


 



Riassunto 

Gli oscillatori micro e nanomeccanici stanno trovando crescente applicazione come biosensori, grazie alla 

loro elevata sensibilità, alla possibilità di effettuare analisi con un ridotto volume di campione biologico e 

senza molecole di marcatura secondarie e alla loro integrabilità come sensori in dispositivi di analisi portatili 

a basso costo. 

Questo progetto ha come scopo l’utilizzo di oscillatori micromeccanici a geometria verticale (micropillars) 

come sensori biomolecolari, rispetto ai più comuni oscillatori orizzontali (cantilevers). La struttura dei 

micropillars, infatti, permette di confinare l’adsorbimento molecolare alla parte superiore dell’oscillatore, 

consentendo una facile quantificazione della massa depositata attraverso la variazione della frequenza di 

risonanza; inoltre, i tempi di risposta del sensore  risultano ridotti, grazie alla più veloce diffusione delle 

molecole verso l’area sensibile, rispetto ad altri sensori basati su effetti di superficie e di più grandi 

dimensioni. Dense matrici di micropillars idrofobici permettono anche la formazione dello stato 

superidrofobico di Cassie-Baxter, riducendo l’interazione del liquido alla sola parte superiore 

dell’oscillatore.  

Durante questo progetto è stato sviluppato un opportuno trattamento idrofobico delle matrici, basato sulla 

deposizione di un alcanosilano idrofobico, e caratterizzato rispetto alla bagnabilità della matrice e agli effetti 

sulla risposta meccanica e sulla risoluzione dell’oscillatore come sensore di massa. È stata inoltre verificata 

la compatibilità di questo trattamento con la formazione di uno strato di oro sulla parte superiore 

dell’oscillatore, usato come substrato per l’adsorbimento di biorecettori per il riconoscimento e la cattura 

della biomolecola di interesse.  

Il risultato di questa ottimizzazione è stato applicato alla rilevazione di un biomarcatore per il tumore alla 

prostata (PSMA) a concentrazioni utilizzate nella pratica clinica (nanomolari), sia in soluzione fisiologica 

che in plasma diluito. 

Infine, è stata dimostrata la misura della frequenza di risonanza dei micropillars a contatto con il liquido 

nello stato superidrofobico di Cassie-Baxter, come alternativa al problematico utilizzo dei cantilever 

completamente immersi in liquido, aprendo la strada alla rilevazione in tempo reale di biomolecole da 

campioni biologici. 

 

 



 



Abstract 

Micro and nanomechanical resonators are playing a growing role in biosensing due to their high 

sensitivity, the possibility of label-free biomolecular detection with a reduced amount of biological 

sample and their potential integration as sensing tool on low cost, point of care devices. 

This project focuses on the application of arrays of micropillars resonators for biomolecular sensing, 

exploiting the advantages coming from the vertical geometry respect to the most common micro and 

nanocantilever horizontal sensors. Indeed, the biomolecular adsorption can be confined to the micron 

sized top area of pillars, allowing an easy quantification of the deposited mass and reducing the 

response time of the resonator due to the faster diffusion on the sensitive area respect to larger, surface 

based sensors. In addition, the superhydrophobic Cassie-Baxter state can be obtained on dense, 

hydrophobic micropillars arrays, limiting the interaction with the analyte solution to the top area of 

pillars.  

A proper hydrophobization treatment of the arrays, based on the deposition of a hydrophobic 

alkanosilane coating, has been developed and characterized in terms of wettability of the arrays and of 

the effects on the mechanical performance and on the mass resolution of the resonators. The 

compatibility of this treatment with the formation of stable gold layer on top of pillars as a substrate 

for bioreceptor adsorption has been also verified. The optimized micropillars arrays have been used 

for the detection of PSMA (Prostate Specific Membrane Antigen) at diagnostically relevant 

concentrations (nM level) both from physiological solution and from diluted serum. 

Finally, by exploiting the superhydrophobic Cassie-Baxter state, the direct measurement of the 

resonance frequency of micropillars in a liquid environment has been demonstrated, as an alternative 

to the cumbersome application of micro and nanocantilevers on the same conditions, paving the way 

toward real-time, biomolecular detection from biological samples. 
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Introduction 

The development of micro and nanoelectromechanical systems (MEMS/NEMS) for biosensing 

experienced a fast growth in the last decade and reached performances comparable if not superior to 

those offered by more established approaches such as electrical and optical techniques.  

The strength of MEMS/NEMS approach relies on the high sensitivity demonstrated by these emerging 

tools, with resolution down to the limit of single molecule detection, the possibility to perform label-

free assays reducing time and costs of the analysis, the extremely low amount of required sample and 

their compatibility with microfluidic systems toward the complete analysis on the same device (the so 

called Lab-on-chip). In addition, high levels of multiplexing can be obtained, offering the chance to 

detect different biomolecular species on the same device. Finally, their fabrication, which makes use 

of the same techniques already well developed by the integrated circuit industry, offers the possibility 

of large scale production at low cost. 

Among mechanical biodetection, the most diffuse example is represented by the micro and 

nanocantilever technology, used both as surface stress sensors, where a bending on a thin slab due to 

the adsorption of the target molecule is analyzed, or as mass sensors, where the change of the 

MEMS/NEMS resonance frequency due to the mass adsorption is related to the amount of the 

deposited mass. Nonetheless, some limitations hinder their easy application as biomolecular sensors 

on real-time biological assays, namely the dependence of the resonance frequency on the adsorption 

position on the cantilever and the strong reduction of the mass resolution due to the damping effect of 

the liquid medium. 

Micropillars are vertically oriented silicon resonators, whose geometry can be exploited to limit the 

molecular adsorption to the micron sized top area, allowing an easier quantification of the adsorbed 

mass respect to cantilevers and improving the diffusion kinetic of the analyte on the sensitive area 

respect to larger, surface based sensors, with a strong reduction of the response time. In addition, 

dense arrays of micropillars allow to limit the interaction with liquid only to the top area, reducing the 

damping effect and opening to real-time measurements on biological samples. 

This thesis focuses on the application of the micropillar technology as a biosensing tool and on the 

operation of these resonators in water environment, as a proof of concept of the improved behavior 

respect to the cantilever resonators operating in liquid. All the described activities have been 

performed at the CNR-IOM laboratories in Basovizza, Trieste. 

In the first chapter a brief introduction on the biosensing principles is made, with more details on 

micro and nanomechanical cantilevers and their use in biological applications. The advantages offered 

by the micropillar technology and the objectives of this PhD project are also described. 

The second chapter focuses on the protocols applied and optimized for the fabrication and the surface 

treatment of micropillars, and on the techniques used to characterize their properties.  



2 Introduction 

The third chapter describes the study made on the influence of different hydrophobization treatments, 

necessary for the application of micropillars in liquid, on the properties of wettability of the arrays, on 

the mechanical performance and on the compatibility with the formation of a stable gold layer as a 

substrate for biomolecular adsorption on top of pillars. 

The direct application of the optimized, superhydrophobic micropillars arrays for biomarker detection 

is illustrated in the fourth chapter, describing the protocols developed for the formation of an antibody 

monolayer on top of pillars and the recognition of Prostate Specific Membrane Antigen (PSMA) both 

from physiological solution and from serum. The application of the optical parallel read out method 

for the resonance frequency measurements of up to sixty micropillars in vacuum is also demonstrated.  

Finally, in the last chapter, after an introduction of the main solutions developed by the research 

community working on the application of mechanical resonators in liquid, the approaches and the 

main findings regarding the use of micropillars in water are illustrated.   



 
 

Chapter 1 

Introduction to biomechanical sensing 

In this chapter, the main applications of micro and nanoelectromechanical systems to biological 

sensing are introduced, focusing in particular to the techniques used for biomolecular detection. A 

brief description of the different types of biosensors is made, followed by a more detailed explanation 

of the most common cantilever technology and the techniques used to detect biological events on the 

sensor. The micropillar technology as an alternative to microcantilever detection is presented and, 

finally, the scope of this research project about the application of micropillar as a biosensing tool is 

illustrated. 

1.1  Micromechanics and biology 

In biological systems, mechanical interactions are of great importance both on the cellular scale, to 

regulate motility and cell adhesion, and on the molecular scale, to control the species transport and the 

biomolecular affinity [1]. Mechanical stimuli can affect the biochemical behavior of molecules and 

cells: mechano-transducing molecules can change their chemical activity when physically stimulated, 

converting mechanical energy into biochemical energy; for instance, hairy cells in the auditory system 

convert the vibrations from external environment into electrical signal to the auditory nerves.  

On the opposite, biochemical processes have strong influence on the mechanical behavior of cells and 

biomolecules [2]. To cite some examples, the molecular recognition in biological processes induces 

conformational changes in proteins [3]; biochemical stimuli induces the cellular motion controlling the 

movements of cilia and flagella; the membrane curvature on cells is determined by the interaction 

between proteins and the membrane itself [4]: this controls relevant functions, while a malfunction of 

these interactions can be related to diseases. In this field, the relationship between mechanical 

properties and cellular processes are growing in importance, to identify cellular transformations into 

cancer or metastatic cells and the effects of drug treatments; in human immunodeficiency virus, it has 

been recently demonstrated that the stiffness of the virus strongly decreases during the maturation 

process and this can be considered as a mechanical switch to the infectious process [5]. 

Micro and nanoelectromechanical systems (MEMS/NEMS) are devices that incorporates mechanical 

and/or electrical components of micro/nano dimensions, on which the mechanical part can behave as a 

sensing or actuating tool. Such kind of devices, since their introduction in the 1970s, have experienced 

an extremely broad application in different technological fields, thanks to their extremely reduced 

dimensions, that allow integration of different functions on the same device, and extremely low 

sensitivity, being directly related to the physical dimension of the sensor; in addition, MEMS/NEMS 
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can be fabricated in thousands of units per single wafer through well defined and mature 

micro/nanofabrication techniques, allowing large scale production at low cost. Such devices are 

commonly used in the daily life as accelerometer, gyroscopes, flow and pressure sensors or, as 

actuators, as micropumps or micromotors. The advantages offered by MEMS/NEMS have been 

fruitfully applied also in biological field, exploiting the interactions between biological process and 

this kind of sensors, leading to the definition of BioMEMS devices. 

As will be discussed more in detail below, when MEMS/NEMS sensors are used as mass detectors, 

their resolution is directly proportional to the mass of the device. Thanks to their extremely low 

dimensions, nanocantilevers or double clamped beams have demonstrated mass resolution in the order 

of zeptogram (10-21g) [6], while with silicon nanowires or carbon nanotubes in ultrahigh vacuum and 

cryogenic temperature, the yoctogram (10-24g) level is achievable, with the resolution limit of a single 

proton mass [7]. In the last decades, MEMS/NEMS are gaining attention also as biomolecular sensors 

to be used at ambient pressure and temperature, even if at the price of a lower resolution. 

The reduction of dimensions plays favorable also on the device compliance, that is the ability of the 

sensor to be deformed or displaced. This effect is being exploited to investigate and measure the forces 

involved in biological interactions, considering that a nanomechanical sensor can be fabricated with 

force resolution in the order of 10 pN, enough to measure the rupture of a single hydrogen bond [1]. 

The most common application of MEMS/NEMS for measurements of mechanical forces in biological 

systems is through the atomic force microscopy (AFM), where an horizontal beam (cantilever) with 

different possible geometries is used to probe a substrate or to interact with it. Single-molecule atomic 

force microscopy has been used to study protein and RNA folding even at sub-pN resolution [8] 

[9]and to study the dynamic rearrangement of the active site of the enzymes during catalysis [10]. 

The AFM technique can be used also to study the effects of mechanical stimuli on the biochemical cell 

circuitry or to study cell adhesion forces to a substrate, by attaching a single cell on a cantilever, 

bringing into contact with an adequate force with the substrate for a certain time and then pulling the 

cantilever away from the substrate with a determined rate. The single bond-breaking event can be 

detected, resulting in sharp step on the time-force curve [11]. 

In addition to the AFM technique, where only a local stimulus can be obtained, other types of MEMS 

have been developed, where cells are attached to a mobile platform that can be displaced in different 

directions and with different strength, to investigate the mechanical and biological behavior of cells. 

[12], [13]. 

The small heat capacitance of suspended micro/nano devices can also be used for ultrasensitive 

calorimetry, while their integration with microfluidics opens to the study of the metabolic output of 

single cells, exploiting also the fast response time of small fluidic devices on the timescale of 

milliseconds or shorter [1]. 
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1.2  Surface based biomolecular sensing 

In the analytical field, sensors are widely used to determine the presence and the concentration of the 

analyte of interest, by transducing into a measurable signal the changes that the analyte produces when 

interacts with the sensing mechanism. These devices are experiencing a widespread diffusion in 

different fields of application, being commonly applied in environmental analysis, for the detection of 

pesticides, heavy metal ions, pathogens, particulate, explosives or other pollutants in air and in water; 

in food safety, to assess the quality of drinking water or to detect the presence of allergens or drug 

residues as antibiotics or growth promoters in food, or in the clinical field, to monitor the presence of 

molecules diagnostically relevant. 

In order to compare the performances of sensors used for this type of applications, several parameters 

are usually considered, so that the ideal device should provide [14]: 

 low limit of detection, commonly defined as the minimum concentration that can be reliably 

detected and that provides a response signal that is three times the level of the background 

noise; 

 high specificity, to distinguish the analyte among the other components; 

 high detector sensitivity, that is the change in signal per unit value of the sensor response and 

is function of the sensor properties but also of the measurement and amplification techniques 

employed; 

 high sensitivity to the analyte, expressed as the slope of the linear dose-response curve of the 

sensor exposed to different concentration of the analyte; 

 high resolution, as the smallest change of the observed quantity that can be distinguished; 

 high dynamic range, to be used in the largest range of concentration as possible; 

 low response time, related to the number of events necessary to produce a detectable signal; 

 high repeatability of the measurements. 

Some of these sensors are based on the physical and/or chemical changes that their sensitive surface at 

the interface with the sample undergoes when interacts with the analyte of interest.  

In these type of sensors, in order to increase the specificity, the sensitive area can be properly modified 

to allow highly specific interaction with the target molecule, even in a complex mixture of other 

species that can be several orders of magnitude more abundant than the one to be detected. 

In chemical sensing, coatings with thin polymeric layers are commonly used to detect, for example, 

volatile organic compound in complex gaseous mixtures or warfare chemical agents; porous matrixes 

can be used to capture molecules based on chemical affinity and/or molecular size [15]. Thin metallic 

coatings are also used, exploiting the high affinity to chemisorptions of metal ions or chemical group: 

some example are the adsorption of Hg2+ ions on gold or the well note interaction of sulfur atoms with 

gold. 

When dealing with biomolecular surface sensors, the sensitive area has to be modified with a 

biological recognition layer made of receptors that specifically bind the complementary biomolecule 

of interest (target). The most common examples exploited in such kind of recognition are antibody-
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antigen binding or hybridization of complementary nucleic acids (DNA/RNA). Novel approaches 

involve the synthesis of smaller receptor

that are selected among the all possible configuration

same range of antibodies. Thank to their smaller dimension compared to larger receptors, they can be 

easily synthesized with good chemical stability and cost effectiveness, can access also concealed 

protein epitopes and be modified with reporters, functional groups, signal moietie

1.2.1  Classification of surface based 

Based on the nature of the transduction signal produced by the p

sensitive surface, biosensors are generally classified into electrical, optical 

the most common examples of sensor

Considering the number of publication

appears that optical and electrical techniques are the more applied 

because electrical and optical transducers are mature, versatile and well

Nonetheless, micro and nanomechanical sensors are growing attention as biosens

as molecular sensors or to measure the 

1.2.1.1  Electrical biosensors 

Electrical sensors exploit the charge transfer due to a reaction on the 

the surface potential due to the molecular 

biosensors have experienced the most widespread dif

immobilized on the sensor surface and the reaction with the analyte form

Figure 1.1 – Classification of biosensors based on the transduction effect due 
biomolecular recognition from the analyte solution. 

 

of complementary nucleic acids (DNA/RNA). Novel approaches 

involve the synthesis of smaller receptors (aptamers) [16], [17] made of oligonucleotides or peptides

that are selected among the all possible configurations to have affinities to the target molecule on the 

Thank to their smaller dimension compared to larger receptors, they can be 

easily synthesized with good chemical stability and cost effectiveness, can access also concealed 

modified with reporters, functional groups, signal moieties.  

surface based biosensors 

the transduction signal produced by the physicochemical

generally classified into electrical, optical or mechanical. A scheme of 

of sensors for each class is reported in Figure 1.1, adapted from 

f publications since 1985 to 2010 regarding the three classes of biosensors, it 

appears that optical and electrical techniques are the more applied in the world-wide research

al and optical transducers are mature, versatile and well-established techn

Nonetheless, micro and nanomechanical sensors are growing attention as biosensing
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biosensors have experienced the most widespread diffusion. In these devices, an enzyme is 

immobilized on the sensor surface and the reaction with the analyte forms a donor/acceptor couple that 

Classification of biosensors based on the transduction effect due 
biomolecular recognition from the analyte solution. Image from [2]. 
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produces the charge transfer to the sensing element. The most common example of electrochemical 

sensor is represented by the glucose sensor. In the majority of the commercial devices the 

amperometric signal due to the reaction of glucose and the immobilized glucose oxidase (GOx) 

enzyme is measured, in presence of a mediator that is oxidized/reduced at the electrode surface leading 

to a circulating current. Currently, disposable chips made of layers of electrodes, spacers and 

immobilized enzymes are commercially available at low cost, allowing several analysis during a day 

through a point of care device, in which just a blood drop pricked from a finger is enough to have 

information about glucose levels in blood. The required range of detection in this kind of analysis is 

quite high, ranging from 1-30 mM as extremes values for episode of hypo or hyperglycemia, with a 

required detection resolution in the order of 50 µM. 

In addition to glucose oxidase, other enzymes are commonly immobilized to catalyze the reaction of 

clinically relevant analytes as cholesterol, urate, glutamate, just to name a few. 

Nanowires and carbon nanotubes are also emerging as an extremely powerful electrical sensor in field-

effect transistors (FET) for molecular and biomolecular detection at the single molecule level, 

exploiting the conductance changes when the target molecule binds to the surface of the device, due to 

a change in local surface potential or in the solution pH.  

The extremely high surface to volume ratio of nanowires and nanotubes makes these devices much 

more sensitive compared to the planar FET sensor, as will be discussed later in this chapter. As 

application of nanowires FET as biosensors, Kim et al. [18] demonstrated the detection of prostate-

specific antigen (PSA) in real time at 1fg/ml concentration. Silicon nanowires FET have been also 

applied to detect target DNA at 1fM concentration and to distinguish single-nucleotide polymorphisms 

[19].  

1.2.1.2 Optical biosensors 

Among the optical biosensing techniques, a first big distinction can be made between labeled and 

label-free detection methods. In the first case, the target and/or the biorecognition molecules are 

labeled with tags, whose signal is detected and related, through a calibration curve, to the 

concentration of the analyte of interest. Based on their nature, tags can be fluorescent, radioactive or 

colored, or can produce a detectable signal after the reaction with a proper substrate. This is the case, 

for example, of enzyme-conjugated biomolecules: after biomolecular binding to the target, the 

complex is exposed to a solution of a substrate for the enzyme, that produces a colorimetric change 

proportional to the amount of the target molecule. The most common example on this type of analysis 

is represented by the ELISA (Enzyme-linked immunosorbent assay), commonly used in the clinical 

practice. It has the advantage to detect molecules at sub-picomolar level in almost one hour, but is 

subjected to the availability of antibodies (one for direct ELISA assays, two in the case of sandwich or 

competitive assays) with high affinity toward one or two different epitopes of the same target and is 

limited on the number of different biomolecules that can be detected on the same assay. In addition, 

labeling protocols can be expensive, time consuming and could also affect the binding capability of 

the biomolecule. 
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The use of labeled markers is commonly applied also for protein or nucleic acids detection through the 

microarray technique, where thousands of different probes can be immobilized on a solid support 

(glass, silicon or plastic) by automatic ink-jet spotting or by lithographic techniques, as in the case of 

Affymetrix gene chip, where nucleotides sequences are formed in situ by selective exposure of 

portions of the substrate to UV light. Biobarcode assay, introduced by Mirkins in 2003 [20], exploits 

the combination of two different sets of particles, one made of gold and functionalized with polyclonal 

antibodies and a barcode DNA sequence, the other made of a magnetic material (typically iron) 

decorated with monoclonal antibodies. In presence of the target molecule, a sandwich-like assay is 

formed; the complex is then separated by the application of a magnetic field and the DNA barcode de-

hybridized, so that the free sequences can be fluxed to the detection area, where they are bound to 

complementary sequences immobilized to a glass slide and then detected through further hybridization 

with gold nanoparticles decorated with specific DNA sequences. As an alternative, the sequences can 

be amplified through PCR and investigated with a chip-based detection. Indeed, Biobarcode assay is 

compatible with multiple protein detection, being the antibodies and the DNA sequence specific for 

each target. This technique has been demonstrated to detect prostate specific antigen (PSA) biomarker 

at 500 aM concentration [21], nonetheless it is rather complex and still subjected to the availability of 

different antibodies capable to bind the same target. 

The optical label-free methods generally exploits the evanescent field effect produced on the sensor 

surface by incident light with a precise angles. This evanescent filed exponentially decays moving into 

the bulk solution at a depth from tens to hundred of nanometers [22]. Receptor biomolecules, such as 

antibodies, DNA sequences or aptamers are immobilized on the sensor surface and the measurement 

chamber is filled with the buffer solution; when the analyte solution is introduced, the target molecule 

binds the receptor, displacing the solvent and producing a local change of the refractive index close to 

the surface. In the case of Surface Plasmon Resonance (SPR), a charge density oscillation (surface 

plasmon wave, SPW) generated at the interface of two media of opposite dielectric sign, as for 

example a metal as gold or silver and a dielectric material, interacts with the evanescent field created 

by the incident light. At specific resonant angle or resonant wavelength, coupling between photon and 

SPW occurs, while the change of the refractive index due to the binding of the target molecule on the 

surface results in a change of the resonant angle, of the resonant wavelength or the resonant intensity. 

One example of commercial SPR sensor is from BiacoreTM , used also in the clinical practice to 

monitor cancer biomarkers with sensitivity at the nanomolar level. Femtomolar sensitivity or lower 

have been reached on oligonucleotide detection by applying an end-point sandwich assay with gold 

nanoparticles [23], which enhances the SPR signal.  

The advantages coming from the SPR technique are, in addition to the label-free technique, the fast 

response, that allows real time measurements and the absence of pre-treatment steps. On the opposite, 

being the surface usually in the squared centimeter range, this technique suffer from mass transport 

limitation, which strongly influences the binding kinetic and so the intensity of the signal. In addition, 

the SPR signal can be strongly influenced by any artifactual change of the refractive index, requiring a 

reference element to avoid spurious effects. 
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Waveguides and optical microcavities based sensors exploit the total internal reflection effect obtained 

on their geometries to generate an evanescent field at the surface, which, again, is exponentially 

depleted inside the liquid and is influenced by the binding of molecules with their receptors, with limit 

of detection ranging from the 0.1 µM – 0.1 nM range [22].  

1.2.1.3  Mechanical sensors 

In mechanical biosensing, the effect of bioadsorption on the surface of the sensor induces a 

mechanical change that can be quantified and related to the amount of adsorbed mass. Indeed, the 

mass deposition can induce surface stress effects, that lead to the bending of the structure, or changes 

the mass and/or the stiffness of the sensor, inducing a change of the resonance frequency or, in the 

case of surface acoustic wave sensors, the change of mass and viscosity of the biofunctional layer 

affects properties as the velocity of transmission, the amplitude, the resonance frequency and the delay 

time of a wave travelling on the surface of the sensor.  

One of the first example of mechanical mass sensor is represented by the quartz crystal microbalance: 

it is a centimeter-scale resonator (the typical diameter is of 14 mm) used for the quantification of the 

deposited mass through the shift of its resonance frequency. Due to its piezoelectric nature, it allows 

direct measurement of the resonance through electrical methods in real time. It has been widely used 

for detection in vacuum, gas or liquid phase. Indeed, due to its shear motion parallel to the liquid, that 

strongly reduces the dissipation of the medium, high values of Quality factor can be obtained, usually 

around 1000, while the resonance frequency spans usually between 5-25 MHz. This has allowed the 

application of these sensors also to study the viscoelastic properties of thin biological films in a liquid 

environment [2]. The application of this device for biological detection has shown limits of detection 

ranging from the nM level in liquid to the fM by the application of a sandwich-like assay and 

measurements in vacuum [1]. 

Another important example in mechanical biosensing is represented by micro and nano sized 

cantilevers, made of an horizontal structure clamped to one end to the solid substrate. These devices 

allow the quantification of the adsorbed mass from their bending (static mode) or by measuring the 

variation of their resonance frequency (dynamic mode). Due to their importance in mechanical 

biosensing, more details about their structure, the actuation and detection methods and their 

application as biosensors will be given in § 1.4. In analogy to cantilever oscillators, double clamped 

beams can also be used, where both sides of the resonator are clamped to the solid substrate.  

A further reduction of the dimensions of these oscillators has led to the use of silicon nanowires 

(SiNW) and carbon nanotubes (CNT) as extremely sensitive mass sensors. In the first case, suspended 

single crystal silicon nanowires were fabricated in Roukes’ group through a bottom-up approach and 

measured in ultra high vacuum, with a resonance frequency around 200 MHz. To allow actuation at so 

high frequencies, a magnetomotive approach was chosen, by passing an RF current through the SiNW 

and exposing it to a magnetic field. This generates a Lorentz force, leading to the vibration of the 

resonator and an electromotive force due to the transversal oscillation in the magnetic film. So, the 
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resonance frequency was measured by a network analyzer, considering the power transmitted through 

the nanowire. The mass resolution demonstrated by this resonator was around 10 fg [24]. 

In 2008 Zettl and co-workers demonstrated the use of a double walled CNT as mass spectrometer [25], 

by determining the mass of gold atoms deposited by evaporation on a ultra high vacuum chamber. A 

RF electric field was applied to a CNT grown to one electrode to actuate it to resonance, while a 

counter electrode was biased to induce a field emission current from the CNT. The modulation of this 

current was recovered by a lock-in amplifier to determine the resonance frequency. This latter was 

around 300 MHz and the mass sensitivity was around 0.104 MHz/zg, allowing atomic mass resolution. 

In 2012, Chaste et al, by using a double clamped CNT, demonstrated a further reduction of mass 

resolution down to the yoctogram level (10-24g), corresponding to the mass of a single proton [7].  

Nonetheless the extreme sensitivity offered by this kind of structures, their nanometric size makes the 

damping of the surrounding medium the dominant effect, hindering their application as reliable 

sensors at environmental conditions. The resonance spectra of a CNT resonator in liquid were indeed 

measured, demonstrating a Q factor value of 2 [26].  

1.3  Limit of detection and analysis time on surface based biosensors  

Measurements of the immobilization of a biomolecule on one of the biosensors considered in the 

previous paragraph can be performed in real time, providing information about the kinetics of 

biomolecular interactions, or through end point detection, to assess the presence of the analyte of 

interest and its concentration.  

In 2011, a milestone work from Roukes’ group [1] compared different biosensing techniques in terms 

of limit of detection versus the analysis time, on the base of the data reported in the previous literature. 

The graphical comparison is reported in Figure 1.2, where the limit of detection (LOD) is expressed 

both in molar concentration and in grams per milliliter (considering a reference mass of 34 kDa). 

As can be seen, a trade-off is required between the limit of detection and the time required for the 

analysis, with low detection limits reached in terms of hours. Also, the same technique can be used 

both for real time measurements, with LOD on the nanomolar level, or for end point detection, with 

the use also of sandwich assays techniques, as in the case of the SPR technique previously reported. In 

the clinical practice, biomarkers levels are considered diagnostically relevant in concentrations from 

pM to nM level, that are currently investigated with immunofluorescent assays, so the expected 

advantage from new biosensors is to obtain at least the same limit of detection reducing on parallel the 

response time. 

The graph also reports the biological noise floor due to the presence, in real biological samples, of 

molecular species much more abundant than the analyte of interest, that can induce non specific 

adsorption on the sensor. This increases the minimum detectable concentration respect to the intrinsic 

limit of the sensor. This aspect will be better discussed in Chapter 4. 

Finally, in the graph of Figure 1.2 are also reported the performances required for protein detection 

from single cell, both in the case of native and stimulated secretion, where the expression level of 
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As previously anticipated, one of the most studied and applied mechanical transducers for 

(bio)molecular detection is represented by micro and nanocantilevers. Initially conceived as a tool for 

atomic force microscopy, cantilevers experienced a wide diffusion also for gas analysis 

biomolecular sensor and are present on the market as commercial devices. This because of their high 

sensitivity coming from their reduced mass, the possibility to perform label free detection and to 

monitor in real time different biomolecules on the same array through parallel functionalization. In 

their compact scale allows easy integration with other electrical, mechanical or microfluidic
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due to mass deposition and/or stiffening effect from the adsorbate is monitored. Adapted 
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The deflection δ of a cantilever can be related to the differential stress through the Stoney’s formula 
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where υ is the Poisson ratio, E is the Young modulus, L and t are the beam length and thickness, 

respectively. This model holds for homogeneous and isotropic beams, with thickness much lower than 

the lateral dimensions and on the hypothesis of small strain and rotations due to stress, while it cannot 

be applied close to the clamp region, where deformation is hampered by the anchoring of the beam to 

the support. To this purpose, more detailed models that provides curvature along longitudinal position 

have been formulated [31]. 

Also, when working with ultrathin beams to improve the deflection, the deposition of a metal film as 

substrate for biomolecular immobilization can strongly influence the bending and should be taken into 

account and combined with other techniques to measure the elasticity of the deposited layer and its 

influence on the mechanical response [2]. 

Surface stress effects lead usually to displacements in the order of nanometer or sub-nanometer, and to 

increase the transduction effect both geometry (increasing the aspect ratio L/t) and mechanical 

properties of the cantilever (reducing the Young modulus, as in the polymer based cantilevers) can be 

modified. 

Static detection of cantilevers was successfully applied by Gerber group in 2000 [32] on the 

differential bending of two gold coated cantilevers previously functionalized with complementary and 

non-complementary single strand DNA, demonstrating the capability to distinguish between single-

base mismatches. Wu et al. [33] applied for the first time this technique to the detection of prostate 

specific antigen (PSA) in a complex mixture of bovine serum albumin and human plasminogen, with 

detection limit of 100 pM. Static mode detection has been fruitfully applied also on cellular studies 

and pathogen detection, by immobilizing cell cultures directly on the cantilever, that allows rapid 

detection of the cellular behavior due to specific stimuli. A recent example is offered by the work of 

Mader and co-workers, where arrays of cantilevers functionalized with different carbohydrates were 

used to study the binding properties of E.Coli cells, distinguishing among three different cellular 

strains for their binding capability on the sensor and the relative bending effect of the cantilever [34]. 

Very recently, Ndieyira and co-workers have demonstrated the use of nanomechanical cantilevers as a 

surface-stress sensor to monitor the mechanical response of receptor molecules (analogous to the ones 

of bacterial cells) immobilized on cantilevers to the exposure at different concentrations of two 

different antibiotics. The consequent bending of the cantilever allowed to study the influence of weak 

and strong competing ligands in serum, which severely affects the amount of free drug interacting with 

the immobilized receptors, allowing also the direct comparison of the effects of different drugs. It is 

noteworthy to stress that this technique revealed an effective bending of the cantilever at a minimum 

antibiotic concentration of 10 nM, while in the SPR technique commonly used for this kind of studies, 

the minimum detectable concentration is of 300 nM [35]. 
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The big advantage related to this technique is the possibility to operate in a liquid environment, 

allowing direct, real-time studies of the binding effect in physiological conditions. Indeed, as outlined 

also in [30], end-point measurements of the bending due to consecutive receptor and target 

immobilizations could miss the real effect of the stresses induced by the adsorption of different species 

on the cantilever. Bending measurements are usually performed in fluid cells with accurate 

temperature control, with real-time detection also while the analyte solution is flowing on the 

cantilever. Differential measurements on arrays of cantilevers are commonly used, by introducing a 

reference element, in order to eliminate the effects of drifts and thermal and biological noise. 

Unfortunately, in order to obtain a detectable signal, one single binding event is not sufficient. In 

adsorbate-surface interaction, the stress magnitude is linearly dependent on the surface coverage, 

while in the adsorbate-adsorbate interactions a critical coverage of the target molecule (that can be also 

close to the surface saturation) has to be reached to allow the interaction between immobilized 

molecules, from which the surface stress and consequently the bending of the cantilever are generated 

[2]. 

1.4.2  Dynamic mode operation 

A mechanical oscillator is characterized by resonating frequencies related to the different modes at 

which it can oscillate. A load applied on the resonator surface induces modifications both on the 

overall mass and on the stiffness of the system, producing a variation of the resonance frequency. 

Cantilevers are the most common example of micro/nanomechanical resonators, which can oscillate 

both out of plane (flexural modes and torsional modes) or in plane (lateral modes and longitudinal 

modes, these latter producing an periodic elongation of the beam). A complete description of the 

mathematical models for these different modes are reported in Johnson and Mutharasan’s review [36]. 

In general, it is common to describe, with good approximation, the cantilever behavior through a 

lumped model, as a spring of elastic constant k with a mass m loaded at its end that oscillates in a 

viscous medium [37]. If a periodic force F(t) is applied, the system can be modeled as a forced 

harmonic oscillator with a damper, described by the following equation: 

mẍ + mγẋ + kx = F(t)  E. 1. 2  

where γ represents all the damping sources and x is the system displacement during the periodic 

oscillation. If the driving force is expressed as F= F0cos(ωt), the solutions for Eqn 1.2 are 
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where θ represent the phase shift between the actuating force and the cantilever oscillation, 



Introduction to biomechanical sensing 15 

The natural angular frequency (eigenfrequency) is defined as ω� = �k/m and the amplitude x(t) has a 

maximum for ω = ω��1 − 1/2Q�, where Q is the quality factor of the resonator. This latter value is 

experimentally obtained from the ratio between the resonance frequency fr and the full width at the 

half maximum (FWHM) of the resonance peak: the higher is Q, the sharper is the resonance curve and 

the smaller is the resonance frequency shift that can be detected. As a rule of thumb, the mass 

resolution for a microelectromechanical resonator has been commonly defined as the ratio between the 

mass of the resonator and Q [36], [38]: 

mass resolution ∝  
�

�
 E. 1. 5  

while from the analysis made by Ekinci et al. on nanoelectromechanical systems, the dependence of 

the mass resolution with the square root of Q has been demonstrated [39].  

The quality factor has also a physical meaning, being defined as the ratio between the stored energy 

and the energy losses per vibration cycle of the oscillator. Passing from vacuum to air and liquid, the 

values of Q can decrease from 10000-100000 to less than 10, due to the viscous losses of the medium 

where the oscillator moves. When the damping effect is low, the term �1 − 1/2Q� is negligible and 

the resonance frequency of the lowest flexural mode can be considered equal to the natural frequency 

f0 of the resonator, (considering that ω = 2πf) 
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In order to consider the influence of the resonator geometry on the resonance frequency, the oscillator 

mass m is substituted by the effective mass, m*, that is dependent both on the geometry and on the 

mode of resonance, as each portion of the oscillator moves differently at each mode. 

Considering the effect of the adsorbed molecules on the mass and the stiffness of the resonator, the 

resonance frequency shift can be expressed as: 
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where m*
n is the effective mass relative to the nth mode. As can be seen, an increase of the beam 

stiffness leads to higher resonance frequency, while increasing the mass, the resonance frequency 

reduces, as also expressed by Figure 1.3b. The Eqn. 1.7 represents an approximated model, valid only 

for homogeneous molecular adsorption on the beam surface. In the case of not complete coating, 

indeed, the mass contribution and, consequently, the resonance frequency shift depends also on the 

position where the adsorption takes place. This would require, based on the approach reported in Naik 

et al. [40], the measurement of at least two independent mechanical resonances. 
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ion of micro and nanocantilevers for real-time biological recognition 

strong damping effect of the viscous medium, that enlarges the resonance peak and severely reduces 

the oscillation amplitude, limiting the minimum resonance shift that can be effectively detected. So, 

most of the experiments reported in literature are performed in liquid for the bioadsorption o

target recognition, while the measurement of resonance frequency is performed in air 

, with the so called “dip and dry” approach. Nonetheless, there are also examples of 

direct measurements in liquid environment; a discussion of the different approaches used to overcome 

liquid medium will be made in Chapter 5.  

In 2001 Ilic et al. demonstrated the detection of a single E.coli cell on a cantilever coated with a 

monolayer of antibiodies specific for an antigen expressed on the cell membrane. Measurements were 

performed in air, with the best value of the sensitivity among the used cantilever of 7.1 Hz/fg 

2004, Hwang et al. demonstrated the use of a microcantilever incorporating a piezotransducer element 

for self actuation and sensing, allowing the continuous measurement of PSA recognition from diluted 

phosphate buffer, with limit of detection of 300 nM in almost 10 min [43]
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structure. In this case, the application of a sandwich assay and measurements in vacuum allowed a 

minimum detectable concentration of 1.5 fM in almost 4 hours [44]. 

Very recently, Tamayo and co-workers demonstrated the use of microcantilever

optoplasmonic and mechanical resonator, allowing detection of biomarkers from serum at the aM level 

, with measurements performed in 

. More details about this approach will 

An alternative way to operate cantilevers 

in dynamic mode is through the phase-

mode. Indeed, the phase 

difference between the actuation and 

amplitude of the oscillator, expressed in 

can be used to track the 

variation of the resonance frequency due 

for example to mass adsorption. At 

resonance, the phase shift is equal to –π/2 

and, by using an actuation signal shifted 

ount, a negative feedback 

system is used to adjust the actuation 

to the resonance frequency f0 

Figure 1.5 – Resonance frequency shifts due to the
deposition of two different proteins
clamped beam (inset) used as mass spectrometer
Adapted from [40]. 
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biological recognition is limited by the 

resonance peak and severely reduces 

the oscillation amplitude, limiting the minimum resonance shift that can be effectively detected. So, 

most of the experiments reported in literature are performed in liquid for the bioadsorption of the 

target recognition, while the measurement of resonance frequency is performed in air 

Nonetheless, there are also examples of 

pproaches used to overcome 

In 2001 Ilic et al. demonstrated the detection of a single E.coli cell on a cantilever coated with a 

n the cell membrane. Measurements were 

performed in air, with the best value of the sensitivity among the used cantilever of 7.1 Hz/fg [42]. In 

2004, Hwang et al. demonstrated the use of a microcantilever incorporating a piezotransducer element 

continuous measurement of PSA recognition from diluted 

[43]. Ilic et al. in 2005 

demonstrated the use of nanocantilevers with a single gold spot close to the free end of the oscillator to 

strand DNA molecules. Detection of a single 

monstrated in vacuum, with a mass sensitivity of the resonator 

much higher sensitivity was instead demonstrated in 2009 by Waggoner et al. on a 

slightly different nanomechanical geometry respect to cantilever, made of a suspended paddle-like 

structure. In this case, the application of a sandwich assay and measurements in vacuum allowed a 

rated the use of microcantilevers as hybrid 

optoplasmonic and mechanical resonator, allowing detection of biomarkers from serum at the aM level 

frequency shifts due to the 
of two different proteins on a double 

clamped beam (inset) used as mass spectrometer. 
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in order to null the difference on the two shifts values. This approach allows real time and fast 

measurements but does not provide information about

oscillator. The PLL configuration was fruitfully used

using a double clamped beam configuration as a nanomechanical mass spectrometer, by introducing 

different nanoparticles and protein species by electrospray injection, whose 

nanomechanical resonator produces 

to the mass of the deposited species. As a proof of concept, distinction of bovine serum albumin and β

amilase proteins was demonstrated, as

resonance shift on the adsorption position was subsequently solved by measuring simultaneously the 

first two modes of vibration of the resonator 

The oscillatory behavior of suspended cantilever in the low frequency regime (< 1kHz) has been 

recently exploited by Longo and co-

and S. Aureus) to different concentrations of antibiotics, strongly reducing the time of analysis from 

days or weeks to just few minutes [47]

 
Figure 1.6 – (a) Cantilever deflection (top) and its variance (down) due to E.coli
immobilization on the oscillator under different conditions. The addition of a nutritive 
medium (LB) increase the bacterial activity and the cantilever oscillation, while exposure 
to antibiotics strongly reduce these oscillations, due to the cellular deat
variance of oscillation as a function of antibiotic concentration.

Indeed, the metabolic activity of bacteria immobilized on a cantilever in a liquid environment induces 

the oscillator to fluctuate, with higher amplitude in presence of a 

Figure 1.6a, where the cantilever oscillation and its variance on the different steps are reported.

addition of a solution with ampicillin

allowing to determine the minimum inhibitory and bactericidal concentrations (MIC/MBC, 

respectively, see Figure 1.6b), that resulted in good agreement with 

conventional method. The cellular behavior in resistant bacteria were also studied in

time after antibiotic exposure.  

 

 

 

 

in order to null the difference on the two shifts values. This approach allows real time and fast 

measurements but does not provide information about the resonance spectra and the Q factor of the 

was fruitfully used for example by Roukes’ group in 2009

using a double clamped beam configuration as a nanomechanical mass spectrometer, by introducing 

different nanoparticles and protein species by electrospray injection, whose 

 steep reductions of the resonance frequency that can be associated 

. As a proof of concept, distinction of bovine serum albumin and β

demonstrated, as shown in Figure 1.5. The problem of the dependence of the 

the adsorption position was subsequently solved by measuring simultaneously the 

of the resonator [46]. 

The oscillatory behavior of suspended cantilever in the low frequency regime (< 1kHz) has been 

-workers to assess the resistance of two different bacteria ( 

) to different concentrations of antibiotics, strongly reducing the time of analysis from 

[47].   

(a) Cantilever deflection (top) and its variance (down) due to E.coli
immobilization on the oscillator under different conditions. The addition of a nutritive 
medium (LB) increase the bacterial activity and the cantilever oscillation, while exposure 
to antibiotics strongly reduce these oscillations, due to the cellular death. (b) Normalized 
variance of oscillation as a function of antibiotic concentration. 

Indeed, the metabolic activity of bacteria immobilized on a cantilever in a liquid environment induces 

the oscillator to fluctuate, with higher amplitude in presence of a nutritive medium (LB)

where the cantilever oscillation and its variance on the different steps are reported.

addition of a solution with ampicillin antibiotic caused the rapid reduction of cantilever oscillation, 

o determine the minimum inhibitory and bactericidal concentrations (MIC/MBC, 

that resulted in good agreement with the values obtained from 

conventional method. The cellular behavior in resistant bacteria were also studied in 
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in order to null the difference on the two shifts values. This approach allows real time and fast 

the resonance spectra and the Q factor of the 

Roukes’ group in 2009 [40], 

using a double clamped beam configuration as a nanomechanical mass spectrometer, by introducing 

different nanoparticles and protein species by electrospray injection, whose landing on the 

of the resonance frequency that can be associated 

. As a proof of concept, distinction of bovine serum albumin and β-

The problem of the dependence of the 

the adsorption position was subsequently solved by measuring simultaneously the 

The oscillatory behavior of suspended cantilever in the low frequency regime (< 1kHz) has been 

of two different bacteria ( E. Coli 

) to different concentrations of antibiotics, strongly reducing the time of analysis from 

(a) Cantilever deflection (top) and its variance (down) due to E.coli 
immobilization on the oscillator under different conditions. The addition of a nutritive 
medium (LB) increase the bacterial activity and the cantilever oscillation, while exposure 

h. (b) Normalized 

Indeed, the metabolic activity of bacteria immobilized on a cantilever in a liquid environment induces 

nutritive medium (LB), as reported in 

where the cantilever oscillation and its variance on the different steps are reported. The 

the rapid reduction of cantilever oscillation, 

o determine the minimum inhibitory and bactericidal concentrations (MIC/MBC, 

the values obtained from 

 terms of recovery 
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1.4.3 Actuation and detection techniques 

When used in dynamic mode, cantilevers need to be actuated by a perturbing driving force that lead 

the structure to resonate. In this condition, just a small applied force is enough to produce wide 

oscillation amplitude.  

Without any source of actuation, the cantilever motion is driven by the thermal noise, proportional to 

kBT, where kB is the Boltzmann constant and T the temperature. Nonetheless, as explained by Gupta 

and co-workers [48], the minimum detectable shift of frequency is inversely proportional to the 

oscillation amplitude and to the Q factor and these quantities are strongly increased with an actuation 

source, improving the mass resolution of the resonator [49]. Based on what reported in literature, 

actuation of cantilever can be performed both through external or internal sources.  

External actuation can be obtained by a piezoelectric material driven by a sinusoidal electrical signal 

and mechanically coupled to the oscillator, as commonly found in the scanning probe microscopes.  

Photothermal excitation can also be used to actuate micro or nanocantilever, by using a modulated 

laser focused on the cantilever support at a short distance from the clamped end. This effect was 

demonstrated by Ilic et al. in 2005 [50], on Silicon or Silicon Nitride cantilevers, showing that the 

actuation effect exponentially decays with the distance from the clamping area and that the driving 

effect is due mainly to heat transfer, while acoustic effects due to laser pulsing are minor. This 

approach demonstrated to be useful for actuation of nanostructures of width below the diffraction limit 

of the exciting wavelength.  

Electrostatic actuation can be obtained by depositing a metal layer on the cantilever (acting as an 

electrode) that faces a counter-electrode on the solid substrate. The introduction of a RF sinusoidal 

current determines an oscillatory electrical field that leads the cantilever to oscillate. This technique 

has been used, as an example, for the actuation of suspended microchannel resonators, that will be 

treated with more details in Chapter 5.  

Internal actuation is instead obtained by incorporating a piezoelectric or a magnetostrictive (that is, a 

material whose shape changes when exposed to a magnetic field) layer. By feeding the cantilever with 

a sinusoidal current or by applying an oscillating magnetic field, respectively, the cantilever can be 

lead to resonance. As an alternative, by incorporating an electrical circuitry fed with a current within 

the cantilever and applying an external magnetic field, the oscillator motion can be obtained by the 

Lorentz force developed in it. All this approaches have been applied especially for measurements in 

liquid environment [51], avoiding the use of external piezoelectric element that could increase the 

noise during measurements [52]. Nonetheless, these kind of internal actuators could lead to thermal 

drift issues due to the presence of circulating electrical currents within the resonator.  

Both in static and dynamic operations, the mechanical transduction of the molecular binding effect 

(structural bending for static mode, resonance frequency shift for dynamic mode) needs to be 

converted into a measurable signal to be processed and the readout scheme itself can strongly 

influence the overall performance of the device.  
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Among detection techniques, the most widely used for static and dynamic deflection of cantilever is 

the optical lever method, commonly 

measurements principle is reported in 

from the cantilever surface to a 

segmented photodiode (with 2 or 4 

quadrants) or to a position sensitive 

detector (PSD) placed at a distance 

several orders of magnitude bigger

the cantilever deflection, in order to 

amplify the displacement of the reflected 

spot on the detector. In the case of 

photodiode, each segment produces an 

electrical signal dependent on the light 

energy striking its sensitive area. At the 

beginning of the measurement, the 

reflected laser spot is aligned in order to 

be at the center of the photodiode

when the cantilever deflection occurs due 

to static bending or oscillation at frequency,

signal from the two or four segments, the location

Position sensitive detectors are photodiodes with uniform resistance in one or two dimensions and the 

incident light produces two photocurrents inversely proportional to the distance of the spot from th

edge of the detector, whose difference

The optical lever technique can measure deflection in the order of angstroms, but is ineffective in 

opaque fluids or in liquids with suspended particle

cantilever dimensions below the wavelength of the laser.

Parallel measurements of arrays of res

increasing the throughput of the measurement, 

where the rare number of binding events on a single element is compensated by the high number of 

resonators of the array. The first proposed approach

for each cantilever, but leads to complexity

components. To solve this problem,

emitting diodes (LED) or vertical cavity surface emitting laser (VCSEL) 

single laser can be used to scan all the cantilevers of the array, by moving the laser source 

the cantilever array [55]. As an alternative, the cantilever ar

collimated laser and the reflected beam from each element is collected by a CCD camera, monitoring 

the changes in the location of each spot 

Recently, Ekinci’s group has proposed a near

array of nanocantilevers. This exploiting a

 

Among detection techniques, the most widely used for static and dynamic deflection of cantilever is 

the optical lever method, commonly used in atomic force microscopy. A schematic of the 

measurements principle is reported in Figure 1.7. This method exploits the reflection of a laser beam 

from the cantilever surface to a 

segmented photodiode (with 2 or 4 

n sensitive 

placed at a distance 

bigger than 

, in order to 

the displacement of the reflected 

spot on the detector. In the case of the 

, each segment produces an 

electrical signal dependent on the light 

energy striking its sensitive area. At the 

ement, the 

is aligned in order to 

be at the center of the photodiode and 

cantilever deflection occurs due 

to static bending or oscillation at frequency, the spot position changes; by comparing the electrical 

signal from the two or four segments, the location of the centroid of the laser spot can be determined. 

Position sensitive detectors are photodiodes with uniform resistance in one or two dimensions and the 

incident light produces two photocurrents inversely proportional to the distance of the spot from th

, whose difference is processed and related to the displacement of the cantilever.

ptical lever technique can measure deflection in the order of angstroms, but is ineffective in 

uids with suspended particles. Also, its application becomes cumbersome with 

cantilever dimensions below the wavelength of the laser. 

Parallel measurements of arrays of resonators is extremely useful to reduce the analysis time, 

increasing the throughput of the measurement, but also in the case of low concentration of the target, 

where the rare number of binding events on a single element is compensated by the high number of 

proposed approach [14] was to use one laser source and one detector 

for each cantilever, but leads to complexity and costs from integration of multiple and repeated 

. To solve this problem, sequential illumination of cantilevers with an array of light 

emitting diodes (LED) or vertical cavity surface emitting laser (VCSEL) has been 

laser can be used to scan all the cantilevers of the array, by moving the laser source 

As an alternative, the cantilever array can be illuminated with a single, 

collimated laser and the reflected beam from each element is collected by a CCD camera, monitoring 

s in the location of each spot [56], [57].  

Recently, Ekinci’s group has proposed a near-field based optical technique to actuate and measure an 

ploiting a fiber taper positioned close (about 270 nm) to the array, 

Figure 1.7 – Optical lever scheme, with details of the 
effect of the cantilever oscillation in y or in x direction 
on the photodetector.  
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Among detection techniques, the most widely used for static and dynamic deflection of cantilever is 

used in atomic force microscopy. A schematic of the 

s the reflection of a laser beam 

by comparing the electrical 

of the centroid of the laser spot can be determined. 

Position sensitive detectors are photodiodes with uniform resistance in one or two dimensions and the 

incident light produces two photocurrents inversely proportional to the distance of the spot from the 

is processed and related to the displacement of the cantilever. 

ptical lever technique can measure deflection in the order of angstroms, but is ineffective in 

Also, its application becomes cumbersome with 

to reduce the analysis time, 

in the case of low concentration of the target, 

where the rare number of binding events on a single element is compensated by the high number of 

to use one laser source and one detector 

from integration of multiple and repeated 

cantilevers with an array of light 

 proposed. Also, a 

laser can be used to scan all the cantilevers of the array, by moving the laser source [53], [54] or 

ray can be illuminated with a single, 

collimated laser and the reflected beam from each element is collected by a CCD camera, monitoring 

field based optical technique to actuate and measure an 

about 270 nm) to the array, 

Optical lever scheme, with details of the 
effect of the cantilever oscillation in y or in x direction 
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where two lasers, one for the 

reported in Figure 1.8a: the optical dipole forces from the field gradients 

around the taper are used to actuate the cantilever, while 

of the second laser are used to sense the displacement. With this technique, up to 63 independent 

nanocantilevers, with growing length and so with we

measured, as reported in Figure 1.

 
Figure 1.8 – (a) Experimental scheme of the actuation and detection through near field 
effect on an array of nanocanti
intensity modulator (EOM), an erbium doped fiber amplifier (EDFA), a variable optical 
attenuator (VOA) and a fiber polarization controller (PC) and combined through a 
wavelength division multiplexer
through the fiber taper and are separated, by another WDM, to two high
photodetectors (PD). A spectrum analyzer (SA) is used to measure the noise, while phase
sensitive detection (PSD) is perfo
response. (b) Resonance spectra of 63 independent cantilevers, with different length
order to obtain a well separated resonance frequency.

A power of 50 µW was enough to allow the motion of all the cantile

laser was at 100 µW. The technique showed a sensitivity to motion of 2

Another optical detection technique is based 

on the interferometric effect. On a 

Michelson interferometer (see Figure 1.9

the cantilever to measure (movable part) and 

a mirror (fixed part) are placed at the same 

distance from a beam splitter. The reflected 

laser beams from the two elements can 

interfere constructively or destructively 

depending on the two optical paths, so, 

when the cantilever is deflecting

intensity collected by the pho
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the actuation and one for the read out, are combined, following the setup 

: the optical dipole forces from the field gradients generated by the first laser 

around the taper are used to actuate the cantilever, while the scattering of the evanescent optical waves 

of the second laser are used to sense the displacement. With this technique, up to 63 independent 

rowing length and so with well separated resonance frequencies

reported in Figure 1.8b.  

(a) Experimental scheme of the actuation and detection through near field 
effect on an array of nanocantilevers. The driving laser passes through an electro
intensity modulator (EOM), an erbium doped fiber amplifier (EDFA), a variable optical 
attenuator (VOA) and a fiber polarization controller (PC) and combined through a 
wavelength division multiplexer to the probe laser from another PC. The two lasers pass 
through the fiber taper and are separated, by another WDM, to two high
photodetectors (PD). A spectrum analyzer (SA) is used to measure the noise, while phase
sensitive detection (PSD) is performed through a network analyzer to measure the 
response. (b) Resonance spectra of 63 independent cantilevers, with different length
order to obtain a well separated resonance frequency. 

A power of 50 µW was enough to allow the motion of all the cantilevers of the array, while the probe 

laser was at 100 µW. The technique showed a sensitivity to motion of 2-8 pm·Hz

Another optical detection technique is based 

interferometric effect. On a 

see Figure 1.9), 

the cantilever to measure (movable part) and 

a mirror (fixed part) are placed at the same 

distance from a beam splitter. The reflected 

laser beams from the two elements can 

re constructively or destructively 

depending on the two optical paths, so, 

when the cantilever is deflecting, the light 

intensity collected by the photodiode 

Figure 1.9 – Schematic of a Michelson interferometer 
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actuation and one for the read out, are combined, following the setup 

generated by the first laser 

the scattering of the evanescent optical waves 

of the second laser are used to sense the displacement. With this technique, up to 63 independent 

ll separated resonance frequencies, were 

(a) Experimental scheme of the actuation and detection through near field 
levers. The driving laser passes through an electro-optic 

intensity modulator (EOM), an erbium doped fiber amplifier (EDFA), a variable optical 
attenuator (VOA) and a fiber polarization controller (PC) and combined through a 

laser from another PC. The two lasers pass 
through the fiber taper and are separated, by another WDM, to two high-speed 
photodetectors (PD). A spectrum analyzer (SA) is used to measure the noise, while phase-

rmed through a network analyzer to measure the 
response. (b) Resonance spectra of 63 independent cantilevers, with different lengths in 

vers of the array, while the probe 

8 pm·Hz-1/2. 

Schematic of a Michelson interferometer  
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changes in relation to the variation of the optical path. Displacements of the order of 0.01 Å can

measured, but this technique, in addition to the limitations of the optical lever method, show

limited dynamic range.  

The use of interferometric technique has been recently applied by Sampathkumar and co

monitor on parallel a wide array of double clamped beam resonators, 

effect of an infrared laser shone on the whole array 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By using the adaptive holographic interferometry

the high-frequency phase modulation due to 

photorefractive crystal to a low frequency intensity modulation

also allows high spatial resolution, in order to identify the resonating beam at a certain actuation 

frequency. Detection of displacements at the second mode of vibration, even wi

of oscillation, has been demonstrated. With this technique and the geometrical dimensions of the 

array, parallel read out of up to 1000 resonators is feasible, without stringent requirements of 

alignment of the laser on the array. Figu

while Figure 1.10c displays the output of the technique, where the color scale represents the 

displacement of each point of the resonator 

Figure 1.10 – (a) Schematics of the interferometric setup 
(red laser) and detection (green laser) of multiple resonators. (b) SEM image 
of the double clamped beam array. (c) Image of the array collected by the 
CCD camera, where deflection of some resonators is visible; the scale bar 
report the displacement for each pixel. Adapted from 

 

changes in relation to the variation of the optical path. Displacements of the order of 0.01 Å can

measured, but this technique, in addition to the limitations of the optical lever method, show

The use of interferometric technique has been recently applied by Sampathkumar and co

rray of double clamped beam resonators, actuated by the photothermal 

laser shone on the whole array [58]. 

By using the adaptive holographic interferometry through the optical setup reported 

frequency phase modulation due to the resonating structures is converted by the use of a 

to a low frequency intensity modulation, detectable with a com

also allows high spatial resolution, in order to identify the resonating beam at a certain actuation 

frequency. Detection of displacements at the second mode of vibration, even with reduced amplitude 

of oscillation, has been demonstrated. With this technique and the geometrical dimensions of the 

array, parallel read out of up to 1000 resonators is feasible, without stringent requirements of 

Figure 1.10b reports a typical array of double clamped beams used, 

the output of the technique, where the color scale represents the 

displacement of each point of the resonator at an actuation frequency of 22 MHz. 

(a) Schematics of the interferometric setup used for actuation 
(red laser) and detection (green laser) of multiple resonators. (b) SEM image 
of the double clamped beam array. (c) Image of the array collected by the 
CCD camera, where deflection of some resonators is visible; the scale bar 

displacement for each pixel. Adapted from [58] 
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changes in relation to the variation of the optical path. Displacements of the order of 0.01 Å can be 

measured, but this technique, in addition to the limitations of the optical lever method, shows a very 

The use of interferometric technique has been recently applied by Sampathkumar and co-workers to 

actuated by the photothermal 

through the optical setup reported in Figure 1.10a 

onverted by the use of a 

detectable with a common CCD. This 

also allows high spatial resolution, in order to identify the resonating beam at a certain actuation 

th reduced amplitude 

of oscillation, has been demonstrated. With this technique and the geometrical dimensions of the 

array, parallel read out of up to 1000 resonators is feasible, without stringent requirements of 

a typical array of double clamped beams used, 

the output of the technique, where the color scale represents the 

used for actuation 
(red laser) and detection (green laser) of multiple resonators. (b) SEM image 
of the double clamped beam array. (c) Image of the array collected by the 
CCD camera, where deflection of some resonators is visible; the scale bar 
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Capacitive detection technique has also been developed, considering the cantilever as one of the 

parallel plates of a capacitor and relating the change of capacitance to the cantilever bending. Even if 

this technique is simple to be integrated in electronic circuitry (CMOS), its application is limited by 

several issues: the distance between the cantilever and the substrate should be as small as possible to 

increase the sensitivity, but stiction problems may obstacle the measurements. Also, the presence of 

analyte in the gap modifies the dielectric constant between the plates and should be accounted for. The 

capacitance is also dependent on the area of the plates, so reduction of the cantilever dimensions is 

lowering the sensitivity. Finally, its application is limited to low frequency dynamic measurements, as 

the circuitry can be seen as a low pass filter, with cut off frequency inversely proportional to 

capacitance.  

Piezoresistive detection allows measurements of cantilever deflection by evaluating the changes of the 

material resistance with the strain. It consists of incorporating into or onto the cantilever structure a 

metallic foil or a semiconducting element as strain gauge, and the change in resistance is commonly 

measured by a Wheatstone bridge placed at the base of the cantilever. This all-electronic technique 

allows miniaturization and integration of multiple sensors on the same chip, with limitations that could 

come just from wiring of all the elements. This technique is the second most common after optical 

lever detection, even if revealed to be less sensitive to small deflection. As additional drawbacks, as 

the electrical current flows through the cantilever, local heating issues and thermal drift can occur; this 

technique can suffer also of thermal, electronic and conductance noise and non linearity of the piezo 

response [14].  

1.5  The micropillar technology 

An emerging alternative to the horizontal geometry of cantilevers and double clamped beams is 

represented by vertically oriented oscillators. This kind of resonators was first introduced in 2008 by 

the Oesterschulze’s group [59], where these vertical columnar resonators with almost 10 x 15 µm2 of 

top area were obtained initially as isolated columns (Figure 1.11a) and then fabricated inside a 

protective well, as shown in Figure 1.11b. In the latter configuration, these resonators were fabricated 

both on silicon substrate or on a silicon nitride membrane, whose resonance lead to the motion of the 

central column. The use of these resonators as mass sensors was demonstrated measuring the shift 

induced by silica beads deposited on the top area, demonstrating a mean sensitivity around 0.8 Hz/fg, 

and to measure the influence of different gases on the resonance shift and the damping behavior [60], 

[61]. 

On parallel, smaller vertical resonators (micropillars, with top area of 3x8 µm2, Figure 1.11c) were 

exploited by Melli during his PhD project to fabricate a new type of fast and sensitive mechanical 

biosensor [62].  

Thanks to their geometry, micropillars have shown several advantages compared to the horizontal 

cantilever. First, they can be fabricated at very high density (up to thousands per mm2), that means 

possibility of highly parallel detection of the adsorbed biomolecules. The highly packed configuration 
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results in a rough surface where the superhydrophobic Cassie

liquid drop is in contact only with the top area of pillars, without wetting the lateral walls of th

resonator.  

 

Figure 1.11 – SEM images of different examples
isolated pillars fabricated in Oesterchulze’s group; (c) smaller, tapered silicon resonator 
obtained by Melli. Adapted from 

The tapered shape of micropillar allows selective deposition of gold (used as a substrate for the 

immobilization of thiolated receptor molecules) on the top of pillar (and on the ground of the matrix), 

without affecting the lateral walls. In this way, when exposed to a solution of thiolated molecules, 

Cassie-Baxter configuration allows 

molecular adsorption does not induce stresses or changes in the elastic constant of the resonator

previously seen on cantilevers and double clamped beams.

The tapered shape has another big advantage, confining the stress at the base of the resonator during 

movement and increasing the amplitude of 

pillars are not affected by eventual 

of the cantilevers; in addition, when passing from wet to dry environment, pillars are not affected by 

stiction phenomena that instead represent a problem on cantilevers, especially for those separated fro

the substrate by only few microns.  

The small, localized adsorption area of the top of the pillars allows also a 

compared to larger, planar sensors. This improved dynamic was demonstrated by Melli in 2011

by studying the kinetic of formation of 

(SH-ssDNA) and the hybridization efficiency.

He found that, at 1 µM concentration

saturation of the top area of pillars, with a

comparison, the same concentration on the flat

led to lower density, even after more than three hours 

This different behavior was explained considering that the 

pillars is comparable to the molecular diffusion 

surrounded by non adsorbing areas, molecules can diffuse from a spherical

planar sensor, diffusion is from a columnar volume, requiring a longer path for molecules to reach and 

 

where the superhydrophobic Cassie-Baxter state can be obtained

liquid drop is in contact only with the top area of pillars, without wetting the lateral walls of th

SEM images of different examples of vertical silicon resonators: (a,b) large, 
isolated pillars fabricated in Oesterchulze’s group; (c) smaller, tapered silicon resonator 
obtained by Melli. Adapted from [59] (a), [60] (b) and [62] (c). 

The tapered shape of micropillar allows selective deposition of gold (used as a substrate for the 

receptor molecules) on the top of pillar (and on the ground of the matrix), 

without affecting the lateral walls. In this way, when exposed to a solution of thiolated molecules, 

 to limit the adsorption only to the top area of the pillars

not induce stresses or changes in the elastic constant of the resonator

s and double clamped beams. 

The tapered shape has another big advantage, confining the stress at the base of the resonator during 

movement and increasing the amplitude of the oscillation at resonance. Due to the fabrication process, 

not affected by eventual residual stresses that could instead produce an unwanted 

of the cantilevers; in addition, when passing from wet to dry environment, pillars are not affected by 

stiction phenomena that instead represent a problem on cantilevers, especially for those separated fro

 

The small, localized adsorption area of the top of the pillars allows also a faster kinetic of adsorption 

. This improved dynamic was demonstrated by Melli in 2011

by studying the kinetic of formation of a self assembled monolayer of thiolated, single strand

and the hybridization efficiency. The main results are reported in Figure 1.

He found that, at 1 µM concentration of SH-ssDNA, 1 minute of incubation was enough to reach the 

saturation of the top area of pillars, with a calculated density of 2.1 ± 0.1 x 10

the same concentration on the flat, larger surface of a Surface Plasmon Resonator (SPR) 

led to lower density, even after more than three hours [64] . 

different behavior was explained considering that the linear dimension of the 

molecular diffusion length and, considering that the sensitive area is 

as, molecules can diffuse from a spherical volume. On parallel, on the 

columnar volume, requiring a longer path for molecules to reach and 
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Baxter state can be obtained, where the 
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area of the pillars, so that 
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The tapered shape has another big advantage, confining the stress at the base of the resonator during 

oscillation at resonance. Due to the fabrication process, 

an unwanted bending 

of the cantilevers; in addition, when passing from wet to dry environment, pillars are not affected by 

stiction phenomena that instead represent a problem on cantilevers, especially for those separated from 

faster kinetic of adsorption 

. This improved dynamic was demonstrated by Melli in 2011 [63], 

, single strand DNA 

in Figure 1.12.  
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columnar volume, requiring a longer path for molecules to reach and 
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diffusion on nanosized sensors

 

 
Figure 1.12 – (a) Comparison of kinetics of diffusion of thiolated DNA on pillars at 
different concentrations (black, red and blue markers) respect to the output of SPR (green 
marker, from [64] ): at the same concentration, the saturation of the sensitive area is 
reached in 3 order of magnitude less time. (b) Hybridization efficiency of micropillars as a 
function of the SAM density: the inset shows the results of two different concentrations, 
showing that even al 100 nM concentratio
efficiency is reached in one hour.

Hybridization experiment at different DNA density were also performed, finding a decrease of the 

efficiency on more dense SAMs (Figure 1.

40% was reached, while on SAMs of the same density analyzed with SPR, this value was from two to 

four times lower, suggesting that, again, diffusion plays a fundamental role on the 

sensor.  

1.6  Scope of the project

The aim of this project is to exploit the advantages of the micropillars technology for the detection of 

circulating biomarkers also from complex systems as the human plasma. The first part of the activities 

has been focused on the study of a proper hydrophobization treatment to obtain

superhydrophobic Cassie Baxter state on the array without affecting the mass resolution of the 

resonator itself and, at the same time, to form a stable biofunctional layer on top of the pillar.

The optimized system has been used for the detection

(PSMA), a promising alternative biomarker 

distinguish patients with prostate cancer respect to other diseases.

In addition, the reduced interaction of the resonato

investigated as a solution for the direct measurement of the resonance frequency, and so of the 

biomolecular adsorption in liquid environment.
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diffusion on nanosized sensors, as previously discussed in § 1.3.  

(a) Comparison of kinetics of diffusion of thiolated DNA on pillars at 
different concentrations (black, red and blue markers) respect to the output of SPR (green 

): at the same concentration, the saturation of the sensitive area is 
reached in 3 order of magnitude less time. (b) Hybridization efficiency of micropillars as a 
function of the SAM density: the inset shows the results of two different concentrations, 

owing that even al 100 nM concentration of the complementary DNA, the maximum 
efficiency is reached in one hour. Adapted from [63]. 

Hybridization experiment at different DNA density were also performed, finding a decrease of the 

efficiency on more dense SAMs (Figure 1.12b). Interestingly, for the higher density, hybridization of 

as reached, while on SAMs of the same density analyzed with SPR, this value was from two to 

four times lower, suggesting that, again, diffusion plays a fundamental role on the 

Scope of the project 

exploit the advantages of the micropillars technology for the detection of 

also from complex systems as the human plasma. The first part of the activities 

has been focused on the study of a proper hydrophobization treatment to obtain

superhydrophobic Cassie Baxter state on the array without affecting the mass resolution of the 

resonator itself and, at the same time, to form a stable biofunctional layer on top of the pillar.

The optimized system has been used for the detection of Prostate Membrane Specific Antigen 

(PSMA), a promising alternative biomarker compared to Prostate Specific Antigen (PSA) to better 

distinguish patients with prostate cancer respect to other diseases. 

In addition, the reduced interaction of the resonator with liquid in the Cassie

as a solution for the direct measurement of the resonance frequency, and so of the 

biomolecular adsorption in liquid environment.  
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Chapter 2 

Micropillars fabrication and 
characterization 

In this chapter the fabrication steps and the protocols developed for micropillar production, cleaning 

and functionalization are described. Pillars arrays have been characterized for their wettability on 

superhydrophobic configuration and by measuring their resonance frequency, to define the amount of 

deposited mass. The tests performed to assess superhydrophobicity and the techniques used to measure 

resonance frequency are illustrated. 

2.1  Microfabrication processes 

Silicon micropillars production involves microfabrication processes commonly used in integrated 

circuitry industry. Such operations are performed in a clean room environment (class 10-1000), 

characterized by controlled temperature, illumination and humidity, to allow production in standard 

and reproducible conditions. Also environmental dust density is controlled, considering that airy 

particles are of the same dimension of the fabricated structures and their presence on devices would 

make them not usable. Table 2.1 reports the clean room classification based on number and size of 

particles per unit volume of air, following the US FED STD 209E and the corresponding ISO 

standards.  

Table 2.1 – Clean room classification based on US FED STD 209E and ISO 
14644-1 standards. 

FED STD 209E 
classification 

maximum number of particles/m3 ISO 14644-1 
classification ≥ 0.1 µm ≥ 0.2 µm ≥ 0.3 µm ≥ 0.5 µm ≥ 1 µm ≥ 5 µm 

Class 1 1000 237 102 35 8.3 0.29 ISO 3 

Class 10 10000 2370 1020 352 83 2.9 ISO 4 

Class 100 100000 23700 10200 3520 832 29 ISO 5 

Class 1000 1000000 237000 102000 35200 8320 293 ISO 6 

 

Below the microfabrication techniques involved in micropillars production are briefly explained. 
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2.1.1 Thin film deposition 

Deposition of thin layers of materials is crucial in microfabrication, as it allows to protect, change 

locally the surface properties of the wafer during fabrication or create substrates for (bio-) chemical 

functionalization. These techniques involve physical and/or chemical processes. 

 Chemical vapor deposition (CVD): chemically reactive volatile precursors are used, which 

react directly on the wafer surface or in the chamber reaction and then deposit on thin layer on 

the substrate. The process is usually performed in a vacuum chamber, where reagents 

composition, temperature and pressure are the main parameters to control the reaction. With 

this process, different materials can be deposited, from inorganics (silicon nitride, silicon 

dioxide, to name a few) to carbon nanotubes, polymers or short organic chains, as for example 

alkano-derivatives. A radio frequency (RF) plasma can be introduced to excite or ionize the 

gas precursors, increasing their chemical reactivity, and to perform the reaction at lower 

temperatures than CVD, allowing deposition of materials with low melting point or large 

thermal expansion coefficient mismatch. This latter technique is known as Plasma enhanced 

CVD (PECVD). An example of PECVD process used in micropillar fabrication is the 

deposition of silicon dioxide, using silane and oxygen as reagents, with the reaction SiH4+O2 

 SiO2 + 2H2. 

 Spin coating: this operation allows the formation of an homogenous thin film of a material – 

typically a polymer – on a substrate. The wafer is put on a spinner and the solution of the 

material of interest is poured at the wafer center; by centrifugal force the liquid is spread on 

the whole substrate and the excess is spun off. The solvent is usually a volatile component that 

evaporates at air. The parameters that determine the final thickness are the acceleration and 

spin rate, the viscosity of the solution, the spin time, the solvent evaporation rate and the 

wettability of the substrate. The thickness of the deposited film can vary from hundreds of 

nanometer to tens of micron. After spinning, the wafer is put on a hot plate for soft-baking in 

order to evaporate the residual solvent and anneal the mechanical stress of the spun layer. 

 Physical deposition: material atoms – typically a metal – are removed from the material 

source (target) and deposited on thin layer on the substrate. This operation is commonly done 

at high vacuum (10-6 Torr) to avoid interaction of evaporated molecules with pollutants that 

could affect the quality of the deposited film. Deposition can be performed by evaporation, 

where the target material is heated and evaporated by electrons emitted by a filament (e-beam 

evaporation) or by the Joule effect produced by a current passing through a filament or a boat 

containing the target (thermal evaporation). Evaporation rates are usually of the order of 1Å/s 

or less, to control the roughness and homogeneity of the deposited layer. Deposition can be 

done also through sputtering, where metal atoms are displaced from the target by plasma ion 

bombardment created on a sputter gas by a DC or RF voltage. The sputter gas can be inert, as 

argon, or mixed to reactive gases, as for example oxygen, that is used to deposit metal oxide 

layers. 
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 Thermal oxidation: it is used to create a thin silicon dioxide layer on the surface of a silicon 

wafer, by exposing the latter to an atmosphere of oxygen (dry oxidation, with the reaction Si + 

O2  SiO2) or oxygen and water vapor (wet oxidation, Si + 2H2O  SiO2 + H2) in a furnace 

at high temperatures (usually from 800 to 1100°C). The desired thickness depends on 

temperature, time and type of the process. Wet oxidation is faster than dry process, but leads 

to more porous oxide layer, that is less resistant to chemical attack if used as a protective 

layer. 

2.1.2 Lithography 

This operation is used to transfer the desired pattern on the wafer substrate, to create protected and 

exposed areas for the following fabrication steps. For micropillar fabrication, two lithographic 

techniques have been applied, namely optical lithography and electron beam lithography. 

 Optical lithography: the pattern is transferred from an optical mask to the wafer by 

ultraviolet light. The mask is made of silica or quartz glass with a thin metallic pattern 

(usually chromium) that screens the transmission of light on specific areas. The wafer is 

usually spin coated with a photosensitive layer (photoresist) that can be positive or negative: 

in the first case, the photoresist becomes soluble to a specific developer on the exposed areas, 

while in negative resists the areas not illuminated are removed by the developer. After soft 

baking to evaporate the resist solvent, the wafer is placed on a mask aligner, made basically of 

an UV light source (usually a mercury lamp, with main lines at 365.4, 404.7 and 435.8 nm) 

and optical and mechanical components to align the wafer with the optical mask. The 

resolution lmin (namely, the minimum pattern dimension that can be resolved) can be 

calculated as [1]  

���� = 3�
�

�
. �g +

�

�
�   E 2. 1 

where λ is the wavelength, n the refractive index of the photoresist, g the gap between the 

mask and the photoresist and d the resist thickness. In order to increase the resolution, contact 

exposure can be used (g = 0), while lower wavelengths (as in the case of X-ray lithography) 

are exploited to reduce the diffraction limit, due to interaction of light with patterns of the 

same dimension of the wavelength. Maximum resolution with mercury lamp is around 150 

nm, while with X-ray lithography this limit is reduced to 20 nm.  

After exposure, a thermal treatment (post-exposure bake) is often required to allow diffusion 

and reaction of photoreaction products and to enhance the contrast (the difference of solubility 

between exposed and unexposed areas).  

Optical lithography is commonly used to pattern micro/nano sized structures on a large scale 

and is suitable for industrial, massive production. 
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 Electron beam lithography

sensitive resist and the pattern is realized 

electromagnetically focused scanning electron beam. This allows resolution below the 10 nm 

limit, depending mainly on the resist properties. The main drawback of this technique is the 

expensive machinery required and the extremely low throughput, 

proportional to the patterned area.

 

After photon or electron exposure (and eventual post

specific developer solution, to remove the soluble portions of the resist

the desired protected/unprotected areas.

2.1.3 Lift off 

This step is commonly used for

hydrophobic/hydrophilic coatings, bio

layer is deposited and inversely patterned on the wafer, for example by lithographic techniqu

order to expose the portions of the wa

allow sharp cut of the patterned areas. 

much thinner than the sacrificial layer), 

of material. A scheme of the process is reported in Figure

 

 
Figure 2.

2.1.4 Etching 

Etching processes are used in top-down microfabri

mask layer on the below substrate, by removing

Etching is also used to remove whole

the reaction, etching can be roughly distinguished in wet and dry processes.

 Wet etching: this type of 

reacts selectively with the material to be removed without affecting the protective mask and/or 

the other materials deposited on the processed wafer.

in microfabrication are the react

SiO�

Patterned sacrificial layer 

 

Electron beam lithography (EBL): the wafer is coated with a thin layer of an electron

sensitive resist and the pattern is realized by directly writing the desired drawing through 

electromagnetically focused scanning electron beam. This allows resolution below the 10 nm 

inly on the resist properties. The main drawback of this technique is the 

machinery required and the extremely low throughput, as the required time is 

proportional to the patterned area. 

exposure (and eventual post-bake treatment), the wafer is immersed in a 

specific developer solution, to remove the soluble portions of the resist and to obtain

the desired protected/unprotected areas. 

This step is commonly used for deposition of a thin layer of material (metal mask, 

, bio-functional layers) on confined areas of the wafer. A sacrificial 

layer is deposited and inversely patterned on the wafer, for example by lithographic techniqu

of the wafer to be coated. The sacrificial layer has to be thick enough to 

allow sharp cut of the patterned areas. After thin layer deposition of the target material (

much thinner than the sacrificial layer), the wafer is immersed in a resist solvent to remove the excess 

. A scheme of the process is reported in Figure 2.1. 

Figure 2.1 – Scheme of the lift-off process. 

down microfabrication to transfer the two-dimensional pattern of the 

layer on the below substrate, by removing the excess of material out of the protected areas.

remove whole layers during cleaning processes. Based on the physic

the reaction, etching can be roughly distinguished in wet and dry processes. 

 process takes place in a chemical solution (etchant) that ideally 

reacts selectively with the material to be removed without affecting the protective mask and/or 

the other materials deposited on the processed wafer. Very common examples of wet etching 

in microfabrication are the reaction of silicon dioxide with hydrofluoric acid:

�(s)+ 6HF → H�SiOF�(aq)+ 2H�0 

Thin target layer deposition Sacrificial layer removal 
(e.g. hot acetone)
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the wafer is coated with a thin layer of an electron-

by directly writing the desired drawing through 

electromagnetically focused scanning electron beam. This allows resolution below the 10 nm 

inly on the resist properties. The main drawback of this technique is the 

the required time is 

bake treatment), the wafer is immersed in a 

and to obtain the wafer with 

deposition of a thin layer of material (metal mask, 

) on confined areas of the wafer. A sacrificial 

layer is deposited and inversely patterned on the wafer, for example by lithographic techniques, in 

layer has to be thick enough to 

target material (that should be 

wafer is immersed in a resist solvent to remove the excess 

mensional pattern of the 

the protected areas. 

layers during cleaning processes. Based on the physical state of 

ical solution (etchant) that ideally 

reacts selectively with the material to be removed without affecting the protective mask and/or 

Very common examples of wet etching 

ion of silicon dioxide with hydrofluoric acid: 
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Sacrificial layer removal  
(e.g. hot acetone) 
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 or the etching of silicon in basic solution of potassium hydroxide (KOH) or 

tetramethylammonium hydroxide (TMAH)

Si (s)

In these reactions, the etchant concentration, 

the etch rate. 

 Dry etching: the reaction is performed in vacuum in a gaseous atmosphere of etchant 

that can be molecules

referred to as Reactive Ion Etching (RIE)

removed and the reaction ra

reagents flow rates, the 

reagent gases leads to different reaction

the overall composition) and ions (

directionality. Involved reactions

- Ionization:          

- Excitation:         

- Dissociation:

 

In dry etching reaction, silicon 

temperature and mTorr pressure

fluorides (SiF4), while silicon nitride is transformed in SiF

The most used fluorine based reagents are sulfur hexafluoride (SF

In order to create deeper and steep

Reactive Ion Etching (DRIE). It exploits the directionality of ion bombardment on horizontal surfaces, 

while the formation of a protective film on the lateral walls strong

most common example of DRIE is represented b

in micropillar fabrication. It consists of repeated cycles of etching (

passivation, obtained by uniform deposition of a fluoropolymer thin film. 

 

 

 

 

 

 
Figure 2.2 – Representation of the Bosch
The repetition of passivation and etching steps results in undulated side
from www.tf.uni-kiel.de

 

Micropillars fabrication and characterization 

or the etching of silicon in basic solution of potassium hydroxide (KOH) or 

tetramethylammonium hydroxide (TMAH) 

( )+ 2 OH � + 2H�O → Si(OH)�(O
�)�(aq)+ 2H�

ions, the etchant concentration, the time and temperature of reaction determine 

the reaction is performed in vacuum in a gaseous atmosphere of etchant 

that can be molecules or excited/ion species created by plasma, so that this process can be also 

Reactive Ion Etching (RIE). These species reacts with the material to be 

he reaction rate and its directionality are controlled by the chamber 

the temperature and the generated electrical field.

reagent gases leads to different reactions, with production of excited neutrals (few percent in 

overall composition) and ions (tens of ppm). The latter are responsible of 

directionality. Involved reactions in plasma etching are [1]: 

:             e.g. e- + Ar  Ar+ + 2e- 

             e.g. e- + O2  O2
* + e- 

Dissociation:         e.g. e- + SF6  e- + SF5
* + F*  

, silicon or its derivatives are transformed in products 

mTorr pressure. For example, silicon reacts with fluorine moieties to

while silicon nitride is transformed in SiF4 and NF3.  

The most used fluorine based reagents are sulfur hexafluoride (SF6) or tetrafluoromethane 

In order to create deeper and steep-sided structures, another type of dry etching is applied, ca

hing (DRIE). It exploits the directionality of ion bombardment on horizontal surfaces, 

while the formation of a protective film on the lateral walls strongly reduces the lateral etching. The 

most common example of DRIE is represented by the BoschTM process (patented in 1994)

in micropillar fabrication. It consists of repeated cycles of etching (based on

passivation, obtained by uniform deposition of a fluoropolymer thin film.  

Representation of the Bosch-based deep reactive ion etching (DRIE
The repetition of passivation and etching steps results in undulated side

kiel.de. 
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or the etching of silicon in basic solution of potassium hydroxide (KOH) or 
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the time and temperature of reaction determine 

the reaction is performed in vacuum in a gaseous atmosphere of etchant species, 

, so that this process can be also 

with the material to be 

te and its directionality are controlled by the chamber pressure, the 

the generated electrical field. Plasma discharge on 

, with production of excited neutrals (few percent in 

responsible of the etching 
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 that are volatile at room 

silicon reacts with fluorine moieties to produce silicon 

) or tetrafluoromethane (CF4). 

sided structures, another type of dry etching is applied, called Deep 

hing (DRIE). It exploits the directionality of ion bombardment on horizontal surfaces, 

ly reduces the lateral etching. The 

(patented in 1994), used also 

based on SF6 chemistry) and 

etching (DRIE) process. 
The repetition of passivation and etching steps results in undulated side-walls. Adapted 
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During etching, the almost vertical ion bombardment is enough to remove the passivating layer and to 

etch silicon mainly on the bottom of the etched groove, while on lateral walls the ion bombardment is 

not effective (even if small etching occurs however, due to the chemical reactivity of the gaseous 

species, producing a slight undercut). This cyclic process results in undulated side-walls, as reported in 

Figure 2.2. 

Important values used to characterize both wet and dry etching processes are the etch rate, the 

selectivity, the isotropy and the aspect ratio of the etched structures. Typical etch rates range from 100 

to 1000 nm/min, both for wet and dry processes, where the upper limit comes from mask degradation, 

thermal run-out and damage considerations. In the specific case of silicon, etch rates up to 20 µm/min 

can be reached in wet (using HF:HNO3 solution) and in dry conditions. 

Selectivity represents the etch rate ratio between different materials and is used to define the proper 

etchant/mask couple. As an example, TMAH or KOH etches silicon (1 0 0 ) hundreds of times faster 

than silicon dioxide, so the latter is commonly used as masking layer with these basic wet etchants. 

Isotropy is the capability of the etchant to remove material from different crystallographic planes with 

the same etch rate. As an example, HNA (hydrofluoric acid, nitric acid, acetic acid) solution produces 

isotropic etching of silicon. Also silicon plasma etching with SF6 or CF4 can be isotropic, depending 

on the directionality imparted by the generated electrical field. On the contrary, KOH solution etches 

fast the (1 0 0) plane, while on the (1 1 1) it is extremely slow: as an effect of this anisotropy, the 

etched surface results tilted of 54.7° respect to the horizontal (1 0 0 ) plane. 

The aspect ratio is the ratio between the height of the etched structure and the lowest lateral dimension 

and it is an important element to compare different etching processes. The minimum feature size 

strongly depends on the thickness of the layer to be patterned, as the thicker is the substrate to be 

etched, the thicker has to be the mask to endure to the longer etching time and the more can be the 

underetching, due to lateral silicon etching even below the masked areas. Plasma DRIE processes 

allow to obtain easily aspect ratio of 10:1, while higher values (20:1-40:1) are more demanding and 

less reproducible for large productions. Indeed, in fabrication of vertical walls by anisotropic etching, 

a small undercut or overcut is unavoidable due to the not perfect anisotropy of the process. 

2.2  Micropillars fabrication protocols 

Micropillars are fabricated from a silicon (1 0 0) wafer. In the first protocol, developed by Melli et al. 

[2], a 100 nm layer of silicon dioxide was deposited by PECVD in order to protect the patterned area 

during fabrication process. We found this step not necessary, as the metal deposited as mask for the 

dry etching process of pillars has demonstrated to be resistant enough to provide good top area of the 

etched structures at the end of the fabrication procedure. 
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2.2.1 Patterning of micropillars arrays

Micropillars are patterned on the silicon wafer substrate as square or hexagonal lattices of rectangles 

with fixed periodicity. When used for biomolecular studies, pillars are 

surrounding the whole matrix, in order to better protect the array from mechanical damaging and avoid 

the wetting of the matrix from

biofunctionalization and biological 

per micropillar array. Protocols have been developed for micropillars patterning both with 

photolithography and electron beam lithography.

2.2.1.1  Photolithographic patterning

The schematic of photolithographic patt

step, a layer of 100 nm of chromium i

the adhesion of photoresist to

GmbH) is deposited by spin coating at 5000 rpm for 30 s and then bake

positive photoresist MEGAPOSIT 

for 30 s and soft baked at 115 °C for 90

The wafer is loaded on a mas

NL) where lattices of full rectangles of 2x4 µm and fixed distance were patterned. 

dimensions have been chosen in order to provide vertical structures with well defined first 

mode orthogonal to the longer edge, considering also the rounded corners produced by optical 

lithography. 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.3 – (a) Schematics of the micropillars array patterning by optical lithography. (b) 
SEM image of the resulting mask shape after wet etching of chromium and removal of the 
residual resist. 

The wafer is exposed to UV 

development is performed by dipping the wafer for 30s 

Chemical, US), a solution based on tetramethylammonium hydroxide that removes resist from the 
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atterning of micropillars arrays 

Micropillars are patterned on the silicon wafer substrate as square or hexagonal lattices of rectangles 

with fixed periodicity. When used for biomolecular studies, pillars are fabricated with a frame 

surrounding the whole matrix, in order to better protect the array from mechanical damaging and avoid 

e wetting of the matrix from the sides, once the array is fully immersed in liquid to allow 

biofunctionalization and biological binding of the analyte. The total patterned area is of 300x300 µm

Protocols have been developed for micropillars patterning both with 

photolithography and electron beam lithography. 

Photolithographic patterning 

tolithographic patterning protocol is illustrated in Figure 2.3a. 

a layer of 100 nm of chromium is deposited on silicon wafer by sputtering. In order to promote 

e adhesion of photoresist to wafer, a thin layer of hexamethyldisilazane (HMDS

is deposited by spin coating at 5000 rpm for 30 s and then baked at 115 °C for 1 minute. T

MEGAPOSIT TM SPR TM 220 1.2 (Dow Chemical, US) is

for 30 s and soft baked at 115 °C for 90 s. This produces a resist layer of almost 1 µm 

on a mask aligner and put in contact with an optical chromium mask

rectangles of 2x4 µm and fixed distance were patterned. 

have been chosen in order to provide vertical structures with well defined first 

mode orthogonal to the longer edge, considering also the rounded corners produced by optical 

(a) Schematics of the micropillars array patterning by optical lithography. (b) 
SEM image of the resulting mask shape after wet etching of chromium and removal of the 

UV illumination for 4.5 s and post baked for other 90 s at 115 °C. 

by dipping the wafer for 30s in MF-24A developer 

a solution based on tetramethylammonium hydroxide that removes resist from the 
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Micropillars are patterned on the silicon wafer substrate as square or hexagonal lattices of rectangles 

fabricated with a frame 

surrounding the whole matrix, in order to better protect the array from mechanical damaging and avoid 

once the array is fully immersed in liquid to allow 

The total patterned area is of 300x300 µm2 

Protocols have been developed for micropillars patterning both with 

is illustrated in Figure 2.3a. As preliminary 

s deposited on silicon wafer by sputtering. In order to promote 

(HMDS, Microchemicals, 

d at 115 °C for 1 minute. The 

is then spun at 4500 rpm 

s. This produces a resist layer of almost 1 µm of thickness. 

with an optical chromium mask (Deltamask, 

rectangles of 2x4 µm and fixed distance were patterned. The top area 

have been chosen in order to provide vertical structures with well defined first resonance 

mode orthogonal to the longer edge, considering also the rounded corners produced by optical 

(a) Schematics of the micropillars array patterning by optical lithography. (b) 
SEM image of the resulting mask shape after wet etching of chromium and removal of the 

or other 90 s at 115 °C. The 

24A developer (MEGAPOSIT, Dow 

a solution based on tetramethylammonium hydroxide that removes resist from the 
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areas exposed to UV light. The unprotected

acetic acid and cerium ammonium (

from the top of chromium is stripped by hot acetone. The final mask, defining the top area of pillar, is 

shown in Figure 2.3b.  

As can be observed, even in the best lithographic 

due to overexposure at the corner of the optical mask. The use of compensation structures is not 

feasible in these small structures because of 

2.2.1.2  Electron beam lithography patterning

A representation of the steps involved in micropillars patter

shown in Figure 2.4a.  

A 500 nm layer of PMMA 950K electronic resist is spun on wafer at 5000 rpm for 1 minute and baked 

at 180 °C for 10 minutes. Lattices made of rectangles of 2x3 µm and fixed distance are patterned 

through electron beam lithography (EBL). In particular, electronic gun is actuated a

proper exposure parameters are determined by a dose matrix study. The optimal condition

area step size of 80 nm and a dose factor of 280 pA·

obtained by EBL (illustrated in Figur

maintaining a well defined oscillating behavior. 

After exposure, wafer is developed on a mixture of methylisobuty

(IPA) 1:3 for 40 s and for few seconds on a 1:1

holes in correspondence of the exposed areas. 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.4 – (a) Schematics of the micropillar patterning procedure by electron beam 
lithography. (b) SEM image 
lift-off processes. 

A thin (20 nm) nickel mask is deposited on the patterned wafer by e

subsequent lift-off in hot acetone provides the wafer with small rectangles of Ni f

etching. 

 

 

. The unprotected chromium is then etched for 1 min in a solution based on 

acetic acid and cerium ammonium (CH3COOH 1M, Ce(NH4)2(NO3)6 0.55M) and the residual resist 

from the top of chromium is stripped by hot acetone. The final mask, defining the top area of pillar, is 

s can be observed, even in the best lithographic conditions, slightly rounded rectangles are obtained 

due to overexposure at the corner of the optical mask. The use of compensation structures is not 

because of the limits of resolution in the optical mask

Electron beam lithography patterning 

A representation of the steps involved in micropillars patterning by electron beam lithography is 

950K electronic resist is spun on wafer at 5000 rpm for 1 minute and baked 

attices made of rectangles of 2x3 µm and fixed distance are patterned 

through electron beam lithography (EBL). In particular, electronic gun is actuated a

proper exposure parameters are determined by a dose matrix study. The optimal condition

0 nm and a dose factor of 280 pA·s/cm2. In this case, the sharp rectangular shape 

(illustrated in Figure 2.4b) allows to reduce the length of the 

l defined oscillating behavior.  

d on a mixture of methylisobutylketone (MIBK) : isoprop

for 40 s and for few seconds on a 1:1 solution of the two, leaving the wafer with rectangular 

holes in correspondence of the exposed areas.  

Schematics of the micropillar patterning procedure by electron beam 
. (b) SEM image of the sharp rectangular Ni mask obtained after the EBL and 

A thin (20 nm) nickel mask is deposited on the patterned wafer by e-beam evaporation and the 

off in hot acetone provides the wafer with small rectangles of Ni for the subsequent dry 
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a solution based on 

and the residual resist 

from the top of chromium is stripped by hot acetone. The final mask, defining the top area of pillar, is 

, slightly rounded rectangles are obtained 

due to overexposure at the corner of the optical mask. The use of compensation structures is not 

mask fabrication.   

ron beam lithography is 

950K electronic resist is spun on wafer at 5000 rpm for 1 minute and baked 

attices made of rectangles of 2x3 µm and fixed distance are patterned 

through electron beam lithography (EBL). In particular, electronic gun is actuated at 30 keV and the 

proper exposure parameters are determined by a dose matrix study. The optimal conditions used are an 

In this case, the sharp rectangular shape 

allows to reduce the length of the pillar top area, 

lketone (MIBK) : isopropyl alcohol 

solution of the two, leaving the wafer with rectangular 

Schematics of the micropillar patterning procedure by electron beam 
of the sharp rectangular Ni mask obtained after the EBL and 

beam evaporation and the 

or the subsequent dry 
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2.2.2 Plasma etching 

Deep plasma etching of pillars is performed within an Inductively Coupled Plasma (ICP) reactor, 

where a coil upon the upper part of the chamber is passed by a time-varying electric current, 

generating a varying magnetic field, that, in turn, induces an electric field within the chamber, 

generating discharges and the creation of the plasma. The reactive species are accelerated toward the 

wafer by a bias created with the platen at the bottom of the chamber.  

As preliminary steps, the patterned wafer is exposed in the same reactor to a short oxygen plasma strip 

(O2 flow rate = 40 sccm, platen power = 200W, coil power = 10W, time = 20 s) to remove the 

residuals of resist and to an argon milling treatment (Ar flow rate = 30 sccm, platen power = 450 W, 

coil power = 30W, time = 15 s), used to better define the edges of the Ni or Cr mask.  

The vertical anisotropic etching is obtained by applying a Bosch-like process, properly modified to 

fabricate structures with a vertical undercut of approximately 2-4°. This reduces the micropillar mass 

and its base, improving the oscillation amplitude. The etching is obtained by using a mixture of SF6 

(110 sccm) and Ar (20 sccm) applying an RF power of 600 W at the coil and 50 W at the platen for 18 

s, in order to produce a high bias (around 150 V) and increase the directionality of the etching. Argon 

is introduced to improve the removal of the passivation layer from the bottom of the etched surface 

and to increase the directionality of etching. For the passivation step, octafluorocyclobutane (C4F8, 100 

sccm) is used. Also in this case Ar (20 sccm) is introduced to increase the plasma stability [3], 

obtaining a thin (around 15 nm) fluorocarbon film. The applied power is of 600 W at the coil and from 

0 to 50 W at the platen. The duration of the deposition step has been changed on some recipes, for 

example by introducing a positive or negative ramp, in order to tailor the shape of the micropillar and 

the etch rate. A list of the tested recipes is reported on Table 2.2, while their effect on the pillars shape 

will be discussed in Chapter 3.  

Table 2.2 – Etching and passivation recipes used for deep plasma etching of 
micropillars. 

Recipe 
name 

tEtch 
[s] 

tPass 
[s] 

tPass  

ramp 
[s] 

Pressure 
[mTorr] 

Gas 
Etching 

flow rate 
[sccm] 

Gas 
Passivation 

flow rate 
[sccm] 

RF Power [W] 

Etching Passivation 

Etch Pass SF6 Ar C4F8 Ar Coil Platen Coil Platen 

BOSCH1 18 10 - 7 5.5 110 20 100 20 600 50 600 0 

BOSCH2 18 10 -0.1 13 20 110 20 100 20 600 50 600 0 

BOSCH3 18 10 0.3 7 9 110 20 100 20 600 50 600 50 

 

Another important parameter used in these etching processes is the number of cycles, that defines both 

the pillar height and the base thickness. An example of the resulting micropillar array is reported in 
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Figure 2.5a, where also the lateral frame used to confine the patterned area is visible. 

shows the typical scallops on the side walls and the tapered shape of

 
Figure 2.5 – (a) SEM image of micropillars array after deep plasma 
background the frame used to protect laterally the array is also visible. (b) Detail on the 
structure of the obtained pillar, where the tapere
walls are well distinguishable.

2.2.3 Fabrication of pillars wi

Micropillars can be fabricated also with an overhanging structure on top, leading to a “T” shaped 

oscillator. This modification has been introduced to enlarge the active area of pillars, facilitating the 

focusing of the laser spot for resonance detection by optical lever method, and increasing the 

oscillating amplitude at resonance. This modification contributes also to better insulate the top area of 

pillars, where biomolecular recognition takes place in a liquid environment, fr

walls that are responsible of the superhydrophobic Cassie

overhanging top increases slightly the mass of the resonator, causing a small re

resolution (around 18 Hz/fg compared to 

The fabrication protocol starts from a silicon wafer coated with a 500 nm layer of silicon nitride 

(Si3N4); arrays of rectangles with dimensions 3x4.5 µm are patterned 

lithography, as explained in § 2.2.1. After the oxygen plasma and argon plasma steps, exposed Si

etched through RIE plasma using CF

pressure of 160 mTorr and applied power of 100 W. Etching for 4 min 30 s a

all the silicon nitride, while the etching of the underneath silicon substrate must be avoided in this 

step, because it could lead to the detachment of the silicon nitride top in the following etching 

processes. At the end of the vertical 

sccm) and oxygen (10 sccm) and without bias is applied to thin the pillar structure, while the silicon 

nitride on the top is not affected by this treatment. The etching time has been ca

different fabricated samples, finding that the pro

 

ral frame used to confine the patterned area is visible. 

shows the typical scallops on the side walls and the tapered shape of the etched pillars.

(a) SEM image of micropillars array after deep plasma etching; on the 
background the frame used to protect laterally the array is also visible. (b) Detail on the 
structure of the obtained pillar, where the tapered shape and the scallops on the lateral 
walls are well distinguishable.  

Fabrication of pillars with an overhanging structure 

Micropillars can be fabricated also with an overhanging structure on top, leading to a “T” shaped 

oscillator. This modification has been introduced to enlarge the active area of pillars, facilitating the 

ot for resonance detection by optical lever method, and increasing the 

oscillating amplitude at resonance. This modification contributes also to better insulate the top area of 

pillars, where biomolecular recognition takes place in a liquid environment, from the hydrophobic 

walls that are responsible of the superhydrophobic Cassie-Baxter state. As a minor drawback, the 

overhanging top increases slightly the mass of the resonator, causing a small reduction of the mass 

(around 18 Hz/fg compared to the 25-30 Hz/fg of the normal pillars). 

The fabrication protocol starts from a silicon wafer coated with a 500 nm layer of silicon nitride 

); arrays of rectangles with dimensions 3x4.5 µm are patterned by optical or electron beam 

ained in § 2.2.1. After the oxygen plasma and argon plasma steps, exposed Si

etched through RIE plasma using CF4 (28.5 sccm) and O2 (1.6 sccm) as reactant gases, with internal 

pressure of 160 mTorr and applied power of 100 W. Etching for 4 min 30 s allows to remove almost 

all the silicon nitride, while the etching of the underneath silicon substrate must be avoided in this 

step, because it could lead to the detachment of the silicon nitride top in the following etching 

tical DRIE process, an isotropic silicon dry etching based on SF

sccm) and oxygen (10 sccm) and without bias is applied to thin the pillar structure, while the silicon 

nitride on the top is not affected by this treatment. The etching time has been ca

different fabricated samples, finding that the process requires almost 2 s to stabilize
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(1.6 sccm) as reactant gases, with internal 

llows to remove almost 

all the silicon nitride, while the etching of the underneath silicon substrate must be avoided in this 

step, because it could lead to the detachment of the silicon nitride top in the following etching 

process, an isotropic silicon dry etching based on SF6 (100 

sccm) and oxygen (10 sccm) and without bias is applied to thin the pillar structure, while the silicon 

nitride on the top is not affected by this treatment. The etching time has been calibrated on two 

cess requires almost 2 s to stabilize and to start 



Micropillars fabrication and characterization

etching, and its etch rate is of almost 16 nm/s.

around 400 nm and pillars base around 700

Figure 2.6a. 

 

 

 

 

 

 

 
 

 

 

 
 

Figure 2.6 – (a) SEM image of “T” shaped
image of larger “T” shape pillars to be used in AFM setup, after the isotropic HNA wet 
etching. 

Micropillars with overhanging top have been

setup, through the optical lever method. In this case, the laser spot is almost 20 µm in diameter, so a 

3x4.5 µm oscillating structure would not create an appreciable signal on the detector. For this reason, 

rectangular structures of 20x10 µm 

around 1 MHz, the pillar base must be greatly reduced to less than 1 µm of thickness, so a very long 

deep plasma etching process would be required. An alternative 

almost 15 µm in depth with a Bosch

pillar thickness. The etchant solution is composed by hydrofluoric acid (48%), nitric acid (65%) and 

acetic acid (99,7%) mixed in a ratio of 4:7:11 and identified by

acids are strong oxidizing agents that converts the silicon to silicon dioxide, which is immediately 

removed by the hydrofluoric acid, while the silicon nitride layer is not etched.

an etch rate around 2 µm/min, requiring almost 2 min to reach the desired thickness.

pillar structure is shown in Figure 2.

2.2.4 Cleaning and hydrophobization

Once etched, micropillars are exposed 

800 W, coil power = 20 W, 2 min

walls during the passivation steps. The 

dipping the wafer in hot piranha solution (
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of almost 16 nm/s. This process leads to “T” shaped pillars with overhang 

around 400 nm and pillars base around 700-800 nm. An example of such structure is reported on 

(a) SEM image of “T” shaped pillars, after isotropic plasma etching. 
image of larger “T” shape pillars to be used in AFM setup, after the isotropic HNA wet 

illars with overhanging top have been also fabricated to be measured into a commercial AFM 

the optical lever method. In this case, the laser spot is almost 20 µm in diameter, so a 

3x4.5 µm oscillating structure would not create an appreciable signal on the detector. For this reason, 

rectangular structures of 20x10 µm have been patterned. In order to have the first resonance mode 

around 1 MHz, the pillar base must be greatly reduced to less than 1 µm of thickness, so a very long 

deep plasma etching process would be required. An alternative process is to etch the structures for 

with a Bosch-like process and then use an isotropic wet etching to shrink the 

pillar thickness. The etchant solution is composed by hydrofluoric acid (48%), nitric acid (65%) and 

acetic acid (99,7%) mixed in a ratio of 4:7:11 and identified by the “HNA” acronym. Nitric and acetic 

acids are strong oxidizing agents that converts the silicon to silicon dioxide, which is immediately 

acid, while the silicon nitride layer is not etched. 

ound 2 µm/min, requiring almost 2 min to reach the desired thickness.

pillar structure is shown in Figure 2.6b. 

hydrophobization treatments 

Once etched, micropillars are exposed again to an oxygen plasma cleaning (50 sccm, platen

2 min) in order to remove the fluorocarbon film deposited on 

passivation steps. The metal mask and the eventual organic residuals are removed by 

wafer in hot piranha solution (H2SO4 (48%):H2O2 (30%) mixed in a
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shaped pillars with overhang 

800 nm. An example of such structure is reported on 

pillars, after isotropic plasma etching. (b) SEM 
image of larger “T” shape pillars to be used in AFM setup, after the isotropic HNA wet 

also fabricated to be measured into a commercial AFM 

the optical lever method. In this case, the laser spot is almost 20 µm in diameter, so a 

3x4.5 µm oscillating structure would not create an appreciable signal on the detector. For this reason, 

er to have the first resonance mode 

around 1 MHz, the pillar base must be greatly reduced to less than 1 µm of thickness, so a very long 

is to etch the structures for 

like process and then use an isotropic wet etching to shrink the 

pillar thickness. The etchant solution is composed by hydrofluoric acid (48%), nitric acid (65%) and 

acronym. Nitric and acetic 

acids are strong oxidizing agents that converts the silicon to silicon dioxide, which is immediately 

 This solution has shown 

ound 2 µm/min, requiring almost 2 min to reach the desired thickness. The resulting 

50 sccm, platen power = 

in order to remove the fluorocarbon film deposited on the lateral 

l mask and the eventual organic residuals are removed by 

mixed in a 7:3 volume ratio, at 



42 Chapter 2 

70°C for 15 minutes). The superficial layer of silicon dioxide formed during the oxygen plasma and 

the exposure to the strongly oxidant piranha is removed by dipping the sample in Buffered Oxide 

Etchant (BOE, 7:1 volume ratio of 40% NH4F to 49% HF in water) for almost 1 min, obtaining a clean 

silicon surface on the whole pillar. The fabricated arrays are then rinsed in deionized water and dried 

under mild nitrogen flux. Once exposed to air, volatile molecules can adsorb on silicon at the 

interface; also, due to environmental moisture, surface silicon is converted to silicon dioxide, and the 

thickness of this oxide layer slowly increases with time. All these processes lead to changes of the 

resonance spectra and of the Q factor with time [4]. So, the surface needs to be passivated by creating 

directly an oxide layer by piranha treatment, oxygen plasma or by thermal treatment in furnace. The 

latter has the further advantage to eliminate the eventual residual stresses within the resonator [5], but 

requires long time due to the slow cooling rate of natural convection. 

As anticipated in § 1.5, in order to obtain a superhydrophobic Cassie-Baxter state, micropillars 

patterned on a dense array have to be coated with an hydrophobic layer. This has been obtained with 

two different treatments. The first is based on the formation of a fluorocarbon thin film, similar to the 

one used on the passivation step of the Bosch-like process. Three different recipes have been tested in 

the ICP reactor, changing the duration of film deposition, the composition of the reactant gases and the 

applied RF power. Details are reported in Table 2.3, while the effects of these treatments on 

superhydrophobicity and on the mechanical behavior of micropillars resonators in vacuum are 

illustrated and discussed in Chapter 3 [6]. 

Table 2.3 – Recipes used for thin fluorocarbon film (FCF) deposition in the 
Inductively Coupled Plasma reactor. 

Process 
name 

C4F8 
[sccm] 

Ar 
[sccm] 

Pressure 
[mTorr] 

Coil RF 
power [W] 

Time 
[s] 

FCF1 100 20 7.5 600 20 

FCF2 100 20 7.5 600 60 

FCF3 30 0 8 400 15 

 

The second treatment is the formation of a monolayer of hydrophobic alkanosilanes that react with the 

activated hydroxyl groups on the silicon dioxide surface. These groups are formed by treating the 

silicon surface with SC-1 solution (Standard Cleaning solution, formed by NH4OH(28%), H2O2(30%) 

and H2O in a ratio 1:1:5, at 80°C for 15 min), with piranha solution (H2SO4:H2O2 7:3 at 70°C for 15 

min) or with oxygen plasma (45 sccm, power 45 W, 3 min) immediately before the silanization 

treatment. The lack of this “activation” step resulted in just a partial coverage of silicon, unable to 

maintain a stable superhydrophobic configuration. The hydrophobic coating is obtained by the 

reaction of an alkyl chain terminating with one to three chlorine groups that react with the hydroxyl 

groups on the surface. One example is represented by Octadecyltrichlorosilane (OTS, Sigma Aldrich), 

following the reaction reported in Figure 2.7. 
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The reaction requires controlled amount of water for 

of water leads just to a partial coverage 

of multifunctional silanes and multilayer deposition

 

 
 

 

 

Figure 2.7 – Reaction scheme of an
surface. The reported case is relative to complete monolayer formation. Adapted from 

For this reason, the silanization treatment h

inside a glovebox filled with nitrogen and 

evaporation in a vacuum jar, where the hydrochloric acid developed by the reaction is neutralized 

passing through a NaOH absorber

toluene, acetone and isopropyl alcoho

then dried under a gentle nitrogen flux.

2.2.5 Functionalization of 

In order to be used as biomolecular sensors, micropillars have to be functionalized on their top area 

with a  proper bio-recognition layer. To obtain

molecules with gold to create a self assembled monolayer (SAM)

pillars. A thin (20 nm) gold layer is deposited by e

deposition rate (0.5 Å/s) to improve the layer uniformity. Chromium or titanium

deposited before gold evaporation to improve the adhesion with the top of pillars. Thanks to the

tapered shape, metal deposition is limited to the top of th

affecting the lateral walls. So, in combination with the superhydr

adsorption takes place only on top of pillars.

2.2.6 Regeneration of pillars arrays

Functionalized micropillars arrays can 

coating has to be removed: oxygen plasma treatment is used to br

lateral walls. Then the gold layer on top of pillars 

etching (by using for example diluted aqua regia, made of HCl

3:1:2 for 1 min) and the chromium or titanium layer and the organic residual
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The reaction requires controlled amount of water for complete monolayer formation: indeed, absence 

of water leads just to a partial coverage [7], [8], while an excess causes polymerization due to reaction 

of multifunctional silanes and multilayer deposition[9], [10]. 

Reaction scheme of an alkylsilane chain with hydroxyl group on silicon oxi
surface. The reported case is relative to complete monolayer formation. Adapted from 

For this reason, the silanization treatment has been performed in solution (1 mM solution in toluene

filled with nitrogen and with controlled humidity (less than 20 ppm) or by 

vacuum jar, where the hydrochloric acid developed by the reaction is neutralized 

through a NaOH absorber. At the end of the silanization treatments, samples are rinsed in 

toluene, acetone and isopropyl alcohol to remove molecules not chemisorbed to

under a gentle nitrogen flux. 

Functionalization of the pillars top area 

In order to be used as biomolecular sensors, micropillars have to be functionalized on their top area 

recognition layer. To obtain this, we exploit the well known interaction of thiolated 

molecules with gold to create a self assembled monolayer (SAM) of biomolecular receptors

nm) gold layer is deposited by e-beam or thermal evaporation, using a low 

ition rate (0.5 Å/s) to improve the layer uniformity. Chromium or titanium

evaporation to improve the adhesion with the top of pillars. Thanks to the

, metal deposition is limited to the top of the pillars and the ground of the array, without 

affecting the lateral walls. So, in combination with the superhydrophobic Cassie Baxter state, 

adsorption takes place only on top of pillars.  

Regeneration of pillars arrays 

Functionalized micropillars arrays can also be regenerated for further uses. First, the hydrophobic 

coating has to be removed: oxygen plasma treatment is used to brake the alkyl of fluorinated chain

lateral walls. Then the gold layer on top of pillars and on the ground of the array is removed by wet 

etching (by using for example diluted aqua regia, made of HCl (35%):HNO

3:1:2 for 1 min) and the chromium or titanium layer and the organic residual
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complete monolayer formation: indeed, absence 

, while an excess causes polymerization due to reaction 

chain with hydroxyl group on silicon oxide 
surface. The reported case is relative to complete monolayer formation. Adapted from [10] 

1 mM solution in toluene) 

with controlled humidity (less than 20 ppm) or by 

vacuum jar, where the hydrochloric acid developed by the reaction is neutralized 

At the end of the silanization treatments, samples are rinsed in 

sorbed to the pillar surface and 

In order to be used as biomolecular sensors, micropillars have to be functionalized on their top area 

this, we exploit the well known interaction of thiolated 

of biomolecular receptors on top of 

beam or thermal evaporation, using a low 

ition rate (0.5 Å/s) to improve the layer uniformity. Chromium or titanium layers (5 nm) are also 

evaporation to improve the adhesion with the top of pillars. Thanks to their 

e pillars and the ground of the array, without 

ophobic Cassie Baxter state, 

. First, the hydrophobic 

ke the alkyl of fluorinated chains on 

and on the ground of the array is removed by wet 

:HNO3 (65%):H2O in a ratio 

3:1:2 for 1 min) and the chromium or titanium layer and the organic residuals of the hydrophobic 
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coating are removed by piranha solution. BOE etching is finally used to recreate

surface on pillars. 

2.3  Contact angle measurements

In order to verify the effectiveness of the hydrophobization treatment, both with FCF and 

alkanosilanes, contact angle measur

In particular a drop shape analysis system (FM 4200, 

that is formed by a CCD camera, a cold light source, a micropositioning sample holder, and

microsyringe mounted on a dispensing system that, through computer control, defines the vertical 

position of the syringe and the volume of the drop.

 

 

 

 

 

 

 

 

 

 

Figure 2.8 – Drop shape analysis system used to evaluate the 
patterned pillars surfaces. 

 Once a small droplet of few µL is in contact with the solid substrate, 

the CCD. The solid-liquid contact line can be refined manually and, through algorithms installed o

the software, the drop contour at the liquid

and solid is calculated. In particular, four different methods can be used to best 

- Circle fitting: the formed droplet is assu

solid surface as a circle. This is true for small droplet

effect is negligible on the contour shape. This method fits properly droplets with small contact 

angle. 

- Tangent method 1: the drop shape is assumed as elliptical and fitted by a conic section 

equation. The contact angle is calculated as the angle between the baseline and the tangent of 

the conical element at the three

- Tangent method 2: the dro

polynomial curve, so there are not requirements for the geometrical shape of the droplet.

- Young-Laplace method: the assumpti

profile is fitted with a theoretical curve profile that takes into account the surface and 

 

ved by piranha solution. BOE etching is finally used to recreate

Contact angle measurements 

In order to verify the effectiveness of the hydrophobization treatment, both with FCF and 

alkanosilanes, contact angle measurements are performed both on flat and on pillars c

In particular a drop shape analysis system (FM 4200, Krüss GmbH, Germany, see Figure 2.

that is formed by a CCD camera, a cold light source, a micropositioning sample holder, and

microsyringe mounted on a dispensing system that, through computer control, defines the vertical 

position of the syringe and the volume of the drop.  

Drop shape analysis system used to evaluate the contact angle on flat and 

is in contact with the solid substrate, the drop shape is registered by 

liquid contact line can be refined manually and, through algorithms installed o

the software, the drop contour at the liquid-air interface is fitted and the contact angle between liquid 

and solid is calculated. In particular, four different methods can be used to best fit the droplet shape.

the formed droplet is assumed as part of a sphere and the 2D contour on the 

solid surface as a circle. This is true for small droplets (less than 10 µL), where the gravity 

effect is negligible on the contour shape. This method fits properly droplets with small contact 

drop shape is assumed as elliptical and fitted by a conic section 

equation. The contact angle is calculated as the angle between the baseline and the tangent of 

the conical element at the three-phase contact point. 

the drop contour at the three-phase contact point is approximated as a 

polynomial curve, so there are not requirements for the geometrical shape of the droplet.

the assumption of axysimmetric drop is made and the real drop 

profile is fitted with a theoretical curve profile that takes into account the surface and 
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ved by piranha solution. BOE etching is finally used to recreate the clean silicon 

In order to verify the effectiveness of the hydrophobization treatment, both with FCF and 

ements are performed both on flat and on pillars covered surfaces. 

, see Figure 2.8) is used, 

that is formed by a CCD camera, a cold light source, a micropositioning sample holder, and a 

microsyringe mounted on a dispensing system that, through computer control, defines the vertical 

contact angle on flat and 

the drop shape is registered by 

liquid contact line can be refined manually and, through algorithms installed on 

air interface is fitted and the contact angle between liquid 

fit the droplet shape. 

contour on the 

, where the gravity 

effect is negligible on the contour shape. This method fits properly droplets with small contact 

drop shape is assumed as elliptical and fitted by a conic section 

equation. The contact angle is calculated as the angle between the baseline and the tangent of 

phase contact point is approximated as a 

polynomial curve, so there are not requirements for the geometrical shape of the droplet. 

on of axysimmetric drop is made and the real drop 

profile is fitted with a theoretical curve profile that takes into account the surface and 
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interfacial tension, the contact angle, the drop volume and the interface area. It considers also 

the effect of gravity on the drop shape and can be used also for large liquid volumes.

Static contact angle measurements are performed by depositing a milliQ water d

substrate. On flat samples a volume of 0.5 µL is enough to cause the 

the sessile drop method can be applied

low interaction with the solid area, the same drop remains

but the contact angle measurement by pendant drop 

the droplet is pushed against the pillars array.

 
Figure 2.9 – (a) Contact angle measurements on superhydrophobic pillars array with a 
pendant droplet. (b) Sessile drop metho
micropillars arrays. 

To obtain a self standing drop upon the matrix, the volume 

patterned area has to be extended

studies. So, for this kind of measurements, micropillars array

patterned. These larger arrays 

wetting is not an issue. This has the further advantage to allow grazing incidence imaging of the area 

between the pillars (as shown for example in Figure 2

superhydrophobicity.  

2.4  Superhydrophobicity test with silica beads

An alternative way used to assess the real superhydrophobic Cassie

array is to expose the system to a 

800 nm. Indeed, if liquid intercalates between pillars, beads can deposit 

and on the ground of the array. 

This test is performed by depositing a 15 µL drop of a diluted silica beads suspension (

Laboratories, US, concentration 0.01% w/w
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interfacial tension, the contact angle, the drop volume and the interface area. It considers also 

vity on the drop shape and can be used also for large liquid volumes.

Static contact angle measurements are performed by depositing a milliQ water d

n flat samples a volume of 0.5 µL is enough to cause the detachment from the syringe, so 

the sessile drop method can be applied. On the superhydrophobic pillar array, instead, due to the very 

solid area, the same drop remains attached to the syringe needle

angle measurement by pendant drop is more operator-related, depending on how much 

the droplet is pushed against the pillars array.  

(a) Contact angle measurements on superhydrophobic pillars array with a 
roplet. (b) Sessile drop method to assess superhydrophobicity on extended 

o obtain a self standing drop upon the matrix, the volume has to be around 

patterned area has to be extended respect to the 300x300 µm2 of the pillars arrays used for

So, for this kind of measurements, micropillars arrays of at least 1.5x1.5 mm

These larger arrays are fabricated without the lateral frame, since in these conditions side 

wetting is not an issue. This has the further advantage to allow grazing incidence imaging of the area 

between the pillars (as shown for example in Figure 2.9b) and direct evaluation of 

hobicity test with silica beads 

An alternative way used to assess the real superhydrophobic Cassie-Baxter state on 

array is to expose the system to a water dispersion of silica beads with average diamete

intercalates between pillars, beads can deposit also on pillars lateral walls 

on the ground of the array.  

This test is performed by depositing a 15 µL drop of a diluted silica beads suspension (

s, US, concentration 0.01% w/w). After one hour of incubation (the maximum duration of 
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interfacial tension, the contact angle, the drop volume and the interface area. It considers also 

vity on the drop shape and can be used also for large liquid volumes. 

Static contact angle measurements are performed by depositing a milliQ water droplet on the 

detachment from the syringe, so 

. On the superhydrophobic pillar array, instead, due to the very 

attached to the syringe needle (Figure 2.9a), 

, depending on how much 

(a) Contact angle measurements on superhydrophobic pillars array with a 
d to assess superhydrophobicity on extended 

to be around 5-7µL and also the 

e pillars arrays used for adsorption 

of at least 1.5x1.5 mm2 have been 

fabricated without the lateral frame, since in these conditions side 

wetting is not an issue. This has the further advantage to allow grazing incidence imaging of the area 

) and direct evaluation of the 

Baxter state on a micropillars 

of silica beads with average diameter from 600 to 

also on pillars lateral walls 

This test is performed by depositing a 15 µL drop of a diluted silica beads suspension (Bangs 

). After one hour of incubation (the maximum duration of 
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liquid exposure in our bio-recognition experiments), the array is gently rinsed with milliQ water and 

dried under mild nitrogen stream. A more severe test consists in letting the droplet with silica beads to 

completely evaporate, considering that, in the Cassie Baxter state, the meniscus of the retiring droplet 

jumps from one top of the pillar to its closest neighbor (see for example [11]), without intercalation of 

liquid between pillars. After these treatments, the eventual presence of beads on the lateral walls or on 

the array ground is assessed by optical or electronic microscopy.  

2.5  Actuation and detection for micropillars resonance measurements 

Measurements of micropillars resonance frequency have been performed both in vacuum, where the 

damping effect of the medium is negligible, in air and in liquid environment. In the first case, we 

exploited the existing vacuum setup, made of a chamber with an optical windows and feed-through 

connections for the actuation of the pillars motion. Pre-vacuum is provided by a multi-roots dry pump 

(ALCATEL Adixen ACP 28, US), that is mechanically uncoupled from the chamber by an heavy 

attenuator. High vacuum level (below 1e-6 mbar) is obtained by a turbo pump (VARIANT TV70D, 

Italy) with magnetic bearings mounted directly upon the vacuum chamber. The pressure level is 

monitored by a full scale gauge but, as the system is not equipped with a pressure control and once the 

chamber is not evacuated the pressure rises rapidly due to the chamber leakage, the only way to have 

comparable results is to keep the chamber continuously evacuated. Anyway, it has been demonstrated 

on cantilever system that below the 10-3 mbar level the effect of pressure on resonance frequency shift 

and on Q-factor is negligible [5]. 

In most of the experiments performed, pillars actuation is provided by a piezoelectric crystal (lead 

zirconate titanate, PZT-5A type, EBL Products, U.S.) where a small (usually 5x5 mm2) silicon chip 

with fabricated micropillar array is fixed by double tape or glued by nail polish, which allows easy 

removal with acetone. Longitudinal motion of the piezoelectric crystal has demonstrated good 

actuation of the micropillar. In the vacuum setup, the sample holder is provided with four different 

piezo actuators of capacitance of 0.7-1.5 nF, insulated from each other and from the metallic support 

by a thin glass layer, while for measurements in air/liquid a single actuator is mounted and the bottom 

of the piezo can be directly connected (grounded) with the metallic support. This allows better thermal 

transmission and heat dissipation for the piezo actuation at high voltages. Both in vacuum and in 

air/liquid experiments, the sample holder is mounted on a xyz micropositioning system, that allows 

alignment with the optical setup and scan through the pillar array.  

Pillar detection is made through two different optical techniques, one based on the measurement of 

one pillar at time through the optical lever mode, the other exploits the blurring effect of pillars at 

resonance for parallel detection with a charge-coupled device (CCD) detector. 
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2.5.1 Optical lever detection

Measurements of micropillar resonance frequency can be performed through the optical lever method, 

as commonly applied in cantilever technology and described in 

described in [2],[12] has been

The optical setup scheme is illustrated in Figure 2.

pump and the vacuum chamber used for measurements

Briefly, a DSPP green laser source (wav

source are focused by a long working distance objective (OLYMPUS LMPLFLN 20x or 50x 

magnification, numerical aperture of 0.40 and 0.50, respectively) on the top of the pillar to be 

investigated. The reflected beam passes through a tube lens (focal length of 200 mm) that is necessary 

to focalize on the photodiode

allow the alignment of the spot on 

photodiode to deviate the laser and the white light to a CCD, equipped with a long pass filter (610 nm 

cut off length) to avoid the saturation of the sensor by the laser. Two 50:50 beam splitters are mounted 

to convey the laser beam and the white light on the sample and to direct the reflected 

photodiode or the CCD. 

Figure 2.10 - Scheme of the
optical lever method. (b) Image of the experimental setup, with 
the vacuum gauge and the electrical connection feed

In order to have uniform laser 

10x beam expander, that allows also to control the spot size and shape on the pillar top area.

described optical component

configuration and with reciprocal distance of 3

optical components, so that light and laser travels along the same axis. 

mounted on adjustable supports and placed just after the laser 

beam with the beam expander.
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Optical lever detection 

Measurements of micropillar resonance frequency can be performed through the optical lever method, 

as commonly applied in cantilever technology and described in § 1.4.3. The existing optical system 

has been used and adapted for measurements in air and in liquid environment.

The optical setup scheme is illustrated in Figure 2.10a, while Figure 2.10b shows a detail of the turbo 

pump and the vacuum chamber used for measurements.  

Briefly, a DSPP green laser source (wavelength 532 nm, max power = 100 mW) and a white light 

source are focused by a long working distance objective (OLYMPUS LMPLFLN 20x or 50x 

magnification, numerical aperture of 0.40 and 0.50, respectively) on the top of the pillar to be 

lected beam passes through a tube lens (focal length of 200 mm) that is necessary 

on the photodiode the infinitive corrected image exiting from the objective. In order to 

alignment of the spot on the top of a pillar, a mirror can be i

photodiode to deviate the laser and the white light to a CCD, equipped with a long pass filter (610 nm 

length) to avoid the saturation of the sensor by the laser. Two 50:50 beam splitters are mounted 

and the white light on the sample and to direct the reflected 

Scheme of the setup for resonance frequency measurements through 
. (b) Image of the experimental setup, with details on 

the vacuum gauge and the electrical connection feed-through. 

laser illumination on the objective pupil, the entering laser

that allows also to control the spot size and shape on the pillar top area.

optical components are mounted on a optical cage system made of 4 rods in squared 

configuration and with reciprocal distance of 3 cm. This architecture allows go

so that light and laser travels along the same axis. In addition, two mirrors are 

mounted on adjustable supports and placed just after the laser source, in order to better

beam with the beam expander. 
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Measurements of micropillar resonance frequency can be performed through the optical lever method, 

he existing optical system 

d adapted for measurements in air and in liquid environment. 

, while Figure 2.10b shows a detail of the turbo 

elength 532 nm, max power = 100 mW) and a white light 

source are focused by a long working distance objective (OLYMPUS LMPLFLN 20x or 50x 

magnification, numerical aperture of 0.40 and 0.50, respectively) on the top of the pillar to be 

lected beam passes through a tube lens (focal length of 200 mm) that is necessary 

image exiting from the objective. In order to 

pillar, a mirror can be inserted just before the 

photodiode to deviate the laser and the white light to a CCD, equipped with a long pass filter (610 nm 

length) to avoid the saturation of the sensor by the laser. Two 50:50 beam splitters are mounted 

and the white light on the sample and to direct the reflected image toward the 

resonance frequency measurements through the 

details on the turbo pump, 

, the entering laser is expanded with a 

that allows also to control the spot size and shape on the pillar top area. All the 

are mounted on a optical cage system made of 4 rods in squared 

cm. This architecture allows good alignment of the 

In addition, two mirrors are 

source, in order to better align the laser 
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The detector used to measure pillars amplitude oscillation is a fast four quadrant photodiode 

(HAMAMATSU S7379-01, with a cut-off frequency around 80 MHz), that is integrated on a home-

made electronic circuitry. The signals of the four quadrants are mixed and integrated to give as outputs 

the positions of the laser spot on the x and y directions, which are directly proportional to the 

displacements of the measured pillar. The photodetector circuitry is mounted on a three axis 

micropositioning system, that is used to align the laser spot at the center of the photodiode. The 

effective alignment on the x and y direction is monitored through an oscilloscope.  

The piezoelectric crystal used to actuate the pillar motion is controlled by a network analyzer (HP 

3577A) or a lock in amplifier (7280 DSP, AMETEK). The latter is used to extract the signal relative to 

pillar motion even in case of very noisy measurements, as in the case of low laser intensity and 

measurements in air/liquid environment, where the reduced oscillation amplitude lowers the signal to 

noise ratio. In both the considered instruments, the actuation is made by a pure (single frequency) 

sinusoidal signal : by performing frequency sweeps of progressively reduced span (from 500 kHz to 

10 kHz), the resonance spectra of a single pillar is optimized and collected. In network analyzer, the 

sinusoid is spliced into two signals, one of which goes to the piezo actuator, while the other is used as 

reference for collection of the resonance spectra. In the lock-in amplifier, instead, the internal 

oscillator is used to provide the sinusoidal signal that, phase shifted and multiplied by the measured 

signal coming from the photodiode, allow the rejection of all signals but that created at the actuation 

frequencies. The network analyzer allows collection of 401 points per scan, so the frequency step is 

automatically determined by the scan width, while on lock-in amplifier the frequency step can be 

directly set. Both of the instruments give a maximum actuation voltage around 3 Vpp (peak-to-peak 

voltage) so, in order to increase the pillars actuation and their oscillation at resonance, a 43 dB 

amplifier (LZY-22+) is mounted between the output of the actuation signal and the piezoelectric 

crystal. This is particularly useful in air and in liquid, where the damping of the medium strongly 

reduces the oscillation amplitude, so higher voltages can be applied (up to 30 Vpp) without over-

actuation of pillars, that would result in asymmetry of the resonance curve. 

The x or y signal relative to the pillar oscillation at each frequency is collected by the network 

analyzer or the lock-in amplifier for data storage and processing, as will be illustrated in paragraph 

2.5.4.  

The laser power is measured by an external power meter, in order to keep the laser intensity low 

enough to avoid heating issues. With laser power of 1-2 mW, considering the intensity losses due to 

beam splitters and objective, the adsorbed power on top of pillars is lower than 100 µW. Previous tests 

and simulations [2] have demonstrated that this induces an increase of just 0.1°C, and the experimental 

RMS of repeated measurements in vacuum is of the order of few ppm. 

2.5.2 All electrical pillars actuation and read-out 

As an alternative to piezoelectric actuation, micropillars can be actuated also electrically by Kelvin 

polarization forces, as demonstrated in our group [13]. Indeed, each micropillar can be flanked by two 
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independent electrodes and when a 

electrodes, polarization is induced 

FKP developed in the system can be expressed as:

where P is the polarization, 

constant, respectively. 

The tested system is represented by a rectangular pillar (3x8 µm

by three electrodes as reported in Figure 2

introduced to test this system under different electrical configurations

would be enough to actuate the pillar

polarization force has been determin

Figure 2.11b) that is related to the intercalation of pillars between the side electr

found to be equal to 2 µm (Figure 2.11c

has been set to 500 nm, to provide enough spacing for the

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.11 – (a) SEM image of micropillars flanked by three electrodes for actuation 
through Kelvin polarization forces. (b) Finite element simulation of the developed electrical 
field in the two electrode configuration. The intercalation g of micro
the resulting polarization force is calculated. (c) Dependence of the Kelvin polarization 
force as a function of pillar intercalation g between the electrodes. (d) Electrical 
configuration schemes tested for micropillar actuation, see
[13]. 
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independent electrodes and when a non uniform, quasi static electrical field is created between that 

, polarization is induced on micropillar and causes its motion. The Kelvin polarization force 

developed in the system can be expressed as: 

��� = � ∙∇� =
�

�
��(�� − 1)∇(� ∙�) 

is the polarization, E the electrical field, ε0 and εr the vacuum and silicon pillar dielectric 

tested system is represented by a rectangular pillar (3x8 µm2 top area, 15 µm height), surrou

by three electrodes as reported in Figure 2.11a. The presence of the central electrode has been 

introduced to test this system under different electrical configurations, even if the two side electrodes 

would be enough to actuate the pillar. The optimal geometric configuration that

determined by finite element simulations, acting on the distance 

that is related to the intercalation of pillars between the side electr

(Figure 2.11c), while the minimum distance between 

provide enough spacing for the dry plasma etching of the vertical structures. 

(a) SEM image of micropillars flanked by three electrodes for actuation 
through Kelvin polarization forces. (b) Finite element simulation of the developed electrical 
field in the two electrode configuration. The intercalation g of micropillars is varied and 
the resulting polarization force is calculated. (c) Dependence of the Kelvin polarization 
force as a function of pillar intercalation g between the electrodes. (d) Electrical 
configuration schemes tested for micropillar actuation, see text for details. Adapted from 
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atic electrical field is created between that 

The Kelvin polarization force 

 E 2. 2  

the vacuum and silicon pillar dielectric 

top area, 15 µm height), surrounded 

. The presence of the central electrode has been 

, even if the two side electrodes 

optimal geometric configuration that maximizes the Kelvin 

, acting on the distance g (see 

that is related to the intercalation of pillars between the side electrodes. This distance is 

, while the minimum distance between pillars and electrodes 

etching of the vertical structures.  

(a) SEM image of micropillars flanked by three electrodes for actuation 
through Kelvin polarization forces. (b) Finite element simulation of the developed electrical 

pillars is varied and 
the resulting polarization force is calculated. (c) Dependence of the Kelvin polarization 
force as a function of pillar intercalation g between the electrodes. (d) Electrical 

text for details. Adapted from 
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The starting material is a Silicon on Insulator wafer (SOI), made of a 15 µm layer of p-doped 

monocrystalline (1 0 0) silicon, a 2 µm thick silicon dioxide as insulating layer and a 500 µm handle 

silicon layer as substrate. Pillars and electrodes are patterned by e-beam lithography, then a 20 nm Ni 

mask is created by e-beam evaporation and lift-off. Larger areas to provide electrical contacts are 

aligned to the patterned electrodes by optical lithography (by using S1818 as photoresist) and a 

multilayer evaporation of Ni/Au/Ni (18/100/20 nm respectively) is performed to allow electron flow 

on the electrodes and the mask for the Bosch-like dry etching process. The latter is made through all 

the 15 µm of the first silicon layer and stopped at the electrical insulating silicon dioxide layer, where 

the etch rate is much lower than on silicon.  

The fabricated device is mounted on a dual-in line package by silver paste and the connections 

between the contact pads and the support pins are made by a bonding machine and a gold wire. The 

system is then loaded in the vacuum chamber described in the previous paragraph and all the electrical 

connections to instrumentations are provided by a feed-through. Pillars are actuated by a bias voltage 

(VDC) coupled to an RF signal (VRF). Indeed it can be seen from Eqn 2.2 that the Kelvin polarization 

force is related to the applied differential voltage and, in the case of voltages coupling, this force can 

be approximated as  

F�� (V�� + V��)≅ c�(V�� + V��)
� = c�V��

� + c�V��
� + 2c�V��V��  E 2. 3 

Direct application of high RF voltages would be dispersed or corrupted by environmental noise; in 

addition, most of the RF generators provides low voltage output. On parallel, bias voltage by itself 

does not produce any actuation effect, but can be used to amplify the effect of the RF signal; also, by 

keeping the DC component as dominant, high actuation voltage and low RF noise are obtained. In the 

first experiments, pillars motion has been monitored though optical lever method, as described in the 

previous paragraph. In Figure 2.11d are reported all the electrical configurations used to actuate the 

pillar, namely: 

i. all the three electrodes are fed with VDC and VRF; 

ii. one side electrode is fed with RF signal, the inner electrode with the DC voltage, while the 

third electrode is grounded; 

iii. a side electrode is fed with VRF and a variable DC bias, the inner with a constant, positive 

voltage (Vinner = 20V) or grounded, the third electrode is grounded. 

 

The RF voltage is kept constant at 2 Vpp, while VDC is varied between + 20 and -20 V. 

In the first configuration, the developed electric field is almost uniform, so no pillar motion has been 

observed. This confirms that in this electrode geometry, pillars is effectively actuated by Kelvin force 

and not by capacitive actuation, where the pillar would act as one of the two plates of a capacitor. 

Pillars actuated in the second configuration have shown motion, and the registered maximum 

oscillation amplitude increases linearly with the applied DC voltage, both positive or negative (Figure 

2.12a). As expected, nor the resonance frequency neither the resonance shape (and so the Q-factor) are 
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influenced by the increasing bias, while also in case of V

even if with very low amplitude. 

Figure 2.12 – (a) Oscillation amplitude versus applied bias V
side electrode with VRF, the inner electrode with VDC and keeping the third electrode 
grounded (configurat
applied at the side electrode for two different voltages at the inner electrode (configuration 
iii of Figure 2.11d). 

Repetitions of actuation with sweeping DC voltage ha

no residual polarization is present on the resonator,

dissipative effects that could reduce Q

when VDC is equal to zero, but when the total actuation potential expressed in Eqn 2.3 is minimized, 

that is for VDC = ½ VRF: considering that V

VDC = 0.5 V. 

In the third configuration, when V

V while, when Vinner = 20 V, if a V

RF signal, the registered oscillation amplitude is 

electrode is grounded (Figure 2.12b)

electrode position and polarization

amplitude is not obtained for 

inner and side electrodes have the same bias and 

while the inner screens the RF component respect to the third electrode. In this particular 

configuration, the minimum of osc

behavior has been explained as due to the presence of more than two electrodes and to the lack of 

symmetry in the actuation potential.

When oscillation amplitude is high enough, pillar at resonan

short distance (few hundred nanometers) and producing an AC current at the same frequency of the 

resonator, in parallel to what obtained with 

method, without the need of laser or optical components to be aligned. As 
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influenced by the increasing bias, while also in case of VDC = 0, the resonance peak is still detectable, 

even if with very low amplitude.  

(a) Oscillation amplitude versus applied bias VDC obtained by feeding one 
side electrode with VRF, the inner electrode with VDC and keeping the third electrode 
grounded (configuration ii of Figure 2.11d). (b) Oscillation amplitude versus voltage 
applied at the side electrode for two different voltages at the inner electrode (configuration 

ns of actuation with sweeping DC voltage have led to reproducible b

no residual polarization is present on the resonator, and so that this kind of actuation does not induces 

dissipative effects that could reduce Q-factor. The minimum oscillation amplitude is not obtained 

o, but when the total actuation potential expressed in Eqn 2.3 is minimized, 

onsidering that VRF = 1V, the minimum oscillation amplitude is obtained for 

n the third configuration, when Vinner = 0 V (grounded), again the minimum is obtained for V

= 20 V, if a VDC = -20 V is applied to the side electrode in combination with

d oscillation amplitude is more than 1.5 times greater than when 

grounded (Figure 2.12b) suggesting that the system could be optimized by 

and polarization to maximize the actuation. In addition, the minimum of oscillation 

obtained for VDC = 20 V, as could be expected considering that

have the same bias and that RF bias is applied between the two electrode

the inner screens the RF component respect to the third electrode. In this particular 

configuration, the minimum of oscillation amplitude has been obtained for V

behavior has been explained as due to the presence of more than two electrodes and to the lack of 

symmetry in the actuation potential. 

lation amplitude is high enough, pillar at resonance can hit a counter electrode 

short distance (few hundred nanometers) and producing an AC current at the same frequency of the 

what obtained with a cantilever resonator [14]. This can be used as detection 

method, without the need of laser or optical components to be aligned. As a 
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= 0, the resonance peak is still detectable, 

obtained by feeding one 
side electrode with VRF, the inner electrode with VDC and keeping the third electrode 

ion ii of Figure 2.11d). (b) Oscillation amplitude versus voltage 
applied at the side electrode for two different voltages at the inner electrode (configuration 

e behavior, confirming that 

actuation does not induces 

The minimum oscillation amplitude is not obtained 

o, but when the total actuation potential expressed in Eqn 2.3 is minimized, 

= 1V, the minimum oscillation amplitude is obtained for 

the minimum is obtained for VDC = 0.5 

20 V is applied to the side electrode in combination with the 

greater than when the inner 

suggesting that the system could be optimized by tuning the 

. In addition, the minimum of oscillation 

ering that, at this value, the 

ween the two electrodes 

the inner screens the RF component respect to the third electrode. In this particular 

illation amplitude has been obtained for VDC = 13 V and this 

behavior has been explained as due to the presence of more than two electrodes and to the lack of 

ce can hit a counter electrode placed at 

short distance (few hundred nanometers) and producing an AC current at the same frequency of the 

. This can be used as detection 

a drawback, each pillars 
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should be actuated and measured independently, so the electrical parallel read-out is effectively 

limited to just few pillars due to wiring issues.  

What so far reported is just a proof of concept of the effective electrical actuation and read out of 

pillars; in order to be used directly in a liquid environment or with biological samples, strong 

modification of the array geometry would be required to provide superhydrophobicity and insulation 

of the electrical circuitry from liquid contact.  

2.5.3 Parallel read out of pillars 

Thanks to their vertical geometry, micropillars can be patterned in very dense arrays. In this 

configuration, a parallel read-out technique is useful to monitor lots of pillars at the same time, 

reducing both the time required by the one-by-one optical lever detection described above and the data 

dispersion, by increasing the number of measured pillars.  

A simple but effective solution developed and applied in our group is still based on an optical method, 

but exploits the blurring effect of a pillar oscillating at its resonance frequency. Indeed, during pillar 

motion in this condition, the reflected light from the top is slightly tilted respect to the original vertical 

direction. During pillar oscillation at resonance, that occurs in the MHz range, thousands of cycles are 

performed during the integration time of the CCD used to monitor the pillar array. The obtained image 

is indeed an average of these oscillations and the top of the oscillating pillar appears darker. This 

means a slight decrease of the light collected by the CCD. By limiting the inspected areas (Region of 

Interest, ROI) to the top of the pillars of the array, and relating the acquired images to the actuation 

frequency, the resonance spectra of tens of resonators in parallel can be collected.  

Based on the pillar geometry, oscillation amplitude at resonance can be less than 100 nm and 

detectable only by optical lever method. So, to increase pillars oscillation, they are fabricated to have a 

base thickness in the order of 800 nm and an height around 15 µm. In this way, oscillation exceeds 

hundreds of nanometers (depending also on the actuation voltage) in vacuum and the parallel detection 

can be easily implemented. As a drawback of this modification, pillars oscillates at lower frequency 

(usually 1-2 MHz) and are slightly less sensitive as mass resonators (around 24 Hz/fg). The improved 

oscillating behavior of “T” shaped pillars allows parallel read out also in air, as will be discussed in 

Chapter 5. 

The optical setup developed for this kind of detection is schematized in Figure 2.13a. Illumination of 

the pillars array with white light is provided by a Kohler illuminator, an optical fiber bundle and a 

lens, introduced to enlarge the illuminated area of the array. Kohler illuminator is used to produce an 

uniform illumination of the pillars array and a high contrast, to better distinguish the top area of pillars 

from the surrounding portions. The white light passes a beam splitter and one of the two optical beams 

is collected by a long working distance objective (OLYMPUS LMPLFLN 50x magnification, 

numerical aperture = 0.5) and focused on the pillar array. The reflected image passes again the beam 

splitter and is focused by a tube lens (focal length of 200 mm) on the CCD sensor (DBK 41BU02, 

Pyramid Imaging, US). 
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Figure 2. 13 – (a) Scheme of the
(b) Image of the experimental setup, with the turbo pump and the vacuum gauge 
mechanically uncoupled respect to the vacuum chamber.

This optical read out technique requires extremely 

Kohler illuminator) and absence of external mechanical vibration

frequency out of the pillar reso

of the ROIs respect to the pillars top area

better insulate the vacuum setup from mechanical vibrations, respect to the config

Figure 2.10b, the turbo pump has been

damped architecture to reduce 

laterally. Such modifications strongly red

chamber and so the effects of mechanical 

piping used for vacuum connections are embedded

avoid accidental motion during spectra acquisition.

2.13b.  

The pillar oscillation is forced 

a function generator, remotely co

pillar measurements, ROIs are defined as rectangles corresponding to the top area of the investigated 

pillars. A broad preliminary scan 

performed to identify quickly the resonance frequency range, while 

performed at 20 Hz of span and at an actuation voltage enough to produce a well detectable darkening 

of the ROIs at resonance but also t

actuated resonators. Light intensity collected by the CCD on each ROI at each frequency of actuation 

is registered and automatically stored by the LabView program for further data processin

With this optical setup and pillar array geometry, up to 64 pillars in parallel can be detected in less 

than one hour, but this limit could be further enhanced by modifying optics to enlarge the illuminated 
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Scheme of the setup developed for optical parallel read
(b) Image of the experimental setup, with the turbo pump and the vacuum gauge 
mechanically uncoupled respect to the vacuum chamber. 

This optical read out technique requires extremely stable light intensity during time (provided by the 

Kohler illuminator) and absence of external mechanical vibrations that, although in a ra

out of the pillar resonance, can introduce noise in the collected spectra

of the ROIs respect to the pillars top area could be affected, altering the measurements. In order to 

better insulate the vacuum setup from mechanical vibrations, respect to the config

, the turbo pump has been installed laterally to the vacuum chamber and fixed on a 

damped architecture to reduce the transmission of vibrations; also the vacuum gauge has been moved 

laterally. Such modifications strongly reduced the vertical/lateral arms connected to the vacuum 

chamber and so the effects of mechanical perturbations on the collected image. Finally, 

piping used for vacuum connections are embedded in a sponge coating, used as a damper,

avoid accidental motion during spectra acquisition. The resulting modified setup is shown in Figure 

forced by the piezoelectric actuator, driven by a sinusoidal signal provided by 

ly controlled by a LabView program. With the same program, prior to 

pillar measurements, ROIs are defined as rectangles corresponding to the top area of the investigated 

s. A broad preliminary scan at 300 Hz of frequency step and actuation voltage fr

performed to identify quickly the resonance frequency range, while more accurate 

performed at 20 Hz of span and at an actuation voltage enough to produce a well detectable darkening 

of the ROIs at resonance but also to avoid, at the same time, asymmetric resonance curves due to over 

Light intensity collected by the CCD on each ROI at each frequency of actuation 

is registered and automatically stored by the LabView program for further data processin

With this optical setup and pillar array geometry, up to 64 pillars in parallel can be detected in less 

than one hour, but this limit could be further enhanced by modifying optics to enlarge the illuminated 
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parallel read-out detection. 
(b) Image of the experimental setup, with the turbo pump and the vacuum gauge 

light intensity during time (provided by the 

that, although in a range of 

introduce noise in the collected spectra; also the alignment 

, altering the measurements. In order to 

better insulate the vacuum setup from mechanical vibrations, respect to the configuration reported in 

installed laterally to the vacuum chamber and fixed on a 

; also the vacuum gauge has been moved 

uced the vertical/lateral arms connected to the vacuum 

perturbations on the collected image. Finally, all the metal 

, used as a damper, and fixed to 

The resulting modified setup is shown in Figure 

piezoelectric actuator, driven by a sinusoidal signal provided by 

the same program, prior to 

pillar measurements, ROIs are defined as rectangles corresponding to the top area of the investigated 

voltage from 6 to 8 Vpp is 

more accurate spectra collection is 

performed at 20 Hz of span and at an actuation voltage enough to produce a well detectable darkening 

o avoid, at the same time, asymmetric resonance curves due to over 

Light intensity collected by the CCD on each ROI at each frequency of actuation 

is registered and automatically stored by the LabView program for further data processing. 

With this optical setup and pillar array geometry, up to 64 pillars in parallel can be detected in less 

than one hour, but this limit could be further enhanced by modifying optics to enlarge the illuminated 
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portion of the array. Comparing this technique with the optical lever mode described above, the laser 

alignment, signal optimization and spectra collection require almost five minutes per pillar. In 

addition, the absence of a laser beam in the parallel read-out technique excludes issues from localized 

heating. 

2.5.4 Data processing 

Once that resonance spectra are collected, they are processed to obtain the value of resonance 

frequency, fr, and the quality factor, Q. In the case of data obtained from the optical parallel read out, 

the spectra reporting the decrease of light intensity are first transformed in order to obtain a positive 

resonance peak. The oscillation amplitude is then normalized to compare spectra with different ranges 

of minimum and maximum of the signal from the photodiode. The square of the normalized amplitude 

is then fitted with a Lorentzian curve. Indeed, as reported also in § 1.4.2, the amplitude of oscillation 

for a forced oscillator can be expressed with the set of equations described below, where ω = 2πf is the 

angular frequency: 
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By taking its square, it results: 
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If we are close to the resonance frequency and Q is high enough, we can consider that (ω � + ω)≅

2ω � and that ω � ⁄ Q ∙ω ≅ ω �
� Q⁄ , so that Eqn. E 2.5 can be rewritten as 
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that, in the last form, can be compared to the Lorentzian function 

� = �� +
�

(����)
���

 E 2. 7 

From the fitting, x0 represents the resonance frequency fr, while Q factor can be calculated from B as 

Q = 
��

√�∙�
 E 2. 8 

Due to the small inhomogeneities that characterize the top down fabrication process, each pillar of the 

array has a slightly different but distinguishable resonance frequency. So, in order to calculate the 

resonance shift due to mass deposition, each pillar must be measured before and after the exposure to 

the sample. Resonance shift can be converted to mass after calibration of each resonator, by depositing 
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a known amount of mass, small compared to the resonator mass (e.g. a thin gold layer). The 

corresponding resonance shift gives the sensitivity S of the resonator, defined as  

� = 
∆�

∆�
 E 2. 9 

In the case of large number of pillars measured, sensitivity of each pillar can be substituted with an 

average sensitivity of all the measured pillars, without introducing relevant errors in the mass 

calculations. 
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Chapter 3 

Superhydrophobic micropillars as 
platform for biosensing 

In this chapter micropillars arrays are described as a platform of mechanical resonators on which 

superhydrophobic states can be obtained. In the first part, the effects of different dry etching processes 

on the shape and on the resonance frequency of pillars are illustrated; then, after a brief introduction to 

the superhydrophobic states obtainable on micropillars arrays, the effects of different hydrophobic 

treatments are discussed in terms of mechanical effects on the resonator, of wettability of the array and 

of compatibility with the formation of a biofunctional layer on top of pillars.  

3.1  Influence of the etching processes on micropillars 

As illustrated in § 2.2.2, the dry etching of pillars is performed through a Bosch-like process, made of 

repeated cycles of passivation and etching. In particular, several recipes have been developed, in order 

to act on the shape and on the resonance frequency of these oscillators. The two most important 

geometrical properties that control both the resonance frequency and the oscillation amplitude are the 

pillar height and the base thickness, in the same way of the cantilever geometry, where the 

eigenfrequency of the first flexural mode is related to the thickness t and the length L as t/L2 (see Eqn. 

1.6). However, while the standard cantilever fabrication processes allow only the fabrication of 

geometries with parallel sides, pillar fabrication, as already discussed in Chapter 2, enables the 

formation of tapered structures. In this geometry, most of the stress during motion is concentrated at 

the bottom of the resonator, so that is important to have a good control of the base thickness. Here the 

effects of three different recipes on shape and dimensions of micropillars are illustrated and, through 

finite element simulations, the influence of the geometry on the resonance frequency is discussed. 

Nonetheless, it is worth to stress that the distance between structures plays an important role both on 

the etch rate and on the undercut of the etching, due to the different circulation of reagents between the 

structures during the plasma reaction, so that a proper calibration of each process is required for a 

specific pattern geometry. 

The most used etching process (ref. BOSCH1 in Table 2.2) is characterized by a constant undercut of 

approximately 2.5°, so that, from geometrical considerations, the final thickness t can be related to the 

final etch depth h through the relationship 

� = t� − 2 ∙h ∙tan(α)  E. 3. 1 
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where t0 is the initial thickness, that corresponds 

to the width of the pillar top area, 

undercut of the etching (see Figure 3.1 for 

details on the geometrical parameters of 

micropillars).  

By substituting the thickness calculated from 

Eqn. 3.1 into Eqn 1.6 relative to cantilevers, the 

resonance frequency of micropillars 

estimated as 
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This is expected to overestimate the resonance 

frequency value of micropillars, as it is referred 

to an hypothetical rectangular beam of thickness 

t and length h, and, consequently, also of lower 

mass respect to the one of the micropillar. S

performed to better estimate the resonance frequency and the effects of the geometrical parameters

In Figure 3.2a a typical example of micropillar

Figure 3.2b shows the eigenfrequencies

through the finite element simulation for different etch depth, 

 
 

 

 

 

 

 

 

 

Figure 3.2 – (a) SEM image of a micropillar resulting from dry etching at constant 
undercut (recipe BOSCH1 
etching depth calculated from Eqn 3.2 and through

As can be seen, the resonance frequency values calculated by approximating the tapered micropillar to 

a rectangular beam of thickness t (Eqn 3.2), are higher respect to simulations with the real resonator 

geometry, as expected. 

By introducing a negative ramp during 

layer is reduced along the process, so that an increased etch rate and a higher undercut 

 

, that corresponds 

 and α is the 

undercut of the etching (see Figure 3.1 for 

details on the geometrical parameters of 

thickness calculated from 

3.1 into Eqn 1.6 relative to cantilevers, the 

of micropillars would be 

� E. 3. 2 

the resonance 

, as it is referred 

to an hypothetical rectangular beam of thickness 

, and, consequently, also of lower 

mass respect to the one of the micropillar. So, on parallel, finite element simulations have 

to better estimate the resonance frequency and the effects of the geometrical parameters

a a typical example of micropillars produced with the BOSCH1 recipe is shown, while 

the eigenfrequencies of the first flexural mode calculated both with Eqn 3

te element simulation for different etch depth, h. 

(a) SEM image of a micropillar resulting from dry etching at constant 
 of Table 2.2);(b) resonance frequency dependence

calculated from Eqn 3.2 and through finite element simulations. 

ce frequency values calculated by approximating the tapered micropillar to 

a rectangular beam of thickness t (Eqn 3.2), are higher respect to simulations with the real resonator 

during the passivation step, the thickness of the deposited fluorine 

layer is reduced along the process, so that an increased etch rate and a higher undercut 

Figure 3.1 – Geometrical parameters 
micropillars dimensions: (a) 3D view, (b)
2D view of the thin, lateral side. 
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o, on parallel, finite element simulations have been 

to better estimate the resonance frequency and the effects of the geometrical parameters. 

recipe is shown, while 

calculated both with Eqn 3.2 and 

(a) SEM image of a micropillar resulting from dry etching at constant 
dependence on the 

ce frequency values calculated by approximating the tapered micropillar to 

a rectangular beam of thickness t (Eqn 3.2), are higher respect to simulations with the real resonator 

deposited fluorine 

layer is reduced along the process, so that an increased etch rate and a higher undercut are obtained. 

Geometrical parameters for 
lars dimensions: (a) 3D view, (b) 
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Figure 3.3 – (a) SEM image of a micropillar resulting from 
process, where increased undercut is obtained by t
the passivation time; (b)r
finite element simulations

This recipe has been used on micropillars patterned by optical lithography, 

slightly larger than 2 µm are obtained and so th

needed to obtain the desired thickness. In Figure 3.

on Figure 3.3b the relationship between 

undercut is displayed, for a fixed height of 

On the opposite, by introducing a positive ramp (0.3 s/cycle

the passivation step, a concave

Figure 3.4a. Such kind of modification has been applied particularly on micropillars 

parallel read out in vacuum, as the almost constant ba

frequencies just acting on the pillars height, providing

fabrication batches. 

 

 

 

 

 

 

 

 

 

 
Figure 3.4 – (a) SEM image of 
Table 2.2, resulting in a concave structure terminating with a vertical post. Pillar height is 
around 16 µm, while the base thickness is almost 900 nm. (b) 
resonance frequency dependenc

Superhydrophobic micropillars as platform for biosensing 

An example is represented by the BOSCH2 recipe reported in Table 2.2, where a reduction on 

 has been introduced, resulting on an increased undercut of 3.5°. 

(a) SEM image of a micropillar resulting from the BOSCH2 dry etching 
process, where increased undercut is obtained by the introduction of a negative ramp on 

e; (b)resonance frequency dependence on the undercut of the etching
finite element simulations.  

used on micropillars patterned by optical lithography, 

are obtained and so the increased undercut reduces the number of cycles 

needed to obtain the desired thickness. In Figure 3.3a is reported an example of such structure, while 

b the relationship between the first flexural mode eigenfrequency and the etching 

undercut is displayed, for a fixed height of 12 µm, resulting in an almost linear dependence.

On the opposite, by introducing a positive ramp (0.3 s/cycle, see the recipe BOSCH3 in Table 2.

the passivation step, a concave structure terminating with a vertical post is obtained

a. Such kind of modification has been applied particularly on micropillars 

, as the almost constant base thickness allows to better

acting on the pillars height, providing a more reproducible behavior through

(a) SEM image of a micropillar etched with the BOSCH3 recipe reported in 
, resulting in a concave structure terminating with a vertical post. Pillar height is 

around 16 µm, while the base thickness is almost 900 nm. (b) Comparison of the simulated 
resonance frequency dependence with etch depth for BOSCH1 and BOSCH3 recipes.
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, where a reduction on the 

introduced, resulting on an increased undercut of 3.5°.  

BOSCH2 dry etching 
negative ramp on 

esonance frequency dependence on the undercut of the etching by 

used on micropillars patterned by optical lithography, where masked areas 

reduces the number of cycles 

a is reported an example of such structure, while 

mode eigenfrequency and the etching 

µm, resulting in an almost linear dependence. 

recipe BOSCH3 in Table 2.2) on 

is obtained, as shown in 

a. Such kind of modification has been applied particularly on micropillars used for the 

better tune the resonance 

a more reproducible behavior through different 

ched with the BOSCH3 recipe reported in 
, resulting in a concave structure terminating with a vertical post. Pillar height is 

Comparison of the simulated 
e with etch depth for BOSCH1 and BOSCH3 recipes. 



60 Chapter 3 

Figure 3.4b shows the comparison of the simulated resonance frequency dependence on the etch 

depth, h, for pillars fabricated with BOSCH1 and BOSCH3 recipes. In the latter case, the concave 

portion of the micropillar has been approximated in the simulations with a truncated pyramid of 10 µm 

of height. As we can see, with the BOSCH3 recipe, the resonance frequency is less affected by small 

variations of the etch depth respect to what obtained with the BOSCH1 recipe.  

The reported simulations have been made with the only purpose to demonstrate qualitatively the 

relationship between the shape and the resonance frequency, while a precise experimental validation is 

out of the scope of this project.  

From the simulated data we can observe that a reduction of the base thickness and/or an increase of the 

pillars height result in a reduction of the resonance frequency. This leads from one side to an increase 

of the oscillation amplitude and so to a higher signal from the optical detector (the four quadrant 

photodiode or the CCD in the case of the parallel read out technique), but on the other side these 

modifications have as a drawback the reduction both of mass sensitivity [1] and of Quality factor of 

the resonator. An experimental evidence of such effect is displayed in Figure 3.5, where the resonance 

frequency and the Quality factor measured in air for micropillars (at the first flexural mode) from 

different batches are reported. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.5 – Quality factor dependence on the resonance frequency of micropillars 
measured in air, grouped for different fabricated batches. 

As we can see, a linear relationship between the calculated Quality factor and the resonance frequency 

can be inferred, especially below the 3 MHz region, that corresponds at bottom thickness values below 

1 µm. The same behavior has been observed also by Yasumura et al. [2] on single-crystal silicon 

cantilever with micron and sub-micron thicknesses and actuated in vacuum, where the Q factor 

monotonically decreases by reducing thickness. This has been explained by authors as the increasing 

effect of surface losses at reducing thickness. 
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3.2  Superhydrophobic states
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Figure 3.6 - Comparison between Wenzel (a) and Cassie
configurations: in the first case, liquid intercalates between structures under the droplet, 
while in the second, liquid is partially suspended by an air c
structures. Adapted from

Superhydrophobic micropillars as platform for biosensing 

Superhydrophobic states on micropillars arrays 

The wetting behavior of liquids on solids substrates is strongly influenced not only by

interface but also by the surface roughness. Indeed, while on an idea

the contact angle of water can reach maximum values of 120°, on rough surfaces 

can be strongly increased up to 175°, very close to the physical limit of 180°, tha

contact with the solid substrate. This phenomenon gained growing attention

mimic the lotus-leaf effect present in nature and 

microtextured substrates with controlled interaction between solid and liquid. The application

kind of substrates are very broad, ranging from self-cleaning surfaces or coatings for automotiv

textile, to biological scaffolds and microfluidics [3]. 

When a liquid is in contact with a rough substrate, it can form a static contact angle higher than 150°, 

which is defined in literature as “superhydrophobic” state [4],[5], in the case of polar liquids as water

are mainly two different configurations, depending of the interaction of liquid with solid, 

defined as Wenzel (W) and Cassie-Baxter (CB) state, as exemplified in Figure 3.

it is defined also as noncomposite state; in this configuration water is 

ntercalated between structures, but without spreading all over the solid pattern. This behavior 

irst described by Wenzel in 1936. He related the apparent contact angle

the contact angle θ on a ideally flat substrate with the same

by introducing a roughness factor, r, defined as the ratio of the total area of solid

apparent surface area (that is, the area of a smooth surface having the same geometry and 

dimensions of the rough one), so that r is larger than 1: 

cosθ∗ = r ∙cosθ  

This model shows its limits for highly hydrophobic and or highly rough surfaces, where the 

contact angle is higher than 180°, that is physically impossible.

Comparison between Wenzel (a) and Cassie-Baxter (b) superhydrophobic 
configurations: in the first case, liquid intercalates between structures under the droplet, 
while in the second, liquid is partially suspended by an air cushion formed between 
structures. Adapted from [5]. 
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solids substrates is strongly influenced not only by the chemistry at 

interface but also by the surface roughness. Indeed, while on an ideally flat, hydrophobic 

the contact angle of water can reach maximum values of 120°, on rough surfaces this value 

can be strongly increased up to 175°, very close to the physical limit of 180°, that would mean absence 

growing attention in the last 
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cleaning surfaces or coatings for automotive or 
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configurations: in the first case, liquid intercalates between structures under the droplet, 
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- Cassie-Baxter state: defined also as composite state, where the liquid is in contact only with 

the top of the asperities, while a cushion of air prevents the lateral side wetting with the 

formation of a meniscus between the air and liquid phases. Modeling of this behavior was first 

proposed in 1944 for rough and porous surfaces: the apparent contact angle θ on a 

superhydrophobic surface is related to the one on the flat surface with the same composition, 

by the solid area fraction φs, defined as the ratio of the effective solid area in contact with 

liquid and the apparent solid area (in this case, φs is always less than 1): 

cosθ∗ = − 1 + φ�(1 + cosθ) E. 3. 4 

This model well represents static contact angle values in highly hydrophobic and/or highly 

rough substrates. 

 

While the observed static contact angle can be also comparable in the two states, a great difference is 

shown in the contact angle hysteresis (CAH), defined as the difference between the advancing (the 

angle formed by the droplet moving to the neighbor asperity) and the receding (the angle formed by 

the droplet retiring from one asperity to its neighbor) contact angle. In the Wenzel state, due to the 

high pinning of liquid to the solid substrate, CAH values are very high, up to 100°, while in the CB 

state, where the solid-liquid interaction is strongly reduced, this value is usually lower than 10° [4]. 

Also the roll-off angle, defined as the minimum tilt angle of the solid substrate that induces the 

movement of the droplet is very different in the two cases, as in the CB state it is usually less than 20°, 

while in the W configuration water sliding is hindered by water pinning between the asperities.  

The importance of obtaining a stable CB superhydrophobic state is crucial to use micropillars arrays as 

mass sensors, in order to limit the contact with the solution only to the top area of the vertical 

resonators, providing localized adsorption of receptors and recognition of the target molecule. Indeed, 

if liquid would wet also the side walls of micropillar, non specific mass deposition could alter the 

quantification of mass, nullifying one of the main advantages of micropillars respect to the horizontal 

cantilever mass resonators. 

In addition, as will be better discussed in Chapter 5, the reduced interaction with liquid can be 

exploited to limit the damping effect of viscous medium on resonators, allowing direct mass 

measurements in liquid environment. 

Superhydrophobic CB states can be obtained also on microstructured substrates of intrinsically 

hydrophilic material, by fabricating structures with asperity slope lower than the contact angle on flat 

[6]. In this case, air trapping is possible, and the transition between Cassie-Baxter and Wenzel state is 

a balance of the energy gain due to the wetting of hydrophilic walls and the energy increase due to the 

growth of the highly energetic liquid-air interface. Typical examples of this type of structures are 

hydrophilic surfaces with concave pores or, more similar to our micropillar structures, lattices of 

overturned truncated cones [6]. In this latter case, CB state can be produced only if the slope of the 

asperities α fulfills the relationship (�/2 − �/2 < �), where θ is the angle on the chemically 

equivalent flat, solid surface. 
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Superhydrophobicity has been obtained also on circular, T-shaped silicon pillars with top diameter of 

10 or 20 µm and an overhang of the SiO2 top structure from 1 to 2.5 µm [7]. The thinning of the 

vertical pillar structure has been obtained through TMAH wet etching, resulting in a smooth side wall; 

finally, the structures have been coated with a diamond-like carbon thin film (θ = 72°). From the 

observed static contact angle values, it has been speculated that the three-phase (solid-liquid-vapor) 

contact line can move from the bottom edge of the overhang to the vertical structure of the sidewall, 

resulting in a partial wetting of the structure, maintaining however the droplet suspension on the air 

cushion. Cui and Li [3] modeled the Cassie Baxter and Wenzel state configurations on micropillars 

(2x2 µm) with different height (from 1 to 9 µm) and with different solid fractions φs (from 0.09 to 

0.5). Comparisons were made in terms of free energy and free energy barrier for advancing and 

receding angle on arrays of hydrophilic (θ = 80°) and hydrophobic materials (θ = 120°). In this latter 

work and in all the so far discussed examples, the energy level of the obtained Cassie Baxter state with 

hydrophilic material is higher respect to the one in Wenzel state, that means that even if the CB state 

can be produced, it is metastable and can move to the more stable W state often irreversibly, due for 

example to external perturbation as vibrations or to an increase of the hydrostatic pressure of the liquid 

droplet. 

This behavior has also been confirmed in our tapered micropillars arrays, fabricated with different 

geometrical configurations, from hexagonal to squared lattices, based on the observation made by 

Kashaninejad et al. [8], which reported an increase of the contact angle on silicon micropillars from 

the shifted configuration of pillars (θ = 95°) to the aligned state (θ = 140° for squared pillars of 6x6 

µm of size and 2.5 µm of spacing). In this latter case, we have fabricated arrays of pillars with top area 

of 2x3 µm2 and with a distance of 3 µm. All the considered configurations, with the relative values of 

roughness r and solid fraction φs, are reported in Table 3.1, considering a pillar height of 12 µm. Also 

T-shaped pillars of 3x4.5 µm2 of top area and center-to-center distance of 12 µm in the hexagonal 

lattice have been tested. In all cases, silicon pillars have been used as obtained from the cleaning 

procedure reported in § 2.2.4, so with a contact angle on flat surface of almost 40°. 

Table 3. 1 – Geometrical parameters of fabricated micropillars arrays for 
superhydrophobicity tests. In all cases, pillars height has been set to 12 µm. 

Pillars configuration r φs 

Hexagonal, periodicity = 12 µm 2.111 0.056 

Hexagonal, periodicity = 8 µm 3.222 0.111 

Squared, distance = 3 µm 4.333 0.167 

T shaped, hexagonal, periodicity = 12 µm 2.111 0.125 

 

In all the considered cases, the contact with a water droplet resulted in the complete wetting of the 

arrays: in some cases, droplet deposition has been effectively possible, but the metastable condition 

resulted in a sudden collapse of the droplet, with the failure of the Cassie Baxter state. 
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So, in order to provide a more stable Cassie-Baxter configuration, a hydrophobic treatment is required 

to increase the energetic barrier between composite and non composite states. Further improvement of 

the stability of the CB state is usually provided by a hierarchical micro-nano structured roughness [6]. 

In the case of our micropillars, the scalloped sidewalls produced by the cyclic dry etching process 

introduce a further roughness (r ≈ 1.3) that increases the effect of the hydrophobic treatment. An 

additional improvement to the stability of the Cassie-Baxter state can be provided by the tapered shape 

of microstructures that, based on what reported also in the Extrand’s work [9], facilitates the water 

droplet suspension. In our case, considering the low values of the undercut (from 2 to 4°), this 

contribution is anyhow modest.  

3.3  Effects of the hydrophobic coating on micropillars performances 

As outlined in the previous paragraph, in order to use micropillars arrays as a mass sensing tool, a 

surface hydrophobization treatment is necessary to produce a stable Cassie-Baxter configuration 

during contact with the analyte solution. 

When dealing with mechanical oscillators, an important property directly related to the mass 

resolution is the Quality factor, Q. Considering its physical meaning, Q can be seen as the ratio of the 

energy stored on the oscillator to the energy losses per cycle of vibration. Such sources of loss can be 

internal to the resonator, due to lattice defects of the material or to thermoelastic dissipations, can be 

related to the viscous medium surrounding the pillars or to the clamping dissipations due to the 

coupling of the resonator to its substrate. Also the surface coating can induce energy losses, and this 

effect is stronger when the oscillator sizes are reduced. Indeed, it has been demonstrated that a single 

monolayer can change the Q factor of micron sized cantilevers of more than 70% [10]. On another 

study [11], gold deposition on cantilevers (from 100 to 400nm), that is usually used as a substrate for 

self assembled monolayer of thiol terminated molecules, halved the Q factor in vacuum for the low 

resonance mode, while reduced Q of one order of magnitude for modes higher than 4 (on the opposite, 

a slight increase of Q was registered at atmospheric pressure on nitrogen, that was explained as an 

increase of the total vibrational energy). 

It is possible to assign a value of Q for each of the considered losses, so that the Quality factor can be 

expressed as: 
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At low vacuum or at atmospheric pressure, the viscous effect is dominating, while at high vacuum the 

other terms are the most relevant [2], [12]. 

Based on this, the effect of the hydrophobic treatment on micropillars can strongly affect the sensing 

performance of the resonator, at least in vacuum; so a proper coating is required in order to i) provide 

the Cassie-Baxter state on micropillars arrays; ii) preserves the mechanical performance and so the 
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mass resolution in vacuum and iii) be compatible with the formation of a biofunctional layer on the 

top of micropillars, as for example receptors to bind the target molecule in the analyte solution. 

In particular, two different surface treatments have been tested [13], based on fluorocarbon thin film 

coating by plasma reaction or by hydrophobic alkanosilanes (mainly octadecyltrichlorosilane, OTS) 

deposition by evaporation or in solution. The details of the hydrophobization protocols are reported in 

§ 2.2.4, while their effects on superhydrophobicity, Quality factor and gold deposition as a substrate 

for biomolecular adsorption, are discussed below. In this study, hexagonal micropillars arrays of 2x3 

µm2 of top area and center to center distance of 12 µm have been used. 

3.3.1 Effects on superhydrophobicity 

3.3.1.1 Contact angle measurements 

The static contact angle (CA) has been measured both on flat substrates and on micropillars arrays 

through the sessile drop method, described in § 2.3. In particular, to evaluate the contact angle on wide 

micropillars arrays, the Young-Laplace method has been used. The obtained results are reported in 

Table 3.2. 

Table 3.2 – Static contact angle measurements on bare silicon and on 
hydrophobically treated substrates, through the sessile drop method. The 
values predicted (in italics) by the Cassie-Baxter (CB) and the Wenzel (B) 
models are also reported. 

 Substrate 

 Bare Si FCF1 FCF2 FCF3 OTS1 OTS2 

CAflat 40 ± 5° 114.0 ± 2.1° 112.7 ± 1.0° 112.7 ± 0.7° 106.2 ± 1.8° 103.6 ± 0.9° 

CApillar Wet 163.2 ± 2.1° 161.9 ± 1.4° 161.0 ± 1.0° 160.0 ± 0.7° 156.7 ± 0.3° 

CACB 154.3° 165.2° 164.9° 164.9° 163.7° 163.2° 

CAW NaN 149.2° 144.6° 144.6° 126° 119.8° 

 

As can be seen, in all cases the hydrophobic coating leads to superhydrophobicity on the micropillars 

array, being the contact angle higher than 150°. In particular, the highest values have been obtained for 

FCF1 and FCF2, while the silanization performed in solution has shown the lowest value.  

In the same table are reported also the contact angle values calculated applying the Cassie-Baxter 

model and the Wenzel model, using an r and φs values for the considered array of 2.111 and 0.056, 

respectively (see Table 3.1). By comparing the calculated and experimental data, it appears that the 

Cassie-Baxter model better represents the obtained contact angle values, even if it overestimated the 

value obtained for the OTS2 treatment. Interestingly, this model would predict superhydrophobicity 

even in the case of untreated, hydrophilic pillars but, as demonstrated, this state is not physically 

stable.  
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(a) Static contact angle measurement through the sessile drop method 
superhydrophobic matrix, where the transmitted light under the droplet confirms the 
presence of the air cushion of the Cassie-Baxter state. Sliding drops obtained by shifting 
the substrate: in the Cassie Baxter state, low difference between advancing and receding 
angle are observed (b), while in the Wenzel state (c), the droplet is strongly deformed 
before it moves. Both (a) and (b) are relative to arrays with OTS2 treatment.(c) is relative 
to a sample with only partial hydrophobicity of the walls. 

Baxter state obtained in these arrays can be observed also by grazing view during 

the contact angle measurement: indeed, the light of the illuminator placed behind the sample is 

transmitted by the air cushion below the drop, as displayed in Figure 3.7a and is used as a criterion 

Another qualitative way used to distinguish between Cassie-Baxter state and Wenzel state in our setup 

is to slide the substrate while the water drop is pinned to the microsyringe, as an alternative way to 

steresis between advancing and receding angles. Representative images 

c: in the first case, the reduced liquid-solid interaction causes eas

sliding of the substrate, while in the second case, relative to not completely hydrophobic walls, the 

strong pinning to the substrate results in high deformation of the drop, with high difference between 

From Table 3.2 it can be observed also that FCF coatings produce higher values of 

to better investigate if the higher CA obtained on micropillars arrays

to an higher roughness of the deposited film, we have performed AFM 

measurements on fluorinated flat surfaces (FCF1 and FCF3) and on silanized ones (OTS1 and OTS2). 

Images of the investigated areas are reported in Figure 3.8. The surface roughness values, expressed as 

average RMS are: 0.22 nm for FCF1, 0.28 for FCF3, 0.25 for OTS1 and 0.19 for OTS2. Based on 

we can exclude a possible role of the surface roughness on the observed difference in 

measured contact angles, which can instead be explained with the higher hydrophobicity o

FCF respect to the methyl one of OTS coated surfaces. 
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Figure 3.8 – AFM images of different hydrophobic coatings on flat silicon surfaces: (a) 
FCF deposition with C
deposition without Ar
toluene 1mM solution (OTS2).

3.3.1.2 Superhydrophobicity tests

The silanization performed in solution (OTS2), which demonstrated the lowest contact angle both on 

flat surfaces and on pillars array

superhydrophobic Cassie-Baxter state

to a silica beads dispersion and let to dry. After th

micropillars (Figure 3.9a), and 

effective Cassie-Baxter state produced on the array.

 
Figure 3. 9 – Superhydr
micropillars arrays: after drying of the water, beads are deposited only on top of pillars 
and out of the frame, and not on the ground or on the lateral walls (a,b). Resonance 
frequency measureme
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AFM images of different hydrophobic coatings on flat silicon surfaces: (a) 
FCF deposition with C4F8 and Ar as precursor gases for 20s (FCF1 recipe); (b) FCF 
deposition without Ar (recipe FCF3); (c) OTS deposition by evaporation (OTS1) and in 
toluene 1mM solution (OTS2). Images from [13]. 

Superhydrophobicity tests 

The silanization performed in solution (OTS2), which demonstrated the lowest contact angle both on 

surfaces and on pillars arrays, has been further investigated to assess its stability 

Baxter state. In the first test the silanized array has been repeatedly exposed 

n and let to dry. After three cycles, beads have been found only on top of 

and on the frame and outside of the array (Figure 3.

Baxter state produced on the array.  

Superhydrophobicity test with silica beads dispersion on OTS2 treated 
micropillars arrays: after drying of the water, beads are deposited only on top of pillars 
and out of the frame, and not on the ground or on the lateral walls (a,b). Resonance 

nts after multiple beads deposition (c).  
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AFM images of different hydrophobic coatings on flat silicon surfaces: (a) 
and Ar as precursor gases for 20s (FCF1 recipe); (b) FCF 

(recipe FCF3); (c) OTS deposition by evaporation (OTS1) and in 

The silanization performed in solution (OTS2), which demonstrated the lowest contact angle both on 

, has been further investigated to assess its stability in providing 

. In the first test the silanized array has been repeatedly exposed 

cles, beads have been found only on top of 

on the frame and outside of the array (Figure 3.9b), confirming the 

dispersion on OTS2 treated 
micropillars arrays: after drying of the water, beads are deposited only on top of pillars 
and out of the frame, and not on the ground or on the lateral walls (a,b). Resonance 
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In addition, by calculating the mass of the deposited beads and relating them with the measured 

resonance frequency shift, a linear relationship has been obtained (Figure 3.

the intercept can be ascribed to the deposition of impurities on 

of the dispersion. 

The durability of the hydrophobization t

repeatedly immersed in milliQ water for 1h, 2h, 4h, and 18h, dried

values have been around 156°, confirming the resistance of the treatment for prolonged exposure

liquid. 

Finally, in order to test the feasibility

the superhydrophobic pillars array as 

biomolecular sensor to be applied to 

human biological sample, OTS2 treated 

surfaces have been exposed to human 

plasma from two different donors. 

some cases, silanized pillars array have 

gold deposited on the top. Plasma

samples at different dilutions (from 

pristine form to 1:1000) in milliQ water 

or in Phosphate Buffered Saline (PBS)

buffer have been tested and the 

resulting contact angles are reported in 

Figure 3.10. Both in fully silanized and 

in gold coated pillars, pristine plasma 

has lead to the failure of the Cassie

amphiphilic molecules, with a completely different behavior respect to milliQ water. 

observed that a minimum dilution of 1:20

micropillars array, independently of t

with human plasma, even at the price of further dilution of 

themselves low in concentration. In Figure 3.

and gold coated surfaces. In the first case, we have observed a slight increase of the contact angle on 

hydrophobic surfaces respect to the gold coated one

appears to be not influenced by the presence of gold

Cassie-Baxter models predict the contact angle on rough surfaces solely on the base of height and 

spacing of the asperities and on the contact angle on a chemically equivalent flat surface, other models 

and experimental evidences [9], [14], [15]

density of the asperities at the three

in order to predict the suspended or collapsed state of the droplet

and recending contact angle values. So, in our case, being the gold deposition limited just to the top 

area of pillars, the Cassie-Baxter state is anyhow maintained.

 

In addition, by calculating the mass of the deposited beads and relating them with the measured 

resonance frequency shift, a linear relationship has been obtained (Figure 3.9c). The non zero value of 

deposition of impurities on top of pillars during the repeated drying 

The durability of the hydrophobization treatment has also been tested with OTS2 coated pillars 

water for 1h, 2h, 4h, and 18h, dried and measured. All the 

156°, confirming the resistance of the treatment for prolonged exposure

feasibility of 

superhydrophobic pillars array as 

applied to 

OTS2 treated 

surfaces have been exposed to human 

plasma from two different donors. In 

some cases, silanized pillars array have 

gold deposited on the top. Plasma 

(from 

pristine form to 1:1000) in milliQ water 

hosphate Buffered Saline (PBS) 

have been tested and the 

are reported in 

Both in fully silanized and 

ristine plasma 

failure of the Cassie-Baxter state. Indeed, plasma is a dense system of protein and 

amphiphilic molecules, with a completely different behavior respect to milliQ water. 

observed that a minimum dilution of 1:20 is required to maintain the Cassie-Baxter state on

micropillars array, independently of the used solvent. So, micropillars can be effectively used also 

with human plasma, even at the price of further dilution of the target species that 

emselves low in concentration. In Figure 3.10 are also reported the contact angles on flat silanized 

and gold coated surfaces. In the first case, we have observed a slight increase of the contact angle on 

hydrophobic surfaces respect to the gold coated ones. Nonetheless, the superhydrophobic behavior 

the presence of gold on micropillars. Indeed, while the Wenzel and 

Baxter models predict the contact angle on rough surfaces solely on the base of height and 

e asperities and on the contact angle on a chemically equivalent flat surface, other models 

[9], [14], [15] have demonstrated the importance of the contact line 

ies at the three-phase interface (and not of the flat surface in contact with liquid) 

in order to predict the suspended or collapsed state of the droplet and to better model the advancing 

. So, in our case, being the gold deposition limited just to the top 

Baxter state is anyhow maintained. 

Figure 3.10 – Static contact angle of human plasm
different dilutions on OTS2 treated pillars, fully 
with gold deposited on top of the resonator. The zero value of 
the CA indicates the failure of the superhydrophobic state
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In addition, by calculating the mass of the deposited beads and relating them with the measured 

c). The non zero value of 

pillars during the repeated drying 

OTS2 coated pillars 

. All the obtained 

156°, confirming the resistance of the treatment for prolonged exposure to 

Indeed, plasma is a dense system of protein and 

amphiphilic molecules, with a completely different behavior respect to milliQ water. So, it has been 

Baxter state on the 

micropillars can be effectively used also 

target species that often are by 

are also reported the contact angles on flat silanized 

and gold coated surfaces. In the first case, we have observed a slight increase of the contact angle on 

s. Nonetheless, the superhydrophobic behavior 

Indeed, while the Wenzel and 

Baxter models predict the contact angle on rough surfaces solely on the base of height and 

e asperities and on the contact angle on a chemically equivalent flat surface, other models 

trated the importance of the contact line 

phase interface (and not of the flat surface in contact with liquid) 

and to better model the advancing 

. So, in our case, being the gold deposition limited just to the top 

Static contact angle of human plasma at 
different dilutions on OTS2 treated pillars, fully silanized or 

on top of the resonator. The zero value of 
the failure of the superhydrophobic state. 
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3.3.2 Effects on the resonance 

The effects of the different coatings on the resonance frequ

micropillars in vacuum are reported in Figure 3.1

 
Figure 3. 11 – (a) Residual quality factor versus resonance frequency shift due to differe
hydrophobization treatments. (b) Relatio
resonance shift for different hydrophobization treatments.

Before the hydrophobization treatments, each micropillars array has been measured (at least ten pillars 

per sample) by the optical lever method to obtain the initial 

the Q factor. All samples have a resonance frequency comprised between 

factor of 10-15k. The graph in Figure 3.

of Q after the functionalization 

pillar (QSi), versus the registered

measured pillars per sample and the error bars are the standard deviation of the 

From the obtained data, we can observe that silanization treatments produce

frequency shift, that are of -4300 ± 600 

in the two values is associated with a bigger amount of deposited alkanosilanes by 

process respect to the one in solution. Nonetheless, this has

superhydrophobic CB behavior on the micropill

treatment allows to maintain almost the same Q value of the untreated pillar

97 ± 2%. On the other hand, regarding the FCF deposition treatment, a progressive increase of the 

deposited mass has been obtained from FCF1 to FCF3, that means

increasing thickness. In particular, the maximum amount of deposited fluorinated film has been 

obtained for the FCF3 treatment, in spite of the shortest process time

FCF1 and FCF2, respectively)

thickness of the deposited film increases as the ratio between C

of the growing amount of deposited mass, the Q factor progressively reduces from FCF1 to FCF3,

where in the latter case Q reduces of almost one order of magnitude respect to the untreated pillar. The 

obtained data show a linear dependency of the

shift, as reported in Figure 3.1
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resonance spectra 

The effects of the different coatings on the resonance frequency shift and on 

are reported in Figure 3.11a.  

(a) Residual quality factor versus resonance frequency shift due to differe
hydrophobization treatments. (b) Relationship between the inverse of Quality factor and the 
resonance shift for different hydrophobization treatments. 

Before the hydrophobization treatments, each micropillars array has been measured (at least ten pillars 

optical lever method to obtain the initial values of the resonance frequency and 

. All samples have a resonance frequency comprised between 2.5

k. The graph in Figure 3.11a reports the residual Quality facto

after the functionalization with hydrophobic coating (Qfun) and the one of bare, untreated silicon 

, versus the registered frequency shift. Each point is the mean of at least ten different 

ple and the error bars are the standard deviation of the 

we can observe that silanization treatments produce

4300 ± 600 Hz for OTS1 and -2100 ± 1000 Hz for OTS2. 

is associated with a bigger amount of deposited alkanosilanes by 

process respect to the one in solution. Nonetheless, this has not demonstrated 

behavior on the micropillars array. In terms of residual Quality factor, OTS2 

treatment allows to maintain almost the same Q value of the untreated pillar, being the ratio Q

97 ± 2%. On the other hand, regarding the FCF deposition treatment, a progressive increase of the 

deposited mass has been obtained from FCF1 to FCF3, that means the 

increasing thickness. In particular, the maximum amount of deposited fluorinated film has been 

FCF3 treatment, in spite of the shortest process time (15 s respect to 20

FCF1 and FCF2, respectively). Indeed, in accordance with what reported in Kim’s work

deposited film increases as the ratio between C4F8 and Ar increases. As a c

of the growing amount of deposited mass, the Q factor progressively reduces from FCF1 to FCF3,

where in the latter case Q reduces of almost one order of magnitude respect to the untreated pillar. The 

obtained data show a linear dependency of the inverse of Quality factor, Q-1, respect to the resonance 

11b. 
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ency shift and on the Quality factor of 

(a) Residual quality factor versus resonance frequency shift due to different 
nship between the inverse of Quality factor and the 

Before the hydrophobization treatments, each micropillars array has been measured (at least ten pillars 

resonance frequency and of 

2.5 and 3 MHz and a Q 

factor, expressed as the ratio 

) and the one of bare, untreated silicon 

Each point is the mean of at least ten different 

ple and the error bars are the standard deviation of the calculated values. 

we can observe that silanization treatments produce the lowest resonance 

for OTS2. This difference 

is associated with a bigger amount of deposited alkanosilanes by the evaporation 

demonstrated influence on the 

ars array. In terms of residual Quality factor, OTS2 

, being the ratio Qfun/QSi = 

97 ± 2%. On the other hand, regarding the FCF deposition treatment, a progressive increase of the 

 deposition of layers of 

increasing thickness. In particular, the maximum amount of deposited fluorinated film has been 

s respect to 20 s and 60 s of 

. Indeed, in accordance with what reported in Kim’s work [16], the 

and Ar increases. As a consequence 

of the growing amount of deposited mass, the Q factor progressively reduces from FCF1 to FCF3, 

where in the latter case Q reduces of almost one order of magnitude respect to the untreated pillar. The 

, respect to the resonance 
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3.3.3 Compatibility with gold deposition for biomolecular studies 

Another important requirement of the used hydrophobization treatment is the possibility to form a 

biofunctional layer for the immobilization of the target molecules from the analyte sample, as stressed 

before. In our case, this requires that the hydrophobic coating used is compatible with the gold 

deposition. From direct experience and confirmed also in literature, deposition of gold on fluorocarbon 

films, even with titanium of chromium as adhesion layer, may result in the peeling-off of the metal, 

which of course would affect the mass sensing measurements. So, two different strategies have been 

applied for improving the gold adhesion, one based on a plasma treatment of the fluorocarbon film and 

the other comparing the gold deposition before or after the silanization treatment. 

3.3.3.1 Plasma treatments of fluorocarbon coated micropillars 

In order to improve the metal adhesion on fluorocarbon films, several approaches have been proposed 

and applied also on industrial scale, and can be roughly distinguished as wet (chemical) or dry 

(physical) processes. The first type is based on exposure of the film to solutions of chemical reagents 

that allows incorporation of polar groups, while physical treatments includes ion beam implantation, 

plasma discharge, or irradiation with UV or X-rays in order to break the polymer hydrophobic chain 

and to introduce more hydrophilic ones (as ether groups –C–O–C– or carbonyl groups, –C=O), 

increasing the surface energy and allowing a better wettability and/or the metal adhesion [17]. 

So, if a fluorocarbon film coating is applied on micropillars in alternative to silanization for 

measurements in air or in liquid (where the effects of the surface losses discussed above are less 

important with respect to the viscous effects of the medium), only the top area of the pillar has to be 

modified, while the hydrophobicity on sidewalls has to be conserved for the Cassie-Baxter 

superhydrophobic state. We have chosen the argon milling treatment to modify the surface wettability, 

as reported in several works [17]–[19] but, due to the not perfect directionality of the process, even 

walls were affected by this process. The introduction of an overhang structure on top of pillars (“T” 

shaped structures, see § 2.2.3 and Figure 2.6a), allows to better protect the hydrophobicity on walls 

during the plasma treatment. Experimental tests have been performed on ICP reactor, by optimizing 

the applied bias in order to produce the most vertical ion bombardment as possible. The chosen 

hydrophobization process has been FCF1, which produces the lowest resonance frequency shift among 

the tested processes and at the same time the highest contact angle values. The effects of these 

treatments on superhydrophobicity has been tested both with contact angle measurements and with 

silica beads dispersion. The tested conditions and the obtained results are reported on Table 3.3. In all 

cases, the duration time has been set to 15 s, in order to allow the plasma stabilization, while longer 

exposures have demonstrated the damage of the hydrophobic film. 
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 Table 3.3 - Effect of different ion milling treatments on the wettability of “T” shaped 
micropillars coated with the FCF1 treatment.

Recipe 
Applied Power [W]

Coil

Ar milling 1 540

Ar milling 2 540

Ar milling 3 540

Ar milling 4 540

Ar milling 5 540

 

In these processes, alumina plate in the ICP reactor has to be avoided, as it hinders the formation of a 

bias between the coil and the platen and so the directionality of the ion milling. On the opposite, a too 

strong bias would in any case damage the hydr

presence of deposited silica beads.

In the optimized conditions, hydrophilic top area and superhydrophobic Cassie

obtained, as shown in Figure 3.

Importantly, such kind of modifications show a rapid decrease of the contact angle with the exposure 

time, but the aging of the treated film leads again to an increase of the contact angle due to 

rearrangement of the chains on the polymer surface during days

measurements and the gold deposition have been performed within 2

As a drawback of this approach, the milling treatment leads to an increase of the surface roughness: 

indeed, by AFM measurements, we have found a net increase of the RMS values, from 0.28 nm of the 

unmodified FCF1 coated surface (control) to 1.09 nm of milled surface (recipe Ar_mill3 of Table 3.

to 2.13 nm of gold deposited on the milled surface, as also confirmed in other works

 
Figure 3.12 – Effect of the Ar milling plasma (recipe Ar
micropillars coated with FCF1 recipe: 15 s of treatment are enough to turn the flat surface 
from highly hydrophobic (CA = 114°) to highly hydrophilic 
provides highly sticking top of pillars maintaining
on the array (b and c).

Superhydrophobic micropillars as platform for biosensing 

Effect of different ion milling treatments on the wettability of “T” shaped 
micropillars coated with the FCF1 treatment. 

Applied Power [W] 
Plate Bias [V] Time [s] Particles on walls

Coil Platen 

540 75 Alumina 0 15 

540 75 Silicon 110 15 

540 100 Silicon 135 15 

540 124 Silicon 160 15 

540 150 Silicon 195 15 

In these processes, alumina plate in the ICP reactor has to be avoided, as it hinders the formation of a 

bias between the coil and the platen and so the directionality of the ion milling. On the opposite, a too 

strong bias would in any case damage the hydrophobic coating of the pillars walls, as confirmed by the 

presence of deposited silica beads. 

In the optimized conditions, hydrophilic top area and superhydrophobic Cassie

obtained, as shown in Figure 3.12. 

modifications show a rapid decrease of the contact angle with the exposure 

time, but the aging of the treated film leads again to an increase of the contact angle due to 

rearrangement of the chains on the polymer surface during days [17], [19]

measurements and the gold deposition have been performed within 24h after the plasma treatment. 

As a drawback of this approach, the milling treatment leads to an increase of the surface roughness: 

indeed, by AFM measurements, we have found a net increase of the RMS values, from 0.28 nm of the 

face (control) to 1.09 nm of milled surface (recipe Ar_mill3 of Table 3.

to 2.13 nm of gold deposited on the milled surface, as also confirmed in other works

Effect of the Ar milling plasma (recipe Ar milling 4) on “T” shaped 
micropillars coated with FCF1 recipe: 15 s of treatment are enough to turn the flat surface 
from highly hydrophobic (CA = 114°) to highly hydrophilic (CA < 30°), figure (a). This 
provides highly sticking top of pillars maintaining at the same time the Cassie Baxter state 
on the array (b and c). 
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Effect of different ion milling treatments on the wettability of “T” shaped 

Particles on walls 

Yes 

No 

No 

Yes 

Yes 

In these processes, alumina plate in the ICP reactor has to be avoided, as it hinders the formation of a 

bias between the coil and the platen and so the directionality of the ion milling. On the opposite, a too 

pillars walls, as confirmed by the 

In the optimized conditions, hydrophilic top area and superhydrophobic Cassie-Baxter state have been 

modifications show a rapid decrease of the contact angle with the exposure 

time, but the aging of the treated film leads again to an increase of the contact angle due to 

[17], [19], so the contact angle 

4h after the plasma treatment.  

As a drawback of this approach, the milling treatment leads to an increase of the surface roughness: 

indeed, by AFM measurements, we have found a net increase of the RMS values, from 0.28 nm of the 

face (control) to 1.09 nm of milled surface (recipe Ar_mill3 of Table 3.3) 

to 2.13 nm of gold deposited on the milled surface, as also confirmed in other works [17], [19]. 

milling 4) on “T” shaped 
micropillars coated with FCF1 recipe: 15 s of treatment are enough to turn the flat surface 

(CA < 30°), figure (a). This 
at the same time the Cassie Baxter state 
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This increase in the surface roughness of the gold layer can strongly influence the quality of the self-

assembled monolayer formed on it, so this solution is not suitable for our biomolecular studies. 

3.3.3.2 Silanization compatibility with gold deposition and biomolecular recognition 

The suitability of alkanosilane deposition for the formation of a stable and reproducible gold layer to 

be used in biomolecular studies has been tested using three different approaches: in the first case 

(reference (i) of Figure 3.13) gold has been deposited on previously silanized micropillars (with OTS1 

protocol), while on the second and third cases the silanization has been performed after the gold layer 

formation on top of pillars (references (ii) and (iii) of Figure 3.13, relative to OTS1 and OTS2 

protocols, respectively). The latter two approaches have been tested in order to obtain the best gold 

adhesion, as made directly on bare pillars, and considering that, at least in principle, alkanosilanes 

interact specifically with silicon dioxide substrate and not specifically with gold, so that they can be 

later displaced by thiol-terminated molecules. Preliminary tests have been performed on flat silicon 

substrates, cleaned and pretreated with SC-1 cleaning solution, and gold has been deposited on half of 

each. The samples have been then exposed to OTS1 or OTS2 treatments. Contact angle measurements 

performed both on gold and silicon areas have demonstrated the effective functionalization of the 

silicon substrate, while just a slight increase of the contact angle has been registered on gold respect to 

the control, both for OTS1 and OTS2 (see Table 3.4).  

The reference control value has been taken as the one of gold exposed to air, considering that, due to 

carbonaceous and oxygen contaminations from the environment, the contact angle on gold rapidly 

increases from less than 10° up to 75°, in accordance to what also reported in Smith’s work [20]. 

Table 3.4 – Contact angle measurements performed both on silicon and flat 
gold surfaces: samples have been previously exposed to silanization 
treatment (CAflat values) and then to a 1mM solution of MCH for 20h (CAflat 

MCH SAM values). Controls are represented by gold exposed to air and silicon 
cleaned with SC-1 solution. 

Substrate CAflat CAflat MCH SAM Substrate CAflat CAflat MCH SAM 

Au exposed to 
air (control) 

75.5 ± 1.3° 31.5 ± 1.8° Si+SC-1 < 5° < 5° 

Au+OTS1 78.1 ± 0.9° 48.1 ± 0.7° Si+SC-1+OTS1 103.4 ± 0.6° 101.2 ± 0.9° 

Au+OTS2 69.5 ± 2.1° 44.6 ± 0.5° Si+SC-1+OTS2 105.3 ± 1.5° 104.4 ± 1.7° 

 

Samples have been subsequently exposed to a 1mM solution of 6-mercapto-1-hexanol (MCH) for 20h, 

in order to form an hydrophilic SAM on the gold coated areas. Indeed, considering the second part of 

Table 3.4, just a slight variation has been observed on the silanized silicon portions, while a net 

decrease of the contact angle has been produced on the gold areas, especially in the case of OTS2 

treatment. Nonetheless, the lowest value of contact angle has been obtained in the control sample, 

indicating that alkanosilane substitution by thiolated molecules has not been totally achieved.  
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To test the efficacy of the three approaches on 

micropillars arrays, the formation of 

and the quantification of 

efficiency has been chosen as case study. In all of 

the considered strategies, the superhydrophobic 

micropillars arrays with gold on the top areas have 

been covered with 15 µl of single strand thiol

terminated DNA solution at 100 nM concentra

in TE buffer (1 M NaCl, 10 mM Tris, 1 mM 

EDTA, pH = 7.4) for 1 hour, placed in a

Petri dish and surrounded by 

so that the saturated atmosphere avoids water 

evaporation from the solution and a change in the 

DNA concentration. After rinsing, each array has 

been placed in a MCH solution (1mM) in milliQ 

water for 1 hour, following the Tarlov and co

workers protocol [21]. This step is introduced to 

reduce the non specific adsorption of DNA 

molecules on gold and to favor the vertical 

arrangement of the chains to obtain a closed

packed configuration. The hybridization step with 

complementary DNA (cDNA) has been 

performed with the same procedure of DNA SAM 

formation, but using a 45 minutes incubation with 

a 1 µM cDNA solution.  

The 44 bases DNA and cDNA 

study have the following sequenc

 DNA probe: HS-(CH

AGC AGC AAT CCA AAC TAG AGA 

CAG ATC ATT ACA AAT GC

 DNA target (cDNA): 5’

ATG ATC TGT CTC TAG TTT GGA 

TTG CTG CTG TTT TG

 

After each incubation step, the 

rinsed with TE buffer, 10 mM Phosphate Buffered 

Saline (PBS) with Tween 20 at 0.01% v/v 

concentration and finally with milliQ water, to 

Superhydrophobic micropillars as platform for biosensing 

To test the efficacy of the three approaches on 

, the formation of a DNA SAM 

quantification of the hybridization 

efficiency has been chosen as case study. In all of 

the considered strategies, the superhydrophobic 

micropillars arrays with gold on the top areas have 

been covered with 15 µl of single strand thiol-

terminated DNA solution at 100 nM concentration 

in TE buffer (1 M NaCl, 10 mM Tris, 1 mM 

EDTA, pH = 7.4) for 1 hour, placed in a closed 

etri dish and surrounded by milliQ water droplet, 

so that the saturated atmosphere avoids water 

evaporation from the solution and a change in the 

n. After rinsing, each array has 

n placed in a MCH solution (1mM) in milliQ 

, following the Tarlov and co-

. This step is introduced to 

reduce the non specific adsorption of DNA 

molecules on gold and to favor the vertical 

arrangement of the chains to obtain a closed-

hybridization step with 

complementary DNA (cDNA) has been 

performed with the same procedure of DNA SAM 

formation, but using a 45 minutes incubation with 

The 44 bases DNA and cDNA chains used for this 

study have the following sequences: 

(CH2)6-5’-CAA AAC 

AGC AGC AAT CCA AAC TAG AGA 

CAG ATC ATT ACA AAT GC-3’ 

DNA target (cDNA): 5’-GCA TTT GTA 

ATG ATC TGT CTC TAG TTT GGA 

TTG CTG CTG TTT TG-3’ 

the samples have been 

rinsed with TE buffer, 10 mM Phosphate Buffered 

Saline (PBS) with Tween 20 at 0.01% v/v 

concentration and finally with milliQ water, to 

Figure 3.13 - Resonance spectra of micropillars 
for the three different strategies of metal 
deposition (black full circles) and silanization 
(red empty circles), followed by 
formation (green full triangles) an
hybridization (blue empty triangles)
(i) is referred to metal deposition on OTS1 treated 
pillars; case (ii) to OTS1 treatment after metal 
deposition; case (iii) to OTS2 treatment after 
metal deposition. All the recorder spectra are 
plotted together to highlight the negligible spread 
of the data. The frequency range for each pillar is 
normalized respect to its resonance frequency 
after the gold deposition step. The values in 
parenthesis indicate the number of valid 
measurement plotted / the number of total pillars 
measured in each step. Image from 
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Resonance spectra of micropillars 
for the three different strategies of metal 
deposition (black full circles) and silanization 
(red empty circles), followed by the DNA SAM 
formation (green full triangles) and the 
hybridization (blue empty triangles) steps. Case 
(i) is referred to metal deposition on OTS1 treated 
pillars; case (ii) to OTS1 treatment after metal 
deposition; case (iii) to OTS2 treatment after 
metal deposition. All the recorder spectra are 
plotted together to highlight the negligible spread 
of the data. The frequency range for each pillar is 
normalized respect to its resonance frequency 
after the gold deposition step. The values in 
parenthesis indicate the number of valid 

/ the number of total pillars 
Image from [13]. 
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remove the non specifically adsorbed DNA and the salt residuals. The concentration of Tween 20 has 

been chosen from preliminary tests, in order to maintain the Cassie-Baxter state even in presence of 

this surfactant agent. Samples have been then dried under mild nitrogen stream and loaded on the 

vacuum chamber for the resonance frequency measurements. Around 10 independent pillars have been 

measured for each step in all the functionalized micropillars arrays. Occasional aberrant data 

significantly out of the expected range generated by dust deposition on the sample during handling or 

to anomalous shifts have been eliminated. Figure 3.13 reports the resonance spectra for the three 

different approaches, while on the legend of each graph the accepted data over the pillar measured for 

each step are reported. 

Chromium and gold deposition have been used also as calibration step, in order to convert the 

registered resonance frequency shift on the amount of adsorbed mass. The calculated mass sensitivity 

is ≈ 32 Hz/fg for all the considered samples. In order to calculate the DNA density, we have used the 

same approach reported on [22]: the top area of each pillar (STOT) is occupied by both DNA and MCH, 

while the calculated mass is the sum of the two adsorbed species (mTOT). Combining these two 

information, a system of two linear equations is obtained, whose solution gives the numbers of DNA 

and MCH molecules: 

�
S���N��� + S���N��� = S���

m���N��� + m���N��� = m���

�     E. 3. 6 

where SDNA and SMCH are the occupied area of each molecule (that have been assumed as 1.5 nm2 for 

DNA and 0.5 nm2 for MCH), while mx is the mass of one molecule and Nx the total number of 

molecules of the considered species.  

The amount of deposited mass for each step, the DNA density and the hybridization efficiency for the 

three strategies are summarized in Table 3.5. In all cases, the MCH mass contribution is negligible and 

is not reported. 

Table 3.5 – Comparison of the DNA SAM density and of the hybridization 
efficiency (calculated as the ratio of cDNA and ssDNA deposited masses) for 
the three different strategies of silanization and gold deposition on 
micropillars. 

Substrate 
ss-DNA deposited 

mass [pg] 

ssDNA mass density 

[molecules/cm2] 

Hybridization 

efficiency [%] 

Au on OTS1 (case i) 74 ± 6 5.4 ± 0.4 x 1013 40 ± 12 

OTS1 on Au (case ii) 39 ± 2 2.7 ± 0.2 x 1013 47 ± 16 

OTS2 on Au (case iii) 38 ± 2 2.6 ± 0.3 x 1013 42 ± 12 

 

In the case of strategy (i), namely the SAM formation on gold deposited after the silanization 

treatment, we obtained a ssDNA density of 5.4x1013 molecules/cm2, higher than what can be estimated 

from [22], where larger pillars (8x3 µm2) in the same conditions of incubation would lead at a density 

of 1.7x1013 molecules/cm2. We have explained this behavior considering that the smaller area of 
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pillars used in this study further increases the diffusion effect on small areas described also in Nair et 

Alam’s work [23], while the obtained hybridization efficiency of 40% is in accordance with the 

plateau level for high density DNA SAM reported in [22]. 

In cases (ii) and (iii), the deposited DNA mass and the calculated density are half of what obtained for 

case (i), while the hybridization efficiencies are almost comparable. This suggests that on gold 

exposed to silanes, DNA SAM density is locally equivalent to the one obtained in the first case, but 

the DNA coverage is not homogeneous on all of the pillars top surface, due to the presence of 

“islands” of residual OTS. This is particularly evident for case (ii), where the shift due to OTS 

deposition by evaporation is higher than what obtained from the treatment in toluene solution, in 

accordance with what illustrated in Figure 3.11. In this case the system has shown also the lowest 

reproducibility, considering the low ratio of accepted data after the hybridization step. 

 

As conclusion of the performed experiments, the OTS deposition in solution has demonstrated to be 

the best treatment in order to produce a stable Cassie-Baxter state compatible also with (diluted) 

human plasma; this treatment also maintains the best mechanical performances in vacuum respect to 

the other considered approaches; it is also compatible with gold deposition, whose stability has also 

been successfully tested even after mild sonication. In addition, AFM measurements have 

demonstrated that gold deposition on OTS2 treated flat surfaces leads just to a slight increase of the 

roughness, that varies (in terms of RMS) from 0.300 nm for the gold deposited by e-beam evaporation 

on bare silicon to 0.370 nm for deposition on previously silanized silicon. 
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Chapter 4 

Biomarker detection on micropillars 

This chapter reports on the direct application of micropillars oscillators to biomarker detection: the 

case study of choice is represented by the Prostate Specific Membrane Antigen (PSMA). After a brief 

discussion of the application of MEMS as a diagnostic tool and the limitations that come from the 

biological noise, PSA and PSMA are described as biomarkers for prostate cancer. Finally, the protocol 

developed for micropillars biofunctionalization and the results of the exposure of the pillars to 

different PSMA solutions in buffer and in serum are discussed. 

4.1  Detection of biomarkers from blood and serum 

The blood composition reflects the proteomic signature of the biological processes within individual 

cells of the body or between neighboring cells, because of the direct secretion of proteins into the 

circulatory system [1]. So, proteomic analysis in blood and serum is playing a growing role in order to 

identify sets of protein biomarkers to be used for the early detection of tumors or other diseases. 

Unfortunately these biomarkers are secreted in the blood at very low concentration (fM level or 

below) especially in the early stage of disease, when the macroscopic effects are still not present but 

the therapeutic efficacy could be very high, due to the low amount of tissue to treat. In parallel, the 

current clinical practice investigates biomarkers concentrations at the nM - pM levels as diagnostically 

relevant, with well accepted techniques (as for example the ELISA immunoassays) that can be time 

consuming and often also expensive due to the need of specific receptors and reagents. 

In this scenario, nanotechnology is playing an important role, exploiting the already described 

advantages coming from the application of MEMS/NEMS as biosensors. The gold target of 

researchers working on this field is the development of point-of-care (POC) devices that, incorporating 

all the treatments and analysis steps applied in the clinical practice on miniaturized and disposable 

chips (Lab on Chip, LOC), allow a fast and automatic detection of the biomarkers of interest. In 

addition, thanks to their low cost, the temporal evolution of the disease as response to specific 

treatments could be monitored to a weekly if not daily basis, more often than what currently allowed 

by the costs and the time required for the current analysis. 

A few examples of this concept of POC devices are on the market, among the others the pregnancy 

tests or the stripes used to quantify glucose in the blood. The concept of these disposable devices is the 

integration of microfluidics for pretreatment and delivery of the sample and the reaction with receptors 

immobilized on a specific portion of the chip, that produces a well detectable signal, which in most 

implementations is optical (colorimetric or fluorescent) or electrical.  
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Microcantilever technology has been fruitfully implemented on a commercial device (Microvisk, Ltd) 

to measure the viscosity change of blood due to coagulation, evaluating the prothrombin time and the 

effects that pharmacological treatments can have on it [2]. 

In spite of the great advantages offered by micro and nanomechanical sensors as biomolecular 

detectors, their application in the clinical practice is still limited, mainly due to specificity and 

reproducibility issues in a really complex environment as the blood or serum. With the current level of 

technology, such kind of sensors has shown intrinsic limit of detection in the order of attograms in air 

or lower, but the effective limiting factor is represented by the biological noise that induces non 

specific effects on the sensor, so that the effective limit of detection can be up to hundred times worse 

than the intrinsic limit of the device [3],[4]. Indeed, the concentration of the analyte of interest can be 

also billions of times lower than the most abundant species (the concentration of albumin, for 

example, is normally around 600 µM); the use of high affinity receptors strongly reduces the 

interaction with non specific molecules, but in any case biological noise floor is not avoidable and has 

to be considered to evaluate the performance of a sensor in terms of sensitivity (defined for biological 

assays as the ratio of true positives over the sum of true positives and false negatives) and specificity 

(the ratio of true negatives and the sum of true negatives and false positives in the control assay). 

To have a flavor of what can be the biological noise floor, Arlett and co-workers [3] reported an 

hypothetical example considering a target/receptor couple with binding affinity ��
� ≈ 1011 M-1, while 

for non specific binding they assumed a rate of association ��
�� ≈ 104-105 M-1; considering the 

concentration of albumin as the most prevalent, cprev = 600 µM, a comparable number of specific and 

non specific binding sites, bS and bNS respectively, and a limit of the detection that produces a signal to 

background ratio of 3:1, they estimated the biological noise floor cnoise as: 

������ = 3
����������

��

����
�   E. 4. 1 

which, for the considered case, results in a noise level of ~ 1.8 nM. However, this limitation can be 

reduced, by adopting several improvements [3], [5]: 

- High density of functionalization: as suggested by Nair and Alam on their model [6], high 

coverage of highly specific receptors (with density around 2 x 1012 molecules/cm2) allows the 

target discrimination even in presence of much more abundant species; 

- Passivation of the functionalized surface: after the receptor immobilization, filling of void 

portions with small inert molecules helps to reduce bio-fouling by non specific molecules and 

increases the specificity. In particular the most common passivating agents are polyethylene-

glycol (PEG) and bovine serum albumin (BSA). PEG is used in the form of oligo-terminating 

short chains (3-6 monomer units) that assemble on the surface in a disordered configuration, 

increasing with the chain length. The mechanism of repellency of protein adsorption has been 

explained in Nelson and co-workers’ paper [7] considering the formation of a tightly bound 

liquid layer on the oligoethyleneglycol (OEG) termination that should be displaced by the 

adsorbing proteins; in addition, the protein adsorption would be associated with a loss of 
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entropy on the OEG layer, making this process energetically not favored. BSA is exploited for 

its low internal stability and its tendency to adsorb on all surfaces independently of the 

electrostatic interactions or the hydrophobic or hydrophilic nature of the substrate, with a gain 

in the conformational entropy due to adsorption [8]. 

-  Use of internal control reference: the use of arrays of mechanical sensors allows the employ 

some of them as internal control: in this way, both the functionalized sensors and the controls 

are exposed to the same incubation conditions and the contribution of the biological noise (and 

also of other fluctuations due to fluid flow, temperature, etc.) can be easily subtracted. An 

example of this is reported in the work of Braun and co-workers, where each cantilever 

functionalized with the receptor is flanked by a control one [9].  

- Sandwich assay: in order to increase both sensitivity and specificity, a further incubation step 

with a second receptor can be used: this binds the target molecule on a different portion 

respect to the one used for the immobilization on the sensor and is usually conjugated to a 

reporter (gold nanoparticles, dyes, fluorescent labels) that produces a detectable effect after 

the binding to the target. In this way the detection limits can be extremely enhanced, but at the 

price of a more complex procedure, of the availability of two different receptors of high 

binding affinity toward the target and of the potential cross-reactivity in multiplexed assays 

[5]. 

- Pretreatment of the sample: in order to increase the ratio of the target molecules respect to 

the most abundant species, pre-concentration of the sample can be performed, for example 

through immunoaffinity depletion: in this approach, antibodies immobilized to a substrate or 

to nanoparticles are used to capture the specific antigen from the blood or serum; the formed 

complex is then recovered on a second step, by the detachment of the antibody from the 

substrate [10] or by the application of an external magnetic field, in the case of magnetic 

nanoparticles, as used in the biobarcode assay [11]. Limitations related to this approach are the 

possibility that competing molecules are concentrated with the target or that the depletion of 

the most abundant species results also in depletion of the target molecules, as demonstrated 

for cytokines, which can be present in a complex with albumin in higher ratio respect to the 

free form [3]. 

 

The application of these approaches should be carefully evaluated, as an improvement of sensitivity 

can result also in a higher number of false positives, and vice versa. In addition, such treatments can 

also increase the complexity, the costs and the time required for the analysis, so a trade-off is 

necessary considering the specific requirements of the application [4].    
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4.2  PSA and PSMA as cancer biomarkers in serum 

Prostate cancer (PCa) is the second most frequently diagnosed cancer (it represent the 15% of cancer 

cases in male) and is the sixth leading cause of cancer death in males worldwide. Annually, more than 

580 000 new cases are diagnosed and around 100 000 men die from this disease in US and Europe 

[12]. Diagnosis and prognosis of PCa is based on a growing panel of potential biomarkers from serum, 

urine or biopsy. Below the role of prostate specific antigen as the most common biomarker used in the 

clinical practice and of prostate specific membrane antigen as an emerging alternative biomarker are 

illustrated.  

4.2.1 Prostate specific antigen (PSA)  

Prostate specific antigen (PSA) is an androgen-regulated serine protease (molecular weight ≈ 32 kDa) 

that is produced by the epithelial cells of the prostatic gland; its main function is to liquefy semen in 

the seminal coagulum and to allow sperm to freely swim in the ejaculate. Normally, PSA is secreted in 

serum at very low level, but higher concentrations have been associated by the medical community to 

prostate cancer (PCa). The threshold value diagnostically relevant has been set to 4.0 ng/ml (130 pM) 

but the role of this antigen is still widely controversial due to its lack of specificity. Indeed, it has been 

demonstrated that high levels of PSA can be also associated to benign prostatic hyperplasia (BHP, that 

is an increase of the prostatic gland dimensions) or to prostatitis [12]. Based on a study made by Barry 

[13] and reported also on the US National Cancer Institute website [14], it results that only 25% of 

men who had a biopsy due to an elevated PSA level actually demonstrated to have prostate cancer. 

Nonetheless, the concentration of this biomarker is still monitored in the clinical practice, in particular 

the PSA temporal evolution is considered as an indicator of the disease aggressiveness or of the 

response to a certain treatment or, again, to verify the recurrence of the cancer. 

Due to its large diffusion as a biomarker of clinical relevance, PSA has been very often chosen as case 

study to demonstrate the performance of novel biosensors. Indeed, in the last ten years almost 200 

papers have been published on this field. The first applications of microcantilever technology for PSA 

quantification have been already reported in the first chapter, both for static mode (Wu et al., limit of 

detection of 100 pM in presence of bovine serum albumin and human plasminogen at 15 mM, [15]) 

and dynamic mode in liquid (Hwang et al., limit of detection of 300 nM in phosphate buffer [16]) 

Very recently, Tamayo’s group has demonstrated the application of the sandwich assay on cantilevers 

for the detection of PSA (and of carcinoembrionic antigen, CEA) with detection limits well below the 

diagnostic value currently used in the clinical practice [1]. In this work, after the cantilever 

functionalization with a primary receptor antibody, the microresonators arrays were exposed to 

solutions of PSA ranging from 1 pg/ml (≈ 30 fM) to 10 ag/ml (≈ 0.3 aM) in PBS buffer or in fetal 

bovine serum (FBS) for 1 hour at 37°C. A further incubation of one hour with gold nanoparticles 

functionalized with a secondary Ab against PSA was used to bind the previously immobilized antigen. 

In this way, each cantilever can be used both as a mass microbalance and as an optoplasmonic sensor, 
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using the thin resonator as an optical microcavity; here, the optical resonances within the cavity are 

coupled with the dipolar plasmon resonance, increasing the scattering signal of light illuminating the 

cantilever; in addition, the refracted light undergoes to multiple internal reflection within the 

cantilever, increasing the scattering interaction of neighboring nanoparticles. The mean scattering 

signal obtained from the dark field imaging of the cantilever can be in this way related to the amount 

of immobilized antigen.  

When acting as mass resonator, the sandwich assay has allowed the reduction of the limit of detection 

to 3 aM in PBS buffer and to one order of magnitude higher in serum. The optoplasmonic mechanism 

on cantilevers has demonstrated a further reduction of this limit, allowing detection of PSA minimum 

concentration of 0.3 aM in serum. The authors also verified the reliability of this dual sensor in terms 

of error rate, defined as the mean of the false negative and the false positive rates: the lower value has 

been registered for optoplasmonic detection (less than 10-3 for concentrations higher than 0.3 aM), 

while for mechanical transduction, the higher is the concentration, the lower is the error rate (from 0.3 

at 0.3 aM to 3 x 10-3 at 30 fM). The combination of the two mechanisms allows a further reduction of 

the error rate, claimed as less than 3 x 10-4 for concentrations higher than 0.3 aM. 

4.2.2 Prostate specific membrane antigen (PSMA) 

Prostate specific membrane antigen is a transmembrane glycoprotein (molecular weight ≈ 90 kDa) 

expressed on the surface of prostatic epithelial cells. It has been demonstrated that patients with PCa 

have an upregulation of PSMA (around 6 nM concentration), whose levels are six times higher than 

those of patients with BPH and almost twice the values of the normal, control group [17]. The 

increased expression of PSMA has been also positively correlated with the tumor grade, the 

pathological stage and the recurrence of the disease [12]. In addition, RT-PCR studies have 

demonstrated that the ratio of PSMA and of its splice variant PSM’ (which does not have the 

transmembrane portion and so it is present only within the cellular cytoplasm [18]) can be used as 

prognostic marker for PCa, as in a normal prostate the PSM’ expression is higher than the PSMA one, 

while in the case of prostate cancer the PSMA expression is dominant [19].  

All these elements make PSMA a promising candidate as diagnostic and prognostic biomarker. 

Nonetheless, its use in the clinical practice has been so far limited, due to the lack of different 

antibodies with sensitivity high enough to be used as primary and secondary binding elements on 

immunoassays. Currently, detection of PSMA is performed through western blot or by protein 

biochips, analyzed by surface-enhanced laser desorption ionization/time of flight (SELDI-TOF) 

machinery [17]: in both cases, only one antibody specie is required.  

Up to now, based on what reported in literature, the detection of PSMA through cantilevers or other 

MEMS/NEMS has not been demonstrated yet.  
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4.3  PSMA detection on micropillars arrays 

The optimized protocols for the micropillar fabrication and for the hydrophobization treatment 

described in the previous chapter, based on the deposition of OTS, have been applied to a case of 

clinical interest, namely the detection of PSMA. In particular, pillars fabricated with the BOSCH3 

recipe have been used, while the measurements of the resonance frequency have been performed in 

vacuum with the optical parallel read out method described in § 2.5.3, collecting the resonance spectra 

of at least 30 independent pillars. Micropillars arrays from different batches have been preliminarily 

calibrated, resulting in a mass sensitivity of 24 Hz/fg.  

4.3.1 Biofunctionalization of the top area of micropillars 

In order to use our micropillars for the detection of the PSMA antigen, the top surface of the resonator 

has to be properly functionalized with a receptor of high selectivity and specificity. To do so, we have 

used a monoclonal antibody (D2B Ab) developed and modified with a thiolated termination by M. 

Colombatti et al. at Irccs foundation – Italian National Cancer Institute – Verona [20]. This antibody 

binds the extracellular domain of PSMA with a dissociation constant Kd < 6nM, a value that is half of 

what previously obtained by other groups with different antibodies [21]. The D2B Ab has been 

modified by introducing a thiol-termination, in order to allow the Ab immobilization on gold 

substrates through the Au-thiol interaction. This modification has been obtained by the reaction of the 

ε-amino group of lysines in the Ab with the 2-iminothiolane (2-IT) reagent, to add a new-free thiol 

group. After the modification and the blocking of the reaction, the modified Abs have been purified by 

gel filtration to remove the excess of 2-IT. The Ellman’s assay has been used to calculate the number 

of sulfhydryl groups introduced: this protocol exploits the reaction of the free thiol groups with the 

5,5'-dithiobis-(2-nitrobenzoic acid), DTNB, which leads to a cleavage of the dithiol group and to the 

production of the dianion TNB2- in water at neutral or alkaline pH. The concentration of the latter is 

measured by spectrophotometer at 412 nm and related to the amount of the free thiol groups. From this 

assay, it resulted that on average one -SH group has been inserted per Ab. In particular, due to the 

conformation of the D2B antibody (IgG1 type, [20]), this group is preferentially located on the Fc 

fragment (the heavy, constant chain of the antibody), improving the reproducibility on the receptor 

orientation once adsorbed on gold substrate. The binding capability of the Ab after the modification 

has been confirmed by flow cytometry assay. 

In order to check the effective binding of the D2B-SH antibodies on the top of pillars, a preliminary 

test based on an enzymatic immunodetection assay has been performed on a wide array of 

hydrophobic pillars, with gold deposited on top.  

One silanized and gold coated micropillars array (1.5 x1.5 mm2 patterned area) has been placed inside 

a closed Petri dish and surrounded by milliQ water droplets, in order to saturate the atmosphere inside 

and to avoid the evaporation of the solution droplet during the incubation. A 5 µL drop of D2B-SH 

solution (0.7 nM in PBS buffer) has been deposited on the array through the drop shape analyzer 
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system (see Figure 4.1a), where the effective Cassie

Abs adsorption only on the top of the micropillars. 

After 5 hours of incubation, the sample has been rinsed 

solution of an α-mouse antibody, which binds the heavy chain of the immobilize

secondary Ab has been conjugated with the horse radish peroxidase (HRP) enzyme. After

incubation and rinsing, the syste

a substrate for the HRP, that causes a change of the solution coloration from transparent to blue. 

Nonetheless the reduced solid area for the D2B

change has been observed, differently from the control sample, as reported in 

Figure 4.1 – (a) Test of 
with incubation on a micr
secondary antibody conjugated 
D2B Abs on pillars, the substrate of the enzyme 
changes to blue, while in the control case no coloration change has been observed. 

The optimal conditions that lead to

tested by measuring the resonance 

(700 pM, 70 nM and 7 µM) and for

incubation with only PBS, followed by rinsing in milliQ water and nitrogen drying,

performed in order to quantify the 

220 Hz and it has been assumed as 

the incubation with the Ab solutions.

inside a vapor saturated Petri dish,

and dried under a mild nitrogen flux before the resonance measurements.

From the measured resonance

D2B molecular weight of 150 kDa, the density 

calculated: the obtained results are reported in 

We have observed that incubations in the micromolar 

be associated with a multilayer deposition, 
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), where the effective Cassie-Baxter state has been confirmed, thus limiting the 

Abs adsorption only on the top of the micropillars.  

After 5 hours of incubation, the sample has been rinsed with PBS buffer and then exposed to a 

mouse antibody, which binds the heavy chain of the immobilize

conjugated with the horse radish peroxidase (HRP) enzyme. After

incubation and rinsing, the system has been exposed to a solution of 3,3’,5,5’-Tetramethylbenzidine as 

a substrate for the HRP, that causes a change of the solution coloration from transparent to blue. 

Nonetheless the reduced solid area for the D2B-SH antibody immobilization, a detectabl

change has been observed, differently from the control sample, as reported in Figure 4.1b

Test of D2B-SH immobilization on a superhydrophobic micropillar array 
a microdroplet solution. (b) Effect of the immunoenzymatic assay 

secondary antibody conjugated to the HRP enzyme: in the effective presence of adsorbed 
, the substrate of the enzyme is modified and the color

, while in the control case no coloration change has been observed. 

that lead to the formation of an Ab monolayer on the 

tested by measuring the resonance frequency shift after incubations at three different concentrations 

and 7 µM) and for two incubation times (5 hours and 10 minutes). A 

, followed by rinsing in milliQ water and nitrogen drying,

performed in order to quantify the shift related to the deposition of salts. This resulted to be 

assumed as a constant contribution to be subtracted from the 

Ab solutions. After the D2B-SH immobilization, performed in

inside a vapor saturated Petri dish, micropillars arrays have been rinsed with PBS buffer

nitrogen flux before the resonance measurements. 

measured resonance shifts due to the different Ab exposure conditions, 

D2B molecular weight of 150 kDa, the density of immobilized Abs on the 

calculated: the obtained results are reported in Figure 4.2.  

We have observed that incubations in the micromolar range result in a high density of Ab, 

be associated with a multilayer deposition, independently on the incubation time
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Baxter state has been confirmed, thus limiting the 

with PBS buffer and then exposed to a 

mouse antibody, which binds the heavy chain of the immobilized antibody. This 

conjugated with the horse radish peroxidase (HRP) enzyme. After 1 h 

Tetramethylbenzidine as 

a substrate for the HRP, that causes a change of the solution coloration from transparent to blue.  

SH antibody immobilization, a detectable colorimetric 

Figure 4.1b. 
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resonance shift on independent pillars are largely dispersed, as expressed by the standard deviation on 

the error bar. On the other hand, incubations at 700 pM and at 70 nM for 10 minutes 

density of 1 x 1012 molecules/cm

homogeneous shifts. We have chosen the latter conditions

optimal for D2B Ab immobilization

specific adsorption, as discussed previously in this chapter

justified by the faster adsorption kinetic obtained on the micropillars top area surrounded by non 

adsorptive areas, that allows a 3D diffusion regime respect to the 1D of larger surfaces

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.2 – Resonance shift obtained on micropillars after incubation at three different 
D2B-SH concentrations (700 pM, 70 nM
deposition in the overall shift is also reported as red dashed line.

To further minimize the non specific 

a BSA solution 2% w/v for 1 hour has been introduced

the immobilized antibodies. Samples has been rin

then dried in mild nitrogen flux and loaded in the measurement vacuum chamber.

due to the BSA incubation has been quantified in about 450 Hz

contribution on the overall shift for the 

4.3.2 PSMA recognition in PBS buffer and in serum

Once that the receptor layer has been created and passivated, the functionalized micropillars arrays 

have been exposed to different concentration

w/v, as commonly used also in the ELISA protocols

PSMA protein (r-PSMA, Cusabio, CN), obtained from prokaryotic cells. After incubation for 1 hour
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on, as discussed previously in this chapter. The strongly reduced time of incubation is 

orption kinetic obtained on the micropillars top area surrounded by non 

adsorptive areas, that allows a 3D diffusion regime respect to the 1D of larger surfaces

Resonance shift obtained on micropillars after incubation at three different 
700 pM, 70 nM and 7 µM for 10 minutes). The contribution of salt 

deposition in the overall shift is also reported as red dashed line. 

non specific adsorption on the sensitive area of pillars, an incubation 

our has been introduced, in order to saturate the void portions between 

Samples has been rinsed in PBS solution (six times) and in milliQ water,

then dried in mild nitrogen flux and loaded in the measurement vacuum chamber. The 

BSA incubation has been quantified in about 450 Hz and taken as

the PSMA quantification, as will be discussed below

PSMA recognition in PBS buffer and in serum 

ayer has been created and passivated, the functionalized micropillars arrays 

have been exposed to different concentrations of the target molecule in PBS solution with 0.2% BSA 

/v, as commonly used also in the ELISA protocols. The target antigen is a commercial, 

PSMA, Cusabio, CN), obtained from prokaryotic cells. After incubation for 1 hour
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resonance shift on independent pillars are largely dispersed, as expressed by the standard deviation on 

On the other hand, incubations at 700 pM and at 70 nM for 10 minutes lead to an areal 

, respectively, and to more 

ion for 10 minutes) as the 

, providing a sufficiently dense Ab monolayer to reduce the non 

The strongly reduced time of incubation is 

orption kinetic obtained on the micropillars top area surrounded by non 

adsorptive areas, that allows a 3D diffusion regime respect to the 1D of larger surfaces [22], [23]. 

Resonance shift obtained on micropillars after incubation at three different 
and 7 µM for 10 minutes). The contribution of salt 

the sensitive area of pillars, an incubation step with 

, in order to saturate the void portions between 

sed in PBS solution (six times) and in milliQ water, 

The resonance shift 

and taken as further constant 

below. 

ayer has been created and passivated, the functionalized micropillars arrays 

solution with 0.2% BSA 

commercial, recombinant 

PSMA, Cusabio, CN), obtained from prokaryotic cells. After incubation for 1 hour 
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with a 20 µL droplet within a vapor saturated Petri dish

in PBS, again in milliQ water, 

In order to avoid the possible modification of the Ab conformation due to the drying 

the measurements in vacuum, which could alter the binding affinity on the subs

incubation, we have chosen to

passivation and PSMA recognition) without intermediate drying and measurements. So the measured 

resonance shift is the difference between the final

after the gold deposition and is considered as the sum of the shifts 

immobilization previously determined, and of the contribution of PSMA in the specific investigated 

conditions. The chosen r-PSMA concentrations 

resonance shift are plotted in 

deviation (the error bars) of the measured micropillars

is also reported, considering a PSMA molecular weight of 

 
Figure 4.3 – (a) Resonance frequency shifts registered on pillars after incubation with r
PSMA in PBS buffer at di
the D2B-SH immobilization (green dashed line), of BSA passivation (orange dashed line) 
and of the antigen immobilization (blue full circ
second order Langmuir model
repeated experiments using micropillars 
assess the reproducibility of the sensor
100 nM concentration for different incubation times.

As we can see, in the considered system the minimum r

detectable resonance shift is around 3nM,

level of aged, healthy patients

associated with the tumor presence 

concentration corresponds to a density of almost 2 x 10

average to one binding event per immobilized

usually obtained in the ELISA test

heavy chain of the D2B antibody

Biomarker detection on micropillars 

with a 20 µL droplet within a vapor saturated Petri dish, micropillars arrays hav

in in milliQ water, dried in nitrogen and loaded into the vacuum chamber.

In order to avoid the possible modification of the Ab conformation due to the drying 

measurements in vacuum, which could alter the binding affinity on the subs

incubation, we have chosen to perform directly all the incubation steps (D2B immobilization, BSA 

passivation and PSMA recognition) without intermediate drying and measurements. So the measured 

resonance shift is the difference between the final condition and the one of micropillars immediately 

after the gold deposition and is considered as the sum of the shifts from D2B (and salt) and BSA 

previously determined, and of the contribution of PSMA in the specific investigated 

PSMA concentrations vary from 300 pM to 100 nM, and the obtained 

resonance shift are plotted in Figure 4.3a. Each point is expressed as the mean and the standard 

of the measured micropillars. On the right axis, the calculated PSMA density 

is also reported, considering a PSMA molecular weight of 90 kDa. 

(a) Resonance frequency shifts registered on pillars after incubation with r
PSMA in PBS buffer at different concentrations; each shift is the sum of the contribution of 

SH immobilization (green dashed line), of BSA passivation (orange dashed line) 
and of the antigen immobilization (blue full circles). The obtained data are fitted with a 

der Langmuir model, providing a Kd = 18 nM. The red, empty circles are 
repeated experiments using micropillars arrays from different fabrication batches
assess the reproducibility of the sensor. (b) – Resonance shift due to incubation of PSMA at 

concentration for different incubation times.  

As we can see, in the considered system the minimum r-PSMA concentration that produces a 

detectable resonance shift is around 3nM, which would correspond, on a real sample

patients and can be distinguished from the 10 nM condition which is

associated with the tumor presence [17]. Interestingly, the shift obtained at 100 nM

concentration corresponds to a density of almost 2 x 1012 molecules/cm2, which corresponds on 

average to one binding event per immobilized antibody. This improved behavior respect to what 

ELISA tests can be explained by the presence of the added thiol group 

heavy chain of the D2B antibody, which favor a better orientation, and so also the exposure of at least 
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, micropillars arrays have been rinsed six times 

dried in nitrogen and loaded into the vacuum chamber.  

In order to avoid the possible modification of the Ab conformation due to the drying procedure and to 

measurements in vacuum, which could alter the binding affinity on the subsequent PSMA 

perform directly all the incubation steps (D2B immobilization, BSA 

passivation and PSMA recognition) without intermediate drying and measurements. So the measured 

condition and the one of micropillars immediately 

D2B (and salt) and BSA 

previously determined, and of the contribution of PSMA in the specific investigated 

100 nM, and the obtained 

ach point is expressed as the mean and the standard 

On the right axis, the calculated PSMA density 

(a) Resonance frequency shifts registered on pillars after incubation with r-
fferent concentrations; each shift is the sum of the contribution of 

SH immobilization (green dashed line), of BSA passivation (orange dashed line) 
The obtained data are fitted with a 

. The red, empty circles are 
arrays from different fabrication batches, to 

Resonance shift due to incubation of PSMA at 

PSMA concentration that produces a 

on a real sample, to the PSMA 

and can be distinguished from the 10 nM condition which is instead 

nterestingly, the shift obtained at 100 nM r-PSMA 

, which corresponds on 

antibody. This improved behavior respect to what 

resence of the added thiol group on the 

, which favor a better orientation, and so also the exposure of at least 
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one of the two binding sites of the Abs, respect to the non oriented adsorption on most of the common 

immunoassays. 

The obtained data have been fitted with a second order Langmuir adsorption curve, which has given a 

value of Kd = 18 nM. This latter is almost three times the value obtained for the native human 

PSMA[20] and we have speculated that this discrepancy could be associated to a reduced binding 

affinity of the D2B antibody in the case of the recombinant protein.  

The increased number of micropillars measured with the parallel read-out technique (at least 30) 

respect to the one usually considered with the optical lever method (around 10 pillars) allows to 

strongly reduce the effects of eventual anomalous data, due for example to non specific adsorption, 

improving in this way the statistical robustness of the observed data. 

In order to assess the reproducibility of the data obtained on micropillars platform, incubations at 10 

nM and at 100 nM have been performed also on micropillars arrays from three different fabrication 

batches. The results of such experiments are reported as red circles in Figure 4.3a, showing that the 

obtained mean resonance shifts are comparable within the experimental error.  

By applying the one-way analysis of variance (ANOVA) to the three considered arrays, we have 

obtained in the case of 10 nM incubation a p-value of 0.14, while for the 100 nM incubation p = 0.11. 

In both cases, choosing a level of significance α = 0.05 and being p > a, the null hypothesis of 

uncorrelated data is true, so the results from different devices can be considered as statistically 

comparables. Also, by applying the t-test on the resonance shifts obtained at 3 nM and 10 nM 

incubations, we have obtained a p-value around 0.015, confirming that the two outputs are 

significantly different. 

We have also investigated different incubation times at 100 nM of r-PSMA, from 1 hour to 10 

minutes. The obtained data, reported in Figure 4.3b, show that, within the experimental error, the 

resonance shift is independent from the incubation time investigated, in analogy to what observed on 

the D2B immobilization tests. This suggest that the incubations times could be further reduced from 

the one hour duration used in these experiment, allowing faster analysis. 

Finally, we have tested the PSMA recognition in a more complex system than PBS+BSA buffer, 

represented by fetal bovine serum (FBS, Biochrom, Germany) at 1:20 dilution in PBS buffer, in order 

to maintain the Cassie-Baxter state on the micropillars array (see § 3.3.1.2). We have chosen fetal 

bovine serum respect to real human samples, as the latter could contain an unknown amount of PSMA, 

which would affect the effective quantification of the target molecule in solution. In these tests, three 

concentrations have been used, 300pM as a control and baseline sample for the non detectable 

resonance shift, 10 nM and 100 nM (this latter has been repeated 2 times). The obtained values are 

reported as pink, empty triangular markers on Figure 4.4, where the blue full circles are relative to the 

previous experiment in PBS+BSA, for an easier comparison of the obtained shifts. 

From the reported results, we can observe that the shift of the control case is comparable to the one 

after BSA passivation and to the baseline of PBS+BSA solvent. Also the shifts at 10 nM and 100 nM 

are within the experimental error of the incubation in PBS+BSA. Nonetheless, the slightly lower mean 

value of the resonance shift obtained in both cases could be associated to the biological noise of the 
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more complex system, that could lead to steric hindrance that obstacles the antigen binding or to 

partial, non specific adsorption of lower molecular weight species. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.4 – Comparison of resonance shifts obtained from PSMA diluted in PBS+BSA 
solution (full blue circles) and in diluted bovine serum (pink empty triangles) at three different 
concentrations (300 pM, used as reference, 10 nM and 100 nM.. 

It is worth to stress that in this last set of experiments the antigen has been added in already diluted 

serum, while on a hypothetical human sample the dilution needed to maintain the Cassie-Baxter state 

on micropillars would produce a further reduction of the analyte concentration, lowering the limit of 

detection of this technique. To overcome this limitation, pretreatment of the serum could be useful in 

order to deplete the most abundant species and so also to change the interaction of the liquid with the 

hydrophobic micropillar array, requiring less dilution; in parallel, we are currently testing the 

application of a sandwich-like assay, by using secondary antibodies adsorbed on gold nanoparticles. 

Despite of the further complexity arising from the use of a non-label free method, such approach is 

however expected to capitalize the advantages that come from the improved adsorption kinetics on 

micropillars and the possibility of direct measurement in liquid, as will be discussed in the next 

chapter. 
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Chapter 5 

Micropillars measurements in liquid 
environment 

In this chapter the application of microresonators in liquid is presented. After an explanation of the 

issues related to this kind of operation and an illustration of the main solutions so far proposed in 

literature to circumvent the problems, the approaches tested for micropillars measurements in a liquid 

environment are presented and discussed. 

5.1  Microresonators operating in liquid 

The application of micro and nano resonators in liquid is of fundamental importance when dealing 

with biological studies. Indeed, the biomolecular recognition and its effects on the biological events 

naturally happen in the physiological liquid environment. Also, the study of the biomolecular 

dynamics is of great interest to better understand biological processes, with clear applications in basic 

biological research as well as applied to specific medical and pharmaceutical problems. So, the real 

time biological assays can be considered as the gold target for micro and nanomechanical resonators, 

capitalizing the already discussed advantages related to these devices. 

When operating in a liquid environment, the resonator experience a resistance to motion due the 

medium, as also a portion of the surrounding liquid has to be accelerated. This introduces an additional 

“virtual mass”, that contributes to decrease the resonance frequency and so needs to be accurately 

quantified prior to the quantification of the adsorbed biomolecular species. Also a further dissipative 

contribution due to external viscous losses induced by the medium can dramatically reduce the quality 

factor and, consequently, the mass resolution of the sensor. As an example, Q factor of a cantilever 

can vary from 10000 or more in vacuum to less than 10 in liquid [1]. 

The first and simplest solution applied to circumvent this limitation is the dip and dry approach, where 

the molecular recognition on the functionalized sensor is performed in liquid, but immediately after 

the device is accurately rinsed, dried and measured in vacuum or in air, to maintain high enough mass 

resolution (in the order of zeptogram or less in vacuum and of attogram in air [2]). Obviously, this 

technique does not allow real time detection of biomolecular events, and studies of kinetics and 

molecular dynamics could be performed only with repeated experiments with different exposure times 

and measurements a posteriori. In addition, the rinsing and dry steps could induce spurious events on 

the sensor surface, as precipitation of salts from the solution or non-specific biomolecules adsorption 

that would alter the quantification of the adsorbed analyte and led to false results [3], [4]. Precise 
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quantification of the amount of the target analyte immobilized on the sensor would require resonance 

frequency measurements just before and after the exposure of the functionalized device. In addition to 

the long time required for this type of protocol, the drying step could induce changes in the 

conformational and so also in the functional properties of the immobilized biomolecules, that could 

lose their capability to effectively bind the target molecule [3].  

For these reasons, in the last ten years, big efforts have been made to operate micro and 

nanomechanical resonators directly in the liquid environment, with different and in some cases 

original proposed solution. 

5.1.1 Microcantilever operation at higher resonance modes 

One approach adopted to use cantilever resonators in liquid environment is to actuate them at higher 

resonance modes. Indeed, referring to Eqn. 1.8, the mass sensitivity of the resonator can be improved 

both by increasing the resonance frequency fn and reducing the mass of the oscillator: at high order 

modes, nodes are present along the cantilever and so these portions have zero displacement, lowering 

the effective mass of the cantilever respect to the fundamental resonance mode [1]. It has been 

experimentally demonstrated that cantilevers operating at higher order modes both in air and in liquid 

show an increase of the Quality factor [3], [5]–[7] and so of the mass resolution, that can be up to three 

hundred times better than at fundamental mode in air. In addition, higher frequencies induce a local 

increase of the turbulence, improving the mixing at the sensor surface, while the virtual mass 

displaced with cantilever decreases asymptotically increasing the mode number [5]. As direct 

application of this principle, Braun et al. in 2009 [8] used micron sized cantilevers for direct detection 

of T5 bacteriophage virus that binds to the Fhu-A membrane-protein receptor of Escherichia Coli. 

They functionalized an array of eight cantilevers by depositing through ink-jet spotting the receptor 

every second cantilevers, while casein was deposited from solution in all the cantilevers to provide the 

negative control and to saturate the empty spaces in the receptor functionalized resonators, to avoid 

non specific adsorption. Cantilevers were actuated at 10th-15th modes within a fluxed liquid cell, 

showing that for 1 hour incubation (at 10 µl min-1 flux) a detectable shift respect to the negative 

control was found at 300 fM concentration, corresponding to an immobilized mass of almost 1 ng. 

In another work made by Ricciardi et al. [3], the microcantilever geometry was optimized to maximize 

the Q factor, finding that increasing the cantilever width w and so reducing the aspect ratio AR = l/w, 

where l is the cantilever length (fixed to 900 µm), and operating in water at higher modes produces an 

increase of the Q factor, from 4 at AR = 3 and first mode to 24 with AR = 1.5 and third mode of 

actuation. They also underlined the importance of the good mechanical transmission in fluidic cell 

from the external piezoelectric actuation, by testing materials with different stiffness between the 

cantilever array and the actuator. They found that the most rigid material (Pirex glass) allows the best 

mechanical transmission and they reported a Q factor of 140 for AR = 1.5 and fifth mode of actuation. 

They applied this system for real time monitoring of Angiopoietin-1, a protein involved in tumor 

angiogenesis. Cantilevers were previously functionalized with protein G, used to immobilize anti-
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Ang-1 monoclonal antibody, exploiting the affinity of the former protein to bind the heavy chain of 

antibodies. By exposing this system to a 0.5 µl min

enough to detect a resonance shift respect to 

saturation of the sensor was already reached.

5.1.2 Suspended microchannel resonator

Another approach adopted to circumv

the analyte solution in a microfluidic channel fabricated within the resonator

externally oscillate in vacuum maintaining

mass due to different fluid densities

functionalized microchannel walls induce

Such structure has been referred to as su

by Burg and Manalis in 2003

detection of avidin and of biotinilated bovine serum albumin (bBSA) by coat

with bBSA [9].  

 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. 1 – (a) Schematics of the suspended microchannel resonator (SMR) principle, 
where the liquid with the target flows within the cantilever structure, which externally 
oscillates in vacuum; (b) Resonance shift induced by molecular adsorption on internal 
microchannel walls; (c) Output of the SMR fabrication procedure. Adapted from 

The fabrication procedure [10]

complex, due to the formation of 

channels, metal layers for optical lever detection and electrostatic actuation, and finally the coupling 

with an etched glass lid, performed in vacuum 
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1 monoclonal antibody, exploiting the affinity of the former protein to bind the heavy chain of 

By exposing this system to a 0.5 µl min-1 of a 400nM solution of Ang

enough to detect a resonance shift respect to the negative control cantilever, while at 8 min the 

saturation of the sensor was already reached. 

Suspended microchannel resonators 

Another approach adopted to circumvent the strong damping effect of the viscous medium is to 

n in a microfluidic channel fabricated within the resonator (

in vacuum maintaining high values of Q-factor (up to 15000)

s due to different fluid densities, the presence of buoyant particles or the molecular binding on the 

lized microchannel walls induce a shift on the resonance frequency (Figure 5.1b

Such structure has been referred to as suspended microchannel resonators (SMR

Burg and Manalis in 2003 and used as a proof of concept for fluid density measurements 

of biotinilated bovine serum albumin (bBSA) by coat

(a) Schematics of the suspended microchannel resonator (SMR) principle, 
where the liquid with the target flows within the cantilever structure, which externally 
oscillates in vacuum; (b) Resonance shift induced by molecular adsorption on internal 

nnel walls; (c) Output of the SMR fabrication procedure. Adapted from 

[10], even if based on common microfabrication techniques, is rather 

complex, due to the formation of a silicon nitride suspended hollow cantilever with inlet and outlet 

channels, metal layers for optical lever detection and electrostatic actuation, and finally the coupling 

with an etched glass lid, performed in vacuum at sub-mTorr pressure, that allows to keep the 
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1 monoclonal antibody, exploiting the affinity of the former protein to bind the heavy chain of 

of a 400nM solution of Ang-1, 5 min were 

negative control cantilever, while at 8 min the 

ent the strong damping effect of the viscous medium is to flow 

(Figure 5.1a), which can 

(up to 15000). The variation of 

molecular binding on the 

Figure 5.1b).  

(SMRs), firstly introduced 

and used as a proof of concept for fluid density measurements and 

of biotinilated bovine serum albumin (bBSA) by coating the channel walls 

(a) Schematics of the suspended microchannel resonator (SMR) principle, 
where the liquid with the target flows within the cantilever structure, which externally 
oscillates in vacuum; (b) Resonance shift induced by molecular adsorption on internal 

nnel walls; (c) Output of the SMR fabrication procedure. Adapted from [10] 

, even if based on common microfabrication techniques, is rather 

suspended hollow cantilever with inlet and outlet 

channels, metal layers for optical lever detection and electrostatic actuation, and finally the coupling 

Torr pressure, that allows to keep the 



96 

microresonator in a micron sized vacuum chamber, where oscillation is performed.

the fabrication procedure is schematized in 

Despite the technical complexity of the

powerful instrument, showing mass resolution in the order of 

of biomolecular recognition, cell mass and density quantifications

processes. An example of application of this technology is the work of Grover and co

where the SMR is used to characterize

cantilever. They exploited the use of two different fluids, one less dense (fluid 1) and the other

dense (fluid 2) than the cells. The measurement principle is explained in Figure 5.2

buoyant cell immersed in fluid 1 runs 

which is related to the buoyant mass 

where Vcell is the cell volume and ρcell

 

Figure 5.2 – (a) Working principle of the use of SMR to determine mass, volume and 
density of a buoyant mass in a fluid. 
(fluid 1), the blue one is the fluid more dense than the cell (fluid 2), and the yellow circle i
the cell running through the hollow cantilever. (b) Differentiation of erythrocytes of healthy 
donor (black dots) and of thalassemic patient after transfusion with healthy 
the transfused cells lies in the region of heal

The cell is then immersed in the second fluid and passes again through the cantilever

direction, leading in this case to an increase of the resonance frequency. By applying again Eqn 5.1 

relative to the buoyant mass mB,2 and the fluid density 

the cell can be calculated. With this approach they demonstrated to distinguish erythrocytes from 

thalassemic blood respect to erythrocytes from healthy donor, as shown in Figure 5.2

As an evolution of this technique, in 

order to avoid the time consuming measurements of the original approach

within the same resonator. As case study, two different cell lines (H1650 cells fro

and L1210 cells of mouse lymphocytic leukemia) were distinguished on the basis of their density, as 

mass values demonstrated a large variability, with performance comparable to a commercial Coulter 

counter [12].  

 

sonator in a micron sized vacuum chamber, where oscillation is performed. The final output of 

the fabrication procedure is schematized in Figure 5.1c 

of the fabrication process, such kind of resonator revealed to be a 

powerful instrument, showing mass resolution in the order of the ag and finding applications 

n, cell mass and density quantifications, and investigation 

application of this technology is the work of Grover and co

characterize a single cell passing within the microfluidic channel of the 

cantilever. They exploited the use of two different fluids, one less dense (fluid 1) and the other

. The measurement principle is explained in Figure 5.2

buoyant cell immersed in fluid 1 runs through the cantilever, a negative resonance shift is recorded, 

which is related to the buoyant mass mB,1[12]: 

��,� = �����∙(�����− ������,�) 

cell is its density. 

Working principle of the use of SMR to determine mass, volume and 
density of a buoyant mass in a fluid. Red fluid represents the fluid less dense than the cell 
(fluid 1), the blue one is the fluid more dense than the cell (fluid 2), and the yellow circle i
the cell running through the hollow cantilever. (b) Differentiation of erythrocytes of healthy 
donor (black dots) and of thalassemic patient after transfusion with healthy erythrocytes
the transfused cells lies in the region of healthy erythrocytes. Adapted from [11]. 

is then immersed in the second fluid and passes again through the cantilever

, leading in this case to an increase of the resonance frequency. By applying again Eqn 5.1 

and the fluid density ρfluid,2, the mass, the volume and the density of 

the cell can be calculated. With this approach they demonstrated to distinguish erythrocytes from 

erythrocytes from healthy donor, as shown in Figure 5.2

in the same group a series of two SMRs has been 

order to avoid the time consuming measurements of the original approach, due to the liquid inversion 

within the same resonator. As case study, two different cell lines (H1650 cells from human lung tissue 

cells of mouse lymphocytic leukemia) were distinguished on the basis of their density, as 

mass values demonstrated a large variability, with performance comparable to a commercial Coulter 
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The final output of 

, such kind of resonator revealed to be a 

finding applications in studies 

investigation of biological 

application of this technology is the work of Grover and co-workers [11], 

a single cell passing within the microfluidic channel of the 

cantilever. They exploited the use of two different fluids, one less dense (fluid 1) and the other more 

. The measurement principle is explained in Figure 5.2a: when the 

the cantilever, a negative resonance shift is recorded, 

  E. 5.1 

Working principle of the use of SMR to determine mass, volume and 
Red fluid represents the fluid less dense than the cell 

(fluid 1), the blue one is the fluid more dense than the cell (fluid 2), and the yellow circle is 
the cell running through the hollow cantilever. (b) Differentiation of erythrocytes of healthy 

erythrocytes: 

is then immersed in the second fluid and passes again through the cantilever in the inverse 

, leading in this case to an increase of the resonance frequency. By applying again Eqn 5.1 

, the mass, the volume and the density of 

the cell can be calculated. With this approach they demonstrated to distinguish erythrocytes from 

erythrocytes from healthy donor, as shown in Figure 5.2b. 

the same group a series of two SMRs has been recently used in 

due to the liquid inversion 

m human lung tissue 

cells of mouse lymphocytic leukemia) were distinguished on the basis of their density, as 

mass values demonstrated a large variability, with performance comparable to a commercial Coulter 
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5.1.3 Modification of the 

In order to reduce the interaction of

proposed, modifying the resonator 

An example is obtained by fabricating cantilevers closely flanked by a fixed structure, as schematized 

in Figure 5.3a [13]. In this way, the water su

cantilever and the surrounding structure

The resonator is actuated at the first flexural mode and 

laser spot focused on the bottom of the cantilever

 

 

 

 

 

 

 
Figure 5.3 – (a) Drawing
fixed structure to confine 
scheme through the optical lever method, where 
the cantilever. Images fro

The reduced interaction with water allows an increase of the Q factor of almost one order of 

magnitude respect to the same flexural

80. The authors used this platform to measure the resonance shift produced by the

latex bead demonstrating a mass detection limit of 30 fg. 

Another approach proposed by the Oesterschulze

the center of a groove [14]. The whole system is 

nitride membrane, that allows the resonator motion by inducing resonance on the membrane itself

Figure 5.4a).  

The fabricated resonator is approximately of 15 x 8 µm

30 µm. Even in this case the detection of the resonator motion is performed through the optical lever 

method, by focusing the laser from the backside, at the center of the resonator (

realized structure allows the formation of 

resonator, limiting the contact with liquid to the top area. This strongly reduces the viscous damping 

and the displaced amount of liquid: indeed authors reported a decrease of the resonance frequency of 

only 195 Hz and a reduction of Q factor of 15%, from 596 to 506 respect to the same resonator 

measured in air. 

As a proof of concept of the applicability of this approach for mass detection, they measured the 

resonance shift due to deposition of latex beads

sensitivity of the order of 

Micropillars measurements in liquid environment 

the solid-liquid interactions 

interaction of the resonator with the liquid, different approaches have been so far 

proposed, modifying the resonator geometry or its motion respect to the liquid medium. 

An example is obtained by fabricating cantilevers closely flanked by a fixed structure, as schematized 

. In this way, the water surface tension forms a meniscus between the oscillating 

cantilever and the surrounding structure, reducing the liquid contact just to one side of the cantilever. 

is actuated at the first flexural mode and measured by optical lever detection, w

laser spot focused on the bottom of the cantilever (Figure 5.3b).  

a) Drawing of the silicon nitride resonating cantilever with a surrounding 
fixed structure to confine the liquid contact to one side of the resonator. (b) Measurement 
scheme through the optical lever method, where the laser is focused on the unwetted side of 
the cantilever. Images from [13].  

eraction with water allows an increase of the Q factor of almost one order of 

respect to the same flexural mode in a fully immersed configuration, with measured Q 

used this platform to measure the resonance shift produced by the

a mass detection limit of 30 fg.  

by the Oesterschulze’s group is to fabricate a single columnar resonator at 

. The whole system is fabricated on top a 2 µm thick suspended silicon 

nitride membrane, that allows the resonator motion by inducing resonance on the membrane itself

The fabricated resonator is approximately of 15 x 8 µm2 of top area, while the groove radiu

30 µm. Even in this case the detection of the resonator motion is performed through the optical lever 

method, by focusing the laser from the backside, at the center of the resonator (

realized structure allows the formation of a concave meniscus between the groove wall and the 

resonator, limiting the contact with liquid to the top area. This strongly reduces the viscous damping 

and the displaced amount of liquid: indeed authors reported a decrease of the resonance frequency of 

nly 195 Hz and a reduction of Q factor of 15%, from 596 to 506 respect to the same resonator 

As a proof of concept of the applicability of this approach for mass detection, they measured the 

resonance shift due to deposition of latex beads, finding a mass resolution of the order of 100 fg and a 

sensitivity of the order of -0.127 Hz/fg versus the -0.131 Hz/fg obtained in air. However, by 
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different approaches have been so far 

geometry or its motion respect to the liquid medium.  

An example is obtained by fabricating cantilevers closely flanked by a fixed structure, as schematized 

rface tension forms a meniscus between the oscillating 

to one side of the cantilever. 

measured by optical lever detection, with the 

resonating cantilever with a surrounding 
liquid contact to one side of the resonator. (b) Measurement 

laser is focused on the unwetted side of 

eraction with water allows an increase of the Q factor of almost one order of 

mode in a fully immersed configuration, with measured Q ≈  

used this platform to measure the resonance shift produced by the adhesion of a single 

to fabricate a single columnar resonator at 

fabricated on top a 2 µm thick suspended silicon 

nitride membrane, that allows the resonator motion by inducing resonance on the membrane itself (see 

of top area, while the groove radius is around 

30 µm. Even in this case the detection of the resonator motion is performed through the optical lever 

method, by focusing the laser from the backside, at the center of the resonator (Figure 5.4b). The 

a concave meniscus between the groove wall and the 

resonator, limiting the contact with liquid to the top area. This strongly reduces the viscous damping 

and the displaced amount of liquid: indeed authors reported a decrease of the resonance frequency of 

nly 195 Hz and a reduction of Q factor of 15%, from 596 to 506 respect to the same resonator 

As a proof of concept of the applicability of this approach for mass detection, they measured the 

, finding a mass resolution of the order of 100 fg and a 

0.131 Hz/fg obtained in air. However, by 
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optimizing the resonator and membrane geometries, further improvement of the performances is 

expected. 

 

 

 

 

 

 

 

 

 
Figure 5.4 – (a) SEM image of a silicon columnar resonator fabricated in the middle of a 
groove, whose ground is made of a silicon nitride membrane
resonance frequency measurements in liquid env
limited to the top area of the resonator. Images from 

5.2  Micropillars measurements in liquid environment

An alternative strategy to reduce the damping effect that 

superhydrophobic Cassie-Baxter state produced on a dense array of vertical micropillars: in this case, 

indeed, as demonstrated in Chapter 3

resonators can move laterally in air 

horizontal cantilever fully immersed in liquid

discussed below. 

5.2.1 Parallel read out of pillars in air and in 

The first attempt to measure the resonance frequency of

the parallel read out optical technique explained in § 2.5.3, with the purpose to capitalize also in a 

liquid environment the advantages coming from the str

measurements and the absence of the 

To this scope, the “T” shaped pillar geometry described in § 2.2.3 and shown in Figure 2.6a 

used, exploiting the higher oscillation ampli

geometry. Indeed, as a preliminary test performed in air, with the micropillar silicon chip directly 

glued to the piezoelectric actuator, the 

have been compared at different actuation voltages (peak

5.5. 

As can be seen, the presence of the overhanging structure on the “T” shaped pillars allows a strong 

reduction of the actuation voltage to obtain a well defined resonance peak, while on standard pillars, 

even at high actuation, the resonance spectra appear 

due to thermal effects induced by the piezoelectric crystal actuated at so high voltages. 

 

optimizing the resonator and membrane geometries, further improvement of the performances is 

(a) SEM image of a silicon columnar resonator fabricated in the middle of a 
, whose ground is made of a silicon nitride membrane; (b) detection scheme for 

resonance frequency measurements in liquid environment, where the liquid contact is 
limited to the top area of the resonator. Images from [14] 

Micropillars measurements in liquid environment 

to reduce the damping effect that liquid has on resonators is to exploit the 

Baxter state produced on a dense array of vertical micropillars: in this case, 

Chapter 3, liquid is in contact only with the top area of pillars, so that 

move laterally in air experiencing a reduced interaction with liquid

horizontal cantilever fully immersed in liquid. To prove this, different approaches have been tested, as 

allel read out of pillars in air and in liquid 

resonance frequency of micropillars in liquid has been applied 

que explained in § 2.5.3, with the purpose to capitalize also in a 

the advantages coming from the strong reduction of the time required for 

the laser as localized heating source. 

To this scope, the “T” shaped pillar geometry described in § 2.2.3 and shown in Figure 2.6a 

higher oscillation amplitude respect to the one of the normal micropillars 

. Indeed, as a preliminary test performed in air, with the micropillar silicon chip directly 

the amplitude oscillation signals of standard and “T” shaped 

en compared at different actuation voltages (peak-to-peak voltage, Vpp) as reported in 

As can be seen, the presence of the overhanging structure on the “T” shaped pillars allows a strong 

reduction of the actuation voltage to obtain a well defined resonance peak, while on standard pillars, 

even at high actuation, the resonance spectra appear noisier; also, we can observe in this case a drift 

due to thermal effects induced by the piezoelectric crystal actuated at so high voltages. 
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optimizing the resonator and membrane geometries, further improvement of the performances is 

(a) SEM image of a silicon columnar resonator fabricated in the middle of a 
; (b) detection scheme for 

ironment, where the liquid contact is 

on resonators is to exploit the 

Baxter state produced on a dense array of vertical micropillars: in this case, 

of pillars, so that the 

reduced interaction with liquid respect to a 

. To prove this, different approaches have been tested, as 

micropillars in liquid has been applied with 

que explained in § 2.5.3, with the purpose to capitalize also in a 

time required for 

To this scope, the “T” shaped pillar geometry described in § 2.2.3 and shown in Figure 2.6a has been 

normal micropillars 

. Indeed, as a preliminary test performed in air, with the micropillar silicon chip directly 

amplitude oscillation signals of standard and “T” shaped pillars 

as reported in Figure 

As can be seen, the presence of the overhanging structure on the “T” shaped pillars allows a strong 

reduction of the actuation voltage to obtain a well defined resonance peak, while on standard pillars, 

noisier; also, we can observe in this case a drift 

due to thermal effects induced by the piezoelectric crystal actuated at so high voltages.  
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Figure 5.5 - Comparison of 
geometrical shape. Resonance spectra are collected through
technique and reported on the same frequency span (60 kHz)
overhanging structure on top, (b) “T” shape
Region of Interest, corresponding to the top area of each pillar, selected to monitor the 
change of the intensity of the reflected light during pillar motion at resonance. The applied 
voltage is expressed as peak

The multiple actuation of “T” shaped 

pillars in air has also been 

demonstrated, by using the 

superposition of single resonance 

frequencies as actuation signal 

produced by a field-programmable 

gate array (FPGA) module (developed 

in our group) and controlled by 

Labview. An example is displayed in 

Figure 5.6.  

The test of resonance frequency 

measurements in water has been

performed by covering the whole 

micropillars array with a thin liquid 

layer (almost 300 µm), as shown in 

Figure 5.7.  

This has been obtained by flanking the 

lateral spacers, upon which a thin glass layer (

A small liquid droplet of milliQ water (around 10 µl) has been inserted laterally by a micropipette, 

covering the whole silicon chip. In this way, the liquid is confined just betw

layer, avoiding the wetting of the piezoelectric actuator and allowing at the same time the best 

Micropillars measurements in liquid environment 

Comparison of the micropillars oscillating behavior in air with two dif
shape. Resonance spectra are collected through the parallel read out 

and reported on the same frequency span (60 kHz): (a) standard pillars, without 
structure on top, (b) “T” shaped pillars with overhanging 

Region of Interest, corresponding to the top area of each pillar, selected to monitor the 
change of the intensity of the reflected light during pillar motion at resonance. The applied 
voltage is expressed as peak-to-peak voltage (Vpp) 

“T” shaped 

pillars in air has also been 

demonstrated, by using the 

superposition of single resonance 

frequencies as actuation signal 

programmable 

module (developed 

controlled by 

Labview. An example is displayed in 

of resonance frequency 

has been 

covering the whole 

a thin liquid 

, as shown in 

obtained by flanking the micropillars array, glued on the piezoelectric actuator, 

spacers, upon which a thin glass layer (thickness = 170 µm) has been glued. 

A small liquid droplet of milliQ water (around 10 µl) has been inserted laterally by a micropipette, 

covering the whole silicon chip. In this way, the liquid is confined just between the chip and the glass 

layer, avoiding the wetting of the piezoelectric actuator and allowing at the same time the best 

Figure 5.6 – Multiple actuation of “T” shaped
pillars in air by the superposition of the 
resonance frequencies of each resonator.
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pillars oscillating behavior in air with two different 
parallel read out optical 

: (a) standard pillars, without 
d pillars with overhanging top. ROI is the 

Region of Interest, corresponding to the top area of each pillar, selected to monitor the 
change of the intensity of the reflected light during pillar motion at resonance. The applied 

micropillars array, glued on the piezoelectric actuator, with two 

glued.  

A small liquid droplet of milliQ water (around 10 µl) has been inserted laterally by a micropipette, 

een the chip and the glass 

layer, avoiding the wetting of the piezoelectric actuator and allowing at the same time the best 

Multiple actuation of “T” shaped 
pillars in air by the superposition of the 
resonance frequencies of each resonator. 
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mechanical transmission of the actuation, 

chip., This simple system has been used only to test the feasibility of the method

system would comprise the development of a microfluidic chamber to deliver reagents and analytes to 

the micropillars array, and the electrical insulation of the actuator.

 

 

 

 

 

 
 

 

Figure 5.7 – Schematics of the cell developed for the optical parallel read out of 
micropillars in liquid. 

With this configuration, no resonance peaks have been detected, even applying higher actuation 

voltage respect to the preliminary measurements performed in air: indeed, the presence of the liquid 

layer represents an additional damping element to the actuation of the whole system. 

increased actuation level, the oscillation amplitude in these condition

appreciable variation of the intensity of the light reflected from the top of pillars

by increasing the actuation voltage, we 

of the inspected array, both in the case of standard pillars and

Figure 5.8a. In particular, in the latter case

while on the standard pillars this behavior

 
Figure 5.8 – (a) bubble formation on a “T” shaped micropillars array in liquid
at 20 Vpp; (b) resonance spectra of micropillars within the bubble: each 
to the top area of one pillar in figure (a)

 

mechanical transmission of the actuation, without intermediate layers between the actuator and the 

n used only to test the feasibility of the method. A more 

system would comprise the development of a microfluidic chamber to deliver reagents and analytes to 

the micropillars array, and the electrical insulation of the actuator. 

Schematics of the cell developed for the optical parallel read out of 

With this configuration, no resonance peaks have been detected, even applying higher actuation 

preliminary measurements performed in air: indeed, the presence of the liquid 

an additional damping element to the actuation of the whole system. 

the oscillation amplitude in these conditions is so low that

intensity of the light reflected from the top of pillars. On the other hand, 

by increasing the actuation voltage, we have observed very often the formation of an air

th in the case of standard pillars and of “T” shaped pillars

in the latter case, the bubble appears at actuation voltages around 20 V

behavior has been observed also at lower values, starting from 4 V

(a) bubble formation on a “T” shaped micropillars array in liquid, actuated 
; (b) resonance spectra of micropillars within the bubble: each ROI correspond

to the top area of one pillar in figure (a) 
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intermediate layers between the actuator and the 

more sophisticated 

system would comprise the development of a microfluidic chamber to deliver reagents and analytes to 

Schematics of the cell developed for the optical parallel read out of 

With this configuration, no resonance peaks have been detected, even applying higher actuation 

preliminary measurements performed in air: indeed, the presence of the liquid 

an additional damping element to the actuation of the whole system. Despite of the 

low that hinders an 

. On the other hand, 

n air bubble on top 

“T” shaped pillars, as reported in 

, the bubble appears at actuation voltages around 20 Vpp, 

values, starting from 4 Vpp.  

, actuated 
corresponds 
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This bubble formation has shown to be

the pillars actuation. After the formation of the bubble

recovered, as exemplified in Figure 5.

To better investigate this phenomenon, micropillars arrays have been exposed to a silica beads 

dispersion in milliQ water. Once the bubble formation has been observed, the suspension droplet has 

been let to dry keeping the system actuated

imaging. From Figure 5.9a, relative to a standard pillars array, it can be observed that beads deposited 

only on the portion of the array

the ground of the array or on lateral walls of pillars

Baxter state is anyhow maintained even during 

Based on this observation, the bubble formation has been explained as 

cushion below the water meniscus

liquid droplet from the top of 

µm2) respect to the one of standard pillars (6 µm

higher values of the actuation voltage at which the

 
Figure 5.9 – (a) SEM image
and on which the air bubble formation has been observed during the actuation on the 
central portion of the image: beads are presents only on top of th
at the same time, the Cassie
Explanation of the observed phenomenon, where the expansion of the air cushion leads to 
the partial detachment of the liquid from the top of

The bubble formation could be ascribed to the heating of the piezoelectric crystal, that increases with 

the applied actuation voltage

piezo-actuator, that, being in 

in ultrasonic baths due to cavitation

attached on the top of the piezoelectric crystal

only for applied voltages higher than 30 V

reaching the 60°C when the system was operated at 120 V

Micropillars measurements in liquid environment 

has shown to be reversible, disappearing few minutes after the interruption of 

After the formation of the bubble, actually, resonance peak

Figure 5.8b.  

To better investigate this phenomenon, micropillars arrays have been exposed to a silica beads 

. Once the bubble formation has been observed, the suspension droplet has 

e system actuated; subsequently the arrays have been

, relative to a standard pillars array, it can be observed that beads deposited 

only on the portion of the array external to the formed bubble, while, again, no beads 

or on lateral walls of pillars, confirming that the superhydrophobic Cassie

how maintained even during the actuation.  

on, the bubble formation has been explained as the thermal

below the water meniscus in the Cassie-Baxter state, that leads to a 

droplet from the top of pillars (Figure 5.9b). The larger top area of the “T” shaped pillars (13.5 

) respect to the one of standard pillars (6 µm2) increases the liquid-solid interaction, justifying the 

higher values of the actuation voltage at which the detachment of the liquid has been observed

(a) SEM image of a micropillar array exposed to a silica beads dispersion 
and on which the air bubble formation has been observed during the actuation on the 
central portion of the image: beads are presents only on top of the pillars out of the bubble; 
at the same time, the Cassie-Baxter state is maintained also during the actuation. (b) 
Explanation of the observed phenomenon, where the expansion of the air cushion leads to 
the partial detachment of the liquid from the top of pillars. 

be ascribed to the heating of the piezoelectric crystal, that increases with 

the applied actuation voltage. A further reason could be ascribed to the vibrations induced by the 

actuator, that, being in the MHz region, could lead to gas expansion, similarly to what happens 

cavitation phenomena. By measuring the temperature 

on the top of the piezoelectric crystal by a thermal conductive paste we observed an increase 

only for applied voltages higher than 30 Vpp, after whose value temperature rapidly increased, 

°C when the system was operated at 120 Vpp. 
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reversible, disappearing few minutes after the interruption of 

, actually, resonance peaks detectability was 

To better investigate this phenomenon, micropillars arrays have been exposed to a silica beads 

. Once the bubble formation has been observed, the suspension droplet has 

have been investigated by SEM 

, relative to a standard pillars array, it can be observed that beads deposited 

external to the formed bubble, while, again, no beads were present on 

, confirming that the superhydrophobic Cassie-

thermal expansion of the air 

a local detachment of the 

f the “T” shaped pillars (13.5 

interaction, justifying the 

has been observed. 

to a silica beads dispersion 
and on which the air bubble formation has been observed during the actuation on the 

e pillars out of the bubble; 
Baxter state is maintained also during the actuation. (b) 

Explanation of the observed phenomenon, where the expansion of the air cushion leads to 

be ascribed to the heating of the piezoelectric crystal, that increases with 

vibrations induced by the 

on, could lead to gas expansion, similarly to what happens 

the temperature with a thermocouple 

we observed an increase  

, after whose value temperature rapidly increased, 
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5.2.2  Optical lever detection

As the parallel read out with the CCD has 

in liquid, the optical lever method has been applied as 

the approaches used and the issues related to this kind of measurements are discussed.

5.2.2.1 Preliminary tests of the 

In order to find the proper experimental configuration 

preliminary tests have been performed by focusing the laser spot

covered with a water layer and mounted on a piezo

photodiode during several scans of 

mechanical vibrations transmitted from the 

embed it. This could turn in false peaks recorded by the photodiode, that would 

measured pillar at its resonance frequency

At first, two different objectives have been considered

used for the parallel read out (N.A. = 0.5) with

60x, N.A. = 1, working distance = 2mm), that, due to its greater resolution, is expected to 

higher sensitivity to small oscillations. 

 
Figure 5.10 – Comparison of the frequency spectra collected on a flat, gold coated 
substrate in contact with liquid with two different optical objectives: 50x objective 
µm thick water layer (a), 60x 
resonance peak of a micropillar in air, for comparison with the bandwidth of the noise 
peaks. 

With the first objective, a liquid layer

coverslip and two spacers, similarly to the system described above 

objective, water has been placed directly between the lens and the substrate or with an intermediate 

glass layer, in order to simulate the analyte solution in c

 

on in liquid 

As the parallel read out with the CCD has demonstrated to be not sensitive enough for measurements 

in liquid, the optical lever method has been applied as back-up strategy. In the following paragraphs, 

the approaches used and the issues related to this kind of measurements are discussed.

the experimental setup 

proper experimental configuration to apply the optical lever method in liquid

preliminary tests have been performed by focusing the laser spot on a flat, gold coated 

mounted on a piezo-actuator, and by recording the 

of frequency. Indeed, the goal is to minimize the e

transmitted from the piezoelectric actuator to the liquid and to the cell used to

it. This could turn in false peaks recorded by the photodiode, that would hide

at its resonance frequency. 

At first, two different objectives have been considered, comparing the 50x, long working distance

= 0.5) with a water immersion objective (OLYMPUS 

60x, N.A. = 1, working distance = 2mm), that, due to its greater resolution, is expected to 

ll oscillations.  

Comparison of the frequency spectra collected on a flat, gold coated 
substrate in contact with liquid with two different optical objectives: 50x objective 

(a), 60x water immersion objective (b). The purple curve is the 
resonance peak of a micropillar in air, for comparison with the bandwidth of the noise 

With the first objective, a liquid layer (almost 750 µm) has been formed on the flat sample by a 

, similarly to the system described above (Figure 5.7); with the immersion 

directly between the lens and the substrate or with an intermediate 

glass layer, in order to simulate the analyte solution in contact with the sample and separated by
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demonstrated to be not sensitive enough for measurements 

In the following paragraphs, 

the approaches used and the issues related to this kind of measurements are discussed. 

the optical lever method in liquid, 

on a flat, gold coated silicon chip 

recording the signal from the 

is to minimize the effects of the 

or to the liquid and to the cell used to 

hide the signal of the 

long working distance one 

immersion objective (OLYMPUS LUMPLFLN 

60x, N.A. = 1, working distance = 2mm), that, due to its greater resolution, is expected to have a 

Comparison of the frequency spectra collected on a flat, gold coated 
substrate in contact with liquid with two different optical objectives: 50x objective and 750 

The purple curve is the 
resonance peak of a micropillar in air, for comparison with the bandwidth of the noise 

formed on the flat sample by a glass 

with the immersion 

directly between the lens and the substrate or with an intermediate 

tact with the sample and separated by the 
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water of the immersion objective. In all cases,

applied voltage, in the range expected for micropillars resonance

The actuation and the collection of the photodiod

analyzer and with a lock-in amplifier 

recover signals from a noisy environment, even in the case of low intensity. How

intensity of 1 mW, the recorded spectra are comparable with the two instruments, as expected. The

spectra obtained with the lock

with also the resonance peak of a micropillar in air as reference bandwidth.

As can be noticed, the use of the immersion objective leads to noisier spectra than the ones with the 

50x objective in air, with peaks that could be effectively confused with the signal of a micropillar at it

resonance; in addition, no substantial

and without the intermediate thin glass

We have also tested the effects of different thicknesses of the liquid layer, by changing the late

spacers where the coverslip is glued.

tests, that are almost 1.5 mm (a) and 150 µm (b). As can be seen considering also the Figure 5.

(relative to a liquid layer thickness of 750 µm), th

while the other two cases are almost comparable. 

  
Figure 5.11 – Comparison of the 
liquid layer (with the 50x objective: 
while in case (b) the thickness is around 150 µm.

Finally, also the type of the piezoelectric actuator has bee

motion parallel to the glass coverslip (shear mode piezo) respect to the orthogonal one (longitudinal 

mode piezo) considered so far. To do so, a shear piezoelectric crystal of the same dimensions of the 

longitudinal one (6 x 6 mm2

liquid layer of almost 750 µm. The collected spectra at different actuation voltages are reported in 

Figure 5.12a. 
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sion objective. In all cases, frequency scans have been performed

applied voltage, in the range expected for micropillars resonance (from 1.25 MHz to 1.75 MHz)

the collection of the photodiode signal have been performed both with the network 

in amplifier (7280 DSP, AMETEK), which has been 

recover signals from a noisy environment, even in the case of low intensity. How

intensity of 1 mW, the recorded spectra are comparable with the two instruments, as expected. The

obtained with the lock-in amplifier for the two different objectives are reported in 

of a micropillar in air as reference bandwidth. 

the use of the immersion objective leads to noisier spectra than the ones with the 

, with peaks that could be effectively confused with the signal of a micropillar at it

substantial differences have been observed for the immersion objective with 

and without the intermediate thin glass coverslip.  

We have also tested the effects of different thicknesses of the liquid layer, by changing the late

spacers where the coverslip is glued. Figure 5.11 reports the two extreme values 

tests, that are almost 1.5 mm (a) and 150 µm (b). As can be seen considering also the Figure 5.

(relative to a liquid layer thickness of 750 µm), the lower liquid thickness strongly reduces the noise

while the other two cases are almost comparable.  

Comparison of the frequency spectra collected at different thicknesses of the 
liquid layer (with the 50x objective: case (a) is relative to a liquid layer of almost 1.5 mm, 
while in case (b) the thickness is around 150 µm. 

Finally, also the type of the piezoelectric actuator has been evaluated, by considering the actuation 

motion parallel to the glass coverslip (shear mode piezo) respect to the orthogonal one (longitudinal 

mode piezo) considered so far. To do so, a shear piezoelectric crystal of the same dimensions of the 
2, capacitance = 0.53 nF) has been used, considering a thickness of the 

liquid layer of almost 750 µm. The collected spectra at different actuation voltages are reported in 
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have been performed at increasing 

(from 1.25 MHz to 1.75 MHz).  

e signal have been performed both with the network 

(7280 DSP, AMETEK), which has been introduced to better 

recover signals from a noisy environment, even in the case of low intensity. However, by using a laser 

intensity of 1 mW, the recorded spectra are comparable with the two instruments, as expected. The 

are reported in Figure 5.10, 

the use of the immersion objective leads to noisier spectra than the ones with the 

, with peaks that could be effectively confused with the signal of a micropillar at its 

the immersion objective with 

We have also tested the effects of different thicknesses of the liquid layer, by changing the lateral 

reports the two extreme values considered in these 

tests, that are almost 1.5 mm (a) and 150 µm (b). As can be seen considering also the Figure 5.10a 

strongly reduces the noise, 

spectra collected at different thicknesses of the 
case (a) is relative to a liquid layer of almost 1.5 mm, 

n evaluated, by considering the actuation 

motion parallel to the glass coverslip (shear mode piezo) respect to the orthogonal one (longitudinal 

mode piezo) considered so far. To do so, a shear piezoelectric crystal of the same dimensions of the 

) has been used, considering a thickness of the 

liquid layer of almost 750 µm. The collected spectra at different actuation voltages are reported in 



104 

By comparing these data with the ones relative to the

of noise has been observed (note the different scale of Figure 5.1

much lower drift on the amplitude signal. 

 
Figure 5.12 – (a Frequency spectra collected on flat gold by actuation with a shear mode 
piezo at different voltage. 
actuating a micropillar in air with a longitudinal mode piezo and a shear mode piezo
the same capacitance at different actuation voltage.

Measurements performed on a micropillar

analyzer) have shown a lower amplitude signal for the shear mode (

actuators of comparable capacitance (1.5 nF), the shear piezo should have a triple length respect to the 

one used, generating size issues on the liquid cell structure. In addition, the micropillars should be 

glued on the shear piezo in such a way that the oscillator motio

of the piezo displacement, to have the maximum of the actuation efficacy.

response of the oscillator increases linearly with the actuation voltage, except for high voltages (higher 

than 15 Vpp) in the case of the longitudinal piezo.

For these reasons, longitudinal mode actuators have been chosen also

by using the 50x objective and a liquid layer with thickness of almost 150 µm.

5.2.2.2 Resonance measurements o

As reported before, the thermal expansion of the air cushion, resulting in the detachment of the water 

from the top of pillars, is an unwanted effect that hinders the effective measurements in a liquid 

environment. To reduce this issue, a first attempt has been made by fabricating micropillars array of 

reduced size (75 x 75 µm2 instead of the 200 x 200 µm

frequency measurements) and still surrounded by a continuous frame. In this way, the air volume 

inside a single array is almost 7 fold smaller.

 

By comparing these data with the ones relative to the longitudinal piezo (Figure 5.10

(note the different scale of Figure 5.12a), but the shear piezo has shown 

drift on the amplitude signal.  

Frequency spectra collected on flat gold by actuation with a shear mode 
piezo at different voltage. (b) Comparison of the oscillation amplitude obtained by 

micropillar in air with a longitudinal mode piezo and a shear mode piezo
apacitance at different actuation voltage.   

a micropillar in air with the two different actuators (with the network 

have shown a lower amplitude signal for the shear mode (Figure 5.12b). I

parable capacitance (1.5 nF), the shear piezo should have a triple length respect to the 

issues on the liquid cell structure. In addition, the micropillars should be 

glued on the shear piezo in such a way that the oscillator motion at resonance is in the same direction 

of the piezo displacement, to have the maximum of the actuation efficacy. In both cases, anyhow, the 

response of the oscillator increases linearly with the actuation voltage, except for high voltages (higher 

longitudinal piezo. 

For these reasons, longitudinal mode actuators have been chosen also for the measurements in liquid, 

by using the 50x objective and a liquid layer with thickness of almost 150 µm. 

Resonance measurements on pillars arrays of reduced volume 

expansion of the air cushion, resulting in the detachment of the water 

an unwanted effect that hinders the effective measurements in a liquid 

e this issue, a first attempt has been made by fabricating micropillars array of 

instead of the 200 x 200 µm2 of the largest arrays used in the resonance 

frequency measurements) and still surrounded by a continuous frame. In this way, the air volume 

almost 7 fold smaller. 
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10a), the same level 

the shear piezo has shown a 

Frequency spectra collected on flat gold by actuation with a shear mode 
(b) Comparison of the oscillation amplitude obtained by 

micropillar in air with a longitudinal mode piezo and a shear mode piezo with 

(with the network 

). Indeed, to have 

parable capacitance (1.5 nF), the shear piezo should have a triple length respect to the 

issues on the liquid cell structure. In addition, the micropillars should be 

is in the same direction 

In both cases, anyhow, the 

response of the oscillator increases linearly with the actuation voltage, except for high voltages (higher 

for the measurements in liquid, 

expansion of the air cushion, resulting in the detachment of the water 

an unwanted effect that hinders the effective measurements in a liquid 

e this issue, a first attempt has been made by fabricating micropillars array of 

of the largest arrays used in the resonance 

frequency measurements) and still surrounded by a continuous frame. In this way, the air volume 
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With this new configuration of the pillars arrays, resonance frequ

performed with the optimized 

Micropillars have been treated with a further baking treatment (150°C overnight) after silanization. 

Indeed,  based on what reported on the Angst and Simmons

linking between the alkanosilane chains of the hydrophobic coating and reduces the number of 

exposed silanol groups (Si-OH) that could induce water adsorption. The curing treatment has lead to a 

further increase of the hydrophobicity of the silanized surfaces, with contact angle 

passing from ≈  105° to ≈  111°. 

which a self assembled monolayer of 6

been formed, which is expected to form an hydroph

45°), to increase the interaction of liquid with the top area respect to fully hydrophobic pillars. 

5.13a reports an example of resonance peaks measured in air and after the addition of the milli

droplet. From repeated measurements in air

1.17064 MHz ± 220 Hz. In the graph of case (a), measurements performed after the addition of water 

has shown well detectable peaks at the same actuatio

frequency of 1.17065 ± 850 Hz, so a value identical to the one in air, even if more dispersed. 

Q factor values are in all cases around 180.

 
Figure 5.13 – Resonance frequency measurements of a micropillar in air and in liquid. 
the first case (a), peaks in liquid 
measurements in air, while 
required increased actuation voltage, giving a negatively shifted resonance frequency and 
a reduction of 40% of the Q factor.

From an inspection of the array, no bubb

the measurements, reported in 

but increasing the actuation strength, resonance peaks are again evident, at a frequency of 1.16778 ± 

1450 Hz, with a negative shift of almost 2.8 kHz;

liquid. In this latter case, the effective contact of the liquid with the top of the pillar has required 

higher actuation voltage and 

probably the liquid has been still detached from the top of pillars.

Micropillars measurements in liquid environment 

With this new configuration of the pillars arrays, resonance frequency measurements have been 

the optimized setup described in the previous section.  

Micropillars have been treated with a further baking treatment (150°C overnight) after silanization. 

Indeed,  based on what reported on the Angst and Simmons’ work [15], this step favors the cross

nosilane chains of the hydrophobic coating and reduces the number of 

OH) that could induce water adsorption. The curing treatment has lead to a 

further increase of the hydrophobicity of the silanized surfaces, with contact angle 

111°. Silanized micropillars array have been then

which a self assembled monolayer of 6-mercapto-1-hexanol (MCH, 1 µM concentration for 1 h) has 

which is expected to form an hydrophilic layer on top of pillars (contact angle on flat 

to increase the interaction of liquid with the top area respect to fully hydrophobic pillars. 

a reports an example of resonance peaks measured in air and after the addition of the milli

droplet. From repeated measurements in air with the network analyzer, the resonance frequency is 

1.17064 MHz ± 220 Hz. In the graph of case (a), measurements performed after the addition of water 

has shown well detectable peaks at the same actuation voltage of the measurements in air, with a mean 

frequency of 1.17065 ± 850 Hz, so a value identical to the one in air, even if more dispersed. 

Q factor values are in all cases around 180. 

Resonance frequency measurements of a micropillar in air and in liquid. 
the first case (a), peaks in liquid has shown the same resonance frequency and Q factor of 
measurements in air, while the repetition of measurements, reported on panel (b),
equired increased actuation voltage, giving a negatively shifted resonance frequency and 

a reduction of 40% of the Q factor. 

From an inspection of the array, no bubble formations has been observed, but 

rements, reported in Figure 5.13b, has shown that at 4 Vpp no peaks are identifiable in liquid, 

but increasing the actuation strength, resonance peaks are again evident, at a frequency of 1.16778 ± 

egative shift of almost 2.8 kHz; the Q factor is reduced from 

In this latter case, the effective contact of the liquid with the top of the pillar has required 

higher actuation voltage and has produced a change of the resonance spectra, while in the first case 

still detached from the top of pillars. 
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ency measurements have been 

Micropillars have been treated with a further baking treatment (150°C overnight) after silanization. 

, this step favors the cross-

nosilane chains of the hydrophobic coating and reduces the number of 

OH) that could induce water adsorption. The curing treatment has lead to a 

further increase of the hydrophobicity of the silanized surfaces, with contact angle on flat silicon 

then coated with gold, on 

hexanol (MCH, 1 µM concentration for 1 h) has 

ilic layer on top of pillars (contact angle on flat ≈  

to increase the interaction of liquid with the top area respect to fully hydrophobic pillars. Figure 

a reports an example of resonance peaks measured in air and after the addition of the milliQ water 

, the resonance frequency is 

1.17064 MHz ± 220 Hz. In the graph of case (a), measurements performed after the addition of water 

n voltage of the measurements in air, with a mean 

frequency of 1.17065 ± 850 Hz, so a value identical to the one in air, even if more dispersed. Also the 

Resonance frequency measurements of a micropillar in air and in liquid. In 
the same resonance frequency and Q factor of 

the repetition of measurements, reported on panel (b), has 
equired increased actuation voltage, giving a negatively shifted resonance frequency and 

, but a further repetition of 

no peaks are identifiable in liquid, 

but increasing the actuation strength, resonance peaks are again evident, at a frequency of 1.16778 ± 

from 180 in air to 105 in 

In this latter case, the effective contact of the liquid with the top of the pillar has required 

produced a change of the resonance spectra, while in the first case 
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Another issue related to measurements with the optical lever method 

is the localized heating effect caused by the laser focused on the top 

of the measured pillar. The choice of a green laser has been justified 

from the absorbance spectra of water, from which the lowest 

interaction with light results for wavelengths in the range from near-

UV to green. With a laser power of 0.7 mW from the source, that 

has been measured to result on a power of almost 20 µW on the 

focal plane of the 50x objective due to the loss in the optical 

components of the setup, the local heating of the laser and the low 

heat dissipation rate of the air surrounding the irradiated pillar 

cause the condensation of water vapor at the bottom of the array in 

a couple of minutes (see Figure 5.14), reducing the time available 

for measurements. This behavior has been observed independently of the hydrophobic coating of the 

micropillars walls (octadecylthrichlorosilane or fluorocarbon thin film). By reducing the laser power 

to 0.2 mW from the source, the droplet formation is avoided, but the intensity of the laser beam on the 

photodiode is too low to produce a signal distinguishable from the noise level. 

5.2.2.3 Fabrication of pillars inside wells 

In order to better understand the behavior of a micropillar resonating while its top area is in contact 

with water, and to further reduce the influence of the air expansion, single micropillars have been 

fabricated inside wells, switching from the configuration of dense arrays of micropillars in the Cassie-

Baxter state. Respect to the approach used by Oesterschulze and co-workers [14], smaller micropillars 

have been used, with a top area of almost 4 x 2 µm2, height of 14 µm and a very thin base of 150-200 

nm. This latter has been chosen to improve the oscillating behavior of micropillars actuated by the 

piezoelectric crystal. In order to study the wettability of the system, different dimensions of the wells 

have been also considered, with radius of 6 µm, 10 µm and 15 µm.  

Based on what reported in [14], the columnar resonators inside the wells were used by the 

Oesterschulze’s group without any hydrophobization treatment: the entrapment of air inside the cavity 

allowed the formation of a concave meniscus between the edges of the well and the central element, as 

confirmed also by imaging with confocal microscopy. Indeed, it is well recognized that, due to the 

contact angle formed at the edges of the vertical structures, hydrophilic walls lead to concave 

meniscus, while hydrophobic ones form a convex meniscus between air and liquid [16], [17]. 

By immerging our structures of bare silicon, so after the piranha cleaning and the BOE etching steps, 

in a dispersion of silica beads, the fast filling of the wells with the liquid has been observed with an 

optical microscope (Figure 5.15a), independently on the radius of the well considered. On the other 

hand, silanization treatments as described in Chapter 3 have led to the effective formation of the air 

cushion inside the well, as confirmed in Figure 5.15b, where beads are deposited only on the top of the 

micropillar and on the solid frame surrounding the well. 

Figure 5.14 – Droplet 
formation between pillars due 
to the local heating effect of 
the laser. The bright spot is 
the laser focused on a 
micropillar. 
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Figure 5.15 – SEM images of a silicon micropillar fabricate
µm) and exposed to a dispersion of silica beads: in the case of untreated pillars (a), beads 
are deposited also inside the wel
treatment, beads are deposited just out of the well and on top of pillar (liquid contact only 
with the top of the pillar).

5.2.2.4 Resonance frequency measurements of pillars inside well

Among the investigated well dimensions, the radius of 10 µm

of the resonance frequency in liquid, as the distance between the pillar and the frame is comparable to 

the distance between pillars in the hexagonal lattice (with a centre

The issue of the laser heating, that would result in the condensation of a water droplet on the bottom of 

the well (Figure 5.16, where the 

by substituting the manual micropositioning, used to align the micropillar with the laser spot, with a

nano positioning system remotely controlled

alignment on the top of the pillar and 

focusing of the laser spot, instead,

manual z-axis micropositioning

amplifier instead of the network analyzer

single frequency scan has been reduced to less than 2 seconds 

(frequency span  = 30 kHz, frequency step 200 Hz, time delay and 

time constant of the noise filter = 10 ms); the 

controlled by a DAC output from the same lock

irradiation to the check of the proper alignment of the laser on the 

top of the pillar and for the duration of

way, laser power up to 1 mW can be used 

one minute between each measurement, the droplet formation can 

be avoided. 

With this improved configuration, the resonance frequency 

several micropillars has been measured. In particular, after the silanization and the baking st

Micropillars measurements in liquid environment 

SEM images of a silicon micropillar fabricated inside a well (radius = 15 
µm) and exposed to a dispersion of silica beads: in the case of untreated pillars (a), beads 
are deposited also inside the well (complete wetting) while with the OTS hydrophobic 
treatment, beads are deposited just out of the well and on top of pillar (liquid contact only 
with the top of the pillar). 

Resonance frequency measurements of pillars inside wells 

Among the investigated well dimensions, the radius of 10 µm has been chosen for the measurements 

of the resonance frequency in liquid, as the distance between the pillar and the frame is comparable to 

the distance between pillars in the hexagonal lattice (with a centre-to-centre spacing of 12 µm).

The issue of the laser heating, that would result in the condensation of a water droplet on the bottom of 

the focal plane of the objective is set at the bottom level

by substituting the manual micropositioning, used to align the micropillar with the laser spot, with a

remotely controlled. This has strongly reduced the time required for the laser 

alignment on the top of the pillar and has also increased the reproducibility of the positioning. T

, instead, has been still regulated with a 

axis micropositioning. In addition, by using the lock-in 

instead of the network analyzer, the time required for a 

single frequency scan has been reduced to less than 2 seconds 

(frequency span  = 30 kHz, frequency step 200 Hz, time delay and 

noise filter = 10 ms); the laser has been 

output from the same lock-in, limiting the 

the proper alignment of the laser on the 

for the duration of the frequency scan. In this 

way, laser power up to 1 mW can be used and, with an interval of 

one minute between each measurement, the droplet formation can 

With this improved configuration, the resonance frequency of 

several micropillars has been measured. In particular, after the silanization and the baking st

Figure 5.
formation at the bottom of 
the well 
heating on the top of pillar.

 107 

d inside a well (radius = 15 
µm) and exposed to a dispersion of silica beads: in the case of untreated pillars (a), beads 

OTS hydrophobic 
treatment, beads are deposited just out of the well and on top of pillar (liquid contact only 

has been chosen for the measurements 

of the resonance frequency in liquid, as the distance between the pillar and the frame is comparable to 

centre spacing of 12 µm). 

The issue of the laser heating, that would result in the condensation of a water droplet on the bottom of 

is set at the bottom level) has been solved 

by substituting the manual micropositioning, used to align the micropillar with the laser spot, with a 

the time required for the laser 

roducibility of the positioning. The 

several micropillars has been measured. In particular, after the silanization and the baking steps, the 

Figure 5.16 – Droplet 
formation at the bottom of 
the well due to laser 
heating on the top of pillar. 
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top area of the pillars has been coated with gold and functionalized by the formation of two different 

self assembled monolayer, one with 

1 µM concentration for 1 h), which provides a 

75°. The scope of the two different functionalizations is to change the energy of interaction between 

the liquid and the top area of the pillar.

Two examples of collected resonance spectra are reported 

behavior observed during measurements in liquid. In general, due to the presence of the water between 

the silicon chip and the glass coverslip, higher actuation voltages are required to obtain a defined 

resonance peak in liquid, as also observed on 

 
Figure 5.17 – Examples of resonance spectra collected in air (red curve) and in liquid: 
small variations of the laser focusing on the top of pillars changes the int
collected signal. 

Also the focusing of the laser spot on the top of pillars plays a fundamental role on the 

collected signal, that in some cases has been comparable or also higher than the one 

5.17a), while in other cases it has been much lower, as in Figure 5.

collected signals are different from liquid (left axis) to air (right axis). Unfortunately, the reduced time 

available before the formation of droplets within the well 

signal collected by the photodiode, 

different intensities of the amplitude

distinguished from the surrounding noise.

A summary of the collected data relative to the two different 

applied actuation voltage is reported 

resonance frequency in liquid respect to the one in air

 

top area of the pillars has been coated with gold and functionalized by the formation of two different 

assembled monolayer, one with MCH (1 µM concentration for 1 h), one with ethanethiol 

1 µM concentration for 1 h), which provides a less hydrophilic SAM, with contact angles on flat 

75°. The scope of the two different functionalizations is to change the energy of interaction between 

the liquid and the top area of the pillar. 

collected resonance spectra are reported in Figure 5.17, which 

behavior observed during measurements in liquid. In general, due to the presence of the water between 

the silicon chip and the glass coverslip, higher actuation voltages are required to obtain a defined 

, as also observed on the arrays of micropillars.  

Examples of resonance spectra collected in air (red curve) and in liquid: 
small variations of the laser focusing on the top of pillars changes the intensity of the 

Also the focusing of the laser spot on the top of pillars plays a fundamental role on the 

collected signal, that in some cases has been comparable or also higher than the one 

other cases it has been much lower, as in Figure 5.17b, on which the intensities of th

collected signals are different from liquid (left axis) to air (right axis). Unfortunately, the reduced time 

available before the formation of droplets within the well does not allow a precise optimization of the 

 so that small differences on the quality of the spot can result on 

amplitude signal. In any case, the resonance peaks can be 

from the surrounding noise.  

relative to the two different SAMs on the top of pillars respect to the 

applied actuation voltage is reported on Figure 5.18, where the left axis represents the shift of the 

in liquid respect to the one in air divided by the resonance frequency in air
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top area of the pillars has been coated with gold and functionalized by the formation of two different 

, one with ethanethiol (Et-SH, 

less hydrophilic SAM, with contact angles on flat ≈  

75°. The scope of the two different functionalizations is to change the energy of interaction between 

 shows the typical 

behavior observed during measurements in liquid. In general, due to the presence of the water between 

the silicon chip and the glass coverslip, higher actuation voltages are required to obtain a defined 

Examples of resonance spectra collected in air (red curve) and in liquid: 
ensity of the 

Also the focusing of the laser spot on the top of pillars plays a fundamental role on the intensity of the 

collected signal, that in some cases has been comparable or also higher than the one in air (Figure 

the intensities of the 

collected signals are different from liquid (left axis) to air (right axis). Unfortunately, the reduced time 

does not allow a precise optimization of the 

differences on the quality of the spot can result on 

sonance peaks can be however 

the top of pillars respect to the 

, where the left axis represents the shift of the 

divided by the resonance frequency in air. 
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Figure 5.18 – Resonance frequency shift (expressed as the difference between the 
resonance frequency in liquid
in air) versus the applied voltage of actuation for micropillars insi
mercaptohexanol (MCH) or 

As can be noticed, in all cases the minimum voltage that p

in liquid ranges from 17 to 21 V

air to liquid has been observed, with higher shift

functionalization respect to the Et

This positive shift can be justified considering the interaction of the micropillar with the water 

meniscus, as illustrated in Figure 5.1

harmonic oscillator made of a spring of elastic constant 

the pillar, m*
p), while the contribution of the air damping is comprised in the Q factor of the resonance 

spectra in air. The mass of 

determines the resonance frequency in air, 

Once in contact with the liquid, the presence of water determines an additional mass m

the micropillar during its oscillation

elastic force represented by the meniscus, modeled

In this case, the micropillar 

external force, whose resonance frequency 

Micropillars measurements in liquid environment 

Resonance frequency shift (expressed as the difference between the 
resonance frequency in liquid, fwater, and in air, fair , and divided by the resonance frequency 

he applied voltage of actuation for micropillars inside wells and with 
ol (MCH) or ethanethiol (Et-SH) SAM formed on gold coated top.

As can be noticed, in all cases the minimum voltage that produces a well identifiable resonance peak 

o 21 Vpp. Also, in most of the cases a positive resonance shift passing from 

ir to liquid has been observed, with higher shifts, at equal actuation voltage, for the MCH 

respect to the Et-SH one.  

This positive shift can be justified considering the interaction of the micropillar with the water 

in Figure 5.19. A micropillar oscillating in air can be modeled as a damped 

a spring of elastic constant kp connected to a mass (the reduced mass of 

), while the contribution of the air damping is comprised in the Q factor of the resonance 

 the displaced air can be considered negligible. 

determines the resonance frequency in air, fair: 
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Once in contact with the liquid, the presence of water determines an additional mass m

ing its oscillations, a viscosity contribution ηw acting on the Q factor, and a further 

resented by the meniscus, modeled as a spring of elastic constant 

In this case, the micropillar can be considered as a damped harmonic oscillator with an additional 

external force, whose resonance frequency fwater can be expressed as: 
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Resonance frequency shift (expressed as the difference between the 
the resonance frequency 

de wells and with 
SH) SAM formed on gold coated top. 

roduces a well identifiable resonance peak 

a positive resonance shift passing from 

, at equal actuation voltage, for the MCH 

This positive shift can be justified considering the interaction of the micropillar with the water 

A micropillar oscillating in air can be modeled as a damped 

connected to a mass (the reduced mass of 

), while the contribution of the air damping is comprised in the Q factor of the resonance 

 All these contributions 

 E. 5.2 

Once in contact with the liquid, the presence of water determines an additional mass mw displaced by 

acting on the Q factor, and a further 

as a spring of elastic constant σw. 

as a damped harmonic oscillator with an additional 

 E. 5. 3 
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Figure 5.19 – Schematics of the physical model used to describe the behavior of a 
micropillar oscillating in air (a) and in contact with the liquid inside the well (b). 
kp are the (reduced) mass and the elastic constant of the resonator, respectively, while m
the mass of the liquid layer moved by the pillar;
of the liquid, respectively and 
the micropillar and the walls of the well.

From this relationship it can be derived that the additional mass due to the water leads to a decrease of 

the resonance frequency. Also the viscous damping, reducing the Q factor, 

resonance frequency; the contribution of the water meniscus, instead, incr

constant of the oscillating system, le

Based on the data reported in the Oesterschulze’s work 

the mass sensitivity of the columnar resonator operating in liquid, the mass of the displaced water has 

been calculated to be of almost 1.5 pg, corresponding to a thickness of the water layer

column top area) of 12.8 nm. The same thickness, as a fi

our case (pillar top area ≈  6.35 µm2) 

The calculation of the Q factor obtained by fitting the resonance peaks with a Lorentzian 

shown small variations of these values from air to liquid

Table 5.1 – Q factor values calculated from the resonance spectra in air and 
in liquid at different actuation voltages. 
the mean value ± the standard deviation.

Pillar 
Q air 

6 Vpp 

MCH_Pillar 1 101 ± 0

MCH_Pillar 2 106 ± 3

MCH_Pillar 3 95 ± 2

Et-SH Pillar 1 66 

Et-SH Pillar 2 99 

Et-SH Pillar 3 80 

 

In most cases, for the lowest voltage

higher values respect to the ones in air, which are

 

Schematics of the physical model used to describe the behavior of a 
micropillar oscillating in air (a) and in contact with the liquid inside the well (b). 

are the (reduced) mass and the elastic constant of the resonator, respectively, while m
iquid layer moved by the pillar; ηair and ηw are the viscosity of the

and σw the elastic constant of the water meniscus formed between 
the micropillar and the walls of the well. 

can be derived that the additional mass due to the water leads to a decrease of 

Also the viscous damping, reducing the Q factor, contributes to 

resonance frequency; the contribution of the water meniscus, instead, increases the effective elastic 

constant of the oscillating system, leading to a higher resonance frequency. 

Based on the data reported in the Oesterschulze’s work [14] about the resonance frequency shift and 

sensitivity of the columnar resonator operating in liquid, the mass of the displaced water has 

been calculated to be of almost 1.5 pg, corresponding to a thickness of the water layer

of 12.8 nm. The same thickness, as a first approximation, has been considered also in 

) with a resulting mass of water of mw = 81 fg. 

The calculation of the Q factor obtained by fitting the resonance peaks with a Lorentzian 

these values from air to liquid, as reported on Table 5.1.  

Q factor values calculated from the resonance spectra in air and 
in liquid at different actuation voltages. When available, data are reported as 

lue ± the standard deviation. 

Q air  Q liquid 

 17 Vpp 21 Vpp  24 Vpp 27 Vpp 32 V

101 ± 0 - 118 ± 18 127 ± 18 106 

106 ± 3 122 103 ± 23 67 45 

95 ± 2 123 87 ± 14 92 ± 8   

77 62 62 ± 1 72 88 ± 14

- 80 65 ± 3 51 

- 53 55 ± 6  56 

voltages used during measurements in liquid, the Q factor 

in air, which are justified considering the physical meaning of the
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Schematics of the physical model used to describe the behavior of a 
micropillar oscillating in air (a) and in contact with the liquid inside the well (b). m*

p and 
are the (reduced) mass and the elastic constant of the resonator, respectively, while mw is 

of the air and 
c constant of the water meniscus formed between 

can be derived that the additional mass due to the water leads to a decrease of 

contributes to lower the 

eases the effective elastic 

about the resonance frequency shift and 

sensitivity of the columnar resonator operating in liquid, the mass of the displaced water has 

been calculated to be of almost 1.5 pg, corresponding to a thickness of the water layer (considering the 

rst approximation, has been considered also in 

The calculation of the Q factor obtained by fitting the resonance peaks with a Lorentzian curve has 

Q factor values calculated from the resonance spectra in air and 
When available, data are reported as 

32 Vpp 

100 

- 

- 

88 ± 14 

- 

49 

, the Q factor has shown also 

physical meaning of the Q 
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factor, as the ratio of the stored energy to the energy losses per cycle of vibration: the presence of the 

elastic force of the liquid meniscus increases the energy of the system more 

viscous losses, leading to higher va

progressively decreases, due to the increase of 

of Q factor have shown to affect

tens of Hz. 

The higher values of the resonance frequency 

associated with the influence of the meniscus, that for the thin pillar used in these e

to a stiffening effect on the 

“MCH_Pillar2” and”MCH_Pillar3” of Figure 5.18 at the actuation voltage of 17 V

k/m*
p can be obtained by calculating 

diving fair by (1 − 1/(2Q^2 

dimensions of the resonator, results of a

estimated (in excess, by considering the pillar mass

N/m. For this value of kp, the elastic force of the water meniscus becomes strongly effective to 

increase the resonance frequency. Nonetheless, if the 

(σw=0.073 N/m) is considered, the 

times the experimental values

convex shape reduces the strength acting on the pillar

the experimental shift in the

cases is 6.6 ± 0.5  mN/m. The effect of the 

water mass added on pillar 

calculated to give a negative shift of almost 

160 Hz. 

Nonetheless, from the graph of 

it also appears that the resonance shift

between liquid and air is strongly 

on the applied voltage, which 

decrease of the resonance frequency

by increasing the strength of actuation.

applying positive and negative ramp

voltage, the resonance frequency 

each bias has maintained almost 

frequency (within the uncertainty of the 

measurement), as reported in Figure 5.20,

confirming that the observed reduction of th

resonance frequency is not related

adsorption on the resonator.  
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ratio of the stored energy to the energy losses per cycle of vibration: the presence of the 

elastic force of the liquid meniscus increases the energy of the system more 

losses, leading to higher values of Q. However, by raising the actuation voltage, the Q factor 

progressively decreases, due to the increase of the dissipative phenomena. In any case, this variation

have shown to affect just slightly the resonance frequency values

of the resonance frequency in liquid respect to the ones in air 

associated with the influence of the meniscus, that for the thin pillar used in these e

the resonator. Indeed, by considering the experimental values of

“MCH_Pillar2” and”MCH_Pillar3” of Figure 5.18 at the actuation voltage of 17 V

calculating the resonance frequency in air without the contribution of Q

 ))̂ (0.5), see Eqn. 5.2); the pillar mass, derived

results of almost 86 pg, so that the elastic constant 

(in excess, by considering the pillar mass instead of its reduced mass) to

, the elastic force of the water meniscus becomes strongly effective to 

increase the resonance frequency. Nonetheless, if the tabulated value of the water surface tension 

considered, the calculated resonance shift between liquid and air

s. This suggests that the water meniscus is effectively not straight, but its 

pe reduces the strength acting on the pillar. Indeed, the calculated value of 

in the considered 

The effect of the 

water mass added on pillar has been 

calculated to give a negative shift of almost 

rom the graph of Figure 5.18, 

appears that the resonance shift 

is strongly dependent 

which means a 

decrease of the resonance frequency in liquid 

by increasing the strength of actuation. By 

applying positive and negative ramps of 

voltage, the resonance frequency shift at 

almost the same 

frequency (within the uncertainty of the 

as reported in Figure 5.20, 

confirming that the observed reduction of the 

resonance frequency is not related to a progressive increase of the mass because 

 

Figure 5.20 – Resonance frequency shift 
(divided by the resonance frequency in air) 
registered by applying a positive and a 
negative ramp of the actuation voltage.
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ratio of the stored energy to the energy losses per cycle of vibration: the presence of the 

elastic force of the liquid meniscus increases the energy of the system more than the increase of the 

g the actuation voltage, the Q factor 

dissipative phenomena. In any case, this variations 

values, with difference of few 

in liquid respect to the ones in air can instead be 

associated with the influence of the meniscus, that for the thin pillar used in these experiments, has led 

by considering the experimental values of the cases 

“MCH_Pillar2” and”MCH_Pillar3” of Figure 5.18 at the actuation voltage of 17 Vpp, the value of   

the resonance frequency in air without the contribution of Q (so, 

, derived from the geometrical 

the elastic constant kp of the pillars can be 

instead of its reduced mass) to be of 0.372 ± 0.004 

, the elastic force of the water meniscus becomes strongly effective to 

value of the water surface tension 

between liquid and air is almost twelve 

s that the water meniscus is effectively not straight, but its 

Indeed, the calculated value of σw that produces 

because of water or impurity 

Resonance frequency shift 
(divided by the resonance frequency in air) 
registered by applying a positive and a 
negative ramp of the actuation voltage. 
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The same trend of the resonance frequency

same conditions used in liquid (lock

Even in this case the Q factor decreases by increasing the applied voltage, due to an increase of the 

dissipative effects in the resonator.  

Figure 5.21 – Resonance peaks in air measured with the same setup used for 
measurements in liquid. The table reports the calculated resonance frequency, the shift 
relative to the first value (at 1 V

This shift of the resonance frequency

temperature of the resonator determined by the high power dissipated in the piezo: since the 

modulus of silicon decreases with temperature, so does the 

effect has been observed at constant voltage

varying the temperature with a Pelti

-196 Hz/°C has been calculated from the linear fitting of the data

 

 

 

 

 

 

 

 

 

 

 
Figure 5.22 – Dependence of the resonance frequency of a micropillar with the 
temperature at constant actuation voltage

 

same trend of the resonance frequency has been observed also on measurements in air with the 

used in liquid (lock-in amplifier and reduced time scan), as confirmed by Figure 5.

factor decreases by increasing the applied voltage, due to an increase of the 

 

Resonance peaks in air measured with the same setup used for 
The table reports the calculated resonance frequency, the shift 

(at 1 Vpp) and the Q factor. 

shift of the resonance frequency with the applied voltage is compatible with a

determined by the high power dissipated in the piezo: since the 

ses with temperature, so does the resonance frequency. 

effect has been observed at constant voltage of piezo actuation (21 Vpp) in presence of 

a Peltier cell, as reported in the graph of Figure 5.22, where a gradient of 

196 Hz/°C has been calculated from the linear fitting of the data.  

Dependence of the resonance frequency of a micropillar with the 
at constant actuation voltage (21 Vpp) and in presence of the liquid layer. 
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on measurements in air with the 

as confirmed by Figure 5.21. 

factor decreases by increasing the applied voltage, due to an increase of the 

 

 

 

 

 

 

 

 

 

 

Resonance peaks in air measured with the same setup used for the 
The table reports the calculated resonance frequency, the shift 

is compatible with an increase of the  

determined by the high power dissipated in the piezo: since the Young 

 Indeed, the same 

in presence of water but 

5.22, where a gradient of 

Dependence of the resonance frequency of a micropillar with the 
) and in presence of the liquid layer.  



Micropillars measurements in liquid environment

This trend is in good agreement with what also reported in 

frequency of columnar shaped resonators with the temp

However, in the considered range of temperature

has been observed. Indeed, 

concave de-magnifying lens so that

5.23. The detachment of the liquid was

temperatures above 36°. 

 

 

 

 

 

 

 

 

 
Figure 5. 23 – Optical microscope image showing the different optical behavior of liquid in 
contact with the top of pillars (left side) and detached from the top
case the water meniscus acts as a lens and the pillar appears smaller and less

The resonance frequency dependence on the applied voltage

actuation method for the evaluation of the resonance frequency shift

the water meniscus on the pillar resonating i

not solve the problem, as it would not be quick enough to compensate the rapid change of temperature 

during the fast scan of frequency.

 

The results discussed in this chapter demonstrate

produced both on pillars arrays and inside the well can be fruitfully exploited for direct measurements 

in liquid with Q factor (and so mass resolution) comparable to the one in air

time measurements and dynamic investigation

deflection for the detection introduce large thermal drifts that affect significantly the resonator 

response. Alternative approaches, such as capacitive

out should be considered. 
 
 

Micropillars measurements in liquid environment 

This trend is in good agreement with what also reported in [18] about the variation of the resonance 

frequency of columnar shaped resonators with the temperature.  

range of temperature, no detachment of the liquid from the top of pillars 

served. Indeed, this event is well recognizable, because the water meniscus forms a 

so that the pillar image in the well appears smaller, as shown in Figure 

. The detachment of the liquid was obtained by heating the silicon chip with a Peltier cell at 

Optical microscope image showing the different optical behavior of liquid in 
contact with the top of pillars (left side) and detached from the top (right side)
case the water meniscus acts as a lens and the pillar appears smaller and less

e resonance frequency dependence on the applied voltage strongly limits the application of this 

method for the evaluation of the resonance frequency shift and of the effective strength of 

the water meniscus on the pillar resonating in liquid. The use of a Peltier cell to cool the system would 

as it would not be quick enough to compensate the rapid change of temperature 

during the fast scan of frequency.  

The results discussed in this chapter demonstrate that the superhydrophobic

produced both on pillars arrays and inside the well can be fruitfully exploited for direct measurements 

in liquid with Q factor (and so mass resolution) comparable to the one in air,

and dynamic investigations. Nonetheless, the use of acoustic 

detection introduce large thermal drifts that affect significantly the resonator 

response. Alternative approaches, such as capacitive, magnetic or the Kelvin force actuation and read
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about the variation of the resonance 

no detachment of the liquid from the top of pillars 

is well recognizable, because the water meniscus forms a 

appears smaller, as shown in Figure 

obtained by heating the silicon chip with a Peltier cell at 

Optical microscope image showing the different optical behavior of liquid in 
(right side). In the latter 

case the water meniscus acts as a lens and the pillar appears smaller and less defined.  

strongly limits the application of this 

and of the effective strength of 

The use of a Peltier cell to cool the system would 

as it would not be quick enough to compensate the rapid change of temperature 

e superhydrophobic Cassie-Baxter effect 

produced both on pillars arrays and inside the well can be fruitfully exploited for direct measurements 

, paving the way to real-

ustic actuation and laser 

detection introduce large thermal drifts that affect significantly the resonator 

he Kelvin force actuation and read-
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Conclusions 

This thesis has described the application of superhydrophobic micromechanical pillars arrays as a tool 

for biomolecular detection, with potential real-time measurements in liquid environment. 

Respect to the use of fluorocarbon (Teflon-like) thin film coating, the formation of a hydrophobic 

layer by deposition of octadecylthrichlorosilane (OTS), both in solution and by evaporation, has 

demonstrated to provide a stable superhydrophobic Cassie-Baxter state, compatible also with diluted 

human plasma, maintaining, at the same time, high values of the Quality factor and consequently also 

of the mass resolution, for resonance measurements performed in vacuum. The silane treatment has 

allowed to overcome the adhesion issues of gold on Teflon-coated pillars, forming a stable and 

reproducible layer for biomolecular adsorption. This has been demonstrated through the formation of a 

thiol-terminated DNA self assembled monolayer on top of pillars and the hybridization with the 

complementary sequence, obtaining results comparable with previous studies. 

The application of micropillars for the detection of PSMA biomarker at diagnostically relevant 

concentrations has been demonstrated, both from buffer solution and from diluted (1:20 in buffer) 

bovine serum, through the formation of a monolayer of thiolated anti-PSMA antibodies on gold coated 

pillars. The use of diluted serum is an unavoidable trade-off in order to maintain the superhydrophobic 

Cassie Baxter state on pillars arrays, at the price of the dilution also of the target molecule. An optical 

parallel read-out technique has also been applied respect to the optical lever method, strongly reducing 

the analysis time and increasing the number of collected data, for more robust statistics. 

The reduced interaction between micropillars and liquid on the superhydrophobic Cassie-Baxter state 

has allowed direct measurements of the resonance frequency in water, opening to further studies on 

the mechanical properties of the liquid meniscus. However, in the used configuration severe problems 

related to thermal drift have been observed, suggesting the adoption of alternative actuation and 

detection methods, as for example the one based on the Kelvin polarization effect should be 

investigated. 

As further perspective, the highly dense array of micropillars can be exploited for the multiple 

detection of different biomolecular species on the same device. Currently, the application of a 

photochemical approach for the selective immobilization of different bioreceptors on the top area of 

pillars is under investigation in our group.  


