resonance using SEM. Furthermore, to con�rm
that the nanowire is in resonance, we �rst locate its resonance frequency electrically,
and then we measure it at the same time that we inspect it with the microscope.
This work has been performed in collaboration with Jordi Llobet, using the Zeiss
1560XB Cross Beam equipment located in the clean room of the IMB-CNM.

The measurement of the resonators is performed inside the vacuum chamber of
the SEM equipment. The measurements are performed on chip, using low current
measurement probes. The probes are connected to triaxial cables, which transport
the signal through feedthroughs in the vacuum chamber to the measurement system
outside. The FM detection method is employed to measure the resonators.

The measurement process is as follows. First the chips with top-down resonators
are �xed to a holder inside the SEM chamber. Then the devices to be measured
are located, and the SEM image is aligned with precision to the resonator using the
same imaging conditions that will be used for the experiments. This step is critical,
because the stage which provides motion to the sample with respect to the SEM
column can not be moved once the probes are connected. Once the resonator is
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aligned, the probes are positioned to the electrodes on the chip, and the lock-in is
used to measure the resistance of the resonator and the electrical stability of the
contacts. Once everything is correctly set-up, a frequency sweep is performed in
order to �nd the resonance frequency of the resonator.

It is important to ensure that the detected resonance mode is in the in-plane
direction, so that its motion can be observed with the microscope. During the
measurements, we detect two di�erent resonance peaks, corresponding the �rst mode
of the resonator in the two orthogonal directions. Then, the peak corresponding to
the in-plane mode is chosen from the theoretical resonance frequencies extracted
from the dimensions of the nanowire. Also, the direction of the resonance mode is
con�rmed applying changes to the DC voltage of the side-gate and the substrate: the
in-plane mode is very sensitive to changes in the voltage of the side-gate, while the
out-of-plane mode is more sensitive to changes of the DC voltage of the substrate.
After these measurements, the substrate of the chip is connected to ground during
the rest of the experiments, to avoid the accumulation of charges provoked by the
electron beam.

Once the in-plane mode is located, the excitation frequency is set to match the
resonance frequency of the resonator, so that the detected current is maximum. We
have found that exposing the resonator to the electron beam of the SEM increases
the resonance frequency of the resonator, so during the exposition the excitation
frequency has to be continuously adjusted so that the output current is maximum.
Then we take high resolution images of the resonator while maintaining it in reso-
nance.

Figure 5.9 shows SEM images taken during the experiments, using the same
imaging conditions but under di�erent electrical measurement conditions: 1) with
the actuation signals applied to the resonator at the resonance frequency, while the
nanowire is at resonance; 2) with the actuation signals applied to the resonator but
with an excitation frequency far away from the resonance (i. e. the nanowire is
not at resonance); 3) and without electrical signals applied to the resonator. We
observe that under condition 3 (with no electric signals) the image has the best
quality. When we turn on the actuation signals (2) a deformation appears in the
image, due to the voltage applied to the nanowire and to the side-gate. However,
we observe very little di�erence between the nanowire in resonance (1) and out of
resonance (2): the width of the wire seems to be the same, with only some minor
di�erences in the shape of diagonal lines at the edge of the structure. The image
in Figure 5.9b shows a detail of the center of the nanowire (where the amplitude of
vibration should be maximum) under the di�erent conditions. The red marks have
the same dimensions in all three cases, for ease of comparison.

From the imaging experiments we don't observe a widening of the resonator when
it is in resonance. Moreover, from the noise of the images in conditions (1) and (2),
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Figure 5.9: SEM images of the resonator while applying di�erent actuation signals, using the
same imaging conditions. The resonator has a width of 120 nanometers. Scale bar: 500 nm.
Actuation conditions: Vg,DC = 15 V, VNW = 3.5 V. 1) nanowire in resonance, actuation signals
applied. 2) nanowire out of resonance, actuation signals applied. 3) nanowire out of resonance,
actuation signals not applied. a) General view of the resonator. All of the images are taken with
the same magni�cation. b) Detail of the image at the center of the resonator, where the oscillation
amplitude is maximum. The red marks have the same dimensions in all three conditions, for ease
of comparison. All of the images are taken with the same magni�cation.

we estimate that their resolution in the direction of motion is around 10 nanometers,
that is, from these images we wouldn't be able to detect an amplitude of vibration
lower than 10 nanometers. This imaging resolution allows us to establish an upper
limit to the amplitude of vibration of the resonator, and therefore a minimum value
for the actuation e�ciency using the current measurement conditions. The peak
current detected during the experiments, when the amplitude of vibration is maxi-
mum, is around 6 nA. Therefore, taking the amplitude of motion of the resonator as
the resolution of the image, we establish a lower value for the transduction e�ciency
of 0.6 A�m−1, or 0.6 nA�nm−1.

In conclusion, these experiments con�rm that the amplitude of motion of the
nanowire at resonance is below 20 nanometers. This result also con�rms that the
transduction is not caused solely by conductance modulation due to accumulated
charge in the side-gate: during the simulations performed to evaluate this transduc-
tion mechanism, we arrived to the conclusion that huge amplitudes of motion would
be needed to justify the detected signals, and now we have con�rmed that this is
indeed not the case. Therefore, another mechanism or combination of mechanisms
must be responsible for the transduction of the motion of the resonator.
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5.3 FEM simulations of the frequency response of

top-down resonators

The top-down resonators studied in this work have a complex geometry, in the sense
that they present some particularities which di�er from the ideal cc-beam theoret-
ical model. Therefore, their study using the beam theory presented in Chapter 1.1
is of limited use. In section 4.3.2 we have observed that their geometry and inter-
nal stress are a�ected by the high-temperature oxidations which take place during
their fabrication. Therefore it is important to build and simulate a model of the
resonators based on �nite elements which takes into account the particularities of
these resonators, in order to study their behaviour and compare it with the exper-
imental results. In this section, this model and its simulations are presented, and
the obtained results are compared with the experimental characterization results.

The geometry of the resonators is studied using SEM images and AFM, as ex-
plained above. The fabrication process presents some variability, so it is important
to characterize each individual chip and, if possible, each studied resonator in order
to obtain information as accurate as possible. One of the terms which is di�cult
to characterize is the underetch of the electrodes fabricated from the silicon device
layer: this e�ect is caused by the release of the resonators from the thermal silicon
oxide grown during the oxidation, using a wet etching. This underetch is visible in
Figures 5.10a-b. The position of this underetch makes it di�cult to characterize it
using SEM, and moreover it varies importantly from chip to chip. For this reason,
in order to reliably characterize it, we perform FIB milling in the clamping regions
of a measured resonator and inspect its shape by SEM (Figure 5.10b). The under-
etch worsens the quality of the clampings (lowering their rigidity and increasing the
clamping losses) and reduces the resonance frequency of the resonator.

Due to the e�ects explained above�and contrary to the case of bottom-up nano-
wires, where the clampings could be considered perfect�the model of the top-down
resonators must include the particular geometry of the clampings. We build a model
of the resonator based on the information obtained from the SEM images, which
is shown in Figure 5.10c superimposed to a SEM image of the resonator. The res-
onator and clampings are modelled as a layer of silicon with some �xed areas, which
represent the regions where the layer is in contact with the buried silicon oxide.
Therefore, this silicon oxide layer is considered to remain immobile and present a
perfect adhesion to the silicon. As these clamping regions are not well characterized,
they are one of the parameters adjusted during the simulations. Furthermore, the
resonator is modelled as a rectangular beam of constant cross-section, with rounded
sections which connect it to the silicon layer at both its ends.

The modelled resonators are simulated using the Ansys software [7]. Modal sim-
ulations of the structures are performed in order to obtain the resonance frequencies
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Figure 5.10: Modelling of the top-down nanomechanical resonators for FEM simulations. a)
SEM image of a top-down resonator. The underetch of the silicon layer caused by the wet etching
is visible. Scale bar: 1 µm. b) SEM image of a transversal cut on the clamping are of the
resonators. The buried oxide layer which provides the clamping is coloured in blue. In this image,
an underetch of 100 nanometers approximately is observed. Scale bar: 0.5 µm. c) Top view of
the model superimposed to a SEM image of a real resonator. The clamping areas used during the
simulation are marked in red. d) Tilted view of the model used for FEM simulations.

and shapes of the di�erent modes, similar to those performed for bottom-up nano-
wires. Some results of these modal simulations are presented in Figure 5.11, showing
the shape of the �rst modes of resonance. We �nd that these modes correspond to
the �rst three in-plane and out-of-plane modes, as expected from beam theory. In
addition, the �gure reproduces the experimental measurements of Figure 5.1, in or-
der to relate each detected peak with its particular modeshape. We observe that
the amplitude of the in-plane and the out-of-plane peaks are in the same order of
magnitude, even though the excitation force presumably has its main component in
the in-plane direction. Another interesting conclusion of the simulations is that the
in-plane and out of plane modes are found alternated (the peaks at the lowest res-
onance are the �rst out-of-plane and the �rst in-plane modes respectively, followed
by the second out-of-plane and in-plane modes, and so on).

Besides the modeshape, the modal simulations also provide the value of the
di�erent resonance frequencies of the structure. During these simulations, we try to
adjust di�erent geometric parameters and the axial stress along the beam, in order
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Figure 5.11: Ansys modal simulations of the top-down nanomechanical resonators, using a geom-
etry base on that found on the measured devices. The �rst 6 modes of the resonator are simulated,
corresponding to the �rst three modeshapes in di�erent directions. a) Image of the shape of these
modes, sorted from lower to higher frequency. The scale bar represents the amplitude of motion
of each part of the structure for each mode. b) Correspondence between the simulated mode-
shapes and the resonance peak obtained during the measurement of a resonator (with a diameter
of 137 � 110 nanometers approximately, with a length of 2-3 micrometers). An exact �tting of
the frequencies is not performed in this case. Modes 1,3,5 are out-of-plane, and modes 2,4,6 are
in-plane.

to �t the simulated values to the experimental ones, following the same procedure
that for the bottom-up nanowires. However, we are not able to correctly �t the
frequencies of all of the modes with only these parameters. This is probably due
to the fact that the stress present in the structure is more complex than a simple
axial value, as the deformation of the structure suggests. Also, the curvature found
during the AFM characterization is not included in the simulations. It must also
be noted that simulating the frequency of the modes of the resonator with a good
agreement with six di�erent modes is a complex task, specially with a structure with
such particularities.

A good �tting of the resonance frequencies can be achieved by adjusting the
geometry (width and thickness) of an unde�ected resonator, and afterwards each
component of the stress separately. Although this method yields good results, it
is di�cult to evaluate if these levels of stress are in good concordance to those
found in the structure, specially when the de�ection present in the nanowire is not
simulated. The simulation results, and their concordance with the measurement
results are presented in Table 5.1.

The Ansys FEM simulations are also used to study the capacitance between
the resonator and the side-gate. Similarly to the bottom-up simulations, the ca-
pacitance is studied using the CMATRIX environment, which allows to extract
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Mode (n) Simulated fn Experimental fn Di�erence

1 121.1 � 106 121.2 � 106 -
2 137.4 � 106 137.5 � 106 -
3 278.2 � 106 279.4 � 106 0.4%
4 329.4 � 106 330.3 � 106 0.3%
5 483.6 � 106 488 � 106 0.9%
6 597.02 � 106 589 � 106 1.4%

Table 5.1: Comparison between the experimental measurements and the simulation results for a
top-down resonator. The geometry of the model is based on SEM inspection, with some adjust-
ments in order to �t the experimental frequencies: the thickness of the resonator, which is di�cult
to characterize using SEM, has been slightly modi�ed. An overhang of the silicon layer of 100
nanometers due to the wet etching is also adjusted for these simulations. The �nal model of the
resonator has a section of 137 � 125 nanometers and a length of 2.8-3.6 µm. The numbering of
the modes follows that of Figure 5.11 (modes 1,3,5 are out-of-plane, and modes 2,4,6 are in-plane).
Di�erent stresses perpendicular to the axial direction are introduced to �t the di�erent resonance
modes, more concretely an in-plane stress of 600 MPa and out-of-plane stress of 830 MPa.

the capacitance between two di�erent parts of the model surrounded by a certain
medium. The capacitance value obtained with this method is then used to evaluate
the proposed transduction mechanisms, more concretely the conductance modula-
tion due to charge accumulated in the resonator by coupling with the side-gate. As
this transduction mechanism is heavily in�uenced by the capacitance between both
elements, the correct determination of this parameter is critical for its study, and
more concretely for the determination of the capacitance change during the vibra-
tion of the resonator @Cg=Cg. For the evaluation of this parameter, the capacitance
between the nanowire and the side-gate is simulated for the nanowire at rest, and
for di�erent levels of de�ection of the beam, in order to simulate the behaviour of
the capacitance during the motion of the resonator. From these series of simula-
tions, the change of capacitance during the motion @Cg=Cg is extracted. The model
employed for the evaluation of the capacitance between the resonator and the side-
gate is shown in Figure 5.12, and includes the simulated resonator with a side-gate
nearby and the surrounding medium (not shown).

5.4 Comparison between top-down and bottom-up

silicon nanowire resonators

During this thesis we have fabricated and characterized nanomechanical resonators
based on bottom-up and top-down nanowires. These di�erent approaches yield
devices of comparable dimensions and material, and the same methods have been
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Figure 5.12: Ansys model used for the simulation of the capacitance between the resonator and
the side-gate. The model also includes a medium which surround both elements (not shown).

used to characterize them. For this reason, this work presents a good basis to
compare bottom-up and top-down technologies, from the device point of view as
well as its fabrication. This section presents a study of the di�erences between
the resonators fabricated using both approaches, some of them which have already
been mentioned in other parts of this work. The study is divided in two parts: the
fabrication and geometry of the resonators, and the electrical characterization of
their frequency response. At the end of each part, a table summarizing the most
important points is included.

5.4.0.1 Fabrication results and geometry

The fabrication of the bottom-up nanowires is based on the use of a VLS synthesis
method, in which the nanowires grow in Si crystalline substrates (which can be pre-
patterned with other structures) from a reaction catalysed by gold nanoparticles.
These nanoparticles can be fabricated with small diameters (down to nanometers)
and with a good control over the variability of their dimensions, allowing the rel-
atively simple fabrication of nanowires of small diameters, which grow only in the
areas where the catalyst is present and along a certain crystalline direction of the
substrate. However, the controlled placement of this catalyst is currently the lim-
iting step in this technological approach: it is complex to place these nanoparticles
in speci�c positions of the chip, and in order to reliably fabricate nanomechanical
resonators, their placement is a key issue. Despite these problems, using a ran-
dom deposition technique, we succeed in fabricating resonators based on bottom-up
nanowires with diameters close to 50 nanometers, positioned near a side-gate for
electrical actuation.

On the other hand, top-down technologies are very well studied and controlled,
because they have been used for decades for the fabrication of ICs. These techniques
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provide a reliable fabrication approach, but their resolution is limited by the photo-
lithography step, which is used to de�ne patterns on the substrates. In most cases,
this step presents a resolution of hundredths of nanometers, which is insu�cient
for the desired dimensions. We circumvent this limitation by using photolithogra-
phy followed by oxidation steps, which are used to reduce the dimensions of the
fabricated structure. Using this approach, we are able to fabricate nanowires of di-
mensions comparable to those fabricated by the bottom-up method (with diameters
from 72 to 140 nanometers) and moreover using batch fabrication methods, yielding
a high number of devices per chip.

As we can see, both approaches have their advantages and disadvantages: the
bottom-up approach provides a relatively controlled method to fabricate nanowires
of small diameter with little control over their placement, while with the top-down
approach a well controlled batch fabrication is possible but the fabrication of struc-
tures with small dimensions is a complex issue. In this work, we have fabricated
nanowires with both approaches, succeeding in fabricating resonators of comparable
dimensions using both techniques: clamped-clamped beams with diameters in the
order of tens of nanometers and lengths in the order of micrometers. The material of
the devices is also very similar, crystalline silicon in both cases, albeit with di�erent
crystalline orientation. We have also exploited the particular advantages of each
individual technique, fabricating nanowires of 50 nanometers with the bottom-up
approach, and taking advantage of the batch fabrication to pattern a high number
of devices per chip using the top-down approach.

The di�erent fabrication methods also have an impact in the geometry of the fab-
ricated resonators, beyond their speci�c dimensions. Using the bottom-up method,
the obtained nanowires are hexagonal prisms with low surface roughness with a
slight tapering in their section. Furthermore they present excellent clampings at
both of their ends, rigid and immobile. In the case of top-down nanowires, they
are rectangular beams but their section is not completely constant, presenting an
important widening towards their ends. Moreover, they exhibit a certain de�ec-
tion, provoked by the accumulation of stress during the fabrication process. Also,
their clamping are not completely rigid, but present a certain mobility caused by
overhangs caused by the fabrication process.

5.4.0.2 Electrical measurement

The objective of this work is the study of the frequency response of the nanome-
chanical resonators, and more speci�cally their modes of resonance. The resonators
fabricated using both approaches have been electrically measured using the same
techniques, the downmixing of the high frequency transduction signal to a low fre-
quency measurement signal, which carries information about the motion of the res-
onator. More concretely, they have been measured using the FM and two-source
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Fabrication

Bottom-up Top-down

Fabrication method grown (VLS) etched (photolitho.) + oxidation
Minimum cross-section 50 nm (hexagonal) 72 � 60 nm
Control over diameter good limited by control over oxidation
Control over placement poor (random) good
Orientation Si <111> at choice
Fabrication throughput low high
Geometry hexagonal prism rectangular prism
Diameter's symmetry high low
Clamping �xed and epitaxial not completely rigid, underetch
Stress compressive complex

Table 5.2: Comparison of the fabrication method and results with the employed bottom-up and
top-down methods.

techniques. For both fabrication approaches, the FM technique has been demon-
strated to provide an outstanding method to characterize the frequency response of
the resonators, permitting the characterization of high order modes of resonance,
with high SNRs compared to other methods and presenting signals of mechanical
origin, without contribution of purely electrical components which hinder the char-
acterization. Moreover, the FM technique has permitted the characterization of
the frequency response of both bottom-up and top-down resonators up to the third
resonance mode for di�erent directions of vibration.

One of the di�erences between the measurement of these di�erent kinds of devices
is the SNR, and more speci�cally the signal levels provided by the resonators at
resonance. We �nd that the top-down resonators present much higher signal levels,
�nding resonance peaks with amplitudes up to 8 nA. On the contrary, the bottom-up
resonators typically present much lower signal levels, of 1 nA of amplitude at most.
However, when comparing resonators of similar diameters, we �nd that the signal
levels are also comparable: therefore, this is probably not provoked by intrinsic
di�erences due to the fabrication methods, but due to the disparity of the typical
dimensions of the measured nanowires, which are larger for the top-down than for the
bottom-up resonators. During the measurements we �nd the same noise levels for
top-down and bottom-up nanowires, because in our case this parameter is probably
limited by the noise in the readout instrumentation.

Another di�erence found during the measurement of the top-down and bottom-
up nanowires is their dynamic range, that is, the di�erence between the minimum
detectable signal and the maximum linear signal level. We �nd that bottom-up
nanowires, specially for small diameters and for the �rst mode of resonance, tend to
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behave nonlinearly even for low excitation signals. This yields low signal-to noise
ratios, derived from the limited linear range of the device, which restricts the ampli-
tude of the obtained signals. On the contrary, top-down nanowires behave linearly
in most cases, allowing to increase the magnitude of excitation and transduction
signals and obtaining better signal-to-noise ratios. This behaviour is again expected
taking into account the di�erence in lateral dimensions of the resonators. In all of
the cases, the detected nonlinear e�ects are possibly caused by spring hardening,
originated by an excessive elongation of the resonator during its motion which causes
changes to its rigidity. This e�ect is important when the amplitude of vibration is
large with respect to the diameter of the resonator. Therefore, resonators with
thicker diameters (in our case, top-down resonators) allow higher linear amplitudes
of vibration than resonators with smaller diameters (bottom-up). Additionally, in
our system the noise is limited by the measurement system. Therefore, the dynamic
range is probably the origin of the higher SNRs and signal levels found in top-down
nanowires, derived from their thicker diameters.

The quality factor of the resonators is also an important parameter, specially for
their use as sensors. In devices of our characteristics, the FM method presents some
particularities that make it di�cult to measure the quality factor of the resonators,
arising from a widening of the electrical response in relation to the mechanical
one. Another of the used measurement methods, the two-source, 1!, presents a
parasitic electrical signal which generally distorts the shape of the resonance and
also hiders the determination of the quality factor. For these reasons, we have not
been able to perform an exhaustive study of the quality factor in all of our devices.
However, for the measured bottom-up nanowires we have found quality factors in
the order of 2000 to 3000 for the fundamental mode. On the other hand, during
the measurement of top-down nanowires the obtained quality factors are in some
cases of 4500 or more. Again, this di�erence in quality factor can be attributed to
several facts, with the dimensions of the resonators being one of them. One of the
important contributions to dissipation in the case of nanomechanical resonators are
surface defects, specially for resonators fabricated with materials with low density of
bulk defects (such as crystalline silicon). Beams of smaller diameters present higher
surface-to-volume ratios, and therefore the importance of surface defects increases.
Some studies have pointed out that the tendency in nanomechanical resonators is
to have decreasing quality factors with decreasing dimensions for this reason [8]. In
general, we have found lower quality factors when measuring nanowires of smaller
dimensions: therefore it is possible that the dimensions have an in�uence in the
di�erence of the measured quality factors. Additionally, a multitude of factors have
been found to intervene in the energy dissipation in a nanomechanical resonators,
such as clamping losses, the stress, surface and bulk defects, etc. For this reason, it
is di�cult to perform a more detailed study of this factor.
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Measurement results

Bottom-up Top-down

Detected modes 1st to 3rd modes 1st to 3rd modes
Range of frequencies 50-413 MHz 80-590 MHz
Detected directions of vibration 2 (1st and 2nd modes) 2 (all modes)
Peak signal level 1 nA (max.) 8 nA (max.)
SNR lower higher
Linearity of the measured response important non-linearity mostly linear
Dynamic range lower higher
Quality factor 3000 (max.) 4500 (max.)

Table 5.3: Comparison of the measurement results for bottom-up and top-down resonators.

One of the important geometrical di�erences between the resonators fabricated
using both approaches is the shape of their cross-section. Bottom-up nanowires have
a regular hexagonal cross-section, while the top-down typically present a rectangu-
lar or even oval cross-section. One direct consequence of this fact is the relation
between the resonance modes of the resonators in di�erent directions. In the case
of bottom-up nanowires, the di�erence in the resonance frequency of the modes in
di�erent directions is caused by imperfections in its section. Therefore, the modes
corresponding to orthogonal directions are generally at frequencies close together.
This provokes an interesting behaviour in mass sensing applications, because a small
deposited mass can then easily a�ect the relative frequencies and directions of vi-
bration of these modes. On the other hand, the section of the top-down resonators
causes two orthogonal modes at two very di�erent frequencies, due to a high di�er-
ence of diameter in the di�erent directions of vibration. This renders the resonator
more insensitive to the mentioned mode rotation e�ects, which add an additional
layer of complexity to the response of the resonator in mass sensing applications.
This is not in itself an advantage, but it can be useful depending on the application
of the resonator.

The characterization of high modes of resonance of the bottom-up and top-down
resonators allow to extract additional information of complex e�ects such as the
stress of the structure. FEM simulations have been performed based on the geometry
of the resonators, in order to study the correspondence between the theoretical and
the measured resonance frequencies. The model of the bottom-up resonators is
easy to build and simulate, thanks to their simple geometry. We �nd that the
measured resonance frequencies are always below the ones predicted based on their
dimensions. During the simulations we found that this divergence is probably due
to compressive stress in the structure, accumulated during the fabrication process.
This is compatible with the buckling observed in some of the nanowires inspected
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Measurement methods and transduction mechanisms

Detection method Transduction mechanism E�ciency

Bottom-up
FM linear good

Two-source, 1! linear good
Two-source, 2! quadratic (piezoresistive) weak, only 1st mode

Top-down
FM linear good

Two-source, 1! linear good
Two-source, 2! - null

Table 5.4: Measurement methods and transduction mechanisms for bottom-up and top-down res-
onators.

with SEM. However, the structure of the top-down resonators is not so simple,
and presents some particularities which are di�cult to characterize using SEM (the
de�ection of the beam due to accumulated stress, the overhangs caused by the
underetch of the silicon layer,...). For this reason, the building of a geometrical
model of the resonator is more complex than for the case of the bottom-up devices.
During the simulation we �nd some discrepancies between the predicted values and
the measured ones, which can not be explained solely by geometrical e�ects or
axial stress in the structure. This leads us to believe that the de�ection of the
beam and the associated stress e�ects have an important e�ect on the resonance
frequencies of the structure. Therefore, we �nd that the two fabrication approaches
present di�erent particularities associated with accumulation of stress, which a�ect
the behaviour of the two families of devices in di�erent ways.

The employment of di�erent two-source techniques also allow the study of the
origin of the transduction mechanisms in the measured resonators. We �nd that
there are two families of transduction methods which transform the motion of the
resonator in measurable electric signals: linear transduction (1!) which provides
a transduced signal proportional to the motion of the resonator, and quadratic
(2!), which generates a transduced signal at twice the resonance frequency. The
FM technique, which is used for the measurement of both bottom-up and top-
down nanowires, relies in the 1! transduction mechanism. Therefore, thanks to
the measurement results, we can assert that this is the dominating transduction
mechanism for the two types of devices. Also, bottom-up nanowires had previously
measured using a piezoresistive downmixing scheme based on 2! transduction. We
have reproduced these results and con�rmed the existence of a 2! transduction
mechanism for bottom-up nanowires. However, this 2! transduction signal has been
found to be weaker that the one at 1!, specially for higher modes, hinting at a higher
e�ciency of the 1! transduction mechanism. Interestingly, we have not observed 2!
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transduction in top-down nanowires in any case. One possible explanation for this
absence is that the de�ection of the top-down nanowires �translates� the 2! signal
into 1!, due to the nanowire never reaching its neutral position during resonance.
Nonetheless, the exact origin of the 1! transduction signal is still not clear: we have
trouble relating the experimental results to some of the known linear transduction
mechanisms. This is, in part, due to a lack on knowledge of the exact amplitude of
motion of the resonators during oscillation.

In conclusion, the fabrication and characterization of nanomechanical resonators
based on di�erent approaches provides a good platform for the evaluation of the
di�erent fabrication methods. In this work we have evaluated the advantages and
disadvantages of these fabrication approaches. Moreover, during their characteriza-
tion and simulation we found that the di�erences between their behaviour could be
attributed to geometrical and stress e�ects arising from their fabrication.
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In the last years, the �eld of mass sensing based on nanomechanical resonators
has experienced an impressive evolution, fuelled by the decreasing dimensions of
NEMS. This kind of mass sensing is based on monitoring the resonance frequency
of a mechanical structure, which changes when a mass is deposited on its surface.
Generally, decreasing the dimensions of nanomechanical resonators brings about a
decrease of their mass and an increase of their resonance frequency, and both param-
eters provoke an improvement of their characteristics as mass sensors. Because of
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this, the miniaturization of the resonators has derived in unprecedented sensitivities
in the last years, with an increasing interest on the deep study of these systems.

This chapter deals with the use of nanomechanical resonators as mass sensors.
The �rst part of the chapter conforms an introduction to the �eld of mass sensing
based on nanomechanical resonators, including an introduction to the �eld and the
state of the art and the theory of mass sensors based on nanomechanical resonators.
The second part of the chapter deals with the evaluation of nanomechanical res-
onators as mass sensing devices. First, a numerical evaluation of the maximum
attainable mass resolution using nanomechanical resonators is performed. Then,
the implementation of a close-loop topology for the real time tracking of their res-
onance frequency is described, which is used to monitor changes in the response of
the resonator and to study the frequency stability and mass resolution of the sys-
tem. Finally, an evaluation of the performance of the fabricated nanowires as mass
sensors is performed.

6.1 Introduction to mass sensing based on NEMS

The small dimensions of electromechanical systems provide advantages on a high
number of applications. In the case of nanomechanical resonators, they present low
masses and high resonance frequencies, which makes them outstanding candidates
as mass sensing devices. The sensing principle is the dependence of the resonance
frequency of these structures to changes on their mass: therefore, by tracking the
resonance frequency, changes to the mass of the resonator (such as those provoked
by deposited particles or �lms) can also be monitored. In this sense, the mass of
the resonator is one crucial parameter in mass sensing: the lower the mass of the
resonator, the higher the relative change of mass provoked by the deposition of a
determinate mass, and therefore the higher the change in the resonance frequency.
Similarly, when depositing a determinate amount of mass on the resonator, the
resulting absolute frequency shift is larger the higher is the resonance frequency
of the resonator. Hence, low masses and high resonance frequencies are desirable
characteristics in a nanomechanical resonator acting as a mass sensor.

In the last years, the �eld of mass sensing based on nanomechanical resonators
has experienced simultaneous improvements in two of its aspects: on the one hand,
the miniaturization of the resonators, allowing increased mass sensitivity and res-
olution, and on the other hand advances in the understanding of the mass sensing
principle, which have originated an improvement of the sensing methods. These evo-
lutions have led this �eld to a situation where it is applicable to mass spectrometry
[1, 2, 3, 4].

The evolution of top-down fabrication techniques and the introduction of bottom-
up technologies, specially CNT-based resonators, have enabled an increasing minia-
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Author & year Resolution Responsivity Conditions

Yang, 2006 [5] 7 zg 0.96 Hz/zg TD-NEMS, T=4.2 K
Verd, 2008 [6] 80 zg 1.1 Hz/ag CMOS-NEMS, T=300 K
He, 2008 [7] 0.5 zg ∗ 15 Hz/zg SiNW, T=300 K
Jensen, 2008 [8] y 1 zg 100 kHz/zg CNT, T=300 K
Lassagne, 2008 [9] 25 zg 11 kHz/zg CNT, T=300 K
Feng, 2008 [10] 50 zg - TD-NEMS, T=22 K
Chiu, 2008 [11] 0.2 zg - CNT, T=6 K
Naik, 2009 [2] 1.7 zg 12 Hz/zg TD-NEMS, T=40 K
Chaste, 2012 [4] 1.7�10−3 zg - CNT, T=58 K
This work, bottom-up z - 6.6 Hz/zg SiNW, T=300 K
This work, top-down z 6 zg 3.7 Hz/zg TD-NEMS, T=300 K

∗ Estimated value
y Di�erent con�guration: cantilever, not integrable
z The responsivity represents the best value obtained with the technology; the
mass resolution is extracted from the experimental frequency stability tests.

Table 6.1: State of the art in mass sensors based on nanomechanical resonators. For comparison,
only the optimum mass responsivities and resolutions are shown. The resolution and responsivity
are de�ned in zeptograms (1 zg=1�10−21 g). The term TD-NEMS denotes a top-down resonator,
and CMOS-NEMS a resonator monolithically integrated with CMOS technology.

turization of the resonators, and hence an improvement of the maximum attainable
mass sensitivity and the minimum resolution in mass sensors based on NEMS. Table
6.1 presents a summary of some of the works in mass sensing of the last years, in-
cluding the most signi�cant mass sensing parameters: the minimum detectable mass
(∆m) and the responsivity (the shift of the resonance frequency as a function of the
deposited mass). We observe that the major part of the devices are fabricated using
top-down approaches: although this technology typically presents a better repeti-
tivity and control over the fabrication, the obtained resonators do not present the
best characteristics as mass sensors, due to their typically larger dimensions. On the
other hand, we observe that bottom-up devices, specially CNTs, present much larger
mass sensitivities: the hollow structure presented by these structures confers them
a very low mass, therefore making them more sensitive to external masses deposited
on their surface. The mass resolution depends on the sensitivity of the resonator
and the noise of the system: therefore, a high sensitivity is crucial to obtain a good
resolution, but low noise levels and good frequency resolution are equally impor-
tant. We observe that the sensitivity of the devices fabricated during this work are
in the range of the state of the art for bottom-up nanowires and top-down NEMS:
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a detailed discussion of their performance as mass sensors is performed in section
6.3.3.

In parallel to the improvement of the intrinsic characteristics of the resonators
as mass sensors, the study of mass sensing principles and the application of these
sensors in real systems has been studied. One of the issues of these resonators for the
detection of punctual masses is the dependence of the response of the sensor (i. e. the
resonance frequency shift) on the position of the deposited mass. This e�ect, which
was well know, has been further studied in the last years [11, 12, 13]. Therefore,
a precise determination of the amount of mass deposited on the sensor involves
knowing the position where this mass lands. This di�culty has been circumvented in
some studies by performing statistical analysis. The idea is depositing a determinate
type of particles with �xed mass (such as atoms or molecules) and monitoring a high
number of frequency shifts in the response of the resonator [11, 2, 4]: a statistical
analysis of these frequency shifts allows to determine the value of the mass of the
deposited particles with precision. The downside of this method is that this analysis
can not be performed in real time. More recently, an alternative to monitor the
position and mass of accreted particles in real time has been demonstrated. It is
based on the monitoring of the resonance frequency of several modes at the same
time, which are a�ected di�erently by the position of the mass deposited on the
resonator. By correlating the frequency shift of di�erent resonance modes it is
possible to decouple the e�ects of the mass and the position, and therefore the
measurement of the deposited amount mass in real time is possible. This approach
has been used by Hanay et al. for the real-time detection and weighing of proteins
[3].

6.2 Characteristics of mass sensors based on nano-

mechanical resonators

In this section the main parameters that de�ne the performance of mass sensors
based on nanomechanical resonators are presented. Afterwards, the scaling of these
parameter with the dimensions of the resonator are shown, followed by a study of
the e�ect of the position of the deposited mass on the response of the sensor and
the de�nition of the dynamic range. The study is centred in the cc-beam topology,
which is the one employed for all of the resonators fabricated in this work.

6.2.1 Mass sensing parameters

During the theoretical study of nanomechanical resonators (section 1.1) we deter-
mined that the resonance frequency depends on the mass of the resonator, and
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therefore a change of this mass provokes a shift of the resonance frequency. Particu-
larly, the resonance frequency depends on the mass and the sti�ness on the resonator.
These contributions have opposite e�ects in the resonance frequency: an increase
in sti�ness provokes an increase in the resonance frequency of the resonator, while
an increase in the e�ective mass provokes a decrease of the resonance frequency. In
practice, a particle or mass deposited on the resonator provokes a change on both
parameters. However, for a mass much lower than the mass of the resonator, the
sti�ness e�ects can be neglected, and the main contribution corresponds to the de-
posited mass. Throughout this section the deposited mass is considered to produce a
negligible change in the sti�ness of the resonator, and therefore its only contribution
is a modi�cation of its mass.

The two most important parameters to characterize the performance of a sensor
are its sensitivity and resolution. The sensitivity is de�ned as the ratio between
the measured quantity and the response of the sensor, and its inverse is called the
responsivity. Therefore, in the present case the sensitivity Sm is the ratio between
the deposited mass and the frequency shift of the resonator. The second term, the
resolution, is de�ned as the minimum change a sensor can detect in the quantity it
is measuring: in the case of a mass sensor, it is the minimum detectable mass ∆m.
We study these parameters as a function of the characteristics of the resonators.

In the simplest case we consider a punctual mass ∆m deposited at the centre of a
cc-beam resonator. The resonator has an initial resonance frequency fn, an e�ective
mass meff and an elastic constant k. In this case, the deposited mass provokes a
frequency shift ∆fn:

fn �∆fn =
1

2�

s
k

∆m+meff

(6.1)

The mass responsivity of the resonator can be de�ned as:

R =

����@fn@m

���� � fn
2meff

(Hz=kg) (6.2)

A more widely employed term in the case of mass sensors is the sensitivity, which
is the inverse of the responsivity:

Sm,punctual =
∆m

∆f
� �2meff

fn
(kg=Hz) (6.3)

Another common situation is the deposition of a uniformly distributed �lm of
material over the resonator. In this case, we consider that the deposition surface
(on top of the beam) is A = length� width. In this situation, the mass sensitivity
is:
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Sm,area =
Sm,punctual

�A
(kg=m2Hz) (6.4)

where � is the factor relating the e�ective mass of the resonator to its real mass
meff,cc−beam = �mbeam, which has been previously de�ned.

The resolution of a mass sensor is the minimum detectable mass ∆mmin. In
mass sensors based on nanomechanical resonators, this parameter is determined by
the mass sensitivity and the minimum detectable shift of the resonance frequency
∆fmin:

∆mmin = ∆fmin Sm,punctual (6.5)

Therefore,an accurate measurement the resonance frequency of the resonator is
critical in order to increase the mass resolution of the system.

6.2.1.1 E�ect of the scaling of the resonator on the mass sensing per-
formance

The �eld of mass sensors based on nanomechanical resonators has experimented an
evolution in the last years regarding the decrease of the size of the mass sensors, in
order to achieve better mass sensitivity. It is interesting to study exactly how the
di�erent parameters of the resonator scale as a function of its dimensions, and how
this a�ects the mass sensitivity.

With this objective, the di�erent parameters involved in mass sensing (and de-
scribed in section 1.1) are developed as a function of the geometrical parameters of
the resonator. The study is performed for the particular case of a cc-beam, but the
development for other geometries is straightforward. Following the same nomencla-
ture used in section 1.1, the resonator has a length l, a section b� h and its motion
is along the h direction. The expressions of the di�erent parameters of the resonator
as a function of its dimensions can be seen in Table 6.2.

Resonance frequency fn = (knl)2

2π

q
E

12ρ
h
l2

fn / l−2

E�ective mass meff,n = 192 b h l ρ
(knl)4

meff,n / l

Mass sensitivity Sm,punctual = � 1536
√

3
(knl)6

ρ3/2√
E
bl3 Sm,punctual / l3

Table 6.2: Development of the mass sensing parameters of a cc-beam resonator with rectangular
cross-section as a function of its geometrical dimensions. The length of the resonator is l, its section
b� h and its motion is along the h direction. The scaling of the di�erent parameters as a function
of the length of the resonator is shown in the last column.
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The same expressions can be developed for the case of a cc-beam resonator with
an hexagonal cross-section, with a distance between parallel sides d. With this
geometry, it is also useful to study the dependence of the sensor as a function of the
diameter, as it is shown in Table 6.3.

Resonance frequency fn = (knl)2

2π

√
10

12

q
E
ρ
d
l2

fn / d

E�ective mass meff,n = 96
p

3 d2 l ρ
(knl)4

meff,n / d2

Mass sensitivity Sm,punctual = � 1152
√

3√
10

d l3 ρ3/2√
E(knl)6

Sm,punctual / d

Table 6.3: Development of the mass sensing parameters of a cc-beam resonator with hexagonal
cross-section as a function of its geometrical dimensions. The length of the resonator is l, and
the distance between parallel sides d. The scaling of the di�erent parameters as a function of the
diameter d is shown in the last column.

As we observe in the tables, the mass sensitivity has a strong dependence on
the dimensions of the resonator, and specially on its length. A decrease of the
length of the resonator increases its resonance frequency and decreases its mass, the
parameters which determine the mass sensitivity of the resonator. Moreover, we also
observe a strong dependence of the mass sensitivity on the (knl) parameter, which
depends on the mode of resonance. However, this does not mean that, in general,
the use of higher modes of resonance provides increased punctual mass sensitivity.
For the determination of this mass sensitivity, we supposed that the whole amount
of deposited mass contributes to the e�ective mass of the resonator: for the �rst
mode of resonance and in the case of cc-beam resonator, this only happens when
the mass lands at the center of the beam. However, this condition is not the same
for all of the modes of the resonator: for example, the second mode has a node at its
center, and therefore a punctual mass deposited at this position does not a�ect its
resonance frequency at all. A more extensive exposition of this e�ect is performed
later in this chapter.

A graphical representation of the scaling of the resonance frequency and the
mass sensitivity for the particular case of a cc-beam with hexagonal cross-section
(the geometry of the fabricated bottom-up nanowires) is shown in Figure 6.1. We
observe the strong dependency on the length of the resonator, which a�ects both
parameters, and specially the mass sensitivity. The dimensions studied in the graph
are in the order of those attainable with bottom-up fabrication technologies: the
studied bottom-up nanowires have a length of 2-3 �m and a diameter of 50-100
nanometers.
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Figure 6.1: Scaling of the parameters of a nanomechanical resonator as a function of its dimen-
sions, for the particular case of an hexagonal cc-beam. The diameter is the distance between two
parallel sides of the hexagon. a) Resonance frequency. b) Punctual mass sensitivity.

6.2.2 Decoupling of the position and mass of deposited par-
ticles

Up to this point, the study of the mass sensing parameters has been mostly centered
in a punctual mass deposited at the center of a the cc-beam resonator. In real
applications, however, particles in general deposit at random positions along the
whole length of the resonator, provoking a certain frequency shift depending on this
position. We now study the e�ects of the position of the deposited mass on the
resulting resonance frequency shift, and how to circumvent them in mass sensing.

During the modelling of the resonators the e�ective mass meff was presented,
which is related with the real mass of the resonator mbeam as meff = �nmbeam.
This term represents the contribution of the mass of each part of the resonator to
its motion, and is particular for each mode. The �n coe�cient can be obtained
by integrating the modeshape of the nth mode of the resonator wn(x), shown in
equation (1.15).

�n =

Z l

0

w′n(x)2 dx (6.6)

In this case, w′n(x) is the modeshape scaled such as that max(wn(x)) = 1. anal-
ogously, a punctual particle deposited on the resonator with mass ∆m a�ects the
e�ective mass of the mode di�erently, depending on the particular deposition posi-
tion along the beam xd. This e�ect also implies that the resulting frequency shift
depends on the particular position of the deposited particle. More concretely, the
frequency shift ∆f resulting from a mass deposition at a particular longitudinal
position of the beam xd is:
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Figure 6.2: Normalized shape of the �rst two modes of resonance, and the G(x) function with
respect to the length of the resonator, for the particular case of a double clamped beam.

∆f = � fn
�nmbeam

∆mw′n (xd)
2 (6.7)

where fn is the initial resonance frequency of the studied mode. We observe that
the mode shape appears in equation (6.7), and therefore a punctual mass deposited
at a particular longitudinal position along the resonator will contribute di�erently
to the resonance frequency of each mode: for example, the modeshape of the �rst
mode w1 has a maximum at the center of the resonator (xd = l=2), while that of
the second mode w2 has a node at that position (this is observed in Figure 6.2).
This means that a punctual mass deposited at that position results in a maximum
frequency shift for the �rst mode, and null for the second. Taking advantage of this,
by correlating the frequency shifts of these di�erent modes the mass and position
e�ects can be decoupled, allowing the measurement of the mass of the deposited
particle. For the �rst two modes of a resonator, we can de�ne a relation between
the modeshapes, the position of the deposited particle and the resulting frequency
shifts:

G(xd) =
w1(xd)

2

w2(xd)2
=
�1 �f1

�2 �f2

(6.8)

G(xp) can be calculated for any combination of modes, but it has a single solution
only for some combinations. This function is plotted in Figure 6.2 for the particular
case of a cc-beam resonator, obtained from its �rst 2 modes. In this case G(x) is
symmetric with respect the centre of the beam, which means that it has multiple
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solutions: more concretely two solutions for the position of the deposited particle
exist. However, as the functions wn(x) are also symmetric with respect to the centre
of the beam, in this case it is still possible to resolve the deposited mass by choosing
one of the two possible candidates. This principle is used by Hanay et al. to perform
real-time detection of proteins [3].

6.2.3 Dynamic Range

The dynamic range is a widely used parameter in the �eld of electronic ampli�ers as
a measurement of their range of operation. Analogously, in the �eld of nanomecha-
nical resonators, it can be de�ned as the ratio of the maximum vibration amplitude
at the onset of nonlinearity to the rms displacement noise �oor within the opera-
tion bandwidth [14]. Therefore, it is the range of vibration amplitudes at which the
operation of the resonator is optimal, limited by the minimum detectable vibration
amplitude and the range at which the resonator behaves nonlinearly. The dynamic
range of nanomechanical resonators is a critical parameter in sensing applications,
because it de�nes the maximum attainable signal-to-noise ratios. As it is explained
below, this in turn limits the minimum detectable frequency shift, and therefore
the resolution in mass sensing. In practice, the dynamic range of the whole sensing
system may be di�erent than that of the resonator, because the noise �oor and lev-
els of nonlinearity can be limited by the di�erent parts of the system (for example,
the noise of the readout system may be larger than the intrinsic noise of the res-
onator). However, in this study we suppose that the actuation/readout methods are
su�ciently well designed, and therefore the ultimate limiting factor is the resonator
itself. A complete study of the resonator/readout system can be found in reference
[14].

Consequently, the dynamic range is de�ned by two di�erent factors: the noise
�oor of the resonator and its maximum amplitude of vibration xc. The noise can
be de�ned as the spectral density of random �uctuations of the resonator SX(!),
which are studied in detail in the next section. In this case, the dynamic range is
de�ned as:

DR = 10 log
hxci2R

2πB
SX(!)d!

(6.9)

where the noise is integrated over a bandwidth B. Also, as a convention arising
from the parallelism with the dynamic range of electronic ampli�ers, it is often
considered that the onset of nonlinearity is the point at which the amplitude of
motion is 1dB lower than it should when considering a totally linear response (also
called 1dB compression point) [14]. The critical amplitude of motion of the resonator
can be limited by several parameters. In general, the limiting factor in the case of

172



6.3. Evaluation of the performance of nanomechanical mass sensors

clamped-clamped beams is the variation of the rigidity of the structure caused by
the elongation during its vibration, also called the spring hardening e�ect (studied
in Section 1.1.3).

Several works have studied this mechanical onset on nonlinearity of cc-beam
resonators, limited by the non constant stress on the beam, such as Postma et al.
[15] and Matheny et al. [16]. When increasing the driving amplitude of an ideal
cc-beam, at some point its response reaches a point where it presents hysteresis.
This hysteresis appears at a certain amplitude of the response, called the critical
amplitude of nonlinearity xnl (which is di�erent from the 1dB compression point),
which can be calculated from the expression:

xnl = !0
l2

�2

s
�
p

3

EQ
(6.10)

From the modelling of the nonlinear response, and the reference level established
by the amplitude xnl, the 1dB compression point can be established as xc = 0:745xnl.
This expressions gives an estimation of the mechanical onset of nonlinearity in cc-
beam resonators. As an example, applying these expressions to one of the measured
bottom-up nanowires (Figure 3.7a-c) with a length of 3 �m and a diameter of 100
nm, the critical amplitude stands in the order of 2 nanometers.

6.3 Evaluation of the performance of nanomechani-

cal resonators as mass sensors

This section deals with the performance of nanomechanical resonators as mass sen-
sors. First, a numerical evaluation of the mass resolution of nanomechanical res-
onators based on di�erent noise sources is presented. Then, a closed loop system
for the monitoring of the resonance frequency is presented and applied to the fabri-
cated resonators. Finally, an evaluation of the performance of the fabricated SiNW
resonators as mass sensors is presented, and compared with the state of the art.

6.3.1 Numerical evaluation of the mass resolution

We have asserted that the noise in the oscillation of the resonator a�ects its per-
formance as mass sensor. On the one hand it a�ects its dynamic range, setting the
lower level of detectable signal, and on the other hand it adds uncertainty on the
determination of the resonance frequency of the resonator, and therefore it a�ects
its mass resolution. In this section, the limits to the mass resolution imposed by the
di�erent noise sources are studied, and their scaling as a function of the dimensions
of the resonator.
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We consider a system in which the resonance frequency of the resonator has
�uctuations �!0 provoked by the noise. Moreover, we consider that the minimum
detectable frequency shift is comparable to these frequency �uctuations: this means
that a resonance frequency shift is only detected when this shift is higher than the
resonance frequency �uctuations.

The �uctuations of the resonance frequency can be represented in the frequency
domain by the spectral density of frequency �uctuations Sω(!). In a mass sens-
ing system, the resonator is not operated in open loop, but integrated in a close
loop which detects its resonance frequency in real time. Therefore, the response of
the closed loop also a�ects the resolution. Then, in this case, the detected reso-
nance frequency �uctuations can be obtained from the spectral density of frequency
�uctuations and the transfer function of the feedback loop H(!).

�!0 �
�Z ∞

0

Sω(!)H(!)d!

�1/2

(6.11)

The most simple way to model the feedback loop is taking into account the mea-
surement averaging time � , which limits the bandwidth of the system (B � 1=2��).
A longer measurement time decreases the measurement bandwidth and �lters more
noise, but it also slows the response time of the system. The measurement averaging
time is �xed taking into account both factors, as a compromise between response
time and accuracy of the measurement. Then, the frequency �uctuations are limited
by the noise comprised only in the measurement bandwidth:

�!0 �
�Z ω0+πB

ω0−πB
Sω(!)d!

�1/2

(6.12)

Therefore, in order to characterize the frequency �uctuations, a model of their
spectral density Sω(!) is needed.

6.3.1.1 Modelling of noise sources in nanomechanical resonators

In order to study the mass resolution of sensors based on nanomechanical resonators,
an evaluation of the di�erent noise sources which a�ect the resonator is needed, and
more speci�cally, of the spectral density of resonance frequency �uctuations Sω(!)
provoked by these noise sources. Here di�erent noise sources are considered, which
have a di�erent e�ect on the behaviour of the resonator; some of them directly
modify the resonance frequency of the resonator�such as frequency �uctuations due
to absorption-desorption of molecules on the resonator, which change its e�ective
mass�while others act on parameters which indirectly a�ect the determination of the
resonance frequency�such as thermomechanical noise, which modi�es the motion of
the resonator and hinders the measurement of its resonance frequency�. A model of
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di�erent noise sources which a�ect the measurement of the resonance frequency of
the resonator is presented here, based on the study of Ekinci et al. [17].

Thermomechanical �uctuations
Thermomechanical �uctuations are caused by thermally driven random motion of
the nanomechanical resonator, and they are the fundamental noise limit for these
devices. To begin the study of this noise, we de�ne the mean square displacement
�uctuations at the center of mass of the resonator (the centre of the resonator in
case of a cc-beam), which can be deduced by the �uctuation-dissipation theorem:

hx2
thi =

kB T

meff !2
0

(6.13)

The spectral density of these random �uctuations Sx(!) can be modelled from
the thermomechanical force spectral density, which has a white spectrum (that is,
a �at spectrum) and the modulus of the transfer function of the nanomechanical
resonator which has been described previously:

Sx(!) =
1

meff

SF (!)

(!2 � !2
0)2 + !2!2

0=Q
2

(6.14)

where SF (!) is the thermomechanical force spectral density, given by

SF (!) = 4meff!0kBT=Q (6.15)

In a typical measurement scheme, the resonator is driven at a constant amplitude
(considering a noiseless carrier), and the frequency shift is measured using a phase-
locked loop (PLL) topology. Supposing a tracking of the resonance frequency using
the phase information, the e�ective spectral density of frequency �uctuations Sω(!)
can be described from the phase �uctuations as:

Sω(!) =
Sφ(!)

(�∂=�!)2
�
�
!0

2Q

�2
Sx(!)

hx2
ci

(6.16)

� !5
0

Q3

kBT

Ec

1

(!2 � !2
0)2 + !2!2

0=Q
2

(6.17)

where Sφ(!) is the spectral density of phase �uctuations, given by Sφ(!) =
Sx(!)=hx2

ci. The carrier level is characterized by an energy Ec = meff !
2
0 hx2

ci, where
xc is the beam's center displacement. Substituting expression (6.17) into (6.12), and
integrating for the case where Q� 1 and 2�B � !0=Q (both conditions are ful�lled
in experimental conditions), the resonance frequency �uctuations are obtained:
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�!0 �
�
kBT

Ec

!0B

Q

�1/2

(6.18)

The mass resolution is obtained by substituting this equation into (6.5).

�m � 2meff

�
Eth
Ec

�1/2�
B

Q!0

�1/2

(6.19)

Where Eth = kBT is the thermal energy. This expression can also be rewritten
as a function of the dynamic range and mass sensitivity

�m � Sm

�
B
!0

Q

�1/2

10(−DR/20) (6.20)

Scaling of the thermomechanical-limited mass resolution
In the last section, we have observed that the dimensions of the resonator a�ect its
mass sensitivity, specially in the case of its length. In order to design the resonators
with the objective of maximizing the mass resolution, it is also useful to deduce the
evolution of expression (6.19) with the diameter of the resonator. In the case of an
hexagonal beam, scaling (reducing) the distance between parallel sides d by a factor
K the following relations are found:

xc,fin = K−1 xc,ini (6.21)

Ec,ini = meff,ini !
2
0,ini hx2

ci ! Ec,fin = K−6 Ec,ini (6.22)

�mini = 2meff,ini

�
Eth
Ec,ini

�1/2�
B

Q!0,ini

�1/2

! �mfin = K3/2 �mini (6.23)

In this case, the subscript ini represent the unscaled parameters, and fin the
scaled ones. To approximate the maximum lineal oscillation amplitude hxci, the
expression 6.10 has been used. We observe that the mass resolution improves when
the resonator's thickness increases. However, there are several considerations that
must be taken into account: �rstly, the expressions used in this study hold when
the lateral dimensions of the resonator (d in this case) are much smaller than its
length l. Also, here the quality factor Q has a �xed value, but in practice it has
been observed to change with the dimensions of the resonator.

Temperature �uctuations
The resonator's dimensions and material parameters are temperature dependent,
and therefore changes in the temperature also provoke changes in the resonance
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frequency. Due to its small dimensions, nanomechanical resonators have a small heat
capacitance and are subject to large temperature �uctuations. This section presents
an estimation of the mass resolution limited by temperature �uctuations caused by
the �uctuation-dissipation theorem, when the ambient temperature is considered
constant. The dependence of the resonance frequency upon long-term temperature
variations is not studied here. Clealand and Roukes propose an estimation for the
spectral density of frequency �uctuations arising from temperature �uctuations of a
NEMS resonator for the case of a doubly clamped beam of constant cross section.

Sω(!) =

�
�22:4c2

s

!2
0l

2
�T +

2

cs

�cs
�T

�
!2

0kBT
2

�g(1 + (! � !0)2� 2
T )

(6.24)

Where cs =
p
E=� is the temperature dependent speed of sound, �T = (1=l)�l=�T

is the thermal expansion coe�cient and g and �T are the thermal conductance and
the thermal time constant for the nanostructure. Integrating this expression over
the measurement bandwidth, the resonance frequency �uctuations can be obtained.

�!0 =

�
1

2�2

�
�22:4c2

s

!2
0l

2
�T +

2

cs

�cs
�T

��
(6.25)

In this case, the mass resolution limited by temperature �uctuations can be
approximated as

�m � 2meff (1:26� 10−4=K)

�
kBT

2∆f

�g

�1/2

(6.26)

Adsorption-desorption noise
Gas molecules can adsorb upon the resonator's surface, changing its mass and there-
fore its resonance frequency. This way, random adsorption-desorption of molecules
induces �uctuations on the resonance frequency, and therefore reduces the mass
resolution of the sensor.

The adsorption-desorption cycle can be modelled through the adsorption and
desorption rates, ra and rd respectively.

ra =
2

5

pp
mkBT

s (6.27)

rd = �d exp
�
� Eb
kBT

�
(6.28)

Where p and T are the gas pressure and temperature respectively, and Eb is the
binding energy between the surface and the adsorbate atom, and m the mass of
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the adsorbates. The adsorption rate depends upon the sticking coe�cient s where
0 < s < 1. rd depends upon the desorption attempt rate �d, where �d � 1013Hz.

The surface of the resonator can be modelled as comprising Na sites for adsorp-
tion. We can then de�ne �2

occ as the variance in the occupation probability of a site,
and �r as the correlation time for an adsorption-desorption cycle. These terms can
be described as a function of ra and rd as �2

occ = rard=(ra+rd)
2 and �r = 1=(ra+rd).

The frequency �uctuations arising from the adsorption-desorption processes can be
described as

Sω(!) =
2�!2

0Na�
2
occ�r

(1 + (! � !0)2� 2
r )

�
m

meff

�2

(6.29)

Here, the surface is modelled as comprising Na sites for adsorption. �2
occ repre-

sents the variance in the occupation probability of a site, and �r is the correlation
time for an adsorption-desorption cycle. Integrating the expression (6.29) upon the
measurement bandwidth, the frequency �uctuations can be obtained as:

�!0 =
1

2�

m!0�occ
meff

[Naarctan(2�B�r)]
1/2 (6.30)

And the mass sensitivity can be approximated as

�m � 1

2�
m�occ[Naarctan(2�B�r)]

1/2 (6.31)

Momentum exchange noise
In a gaseous environment, there is a momentum exchange between the nanome-
chanical resonator and the molecules that impringe upon it. This noise source is
specially important at high pressures, that is, when there is a higher density of gas
molecules. These �uctuations can be modelled by an expression very similar to that
of the intrinsic noise, but instead of using the intrinsic quality factor Q of the device
using the quality factor due to gas damping Qviscous. Assuming that the intrinsic
intrinsic losses of the resonator are much higher to those provoked by the viscous
environment (Qintrinsic � Qviscous), Ekinci and Roukes deduce an expression for the
mass resolution limited by the momentum exchange noise:

�m � 2meff

�
Eth
Ec

�1/2�
B

Qviscous!0

�1/2

(6.32)
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6.3.1.2 Numerical evaluation of the mass resolution of silicon nanowire
resonators

In order to evaluate the mass resolution for nanomechanical resonators, we now cal-
culate the contributions of the di�erent noise sources to nanomechanical resonators
with dimensions based on experimental values. Two di�erent nanowires of di�erent
dimensions are studied: the �rst nanowire (NW1) has a length of 2 �m and a dis-
tance between parallel sides of 50 nm: these are approximately the dimensions of the
smallest SiNW that we have measured in this work. The second nanowire (NW2)
has length of 0.5 �m, a distance between parallel sides of 30 nm and a resonance
frequency of 1 GHz approximately, which is considered the maximum resonance
frequency which can be detected using the current measurement system. The mea-
surement conditions will be the same for both of them: a measurement bandwidth
B = 1 kHz, measurements in vacuum conditions (10−3 mbar, approximately 10−3

Torr), a temperature of T = 270 K, and a quality factor Q = 1000.

Noise source �m NW1 (g) �m NW2 (g)

Thermomechanical noise 5:76� 10−22 9:69� 10−24

Temperature �uctuations 6:42� 10−24 5:77� 10−25

Momentum exchange noise 2:32� 10−24 1:63� 10−26

Table 6.4: In�uence of the di�erent noise sources in the mass resolution of two silicon nanowires
with di�erent dimensions, under the same conditions. NW1 has a length of 2 µm and a distance
between parallel sides of 50 nm; NW2 has length of 0.5 µm and a distance between parallel sides
of 30 nm.

Table 6.4 shows the mass resolution limited by each noise contribution. We �nd
that, for both nanowires, the thermomechanical noise is the limiting factor in the
current measurement conditions, while the other noise sources are at least one order
of magnitude smaller in all cases. For this reason, we now study the evolution of
the mass resolution of thermomechanical noise as a function of di�erent parameters
of the resonator.

Figure 6.3 shows the dependence of the mass resolution of the resonator on
its dimensions and measurement bandwidth, in a graphical representation of the
equation (6.23). In Figure 6.3a we observe that the best theoretical mass resolution
is obtained with short nanowires of wide diameter, basically due to the fact that they
present the best relation between dynamic range and mass sensitivity. However, in
practice these nanowires are also di�cult to actuate, and some of the dimensions
shown in the graph do not respect the conditions of the analysis in beam theory
(d� l). Also, these results do not include the e�ects of the transduction mechanism
or other experimental issues. Despite all of this, these graphs show a clear tendency,
which holds at least for resonators with similar geometries. The evolution of the
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Figure 6.3: Evolution of the mass resolution limited by thermomechanical noise when varying
parameters of the resonator. a) Dependence of the mass resolution on the dimensions of the
resonator. b) Dependence of the mass resolution on the measurement bandwidth. NW1 has a
length of 2 µm and a distance between parallel sides of 50 nm. NW2 has a length of 0.5 µm and
a distance between parallel sides of 30 nm.

mass resolution with the measurement bandwidth is shown in Figure 6.3b. In this
case, a higher bandwidth implies a worse mass resolution, due to the fact that
more noise is integrated into the measurement. Also, a narrower bandwidth usually
implies a higher integration time: this relation is expected of most sensing systems,
and represents a trade-o� between the measurement time and the resolution of the
mass sensor.

6.3.1.3 Determination of the frequency resolution

As it is explained above, the resolution of a nanomechanical resonator acting as a
mass sensor is determined by the stability of the resonance frequency of the device.
In an ideal mass sensor (without noise or dissipation), the output would be a perfect
sine wave at this frequency. In practice however, noise introduces deviations in both
the amplitude and phase of the sine wave, which a�ect the stability of the measured
signal. The frequency stability can be de�ned as the �uctuations of the output
frequency in a determined time interval [18].

In order to study the frequency stability, we de�ne the output of the mass sensor
V (t) as a sine wave with a certain error in its amplitude and phase:

V (t) = (V0 + �(t)) sin(2�f0t+ ∂(t)) (6.33)

where ∂(t) is a statistical process which represents the phase noise, V0 and f0 are
the nominal amplitude and frequency of the signal respectively and �(t) is the ampli-
tude noise, which is not important in this application. We de�ne the instantaneous
frequency as:
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�(t) = f0 +
1

2�

df(t)

dt
= f0 + ∆f(t) (6.34)

In equation (6.34), ∆f(t) is identi�ed with the frequency noise of the system,
which modi�es its nominal frequency. From this term, the instantaneous fractional
frequency y(t) is de�ned, which is widely used to characterize frequency stability:

y(t) =
∆f(t)

f0

(6.35)

There are two approaches to characterize the resonance frequency noise. The
�rst one is spectral analysis, which evaluates the noise in frequency domain using
the spectral density of frequency and phase �uctuations (phase noise). The second
one is the temporal analysis, which characterize the stability of the resonator in a
certain time interval using statistical methods.

One of the most widely used methods to characterize frequency stability is the
Allan variance, which is a temporal method. It is based on the relative stability
of the measured resonance frequency of the device with respect to its own nominal
resonance frequency. The main advantage of the Allan variance is that it provides a
numerical value for the frequency stability, which is easy to interpret and compare,
in contrast to other methods such as phase noise in which the interpretation can be
more complex.

The method of the Allan variance was proposed by David Allan in 1966 [19],
and was proposed as the recommended standard for the measurement of frequency
stability of oscillators in 1971 by the IEEE [20]. The Allan Variance is based in the
variance between adjacent samples of a set of measurements of resonance frequency
[19]. This method was developed to characterize the frequency stability of oscilla-
tors, where the measurement of the standard deviation in some cases provides less
accurate information due to temporal drifts in its output.

For the study of the Allan variance we start with an in�nite set of resonance
frequency samples f(t), taken during a determined integration time � . The the
frequency drifts can be de�ned as:

y(t) =
∆f(t)

f0

=
f(t)� f0

f0

(6.36)

In this case, the variance between adjacent samples is de�ned as [21]:

�2
f =

1

2
h(y2 � y1)i (6.37)

This equation is applicable to measurements with in�nite samples. In practice,
however, we have a �nite set of m samples. In this case, and considering that the
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samples have been taken with an integration time � , the Allan variance can be
approximated as:

�2
y(�;m) =

1

2 (m� 1)

m−1X
i=1

�
yi+1 � yi

�2
(6.38)

From the expression (6.38), we can obtain the expression of the Allan variance
for a �nite set of frequency samples f(t):

�2
f (�;m) =

1

2 (m� 1) f 2
0

m−1X
i=1

(fi+1 � fi)2 (6.39)

The integration time used to measure the frequency samples is a critical param-
eter, which a�ects the noise and the stability of these samples. An increase in the
integration time implies a longer averaging of the frequency, and therefore a reduc-
tion of the noise. On the other hand, for large average times, the frequency drifts
can a�ect the measurement (such as thermal drifts). For this reason, it is a common
practice to evaluate the Allan variance for di�erent integration times in order to
better characterize the frequency stability. Another widely used variant of this term
is the Allan deviation, which is the square root of the variance.

6.3.2 Closed-loop tracking of the resonance frequency

In order to apply the fabricated nanomechanical resonators as mass sensors, a
method to track their resonance frequency is needed. The simplest way to per-
form mass sensing is to obtain the resonance spectrum of the device, then deposit the
mass, and obtain another spectrum in order to compare the responses. This method
has several disadvantages: the most important one is that it is time-consuming, as
measuring one frequency spectrum typically takes minutes; also, this di�erence be-
tween di�erent frequency spectra does not account for possible temporal drifts of
the resonance frequency due to parameters not related with mass deposition. By
performing a real-time tracking of the resonance frequency, these drifts appear as
a continuous frequency shift, and the mass deposition as more abrupt changes in
the frequency response, specially if individual deposition events are detected (such
as deposition of atoms, molecules, etc.). For these reasons, have we implemented a
feedback loop in order to monitor the resonance frequency of the resonator in real
time.

In order to take advantage of the current measurement system, we have imple-
mented a closed-loop system based on software feedback. The main advantages of
this approach are its simplicity and �exibility. On the other hand, this approach
requires an intensive communication between the computer and the instrumenta-
tion, and the communication time as well as the response time of the instruments
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Figure 6.4: Closed loop system for the real time monitoring of the resonance frequency, using the
FM detection method and software feedback. a) Theoretical response of the resonator measured
using the FM response and its derivative. The resonance frequency is 1, and the amplitudes are
arbitrary and scaled for comparison. b) Schematic of the closed loop implementation using the
slope detection method.

causes this feedback loop to be slower than other approaches based on hardware
components. More concretely, these two factors limit the response time of the sys-
tem tens of milliseconds. The implementation of the control software has been
performed by Fabrice Terry, an under-graduate student performing an internship at
the IMB-CNM.

Most feedback loops are based on a Phase-Locked Loop (PLL) topology, in which
the tracking of the resonance frequency is made through the phase of the frequency
response at resonance. This parameter does not depend on the magnitude of of
the frequency response, and therefore this method is insensitive to changes in the
amplitude of motion of the resonator. However, the frequency modulation detection
method does not provide phase information (that is, the phase is constant during
the resonance peak), and therefore a PLL can not be used in this case. Another
option is performing a tracking of the magnitude at some �xed point of the frequency
response, but this method is very sensitive to changes of the amplitude of motion
of the resonator, which would be translated into apparent changes of the resonance
frequency. For these reasons, we have implemented a tracking of the maximum of
the response, which corresponds to the resonance frequency of the resonator, and
where its derivative is zero independently of its peak value.

Figure 6.4a shows the shape of the FM signal and its derivative. We observe
that the derivative is zero at the resonance peak, and it is linear for a range of
frequencies near the resonance. The feedback loop is based on monitoring the slope
of the response of the resonator in this range, and correct the excitation frequency
to bring this slope to zero. Is is important to note that this range of linear slope is
enclosed by a maximum and a minimum: upon reaching one of these two positions,
the feedback will not work correctly.
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During the operation of the resonator, in general there is di�erence between the
excitation frequency and the resonance frequency. In this situation, the feedback
loop applies a correction ∆f to the excitation frequency in order to bring it closer
to the resonance frequency. This correction can be computed from the value of the
slope around the excitation frequency ∆Mag=∆F :

∆f = K
∆Mag

∆F
(Hz2=A) (6.40)

Where K is the factor relating the slope and the frequency correction. The slope
is calculated from the values of magnitude and frequency of the lastN measurements.
If we de�ne ∆fi as the frequency correction of the last inth measurement, the slope
is calculated in a range of frequencies ∆F which is:

∆F =
NX
i=1

∆fi (6.41)

If we consider that we operate in a narrow range of frequencies, the slope and
the frequency correction can be considered be constant, and then ∆F = N∆f .

The implementation of the feedback loop is shown in Figure 6.4b. The resonator
is measured using the FM detection technique, and actuated at a certain measure-
ment frequency fexc. The magnitude of its response Mag(fexc) is detected using a
lock-in ampli�er, during a measurement time t, and acquired by the software. Us-
ing the information of the excitation frequency and a certain number of previous
measurements N , the slope ∆Mag=∆F is detected using a least-squares algorithm.
This detected slope is then multiplied by the proportionality constant K in order
to calculate a frequency correction ∆f , which is then added to the excitation fre-
quency. As the loop depends on previous measurements at di�erent frequencies to
work, at the beginning of its operation it is initialized by taking a range of values of
magnitude at a number of di�erent frequencies.

We have validated this tracking method by tracking the resonance frequency of
a top-down nanowire. We have monitored its resonance frequency during 9 hours,
and the results are shown in Figure 6.5. Di�erent values of the tracking parameters
are tested, and for this measurement N = 8, K = 1� 1015 Hz2=A and t=200 ms are
used. During the tracking period, we observe that the magnitude of the detected
current is kept constant around 3.35 nA, while the resonance frequency presents a
maximum shift of around 25 kHz.

6.3.2.1 Tracking of changes in the frequency response of the resonator

During the operation of the system in sensing applications, it is used to track varia-
tions of the frequency response of the resonator caused by environmental parameters.

184



6.3. Evaluation of the performance of nanomechanical mass sensors

Figure 6.5: Tracking of the resonance frequency of a top-down resonator during 9 hours, using the
FM measurement method and the closed loop system. Tracking conditions: N = 8, K = 1� 1015

Hz2/A, time constant of the lock-in ampli�er t=200 ms. Measurement conditions: VNW = 350
mV, Vg,DC = 10 V.

Therefore, besides the tracking of the resonance frequency in static conditions, it
is also important to study the response of the closed loop system to changes in
the response of the resonator. To simulate the detection of mass, the response of
the closed loop system has been studied when changing the excitation conditions
of the resonator, and tracking its changes in magnitude and resonance frequency.
The tracking set-up is used to measure the changes in the response of a top-down
resonator provoked by a change of the DC gate voltage. In Chapter 5 we observed
that a change in the DC voltage of the gate provokes an important change in the
magnitude of the detected response, and also a small shift of the resonance frequency
of the resonator. The tracking of these two e�ects allows us to study the response
of the closed loop system to sudden changes in the response of the resonator.

Figure 6.6 shows the response of the closed loop to variations in the DC gate
voltage, for a number of samples N = 15 and an integration time of the lock in of
100 ms. In Figure 6.6a, the response of the detected magnitude and frequency is
shown for di�erent values of the proportionality constant K. We observe that for
lower proportionality constants (K = 1 � 1016 Hz2=A), the system takes a longer
time to reach the new stable position after a step in the DC voltage. On the other
hand, for too large constants (K = 1 � 1018 Hz2=A) the response of the system
becomes unstable, and its frequency and magnitude start oscillating. We �nd that
the optimum proportionality constant in this case is around K = 1 � 1017 Hz2=A:
a detail of the tracking of the DC steps for this particular constant is shown in
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Figure 6.6: Tracking of the changes of the response of the resonator caused by variations in the
DC gate voltage. In these experiments the number of samples N is 15, and the time constant of
the lock-in is 100 ms. a) Response of the feedback loop to steps in the DC voltage, for di�erent K
values. b) Detail for a K of 1� 1017 Hz2/A.

Figure 6.6b. We observe that, under these conditions, the system takes less than
�ve seconds to track the changes in the magnitude of the response, and a little longer
to completely track the changes in the resonance frequency.

6.3.2.2 Measurement of the frequency stability

The frequency stability of the system limits the minimum detectable resonance fre-
quency shift, and therefore the minimum detectable mass in sensing applications.
For this reason, it is important to study and characterize the frequency stability of
the closed loop system. In this section, the di�erent parameters which a�ect the be-
haviour of the feedback loop are explored, and the frequency stability of the system
under di�erent conditions is studied with the help of the Allan deviation and the
open loop response of the resonator.

There are several parameters in the loop which must be studied in order to get
optimal results: the integration time of the lock-in ampli�er t, the number of samples
in the least squares array N and the proportionality constant K. The integration
time of the lock-in ampli�er is the factor which in general limits the response time
of the loop. This parameter controls the measurement time of the magnitude of the
resonator: therefore, the longer the integration time, the better the measurement
of this magnitude. In our system, it is usually set to 100-200 ms. The second
parameter is the number of samples in the least squares array. This is the number
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Figure 6.7: Measurement of the frequency stability of a top-down resonator, with a resonance
frequency of 112.7 MHz. Measurement conditions: Vg,DC = 10 V, VNW = 350 mV. Close loop
conditions: number of samples N = 8, and integration time of the lock-in ampli�er t = 100 ms.
The measurements are taken for di�erent values of K. The Allan deviation is calculated from
samples of frequency taken during 20 minutes, and the magnitude measured for each frequency is
also recorded. a) Allan deviation and the associated mass resolution for di�erent values of K. The
mass resolution has been calculated from the theoretical e�ective mass (meff = 3 � 10−14 g). b)
Variance of the magnitude values recorded during the frequency tracking, for each value of K. For
comparison, the variance of the open-loop magnitude taken at a �xed frequency using the same
measurement time (20 minutes) is shown in gray.

of points that are used to calculate the slope of the magnitude as a function of
frequency. A low number of points provides an unreliable measurement of the slope,
which results in a system which unlocks easily from the resonance frequency. On the
contrary, a large number of points makes the system more stable, but it also makes
it slower to respond to changes in the resonance frequency, and causes a tendency
to oscillate around the resonance peak. An adequate value must be found for this
parameter, which in our system ranges from 8 to 14. The third studied parameter
is the proportionality constant K. A low constant allows the system to accurately
measure small oscillations of the resonance frequency, and is therefore ideal for a
stable resonance frequency, but also causes the system to react slowly to sudden
changes of the resonance frequency. This parameter must be therefore adjusted
experimentally, taking into account the stability and expected changes in the value
of the resonance frequency.

Figure 6.7 shows the measurements of the frequency resolution of a top-down
nanowire measured in a closed-loop con�guration. The resonator has a resonance
frequency of 112.77 MHz, and it is measured using the FM method. For these
measurements, the number of samples for the least-squares algorithm is �xed to 8,
and the integration time to 100 ms. The resonance frequency is tracked during 20
minutes using these conditions, and for di�erent values of the proportionality con-
stant K. The magnitude measured during each point is also recorded. The Allan
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deviation of the measurements is calculated from the obtained resonance frequency
values (Figure 6.7a). Then, and from this deviation, the resonance frequency and
the theoretical e�ective mass of the resonator, the associated mass resolution is cal-
culated. The Allan Deviation measurements show that the best results are obtained
for lower values of K, specially for K = 1 � 10−14 Hz2=A, where the maximum
attainable mass resolution is 6� 10−21 g or 6 zg.

In the evaluation of the mass resolution we observed that the ultimate attainable
deviation is limited by the noise a�ecting the resonator. However, in this system,
continuously decreasing the K value would yield ever decreasing values of frequency
resolution: in the extreme case, a value of K = 0 Hz2=A would yield a deviation of
zero. In this situation, however, the resonance frequency of the device would not be
tracked correctly, and therefore the obtained deviation would not correctly re�ect
that of the resonator. In order to evaluate if the resonance frequency of the resonator
is correctly tracked during the measurements, we use additional information from
the measured magnitude. When the resonance frequency is correctly tracked, the
amplitude of motion of the resonator is always maximum, and therefore so is the
measured current. However, if the frequency is not tracked correctly, the amplitude
of motion (and therefore the detected current) has a certain amount of deviations,
due to the fact the the resonator is not operated at its resonance peak, and therefore
the measured current is not maximum. For this reason, a correct tracking also
implies better stability in the amplitude of the measured current.

In order to validate the frequency stability measurements, we calculate the vari-
ance of the magnitude for the measurements taken at each value of K (Figure 6.7b).
If this variance decreases when increasing the K value, it means that we are track-
ing the resonance frequency of the device with more precision, and as a result the
measured current values are also more stable. We observe that this is the situation
for the major part of our measurements: a decreasing value of K also brings about
an increased stability in the magnitude. In the lowest K values, however, the mea-
sured stability values are similar. For this reason, we deduce that the measurements
re�ect a real increase in the frequency stability of the system.

For comparison, in Figure 6.7b we also plot the variance of the magnitude for an
open loop measurement (that is, at a �xed frequency) with the same measurement
time and conditions. We observe that the variance of this measurement is even lower
than in the best case of the tracking. This means that the deviation between the
excitation frequency and the resonance frequency of the device is lower in open loop
than in the closed loop con�guration, and consequently that the frequency deviation
values calculated from the closed-loop measurements are not limited by the noise
of the resonator, but by the tracking system. Therefore, there is still room for an
improvement of the frequency stability of the system, because we have not reached
the ultimate limit imposed by the frequency stability of the resonator.
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6.3.3 Evaluation of the mass sensing performance of SiNW
nanomechanical resonators

In the last chapters we have presented the fabrication and measurement of nano-
mechanical resonators, using top-down and bottom-up fabrication approaches. The
fabricated resonators have diameters ranging from 50 to 150 nanometers, and lengths
of 2-3 micrometers. In this section, the performance of bottom-up and top-down
nanowires as mass sensors is evaluated. Table 6.5 shows a comparison of the mass
responsivity and resolution of bottom-up and top-down nanowires.

The values of mass sensitivity shown in the table is obtained from the measured
resonance frequency and a modelling of their e�ective mass, performed by the in-
formation obtained by SEM imaging. The mass resolution is obtained from the
measurement of the frequency stability of the closed-loop system with a top-down
nanowire, which presents an Allan deviation of 1:4� 10−7. By supposing this value
of frequency stability, we estimate the mass resolution from the responsivity of the
resonators.

From the table, we observe that the responsivity of bottom-up devices is in the
range of 1-6 �10−21 Hz/g, and that of the top-down devices is of 1-6 �10−21 Hz/g.
The best performance is obtained from the bottom-up nanowire with smaller dimen-
sions, which has a responsivity of 6.6 Hz/zg, in the range of previous measurements
performed with bottom-up SiNWs [7]. However, this responsivity is also orders of
magnitude below those presented by CNT resonators, which have small diameters
and a very low e�ective mass. We also observe that the theoretical mass sensitivity
is in the same order of magnitude for the top-down and bottom-up nanowires. The
main di�erence between these approaches is the diameter of the resulting nanowires,
which tends to be lower for the bottom-up ones. At the same time, however, due
to the compressive stress, the bottom-up nanowires also have lower resonance fre-
quencies than predicted: these two e�ects compete with one another, and cause the
mass sensitivity not to vary a lot between top-down and bottom-up devices. The
table also shows a comparison the the sensitivity of the fabricated devices with the
state of the art of di�erent fabrication technologies. We observe that in the case
of top-down resonators and bottom-up SiNWs, the best obtained sensitivities are
similar to those of the respective state of the art devices.

We observe that the best predicted mass resolution is around 1.6 zg for the
smallest bottom-up nanowire, and of 2.8 zg for the smallest top-down resonator.
The best mass resolution results reported in the literature at room temperature are
those of He et al. [7], which are an estimation based on the frequency resolution of
di�erently trasduced devices. Therefore, we conclude that our results represent the
best mass resolution reported until now for cc-beam resonators at room temperature.
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Bottom-up
Device d (nm) l (�m) f0 (MHz) Rm (Hz/zg) ∆m (zg)

NW1 (Fig. 3.7) 100 3 76.5 1.65 6
NW2 (Fig. 3.7) 70-85 3 44 1.60 4.9
NW3 (Fig. 3.7) 52-65 2.5 83 6.62 1.6

Top-down
Device w � t (nm) l (�m) f0 (MHz) Rm (Hz/zg) ∆m (zg)

NW1 (Fig. 5.1) 137x110 2.5 137.5 2.03 8.7
NW2 (Fig. 5.4) 110x90 3.2 117 2.07 7.4
NW3 72x60 2.8 80.4∗ 3.72 2.8

State of the art
Work Technology Rm (Hz/zg) ∆m (zg)

He, 2008 [7] Bottom-up SiNW, T=300 K 15 0.5 z
Naik, 2009 [2] Top-down, T=40 K 12 1.7
Chaste, 2012 [4] Bottom-up CNT, T=58 K 3:1� 106 y 2:8� 10−3

∗ Theoretical value
yValue calculated from the information provided in the work
z Estimated value

Table 6.5: Estimation of the e�ective mass and mass responsivity of di�erent nanowires measured
throughout this work. All of the calculations are performed for the �rst mode of resonance. For
the bottom-up nanowires, d is the distance between parallel sides. For the top-down nanowires,
the section of the beam is w� t, where w is the in-plane direction which is considered the direction
of operation. The responsivity is shown in Hz/zg (1 zg is 1 � 10−21 g). The mass responsivity is
calculated from the theoretical e�ective mass and the experimental resonance frequency. The mass
resolution is calculated for a frequency deviation of 1.4 � 10−7, which is experimentally obtained
from the feedback loop using a top-down resonator. The last rows provide a comparison with
several recent works, representative of di�erent fabrication technologies.
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General conclusions

This thesis has contributed to the �eld of nanomechanical resonators by generating
new advances in fabrication technology and electromechanical transduction in silicon
nanowire based resonators, focused towards the development of nanomechanical
sensors that can provide ultimate mass resolution.

The main speci�c contributions to these areas are summarized next.

Fabrication technology of SiNW mechanical resonators

� A novel technology based on the combination of bottom-up and top-
down fabrication processes for the realization of nanomechanical resonators
based on single silicon nanowires have been developed. Bottom-up nanowires
of diameters in the range of 50-100 nanometers have been synthesized using
the CVD-VLS method. The technology allows to fabricate multiple silicon
nanowire resonators at chip level with high dimensional control and very good
clamping properties.

� A novel top-down fabrication technology has been designed based on
optical lithography and sequencial oxidation/etching processes: it allows the
parallel fabrication of resonators with lateral dimensions of tens of
nanometers: the technology potentially allows to obtain hundreds of func-
tional devices per chip and even at wafer level.

� Both technologies have allowed to fabricate SiNW based mechanical resonators
of comparable dimensions. A comparative study of their performance has been
realized.

� A novel doping method has been developed, based on submitting �nished
devices to an annealing in close proximity to a doping wafer in an atmospheric
furnace. This method can be performed ex-situ, and it is non-destructive: it
requires no aggressive implantation process and no contact with the devices.
In this way, doping and growing conditions can be optimized separately.
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Electromechanical transduction in SiNWmechanical resonators

We have applied advanced electrical detection schemes based on frequency down-
mixing techniques for the characterization of the frequency response of the devices.

� We have demonstrated that the frequency modulation (FM) detec-
tion method provides outstanding mechanical to electrical transduc-
tion for the characterization of the frequency response of bottom-up
and top-down silicon nanowire mechanical resonators: This method
has enabled the detection of multiple resonance modes at frequencies up to
590 MHz.

� Using FM detection, the vibration of the nanowires in di�erent orthogonal
directions has been detected for bottom-up and top-down nanowires for the
�rst and second modes of resonance, and for the highest resonance frequencies
observed up to now.

� By combining the information obtained from the characterization of multiple
resonance modes of the resonator with FEM simulation, the stress present in
the structures has been quanti�ed: bottom-up nanowires present a compressive
stress of hundreds of MPa, while top-down nanowires present a complex stress
in di�erent directions.

We have studied the electromechanical transduction mechanisms in SiNW
resonators by the comparative performance of three electrical detection methods:
the aforementioned FM and two more detection techniques (namely the two-source,
1! and the two-source, 2!).

� We have proved that two di�erent transduction mechanisms co-exist in
bottom-up grown SiNWs: linear (in which the transduced signal is propor-
tional to the motion of the resonator) and quadratic (in which the transduced
signal is proportional to the square of the motion of the resonator). Previously
to this work, it was accepted that only the quadratic transduction mechanism
was e�cient for the electrical read-out of SiNW mechanical resonators.

� The mechanical to electrical transduction e�ciency is much higher for the lin-
ear transduction mechanism than for the quadratic linear transduction mech-
anism.

� The quadratic transduction mechanism is only observed in bottom-up grown
silicon nanowires and it is attributed to the presence of the giant piezoresistive
e�ect. We have estimated a piezoresistive gauge factor of 200 for our nanowires,
four times larger than for bulk silicon, and which is in accordance with previous
studies of piezoresistance in silicon nanowires (He et al., 2006).
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� We have found that in top-down nanowires only the linear transduction mecha-
nism is e�cient for electrical read-out. By simultaneously performing electrical
characterization and real-time visual observation by SEM, we have quanti�ed
that the mechanical to electrical linear transduction mechanism provides and
e�ciency better than 0.6 nA/nm. This extremely high transduction e�ciency
can not be explained by only considering conductivity modulation by capaci-
tive coupling as the only physical origin of the linear transduction mechanism.

Evaluation of the performance of SINWs for sensing applica-
tions

� From the experimental characterization of the frequency response of the SiNW
mechanical resonators and modelling their e�ective mass from SEM imaging,
we have found that bottom-up resonators fabricated during this thesis present
mass responsivities in the range of 6 Hz/zg, while for the ones fabricated using
only top-down methods the best obtained responsivity is of 3.7 Hz/zg. The
better responsivity obtained in bottom-up grown SiNW resonators is due to
the fact that SiNW with smaller dimensions have been successfully fabricated
in this case.

� A novel closed loop system con�guration based on the FM detection method
and a slope detection algorithm has been designed and implemented, in view
of the realization of mass-sensing experiments and the evaluation of the mass
sensing resolution.

� The frequency stability of the closed-loop system using a top-down resonator
has been characterized using the Allan deviation method, and we have ob-
tained a mass resolution of 6 zg (6�10−21 g). From the stability of the
feedback system, we have estimated a mass resolution of 1.6 zg (6�10−21

g) for the bottom-up nanowires.

� The mass resolution that can be achieved with these devices can be consid-
ered as the best one reported up to now at room temperature for mechanical
resonators in a double-clamped con�guration.

Final remark / Outlook

The results obtained during this thesis are a step forward for the application of
silicon nanowire mechanical resonators as ultimate mass sensors operating at room
temperature. Follow-up of this thesis in the short term will be devoted to the
clari�cation of the physical origin of the linear transduction mechanism responsible
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of the electromechanical response observed in the FM detection scheme, and to
performing mass measurement to validate the established mass resolution
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Appendix A

Metallization of electrical contacts

by Nanostencil lithography

One of the problems of the technologies employed for the fabrication of the top-down
and bottom-up nanowires is that the electrical contacts are fabricated from silicon.
These silicon contacts oxidise when exposed to air, and therefore they present a
small layer of native oxide. This layer hinders the electrical measurement of the
resonators, specially when contacting the electrodes using a probe station instead of
wire-bonding. This issue can be mitigated by performing an HF dip just before the
measurements, but this solution is not ideal: the resulting measurements are little
repetitive (presumably to the oxide growing again after the HF), and repeating the
process eventually leads to problems with the cleanliness of the chips.

Both in the top-down and bottom-up fabrication approaches, it is not possible
to deposit metals on the chip before the fabrication process �nishes, due to the high-
temperature processes which take place during the last steps of the fabrication: the
last step in all the cases is the high temperature annealing of the chips to dope the
nanowires. After the fabrication process, performing a lift-o� involves covering the
whole substrate with photoresist (which can lead to damage or contamination of
the samples), and moreover it should be performed at chip level, which entangles
additional issues. One possible alternative to solve these problems is employing
stencil lithography to selectively deposit metal only on the desired parts of the
substrates [1, 2].

Nanostencil lithography is a high-resolution shadow-masking technique, based
on the selective deposition of material by evaporation through micro- and nano-
apertures realized in a thin membrane. Therefore, using this technique it is possible
to deposit a layer of metal only on the silicon contacts of the substrates, without
using photoresist and in a non-destructive way (presumably, without a�ecting the
nanowires at all). In this appendix, the fabrication of stencils and their application in
the selective deposition of metal contacts is presented. This work has been performed
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Figure A.1: Use of nanostencil lithography to selectively deposit metal layers on a substrate.
a) Evaporation of metals on a pre-patterned substrate through the apertures of a stencil. b)
Alignment between stencil and substrate. The stencil holder is �xed, while the substrate holder
is connected to several positioners (x, y, z, rotation). The microscope can be manually moved to
inspect di�erent locations in the stencil-substrate.

as a part of a two months internship in the group of Jürgen Brugger (Microsystems
Laboratory, EPFL, Lausanne).

Figure A.1a shows a schematic of the selective deposition of metal layers on
a substrate employing nanostencil lithography. The stencil and the substrate are
placed in close proximity in order to ensure the best possible resolution [3]. The
deposition takes place inside an evaporator, where the metal covers the substrate
only through the holes in the shadow mask. It is possible to perform this process
at chip or full wafer level [4], and also to make the deposition in pre-patterned
substrates: in the latter case, and additional alignment step is needed [5].

A.1 Fabrication of the stencils

The fabrication of the stencils is performed in the clean room of the CMI (Center
of Micro an Nanotechnology) at the EPFL. The fabrication process is based on the
de�nition of low-stress silicon nitride (SiN) membranes with apertures, which act as
a shadow mask.

The main steps of the fabrication process of a stencil is shown in Figure A.2.
The process starts with doubly polished silicon wafers, with a layer of 500 nm
of low-stress silicon nitride covering both sides (Figure A.2a). Then, a layer of
approximately 1 �m of Al is deposited in the back-side (Figure A.2b). Next, the
apertures of the stencil are patterned in the SiN layer of the components side, using
photolithography and dry etching (Figure A.2c-d). The next steps are aimed at
de�ning the SiN membranes: �rst a dry etching of the back-side aluminium and SiN
layers is performed. Then a deep RIE of the silicon wafer is performed using the Al
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Figure A.2: Stencil fabrication process. a) Silicon substrate, with a thin layer of silicon nitride
deposited on both sides. b) Deposition of a 1 µm Al layer on the back-side. c) Front-side photoli-
thography for the de�nition of the membrane holes. d) Dry etching of the front side SiN layer to
de�nes the holes of the membrane. e) Back-side photolithography for the de�nition of the mem-
branes. f) De�nition of the membranes: dry etching of the SiN layer, followed by a dry etching of
the Al layer. Afterwards a deep RIE of the bulk Si is performed, until a Si layer with a thickness
of around 100 µm remains. g) Silicon wet etching using KOH to release the SiN membranes.
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layer as a mask, until a thickness of approximately 100 �m of Si remains until the
SiN membrane (Figure A.2e-f). Finally, the membranes are released from the bulk
silicon using a KOH wet etching (Figure A.2g).

The resulting stencil consists in several membranes of SiN with holes patterned
in them. The size of the membranes and the hole density must be carefully chosen,
in order to have su�ciently stable membranes. The membranes fabricated in this
work consist in arrays of square holes of 90�90 �m (the size of the pre-patterned
electrodes is 100�100 �m) and only 50 % of the electrodes are covered during each
deposition, in order to have small membranes which are stronger. Alignment holes
with special shapes are also included in the designs, which are used as alignment
marks in order to ease the alignment of the membrane with the substrate.

After the internship, the stencil fabrication technology has been successfully
transferred to the clean room of the IMB-CNM. This fabrication technology has
been adapted to the equipments of the clean room of the CNM, and stencils based
on this technology have been fabricated.

A.2 Selective deposition of metal electrodes

The fabricated stencils are employed for the deposition of metal covering the sili-
con electrodes, in chips with fabricated SiNW resonators. The substrates consist
in arrays of silicon electrodes and silicon stripes, and some of these electrodes are
connected by silicon nanowire resonators (Figure A.3b shows a fragment of the chip
after the deposition process). The particular substrates used for these experiments
contained bottom-up nanowires, although the technology can be also applied to the
top-down fabrication approach, using exactly the same stencils. The complete selec-
tive metallization process consists in three steps: �rst, a bu�ered HF is performed to
the substrates in order to eliminate the native SiO2; then, the stencil and substrates
are aligned and stuck together, and �nally they are brought into a metal evaporator
in order to deposit the electrodes.

For this application, a chip-level alignment method has been developed. The
alignment resolution between the stencil and the substrate needs to be below 10
�m, and a rotation error as low as possible is also needed. A schematic of the
alignment system is shown in Figure A.3b. The stencil and substrate are �xed
to two di�erent holders respectively. The substrate holder is connected so several
stages (x,y,z and rotation) which allow to move it with respect to the stencil one,
which is �xed. The alignment is performed using an optical microscope: the SiN
membranes are translucent, and therefore by using the microscope the apertures
of these membranes with the Si contacts can be aligned. Once the stencil and the
substrate are aligned, they are brought in contact, and then their respective holders
are �xed together using UV-glue. Afterwards, this whole piece is brought into an
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Figure A.3: Deposition of metal on top of the pre-patterned Si electrodes. a) Close view of a
nanowire connecting two electrodes, near a side-gate for electrical actuation. Only the contacts are
covered by a gold layer. b) View of a portion of the chip with the Si electrodes (size of the square
electrodes: 100�100 µm) covered by a gold layer. The electrodes at the bottom of the image are
partially covered by alignment marks.

evaporator and the contacts are deposited.

The results of this fabrication step are shown in Figure A.3. The metallization
of two electrodes connected by a SiNW is shown in Figure A.3a, while an overview
of multiple metallized electrodes is shown in Figure A.3b. The apparent contami-
nation present in both images are in fact silicon nanowires, which grow over all the
silicon surfaces of the chip due to the random deposition of the catalyst. After the
deposition of the metal electrodes, we observe that the alignment is successful in
the whole chip. A critical parameter is the rotation between the stencil and the
substrate: even a very small rotation angle can misalign the patterns at the edges of
the chip. This rotation error is also the most di�cult to correct, because it requires
performing a series of alignments at di�erent parts of the chip.

After the deposition of the contacts, electrical measurements are performed to
con�rm the electrical continuity between the contacts and the Si substrate. Before
the deposition of the metal contacts, the electrical measurements of a highly doped
Si strip yield non-linear and non-repetitive results, which are coherent with an oxi-
dized silicon substrate. During the evaporation, metal pads are deposited on the Si
stripe, and then the measurements are repeated. In this case resistive I-V curves are
obtained, as is expected from the metal contacts and the highly doped silicon sub-
strate. The measured resistance is also consistent with the dimensions and doping of
the measured silicon stripe. Therefore, we conclude that the selective deposition of
metal electrodes eases the electrical measurement process, and alleviated the issues
arising from the Si contacts.
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Appendix B

Software

B.1 Control software for the instrumentation

In this work the electrical measurement of nanomechanical resonators using dif-
ferent setups has been performed. All of these setups are based on downmixing
methods, and use a lock-in ampli�er to read the measurement results. Typically
in this kind of systems, the di�erent instruments must work in a coordinated way.
Moreover, the measurement time is long�due to the response time of the di�erent
components of the system, which must reach a stationary regime for each point of
the measurement�, and the measurement conditions must be changed for each point
of the measurement. For these reasons, a centralized software control of this kind is
systems is indispensable.

In this work, the measurement software controls the di�erent instruments using
the GPIB communication bus (Figure B.1a). A series of libraries were designed
and implemented for each particular measurement setup, as wall as a graphical
interface to control the measurements and view the results in real time. Initially
these software was implemented using National Instruments Labview [1], and later
it was migrated to Python which o�ers greater adaptability.

The structure of the developed Python software is shown in Figure B.1b. The
design of the di�erent parts of the software make it easy to modify (adding or chang-
ing instruments, for example), and to add additional functionality. For example, the
feedback software implemented by Fabrice Perry was built as additional libraries in
top of the existing ones. Moreover, the libraries allow controlling the instruments
and performing measurements using di�erent methods (such as Python scripts), not
only using the graphical user interface.
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Figure B.1: Software developed for the measurement of nanomechanical resonators. a) Schematic
of the 2-source, 2ω measurement setup including the software interface, which controls the instru-
ments using the GPIB bus. b) Structure of the Python software. The feedback loop libraries have
been implemented by Fabrice Perry.

B.2 List of open source software

During the development of this work open source software has been employed in
a a variety of situations. This software, developed generally under the di�erent
versions of the GPL license, has its code available for inspection, modi�cation and
redistribution by the general public. Also, in some cases, this software is developed
by volunteers with no �nancial interests.

A list of some of the employed open source software is now supplied, as a means
of acknowledging its importance in the development of this work.

Ubuntu Linux Operating system based on the Linux kernel [2]

Mozilla Firefox Web browser [3]

Mozilla Thunderbird E-mail manager [4]

Libreo�ce O�ce suite based on Open O�ce [5]

Zotero Reference management software [6]

Python General purpose programming language [7]

Scipy Python libraries for mathematics, science and engineering [8]

GTK+ Toolkit for creating graphical user interfaces [9]

Glade GUI design software for GTK [10]
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Texlive Software distribution for the Tex typesetting system [11]

Texmaker LaTeX editor [12]

Jabref Bibliography manager [13]
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