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INTRODUCTION
 

This chapter presents the motivation behind this PhD project. A brief introduction to the scientific field 

and relevant prior research are described. At the end, an outline of the thesis is given. 
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stiffness

in vitro

ex vivo

surgical biopsies in vivo

frequency dependent,  viscoelastic nature of cells

1.1.1.1 CANCER RESEARCH: CTCs

surgical biopsy

Liquid biopsy

tumor genetic profiling directly from body fluids 
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circulating tumor cell
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Figure 1.1: Few examples of microfluidic chips for CTC 
isolation based on their mechanical properties.   
( ): Vortex Chip developed by Prof. Di Carlo’s group 
[13]. They combine the use of micro-scale vortices and 
inertial focusing to extract CTCs from whole blood 
samples, demonstrating healthy cell recovery and label-
free application. Upon entrance in the wider sector of the 
channel, larger particles (CTCs) will experience a 
stronger divergent force, being pushed away from the 
main flow and into the vortices. Capture efficiency 
depends on cell size, density and compressibility. (Figure 
readapted with permission from Lab on a Chip, ref. [13].) 
( ): Cluster Chip developed by Prof. Toner’s group 
[14]. The device enables size-based, label-free isolation 
of CTC clusters from unprocessed whole-blood from 
patients with cancer. Triangular pillars funnel and trap 
CTC aggregates based on their size and on dynamic 
balance of frictional and viscous forces, while single 
blood cells pass through. (Figure readapted with 
permission from Nature Methods, ref. [14].) 
( ): First device for acoustic-based separation of 
CTCs from clinical blood samples, developed by Prof. 
Huang’s group [15]. This technology is based on tilted-
angle standing surface acoustic waves (taSSAW), which 
induce an acoustic force on flowing particles. Larger 
CTCs experience larger acoustic forces and are 
subjected to larger lateral displacement, being separated 
from the blood flow and collected at a specific outlet. This 
separation method is label-free, contactless and 
preserves cell viability. Scale bars: 30μm. (Figure 
readapted from PNAS, ref. [15].) 

Figure 1.2: Schematic of the microfluidic device used by Prof. Toner’s group (top), computational simulation (centre) and 
optical pictures (bottom).  CTCs clusters of up to 20 cells isolated from melanoma patients travel through a 5 μm capillary 
constriction, under physiological conditions (temperature and pressure). This demonstrates their ability to unfold into 
single-cell chain and deform accordingly to the channel dimension, comparable to human capillaries. Scale bar: 50μm. 
(Figure readapted from PNAS [12].) 

Rheology
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(a) (b) (c) 
Figure 1.3: Stress-strain relation of solid, liquid and linear viscoelastic materials.  (a) Purely elastic materials exhibit linear 
relation between stress and strain, characterized by the Young’s modulus , according to Hooke’s law. (b) Newton’s law 
describes the linear behavior between stress and strain rates, defined by the fluid dynamic viscosity  and typical of liquids. 
(c) Linear viscoelastic fluids simultaneously exhibit solid-like and liquid-like behavior. They are described by the complex 
viscoelastic modulus , given by the sum of the elastic and viscous moduli (  and , respectively). 

microrheology

microcantilevers
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Table 1.1: Typical ranges of few rheology measurement techniques reported in literature [17, 20-22]. 
 Frequency range [Hz] Sample Volume [μl] Viscoelastic Modulus [Pa] 

MECHANICAL     

Rotational rheometers  

AFM 

Vibrating microcantilevers  

OPTICAL  
DWS  

VPT  

Optical Tweezers  

Micro- and Nano- mechanical biosensors 

mechanical nature

mechanical response 

 mass resolution mechanical 

compliance

force responsivity

static dynamic
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(a) (b) 
Figure 1.4: Working principle of a static mode biosensor.  Binding of target molecules induces a surface stress, which leads 
to a quasi-static deflection of the cantilever. This bending can be measured with optical or electrical displacement detection 
methods. 

Figure 1.5: Working principle of a dynamic mode mechanical mass sensor. An analyte landing on the free-end surface of a 
singly-clamped beam resonator induces a change of its mass and stiffness, which is transduced into a shift of the resonance 
frequency . The accuracy of the measurement of the resonance frequency is defined by the quality factor , related to 
the full width of the half maximum of the resonant peak . 

Mass responsivity

Eq. 1.1 
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The minimum detectable mass

Eq. 1.2 

fluidic 

environment

1.2.2.1 DETECTION IN LIQUIDS

Humid environment

Real-Time monitoring in liquid 

1.2.2.2 QUARTZ CRYSTAL MICROBALANCE
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Figure 1.6: Schematic of Quartz Crystal Microbalance (QCM).  A quartz crystal disk oscillates in thickness-shear mode 
when the metal electrodes deposited on each side of the disk are connected to an alternate voltage signal, generating a bulk 
shear acoustic wave (BAW). 

1.2.2.3 SURFACE ACOUSTIC WAVE DEVICES

Figure 1.7: Schematic of a Surface Acoustic  Wave sensor (SAW). An input interdigitated electrode (IDT) sitting on a 
piezoelectric substrate converts an electrical signal into an acoustic wave. An output IDT converts the acoustic wave back 
into an electrical signal. The surface acoustic wave travels along the space between the IDTs, known as the delay-line. 
Analytes binding to the immobilized receptors will modulate the velocity of the SAW and hence the output signal measured 
by the system electronics. 
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flexural devices

Suspended microchannel resonators

Figure 1.8: 3-D representation of a suspended microchannel 
resonator (SMR) [57]. A u-shaped microfluidic channel runs 
through a cantilever sensor. Real time mass detection is 
achieved by monitoring the resonance frequency over time, as 
diluted particles flow inside the resonator. Electrostatic 
actuation and optical detection are among the most typical 
transduction strategies for these devices. 



INTRODUCTION 

A. DE PASTINA 11  

(a) (b) 
Figure 1.9: Sensing principle of suspended microchannel resonators.  (a) Flow-through detection: a particle flowing inside 
the embedded microfluidic channel induces a shift in the resonance frequency of the device which is related to the particle 
mass and position along the structure. (b) Affinity-based capture: target analytes are captured by molecular recognition on 
a bio-functionalized surface of the device. This induces a shift in the resonance frequency due to mass loading effect. (Figure 
readapted with permission from Nature, ref. [56].) 

flow-through detection method

minimum particle residence time

affinity-based capture method

throughput

deformability

mass density

Mass
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volume cell growth

Figure 1.10: Schematic and working principle of the 
devices implemented for evaluation of cell deformability 
[60].  Deformability is dependent on the particle entry 
velocity in the microchannel constriction. Cell surface 
friction is dependent on the transit velocity in the narrower 
channel. (Figure readapted from PNAS, ref. [60].) 

Figure 1.11: Drawing of the 3-channel configuration used for 
cell density evaluation with SMRs [61]. The particle is 
immobilized with a mechanical trap; a quick exchange of the 
surrounding fluid allows comparing the buoyant mass 
(particle mass minus mass of the displaced fluid) in two fluids 
with different densities. (Figure readapted with permission 
from Lab on a Chip, ref. [61].) 

densities viscosities

piezo-shaker (or piezoceramic) 

actuator

electrostatic actuation
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Table 1.2: Common transduction techniques for mechanical sensors at the microscale.  Actuation can be achieved by 
applying a pressure, a force or a deformation to the device. Readout is attained by reading on optical signal, or by sensing a 

generated force or deformation. Some techniques allows both actuation and readout. 

ACTUATION o o o

o o

DETECTION o o o

o o o

optical lever  interferometry

piezoresistive sensors
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Chapter 2: DESIGN 

In this chapter, mechanical resonators, microfluidic network and piezoelectric transduction are 

separately discussed. Physical requirements, design strategy and main parameters are described. 

 

Chapter 3: SIMULATIONS 

This chapter summarizes the study on energy dissipation of Suspended Microchannel Resonators as a 

function of fluidic and geometrical properties of the devices. A 3-D eigenfrequency analysis of the fluid-structure 

interaction (FSI) problem is carried out. The obtained numerical results are validated through comparison with 

theoretical model and experimental data present in literature. 

 

Chapter 4: FABRICATION 

This chapter presents the details of the fabrication of arrays of transparent SMRs, with integrated PZE 

electrodes [66]. After a brief overview about the fabrication processes found in literature, the approach developed 

in this thesis is presented. Optimization of microchannel fabrication, piezoelectric electrodes definition and 

resonators release are presented, separately. Advantages and limitations of the developed process flow are 

discussed in each section. Detailed process flow and runcard are provided in Appendix A and B. 

 

Chapter 5: EXPERIMENTAL SETUP 

This chapter presents a brief introduction to MEMS packaging. Follows the description of the developed 

experimental platform which includes fluidic interface, temperature control and electrical connection. 

Measurement setup is also presented. 

 

Chapter 6: CHARACTERIZATION 

This chapter presents the characterization of fabricated SMRs. Mechanical response is detected for 

different fluids flowing inside the embedded channels, and for different temperatures. Study of frequency stability 

is carried out, correlated to a noise analysis of the experimental system in air and vacuum environment. 

 

Chapter 7: CONCLUSIONS AND OUTLOOK 

Conclusion and outlook of this PhD project are discussed. 

 

APPENDICES 

In order to support the information given in previous chapters, different appendices provide additional 

details. Fabrication process flow and runcard are included, as well as wafer and fluidic connector layout.  

 

The last section includes the curriculum vitae of the candidate, with the list of attended courses, teaching 

activities and publications. 

 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



DESIGN
 

In this chapter, mechanical resonators, microfluidic network and piezoelectric transduction are 

separately discussed. Physical requirements, design strategy and main parameters are described. 
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hollow resonant structures microfluidic channel

piezoelectric electrodes

array

 

(a) (b) 
Figure 2.1: Schematic (a) and working principle (b) of the device developed during this PhD thesis. A hollow suspended 
structure contains a U-shaped microfluidic channel, while piezoelectric electrodes provide electrical actuation and readout 
[66]. The resonance frequency of the device is monitored over time, while single cells are flown inside the channel and the 
whole structure is kept in dry environment. The ultimate goal of this project is disentangling cell mass and stiffness effect 
on the resonance frequency, in order to provide a multiphysical characterization of biological samples in liquid. 

stiffness characterization

 Eq. 2.1 
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stiffness-induced effect

mass-induced effect

Table 2.1: Typical values of density and Young’s modulus for cells and low-stress silicon nitride. The ratio between Young’s 
moduli is 8 orders of magnitudes lower than the one between densities. For this reason, the effect of cell mass is largely 

predominant on the resonance frequency shift, compared to the cell stiffness effect. 

 

Density    
  

Young’s modulus    

disentangle the two 

contributions

Figure 2.2: Microfluidic channels span 
different cantilever lengths in order to 
disentangle analyte mass and stiffness 
contribution. Stiffening structures are 
distributed around the clamp to provide 
structural support. 
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maximize the fluidic volume

keep the analyte particle constrained

frequency range
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(a) (b) 
Figure 2.3: Design and dimensions of low-stress silicon nitride SMR array.  (a) Detail of a chip design containing two 
arrays of 6 cantilevers each (sensing window). Resonators’ length spans from 250 to 1000 m. (b) Cross sectional view of 
a microchannel cantilever. Resonators are 7.9 m thick and 30 m wide, and contain a 2-way microfluidic channel having 
a cross section of 10 m x 6 m.  

2.2.2.1 MOMENT OF INERTIA

 Eq. 2.2 

Eq.  2.3 
 

 Eq. 2.4 

2.2.2.2 RESONANCE FREQUENCY

 Eq. 2.5 

10 m
6 m

0.5 m

1.4 m

4 m

0.6 m
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2.2.2.3 SPRING CONSTANT (STIFFNESS)

 
Eq. 2.6 

2.2.2.4 NEUTRAL AXIS

 Eq. 2.7 

Eq. 2.8 

2.2.2.5 SUMMARY OF CHARACTERISTIC PARAMETERS

Table 2.2: SMR parameters estimated from design.  Values are calculated for singly clamped beams, assuming microfluidic 
channels of the same length as the resonator. 



DESIGN 

A. DE PASTINA 23  

fluidic resistance

hydrophilic material

micropillars

stiffening structures

Figure 2.4: Microfluidic and resonator design.  The chip contains two SMR arrays, presenting independent fluidic 
inlets and outlets. Microfluidic channels span 25%, 60% and 100% of the cantilever length, in order to evaluate and 
compare mechanical responses of particles traveling at different coordinates along the suspended resonators. Low-stress 
Silicon Nitride (ls-SiNx) stiffening structures are distributed around the sensing window in order to limit the effect of the 
undercut region, which results from isotropic release, as will be explained in Chapter 4. In order to decrease the fluidic 
resistance, the microfluidic channel width gradually increases from 10 m in the resonator to 150 m near the inlets . 
Since the channels are then relatively wide close to the inlet and outlet, 0.6 m x 4 m ls-SiNx pillars are included to provide 
mechanical support and avoid channel collapse. 
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2.3.2.1 REYNOLDS NUMBER

laminar flows 

 Eq. 2.9 

2.3.2.2 FLUIDIC RESISTANCE

 
Eq. 2.10 
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Figure 2.5: Microfluidic–electrical analogy for a portion of the design SMR network. This strategy is used for the calculation 
of the total hydraulic resistance of the designed devices. 

 Eq. 2.11 

Eq. 2.12 

 Eq. 2.13 

 Eq. 2.14 
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(i) integrability

(ii) efficiency low 

power consumption (iii)

thermal budget

(iv) non-dissipative

(v) fast and linear 

response (vi) actuation and detection low driving-voltage

Aluminum nitride
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Platinum 

Figure 2.6: Overview of piezoelectric electrodes pattern.  PZE 
electrodes extend from the edges of the chip to the top of resonators. 
Bottom Pt electrode (in red) delivers a ground signal, shared 
between pairs of SMRs. Two top Pt electrodes (in blue), deliver a 
voltage signal to each device, for independent actuation and 
readout. Size (450x4500 m) and pitch (1 mm) of electrodes at the 
edge of the chip, are chosen in order to interface the SMR chip with 
commercial electrical connectors. Insulating trenches filled with ls-
SiNx are defined between the electrical tracks in order to limit 
capacitive coupling through the substrate. 

Figure 2.7: : Piezoelectric electrodes 
integrated on 250 m- and 500 m- long SMRs  
Electrodes extend for one fifth of the total resonator 
length. Bottom and top electrodes overlap only on top 
of the SMRs. : Cross sectional view of 
a PZE-transduced SMR. From the bottom it is 
possible to see: AlN seed layer, bottom Pt (ground, in 
red), active PZE layer (in green), top Pt (signal, in 
blue). Two separated AlN/Pt fingers deliver actuation 
and readout signals, in order to minimize crosstalk 
between actuation and detection. 
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Figure 2.8: Study of PZE electrodes thickness and length via FEM simulations.  A PZE-actuated singly clamped SMR is 
simulated, and the static deflection at tip is extracted for electrodes extending for 1/5, ½ and full SMR length. Actuation 
voltage of 1.5 V is applied in all cases, except for 15 nm- and 1 nm- thick AlN, where the maximum voltage allowed by the 
electrical breakdown is considered (assuming a breakdown field of 0.017 V/nm). The thickness of Aluminum Nitride is 
chosen to be 300 nm as tradeoff between transduction efficiency and mass and stiffness loading on the resonators. The 
length of the electrodes is set to one fifth on the resonator length to provide visual access to the channels.  

2.4.2.1 MOTIONAL PARAMETERS

Figure 2.9: Butterworth-Van Dyke (BVD) electrical equivalent circuit of PZE-transduced resonator [71].  The SMR is 
modeled as a RLC network. Parasitic capacitances  and  model the electrical coupling to ground, through the PZE 
layer. Feedthrough capacitance  represents the electrical coupling between PZE track through the substrate. 
Displacement current  is given by the sum of motional current , generated by the resonator vibration, and parasitic 
current , flowing in the feedthrough capacitance . At the microscale, the parasitic current can predominate over the 
motional current, and balancing readout techniques need to be implemented. 
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motional parameters , 

 Eq. 2.15 

Table 2.3: Motional parameters calculated for an empty 250 m-long SMR, assuming .  Compared to the case of 
PZE electrodes covering the full length of the resonator, the designed devices present a motional capacitance 380 times 

lower, while motional capacitance and resistance are 26 times larger. 
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Figure 2.10: Layout of electrical test structures. 
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Figure 2.11: Full wafer layout.  

Figure 2.12: Chip designs included in 
the wafer.  (a) Complete-chip 
described in this chapter. (b) 4-
Cantilever chip, only containing 
channels as long as the resonators. 
This simpler design includes one 250 

m- and one 500 m-long SMR in the 
left array, while a 750 m- and a 1000 

m-long SMR constitute the right 
array. (c) Few chips also include 
doubly-clamped (CC) beams. The left 
array is made of four beams, from 250 

m to 1000 m in length, containing a 
u-shaped channel which spans the 
whole length of the resonators. The 
right array includes three 250 m-long 
and three 500 m-long CC SMRs, 

(a) (b) 
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where the embedded channel extends 
for 25%, 60% and 100% the resonator 
length. (d) Serpentine chip, containing 
doubly-clamped beams with a 1-way 
embedded fluidic channel, which spans 
the whole resonator length. This chip 
contains 4 beams, one per each of the 
designed lengths. 

(c) (d) 
 

Resonators

fluidic network

Electrical transduction







SIMULATIONS
 

This chapter summarizes the study on energy dissipation of Suspended Microchannel Resonators as a 

function of fluidic and geometrical properties of the devices. A 3-D eigenfrequency analysis of the fluid-structure 

interaction (FSI) problem is carried out. The obtained numerical results are validated through comparison with 

theoretical model and experimental data present in literature. 

This chapter is a brief extract of the results collected during one of the Master Projects supervised by the 

PhD Candidate, available in [82].  
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fluid-structure interaction

Figure 3.1: 2-way coupled fluid-structure interaction.  
At the fluid-solid interface, fluid stresses and solid 
velocities are imposed as boundary conditions to achieve 
full physical coupling. 
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Eq. 3.1 

shearing

pumping
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Eq. 3.2 

 

low viscosity regime

high viscosity regime

Fluid compressibility

(a) (b) 
Figure 3.2: Normalized quality factor  as a function of Reynolds number  in case of incompressible (a) and 
compressible (b) fluid.  The equation in the inset shows the dependence of  of fluidic density , fluidic viscosity , radial 
resonance frequency  and channel thickness . The fluidic channel off-axis placement  strongly affects the quality 
factor, as it induces an in-and-out fluid pumping at the entrance of the resonating channel. The black arrow indicates 
increasing values of , while the black dashed line depicts the on-axis case , where no pumping effect occurs. 
From (a) to (b) it is possible to see the effect of fluid compressibility, which mitigates the pumping mechanism and thus the 
energy dissipation at low .(Courtesy of Andrea Gerbino [82]). 
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Table 3.1: Geometrical properties of simulated devices [74]. 

Channel height  

Channel width  

Channel length  

Cantilever height  

Cantilever width  

Cantilever length  

Rigid channel length  

Middle wall width  
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Figure 3.3: Simulated 3-D geometry.  Silicon nitride is 
shown in grey, while the liquid is represented in blue. The 
resonator extends for . The microfluidic channel 
continues over the clamp for a length , in order to simulate 
the fluid dynamics at the entrance of the suspended device, 
and to place the reference atmospheric pressure  far 
from the resonator. The inset shows a top view of the SMR 
tip: exploiting device symmetry allows to simulate only 1-
way of the microfluidic channel, thus reducing 
computational complexity. 

Figure 3.4: Mesh of solid and fluid domain.About 8000 
hexahedral elements are simulated. A coarser mesh is used 
for the solid structure, while discretization of the fluid 
domain is finer in order to resolve the thin viscous boundary 
layers at fluid-structure interface. The inset shows the SMR 
tip, and the mesh refinement at the channel walls. 

 

Figure 3.5: First eigenmode of a 2-D simulated geometry. 
The simulation software considers the 2-D geometry as two 
independent beams connected at the tip, therefore resulting 
in the mode-shape shown by the yellow line, different from 
the one of singly clamped beams in first mode of resonance 
(blue line). The issue is solved building the geometry in 3-D, 
where the constraint given by the lateral wall allows to 
obtain the expected eigenmode (blue line).  

Figure 3.6: First eigenmode of 3-D simulated Device B 
(symmetry exploited). The resonator extends for , 
while the structure between  and  represents the channel 
in the rigid substrate. Including the rigid channel is 
fundamental in order to study pressure mechanisms taking 
place inside the resonator. 
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solid domain

liquid domain

multiphysical 

analysis
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o

o

o

Eq. 3.3 

Eq. 3.4 
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(a) (b) 
Figure 3.7: Numerical model results. Numerical, theoretical and experimental values are compared for the first two modes 
of resonance of Device B (a) and (C).  are estimated to be 0.06 and 0.05 for Device B and C, respectively. 

Figure 3.8: Numerical model: result for on-axis case, 
incompressible fluids. The model fails in predicting the 

 case, for   
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Table 3.2: Fluidic properties and corresponding Reynolds numbers used for numerical simulations. In practical applications, 
this density and viscosity range can be obtained through different mixtures of glycerol and water. Data are given considering 

a temperature of 25°C [91]. 

 Glycerol % in water 
Density   
[  ] 

Viscosity  
[  ]  

Device B, Reynolds number 
 

Device C, Reynolds 
number  

I mode II mode I mode II mode 

0 0.998 1.005 151.67 931.15 171.30 1036.63 

50 1.126 6 28.64 185.81 6.42 39.24 

100 1.261 1410 0.13 0.83 0.51 3.05 

 

Figure 3.9: Examples of dynamic viscosity values. Biological fluids are in the order of few mPas, while pastes are in the 
range of 104 mPas [92]. Experimental values of Reynolds numbers analyzed in this work [87] correspond to viscosities 
between 0.1 and 1000 mPas.  
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FABRICATION
This chapter presents the details of the fabrication of arrays of transparent SMRs, with integrated PZE 

electrodes [66]. After a brief overview about the fabrication processes found in literature, the approach developed 

in this thesis is presented. Optimization of microchannel fabrication, piezoelectric electrodes definition and 

resonators release are presented, separately. Advantages and limitations of the developed process flow are 

discussed in each section. Detailed process flow and runcard are provided in Appendix A and B. 
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long wet etching of a sacrificial material

(a) (b) 
Figure 4.1: SMR sensors obtained from a process flow based on the wet etching of a sacrificial material.  (a) Silicon-rich 
silicon nitride (SRN) cantilever, with extruded fluidic channel on top. Sacrificial polysilicon is removed via 12 hours etching 
in KOH at 80°C. (Figure readapted with permission from Microelectron. Eng. [93]). (b) Low stress silicon nitride (ls-SiNx) 
cantilevers, containing an embedded microfluidic channel. Sacrificial polysilicon is removed via 20 hours etching in KOH 
at 80°C. Wafer-level packaging is achieved via wafer bonding to a glass wafer, which also provides fluidic and electrical 
connections. (© 2006 IEEE [94]) 
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Wafer-level vacuum packaging

without the requirement of 

depositing a sacrificial material buried cavities 

silicon self-assembly

(a) (b) 
Figure 4.2: Examples of SMR fabricated without the use of a deposited sacrificial material. (a) Buried channels defined 
through etch holes patterning and isotropic silicon dry etching of 20 minutes. Channels are coated and sealed with a single 
SRN deposition. (b) Hollow microtube defined via silicon self-assembly. A pre-patterned silicon wafer is annealed at high 
temperature under a controlled atmosphere to form self-assembled buried cavities, in about 20 minutes. (Figures are 
readapted from (a) [95] and (b) [96]). 
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microfluidic channels embedded below the 

surface of the wafer

control tunability

reproducibility high 

fabrication yield
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trench-technology

micropillars

fluidic openings

channel emptying

Figure 4.3 First part of SMR process flow, in cross section (not in scale). (a) The process starts from a standard 4-inch 
Silicon wafer, polished on both sides. The structural ls-SiNx (0.5 μm) and the sacrificial PolySi (6 μm) are deposited via 
low-pressure chemical vapor deposition (LPCVD), at high temperature (1100°C). (b) Microfluidic channels are defined via 
the dry etch of high aspect-ratio trenches, 0.6 μm  6 μm, through the sacrificial polysilicon. (c) An additional LPCVD ls-
SiNx deposition fills the trenches and seals the microfluidic channel [66]. 
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 continuous etching

Figure 4.4: Optical microscope image of the result of first e-
beam lithography (EBL1).  The design is entirely made of 
0.6 μm-wide lines, which define channel walls, stiffening 
structures and insulating lines. 
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Figure 4.5: Comparison between trenches defined via 
continuous (top row) and pulsed dry etching (bottom row) 
[66].(a) Continuous etching in C4F8 generates trenches 
with smooth walls, but the initial width defined by e-beam 
lithography (0.6 μm) results larger (~1.2 μm). (b) After 
filling with 700 nm ls-SiNx (colored in light blue), the top 
and bottom of the trench are closed, but a cavity runs 
through the structure thickness. (c) Trench defined by 
Bosch ® process in c- C4F8 and SF6. Despite corrugated 
walls (scalloping), the average width results constant 
through the trench height and closer to the initial value 
set by e-beam. (d) After the deposition of ls-SiNx (700 nm), 
the structure is uniformly filled from the top to the bottom 
edge. The residual empty volume is much lower compared 
to case (b) and this is assumed to provide more robustness 
to the trench. Scale bars are 1 μm. 

pulsed etching
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Figure 4.6: SEM image of a trench pattern etched through polysilicon (top view). Trenches width is irregular due to the 
grain structure of amorphous polysilicon. The inset shows a T-junction, where the overall width results larger than the one 
of straight patterns. This has to be taken into account to ensure complete trench sealing. 

Figure 4.7: SEM image of a trench cross section before 
resist strip in oxygen plasma.  The white dashed-line points 
the attention to the resist profile. Despite a minimum 
aperture of 530 nm (written via ebeam lithography), trench 
width results up to three times larger. This is given by the 
isotropy of SF6 etching process and sets a limitation to the 
minimum thickness of channel top wall. 

Figure 4.8: Bosch ® process optimization: example of 
trench underetching (a) and overetching (b). The two 
trenches are etched using the same number of cycles (12 
cycles), but with shorter and longer SF6 steps (4 s, in (a), 7 
s in (b)). The passivation step is kept constant to 2 s. The 
trench in (a) does not reach the bottom nitride layer, due to 
insufficient number of etching cycles. In (b), the trench 
results wider and the bottom nitride is damaged by the 
overetching. 

Figure 4.9: Microfluidic channel fabricated via trench technology and filled with sacrificial PolySi.Trenches are defined 
via Bosch ® process etching and filled with 700 nm LPCVD ls-SiNx (colored in light blue). The etching parameters have 
been optimized to 5 s SF6 (300 sccm) and 2 s c-C4F8 (200 sccm), effectively finding a tradeoff between the number of etching 
cycles and the surface corrugation (scalloping radius) [66, 100]. 
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Figure 4.10: Schematic of the process flow for fluidic openings from the wafer 
backside (not in scale).  The drawings represent a cross section of the wafer, at 
the fluidic inlet. 

Figure 4.11: Squared 550 μm  550 μm 
inlet, designed in the first generation of 
devices. 

Table 4.1: Etching rates and chemistry used for ls-SiNx and PolySi dry etching at Alcatel 601E.Photoresists etching rates are 
also given. 

  

Polysilicon  /  

ls-silicon nitride  

PR AZ ECI  /  

PR AZ ECI  
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Figure 4.12: KOH etching of a <100> - oriented silicon 
wafer. KOH anisotropic etching through a square mask 
produces pyramidal structures with a slope of 54.7°[102]. 
The bottom aperture size can be calculated as 

, where  is the etching depth. 

Figure 4.13: Suspended microfluidic channel filled with 
PolySi, after 5 hours of anisotropic etching in KOH.The ls-
SiNx, which constitutes the channel bottom wall, acts as a 
stop layer to KOH and needs to be removed via dry etching. 
On the left of the image it is possible to see the silicon <111> 
plane having a slope of 54.7° with respect to the wafer top 
surface. 

underetch of backside PolySi
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 Silicon <111> plane etching

<100>.

 

 

Figure 4.14:Optical image of the backside of a wafer before channel emptying.As represented in the schematic on top, the 
underetching of PolySi causes the overhang of the lowest ls-SiNx layer. This layers breaks and detaches, leaving the lower 
ls-SiNx exposed. As a collateral effect, during the nitride dry etching to access the channels, both the backside nitride layers 
are also removed. A much larger silicon area is left exposed to KOH compared to the one defined via photolithography and 
dry etching. This causes the fluidic access to result more than 2 times larger than design, making the chips more fragile (b). 
This problem is solved removing the backside ls-SiNx and PolySi layer before the photolithography. 
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Figure 4.15: Collection of optical microscope images showing 
a Complete Chip design, first generation.  The design of SMRs 
is the same presented in Chapter 2, while fluidic inlets and 
channels connecting inlets to resonators are considerably 
larger. Also, no micropillars are included in this chip. For all 
these reasons, the channels result extremely fragile and break 
applying a pressure difference between the inlets, above 160 
mbar.  
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Figure 4.16: Fluidic openings from the top of the wafer can be defined with one lithographic and one dry etching step (a), 
followed by the long wet etching in KOH for channel emptying (b).  For simplicity, the backside of the wafer is not 
represented. 

4.2.3.1 CHANNEL EMPTYING FROM INLETS

Pin-holes in ls-SiNx

Figure 4.17: Wafer after 24 h KOH, with the top surface exposed to the etching. Pin holes in the ls-SiNx are visible after 
about 10 hours of etching. KOH penetrates through the pinholes, reaching the bottom PolySi and damaging the channels, 
as shown in the picture to the right. 
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4.2.3.2 CHANNEL EMPTYING FROM ADDITIONAL APERTURES

Figure 4.18: Channel emptying from the top of the wafer is achieved defining dashed-line apertures along the channel 
length.  Channels are emptied in KOH within few minutes, and the top surface of the channels is sealed with a single LPCVD 
of ls-SiNx. 

Table 4.2: Measured etching rates of ls-SiNx, amorphous silicon (hard mask) and ZEP resist in Nitrure_1 etching. 

  

Amorphous silicon  

ls-silicon nitride  

ZEP  



FABRICATION 

A. DE PASTINA 61  

Figure 4.19: SEM image of microfluidic channel, 
showing the geometry of the dashed apertures, 
defined via the second e-beam lithography 
(EBL2). Lines are 0.6 m-wide and 10 m-long, 
and are placed 15 m apart from each other. 

Figure 4.20: Example of nitride membrane break due to the inefficient 
distribution of etch apertures.  Positioning the openings too close to 
each other causes cracks and rupture along their profile. The inset 
shows a ls-SiNx micropillar, which connects bottom and top channel 
walls to make the structures more robust.  

 

Figure 4.21: Wafer conditions after channel emptying via top apertures. Etch openings allow to reduce the etching time to 
25 minutes in KOH solution (40% by weight) at 80°C. The obtained yield is larger than 95%, and the wafer does not present 
any damage. A Complete Chip design with empty channels, is shown to the right. 
 

  
(a) (b) 

Figure 4.22: Results of channel emptying from the top through etch apertures. (a) a 250 m- and a 500 m-long channel 
are shown. Thanks to the transparency of ls-SiNx, it is possible to see a difference in color between hollow and PolySi-filled 
regions. (b) Inlet dimensions and shape are modified in order to increase the top membrane stiffness and prevent rupture. 
The inset shows micropillars and etch apertures in detail. These channels are able to withstand a pressure difference up to 
2 bars between inlet and outlet. 
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Figure 4.23: Cross section of a cleaved wafer, showing two u-shaped microfluidic channels below the flat surface of the 
wafer.In the inset, it is possible to see the defined trenches, which constitute the channel walls in ls-SiNx (colored in light 
blue). 

thickening of channel walls
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Figure 4.24: During the filling of EBL2 etch apertures via 
LPCVD process, ls-SiNx is also deposited in the inside of the 
fluidic channel.  This results in an increase in SMR mass and 
stiffness by 25% and 50%, respectively. The internal nitride 
layer is shown in red.  

 

Figure 4.25: SEM inspection of EBL2 etch apertures, 
after ls-SiNx deposition.In (a) the opening is not well 
sealed and will cause fluid leakage during experiments. 
(b) Example of filled opening, that ensures liquid 
confinement inside the embedded channels. 

Figure 4.26: 300 nm top ls-SiNx does not confer enough 
robustness to the inlet membrane to survive the KOH etching. 
The inlet cracks and breaks apart during the wet process. 

Figure 4.27: SEM inspection of a ls-SiNx filled aperture 
at SEM, after nitride thin-down in IBE etching.  The 
structure results still sealed, while the PolySi surface is 
smoothed by the etching. 



CHAPTER 4 

64 A. DE PASTINA 

Figure 4.28: Process flow for PZE electrodes fabrication on top of embedded fluidic channels.  AlN/Pt and SiO2 layers are 
sputtered at 300 °C and room temperature, respectively, and patterned via photolithography and Ar-Cl2 etching (b). The 
same process is repeated (c,d) to define the top stack. 300 nm AlN and 25 nm Pt constitute the PZE active layer and the top 
electrode, respectively. SiO2 serves as protection to prevent PR diffusion in the Pt films. Each resonator has two independent 
top electrodes, one for actuation and one for readout. 

Table 4.3: Deposition parameter at Pfeiffer Spider 600, for AlN, Pt and SiO2. 

  

AlN  

Pt  

SiO2   



FABRICATION 

A. DE PASTINA 65  

Table 4.4: Etching parameters at STS Multiplex ICP for AlN, Pt and SiO2 etching. 

  

AlN 

Pt

SiO2

 

  

(a) (b) 
Figure 4.29: Comparison between a Pt layer patterned without (a) and with (b) the protective SiO2 layer.Photoresist diffuses 
through the Pt layer during photolithography and etching, and becomes very difficult to remove. Interposing a SiO2 layer 
between Pt and PR allows to obtain a clean Pt surface. 
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(a) (b) 
Figure 4.30: Bottom and top layers after development. (a) The bottom electrode is shared by pairs of adjacent cantilevers. 
It is possible to see the alignment with the underlying channel, coated with AlN/Pt. The inset shows one of the two alignment 
marks used to align this pattern (layer 3) to the channels defined by EBL1 (layer 1). (b) Top electrodes overlapping on top 
of bottom layers. Each cantilever is reached by two electrical tracks in order to provide actuation and readout. The 
alignment mark in the inset shows successful alignment between the top stack (layer 4) and the bottom one (layer 3). 

 

  

(a) (b) 
Figure 4.31: First and second generation of top and bottom electrode design. In (a), the overhang between top and bottom 
Pt causes the short-circuit in all the devices on the wafer. (b) The design is modified in order to only allow perpendicular 
crossing between electrical tracks. This solves the short circuit problem. With this pattern, a dynamic resistance above 10 
M  was measured between bottom and top Pt, in a voltage range between 1 and 5 V . 

 

 

Figure 4.32: Top layers smoothly stepping on the bottom 
layers.  This configuration results in continuous electrical 
conductivity across the step, and isolation between the Pt 
layers. 
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Fences

polysilicon islands

 

  

(a) (b) 
Figure 4.33: Fence resulting from Pt etching in chlorine chemistry. (a) These structures are made of photoresist and etching 
products, including Pt, thus can cause short circuit between bottom and top electrodes. (b) Sputtering layers on top of fences 
coats conformally the standing structures, resulting in irregular deposition that could cause short circuit. Fences can be 
removed with few seconds etching in KOH, followed by decontamination in HCl. 

 

 

Figure 4.34: Polysilicon islands defined below adjacent tracks, to limit electrical coupling through the conductive sacrificial 
layer.These structures extend from the edge of the chip to the insulating trenches defined via EBL1 (in the inset). 
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Figure 4.35: Final steps of SMR process flow to release the hollow resonators.  Both singly- and doubly-clamped beams 
are defined via optical lithography and a combination of dry etchings. 

Table 4.5: Detailed parameters for SMR release at AMS 200 SE. 

 

0 / 
1 ls-SiNx 5’

2 PolySi 6  2’

3 ls-SiNx 0.5 2’

4 Si 15  2’30’’

5 Si 20  3’+2’
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(a) (b) 
Figure 4.36: Optical images of devices at two different stages of the release process. In (a), cantilever pattern is transferred 
to the bottom substrate via dry etching of ls-SiNx/PolySi/ls-SiNx. Resonators are cut 4 μm apart from the channel walls, to 
account for alignment tolerances and trench being larger than design. The inset shows an alignment mark between layer 6 
(resonators, counting PolySi island mask) and layer 3 (bottom electrode). Image (b) shows the cantilevers released after 
isotropic etching in SF6. This last step creates an undercut region in the Silicon, as shown by the arrow. 

Figure 4.37: SEM image of two released cantilevers, 250 μm- 
and 500 μm-long.This inspection confirms that the release 
etching is complete. The image also shows PZE electrodes 
running on PolySi islands, separated by ls-SiNx insulating 
trenches. 
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Figure 4.38: Fluidic inlets opened during the release process. (a) Optical image showing the top view of a fluidic inlet. The 
lighter color around the aperture indicates the Si undercut, created during SF6 etching.(b) SEM image of an inlet and the 
cavity obtained below, due to isotropic silicon etching. This cavity is about 80 μm deep and is thought to act as a liquid 
reservoir during experiments.  The inset shows the 5 μm-thick fluidic channel, suspended above the inlet cavity. 

(a) (b) 
Figure 4.39: Residues of passivation layer on the sides of a resonator, after release and resist strip. This layer is 
accumulated during the long Bosch® process to etch through the Si substrate (a). It can be removed with few seconds of 
KOH etching (b).  
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(a) (b) 
Figure 4.40: Fabricated SMRs with integrated PZE transduction.  (a) SEM image of two SMR arrays (top view). The path 
of the embedded microfluidic channel goes from inlet to outlet (purple color). (b) Zoom-in on a 250 m-long SMR. Traces 
of dashed apertures sealed by nitride are visible along the channel. PZE electrodes extend for one fifth of the total resonator 
length, as a trade-off between transduction efficiency and visual access to the channels (bottom and top electrodes are 
shown in red and yellow, respectively). The inset shows nitride stiffening structures distributed around the SMR clamp, in 
order to limit the effect of the undercut region (which results from isotropic release in SF6 gas) in the mechanical properties 
of the SMR. 

 

(a) (b) 
Figure 4.41: Fabricated doubly-clamped SMRs with integrated PZE transduction.  (a) shows a chip design with beams 250, 
500, 750 and 1000 m-long beams. All geometries are successfully fabricated, and no buckling or fracture is observed after 
resonator release. (b) shows a zoom-in of a 500 m-long doubly-clamped SMR. 

sacrificial polysilicon

stiffening 

structures micropillars insulating trenches
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Discontinuous etch apertures

channel emptying

Piezoelectric transduction

Fences

polysilicon islands

Resonator release fluidic inlets







EXPERIMENTAL SETUP
 

This chapter presents a brief introduction to MEMS packaging. Follows the description of the developed 

experimental platform which includes fluidic interface, temperature control and electrical connection. 

Measurement setup is also presented. 
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1) Wafer-level packaging

 

2) Chip-level plug-and-play configuration

 

 

fluidic delivery electrical connections temperature control

Visual access
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Reversibility

Isolation between fluidic and electrical connections

fluidic 

connector

electrical connections

Temperature compensation
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Figure 5.1: Schematic of the fluidic interface.  The chip is 
sandwiched between a fluidic connector and a substrate. T-
shaped fluidic channels are aligned to the chip inlets. Nitrile 
o-rings provide leak-free fluid delivery. 

Figure 5.2: 3-D drawing of developed fluidic connector 
[106].  The fluidic path towards one SMR array is colored in 
purple. Through-holes enable the alignment to SMR inlets, 
while a central opening provides visual access to the 
channels. 

Table 5.1: Minimum pulsation-free flows achievable with different syringes operated by neMESYS fluidic pump. Speed and 
time to flow through a 250 μm-long SMR are also presented. 

 

inlet outlet

o-ring

SMR chip

glass cap

Visual 
access
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bypass channels

Figure 5.3: Fluidic connector with bypass channels. The volume 
of fluid to be pushed through the SMR chip for fluidic exchange 
(in purple) is 95% lower than the previous version of the 
connector. The volume colored in green represents the bypass 
path, which takes advantage of the difference in fluidic 
resistance between the fluidic network on chip and the 3D 
printed connector.  

Figure 5.4: Flip-lock connectors from 
Hirose (HRS, FH12 Series). 

Figure 5.5: Schematic drawing of a chip assembled with 
fluidic connector and custom PCB (top view). 
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Figure 5.6: Picture of the experimental platform integrating fluidic and electrical connections. A pressure sensor is mounted 
between the automated syringe pump and the assembled SMR chip. 

temperature control system Peltier module thermistor

Temperature Controller
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(a) (b) 
Figure 5.7 . Complete experimental platform including fluidic interface, electrical connection and temperature control 
[107]. (a) SMR chip sandwiched between chip-holder and fluidic connector. The inset shows the connector aligned to the 
four inlets of the SMR chip, while resonators are visible from the central opening. A PCB is independently attached to the 
chip holder, while a thermistor and a Peltier module are integrated inside and below the copper metal plate, respectively. 
(b) exploded view of the assembly (Courtesy of Damien Maillard).  

 

 

lock-in amplifier
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The laser Doppler Vibrometer 

 

Figure 5.8: Measuement setup for SMR characterization in air. The SMR chip is mounted on the developed experimental 
platform. An automated syringe pump imposes a fluidic flow, the resulting pressure is monitored by a pressure sensor placed 
between pump and SMR chip. Peltier module and thermistor are connected to a thermoelectric controller, which builds a 
PLL for temperature stabilization. A microscope is used to focus the LDV laser spot on top of resonators and provide optical 
readout. The lock-in amplifier is not shown in the picture. 

chip-holder fluidic connector
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Electrical connections

Temperature control

measurement setup





CHARACTERIZATION
 

This chapter presents the characterization of fabricated SMRs, performed during the last months of this 

thesis. Major focus is given to singly-clamped beams, 250 and 500 m-long, SMRs, with full-length microfluidic 

channels. Responsivity to mass and temperature is presented, together with characterization of PZE transduction 

efficiency and fluidic resistance. Frequency stability of the system is studied in different experimental conditions, 

in order to estimate sensing capabilities of the devices. 
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Piezoelectric actuation

(a)      (b) 
Figure 6.1: Comparison between actuation via piezo-shaker (a) and PZE 
electrodes (b) for a doubly-clamped SMR, empty in air, for 1.5 V driving 
voltage. 

 

       (a)     (b)     (c) 
Figure 6.2: Mechanical response of a 250 m-long SMR, in air environment.  Channels are empty (air-filled), actuation is 
performed via the integrated PZE electrodes, while detection is achieved via optical readout, focusing the laser at the tip of 
the cantilever. The figure presents the amplitude (a) and the phase (b) of the first mode of resonance, for several actuation 
voltages. The maximum amplitude of the readout signal depends linearly on the driving voltage (c), as expected in the 
optical linear regime. 

Piezoelectric actuation efficiency

Piezo-shaker PZE electrodes

Optical Nonlinearities
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Table 6.1: Comparison between measured and simulated PZE actuation efficiencies in DC. 

 SMR-250 m SMR-500 m 

Environment Experimental [nm/V] FEM model [nm/V] Experimental [nm/V] FEM model [nm/V] 

1.52 
1.55 

4.64 
6.1 

1.54 4.18 

(a) (b) 
Figure 6.3: FEM model for analysis of PZE actuation.  (a) The SMR structure is modeled according to design specifications. 
The channel interior is left empty, only the solid structure and PZE electrodes are considered. In this particular example 
results refer to a 250 m-long SMR. (b) Solid mechanics and electrostatic phenomena are coupled, in order to obtain the 
static cantilever deflection when 1V driving voltage (signal) is applied across the active AlN layer. The model is based on 
the assumption that the induced static deflection can be approximated to the cantilever eigenshape. 

PZE detection efficiency
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Figure 6.4: Equivalent circuit representing the balanced bridging technique (blue branch), implemented to balance 
parasitic reactances.  

                    (a)    (b) 
Figure 6.5: Measurement of a fully PZE-transduced 500 m-long SMR before (a) and after (b) balancing the parasitic 
current, in air.  100 mV actuation voltage is applied. Balancing the parasitics allows to reduce the background level by 
almost 1 order of magnitude, thus making the resonance peak visible. 
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feedthrough capacitance parasitic capacitance

Eq. 6.1 

Eq. 6.2 

Table 6.2: Calculated feedthrough capacitance  and parasitic capacitance  (single finger), with relative electrode 
areas.  In case of , only the overlap surface of bottom and top electrodes is relevant.  values for the shortest and 

longest SMRs are given.   is calculated considering the full electrical track surface. Given the chip geometry shown 
in Figure 6.6,  value is given for the longest and shortest tracks. 

   [pF]     [pF] 

 

  

Figure 6.6: Electrical tracks on chip. The area of the track 
from the chip edge to the device (blue) is about 4 orders of 
magnitude larger than the electrodes overlap (blue grid, in 
the inset). 

electrical tracks area
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conductive polysilicon layer

reducing the surface of electrical tracks

undoped polysilicon

high-resistive Silicon wafer

viscous dissipation
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Table 6.3: Average values of measured resonance frequencies and quality factors of empty SMRs, full-channel length, in air 
and in vacuum environment.  After testing 4 chips, variations below 0.5% and 20% are found for  and , respectively, 

considering devices with same design. 

Environment 
Cantilever Dimensions [μm] 
(width x thickness x length) 

Resonance frequency [kHz] Quality Factor 

1st mode 2nd mode 1st mode 2nd mode 

30 x 7.9 x 250 203.2 1167.6 400 580 

30 x 7.9 x 500 57.3 345.5 200 550 

30 x 7.9 x 750 26.0 158.2 100 350 

30 x 7.9 x 1000 15.8 97.9 55 220 

30 x 7.9 x 250 203.9 1170.1 7500 3200 

30 x 7.9 x 500 57.6 346.3 10000 9600 

30 x 7.9 x 750 26.2 159.6 11000 12500 

30 x 7.9 x 1000 15.9 98.1 9800 11500 

   
       (a)        (b)        (c) 

   
       (d)        (e)        (f) 

Figure 6.7: 250 m-long SMR ( ) and 500 m-long SMR ( ) characterization with different fluids. The empty 
resonators are tested in air and vacuum, actuated via PZE electrodes and detected via an optical interferometer. 
Measurements with DI water and isopropyl alcohol (IPA) in the channels are performed in air environment ( ). Figures 
( ) and ( ) show the measured resonance frequencies (first mode) as a function of the mass of the medium inside the channel, 
for SMR-250 m and SMR-500 m, respectively. Frequency shifts fit well to the analytical model described by the equation 
in the inset (dashed line), where  and  are fitting parameters. Measured quality factors as a function of fluid 
viscosities are shown in (c) and (f). Energy dissipation is strongly affected by the medium surrounding the resonator, as can 
be seen from the drop in quality factor ( ) from vacuum to air environment. However, in the viscosity range under study,  
lies in the same order of magnitude and shows a non-monotonic behavior, when different media are introduced in the 
channels. 
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Eq. 6.3 

responsivity

quality factor

Table 6.4: Measured mass responsivities of SMR devices. For each device type (resonator length), two SMRs from two 
different chips are tested. 

Device Mass Responsivity 
 

SMR-250 m 1120.45 ± 0.04 
SMR-500 m 159.83 ± 0.005 

SMR-750 m 61.77 ± 0.012 

SMR-1000 m 26.56 ± 0.005 
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flow influence on the mechanical response of resonators

(a) (b) 
Figure 6.8: Resonance frequency and quality factor as a function of applied fluidic flow for SMR-250 m and SMR-500 m, 
filled with DI water, at room temperature and ambient pressure. Error bars indicate the standard deviation relative to 6 
consecutive measurements on the same device and with same conditions. 

fluidic resistance
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Figure 6.9: Experimental fluidic resistance  of a 4-Cantilever chip (short side) filled with water at 25°C, at ambient 
pressure.  is calculated as the ratio between applied pressure difference between SMR inlet and outlet (blue line), and 
mean flow rate at steady state (red line, with mean values in white text). After imposing a target pressure value, fluidic flow 
is observed for 30 minutes, in order to reach steady state condition.  

Table 6.5: Experimental and analytical values of fluidic resistance of a 4-Cantilever chip, filled with water at 25°C. 

Pressure 
[mbar] 

Mean flow rate 
[μl/min] 

Experimental Fluidic Resistance 
[Pa s/m3] 

Analytical calculation 
[Pa s/m3] 

250 0.0936 1.615  

3.11  
500 0.1574 1.909  

750 0.2432 1.852  

1000 0.2660 2.257  

temperature-related applications

 Relative temperature responsivity
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Eq. 6.4 
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    (a) (b) 
Figure 6.10: Frequency and quality factor as a function of temperature, for an empty 250 m-long SMR, in air. (a) 
Increasing temperature, the softening of ls-SiNx Young’s modulus lowers the SMR resonance frequency. Experimental data 
(black diamonds) are fitted to a line (red dashes) having a slope equal to -10.25 ppm/°C (-2.1 Hz/°C), which is the device 
temperature responsivity. (b) Quality factor does not show dependence on temperature variation. 

 

(a) (b) 
Figure 6.11: Frequency and quality factor as a function of temperature, for a water-filled 250 m-long SMR, in air. (a) 
Resonance frequency dependence presents a linear behavior with increasing temperature, but the slope is inverted 
compared to the air-filled case. The water density dependence on temperature is the dominant physical phenomenon, and 
results in a responsivity equal to +27.76 ppm/°C (+4.9 Hz/°C). (b) As in the air-filled case, quality factor does not show a 
temperature dependence. 

responsivities

Frequency noise

sensitivity
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Eq. 6.5 

frequency stability

Figure 6.12: Responsivity and frequency noise contributions to the monitored frequency signal.  If the frequency noise  
is larger than the mass- and stiffness-induced frequency shifts (  and , the device response would be totally hidden 
below the noise level. 

Allan variance 

Allan Deviation

Eq. 6.6 

Eq. 6.7 

phase locked loop
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Figure 6.13: Schematic of the Phase locked loop (PLL) for measurement of SMR frequency stability. 

reference arm

measurement arm

Allan deviation

thermomechanical noise 

drift 

1/f noise

limit of detection 

Eq. 6.8 

particle residence time frequency stability experimental throughput

Source generator

PCB LDV
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Figure 6.14: Example of Allan deviation plot as a function of the integration time (blue solid line).  Three main contributions 
can be seen: white noise (thermomechanical in the specific case of this thesis) dominates the left part of the plot, where 

 is inversely proportional to ;  noise gives a flat contribution . Thermal drift of the system generates an 
asymptotic behavior on the right part of the plot, where  is proportional to , with . This particular 
example is a measurement of an empty 250 μm-long SMR, in air environment. Device is actuated via PZE electrodes and 
detected via LDV, with laser focused at the tip of the cantilever and a detected signal of 800 mV (RMS value). PLL bandwidth 
is set to 1kHz with a sampling rate of 858 Sa/s. 

quality factor signal-to-noise ratio measurement bandwidth

Eq. 6.9 

bandwidth,  .

Eq. 6.10 

,

mechanical nonlinearities

optical nonlinearities actuation efficiency

Thermomechanical noise Thermal drift

1/f noise
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Eq. 6.11 

Eq. 6.12 

Eq. 6.13 

1. Signal limited by mechanical nonlinearities 

Eq. 6.14 

2. Signal limited by optical nonlinearities 

Eq. 6.15 

3. Signal limited by actuation 
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Eq. 6.16 

(a) (b) 
Figure 6.15: Frequency stability of 250 μm-long (a) and 500 μm-long (b) SMR, in air environment.Air-filled and water-
filled channels are considered. Devices are actuated via PZE electrodes and detected via LDV, with laser focused at the tip 
of the cantilevers and a detected signal of 800 mV (RMS value). PLL bandwidth is set to 1kHz with a sampling rate of 858 
Sa/s. 
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thermomechanical noise 

Noise measurements

Figure 6.16: Quality factor extracted from the first 
resonant mode of four empty SMR sensors as a 
function of external pressure.  Typical sigmoidal 
shape is found, showing stable  values below ~10-2 
mbar [118]. 

Figure 6.17: Example of noise (PSD) measurement 
obtained from a 250 μm-long SMR, water-filled in 
air.  LDV laser is focused at the resonator tip, no 
driving voltage is applied. TMN peak is about 10 
times larger than system background, considering 

. 

TMN 
peak

System 
Noise
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Table 6.6: Noise characterization and quality factors of a 250 μm- and a 500 μm-long SMR, for four different experimental 
conditions. Noise is characterized focusing the LDV laser at the tip of the resonators, while no driving voltage is applied. In 
all cases considered TMN is larger than system noise. 

Experiment conditions System Noise 
[ ] 

TMN peak SMR-
250μm 

[ ] 

Q
SMR-250μm  

TMN peak SMR-
500μm 

[ ] 

Q
SMR-500μm 

0.7 – 1.4 

8.72 430 30.48 220 

10.74 500 38.27 260 

32.19 8500 196.99 9800 

32.26 5600 183.85 7800 

Figure 6.18: Relative variations of TMN 
peak, frequency stability at 200 ms 
(inverse) and quality factor (square root), 
with respect to the case of empty devices 
in air, for the 250 μm-long SMR of Figure 
6.19.  , follows TMN and  
variations only in air environment, but 
not in vacuum. 

Figure 6.19: Frequency stability (solid lines) of a 250 μm-long SMR measured 
at , resulting from ~800 mV detected signals.  Dashed lines show the TMN 
limit, in good agreement with measurement in air. In vacuum,  is between 
3 and 4 times larger with respect to TMN prediction, suggesting the existence 
of a different limiting mechanism. 

Figure 6.20: Relative variations of TMN 
peak, frequency stability at 200 ms 
(inverse) and quality factor (square root), 
with respect to the case of empty devices 
in air, for the 500 μm-long SMR of Figure 
6.21.  , follows TMN and  
variations only in air environment, but 
not in vacuum. 

Figure 6.21: Frequency stability (solid lines) of a 500 μm-long SMR measured 
at , resulting from ~800 mV detected signals.  Dashed lines show the TMN 
limit, in good agreement with measurement in air. In vacuum,  is between 
3 and 4 times larger with respect to TMN prediction, suggesting the existence 
of a different limiting mechanism. 
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readout coordinate

Figure 6.22: Allan Deviation is 
measured focusing the LDV laser on 
three different spots along the 
resonator length.  
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(a) (b) 
Figure 6.23: Allan deviation dependence on laser position along cantilever  and driving voltage , for a water-filled 
250 μm long-SMR, in air (a) and vacuum (b) environment.  Measurements are performed at 1 kHz bandwidth in the PLL, 
collecting 858 samples per second. Solid lines show  curves resulting from ~750 mV signals, moving the LDV laser 
along the resonator length (clamp in blue, half-length in red, tip in orange). Dashed lines present the same experiment 
repeated for detected signals 10 times lower in amplitude (~75 mV), obtained reducing the driving voltage by a factor of 
10. In both air and vacuum environment, the minimum frequency stability is found at SMR tip and for larger detection 
signals, meaning that signal-to-noise ratio increases along  and with increasing . The device presents a quality factor 
of 500 in air, and 5600 in vacuum. 

actuation voltage
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Eq. 6.17 

Figure 6.24: To estimate particle residence 
time at tip, a channel length of 50 μm is 
considered, shown by the white arrow in the 
inset. 
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(a) (b) 
Figure 6.25: SEM image of SMR inlet, after pushing beads into the embedded channel. (a) Particles are accumulated around 
and at the bottom of the inlet cavity. (b) Zoom-in at the entry of fluidic channel, surrounded by agglomerated polystyrene 
beads. 

Figure 6.26: Schematic of current fluidic inlet configuration, in 
cross section (side view).  Fluidic access is opened from the top 
of the wafer, resulting in a 80 μm-deep cavity after isotropic 
release of resonators. When applying fluidic pressure, particles 
are pushed at the bottom of the cavity and do not enter the 
embedded channel. 

Figure 6.27: Proposed inlet configuration for particle detection 
via SMRs, in cross section (side view).  Opening fluidic access 
from the backside of the wafer would allow a continuous way to 
the embedded channels, enabling particles to flow into the 
hollow resonators. 

Fluidic
pressure

Fluidic
pressure
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Piezoelectric transduction

reducing the surface of electrical tracks undoped polysilicon

high-resistive Silicon wafer

Fluidic flow

Mass responsivity

quality factors

Temperature responsivity

Frequency stability
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CONCLUSIONS AND OUTLOOK
 

This chapter summarizes the achievements of this PhD thesis and compares them with the initial project 

goal. In the second part, future possible developments are discussed. 

 



CHAPTER 7 

112 A. DE PASTINA 

designed 

finite element modeling

fabrication
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packaging and interfacing

characterization

Mass and temperature responsivity

Frequency stability
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opening fluidic inlets from the backside of the wafer

reducing the thickness of fluidic channel walls

parasitic losses and crosstalk
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reducing the surface of electrical tracks

using an undoped 

polysilicon sacrificial layer and a high-resistive Silicon wafer

enable the simulation of viscoelastic fluids

providing vacuum encapsulation on-chip. 
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Appendix A

 

Mask # Critical Dimension Critical Alignment Remarks 

1 

4 

5 

Ø
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Si test

LPCVD  

Silicon nitride deposition (microfluidic channel floor) 

LPCVD  

Sacrificial material deposition (I part) 

WET ETCHING 

PolySi deglaze in HF bath 

 

LPCVD  

Sacrificial material deposition (II part) 

 

WET ETCHING 

PolySi deglaze in HF bath 

 

E-BEAM LITHOGRAPHY (Mask 1) 

Patterning of microfluidic channel lateral walls 
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DRY ETCHING 

High-aspect ratio trenches definition 

+ Resist strip

LPCVD  

Trench filling via silicon nitride deposition 

 

LPCVD  

Hard mask deposition 

 

E-BEAM LITHOGRAPHY (Mask 2) 

Dashed lines patterning 

DRY ETCHING 

Dashed apertures definition via Bosch process and c-

C4F8 

WET ETCHING 

Channel emptying in KOH 
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NEUTRALIZATION 

Potassium decontamination in HCl 

 

LPCVD 

Channel sealing via silicon nitride deposition 

 

SPUTTER DEPOSITION 

Seed PZE layer and bottom metal deposition 

SPUTTER DEPOSITION 

Protective oxide deposition 

 

PHOTOLITHOGRAPHY (mask 3) 

Seed PZE layer and bottom electrode definition 

 

 

DRY ETCHING 

Seed PZE layer and bottom metal definition in chlorine 

chemistry 

+ Resist strip 
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WET ETCHING 

Protective oxide removal in BHF 

 

SPUTTER DEPOSITION 

PZE layer and top metal deposition 

 

PHOTOLITHOGRAPHY (mask 4) 

PZE layer and top electrode definition 

 

 

DRY ETCHING 

PZE layer and top electrode definition in chlorine 

chemistry 

+ Resist strip 

PHOTOLITHOGRAPHY (mask 5) 

Resonator definition 

 

 

DRY ETCHING 

Resonator shape definition via Bosch process and c-C4F8 
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DRY ETCHING 

Resonator shape definition through Silicon via Bosch 

process  

 

DRY ETCHING 

Resonator release in SF6 isotropic etching 

 

+ Resist strip 

CLEAVAGE 

Wafer manual cleavage in chips 
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Appendix B
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Appendix C
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Appendix D



138 A. DE PASTINA 



A. DE PASTINA 139  



140  A. DE PASTINA 

Appendix E

function fitlor = lorentzfit(array) 

z = (array(:,2)/max(array(:,2))).^2; 

f = array(:,1);  

%AR=5; 

meff=2.55e-15; 

guessQ=600; 

[maximum, number] = max(z); 

guessamp=pi*f(number,1)/2/guessQ*maximum; 

%z = z - mean(z); 

%z_s = z*1e+9; 

%f_S = f*1e-6; 

ftype = fittype('off1 + amplitude*f0/2/pi/Q/((x - f0)^2 + (f0/2/Q)^2)'); 

opts = fitoptions('Method','NonlinearLeastSquares','Algorithm','Levenberg-

Marquardt','TolX',1e-10,'TolFun',1e-10,'StartPoint', [guessQ guessamp 

f(number,1) 0]); 

fitlor = fit(f, z, ftype, opts); 

fitlor3=fitlor(f)*max(array(:,2))^2; 

figure; plot(f,fitlor3,'r-',f,z*max(array(:,2))^2,'b.'); 

if fitlor.off1>0 

    y0=sqrt(fitlor.off1); 

else 

    y0=0; 

end 

format long; 

zzz1=sqrt(2*fitlor.Q/pi/fitlor.f0*fitlor.amplitude*max(array(:,2))^2);        

%V/rt(Hz) at the maximum 

zzz2=sqrt(1.38e-23*300*fitlor.Q/(2*pi^3*fitlor.f0^3*meff)); %m/rt(Hz) 

disp(strcat('f0 from fit = ', num2str(fitlor.f0)));  
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disp(strcat('Q from fit  = ', num2str(fitlor.Q))); 

disp(strcat('Background from fit  = ', 

num2str(sqrt(fitlor.off1*max(array(:,2))^2))));  

disp(strcat('A from fit = ', num2str(zzz1)));  

disp(strcat('m/rtHz =', num2str(zzz2))); 

disp(strcat('m/V =', num2str(zzz2/zzz1))); 

 

function [tau, allandev] = AllanDevLeti2(data) 

time=(data(:,1)-data(1,1)); 

f=data(:,2); 

f0=mean(f); 

df=f-f0; 

Ts=mean(diff(time)); 

t=[0:Ts:(length(f)-1)*Ts]; 

  

H=2*pi*tf([1],[1 0]); 

dphi=lsim(H,f,t); 

  

x=dphi/(2*pi*f0); 

  

tau=Ts*[1:floor(length(x)/2)]; 

sigmay_2=zeros(1,length(tau)); 

  

for ii=1:1:length(tau) 

    xtemp=x(1:round(tau(ii)/Ts):length(x)); 

    ybar=diff(xtemp)/tau(ii); 

    for j=1:length(ybar)-1 

        sigmay_2(ii)=sigmay_2(ii)+(ybar(j+1)-ybar(j))^2; 

    end 

    sigmay_2(ii)=1/2*1/(length(ybar)-1)*sigmay_2(ii); 

end 

  

allandev=sqrt(sigmay_2); 

  

scrsz = get(0,'ScreenSize'); 

figure('Position',[scrsz(3)/10 scrsz(4)/10 scrsz(3)/2 scrsz(4)*0.8]) 

subplot(2,1,1); 
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plot(t,f*1e-6,'b.'); 

ylabel('Frequency (MHz)','fontsize',20); xlabel('Time (s)','fontsize',20); 

title('Raw data','FontSize', 20); 

subplot(2,1,2); 

loglog(tau,allandev,'b-','LineWidth',2); 

ylabel('Allan Deviation','fontsize',20); xlabel('Tau (s)','fontsize',20); 

title('Allan Deviation','FontSize', 20); 

grid(gca,'minor') 

  

filename='Allan_Dev.png'; 

saveas(gcf,filename); 

  

data2(:,1)=tau; 

data2(:,2)=allandev; 

  

DS=dataset(data2); 

filename='Allan_Dev.dat'; 

export(DS,'file',filename,'Delimiter','tab','WriteVarNames',false); 

  

end 
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