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Abstract  

 

 

Cantilever sensors have been the subject of growing attention in the last decades and their use 

as mass detectors proved with attogram sensitivity. The rush towards the detection of mass of 

few molecules pushed the development of more sensitive devices, which have been pursued 

mainly through downscaling of the cantilever-based devices. In the field of mass sensing, the 

performance of microcantilever sensors could be increased by using an array of mechanically 

coupled micro cantilevers of identical size.  

 

In this thesis, we propose three mechanically coupled identical cantilevers, having three 

localized frequency modes with well-defined symmetry. We measure the oscillation 

amplitudes of all three cantilevers. We use finite element analysis to investigate the coupling 

effect on the performance of the system, in particular its mass response. We fabricated 

prototype micron-sized devices, showing that the mass sensitivity of a triple coupled 

cantilever (TCC) system is comparable to that of a single resonator. Coupled cantilevers offer 

several advantages over single cantilevers, including less stringent vacuum requirements for 

operation, mass localization, insensitivity to surface stress and to distributed a-specific 

adsorption. We measure the known masses of silica beads of 1µm and 4µm in diameter using 

TCC. As it is difficult to obtain one single bead at the free end of the cantilevers, we choose to 

use the Focused Ion Beam. By sequential removing mass from one cantilever in precise 

sequence, we proved that TCC is also unaffected from a-specific adsorption as is, on the 

contrary, the case of single resonator.  

 

Finally, we proposed shown the use of TCC can be as micromechanical transistor device. We 

implemented an actuation strategy based on dielectric gradient force which enabled a separate 

actuation and control of oscillation amplitude, thus realizing a gating effect suitable to be  

applied for logic operation. 
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1 INTRODUCTION TO MICRO-ELECTRO-

MECHANICAL- SYSTEMS  

1.1 Motivation  

 

This chapter gives an overview of the MEMS cantilever sensors. First, a brief description of 

MEMS topics including main applications is presented. Next section introduces the mass 

sensors based on resonant beams including the state-of-the-art of ultra-sensitive sensors. 

Finally the outline of chapters is described.  

 

The transistor was invented in 1947 gave rise to the beginning of Integrated Circuit (IC) 

technology which is the machining of complex electronic circuits on a small piece of a 

semiconductor [1]. This technology would be a revolution so big efforts have been made in 

almost 20 years in order to shrink the dimensions of transistor and thereby increase the quality 

of the microstructures on a chip.   

Since the fifties, physicists, chemists and engineers joined up, because of the necessity of 

broad interdisciplinary competences, and many materials, processes and tools have been 

invented and deeply studied.  Nowadays, it is possible to manufacture 1 million of transistors 

per mm
2
, because of the development of manufacturing processes. This allowed to shrink 

computers which had dimensions of a room in devices which can be kept in one hand. Indeed, 

“shrink” is the keyword of IC industry because smaller means cheaper and faster because less 

material, power consumption and space are required. 

In thirty years, the minimum printed line widths (i.e., transistor gate lengths) has reduced 

from 10 microns (1971) to 32 nanometers (2010) and the International Technology Roadmap 

for Semiconductors (ITRS) estimates that the 11 nanometer will be reached in 2022 [2]. It 

will be the ultimate step of the miniaturization of silicon devices: smaller than this will be 

forbidden by quantum mechanics laws.  
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However, all the know-how, accumulated in decades, was not confined only in the electronic 

industry but several and different applications have been proposed. In the 1970s, the concept 

of micro-electro-mechanical systems (MEMS) was introduced and now this technology is 

widespread in many devices: from ink-jet and bubble-jet printer heads [3], digital projectors 

[4,5,6], accelerometers [7,8], and has been successfully commercialized in the market [9].   

MEMS is the integration of mechanical and electronic elements  on a common  substrate 

through the utilization of microfabrication technology. The mechanical part, which can 

generally move, has two main functions: sensing and actuating. For example, MEMS are used 

as sensors in accelerometers, gyroscopes, pressure or flow sensors and, as actuator, they are 

employed as micromotors, mirror mounts, micro pumps and AFM cantilevers [10] All the 

examples reported above are MEMS devices that have succeeded in being competitive in the 

market. There are some emerging MEMS based products that might be better than the existing 

technology in the future, such as the Millipede ™ project [11] that aims to offer better 

cost/data storage ratio than existing options such as flash memory. 

The reasons of their success are basically three:  

 

1. They are cheap. Due to the “batch processing” many devices are made in same time               

reducing the price of a single component. 

2. They are extremely sensitive. In fact, as rule of thumbs, in many applications, the  

smaller the sensor, the less is affected by external perturbation. Moreover as actuator, 

precision down to nanometer scale is achievable. 

3. They are small. It is possible to integrate many sensors and many function on the same 

device, which in turn can be embedded practically in every environment. 

Besides these commercial available applications which we use every day, MEMS has 

attracted the interest of some researchers in field of fundamental research.    

Due to a constant efforts to shrink the device and to improve the measurement techniques, it 

has been demonstrated force and mass sensitivity of the order of zeptonewtons and zeptogram 

(zepto = 10
-21

). In general, these devices are called nano-electro-mechanical-systems (NEMS) 

to stress the difference with the micro device, but, usually just one of three dimensions (i.e. 

thickness) is less than 100 nanometers, in figure 1.1 some of the most important results are 

shown. 

 

However, this kind of measurements, requires extremely demanding condition, like 

milliKelvin temperature and ultra high vacuum, so with the present technology, they are 
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confined in few high level laboratories and can hardly be applied for any commercial 

applications. But if we accept the compromise of reducing the sensitivity in favor of 

increasing the feasibility we can still use the MEMS approach for developing tools and 

application for different fields of science, including Biology and Medicine. 

 

 

Figure 1.1: NEMS devices 

(a)   A torsional resonator used to study Casimir forces [12] 

(b) An ultrasensitive magnetic force detector that has been used to detect a single electron 

spin [13] 

(c)  A 116-MHz resonator coupled to a single-electron transistor [14]. 

(d) Suspended mesoscopic device used for measuring the quantum of thermal 

conductance [15]. 

(e)  Zeptogram-Scale Nanomechanical Mass sensor [16]. 

(f)  Nanomechanical resonator coupled to qubits [17]. 
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1.2 Cantilever-based MEMS sensors 

 
The use of cantilevers in microtechnology became popular with the invention of the Atomic 

Force Microscope (AFM) in 1986 [10,18] and nowadays they are very important tools within 

the research area of micro- and nanofabrication. A cantilever is a beam that is clamped at one 

end and free-standing at the other figure 1.2. The length L and the width W define the 

cantilever plane and typically the thickness t is at least an order magnitude lower than the 

other dimensions. In the AFM, a sharp tip is added at the free-standing extremity and the 

surface of the sample is scanned while measuring the deflection of the cantilever, which is 

caused by the interaction of the tip with the sample. In controlled conditions, with extremely 

sharp tips and proper samples, the tip-sample interaction is dominated by the attractive and 

repulsive forces at atomic level, hence the name of atomic force microscopy figure 1.3. The 

low spring constant of the cantilever allows a high out-of-plane deflection of the cantilever 

upon small changes of the topography. 

 
 

Figure 1.2: Schematic of a cantilever                   Figure 1.3: Principle of the AFM [19] 

 

In the 1990s, a large variety of sensor technologies based on microcantilevers were applied as 

mass sensors [20,21,22,23,24], such as biological, physical, chemical, medical diagnostics 

and environmental monitoring. One of the advantages of micromechanical biosensors is that 

microcantilevers are produced using a microfabrication process, which allows parallel 

production of microcantilevers at low cost, and with a very low structure error. This has 

motivated the development of biosensors based on arrays of microcantilevers [25,26,27]. It 

has been demonstrated that microcantilevers can be used for the identification and detection 

of bio/chemical molecules [28], evaluation of hydrogen storage capacity [29] and monitoring 

of air pollution [30]. One particular kind of application of biosensor-based cantilever is the 
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highly sensitive and label-free mass detection by measuring resonant frequency shifts before 

and after the load of biological mass [31,32,33]. Resonating cantilevers can be used for mass 

detection because added mass results in a change of the resonance frequency of the beam 

[34,35]. 

The basic principle is the measurement of the resonance frequency shift is due to the mass 

adsorption to the cantilever, effecting a change in cantilever mass, assuming that the spring 

constant is remained constant, and then a change in cantilever mass and a shift in the 

resonance frequency occur. This mass sensing has been widely used as a detection scheme for 

small masses, e.g. DNA, virus and cells [36,37,38,39]. Another sensor principle is based on 

changes of surface stress resulting in static bending of the cantilever [40,41,42]. These 

measurement methods will be discussed in detail in the following section. For all cantilever-

based sensors, optical read-out is most commonly used for the measurement of the cantilever 

deflection figure 1.3 [43,44,34,40,41,42,45]. A laser beam is focused onto the apex (free end) 

of the cantilever and the reflection is monitored using a position sensitive photodiode (PSD). 

Alternatively, the use of piezoresistive [46,47], piezoelectric [48,49], capacitive [50,51,52] or 

MOSFET-based [53] read-out methods has been demonstrated. The selection of the read-out 

method depends on the specific application. For example, compared to optical read-out, the 

integration of piezoresistors has the advantage that the signal is not influenced by the optical 

properties of the surrounding medium. On the other hand, fabrication of the cantilever devices 

for piezoresistive read-out is more time-consuming.  

 

In the last decay the microcantilevers have been used to sense DNA, proteins, antigen-

antibody reactions, gases etc. [54,55,56,57,58] 

 

Cantilever sensors can be applied in three different areas: surface stress, change in 

temperature and change in mass, where the different areas will be explained below:  

 Surface stress: The surface of the cantilever is coated with a detection layer. When the 

target molecules bind to the detection layer they will induce a surface stress, typically 

originated from the increase in volume of the bound molecules, thus causing the 

cantilever to bend, see figure 1.4A.  

 

 Change in temperature: When there is an exothermic or endothermic reaction, it will 

change the temperature of the cantilever. In the case where the cantilever is made of 

several materials with different Coefficient of Thermal Expansion (CTE), it will bend 

due to the bimorph effect, see figure 1.4B.  
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 Change in mass: The resonance frequency of the cantilever is depending on the mass 

of the cantilever. When a mass is added, the resonance frequency will be changed, see 

figure 1.4C.   

 

Figure 1.4: Three different detection principles using a cantilever. (A) Illustrates change in surface stress due to 

chemical adsorption. (B) Change in temperature due to different chemical solvent on the free end of the 

cantilever. (C) Mass change can be measured due to change in resonance frequency. [59] 

 

Cantilever-based sensors are applied in many various fields. The collective behavior of 

coupled MEMS arrays can also efficiently enhance the performance of resonator-based 

devices, such as RF-filters [60], mass sensor [61,62], magnetometers [63], etc. 

 

In this Ph.D. thesis, we will show a novel and alternative design of a mass sensor. With this 

design we are independent of the surface stress as it is the case in the resonance shift method 

for a single cantilever system. The detection mechanism is called mode localization of 

vibration amplitudes of array of cantilevers [64,65]. The main challenge in this Ph.D. project 

lies on the fabrication processes.  

 

1.3 Mechanical Coupled Cantilevers 

 

The coupled cantilever systems approach exhibits sensitivity comparable with the well 

established frequency shift method, when used in high vacuum and with high quality factor 

cantilevers, and offers several additional advantages. Our device is less affected by the surface 

stress induced by mass adsorption along the cantilever; the quadratic dependence on the 

adsorbing site position allows a more precise determination of the mass location; using the 

oscillator phase response it is possible to identify the cantilever onto which adsorption takes 

place.  

 

Resonating microstructures and resonant cantilevers in particular have been proposed as very 
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sensitive tools for mass detection with sensitivity down to single molecule level [66]. In spite 

of the impressive effort which have been devoted so far to the investigation of resonant 

microstructures in many different fields, very little has been proposed in the direction of a 

higher degree of complexity; A. Qazi et al. demonstrated a driver-follower geometry for 

molecular detection [67]; M. Spletzer et al. proposed the use of coupled cantilevers for mode 

localization derived mass detection [68]; E. Gil-Santos et al. focused on the influence of 

actuation strategy on the mode localization observing that inertial actuation excite 

preferentially one cantilever and distorts the system response, while using thermal excitation 

it is possible to obtain a more realistic behavior at the price of a lower signal to noise ratio 

[69]. Finally H. Okamoto and coworkers proposed a GaAs based coupled clamped beams [70] 

in which the asymmetries of the device are compensated by inducing locally a thermal stress 

with a laser, thus obtaining a perfectly symmetric device.  

The detectors based on two weakly coupled cantilevers, shown in figure 1.5, have two major 

limitations. Upon mass adsorption on one cantilever the initial symmetry is broken and the 

modes are localized: in particular the cantilever where the mass is adsorbed will oscillate 

mainly at the higher frequency while the reference cantilever will have higher oscillation 

amplitude on the low frequency mode. However, both cantilevers have finite amplitude in 

both modes; moreover unless the frequency is tuned by stressing one cantilever as already 

done for clamped beams [70], the relative amplitude in the two modes is not controllable. 

Upon mass adsorption the amplitude variation is relatively small and depends on the initial 

amplitude. 
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Figure 1.5: Coupled microcantilever devices. 

(a)  Array of two cantilevers are fabricated by Focused Ion Beam, offering possibility for 

mass sensor applications [71]. 

(b) A pair of electrostatically and mechanically coupled microcantilevers [72]. 

(c)  The two nearly identical coupled microcantilevers are proposing an ultrasensitive 

mass sensing by using mode localization in the vibrations [68]. 

(d) Coupled nanomechanical systems and their entangled eigenstates offer unique 

opportunities for the detection of ultrasmall masses [69]. 
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(e)  Mass detection and identification of using vibration localization in coupled 

microcantilever arrays [73]. 

(f) Frequency tuning of two mechanically coupled microresonators by laser irradiation is 

demonstrated. [70]. 
 

 

1.4 Transduction methods 

Various micro-sensing and -actuation principles have been developed for different application 

areas [74], including chemical sensors, gas sensors, optical sensors, biosensors, thermal 

sensors, mechanical sensors, etc. The main point in the actuation mechanisms is that an 

electrical signal  need to be transferred to a mechanical vibration, as it is in the case of a 

mechanical microresonator. In the following some of the main sensing mechanisms for 

mechanical microresonators will be introduced.  

 

1.4.1 CAPACITIVE SENSORS 

 

Capacitive sensors consist of a pair of electrodes arranged in such a way that one of the 

electrodes moves when the input variable (pressure, acceleration, force, etc.) is applied. The 

deformation of the structure change the capacitance of the system which in turn converts into 

electrical signals (such as changes in oscillation frequency, time, charge, voltage, etc.), as 

seen in figure 1.6a. The drawback of this sensing mechanism is that it requires the circuit to 

be integrated on the chip, thus, increasing the complexity of the fabrication process. There are 

some limitations about this technique. For example the measurement of a cantilever deflection 

depends on the dielectric material between the conductive plates that must be constant during 

the experiment. If the analyte diffuse also within the gap it may change corresponding 

dielectric constant and invalidated the measurements. For a parallel plate capacitor, the 

capacitance, is inversely proportional to the gap between the capacitors plates and the force, is 

inversely proportional to the gap between the capacitor plates squared. The capacitance and 

the force of the parallel plate capacitor are highly nonlinear. As the displacement of the 

distance between the plates goes to zero, the electrostatic force becomes very large.  In the 

case where the two plates get close to each other, may stick together, which limits the 

deflection of the cantilever. In fact, when the two electrodes are closer than one particular 

threshold, called Pull-in point (instability point), the attractive force, which goes as the 

inverse of the separation, overcome the restoring force which is just linear with the 
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displacement, and the two arm collapse on each other.  The scaling down of the electrodes or 

cantilever will decrease the sensitivity as well, due to the fact that the capacitance of a 

capacitor is proportional to its surface area. At this level the parasitic effects become more 

than the actual detection signals. A capacitive sensor is fabricated based on cantilever-fingers 

by Scott Miller et al,  as shown in figure 1.6b. 

 

Figure 1.6: Capacitive detection sensor based on cantilever. a) A schematic of capacitive detection and 

electrostatic excitation [75]. b) An example on capacitive sensor on cantilever-fingers [76] 

 

There are fix electrodes and movable electrodes. The cantilevers are movable electrodes, as 

shown in figure 1.6b. The vibration of the movable electrodes is coming from the asymmetric 

field which creates moving away from the substrate (fix electrodes). This system is very 

sensitive to small changes in the distance and can be measured as well. The pull-in depends in 

a capacitive system on the geometric quantities (i.e., not a function of spring constant, area, 

etc.). The pull-in phenomena make constraint on the design of capacitive sensors and 

actuators. 

   

   

1.4.2 PIEZOELECTRIC SENSORS 

 

Simply stated, piezoelectric materials produce a voltage in response to an applied force, 

usually a uniaxial compressive force. Similarly, a change in dimensions can be induced by the 

application of a voltage to a piezoelectric material. In this way they are very similar to electro-

strictive materials. 

These materials are usually ceramics with a perovskite structure , see figure 1.7. The 

a b 
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perovskite structure exists in two crystallographic forms. Below the Curie temperature they 

have a tetragonal structure and above the Curie temperature they transform into a cubic 

structure. In the tetragonal state, each unit cell has an electric dipole, i.e. there is a small 

charge differential between each end of the unit cell. 

 

Figure 1.7: Shows the (a) tetragonal perovskite structure below the Curie temperature and the (b) cubic structure 

above the Curie temperature [77]. 

A mechanical deformation (such as a compressive force) can decrease the separation between 

the cations and anions which produces an internal field or voltage. 

In MEMS applications,   thin films of piezoelectric materials are deposited on the device, 

usually by evaporation or sputtering,  and are used as movement sensors and actuators. . By 

applying an AC signal, the material will expand and compress at in time in request to the 

applied DC and AC signal. When  the mechanical modulation reaches the resonance 

frequency of the resonator it is possible to induce large oscillations, orders of magnitude 

larger than the actual displacements produced by the piezoelectric actuator, figure 1.8. The 

QCM (Quartz crystal mass balance) is one example of commercial device using  a 

piezoelectric material, quartz, to put the detector into resonance frequency. A QCM device 

works by sending an electrical signal through a gold-plated quartz crystal, figure 1.8b, which 

causes a vibration at some resonant frequency 
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Figure 1.8: a) A schematic of piezoelectric actuation on a cantilever. Reproduced from [75] b) The QCM is a 

piezoelectric mass-sensing device.  

 

The PZT material as actuating mechanism has several advantages over other actuating 

mechanisms. Since this sensor generates its own voltage, it does not require any further steps 

in microfabrication processes. Therefore, the application of piezoelectric actuation has been 

used in many biosensor applications. Furthermore, the piezoelectric effect depends only 

linearly with the size, therefore also the smallest NEMS can be actuated with this approach. In 

alternative, external piezo slab can be used to oscillate the whole MEMS chip as is used done 

in AFM instruments operating in dynamic modes. Unfortunately in this way all the 

eigenfrequencies of the whole chip are excited:  a piezoelectric base excitation applied to the 

ensemble of the cantilevers cannot efficiently excite many of the entangled coupled 

eigenstates thus limiting the sensitivity of such arrays [69].  

 

 

1.4.3 PIEZORESISTIVE SENSORS 

 

A typical structure for a piezoresistive microsensor is shown in figure 1.9a. The resistor can 

be produced by a selective doping by implantation or diffusion of the moving part in silicon 

or by depositing a conductive layer with a significant piezoresistivity. To maximize the effect, 

the resistor is usually located in the region where the displacement is larger e.g. in cantilevers 

close to the fix end. The deflection of the cantilever induces a change of the resistor strain, 

hence resulting in the resistance changing due to the piezoresistive effect in silicon. To 

enhance the sensitivity, four piezoresistors could be made and connected into a Wheatstone 

bridge configuration [78], thus obtaining a differential reading and minimizing the noise. 

a b 
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These kinds of built-in detection can make the fabrication process more complex, but can be 

efficient for a fast response time.  

The performance of piezoresistive microsensors varies with temperature and pressure. The 

sensitivities of the sensors decrease as the temperature increases, while any residual stress 

generated during the fabrication will also influence the sensitivities of the sensors. The 

piezoresistive method is mostly used in static mode, because there cantilevers are thin and 

softer and the forces generated by the adsorbed molecules result in large bendings. [79], 

thereby it is easy to measure the quantitative of molecules by calculating the resistance 

changes. 

In some cases, the piezo resistance has been used also in dynamic mode, as in the experiment 

illustrated in figure 1.9b. Here a very thin (10nm) layer of gold is deposited ontop of 

insulating silicon nitride cantilevers that operate at very high frequency. Because of the 

reduced thickness of the film, the change in the grain boundaries induced by the strain 

produces a detectable effect in the resistance of the film itself.   

 

 

Figure 1.9: a) A schematic of piezoelectric actuation on a cantilever. Reproduced from [75] b) The resistance 

strain vs. frequency spectrum. There are four different lengths of cantilevers. The detection of resonant 

frequency is done by piezoresistors. [20] 

1.4.4 Optical actuation 

 

The vibration modes can be excited by focusing a frequency-pulsed laser beam near the fix 

end of the microcantilever. The laser induces a time-periodic temperature change around the 

spot region, which gives a cantilever vibration via the periodic stress in the material.  

Usually, the photothermal excitation of the cantilevers was achieved by a red laser diode 

beam. It is a non-contact and local excitation of micromechanical resonator. The spot size can 
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be around 2-10 µm. One of the advantages of using photothermal actuation is that it can select 

which spatial mode of a microcantilever can be excited.  

Optical actuation has been demonstrated to work also a liquid environment [80]. The optical 

actuation does not need any electrical connections on the device nor a specific fabrication 

procedure and the most common approach of using a microcantilever with multilayer of 

different thermal expansion coefficients will affect a deflection of the microcantilever when it 

is heated by the absorption of the incoming laser beam, see figure 1.10. 

 

 

Figure 1.10: An optical actuation technique. Reproduced from [75] 

 

The photothermal excitation technique has been used by Datskos et al. [81] to illustrate that 

the microcantilevers can be actuated by optically actuation, shown in figure 1.11.  

 

 

Figure 1.11: a) The picture is a SEM image of different lengths and resonance frequencies. These 

microcantilevers are made of gold-coated Silicon. b) An experimental result illustrates a frequency shift of the 

smallest cantilever at the resonance frequency (f0=2.25 MHz) before and after adsorption of 11-

mercaptoundecanoic acid in air surrounding. [81] 
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One example is illustrated in figure 1.11. This experiment is done with the gold-coated 

Silicon microcantilever that has a resonance frequency at 2.25 MHz, see figure. 1.11a. It is 

illustrated in figure 1.11b the measurements of before and after evaporation of the 11-

mercaptoundecanoic acid absorbed. The measurement is done in an air ambient, which means 

that the damping has a big affect on the vibration of the cantilever.  

1.4.5 Dielectric gradient force 

 

A recently published paper by P. Quirin et al. [82] in Nature  has illustrated that it is possible 

to actuate any kind of dielectric materials in an inhomogeneous electric field. The basic 

principle is that the electrodes, usually coated with gold, are connected to a DC (direct 

current) and an RF (radio frequency) sources. The DC is applied to the electrodes and 

indirectly polarize the resonator which should b made of a dielectric material, such as Silicon 

nitride. The force that is created by the static voltage, VDC, can be modulated by applying RF. 

This configuration can be able to excite the dielectric material, which in the  case of the cited 

paper was a double clamped beam, as shown in figure 1.12. 

 

 

Figure 1.12: a) A depicted image of suspended double clamped beam of silicon nitride. The electrodes (yellow) 

are connected to DC and RF. b) The suspended double clamped beam is actuated by dielectric force. [82]  

 

There are both advantages and disadvantages for all the different actuation and detection 

methods. The choice of the optimal approach depends highly on the environment and on the 

specific application of the resonator with respect to the fabrication process. Furthermore, the 

actuation and detection configurations are not limited, can be combined and interchanged  
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1.5 Cantilevers as mass sensors 

 
 

Figure 1.13: It is a sketch of the basic principle of mass detection cantilever. a) The cantilever is vibrating at a 

certain resonance frequency red curve plot. b) When a mass is loaded at the free end of the cantilever occurs a 

down-shifting of resonance frequency which corresponds to the blue curve plot.   

 

The principle of a mass sensor based on a cantilever  is shown in figure 1.13. The added mass 

is detected by the resonance frequency shift means, the resonance frequency depends on the 

structure of the device and the specific added mass. The interpretation is that the adsorption of 

a mass on the surface of the cantilever induces a decreasing of resonance frequency as 

illustrated in figure 1.13. There are other properties that affect the resonance frequency, such 

as the effective spring constant including spring softening/hardening, and especially the 

surface stress in the material with Q-factor and the drive schemes. By down-scaling of the 

cantilever, the resonance frequency will increase and thereby the sensitivity changes. This 

means that going from micro to nano-size cantilevers can increase the mass sensitivity from 

femtogram range to yoctogram-range (10
-24

g). In the following the mass sensitivity of 

different type of mechanical resonators are presented.  
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a) The mass responsitivity is increased by doping the cantilever. Thereby increases Q-

factor. The resonance frequency of the cantilever is fres,0V=1.6 MHz for zero voltage, 
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gives a mass responsitivity of the cantilever 0.3 fg/Hz. The length, thickness and 

thickness are  l=40µm, w=2.3µm and t=5µm, respectively [83]. 

b) The SiC beam is double clamped. The resonator is in an ultra-high vacuum (UHV) 

environment. The adsorbed mass is Au atoms that are generated by a thermal 

evaporation source and travel towards the beam resonator. The mass of the Au atoms 

are modulated by a shutter which could be registered by QCM. The NEMS resonator 

is excited by RF bridge configuration and has a resonance frequency 32.8 MHz with a 

mass sensitivity 2.53ag [84].      

c) The circular disk with four arms are used to measure the mass of a prostate specific 

antigen (PSA). The dimensions of the resonator is 6µm in diameter and the support 

arms are 1µm wide. The mass sensitivity (equation 2.10 to 2.12) increases by having 

thinner and lower density resonators. The large surface area is 54µm
2
 will increase the 

probability of capturing analytes at extremely low concentrations, which may improve 

sensitivity. The resonator was able to detect and measure the weight PSA to 55 zg. It 

was mechanically excited  by using PZT. The resonance frequency is 2.2 MHz and Q-

factor 6000 [85].   

d) A microchannel with walls 2-3µm thick inside the cantilever. Under each cantilever 

there is an electrostatic drive electrode and the cantilever vibration is detected by 

optical laser. The microfluid cantilever can be measured in air with water inside. The 

resonance frequencies are not significantly changed. The advantage of the device is 

that it can measure the mass of objects that are not attached to the surface. The device 

can measure with 300 ag precision. If the sizes of the microfluidic cantilever decreases 

the precision of the mass will increase. [86]  

e) An oscillator has dimensions l=4µm, w=500nm and t= 160nm made of siliconnitride. 

Au dot is deposited on the paddle (1µmx1µm). This cantilever has a mass sensitivity 

0.39 ag. The Au dot is used to measure the mass of thiolate self-assembled monolayers 

(SAM), and demonstrate single dsDNA molecule sensitivity [61]. 

f) The NEMS resonator is a double clamped beam. The dimensions of the beam is l= 

2.3µm, w=150nm and t=70nm and 100nm. The resonance frequencies are 133MHz 

and 190MHz, respectively. The beam is actuated by RF-signal. The NEMS device is 

cryogenically cooled down and in a ultrahigh vacuum. The adsorbed masses are Xe 

and N2 molecules that are flux controlled by a mechanically shutter and a gas nozzle. 

The device with 190 MHz is measured to 100 zg. The device with 133 MHz is 

measuring to 200 zg [16]. 
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Some resonators were based on nanowires and nanotubes that have yoctogram-range (10
-24

 g) 

in mass sensitivity. 

 

g) The double-walled nanotube is placed in a vacuum chamber, where the Au atoms can be 

evaporated during the oscillation. The initial resonance frequency is 328.5 MHz. The mass 

responsivity is 0.104 MHz/zg (1zg=1x10
-24

kg). The evaporation is controlled by a 

mechanical shutter. The first time of opening of the shutter is measured to 51 Au atoms [87]. 

h) A cantilever nanowires are grown by CVD. The Si nanowires are actuated by peizoelectric 

element and detected by an optical laser. The resonance frequency of this nanowire is 

2MHz. The dimensions of the nanowire is diameter=40nm and length = 5µm. This gives a 

mass sensitivity 10 zg [88]. 

Generally, the drawbacks of decreasing the dimensions of the cantilever will effect reduction 

in the sample volume, detectable mass density, limiting effective mass [89] and providing a 

high resonance frequency and Q-factor, but practically becomes difficult to fabricate as well 

as detection of the vibration movements.  

Detectors based on two weakly coupled cantilevers have two major limitations. (1) Upon 

mass adsorption on one cantilever the initial symmetry is broken and the modes become 

localized: in particular the cantilever under-going mass adsorption will have a greater 

contribution to the high frequency mode while the reference cantilever will have a higher 

oscillation amplitude on the low frequency mode; however, both cantilevers retain a nonzero 

amplitude in their least significant mode and the mass adsorption event cannot be easily 

recognized. (2) Unless the frequency is tuned, e.g., by stressing one cantilever as already 

demonstrated for clamped beams [70.], the relative amplitude in the two modes is not 

controllable. Upon mass adsorption the amplitude variation is relatively small and depends on 

the initial amplitude. 

 

In summary, we demonstrated reviewed the principal MEMS sensors, in particular cantilever 

based MEMS sensors and actuation strategies have been presented. The advantages of 

coupled cantilevers compared to single cantilevers have been elaborated. In this thesis, by 

considering several advantages and disadvantages, we have used triple coupled cantilever 

(TCC) sensor with optical and force gradient actuation strategies has been used for the mass 

detection. A detailed design and introduction about TCC is demonstrated in chapter 2.  
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1.6 Thesis overview 

The aim of this project is to design and fabricate triple coupled cantilevers (TCC). 

Investigations of two actuation strategies are done. The one is with piezoelectric (pzt) and the 

second one is the optical (laser). Finally, a totally new actuation strategy has been 

implemented on the SiN Electrodes TCC design.  

 

We will show through this thesis that TCC device is used for two applications. The first 

application is for mass detection and the second is for micromechanical transistor. The main 

focus has been on solving design and technological problems in fabrication process.    

  

Three designs of TCC are: 

 

 Fabrication of TCC in silicon-on-insulator (SOI TCC), and actuation methods were 

with piezoelectric (pzt) and optical (frequency puls-modulated laser) strategies. The 

read-out was done with a normal CW green laser.  

 
 A new strategy of fabrication of TCC in silicon nitride (SiN TCC), the actuation 

strategy was made by optical laser.  

 

 Further improvement of TCC design (SiN Electrodes TCC) was made to integrate the 

electrodes with the cantilevers. The new actuation (dielectric interaction) mechanism 

was possible to apply TCC device.  

1.6.1 Outline of chapters 

 

In chapter two the main points of microcantilever theory are analytically described for  

simple resonator structures, such as static and dynamic modes. The main damping factors 

(surrounding loss, structural damping and internal dissipation in a structure) in a 

microcantilever are explained and described. The mechanics of a microcantilever system 

is described. Theoretical explanations of choosing triple coupled cantilever configurations 

are given.  

 

In chapter three finite element analysis is presented. In this chapter the eigenfrequency 

modes of TCC is simulated by using finite element method (FEM). This method gives us 

the advantage to optimize the design (width and length) of the overhang of the TCC 
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device. Several simulations were made such as the dependence of the displacement 

amplitude ratio of the cantilevers with respect to the added masses. The dependence of the 

dimensions of the overhang with respect to the frequency and displacement amplitudes. 

 

In chapter four I will describe the fabrication process flow and the designs of TCC 

devices (SOI TCC, SiN TCC and SiN Electrodes TCC) in detail.      

 

In chapter five I will explains both the experimental measurements of TCC devices and 

the experimental setup. The setup is custom built for frequency response measurement. 

The experimental results of SOI TCC, SiN TCC and SiN Electrodes TCC are shown in this 

chapter. There is a section with an optimization of the experimental setup with respect to 

the actuation methods (piezoelectric and optical) and the rotation of the photodetector. 

The SiN TCC is measured with two different sizes of silica beads for mass detection. The 

FIB process is also used for a better control of removing materials. The results of TCC 

devices are evaluated and discussed. Moreover, the chapter contains considerations and 

proposal of a micromechanical transistor. In the last section I will present the 

measurement done using another type of cantilever which has a paddle (200x200µm
2
) that 

is suspended to a cantilever. These cantilever plus the paddle was used to grow cells on 

top of the paddle and to measure their dried  mass.    

 

In chapter six conclusions are drawn. 

 





 

 

2 THEORY OF MICROCANTILEVERS  

2.1 Introduction  

 

Microcantilever sensors rely on their motion to indicate sensing, where the motion could be 

static deflection or dynamic oscillation in one or several resonance modes. Microcantilever 

can be modeled as a cantilever beam having thickness, width and length and fixed at one of its 

ends. This chapter describes the theory for the mechanical response of microcantilevers in 

bending, lateral and torsional modes and array coupled cantilevers when used as sensors.   

2.2 Static Mode 

Static deflection occurs due to differential surface stress. A beam which experience a different 

surface stress on two opposite sides, bends itself and the deflection δ is proportional to the 

differential stress Δσ according to the Stoney’s equation: 

 

                            
 (   )

 
(
 

 
)
 
   

(2.1) 

 

Where ν is Poisson's ratio, E is Young's 

modulus, L is the beam length and t is the 

cantilever thickness. This model is valid also 

for microcantilever and by means of selective 

functionalization of one side of the cantilever 

it possible to transduce molecular adsorption 

to mechanical bending. The selective 

functionalization it is usually obtained by 
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exploiting gold-thiol interaction. Probe molecules are functionalized with a thiol group and 

one side of the cantilever is coated with gold. Thiolated molecules covalently bind with the 

gold substrate. [21] Subsequently the target molecules bind to the probes. Each step induces a 

bending. Arrays of cantilevers allow to perform differential measurements to recognize 

different molecules.  

2.3 Dynamic mode 

Mechanical system responds to an external oscillating force with different amplitudes as a 

function of the frequency. The spectral distribution is characterized by peaks which are 

known as resonant frequencies which correspond to oscillating modes. Small driving force at 

the resonance can induce large oscillation. The load on the end of cantilever induces a 

deflection which is linearly proportional to the force applied [90]. Therefore, it is natural to 

introduce a lump element model to describe the dynamics of a cantilever. A dynamic 

mechanical system in the scope of this chapter will be dealing with an oscillatory mechanical 

microcantilever and is explained by a simplified model. This model contains a spring-mass-

damper elements, as depicted in figure 2.1, which can be described by a second-order 

differential equation (2.2). On the left hand side of the equation (2.2) there are three different 

forces and on the right hand side there is an external force f(ωextt). This equation (2.2) is a 

well-known one in the classical mechanics: the second Newton’s law.   

The different forces are the inertial force M ̈=FI, this term is a product of mass and 

acceleration, which is the kinetic energy of the system. The second term on the left hand side 

is the damping force C ̇=FD, which is a product of velocity and damping coefficient. The 

energy dissipates in the system due to the different damping mechanisms that will be treated 

later. There are many different models of the damping coefficients, but this is the commonly 

used one and it is easier to calculate the equation (2.2) in the analytical calculation. The third 

term on the left hand side is the restoring force kx=Fk, where k stands for the stiffness in the 

material, e.g. silicon, silicon-nitride etc. and x for the displacement from the equilibrium point 

which in cantilevers corresponds to cantilever deflection. The elastic deformation of the 

resonator during the mechanical vibrations gives a potential energy. This is another well-

known law from the classical mechanics, which is called Hook’s law. While the resonator 

oscillates there will automatically be a balance between the potential and kinetic energy. The 

required energy to oscillate the resonator comes from the external applied force, f(ωextt). All 

the terms are written in the following equation (2.2) [91].    
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Figure 2.1: It is a schematic drawing of an oscillating resonator. The m is representing the resonator 

(microcantilever) which is connected to a spring, k, and dashpot, c. The resonator is moving in x-direction which 

is indicated by x. The external force is applied from the left (black arrow). This model is called Lumped-

Element-Model. 

                        ̈    ̇      (     )                   (2.2) 

 

Where meff is the effective mass of the cantilever, k the spring constant, c is the damping, the 

f(ωextt) is the external force and angular frequency ωext angular frequency. The equation can be 

written into 

The equation (2.2) is normalized with respect to the effective mass meff. Then the eqn. (2.2) is 

expressed in following equation (2.3) 
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Where ω0 is the system’s eigenfrequency and β is a damping factor of the 

system.   
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The stationary solution for equation (2.4) is  

 

                                                    (       ) (2.6) 

 

After large t the transient is finished. This equation shows, A0 the maximum oscillation 

amplitude of a mechanical resonator (cantilever) can be reached when the frequency of the 

external force, ωext, is matching with the natural frequency, ω0, of the mechanical resonator 

(cantilever). This phenomenon is known as a resonance frequency, as illustrated in figure 2.2. 

The resonance frequency changes from different materials and dimensions of the mechanical 

resonators. In the energy distribution point of view the kinetic and potential energy is equally 

contributing at amplitude of the resonance frequency.   
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The phase of the oscillation amplitude is defined as 

 

                                                     
     

  
      

  
(2.8) 

 

Now, there are two variables that are called natural frequency ωo, and damping ratio, β, 

[92,93]. The quality factor, Q, is defined as. 

 

                                                       
 

  
 (2.9) 

 

Further analyses show that the resonance frequency peak is dependent on the damping factor 

which is included in the equation (2.7). In an ideal system or in a simulation program can the 

damping parameter be described as zero (β=0). But in a real system there will always be a 

damping, which causes that the vibration of the cantilever or mechanical resonator decreases 

over a time.  

2.4 Q-factor  

The Q-factor or “quality” factor of the resonator is one of the most important factors in a 

mechanical resonator, because it is related on how sensitive the mechanical resonators are in 

the different environmental conditions. The definition of the Q-factor is the total energy 

stored, Etot, in the resonator structure divided by the sum of the energy lost, E, from the 

resonating element per cycle
 
[75]. The Q-factor can be measured by looking at the amplitude 

vs. frequency spectrum of the resonator as seen in figure 2.2. 

As the Q-factor changes its value, meaning that different dissipation mechanisms and 

intensities are involved, the oscillation amplitude and shape of a given resonance frequency is 

modified as a consequence, in figure 2.2 the Q-factor value is changed from 1 to 1000, from 

the orange curve to the red  
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Figure 2.2: Oscillation amplitude vs. frequency spectrum. The Q-factor values are changed from 1 to 1000. The 

shape of the resonant frequency peaks are getting narrower.  

The importance of the Q-factor can be observed in figure 2.2, since a high value of Q-factor 

gives a sharp resonant peak, which is needed to accurately measure a resonant frequency 

change (one-single-cantilever system). The Q-factor can be calculated in several ways. One of 

the methods is to find a resonant frequency, fres, and divide this value by the bandwidth at the 

3dB-amplitude point, f3dB.The most common way is to take the width of the resonance 

frequency peak at full width half maximum (FWHM), as a direct measure of  the damping of 

the system. Q is then the resonance frequency divided by the FWHM. The various definition 

of the Q-factor is given in equation (2.10): 
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In a real cantilever system the main Q-factor contributions are described in the following. 

Other factors can further contribute but they will not be treated because of very less influence 

on the cantilever system during the vibration. The main influential Q-factors are the 

following:  

 

1) Viscous and acoustic damping, Qa,  

2) Qs, damping due to internal material parameters 

3) Damping at the mechanical constraint, Qi, such as crystal structure, 

lattice defects, etc. 

 

The total Q-factor can be related to these individual Q-factors as 1/Q = 1/Qa + 1/Qs + 1/Qi 

+…. 
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2.4.1 The energy lost to a surrounding fluid (1/Qa): 

 

The energy loss to the surrounding is the most important of the all the loss mechanisms. 

These losses appear between the resonator and the surrounding gas. The losses depend on the 

nature of the gas, surrounding gas pressure, size and shape of the resonator, the direction of 

the resonator’s vibrations, and the surface of the resonator. In the case of vacuum these losses 

can be made negligible therefore for high sensitivity applications the micromechanical 

resonators are operated in the vacuum. Other damping mechanisms associated with 

surrounding fluids are acoustic waves and squeezed film damping. 

2.4.2 The energy coupled through the resonator’s supports to a surrounding solid (1/Qs): 

 

The structural damping is related to the resonator constraint to the substrate. The vibration 

energy of the resonator can be dissipated from the resonator through its supports to the 

surrounding structure. If the supports are carefully designed this dissipation mechanism can 

be significantly reduced. For instance, it possible to find the natural nodes in the vibrational 

movement of a resonator (non-vibrational-points), as illustrated in figure 2.3, where the 

supports can be placed to bond the resonator to the support.  

 

 

Figure 2.3: A tuning fork where the bottom of the base is fixed.  
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The figure 2.3 shows that a careful design can really minimize the energy dissipation in the 

supports. As it is illustrated in figure 2.3, the mechanical supports can be very important for a 

mechanical resonator in order to minimize the energy dissipation, thereby increase the Q-

factor for the given mechanical resonator, in this case is a tuning fork. 

2.4.3 The energy dissipated internally within the resonator’s material (1/Qi): 

The last energy dissipation contributes come from the material of the resonator structure that 

can play role in the value of the Q-factor. The presence of impurities in the crystal can give 

lower Q-factor. It has been reported [75] that low-level impurity single-crystalline silicon 

have resonator Q-factors of approximately 10
6
 in vacuum, while highly boron doped single-

crystalline silicon resonators typically have a Q-factor of approximately 10
4
. The conclusion 

is that the just impurities (boron-doped) could reduce the value of the Q-factor with factor 100  

 

The main energy losses that could be considered in a micromechanical resonator system, 

combine together to the total quality factor, as in equation (2.11): 
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This equation expresses that the lowest Q-factor determines the total Q-factor. The most 

influential affect on the Q-factor is the viscous and acoustic damping, Qa
 
[94]. 

If the damping is negligible, the peak position of the lowest mode corresponds to the natural 

frequency and is given by: 

                                            
 

  
√
 

  
 

 

  
√
 

 

 

  
   

(2.12) 

 

Where ρ is the density, E is Young’s modulus, t is thickness and L is the length of the 

cantilever. If the damping is not negligible the peak it is not at the natural frequency but is 

reduced by the factor √  
 

   
  (For Q-factor of 10 the reduction is 0.12%, for Q-factor of 

1000 is 0.12 ppm).  The adsorption of molecules changes the shape of the resonance curves 

and thereby effects a shift in the resonance frequency. As first approximation, the mass of the 

resonator increases by the quantity Δm which corresponds to the mass of adsorbed molecules. 

According to equation 2.12 the resonance changes to the value: 
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assuming the elastic constant does not change.  If the added mass is much smaller than the 

mass of the resonator it is possible to obtain a linear relation between the shift in frequency 

and the variation of mass: 

                                       
  

  
  

 

 

  

  
 (2.14) 

2.5 Mechanics of Cantilever Systems 

We described the motion of a particular cantilever in detail with the motion equation (2.2) and 

with the corresponding damping parameter. The resonance frequency of a microcantilever 

depends on the geometry and material properties. In general, there are three fundamental 

resonance frequencies. The first is the bending in the vertical direction, the second is the 

lateral and the last is the torsional vibrations. These fundamental resonance frequencies 

characterize the dynamic motions of a given microcantilever. These resonance frequencies are 

called natural vibrations.  

 

The resonance frequency of one cantilever is been fully explained in the previous section with 

the equations (2.2) to (2.9). The resonance frequencies of a single cantilever can be simulated 

as graphically in figures 2.4.   
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Figure 2.4: The resonance frequency modes of a microcantilever. The dimensions are 100x20x2µm
3
. The colors 

scale is proportional to displacement from the rest position going from zero (blue) to maximum (red). The 

highest oscillation is at the free end. a) The first mode where the movement is in vertical (z) direction, b) the 

second mode is only moving in lateral (x and y) directions and c) the last eigenmode has a torsional (twisting) 

motion. 

All the resonance frequencies that are shown in figure 2.4, can be calculated analytically, but 

when the structure of the mechanical resonator becomes complex, then it is difficult to 

calculate the eigenfrequencies analytically. Therefore, it is more convenient and less time-

consuming to apply the Finite Element Method (FEM), which we have applied in order to 

find the fundamental of the vibrational modes. The FEM-software is used to solve the 

resonance frequencies of more complex structures of microcantilevers that are mechanically 

coupled together.  

2.6 Triple Coupled Cantilevers (TCC) 

The two coupled cantilevers by M. Spletzer et al. [68] have shown that it is more sensitive 

than the frequency shift method. A schematic lumped element model of two identical 

cantilevers are shown in figure 2.5a.  

Figure 2.5: a) Schematic lump-element model of two identical coupled cantilevers. b) A SEM image of the 

coupled cantilevers with gold-foil on one of the corners. C) The measurement before and after the mass is added. 

Each cantilever is represented by a mass and spring K1, M1 or K2, M2 respectively. If the 

added mass is zero ΔM=0, the spring constants of each cantilever is K=K1=K2. The common 
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coupling is the overhang which has a spring constant Kc. The ΔM represents the added mass to 

the one of the cantilever as shown in figure 2.5a,b. If we are considering the first case where 

K1=K2=K , M1=M2=M and ΔM=0. Then the cantilevers have the same spring constants as 

well as masses and the oscillation amplitudes are shown in figure 2.5c that the lower 

frequency corresponds to a symmetric and in phase eigenmode, where in higher frequency 

corresponds to an antisymmetric and antiphase oscillation eigenmode. The point here is that 

none of these modes are localized because the amplitudes of the displacements of each mass 

(cantilever) are very close (in an ideal system the energy is equally partitioned between the 

two modes, thus high frequency amplitude should be smaller by a factor (fs/fa)
0.5

). The second 

case is when the added mass is different from zero, ΔM≠0, the spring constants and masses 

are different K1≠K2, M1≠M2, respectively. The added mass is breaking the symmetry of the 

system and results in plot in figure 2.5c. The dotted lines show the added mass localizes the 

eigenmodes, and it is clearly shown that the displacement amplitudes for either cantilever 1 or 

2 in the corresponding eigenmodes oscillates more than the other.  

Two important parameters can be expressed in term of the ratio κ=Kc/K. The shift of resonant 

frequency of the modes is given by Δf/fo = ±2κ and the minimum mass detectable Δm/m is 

proportional to Kc /(1+2K). It is clear that the mass sensitivity is maximized when the 

coupling goes to zero and the first and second mode are closer than f0/Q = FWHM, or, in 

other words, are experimentally indistinguishable. In their paper, Gil-Santos and coworkers 

concluded that the two coupled cantilever system is never more sensitive than the single 

cantilever counterpart. Therefore we have purposed three independent identical cantilevers 

oscillate at the same frequency, see figure 2.6a. The spring elements are illustrating on the 

cantilevers. The oscillation is three-fold degenerate. By adding a coupling element, see figure 

2.6b, the degeneracy is split and three distinct modes, with different symmetry are generated, 

as illustrated in figure 2.6. 
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Figure 2.6: The a) picture is showing the cantilevers are not coupled and the cantilevers have the same resonance 

frequencies. In the b) picture the resonance frequencies are changed because of the coupling elements. 

 

The three uncoupled cantilevers, figure 2.6a, are simulated in Comsol Multiphysics to 

illustrate that the three uncoupled cantilevers have the same oscillation amplitudes, as 

illustrated graphically in figure 2.6.  

 Figure 2.7: Three independent microcantilevers, where each of them is vibrating independently of each other. 

The maximum oscillation amplitudes are the same for all of cantilevers. These cantilevers are not coupled at all, 

therefore the resonance frequencies for identical independent cantilevers are the same. 

 

The cantilevers are coupled as illustrated with coupling elements (springs) depicted in figure 

2.6b, and thereby the dynamic behavior of each cantilever becomes dependent on each others. 

The resonance frequency as shown in figure 2.7, each cantilevers have their own resonance 

frequencies. With the coupling system the identical cantilevers have dependent resonance 

frequencies as illustrated in figure 2.8  

a b 

c 

z 

x 

y 
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Figure 2.8: The three microcantilevers are connected at the common base, which is called overhang. With 

simulation program the correspondent frequency modes are simulated. In this case there are three fundamental 

resonance frequencies. The red color is indicating the maximum oscillation amplitude and the blue color is 

indicating the zero movement. a) the first mode which all the cantilevers are oscillating in the same phase and 

direction as called symmetric mode. b) the second mode shows that the lateral cantilevers are moving in 

antiphase and the central cantilever is not moving, also called antisymmetric mode. c) the third mode shows that 

the central cantilever is moving in antiphase to the lateral cantilevers.  The lateral cantilevers are moving in the 

same direction and phase. 

When the three identical microcantilevers are coupled as shown in figures 2.8, the mechanical 

behavior will be significantly changed from that of a single cantilever. The coupling gives 

three unique modes with distinct symmetry and increasing resonance frequency. The first 

mode is characterized by all the microcantilevers oscillating at the same amplitude and phase. 

The second mode shows that the central one is not moving and the lateral cantilevers are 

moving in antiphase. The third mode is showing that the central one is moving more than the 

lateral cantilevers. The lateral cantilevers are in the same phase than the central one.  

In a conventional single cantilever system the detection of a mass is done by actuating the 

microcantilever and thereby detecting the oscillation by optical detection. The cantilever is 

measured before and after added mass. The frequency shift is calculated in order to find the 

a b 

c z 

x 

y 
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added mass.  

Our proposal is an alternative way to detect masses without minimizing the dimensions of 

microcantilevers further or applying expensive equipments such as ultra high vacuum. The 

best performances and advantages of using a triple-coupled microcantilever systems are 

obtained when the microcantilevers are in the 2
nd

 mode (or anti-symmetric mode), which is 

shown in figure. 2.8b. One of crucial step is the microfabrication process in order to fabricate 

perfect identical and symmetrical microcantilevers. In the simulation and experimental 

chapters will be explained in more detail.  

 

 

 

 

 





 

 

3 SIMULATION OF TRIPLE COUPLED CANTILEVER 

(TCC) SYSTEMS  

3.1 Introduction 

The development of Finite Element Methods (FEM) spread the feasibility to design and 

develop various products in various fields, especially in MEMS field. Number of designs 

have been made in the area of BioMEMS, MOEMS, NEMS and is been continuing. Several 

FEM simulation tools including  ANSYS, Coventor, COMSOL Multiphysics etc., are 

commercially available with several packages such as thermal, electromagnetic, 

microfluidics, structural mechanics environments. Mostly, in structural mechanics 

simulations, FEM helps excellently to understand the mechanical properties of the design 

with visualizations, and also in reducing the cost and materials.  

 

Finite element analysis (FEA) is used for simulating a range of engineering applications, such 

as a mechanical structure. The structure is simulated and broken down into small elements, a 

process called meshing. The idea is to simulate geometries similar to the cantilever devices 

we have fabricated using microfabrication. The first step is to construct the structure of 

interest and mesh it by a suitable mesh size. An example of a cantilever structure and its mesh 

in COMSOL is shown in figure 3.1. The overall computational time depends on the size of 

the mesh. 
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Figure 3.1: The model shows a mesh of TCC 

 

COMSOL Multiphysics allows the users a detailed visualization of bends and twists of 

structures with the accuracy which is required for most of the applications. COMSOL allows 

entire designs to be constructed, refine and optimize whenever it is needed before going to 

fabricate the devices. In this project, COMSOL tool with structural mechanics package was 

used to design the TCC device. Also, various studies have performed such as dynamic 

behavior of TCC to find out the minimum and maximum range of the length and width of the 

overhang, vibrations in cantilever, symmetry break in the second mode, and finally relation 

between added mass on the lateral cantilever with respect to the central cantilever.  

 

In this project, the TCC device has been modeled as shown in figure 3.2, simulations have 

been performed on the TCC before and after the added mass and investigated the dynamic 

behavior of the device, observed that placing additional mass on one of the lateral cantilever 

starts triggering the central cantilever. As shown clearly in figure 3.2, the overhang is 

mechanically connected with the three cantilevers.  

 

The purpose of the simulation was threefold. We aimed at find:  

 

1) The fundamental resonant frequencies of TCC. 

2) The dependence of resonant frequency and of the coupling on the dimension of the 

overhang. 
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3) The relation between the added mass and oscillations of cantilevers especially, in the 

second mode for the central cantilever. 

 

Figure 3.2: A SEM image of TCC. The overhang is framed in red rectangular shape and the overhang is attached 

to one side to the substrate.  

 

3.2 Eigenfrequency Modes of TCC by using FEM Simulation  

 

Figure 3.3: The three fundamental resonance frequencies are simulated by Comsol Multiphysics. Different colors 

are indicating the vibration of TCC. The blue color represents non-displacement and the red stands for the 

highest displacement of TCC. (a) Cantilevers are vibrating in the same direction and phase. This mode is called 

symmetric mode. (b) The lateral cantilevers are vibrating in antiphase. The central cantilever is in non-vibrating 

mode.  This mode is called antisymmetric mode. (c) The lateral cantilevers are vibrating in the same directions 

and phases compared to the central cantilever. This mode is called third mode. (d) The oscillation amplitude vs. 

normalized width of each cantilever. The plots are taken from the displacement measured on the front-face of 
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each cantilever. All the modes are collected in one line plot, in order to have a better overview of all three 

modes. The first, second and third modes are black, red and grey colors, respectively.   

 

We first observed that three cantilevers generates three different eigenmodes as clearly 

illustrated in figures 3.3, with corresponding shapes in figure 3.3a,b,c. The plots show the 

displacement from the equilibrium position in false colors from dark blue to red.  The 

maximum displacement is localized at the free ends of the cantilevers. In the first mode all the 

three cantilevers are in phase as illustrated in figure 3.3a, but, the central cantilever has a 

lower oscillation amplitude in the first mode compared to the lateral (outer) cantilevers, as 

plotted in figure 3.3a,d in black color This lower oscillation amplitude of the central 

cantilever in the first eigenfrequency mode is related to the finite size of the overhang that do 

not extend laterally beyond the cantilevers. If the size of the overhang (125 microns) is bigger 

than the cantilevers, as illustrated in figure 3.4, then the difference in the displacement 

amplitudes in all the three cantilevers are the same in the first mode.    

 

Figure 3.4: width of the cantilever are drawn with respect to the displacement amplitude. 

 

This will be discussed in detail in the section of optimization of the overhang.  In the second 

mode in figure 3.3b, the displacement of the central cantilever is on average equal to zero.  

The third mode or the last fundamental mode of device, as shown in figure 3.3c the lateral 

cantilevers are in the same phase and the central cantilever is in opposite phase to the lateral 

cantilevers. Also for this mode, the extension of the overhang induce a more ideal ratio of the 

oscillation amplitude and the central one has nearly twice the amplitude of the lateral ones. 

 

The plot in figure 3.3d report on the x-axis the y coordinate of the simulated structure and in 

the y-axis the displacement along z from the equilibrium position measured at the extreme 
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end of the cantilevers. The displacement is plotted only in correspondence of the cantilevers 

while no data are plotted for the gaps.  These simulation results clearly show how the three 

coupled cantilevers of TCC device dynamically behaves. The main information we obtained 

is the existence of a not negligible tilt around the cantilever x-axis, especially in the second 

eigenmode. Here the central cantilever does not oscillate vertically but rotate along the central 

axis with the same frequency. The presence of this rotation will require particular attention in 

the measurement in laser deflection configuration, as we will see in the following. It is 

important to notice here that these movements are not related to torsional eigenmodes which 

have much higher resonance frequencies. These results are independent from the cantilever 

length since they provide qualitative information which is valid for any cantilever/overhang 

length.  

 

3.3 Optimization of the overhang (width and length) 

Overhang is nothing but a mechanical coupling of cantilevers. Overhang plays an important 

role in the operation of the TCC device. The dimension of overhang decides the oscillation 

amplitudes of each and every cantilever, as well as the amount of the frequency mode 

splitting as shown in figure 3.7. In the simulation, the external edge of the overhang shown in 

pink color in the figure 3.5 is fixed. There is only one boundary condition that is set to be 

zero, which means that all the other edges or boundaries are free to move, as in the real 

device. The three fundamental modes are obtained as represented in figure 3.3a,b and c. The 

width and length of overhang are defined and optimized and are plotted in figure 3.6 and 3.7, 

respectively.  

 

The sequence of process steps performed using Comsol Multiphysics can be seen in the 

appendix A. It is investigated from the results shown in figure 3.7 primarily, the maximum 

and minimum width and lengths of overhang below certain stage effects the resonant 

frequency, next, the behavior of device seems constant as the length of the cantilevers vary 

from 50 to 100 microns. Results of TCC device having length of the cantilever 100 microns is 

shown here in figure 3.7 and lengths 50 microns and 75 microns respectively are presented in 

appendix B. 

 

Simulation is the foundation for fabrication of device. Based on simulation knowledge, an 

approach is made to fabricate the device. In fabrication, it is to be observed the overhang is 

suspended to a membrane.  
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Figure 3.5: A typical drawing of a TCC device with the overhang. The pink color is showing the fixed edge. This 

means the edge is fixed to a suspended membrane. This can be done by setting the boundary condition be zero.  

 

 

 

Figure 3.6: Definition of the width and length of the overhang is represented. 
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Figure 3.7: The eigenfrequency dependence on the width and the length of overhang are plotted a and b, 

respectively. The width is normalized to the width of TCC W0 =100microns.The length is normalized to the 

length (100microns) of the cantilevers. The resonance frequencies are normalized.  a) The resonance frequencies 

increase slowly while the overhang width outside the external cantilevers. When the extension is comparable 

with W0 no further is observed in all three modes. Plot b) is showing the region 0.10 to 0.20 where the overhang 

length is optimal in order to achieve a coupling effect on all cantilevers. The region from 0.2 to 0.35 on plot b 

shows that the coupling is giving three distinct modes as illustrated in a frame. The small simulation images are 

showing the respective length and width of the overhang for all the modes that are plotted. 

The width of the overhang in figure 3.7a, is varying from 100µm, which corresponds to 

overhang not exceeding the lateral limit of the left and right cantilevers to 200µm which 

corresponds to 50microns lateral extension of the overhang on both sides and is normalized. 

The symmetry of the structure is maintained. The resonance frequency of three modes is a 

function of normalized width of the overhang.  

 

It is observed that in the initial point of the curve the resonance frequency depends on the 

width, means, is increased with the increase of the width of the overhang, as the extra 

overhang increases the rigidity of the systems. On the other hand, the extra mass added to the 
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system plays a minor role since it is placed in a region which is not subject to large 

oscillation. Interestingly, when the width of the overhang reaches a value  1.5W0 in all the 

three modes the curve starts to stabilize and/or saturate with respect to the resonance 

frequency. So, beyond the value 1.5W0 in all the three modes, it is confirmed the resonance 

frequency does not change significantly with increase in width. This information has been 

used for an optimized design and fabrication of device, has an optimal width with stable 

resonance frequency and the highest vibration amplitude. The next plot b), shows the effect of 

the length of the overhang. The length of the overhang and the resonance frequency are 

plotted  in normalized units. There is a clear threshold for the onset of the cantilever coupling. 

For overhang length shorter than one tenth of the cantilever length the three modes are still 

degenerate in frequency and each one corresponds to the independent oscillation of one of the 

three cantilevers.  At longer overhang the degeneracy is splitted and the three modes with 

different symmetry are observed. At increasing overhang length the resonance frequency for 

each mode decreases, which is the joined consequence of the system mass and system overall 

length increase, without a significant increase of longitudinal rigidity, as well as the frequency 

splitting between the three modes, which derives from an increase of the coupling constant.. 

With this information, it is possible to design and fabricate the optimized TCC device that has 

the highest sensitivity. The design and fabrication chapters, discuss how these values are used 

to design a TCC that is fully optimized in both width and length of the overhang. In 

particular, we choose to use the shorter possible overhang in order to reduce the system mass 

and thus increase the sensitivity and to keep the three frequencies as close as possible, so that 

they can be measured in a single frequency scan. The behavior oscillation amplitude with 

respect to the length of the overhang is also simulated.  

 

Figure 3.8 shows the ratio between the amplitude of a lateral cantilever in the first mode 

versus that of the central cantilever in the second mode.  
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Figure 3.8: Oscillation amplitude versus overhang length in micro range. The different curves show the different 

added masses. The pictures around the curves are the simulations of the resonance frequency of first, second and 

third modes. The black continues line is without the mass has the smallest amplitude compared to the other 

added masses (1pg, 10pg and 100pg). 

 

As discussed earlier, an approach is made to prove the TCC device can be used as a mass 

sensor. Simulations have been performed to investigate the performance of the TCC device. 

Different masses of 1pg, 10pg and 100pg are added to one of the lateral cantilevers. The 

results are shown in the figure 3.8. Different curves with different colors/sketches illustrate 

different masses added to one of the lateral cantilever. The curve with black color is a case of 
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TCC device, in which the lateral cantilever without mass. As it is observed, when the length 

of the overhang is below 10µm, the vibration amplitude is became zero in all the cases, 

includes even cantilever without mass. The inset simulation images in figure 3.8e, f and g, 

shows that TCC is behaving as a single, non-coupled individual cantilever system in all the 

three modes. The highest vibration amplitude ratio occur around 10-15µm in length of 

overhang. It is observed as the mass increases the oscillation amplitude increases. The inset 

simulation images in figure 3.8b, c, and d, are showing that the coupling effect is working on 

TCC. Then slowly the vibration amplitudes decrease and after 20µm, there is no affect on the 

vibration amplitudes observed as the length of the overhang increases in all the cases. The 

lowest peak value is when there is no mass. The highest peak value is due to heaviest mass 

i.e. 100 pg. It means increase in mass gives increase in oscillation amplitude in the lateral 

cantilever which is having no mass. An experiment is also performed with maximum applied 

length of overhang, which may be around 100 microns. The simulation images in figure 3.8h, 

i and j, shows the behavior of TCC when the overhang length is 100 microns. It gives the 

information about the limitation of the overhang length in all the cases so as to predict the 

device performance. From the figure 3.8 it emerged that the maximum variation of the 

amplitude ratio upon mass addition is in the region where the length of the overhang is around 

0.2-0.4. For shorter length the modes are not completely formed, and the amplitude slightly 

depend on mass. For longer length the overhang contributes substantially to the cantilever 

motion and sensitivity decreases. The selected range of the length of overhang gives the 

necessary coupling effect to obtain the usual distinct modes with the highest vibration 

amplitudes.  

 

It is also been performed some studies on the width of the overhang as shown in figure 3.9.  

 

Figure 3.9: The oscillation amplitude ratio versus width of overhang in microns. The red dots are the simulation 



3 Simulation of Triple Coupled Cantilever (TCC) Systems 47 

 

points. The minimum value of the width of the overhang can only be 100µm. 

 

It is observed from the plot in figure 3.9 that increasing the width of the overhang can 

increase the vibration amplitude less than  a factor 7. The threshold value of the width of the 

overhang is 145µm: below this value the amplitude ratio decreases. Above this value the 

amplitude ratio does not change. This clearly conveys that the mass sensitivity can be 

improved 7 times. On the other hand, it is very important to note that the TCC device is very 

sensitive to any perturbation to the symmetry of the system, therefore it is very important to 

have reproducible fabrication process. The larger the microfabricated area, the more defect 

due to impurities, dust and errors. For these reasons we choose to sacrifice a factor 7 in 

sensitivity and to keep the overhang width at its minimum to reduce the probability of defect 

generation.  

 

3.4 Added mass vs. Amplitude ratio 

The difference in oscillation amplitudes of the central cantilever before and after that a mass 

is added will give the exact value of the added mass, this method is called for mode 

localization for the central cantilever. It is also possible to calculate the added mass by using 

the conventional method, in which shift in the frequency can be observed due to the 

application of added mass. One of the main advantages of TCC is that the added mass can be 

calculated in any kind of environment without losing resolution; this is described in the 

experimental results chapter. In this way it is possible to study the relation between the added 

mass on one of the lateral cantilever with the ratio amplitudes. The ratio amplitude is intended 

as the ratio of amplitude of the non-mass-lateral cantilever to the central cantilever. It is 

observed, as the added mass increases, the oscillation amplitude of the central cantilever 

increases, as illustrated in figure 3.10. The method used to realize the simulation is by adding 

an artificial mass in the form of a box with known fixed size. Instead of increasing the 

dimensions of the box, in this experiment, the mass density of the box is increased, thus 

avoiding differences in the mesh at different added mass. Indeed the FEM results in the TCC 

simulation are very sensitive to mesh. If the mesh is not sufficiently precise, it alone can break 

the symmetry in the structure, and thereby the central cantilever result as vibrating even 

without any additional added mass.  
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Figure 3.10: (a) This image is a simulation model of the TCC and the arrow is indicating the position of the 

additional mass. The central cantilever is moving but for the low range of added masses is not visible in this 

image. The added mass is 0.8 fg. (b) In this simulation image the added mass is 80 pg. The central cantilever is 

visible in this image. This is a snapshot of one particular mass density is added, just to show that the central 

cantilever is oscillating due the breaking symmetry. (c) The graph is a plot of the front-side-face of the three 

cantilevers. The lines are representing oscillation amplitudes. The additional mass is on the right side as drawn 

and shown in (a,b). As the added masses are increasing the oscillation amplitude of the central cantilever should 

also be increased, as the color is getting close to the blue. The black color is showing the zero mass condition 

and it is obvious that the structure is changed from added mass and after added mass. 
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A series of six simulations have been performed, added different masses: 0.8fg, 8.0fg, 80fg, 

0.8pg, 8pg, 80pg to the cantilever shown in figure 3.10a. This particular TCC design in figure 

3.10a has been used to demonstrate the sensitivity of mode localization in three coupled 

cantilevers configuration. The grey arrow in figure 3.10a, b is indicating the position of the 

additional mass on the lateral cantilever. It is observed that the amplitude of the central 

cantilever has been increased by the application of mass 0.8fg and 80.0pg respectively on the 

lateral cantilever as shown in the figure 3.10a and b. It is clearly observed that there is 

vibration of the central cantilever when the mass is zero. 

The position of added mass (box) is approximately close to the free end as at this particular 

position the cantilevers have the highest oscillation amplitude. An attempt is made, all three 

cantilevers are drawn from the front-face-side for the second mode in all six different added 

masses are plotted in one plot as illustrated in figure 3.10c. In this way, the vibration 

amplitude of the central cantilever can be observed as added mass is increasing. An 

interesting observation is that vibration amplitude of the added-mass-lateral-cantilever  

decrease with mass addition, while that of the not-added-mass-lateral-cantilever  increases as 

a result of center of mass balancing during oscillation. Also, as shown in figure 3.10d, a tilt in 

the central cantilever is observed before and after deposition of the mass on the lateral 

cantilever. Hence, it is concluded that the second mode of TCC design can be used as mass 

detection sensor.  

 

As shown in figure 3.10, that adding mass on the lateral cantilever will disturb the symmetry 

of TCC, and the consequence is that the central cantilever starts to vibrate. The figure 3.10 has 

also shown that adding more masses increases the vibration amplitude of the central 

cantilever. The vibration amplitude of the non-mass lateral cantilever is in percentage less 

increased compared to the central cantilever. The mass of box on 2x2x2µm
3
, with the same 

material as used for TCC, but the density is changed. By changing the density of the box, 

changes the mass of the box, and thereby the amplitude of the central cantilever increases, as 

illustrated in figure 3.11.      
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Figure 3.11: Amplitude ratio of central and non-mass lateral cantilevers versus additional mass. The FEM is 

performed on two different designs. The red dots are illustrating the normal design of TCC and the blue dots are 

illustrating the optimized design of TCC. The amplitude of central cantilever is increasing in picograms range 

(pg) in both designs.  The amplitude for both designs are saturated in nanograms range (ng). In the pg-range the 

amplitude ratio is linear, where the central cantilever is increasing, and in the ng-range, where the amplitude of 

the central cantilever is reaching almost the non-mass-lateral cantilever. It shows that the optimized design that 

the amplitude of the central is reaching the non-mass lateral cantilever. By adding more masses turns TCC to 

uncoupled system.     

 

The mass sensitivity of TCC is determined by taking the amplitude of the central cantilever 

with respect to the non-mass lateral cantilever by gradually increasing the added masses on 

the lateral cantilever as shown in figure 3.11.  

 

In order to understand the performance of the TCC device as a mass sensor, two designs have 

been simulated. The major difference between the two is the dimension of the overhang. The 

first design and second designs have the widths of the overhang of 100 microns and 140 

microns respectively, which are represented with red and blue dots. 

 

As shown in figure 3.11, a huge difference is observed in ratio amplitude between two 

designs in a ng range. On the other hand, there is no much difference is observed in the pg 

range. And also an experiment has been performed with two different designs with varying 

the width of the overhang to estimate the ratio amplitude of the TCC.  
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From this it can be concluded that there is no significant improvements observed in ratio 

amplitude between two designs in pg range. In the ng range, the ratio amplitude is not only 

depending on the added mass but also on the width of the overhang. So, it can be finalized 

that the TCC device no longer will work as mass sensor in a ng range and also no coupling 

effect can be maintained between the cantilevers as shown in the inset simulation images in 

figure 3.11 and figure 3.12. It should be noted, masses in fg range can be measured 

comfortably using the proposed design, shown the figure 3.12. 

 

Figure 3.12: Mass response expressed as the ratio of the amplitude in the second mode and the first mode 

measured on the central cantilever versus the added mass express as a fraction of the cantilever mass. Dotted 

line: overhang length 0.2; solid line: overhang length 0.4. The three oscillation mode sketched in the inset refer 

to a situation in which the added mass is larger than 1% of the cantilever mass. In the lower frequency mode 

only the loaded cantilever oscillate (left inset). At higher frequency the two unloaded cantilevers oscillate as two 

coupled oscillator with quasi-symmetric (central inset) and quasi-antisymmetric (right inset) character. 

It must be noted that in the real world it is demanding to fabricate the proposed TCC device as 

there is always a movement of central cantilever due to the uncontrolled parameters 

influences during the process of fabrication. However, in this project, at most care has been 

taken to fabricate TCC device that can measure up to pg range, more details about the 

fabrication process flow is discussed in the forthcoming chapters. 

 

In conclusion, the detection of few molecules pushed the development of more and more 

sensitive devices, which have been pursued mainly through downscaling of the devices. In 

this thesis, the mass detection has shown that vibration localization in coupled 
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microcantilevers could represent an alternative strategy as a mass detection sensor.  

 

 

 



 

 

4 DESIGN AND FABRICATION PROCESS OF TCC  

4.1 Introduction 

Microfabrication is at the basis of the Micro Electro Mechanical Systems (MEMS) 

technology and is constituted by all the techniques which permit to fabricate structures with 

dimensions from sub-millimiters to sub-microns.  Microfabrication takes place in a particular 

environment called “clean room” where particle, temperature and humidity are controlled. In 

fact, if dust particles, which have dimension comparable with microstructure, land on a micro 

fabricated device, they will ruin it. Moreover, in order to obtain robust and repeatable 

processes, temperature and humidity must have always the same value with very low 

fluctuations. The most studied and used material for fabrication is single crystalline silicon. 

Another common substrate in MEMS technology is silicon on insulator (SOI). It consists in a 

thick wafer of silicon covered by a thin thermal silicon oxide and of a thin crystalline layer of 

silicon which may have several different   crystallographic orientation in the device layer 

while the thicker handle layer can be maintained on the most common  <100> substrate. It 

widely used in MEMS because by removing the insulator layer (called in this contest 

sacrificial layer) it possible to make suspended structure.  There are three fundamental 

processes: lithography, etching and film deposition. 

 

The fabrication approach used in MEMS devices can be classified into three general types; 

bulk micromachining [95], surface micromachining [96] and high-aspect-ratio 

micromachining (HARM) [97]. MEMS fabrication is similar to the fabrication of integrated 

circuits, involves the addition or subtraction of two dimensional layers on/from a substrate 

(usually silicon) based on photolithography and chemical etching. As a result, the 3 

dimensional aspects of MEMS devices can be due to patterning and interaction of many 2D 

layers. If required, additional layers may also be added using a variety of thin-film and 

bonding techniques as well as by etching through sacrificial layers. On the other hand, the 
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complexity of the device may increase by the addition of independent structural layers. 

 

4.1.1 Photolithography [98]:  

A thin layer of an organic polymer, which is very sensitive to UV (ultraviolet) radiation, is 

deposited on Silicon nitride or Silicon; this is called a photoresist (PR) and can be either 

negative or positive: in positive PR polymer chains are broken by UV radiation, and become 

soluble in specific solvents, named developer so that the exposed region can be removed.  In 

negative photoresist the polymers are cross-linked upon UV exposure and become insoluble 

while the unexposed areas can be removed. A photolithographic mask made up of a quartz 

(glass plate) which is a transparent in the UV spectral region,  coated with a chromium pattern 

(opaque), is placed in contact with the photoresist  coated surface. The wafer is exposed to the 

ultraviolet radiation transferring the pattern from the mask to the PR which is then developed. 

On developing, the rinsing solution removes either the exposed areas or the unexposed areas 

of PR leaving a pattern of bare and PR-coated Silicon nitride or Silicon on the surface of the 

wafer. The resultant PR pattern is either the positive or negative image of the original pattern 

of the photomask. The details of photolithographic process of TCC device is explained in the 

forthcoming topics. 

4.1.2 Bulk Micromachining Technique [95]: 

 

Bulk micromachining involves the removal of part of the substrate. It is a process that uses 

dry etching or a wet etching method. 

 

Dry etching depends on vapour phase or plasma-based methods of etching using suitable 

reactive gases usually at high temperatures. The most common form for MEMS is Reactive 

Ion Etching (RIE) which utilizes additional energy in the form of Radio Frequency (RF) 

power to drive the chemical reaction. Energetic ions are accelerated towards the sample to be 

etched within a plasma phase supplying the additional energy needed for the reaction; as a 

result the etching can occur at much lower temperatures (typically 150⁰C - 250⁰C, sometimes 

room temperature) than those usually needed (above 1000⁰C). RIE is not limited by the 

crystal planes in the silicon, and as a result, deep trenches and pits, or arbitrary shapes with 

vertical walls can be etched [99]. 
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4.1.3 Wet Etching [100]: 

Wet etching involves the removal of material through the immersion of a material (typically a 

silicon or silicon nitride wafer) in a solution of a chemical etchant. These etchants can be 

isotropic or anisotropic. 

 

Isotropic etchants etch the material at the same rate in all directions, and consequently remove 

material under the etch masks at the same rate as they etch through the material; this is known 

as undercut. The most common form of isotropic silicon etch is HNA. A mixture of 

hydrouoric acid (HF), nitric acid (HNO3), and acetic acid (CH3COOH), and lead to rounded 

shape isotropic features in single crystalline silicon. HNA (hydrofluoric, nitric, acetic) is an 

extremely aggressive acidic mixture which will vigorously attack silicon. It is an isotropic wet 

etchant which etches silicon at a rate of approximately 1-3 microns per minute.  

 

Anisotropic etchants etch faster in some crystallographic direction than in the others. 

Potassium hydroxide (KOH) is the most common anisotropic etchant as it is relatively safe to 

use. Structures formed in the substrate are dependent on the crystal orientation of the substrate 

or wafer. Mostly such anisotropic etchants progress rapidly in the crystal direction 

perpendicular to the <110> plane and less rapidly in the direction perpendicular to the <100> 

plane. The direction perpendicular to the <111> plane etches very slowly [101]. 

4.1.4 Surface Micromachining [101]: 

Surface micromachining involves the addition of material to the substrate in the form of 

layers of thin films. These layers can either by structural layers or act as spacers, later to be 

removed, they are known as sacrificial layers. Hence the process usually involves films of two 

different materials: a structural material out of which the free standing structure is made 

(generally polycrystalline silicon or polysilicon, silicon nitride and aluminum) and a 

sacrificial material, deposited wherever either an open area or a free standing mechanical 

structure is required. 

4.1.5 Substrates [100]: 

 

The most common substrate material for micromachining is silicon. The reasons to have 

silicon are  

 

 Silicon is abundant and inexpensive material 
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 Other crystalline semiconductors including germanium (Ge) and gallium arsenide 

(GaAs) are used as substrate materials due to similar inherent features, but silicon is 

distinguished from other semiconductors in that it can be readily oxidized to form a 

chemically inert and electrically insulating surface layer of SiO2 on exposure to steam 

at high temperatures. 

 

 The homogeneous crystal structure of silicon gives it the electrical properties needed 

in microelectronic circuits, but in this form silicon also has desirable mechanical 

properties. 

 
 Silicon forms the same type of crystal structure as diamond, and although the 

interatomic bonds are much weaker, it is harder than most metals. In addition, it is 

surprisingly resistant to mechanical stress, having a higher elastic limit than steel in 

both tension and compression. Single crystal silicon also remains strong under 

repeated cycles of tension and compression.  

 
 The crystalline orientation of silicon is important in the fabrication of MEMS devices 

because some of the etchants used attack the crystal at different rates in different 

directions.  

 

 Silicon is dominant as a substrate for MEMS but research and development is ongoing 

with other non-semiconductor substrate materials including metals, glasses, quartz, 

crystalline insulators, ceramics and polymers [102]. 

 

4.2 Design of TCC with Silicon nitride (SiN) 

We used L-Edit software tool in this project, to draw the design of MEMS TCC device. These 

designs are used to prepare the photolithographic mask. The process of photolithography is 

explained in detail in the previous sections. Cantilevers and overhangs have been designed 

using this software tool and can be observed in figure 4.1. The fabrication process is 

explained in the next section.  
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Figure 4.1: The cantilevers are mechanically coupled with an overhang. The lengths of the cantilevers are 

varying for each step as written on top of the designs. As the lengths of the cantilevers are increasing the 

resonance frequency is decreasing. The back-side mask is used for KOH opening widows. The black square is 

used for spin coating of PR. The spin coater needs to hold the sample by vacuum, this can destroy the 

membranes, and therefore the black square can prevent the breaking of the membranes during the rotation of 

spin coater.   

4.3 Fabrication process flow of SiN 

We fabricated cantilevers (details in appendix C) starting from a bulk silicon wafers with a 2 

micron-thick low-stress silicon nitride on both sides grown by LPCVD. The cantilevers are 

thus made of silicon nitride.  
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Figure 4.2: Different steps of the fabrication process of TCC devices in silicon nitride are sketched. 

 

1
st
 step: The Si wafer is a commercial product available in the market. The thickness of the 

silicon is 500µm. We used a wafer with 2 microns silicon nitride on both sides. The wafer is 

cut in small pieces at 2x2cm
2
 so as to fit in vacuum chamber.  

 

2
nd

 step: The fabrication process is done from the bottom of the sample. The photoresist is 

deposited on the sample and photolithographic process is done with the back-side mask 

design as shown in figure 4.1. The areas of PR which is not exposed to UV light will not be 

developed. The areas of the PR which is exposed to UV light are removed. 

 

3
rd

 step: In this step, we etched silicon nitride using Reactive Ion Etching (RIE). The sample 

after photolithography process is place in RIE chamber. The sample and the chamber acts as a 

two parallel plate capacitor. Different materials have different etch rates. Two different gases 

CF4 and O2 with proper composition have been introduced in the chamber. 28.5 sccm of CF4 

and 1.5 sccm of O2 are selected from the panel of RIE. An RF signal of 250V and 100W of 

power is also applied. The gases inside the chamber are ionized and react with the surface of 

the sample. 2 microns of silicon nitride has been etched in 30 minutes of process time. There 

are two ways to find out that the etching is finished. The first way is to see any changes in 

color from violet to green and silicon will remain as a combination of white and grey when 

we tilt the sample. During the titling of the sample the color of the silicon nitride changes and 

silicon will not change at all. 
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The second way which is the safest way is to measure the height of the sample with a 

profilometer. A profile meter is a tool that measures the height of the sample. If the etching 

went successful the height of the silicon nitride and the silicon should be Δh =2 µm as 

illustrated in figure 4.3.  

 
Figure 4.3: The first layer is the silicon nitride and the second is the silicon. With a cantilever plus a tip the level 

of silicon nitride and silicon is measured. The profiles of the heights of the two materials are sketched. The 

profile meter is used to measure the height of different materials.   

The unetched part of silicon nitride is used as a protection mask for silicon substrate in the 

next step of fabrication process.  

 

4
th

 step: We etching through the silicon substrate by using KOH solution. The sample is 

immersed in solution of KOH having a concentration of 7.5M with a temperature of 70⁰C 

kept approximately 7-8 hours time. The etch is observed along the crystal plane <111> can be 

seen in the above figure 4.2. The etch shape is a pyramid, and the angle is 54.7⁰ [100].  

 

5
th

 and 6
th

 steps: In these steps, we performed the fabrication processes on top of the sample. 

The PR layer is deposited on the top of the silicon nitride membrane. This is the critical and 

crucial step of fabrication of the TCC devices, as shown in step 6 of figure 4.2. The figure 4.4 

shows that the TCC device has to be aligned with the edge of the suspended silicon nitride 

membrane. Due to this step the overhang of TCC has been angled as shown in figure 4.4.    

 

 
 

 

Δh 
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Figure 4.4: It is an optical image of TCC devices. The alignment of the overhang with the crystallographic 

planes of silicon wafer (edge of the membrane) play a major role in the device measurement. All the three 

optical images the alignment is not perfectly aligned with the membrane.  

 

The red lines highlight the alignment as shown in figure 4.4. The result of misalignment of 

few microns may affect the symmetry of the system and thus the mechanical behavior of TCC 

device. 

 

To conclude, we fabricated TCC device with the standard fabrication methods. However, one 

of the major disadvantage of the device is the overhang of TCC has to be aligned with respect 

to the edge of the membrane. It is hardly possible to align in a perfect manner in order to not 

affect the mechanical properties of the TCC device. Hence, a new approach in design and 

fabrication of TCC device has been proposed and implemented to overcome the alignment 

problems in order to achieve better performance characteristics of TCC device.  

 

The modified design and fabrication process is explained in the next section. 

4.4 Fabrication Process of TCC device: 

In this section, we introduced a new design and fabrication process to overcome the 

difficulties of earlier design.  

 

As we mentioned earlier, L-edit is the software tool that has been used in this project, to draw 

the design of MEMS TCC device. These designs have been used to prepare the 

photolithographic mask. The process of photolithography is explained in detail in the previous 

sections. Cantilevers, overhangs, electrodes for RF have been designed using this software 

tool and can be observed in figure 4.5.  
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The overhang of the designs in figure 4.5a, b and c are of same dimension and the lengths of 

the cantilevers are 50µm, 100µm and 125µm, respectively. 

 

The process if etching undercut allows a better alignment. The electrodes are designed on the 

same mask and therefore are intrinsically aligned.  

 

4.5 Second design with silicon nitride (SiN) 

 

Figure 4.5: These designs are made with silicon nitride. The overhang of the designs in a), b) and c) are having 

the same widths and lengths and the length of the cantilevers are 50µm, 100µm and 125µm, respectively. The 

main point of fabricating electrodes is to align with the cantilevers. The electrodes are etched during the etching 

process. However, each cantilever will have two set of electrodes. The purpose of having two electrodes for one 

cantilever is to control the vibration amplitude of each cantilever. The red colors are the electrodes for applying 

RF signal to polarize cantilever.  

 

As shown in the figure 4.5a, b and c, the advantage is the position of the electrodes is already 

aligned during the KOH etching process. Each cantilever is having two electrodes on either 

side as showing in figure 4.6a.  
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Figure 4.6: The dimensions of the electrodes and cantilevers of TCC in silicon nitride. a) The cantilever is 50µm 

in length, 75µm and 100 µm, respectively. The height of the overhang is constant in all the three designs. b) This 

process needs two alignment marks. The first alignment is the square that is coming with making the TCC. c) 

The alignment is to align the white cross with the square, as shown with the green circle when all the sides are 

equally spaced, then the electrodes are aligned very well with the TCC cantilevers.    
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4.6 Fabrication Process Flow of TCC device 

 

Figure 4.7: The second approach of TCC fabricated in silicon nitride. The main steps are taken in this flow. The 

whole processes are performed on the top of the TCC sample. The top views are to show the top of the surface of 

the sample. The black lines illustrating the place the three steps are sketched.    

1
st
 step: In the first step, we transfer the designs of patterns, onto the surface of a substrate 

using photolithographic process. Initially, the sample is coated with PR using spinner. A mask 

as shown in figure 4.7 has been used for photolithographic process. The purpose of PR layer 

is to protect the some part of the silicon nitride against RIE etching. The most critical action 

in this step and in general for this process is a careful alignment along the <111> 

crystallographic direction. Indeed wafer have always a “flat” indicating the crystallographic 

direction. Since both mask edges and wafer flats are macroscopic, alignment is rather easy 
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and can be made with a significative precision. 

 

2
nd

 step: In the second step, we etched the silicon nitride using Reactive Ion Etching (RIE). 

The sample is place in RIE chamber after photolithographic process. The sample and the 

chamber acts as a two parallel plate capacitor. Different materials have different etch rates. 

Two different gases CF4 and O2 with proper composition is given in the chamber. 28.5sccm 

of CF4 and 1.5sccm of O2 are selected from the panel of RIE. An RF signal of 250V and 

100W of power is also applied. The gases inside the chamber are ionized and reacted with the 

surface of the sample. It has been observed that 2 microns of silicon nitride has been etched in 

30 minutes of process time. 

 

3
rd

 step: In the third step, we etch the silicon substrate by using KOH wet etch process. The 

sample is immersed in solution of KOH having a concentration of 7.5M with a temperature of 

70⁰C kept approximately 4 hours time. The etch is observed along the crystal plane <111>. It 

is to be observed that the overhang, cantilevers and electrodes are etched out at the same time. 

The positions of the electrodes are self-aligned as discussed earlier.  

 

After that we fabricated the electrodes. After the process of KOH etch, the sample is spin 

coated using spinner with the two different materials. The first one is the Lift-Off Resist 

(LOR 3B) and the second one is the PR (S1828). The LOR is used to make lift-off Au. The 

corresponding mask is shown in figure 4.5 RF electrodes. More attention has been taken to 

align the RF electrodes with the sample.   

 

Finally, we deposited Gold (Au) on the top of the sample (or electrodes). Evaporation is a 

common method of thin film deposition. The gold material is evaporated in a vacuum. The 

vacuum allows vapor particles to travel directly to the sample, where they condense back to a 

solid state.  The final step is to make Lift-Off in a developer solution for 4-5 hours depending 

on the thickness of the LOR thickness and baking time, 2µm and 180⁰C, respectively. The 

etching along <111> crystal plane gives the cantilevers and location of the electrodes as 

shown in figure 4.8.  

 

http://en.wikipedia.org/wiki/Thin_film_deposition
http://en.wikipedia.org/wiki/Evaporation
http://en.wikipedia.org/wiki/Vacuum
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Figure 4.8: The final step of the fabrication process of TCC SiN device. The overhang, three cantilevers and the 

place of the electrodes are very well aligned. The E-beam evaporation of Au layers is deposited and the Lift-off 

is also done. The etching profile of KOH is clearly shown that the etching is along the <111> crystal plan.  

 

The alignment of the RF-electrodes with the TCC mask as illustrated in figure 4.6c is done as 

shown in figure 4.9.  

 

 

Figure 4.9: The final prototype of TCC with the electrodes. a) The SEM image is taken from the top of the 

sample. The RF-electrodes are aligned with the cantilevers. The two corners of the KOH-etched hole are metal 

pieces. This is due to the Lift-off process. b) The optical image is showing a TCC device which the RF-

electrodes are very well aligned with the cantilevers.   

 

In conclusion, we introduced and fabricated a new design of MEMS TCC with SiN material 

using standard fabrication techniques. A perfect alignment between the cantilevers, overhang 

Cantilevers 
Overhang 

Electrodes KOH etching profile  
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and the electrodes has been achieved and is in good agreement with layout as shown in the 

figure 4.9. This device has overcome all the difficulties such as alignment between the 

overhang of TCC and membrane as shown in the figure 4.9. 

 

We also attempt to fabricate the same design of TCC with Silicon On Insulator (SOI) material 

to estimate the mechanical properties and the performance characteristics of the device. The 

design and fabrication process of SOI TCC are explained in the next section and results are 

quoted in the forthcoming sections. 

 

4.7 Fabrication with Silicon on Insulator (SOI): 

The same designs as shown in the figure 4.1 for overhang 25µm has been used in this section 

and fabricated accordingly.  

 

 

Figure 4.10: These designs of TCC are fabricated in SOI. The lengths of the cantilever start with 50µm increases 

by 25µm as the line A is indicating. The separation of the cantilevers is 20µm between each other. The length of 

100µm is fabricated as framed with a red line.  

4.8 Fabrication process of SOI 

 

As discussed, fabrication of TCC cantilevers consists of variety of different processes. In the 

proposed case, TCC devices are fabricated from a commercial wafer of Si/SiO2/Si substrate 

(SOI). The silicon oxide (SiO2) is etched to release the cantilevers in the final step, as shown 

in figure 4.11.  
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Figure 4.11: Fabrication process of SOI TCC device. There are three small squares that are defining the color 

labels in the different process steps.  

 

1
st
 step: The SOI wafer is commercially available in the market and is used in this process.   

 

2
nd

 and 3
th

 steps: We deposit 2 microns of PR on top of Si substrate using spinner. After 

covering the sample with PR, defined the structures of TCC designs by using optical 

lithography process. As illustrated in the previous sections, a photolithographic mask (black 

squares), as illustrated in step 3 in figure 4.11, is used in an optical lithography process. The 

designs of the mask of the cantilevers are illustrated in figure 4.10.  

 

4
th

 step: The PR is developed in developer solution.  

 

5
th

 step: In this step, silicon is etched using Reactive Ion Etching (RIE). The sample after 

photolithography process is place in RIE chamber. Two different gases CF4 and O2 with 

proper composition have been given in the chamber. 28.5sccm of CF4 and 1.5 sccm of O2 

have been selected from the panel of RIE. An RF signal of 210V and 100W of power is also 

applied. The gases inside the chamber are ionized and reacted with the surface of the sample. 

It has been  etched in 30 minutes of process time. 
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The last step or 6
th

 step: This process releases the cantilevers from the substrate. The 

releasing process is done by using a HF-based buffered oxide etchant (BOE), as shown in step 

6 in figure 4.11. BOE removes 100nm per min and the sample was in the solution for two 

hours to remove more than 4 microns of SiO2 from the bottom of the cantilever. The 

cantilevers are suspended to an overhang or to a base. The image in step 6 in figure 4.11 is 

showing that the etching process profile of the overhang and base. The silicon oxide under the 

cantilevers is also etched since the etching of silicon oxide is isotropic. At this point if the 

sample is dried in room atmosphere, there is a problem with sticking. The cantilevers stick to 

the Si base because the formation of small droplets of water between cantilevers and 

substrates which pull down the cantilever due to water surface tension. In order to protect our 

cantilevers from sticking problem we use a super critical phase drying. In this way it can be 

protected cantilevers from drying. The space of the cantilevers and the substrate is less than 2 

microns, as shown in figure 4.12. 

  

 

Figure 4.12: These cantilevers are made in silicon. The red circles are illustrating the sticking area in the 

cantilevers. The sticking happens only at the free ends of the cantilevers.  a) and b) All the cantilevers are 

suspended to a base. The cantilevers are sticking to the silicon oxide. c) The cantilevers are suspended to an 

overhang. The sticking of the cantilevers is due to the distance between the cantilevers and the substrate. After 

rinsing the cantilevers in the water, the sticking appears.  

 

We observe the stick area at the free end of the cantilevers as shown in red circles of figure 

4.12. This is due to the oxide etching. This may destroy the measurement because; the 

cantilevers will not be able to vibrate.  
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Figure 4.13: The cantilevers that are fabricated in silicon. a) The cantilevers are suspended to a base. b) The 

cantilevers are suspended to an overhang. 

 

The undercut in SOI samples are intrinsically self-aligned, but as seen in figure 4.14 the 

coupling overhang is not well engineered. The etching profile is a crucial step because it can 

change the width and length of the overhang and thereby changing the dimensions of the 

cantilevers, as is shown in figure 4.14b.  

Figure 4.14: a) Before etching silicon oxide layer in HF. b) After HF etching of silicon oxide layer. The 

dimensions of the cantilevers are changed. The etching profile does not have a symmetric shape under the TCC 

structure. This can change the mechanical property of the TCC sample. 

Finally after super critical phase drying, the sticktion issue is overcome and TCC device is 

realized. Figure 4.13 shows the SEM images of the TCC devices that are fabricated. 

However, we observe numerous defects and disadvantages with this SOI device. The etching 

profiles of silicon oxide shows that the overhang and the cantilevers are not properly etched 

and not following the symmetry. This may lead to vary the mechanical properties of the 

device means the central cantilever may not operate as desired. 

 





 

 

5 EXPERIMENTAL RESULTS 

 

5.1  Introduction  

In this chapter, frequency response measurements are described. As discussed in the previous 

chapters, we fabricated three different designs with different fabrication processes. The three 

designs are 

                                      

TCC with SOI (SOI TCC) shown in figure 5.5c 

TCC without electrodes (SiN TCC) shown in figure 5.7 , 5.8d and 5.9d                                                  

TCC with electrodes (SiN Electrodes TCC) shown in figure 5.12 

 

The merits and demerit of each design have been discussed in the previous chapters.  

 

We performed frequency and phase analysis with respect to the oscillation amplitudes on all 

three cantilevers of all the above said three designs, initially on SOI TCC later with SiN TCC 

and finally  on SiN Electrodes TCC. The three kind of TCC devices are actuated with different 

actuation strategies. Namely 1. Piezoelectric, which is most convenient, easy to operate [103] 

2. Optical which is the most accurate in systems with many different resonances [81,104] and 

3. Dielectric gradient force actuation (also called RF actuation), which the newly introduced 

strategy and can easily integrable with electronics,  [82] SOI TCC is actuated with both 

piezoelectric and optical actuation method; SiN TCC is actuated with optical actuation; SiN 

Electrodes TCC is actuated with both laser and dielectric gradient force actuation. An attempt 

is made to investigate the most suitable actuation strategy for the TCC, the results are 

presented in this chapter. Also, we investigated to make use the SiN TCC as a mass sensor and 

a new approach is introduced to measure the mass as mode localization. SiN TCC is used in 

this project to measure the mass of silica beads. The diameters of beads are 1 and 4 microns. 
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However, the deposition of the beads are not in easy to control therefore it was impossible to 

locate the beads only at the very end of the cantilevers. On the contrary many beads were 

observed at the overhang of the TCC device or along the length of the cantilevers as seen in 

figure 5.7, figure 5.8d and 5.9d. This issue has overcome by using Focused Ion Beam (FIB) 

technique which can be used to precisely position or remove a given mass with nanometric 

resolution at the cost, however, of time consuming and very expensive process.  

 

We also performed experiments to use the SiN Electrode TCC as Micromechanical Transistor 

(µMT). We were motivated by an interesting article from  the Roukes group in which an 

interest in the article [105] RF MEMS devices for digital and analog applications were 

proposed. We applied dielectric actuation strategy to the TCC in order to make use the SiN 

Electrode TCC as mechanical transistor. By the simultaneous application of static voltage 

(DC Voltage) and RF signal to the central cantilever and static voltage (DC Voltage) to the 

one of the lateral cantilevers, results other lateral cantilever to vibrate. The vibration 

amplitude can be controlled by the DC voltage. The behavior of this TCC device resembles 

the function of a Field Effect Transistor (FET), where the gate voltage controls the current 

flow in the channel. More explanation is given in the forthcoming sections. Experiments have 

been performed on SiN Electrode TCC and the results are presented in this thesis. 

 

Finally, an attempt to measure the mass of a cell and correlate it to bio-relevant informations, 

such as genetic alterations is made on a single cantilever having paddle area of 200x200 µm
2
. 

The resonance of the cantilever frequency was around 100-130 kHz and cells were grown 

directly on the paddle. The idea was to measure the resonance frequency before and after the 

growth of cell, in order to find out the quantitative weight of the fixe cells per cantilever. The 

results are presented in this chapter.  

 

5.2 Experimental setup 

We measured the frequency response of TCC devices (SiN TCC, SiN Electrodes TCC and SOI 

TCC) using a custom built experimental setup, as shown in figure 5.1. With this setup three 

different actuation strategies can be implemented, such as piezoelectric, optical and dielectric 

gradient force (RF), as explained in the introduction chapter. The setup consists of three main 

sections. The first section is the actuation, the second section is the detection and the third 

section is the readout electronics. The SOI TCC and SiN TCC devices utilize the two different 

actuation schemes presented in experimental results chapter, on the other hand, SiN 
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Electrodes TCC utilize the dielectric gradient force actuation scheme, because this actuation 

scheme needs integrated electrodes. For the detection of the vibration amplitudes of the 

cantilevers a detection system made with a light source (CW green laser), a photodetector 

(4QP), beam splitters, focusing lens was assembled. The readout system was based on a 

function generator, a Lock-in amplifier and a computer system for data acquisition with a 

Labview-based acquisition software, as sketched in a diagram in figure 5.1.   

 

 

Figure 5.1: This is a diagram of the experimental setup. The main sections are the actuation, detection and data 

accumulation. The detection laser (green) is used to detect the vibration amplitude of every single cantilever. The 

frequency pulsed laser (red) is to actuate TCC devices. On the inset SEM image is shown the positions of the 

spots of the red and green lasers. The red laser spot is placed at the overhang. The green laser spot is placed at 

the free end of the cantilever. The function generator is used to modulate the pulse of the red laser. One reference 

signal from the function generator is connected to the Lock-in amplifier. The Lock-in amplifier will extract the 

signal from 4QP and together with the reference signal generate a resonance frequency. The sample is mounted 

in a vacuum chamber that can be moved in xy directions.     

 

The TCC devices were mounted in a custom designed chamber with a base vacuum of 1x10
-6

 

mbar. This chamber is designed in a way to be connected to a pump system, the RF-signals 

connector, and equipped with suitable sample holder. The details of the drawing of the 

chamber are in appendix D. The sample holder is on top of the chamber, as shown in figure 

5.1 inset SEM image; the sample holder is covered by a transparent plastic, because the red 



74 H. Pakdast 

 

and green lasers have to be aligned, as shown in figure 5.1 inset SEM image.  

 

The oscillations of the cantilevers were excited by a frequency-modulated red laser [106] 

which is connected to a function generator. The laser actuation excites selectively those 

resonance frequencies that are matching the naturally resonance frequencies of the TCC, as 

presented in this chapter, figure 5.4. 

 

The vibration amplitudes of the cantilevers were detected by an optical readout system as 

shown in figure 5.2a. The system consists of a green laser and a four quadrant photodiode 

(4QP) arranged in the optical lever configuration. The latter technique has been used to detect 

cantilever oscillation amplitudes below 1 nm and therefore is particularly suitable to detect 

small variation in low amplitude oscillators, as in our case [107]. The green laser beam 

deflects via two beam-splitters (50%/50% cube beam splitter or prism) one focused onto the 

TCC device using an optical microscope, as shown in figure 5.2b. A manual micropositioning 

XY stage is used to move the whole chip with respect to the optical path in order to detect the 

frequency response of each cantilever. The drive laser signal is removed from the optical lever 

path using a band pass filter with optical density (OD) 6. A second manual micropositioning 

XYZ stage is used to move the 4QP to maximize the signal and the rotation of 4QP that can 

contribute to increase the signal as well as shown in figure 5.2c.  
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Figure 5.2: Experimental setup images.  a) and b) show front and side images of setup of a frequency-pulsed-

laser. c) A close view of the photodetector, focus lens, filter and the sample. d) A ceramic dual-in-line package is 

used to mount the sample with electrical connections to be used for RF dielectric actuation purpose. 

5.3 Optimization of Experimental Setup  

Moving to SiN cantilever it was possible to obtain more symmetric structures with a very 

small residual movement of the central cantilever in the second mode. However, it was 

impossible to obtain zero movement. From FEM simulation, especially in the second mode 

(antisymmetric mode), a torsional bending was observed with and without added masses on 

the cantilever in figure 3.10. This is due to the bending of the whole structure which is 

proportional to the vibration amplitude of the external cantilevers. This torsional mode is 

present also in the case of a perfectly symmetrical structure. Our interest is to detect the 

vertical motion of the cantilever and to decouple this information from the always present 

torsional amplitude. The torsional bending can be reduced by rotating the photodetector. In 

this way, the torsional bending is decoupled from the vertical vibrations. The frequency 

response is measured before and after the rotation of the photodetector, in figure 5.3.  

 

 

Figure 5.3: The oscillation amplitude versus resonance frequency. The red, black and grey lines are standing for 

central, upper and down cantilevers, respectively. (a) The angle of the photodetector is not optimized. (b) The 

angle of the photodetector is optimized. 

The above measurements have been performed on the SiN TCC device.  

5.4 Actuation methods (Piezoelectric and Optical actuation) 

In this section, we suggested suitable actuation strategy in order to increase the sensitivity of 

a b 
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the TCC device. Sensitivity of the device can be improved in several ways such as better 

fabrication process, optimization of the experimental setup and selection of actuation strategy. 

However, mainly, the actuation method is the key factor in determining the sensitivity. 

Among several actuation strategies, piezoelectric and optical are the best suitable actuation 

mechanisms [69]. Frequency response measurements is performed on SiN TCC by 

considering two actuation strategies, the first actuation is to use the piezoelectric material to 

give a mechanical motion to the sample. The piezoelectric material transforms into the 

mechanical motion by applying RF signal to the material. The alternative actuation method is 

the frequency modulated pulsed laser technique to excite the cantilevers of SiN TCC device. 

The respective plots are shown in figure 5.4 below. 

 

 

Figure 5.4: The vibration amplitude vs. frequency. The red line stands for optically actuation and the grey line 

stands for piezoelectric actuation.  

 

The piezoelectric actuation excites the desired resonance frequencies as expected. However, 

there are some drawbacks for its use. Unwanted spurious frequencies involved in the 

frequency spectrum is the one the main disadvantage of this actuation as shown in grey color 

in figure 5.4. A macroscopic piezoelectric slab is placed in mechanical contact with the chip. 

If we had piezo cantilevers, contacted individually, we will not have the same problems. 

 

The piezoelectric actuation excites preferentially the first fundamental mode more than the 

second and third. The reason is that in the first mode all the cantilever oscillate in phase and 

therefore they can be excited all together at the same time by mechanical vibration. In second 

and third mode, on the contrary, one or more cantilevers are in antiphase with respect to the 
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other(s): therefore, when the whole chip is excited, part if the energy is transferred to the 

wrong cantilever, and thus lost. The photothermal actuation on the contrary, can be focused 

on one particular cantilever so that the maximum energy is transferred for each mode. 

Moreover, an objective lens is used to focus the position of the excitation laser so that the 

oscillation intensity can be maximized. As a consequence, as optical actuation excites equally 

all the modes and the relative intensity respects the amount of energy stored in each mode 

[108]. 

 

The laser beam excites the cantilevers while it focuses by using the objective lens at the 

overhang of SiN TCC. The reason is the modulation of the spring constant is varied by the 

laser beam by locally heating the spot area (and its temperature gradient), as a result the 

material will thermally expand, which induces the compressive stress pushing the structure 

into bending of cantilever [109]. The advantage of applying the optical actuation is it does not 

require the oscillator to be conducting and no need of additional coils or electrodes located in 

proximity to the oscillator. It can be easily integrated into existing, widely used optical 

detection techniques.  

5.5 Measurement of SOI TCC 

In this design, we fabricated the cantilevers in silicon material. The details of fabrication 

process are described in design and fabrication process chapter. The fabricated device of TCC 

of silicon-on-Insulator (SOI) is shown in figure 5.5c.  
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Figure 5.5: The oscillation amplitude versus frequency. a) The measurements are done with the SOI-substrate. 

Frequency response vs. normalized amplitude of TCC. The red and black colors are indicating the vibration 

modes of the central and lateral (outer or external) cantilevers, respectively. The central and lateral cantilever is 

symmetric in the first mode. b) Frequency response vs. phase of first and second modes. c) SEM image of SOI 

TCC. 

 

We measured the resonance frequencies of SOI TCC. The measurements are performed on the 

central and one of outer cantilevers, as illustrated in figure 5.5a. The first and second 

eigenmodes are 304 kHz and 318 kHz, respectively. The first mode shows that the central and 

outer cantilevers are symmetric, as there is no frequency shift is observed. The central and 

outer cantilevers are in same phase as plotted in figure 5.5b. The second mode in figure 5.5a, 

illustrate the vibration amplitudes of the central and outer cantilevers. The red and black lines 

are indicating the vibration amplitudes of the central and outer cantilevers, respectively. The 

vibration amplitudes of the central cantilevers is only a factor 10 less compared to the 

vibration amplitude of lateral cantilever, and show a finite oscillation amplitude which was 

not expected from simulations. We attributed this effect to the defects generated in the 

fabrication process such as improper wet etching as shown in figure 5.5c. It has shown in 

chapter of Design and Fabrication Process that the etching of HF may create asymmetry in 

the structure in a way that the dimensions of the outer cantilevers are different with the central 

cantilever. The phase of the central cantilever in the second mode behave as expected, with 

the two cantilevers which oscillate in phase (neglecting a factor 2) below the resonance 

frequency, and oscillate in antiphase above the resonance frequency, which indicated that the 



5 Experimental Results 79 

 

central cantilever oscillate in phase with the non- measured lateral one, which in turn means 

that the measured one is the heavier of the two is also different as illustrated in figure 5.5b. 

 

5.6 SiN TCC as Mass Sensor 

In the previous SOI TCC design the vibration amplitudes of the lateral cantilevers have factor 

10 higher than the central cantilever. But, there is a necessity to improve this factor to have a 

better sensitive device. Hence, we proposed and developed another with SiN material (SiN 

TCC). In this SiN TCC design, a better fabrication process than SOI TCC has been carried out 

and is presented in the Design and Fabrication Process Chapter 4. We observed from the 

simulation results, addition of more masses to the SiN TCC results increase in the vibration 

amplitude of central cantilever.  

 

 

 

Figure 5.6: Beads on other device with 100 mircons. All the beads are deposited around the overhang, and few 

beds are on the cantilevers.  

In addition, a linear relationship is observed between non-mass lateral cantilever and the 

central cantilever in the pg range. Investigations have been done to measure the mass of silica 

beads of sizes 1 micron and 4 microns using the device. Experimental studies are performed 

to observe the relation between added masses and the vibrational mode localization of SiN 
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TCC with other and better SiN TCC devices, as shown in figure 5.8d.  

 

We have measured SiN TCC with three beads as shown in figure 5.7a and more beads shown 

in figure 5.7c. 

 

Figure 5.7: a) and b) are the same devices with different view . There are two beads on the right lateral cantilever 

and one on the left lateral cantilever. Similarly, c) and d) are the same device with different view. e) frequency 

response of the three modes before and after beads addition for the structure shown in panel a) and b) 

The mass response measurement of device figure 5.7a is shown in panel e: Here it is 

qualitatively clear that the system is still rather symmetric, since the single bead at the edge of 

the left cantilever is compensated by the two beads in the middle of the right cantilever. The 
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measurements confirm our assumptions: indeed all the resonance frequencies are lower 

shifted upon mass addition, as expected, but the amplitude of the second mode for the central 

cantilever does not change significantly, since the symmetry is quite preserved. 

  

Figure 5.8d. shows clearly the mode localization of SiN TCC device.  

 

 

Figure 5.8: Frequency response vs. vibration amplitude. a) This plot is performed before beads are added to the 

TCC. The black stands for up cantilever, the red stands for the central cantilever and the grey is for down 

cantilever. The three modes are measured for all the cantilevers. b) This plot is after beads are added. c) In this 

plot before and after beads are added are plotted together. From the resonance frequency shift the added mass 

can be calculated.  d) A SEM image of TCC with the beads. e) Phase spectrum of the second mode after bead 

adsorption. The gray curves refer to the lateral cantilever with beads, the black curves refer to the lateral 

cantilever without beads, the red curves refer to the central cantilever.   
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In order to test the devices performances, silica microbeads with diameter of 4µm and 0.95 

µm and weight of 73 pg and 0.98 pg respectively are used. Silica microbeads were dispersed 

on the sample starting from a high dilute water-based suspension. Unfortunately this method 

does not allow a precise location of the beads and only few devices resulted with a suitable 

bead localization, as shown figure 5.6 for smaller beads and 5.8d. In figure 5.8d we display a 

scanning electron microscopy (SEM) image showing one microbead at the extreme end of a 

lateral cantilever, and several beads on the base of the cantilever and on the overhang. Figure 

5.8c shows the frequency response of the first mode for the central and lateral cantilever 

before (right) and after (left) mass addition. The recorded frequency shift corresponds to a 

mass increase of about 16 pg; considering the 5 beads located along the cantilever, each 

contributing a fraction (x/L), where x is the distance from the cantilever base and L the 

cantilever length [110], this gives a bead mass of 9 pg, strongly underestimated. A FEM 

analysis was performed to test and verify the x/L dependence of the frequency shift also for 

TCC systems. Figure 5.8a and b shows the oscillation amplitudes relative to the second mode 

recorded on the unloaded, loaded, and central cantilever (black, gray and red curve, 

respectively) before and after the deposition of the silica bead. The amplitude ratio ρA 

increases from about 10
−3

 to 0.08 thus providing a mass ratio of 1×10
−2

 that corresponds to an 

added effective mass of 62 pg. We performed FEM analysis to investigate the dependence of 

ρA on particle location along the lateral cantilever in a TCC system. The simulation showed 

that ρA is proportional to (x/L)
2
. By weighing accordingly the contribution of each particle we 

obtained 61 pg per bead, closer to the real value. The frequency shift based mass 

determination error can be explained considering the stiffening of the cantilever elastic 

constant induced by the bead interaction at the cantilever bases which shifts the resonance 

frequency to higher values [111]. From this experiment we conclude that the mass 

measurement using TCC systems is less affected by surface stress induced by mass location. 

We also notice, that, in agreement to what should be expected from the general behavior of 

mode localization [73], the loaded cantilever amplitude is reduced with respect to that of the 

unloaded one. In figure 5.8e we report the phase behavior for the three cantilevers at the 

second mode. Before crossing the second resonance the three cantilevers follow the excitation 

with the same phase delay (180⁰). At resonance, the two external cantilevers vibrate in 

antiphase, and the central one, follows the motion of the unloaded one. Far above the 

resonance the three cantilevers are again all 180⁰ out-of-phases relative to the excitation, but 

the loaded one has performed one extra cycle. The phase matching between mode resonances 

for each cantilever is responsible for the asymmetric shape of the resonances [112]. By 
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monitoring the phase response of the TCC system, the location of the adsorbed mass can be 

therefore identified, regardless of the value of the added mass.  

 

 

Figure 5.9: Frequency response measurement of another design of SIN TCC. This design has twice longer 

cantilevers than the previous.  a) All the three eigenmodes are shown in the same plot. The resonance frequency 

measurements are performed before and after adding beads. The dotted lines are indicating no beads are added 

and the continuous lines after beads are added. The black and grey colors are for outer cantilevers and the red 

color is for central cantilever. b) The mode localization of the vibration of the central cantilever before and after 

beads is added to the TCC. The black line is indicating the vibration without beads and the red line is showing 

that the eigenmode is increased (more localized) due to deposition of beads. From the shift in the vibration 

amplitude modes as illustrated the added mass can be found. c) A SEM image of SIN TCC with deposition of 

beads on the overhang as well as on the outer-left-cantilever. d) A close SEM image of one bead on one of the 

outer-left-cantilever.  

 

To further investigate the experimental sensitivity limits of the TCC system and to explore the 

possibility of minimizing the adsorption induced stiffening effect, in figure 5.9c,d SEM 

picture shows TCC device in which two small silica bead have been located on one lateral 

cantilever (the inset shows a detail of the two beads). The frequency response before and after 

the bead addition is displayed in figure 5.9a,b where first and second mode response are 

displayed. figure 5.9a shows the 200Hz frequency shift following the mass increase, measured 

on the first vibration mode of the system. Considering that the particles are located 10 
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microns away from the cantilever extremity, the measured mass is 1.5 pg. On the other hand, 

the relative amplitude increase in the second mode measured on the central cantilever and 

shown in figure 5.9b is 0.0013 thus providing a mass ratio of 1.6×10
-4

 that, considering the 

quadratic dependence on position along the cantilever, corresponds to an added mass of 1.6 

pg. Here, because of the negligible size of the beads, the stress induced upon absorption is 

negligible and the two methods are consistent with each other. 

 

In conclusion, we demonstrated the application of the measurement of amplitude variation for 

the determination of the absorbed mass in a TCC system. This approach exhibits sensitivity 

comparable with the well established frequency shift method, when used in high vacuum and 

with high quality factor cantilevers, and offers several additional advantages. Our technique is 

less affected by the surface stress induced by mass adsorption along the cantilever; the 

quadratic dependence on the adsorbing site position allows a more precise determination of 

the mass location; using the oscillator phase response it is possible to identify the cantilever 

onto which adsorption takes place. Further potential advantages are the insensitivity to the 

adsorption of a nonspecific, uniformly distributed, mass (resulting, for instance, from 

environmental contamination) that does not alter the symmetry of the system and therefore 

only induces a frequency shift with no amplitude redistribution, and the weak dependence on 

the quality factor of the oscillator, therefore on the operation environment of the device. 

 

5.7 Focused Ion Beam with SiN TCC 

We used FIB to make some cubic structures on the free end of the cantilever of silicon nitride 

TCC, as SEM image is shown in figure 5.10. Each cubic structure has an area of (3μm)
2
 and 

the thickness of the cubic structure is the same of the silicon nitride cantilever (2μm). The 

dimension of the cubic structure is measured after FIB is performed. Each cubic structure has 

a weight of 54 pg.  

 

The FIB process is an extremely versatile technique which is used in research environment to 

remove or deposit material on microstructures with nanometric spatial control. The 

continuous down scaling of material science demands a corresponding focus on methods for 

both investigation and manipulation of materials at that level. FIB is a very versatile technique 

that has found use in different areas within especially semiconductor and materials research. 

The principle of FIB is not very different from Scanning Electron Microscopy (SEM) and the 

typical setups look in many ways similar. Ions are extracted from a Liquid Metal Ion Source 
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(LMIS), which often is gallium that are kept liquid in the source and extracted from a tungsten 

tip by a large potential, that also ionizes and accelerates the ions to typical energies of 5-100 

keV down through the column. Electrostatic lenses condenses and focuses the ions while an 

extraction voltage and plate apertures pick out a desired beam current by blanking the path of 

outer ions. Secondary lenses are used to scan the ion beam across the surface. The reason for 

using electrostatic lenses is because the normally used magnetic lenses in electron 

microscopes need to be very large to condense the much heavier ions. [113] When ions strike 

the surface of the sample different scattering processes can occur. Ions are much bigger and 

heavier than electrons and hence they deliver their much higher energy density at a much 

shorter distance than electrons. The ions impinge on the surface and interact with substrate 

atoms in scattering processes. The ion-matter scattering can either have an elastic character 

with nuclei or inelastic with electron. If the ions deliver enough energy to overcome the 

binding energy of the surface atoms, these are physically sputtered away and either ventilated 

out or redeposited in other areas. The sputtering of atom by the ion beam is referred to as FIB 

milling. If the ions do not transfer the required amount of energy to sputter away atoms, they 

instead enter the sample. Thus contaminating the original material [114,115]. 

Figure 5.10: The first cubic structure is made with FIB on one of the lateral cantilever. The dimension of the 

cubic structure is measured after FIB is done. The volume of the cubic structure is 3x3x2μm. The TCC sample is 

titled forward in order to perform the measurement of the thickness of the cubic structure.     

The SiN TCC sample is measured after each FIB steps. The results are shown in figure 5.11. 

We normalized all the plots with respect to the first modes as shown in figure 5.11. The lateral 

cantilevers have black (outer up which means right cantilever) and grey (outer down which 

means left cantilever) colors, respectively and the red color is for the central cantilever. The 

ratio amplitude is between the amplitudes of the lateral cantilevers and the amplitude of the 

central cantilever in the third mode, as illustrated in figure 5.11. The idea behind the FIB 

experiment was to remove 60pg each time to test the TCC as a mass detection sensor. In this 
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way, the amount and the position of the removed material can be controlled with a 

considerable advantage as compared to deposition of the silica beads in the previous section 

where it resulted impossible to avoid the deposition of beads are around the overhang. 

Moreover the aim of this experiment was to demonstrated that TTC system is sensitive to the 

differential mass i.e. to the mass selectively adsorbed (or desorbed as in our case) from one 

specific cantilever being on the contrary insensitive to unspecific adsorption.  

 
The first cubic structure with FIB is performed as seen in figure 5.10, and the mass of the 

cubic structure can be calculated by calculating the volume of the cubic structure and the 

density, for Silicon nitride it is 3100 kg/m
3
 according to the Comsol Multiphysics.  

As seen in figure 5.11, numbers of cubic structures are increasing from 1 to 3 and resultant 

graphs are shown beside each design in figure 5.11b to d. We observed from the plots the 

vibration amplitude of the central cantilever in the third mode increases with increase in the 

number of cubic structures due to the imbalance in the structure. We also tried to bring back 

to the balancing condition (one cubic structure case) by adding two cubic structures each on 

two other cantilevers as shown in figure 5.11e. The steps and specifications are shown in table 

1. 
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Figure 5.11: Normalized amplitude of vibration of the cantilevers with respect to the frequency. There are five 

plots of five different FIB steps. The red color is for the central cantilever, the black and grey colors are 

indicating outer up (left) and down (right), respectively. A) In this plot the cantilevers are not drilled for any 

cubic structures. The second mode for the amplitude of the central cantilever is around 1x10
-2

. B) The first cubic 

structure is made on one of the lateral cantilever and the amplitude of the central cantilever is increased to 8x10
-1

 

as indication of symmetry break in the structure. C) The second cubic structure is close to the first one. D) The 

third cubic structure is made and the vibration amplitudes of outer cantilevers are not equally leveled in vibration 

amplitudes. E) The last FIB step fourth cubic structures are done and the second mode has an unstable behavior 

as compared to before.   

 

All the cantilevers are measured for all the distinct modes (first, second and third), as seen in 

figure 5.11. The second and third modes are normalized with respect to the vibration 

amplitudes of first mode. The first plot in figure 5.11A, is measured before FIB process. The 

second and third modes are showing a general TCC behavior.  

 

The readout and actuation is performed by using the frequency pulsed lasers. The detection 

laser is located close to the free end of the cantilever hence, the laser beam can be partially 

diffracted by the cubic structure so that the overall intensity in one mode could result 
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diminished. A second possible explanation come from the well known fact that FIB operation 

damage the substrate through the implantation of Ga
+
 ions which create defects which in turn 

affect the resonance quality factor. Therefore the frequency measurement for the last step of 

the FIB process did not show proper results, especially in the second mode for all the 

cantilevers. Therefore, although the qualitative behavior is consistent with the initial 

assumption we were not able to  produce a quantitative agreement with second mode 

simulation, as illustrated in figure 5.11D and E. In particular amplitude ratio did not follow a 

linear relationship with the remode mass and did not recover completely after removing mass 

from the other cantilevers. The third modes are having more reliable results and therefore we 

display a table with all the ratio amplitudes for both down (right) and up (left) cantilevers with 

respect to the central cantilever, see the table 1. The data do not show a linear trend though in 

general the ratio increases with the increase of the asymmetry of the structure. The more 

relevant result is that, when the structure recovers, at least partially, the symmetry the ratio 

decreases again, showing that it depends on the localization of the mass rather than on the 

overall added/removed mass.  

 

FIB Steps Cubic structures 

(60pg each) 

Ratio (Up/Central) Ratio (Down/Central) 

No FIB processing - 0.56 0.56 

1 1 (same cantilever) 0.54 0.48 

2 1 (same cantilever) 0.82 0.85 

3 1 (same cantilever) 0.91 0.34 

4 4 (central and the 

other outer cantilever) 

0.60 0.60 

Table 1: The zero step in FIB step means that the TCC device was measured before the FIB process. The other 

steps of FIB show that for each step one cubic structure was added to the one of the cantilever. 4 cubic structures 

were added at the last step of FIB process. Two cubic structures are added to the central and to the one of the 

outer cantilever. Calculation of the ratio amplitudes of the upper and down cantilevers are written with respect to 

the central cantilever.   

5.8 A proposal for a Micromechanical Transistor (µMT) 

One particular field in MEMS that has a growing interest in the electronic and communication 

markets [116] is RF-MEMS with various RF applications such as switches, resonators, and 

filters etc. Operation of MEMS analog devices are based on the mechanical motion of a 

resonator. The mechanical motion of the moving parts (cantilevers) is typically controlled by 

a radio frequency signal force. Different attempts of MEMS switches and circuits can be 

found in the literature [117,118,119].  

 

The use of coupled cantilevers [120,70,105] for mechanical based logic elements have been 
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already proposed in the past times. The MEMS devices are good candidates as alternative to 

the traditional electronic components on the design of multiple RF devices [105,120] i.e. 

mixers, on/off-switches, oscillators etc. These devices will improve the performance of an 

electronic system, such as reducing costs, power consumption etc. [121,122] The 

conventional electronic components of silicon such as FETs and PIN diodes have the 

disadvantages [123] of high power consumption, low reliability, and high manufacturing cost. 

The RF MEMS devices are offering miniaturization, integrating and better performance. 

However, these semiconductor switches have poor isolation at high frequency operation.  

 

The aim of this section is to mimic the Field Effect Transistors (FET) device in totally based 

on mechanical coupled cantilevers transistor.  

In traditional FET device, an electrical field gates the flow of electrical current through a 

semiconductor. Instead of using an electrical signal, the new logic devices create the 

switching field by mechanically deforming a cantilever. The coupled cantilevers are deformed 

due to the electrostatic voltage (VDC), which lower the oscillation amplitudes of another 

lateral cantilever. When we apply a RF-signal to across two Au-metal electrodes as shown in 

figure 5.12, we create a field, which is sufficient to excite the SiN TCC Electrodes device into 

a vibration. By applying a static voltage (VDC) on another cantilever, the cantilever motion 

will be damped due to the cantilever attraction to the maximum point of the electric field. This 

can work as damping factor for the whole system, in other words, the DC bias will serve as a 

gating voltage. This type of device would allow mechanical action to be interfaced with 

electronics, and could be the basis for a new form of logic device that uses the mechanical 

resonator instead of field effect transistor. The mechanical alternative to the electronic FET 

could be extremely advantageous in all those particular conditions where electronics fails, 

such as at extremely low temperatures, where electrons are frozen inside the semiconductor, 

or in harsh environment, where surface chemistry determine the response of superficial 

electron channels, or in presence of damaging radiation that can affect the conductive 

properties in semiconductor-based transistors. 

The SiN TCC Electrodes are actuated by the dielectric gradient force. In the following section 

the actuation will be implemented and applied on the SiN TCC Electrodes.  

 

5.8.1 Dielectric gradient force actuation 

 

The new drive scheme is integrated with the cantilevers. It is a local actuation for arbitrary 
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resonators that is based on electrical signals. The results of optical and dielectric gradient 

force actuations are shown in figure 5.13. 

 

Figure 5.12: It is an optical image of TCC with the dielectric gradient force actuation method. The cantilevers 

are labeled with numbers in order to better recognize the displacements of each of cantilevers. The yellow 

electrodes are aligned with the cantilevers. The dielectric gradient force actuation is configured by an 

electrostatic voltage (VDC) and RF signal (VRF) on cantilever 2.  

 

We have applied two different actuation methods on the same SiN TCC Electrodes device. 

From the previous design SiN TCC has shown that the optical actuation could excite all the 

fundamental modes. Therefore, we used optical actuation also on the new design SiN TCC 

Electrodes. The results are shown in figure 5.13. The dielectric gradient force actuation works 

by applying electrostatic voltage VDC and radio frequency signal VRF on the central cantilever 

as shown in figure 5.13a. The optical actuation works by using a frequency-pulsed laser on 

the overhang of the SiN TCC Electrodes, as shown in figure 5.13b. All the modes are plotted 

for all the cantilevers as shown in figure 5.13b.  Few difference can be observed in the two 

actuation method. First, dielectric actuation imposes equal amplitude on all the cantilevers in 

all the modes, while optical actuation produces differences in amplitude as predicted by FEM, 

although in this particular device it wasn’t possible to obtain a perfect symmetry. Second 

resonance width is much larger in electrostatic actuation, inditaing that the induced cantilever 

polarization is actually dissipating energy and is the dominant effect in this actuation mode. 
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Figure 5.13: Plot of frequency response vs. displacement amplitude. The black and grey is representing the 

lateral cantilevers, respectively. The red stands for central cantilever. Two different actuation techniques are 

used. a) the dielectric gradient force actuation  method is used and all the modes are shown as it is the case of the 

optical actuation. b) the frequency-pulsed laser is used on the new design SiN TCC Electrodes. The modes are 

comparable with the dielectric gradient force technique. 

We have shown that a dielectric cantilever can oscillate when a static voltage applies with a 

modulation signal, then the cantilever attracts towards the maximum field strength because of 

the inhomogeneous electric field, as shown in figure 5.13a. The inhomogeneous field in the 

cantilever is created by two Au-electrodes, as shown in figure 5.12 for the central cantilever. 

A static voltage VDC applied to the electrodes induces a strong dipolar moment in the 

cantilever that in turn experiences an attractive force directed towards the electrodes. 

Modulating VDC with an RF-signal VRF gives rise to an oscillating force component that 

drives the cantilever perpendicularly to the sample plane.   

 

We apply a static voltage on one of the oscillating lateral cantilevers. The static voltage is also 
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a spatially non-uniform field; thereby the cantilever will try to remain in the maximum field 

region and a restoring force against the motion will be developed, decreasing the oscillation 

amplitude. The field force works like a damping force for the applied lateral cantilevers, 

because of the polarization dissipation mentioned before. Thanks to the fact that the TCC 

system is made of three strongly entangled cantilevers which are, on the other hand, spatially 

separated, it is possible to create on the same oscillator a damping field separated from the 

oscillating field. In spite of the fact that the two are applied to two distinct cantilevers, they 

affect the same oscillating system exactly in the same way two distinct voltages, VSD and VG, 

affect the current in the channel of a FET. It is worth to stress here that, if a DC voltage is 

applied on the same cantilever on which the RF voltage is applied, the oscillation amplitude is 

increased by a factor 1 + VDC/VRF .  

With these two properties:  

 

 Applying VDC and VRF on central cantilever 

 Applying Vdamping on one of the lateral cantilevers 

 

These two properties together to conceive a sort of micromechanical transistor 

 

Before the micromechanical transistor introduces, the FET device is explained, because the 

micromechanical transistor has many similarities with FET device.  

5.9 Field Effect Transistor (FET) 

In this section the concept of FET device will be presented. We can make an analogy between 

the FET device and the micromechanical transistor. In the figure 5.14, the FET device will be 

introduced in a simple schematic diagram.  

 

Figure 5.14: A schematic of diagram of Field Effect Transistor (FET) in cross section. a) The S stands for 

source, D is drain current and the G is representing gate voltage. The current is flowing from the source to the 
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drain, IDS. The gate voltage, VG, is controlling the current between the source and drain channel as shown with 

the blue color. b) The I-V characteristic of FET is shown. In the initial stage of the VDS and ID is linear. When the 

VDS, is reaching the threshold value starts the ID to saturate. The level of the ID is decided by the gate voltage. 

[124]   

 

The I-V characteristic behavior of FET device can be divided in three regions. The first region 

or called cut off, the current is zero (ID=0) and the FET device is acting as an insulator, when 

the VDS is smaller than the pinched off voltage (Vt). In the second region, the FET device is 

acting like a linear resistor because the value of the drain-source voltage (VDS) is > pinched 

voltage (Vt) as shown in figure 5.14b. The third region, or called the saturation region, where 

the FET device is controlled by the gate voltage (VG), means that the current is not increasing 

further as the drain-source voltage is increasing. We can see that for a given value of gate 

voltage (VG), the current is constant. If the voltage gate, VG1 negatively increases, the 

conduction channel will narrow and the current flow between the source and the drain will be 

reduced, as it is shown in figure 5.14b. The first gate voltage VG1 is usually zero; therefore the 

ID has the highest current flow. When the gate voltage VG4 is reached a sufficient enough 

negative value the channel will stop flow of the current between the source and drain channel, 

also called cut off [124], as is shown in figure 5.14b.  

 

The main three operations of FET are: 

 

1) Cut-off regime where no channel exists (Vt>VG) and ID = 0 for any VDS 
 

2) Linear resistor regime (VG > Vt). 

 

3) Saturation regime in which the channel is pinched means (VG>Vt) and ID is 

not      increased as VDS increases.  
 

The final goal of the project is the development of a full micromechanical transistor using SiN 

Electrodes TCC. In a transistor a high power signal is controlled by a low power signal, thus 

obtaining amplification. In a FET device, at VDS (the input voltage) constant, the output 

current IDS is controlled by the Gate Voltage, VG. Since IG is negligible, the FET acts as an 

amplifier. In our device an oscillating bias VRF applied to one cantilever 2 is used to put the 

three cantilevers in oscillation, as seen in figure 5.12. A second cantilever is exposed to a DC 

bias that damps the cantilever motion, which is detected on the third cantilever. So, the 

oscillation amplitude of the SiN Electrodes TCC is controlled by the DC signal, which, having 

no RF components is a low power signal, while both excitation and oscillation are RF signal 

and thus high power signal. Therefore we obtain an amplification effect. Proof of principle 

investigations were performed and suggest that the device proposed is working as expected.   
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In the following the analogy of FET and µmechanical transistor are listed.  

 

 
 

 

The saturation region in a FET device is related to the no current increases further as drain-

source voltage increases. The saturation region for micromechanical transistor is illustrated  

by figure 5.15.   

 

Figure 5.15: Oscillation amplitude vs. frequency for a given resonator. a) The black line is taken at the peak-

value of the lowest oscillation amplitude. The points are plotted in the right side. b) Oscillation amplitude vs. 

actuation voltage (VRF). It is clear that the actuation voltage is linear to certain value, and then the oscillation 

amplitude starts to reach a plateau [125]. 

The magnitude response curves at various driving amplitudes are shown in figure 5.15a. At 

large amplitudes, the frequency response becomes nonlinear due to second order mechanical 

properties such as stretching of the resonator. The deflection of the resonator shows that with 

modest excitation voltages, motion beyond the onset of nonlinearity [126] is obtained. At 

larger excitations the oscillation amplitude is increased and the resonator is stretched, and, as 

in guitar strings under tension, the resonance frequency is shifted to higher values. As the 

frequency is swept from low to high, it reaches a point that is no longer stable and so it 

rapidly switches to the next stable state at lower amplitude. 

 

The overall effect is that exciting the mechanical resonator at fixed frequency above a certain 

amplitude the oscillation amplitude is not going to increase as actuation voltage (VRF) 

increases, as shown in figure 5.15b.  

FET 

VDS 

VG 

IDS 

µMT  

Actuation amplitude VRF 

Damping voltage VDC 

Oscillation amplitude   
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The experimental results of the SiN Electrodes TCC are measured by applying VRF and VDC 

on the lateral cantilever as shown in figure 5.16, and the measured the IDS, oscillation of the 

lateral cantilever as shown in figure 5.16 by using a CW green laser and photodiode, as shown 

in figure 5.2c.  

 

Figure 5.16: The configuration of micromechanical transistor is shown by applying a static voltage (VDC) on the 

left cantilever, VRF signal on the central cantilever and the output signal, which is the oscillation amplitudes are 

measured by the right cantilever, where the green arrow is pointing on the green laser spot. The value of the 

damping voltage VDC and actuation voltage VRF are varying from 0V to 4V in all the three modes.  

 

The results of measurement of the right cantilever in first, second and third modes with 

varying the actuation and damping voltage from 0V to 4V are plotted in figure 5.17.  
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Figure 5.17: Oscillation amplitude vs. actuation voltage. The actuation and damping voltage is from 0V to 4V, 

respectively. The oscillation amplitude of the right cantilever is decreasing in the five damping voltage values.  

 

The results of micromechanical transistor has shown that it has the tendency of the FET 

device in the linear resistor regime. The results do not show the saturation regime; which is 

more easily obtained in microbridges, which are clamped at the two ends and therefore 

experience larger non linear effect. On the other hand the TCC approach can be applied also 

to suspended microbridges, therefore more investigation in the direction are envisaged.  

 

However, our work with coupled cantilever transistor device provides a first implementation 

of a new approach to analog operations that performs mechanical-electrical actions in one 

structural unit using a single material. This new family of transistors-like micromechanical 

devices could provide new processing and memory capabilities in very small and portable 

devices. 
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5.10 Cell Growth on Cantilever 

We performed an preliminary experiment on GT1 cells which are used as a neuronal cell 

hypothalamic cell line. The GT1 cells are grown on the cantilevers according to the protocol 

explained by Didonna A. et al [127]. Those cells are grown on the cantilever, as shown in 

figure 5.18a, 5.19a. The cells grow well on the cantilevers and the images in figure 5.18b, 

5.19b show that the cells were grown on the cantilever and close to the edge of the paddle. 

Using the standard protocol for fluorescence to recognize the nuclei to define number of cells 

are shown in figure 5.18b and 5.19b.  

 

With the technique of resonance frequency shift method the weight of the cells can be 

defined. The cells are dried and fixed so it is possible to perform the measurement in low 

vacuum. The cantilevers were measured before the treatment with the cells. Afterwards the 

cantilevers were prepared to be measured with the dried cells. In this way the weight of the 

cells can be found and compared with the nuclei on the images performed.  

 

The image in figure 5.18b, shows that there three cells on the base of the cantilever. This can 

change the mechanical property of the cantilever’s resonance frequency  

 

Figure 5.18: The frequency is normalized with the without cell resonance frequency. The y-axis is the 

normalized vibration amplitude of the cantilever. The opposite y-axis is the phase profile. a) The cantilever after 

the fabrication process. The dimensions of the cantilever are 200x200x2µm
3
. b) The fluorescence image of the 

cells on the cantilever to count the number of the cells that are grown after the treatment of the cell growth. c) 

The frequency response is performed before and after. The black color is before cells on top of the cantilever. 

The red color is after the cell treatment. The dotted lines are the phase of the cantilever.  
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In principle the resonance frequency of a mechanical resonator should decrease as the mass of 

the cantilever increases. In this case the resonance frequency is increasing due to cells grown 

on the base results the stiffening of the cantilever elastic constant, as shown in figure 5.19b. 

The next example is shown that the cells are not grown on the base.        

 

 

Figure 5.19: The frequency is normalized. The y-axis is the normalized vibration amplitude of the cantilever. 

The opposite y-axis is the phase profile. a) The cantilever after the fabrication process. The dimensions of the 

cantilever are 200x200x2µm
3
. b) The fluorescence image of the cells on the cantilever to count the number of 

the cells that are grown after the treatment of the cell growth. c) The frequency response is performed before and 

after. The black color is before cells on top of the cantilever. The red color is after the cell treatment. The dotted 

lines are the phase of the cantilever. 

In this experiment the cells are not grown on the base, figure 5.19b. We observed the 

resonance frequency is decreasing after the cells are added. This measurements allowed us to 

evaluate the cellular mass in 0.5pg on average per cell. A further AFM analysis – not 

performed – would allow the estimation of the cell density. Other cantilever measurements 

are reported in the appendix E. The main improvement is to cover the base for cells, which 

can affect the cell growth and the cantilever will not perform as normal mechanical resonator.  

 



 

 

6 CONCLUSIONS 

Three identical microcantilevers are coupled and the mechanical behavior is changed from a 

single cantilever. The coupling gave three unique modes with distinct symmetry and 

resonance frequency. The first mode is characterized by all the microcantilevers oscillating at 

the same amplitude and phase. The second mode shows that the central cantilever has no 

movement and the lateral cantilevers have a movement but in antiphase. In the third mode, the 

central one is moving more than the lateral cantilevers. The lateral cantilevers are in the same 

phase than the central one.  The value of the length of overhang gives the necessary coupling 

effect to obtain the usual distinct modes with the highest vibration amplitudes.  

 

A Finite Element analysis of the mechanical behavior have been performed and the results 

have been employed to design the best structure. Moreover, the sensitivity of the devices have 

been determined.  

 

Triple coupled cantilever (TCC) systems were fabricated on Silicon on Insulator wafer and on 

Si3N4 suspended membrane using KOH-etch back-release technique.  

We observe numerous defects and disadvantages with this SOI device. The etching profiles of 

silicon oxide shows that the overhang and the cantilevers are not properly etched and not 

following the symmetry. This may lead to vary the mechanical properties of the device means 

the central cantilever may not operate as desired. Therefore, we made the TCC device with 

SiN. Hence, we conclude that the performance of TCC device with SiN is a better device 

compared to device with SOI to use as mass sensor. The experimental results obtained are 

also supportive to the this argument and were presented . 

 

Measurements show that the amplitude of oscillation of the central cantilever in the second 

mode is negligible and an amplitude ratio better that 100 is obtained. Using these devices, 
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preliminary results indicated that a mass down to 1pg can be detected.  

 

 

Focused ion beam lithography is used to make cubic structures in order to remove materials in 

a controlled manner in order to demonstrate the intrinsic sensitivity of our device to mass 

localization and the relative insensitivity to a-specific adsorbed mass. .  

 

An electrostatic actuation of the TCC devices has been implemented using a self-aligned 

configuration. This original configuration has been used to implement a micromechanical 

analogous of an electronic transistor. In this approach, which takes advantage of the 

mechanical entanglement of the three spatial separated cantilevers that form a TCC, one 

cantilever is excited with an RF bias while a second one is damped by a DC bias and the 

oscillation amplitude is monitored on the third one. The results of micromechanical transistor 

were limited to the linear regime, but a not negligible gating effect was demonstrated..  

 

Our work with coupled cantilever transistor device provided a first implementation of a new 

approach to analog operations that performs mechanical-electrical actions in one structural 

unit using a single material. This new family of transistors-like micromechanical devices 

could provide new processing and memory capabilities in extreme environmental conditions, 

such as at very low temperature or in presence of high energy radiation.  

 

Finally, the results of the grow of GT1 cells on the paddle has shown that the cells are grown 

on the cantilever and therefore gives a stiffer cantilever and thereby changing the resonance 

frequency to higher resonance frequency. We need to make the cells grow on the paddle and 

not on the cantilevers, so more investigations are needed. However we showed that it is 

possible to count and detect the mass of single cells. 



 

XV 

Appendix A – Details of simulation of TCC  

This appendix describes the details of simulations of TCC by Comsol  

COMSOL Model Report 

 
1. Table of Contents 

 Title - COMSOL Model Report 

 Table of Contents 

 Model Properties 

 Geometry 

 Geom1 

 Geom2 

 Materials/Coefficients Library 

 Solver Settings 

 Postprocessing 

 Variables 

2. Model Properties 

Property Value 

Model name   

Author   

Company   

Department   

Reference   

URL   

Saved date Nov 15, 2011 7:12:37 PM 

Creation date Nov 12, 2011 12:03:16 PM 

COMSOL version COMSOL 3.5.0.603 

File name: D:\Phd project\PhD Thesis\Simulation\frequency_vs_width_overhang\cantilever 

length 50\TCC_50_overhang_100.mph 

Application modes and modules used in this model: 

 Geom1 (3D) 

o Solid, Stress-Strain (MEMS Module) 

file:///D:/Phd project/PhD Thesis/Simulation/frequency_vs_width_overhang/cantilever length 50/TCC_50_overhang_100.html


 

XVI 

 Geom2 (2D) 

3. Geometry 

Number of geometries: 2 

3.1. Geom1 

 
3.1.1. Point mode 

 
3.1.2. Edge mode 



 

XVII 

 
3.1.3. Boundary mode 

 
3.1.4. Subdomain mode 
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3.2. Geom2 

 
4. Geom1 

Space dimensions: 3D 

Independent variables: x, y, z 

4.1. Mesh 

4.1.1. Mesh Statistics 

Number of degrees of freedom 131535 

Number of mesh points 6916 

Number of elements 24498 

Tetrahedral 24498 

Prism 0 
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Hexahedral 0 

Number of boundary elements 11152 

Triangular 11152 

Quadrilateral 0 

Number of edge elements 626 

Number of vertex elements 28 

Minimum element quality 0.278 

Element volume ratio 0.074 

 

4.2. Application Mode: Solid, Stress-Strain (smsld) 

Application mode type: Solid, Stress-Strain (MEMS Module) 

Application mode name: smsld 

4.2.1. Scalar Variables 

Name Variable Value Unit Description 

jomega jomega_smsld -

lambda 

rad/s Complex angular frequency 

t_old_ini t_old_ini_smsld -1 s Initial condition previous time step (contact with 

dynamic friction) 

refpntx refpntx_smsld 0 m Reference point moment computation x coord. 

refpnty refpnty_smsld 0 m Reference point moment computation y coord. 

refpntz refpntz_smsld 0 m Reference point moment computation z coord. 

4.2.2. Application Mode Properties 

Property Value 

Default element type Lagrange - Quadratic 



 

XX 

Analysis type Eigenfrequency 

Large deformation Off 

Specify eigenvalues using Eigenfrequency 

Create frame Off 

Deform frame Frame (ref) 

Frame Frame (ref) 

Weak constraints Off 

Constraint type Ideal 

4.2.3. Variables 

Dependent variables: u, v, w, p 

Shape functions: shlag(2,'u'), shlag(2,'v'), shlag(2,'w') 

Interior boundaries not active 

4.2.4. Boundary Settings 

Boundary   2-5, 7-11, 13-17, 19-25 1 

constrcond   Free Fixed 

4.2.5. Subdomain Settings 

Subdomain   1-4 

Young's modulus (E) Pa 250e9[Pa] (Si3N4) 

Density (rho) kg/m
3
 3100[kg/m^3] (Si3N4) 

Thermal expansion coeff. (alpha) 1/K 2.3e-6[1/K] (Si3N4) 

Poisson's ratio (nu) 1 0.23 (Si3N4) 

5. Geom2 

Space dimensions: 2D 

Independent variables: x, y, z 

6. Materials/Coefficients Library 

6.1. Si3N4 

Parameter Value 

Heat capacity at constant pressure (C) 700[J/(kg*K)] 

Young's modulus (E) 250e9[Pa] 

Thermal expansion coeff. (alpha) 2.3e-6[1/K] 

Relative permittivity (epsilonr) 9.7 

Thermal conductivity (k) 20[W/(m*K)] 

Poisson's ratio (nu) 0.23 

Density (rho) 3100[kg/m^3] 

Electric conductivity (sigma) 0[S/m] 

 



 

XXI 

7. Solver Settings 

Solve using a script: off 

Analysis type Eigenfrequency 

Auto select solver On 

Solver Eigenfrequency 

Solution form Automatic 

Symmetric auto 

Adaptive mesh refinement Off 

Optimization/Sensitivity Off 

Plot while solving  Off 

7.1. Direct (SPOOLES) 

Solver type: Linear system solver 

Parameter Value 

Pivot threshold 0.1 

Preordering algorithm Nested dissection 

7.2. Eigenfrequency 

Parameter Value 

Desired number of eigenvalues 3 

Search for eigenvalues around 0 

Eigenvalue tolerance 0.0 

Maximum number of eigenvalue iterations 300 

Dimension of Krylov space 0 

7.3. Advanced 

Parameter Value 

Constraint handling method Elimination 

Null-space function Automatic 

Automatic assembly block size On 

Assembly block size 1000 

Use Hermitian transpose of constraint matrix and in symmetry detection Off 

Use complex functions with real input Off 

Stop if error due to undefined operation On 

Store solution on file Off 

Type of scaling Automatic 

Manual scaling   

Row equilibration Off 

Manual control of reassembly Off 



 

XXII 

Load constant On 

Constraint constant On 

Mass constant On 

Damping (mass) constant On 

Jacobian constant On 

Constraint Jacobian constant On 

8. Postprocessing 

 
8.1. Eigenfrequency 

614462.7741527525 

648275.854840554 

773177.0359670842 

9. Variables 

9.1. Point 

Name Description Unit Expression 

Fxg_smsld Point load in global x dir. N 0 

Fyg_smsld Point load in global y dir. N 0 

Fzg_smsld Point load in global z dir. N 0 

disp_smsld Total displacement m sqrt(real(u)^2+real(v)^2+real(w)^2) 

9.2. Edge 

Name Description Unit Expression 

Fxg_smsld Edge load in global x-dir. N/m 0 

Fyg_smsld Edge load in global y-dir. N/m 0 

Fzg_smsld Edge load in global z-dir. N/m 0 

disp_smsld Total displacement m sqrt(real(u)^2+real(v)^2+real(w)^2) 

9.3. Boundary 

Name Description Unit Expression 

Fxg_smsld Face load in global x- N/m^2 0 
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dir. 

Fyg_smsld Face load in global y-

dir. 

N/m^2 0 

Fzg_smsld Face load in global z-

dir. 

N/m^2 0 

disp_smsld Total displacement m sqrt(real(u)^2+real(v)^2+real(w)^2) 

Tax_smsld Surface traction 

(force/area) in x dir. 

Pa sx_smsld * nx_smsld+sxy_smsld * 

ny_smsld+sxz_smsld * nz_smsld 

Tay_smsld Surface traction 

(force/area) in y dir. 

Pa sxy_smsld * nx_smsld+sy_smsld * 

ny_smsld+syz_smsld * nz_smsld 

Taz_smsld Surface traction 

(force/area) in z dir. 

Pa sxz_smsld * nx_smsld+syz_smsld * 

ny_smsld+sz_smsld * nz_smsld 

9.4. Subdomain 

Name Description Unit Expression 

Fxg_smsld Body load in 

global x-dir. 

N/m^3 0 

Fyg_smsld Body load in 

global y-dir. 

N/m^3 0 

Fzg_smsld Body load in 

global z-dir. 

N/m^3 0 

disp_smsld Total 

displacement 

m sqrt(real(u)^2+real(v)^2+real(w)^2) 

sx_smsld sx normal 

stress global 

sys. 

Pa 4 * G_smsld * ex_smsld/3-2 * G_smsld * 

ey_smsld/3-2 * G_smsld * ez_smsld/3-p 

sy_smsld sy normal 

stress global 

sys. 

Pa 4 * G_smsld * ey_smsld/3-2 * G_smsld * 

ex_smsld/3-2 * G_smsld * ez_smsld/3-p 

sz_smsld sz normal 

stress global 

sys. 

Pa 4 * G_smsld * ez_smsld/3-2 * G_smsld * 

ex_smsld/3-2 * G_smsld * ey_smsld/3-p 

sxy_smsld sxy shear 

stress global 

sys. 

Pa 2 * G_smsld * exy_smsld 

syz_smsld syz shear 

stress global 

sys. 

Pa 2 * G_smsld * eyz_smsld 

sxz_smsld sxz shear 

stress global 

sys. 

Pa 2 * G_smsld * exz_smsld 

ex_smsld ex normal 

strain global 

sys. 

1 ux 

ey_smsld ey normal 1 vy 
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strain global 

sys. 

ez_smsld ez normal 

strain global 

sys. 

1 wz 

exy_smsld exy shear 

strain global 

sys. 

1 0.5 * (uy+vx) 

eyz_smsld eyz shear 

strain global 

sys. 

1 0.5 * (vz+wy) 

exz_smsld exz shear 

strain global 

sys. 

1 0.5 * (uz+wx) 

sx_t_smsld Time der. of 

normal stress 

global sys. 

(sx) 

Pa/s E_smsld * ((1-nu_smsld) * ex_t_smsld+nu_smsld * 

ey_t_smsld+nu_smsld * ez_t_smsld)/((1+nu_smsld) 

* (1-2 * nu_smsld)) 

sxy_t_smsld Time der. of 

shear stress 

global sys. 

(sxy) 

Pa/s E_smsld * exy_t_smsld/(1+nu_smsld) 

sy_t_smsld Time der. of 

normal stress 

global sys. 

(sy) 

Pa/s E_smsld * (nu_smsld * ex_t_smsld+(1-nu_smsld) * 

ey_t_smsld+nu_smsld * ez_t_smsld)/((1+nu_smsld) 

* (1-2 * nu_smsld)) 

syz_t_smsld Time der. of 

shear stress 

global sys. 

(syz) 

Pa/s E_smsld * eyz_t_smsld/(1+nu_smsld) 

sz_t_smsld Time der. of 

normal stress 

global sys. 

(sz) 

Pa/s E_smsld * (nu_smsld * ex_t_smsld+nu_smsld * 

ey_t_smsld+(1-nu_smsld) * 

ez_t_smsld)/((1+nu_smsld) * (1-2 * nu_smsld)) 

sxz_t_smsld Time der. of 

shear stress 

global sys. 

(sxz) 

Pa/s E_smsld * exz_t_smsld/(1+nu_smsld) 

ex_t_smsld ex_t normal 

velocity strain 

global sys. 

1/s ux * jomega_smsld 

exy_t_smsld exy_t shear 

velocity strain 

global sys. 

1/s 0.5 * jomega_smsld * (uy+vx) 

ey_t_smsld ey_t normal 

velocity strain 

global sys. 

1/s vy * jomega_smsld 
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eyz_t_smsld eyz_t shear 

velocity strain 

global sys. 

1/s 0.5 * jomega_smsld * (vz+wy) 

ez_t_smsld ez_t normal 

velocity strain 

global sys. 

1/s wz * jomega_smsld 

exz_t_smsld exz_t shear 

velocity strain 

global sys. 

1/s 0.5 * jomega_smsld * (uz+wx) 

p Pressure Pa -K_smsld * evol_smsld 

cp_smsld Pressure 

wave velocity 

m/s sqrt((K_smsld+4 * G_smsld/3)/rho_smsld) 

cs_smsld Shear wave 

velocity 

m/s sqrt(G_smsld/rho_smsld) 

mises_smsld von Mises 

stress 

Pa sqrt(sx_smsld^2+sy_smsld^2+sz_smsld^2-sx_smsld 

* sy_smsld-sy_smsld * sz_smsld-sx_smsld * 

sz_smsld+3 * sxy_smsld^2+3 * syz_smsld^2+3 * 

sxz_smsld^2) 

Ws_smsld Strain energy 

density 

J/m^3 0.5 * (sx_smsld * ex_smsld+sy_smsld * 

ey_smsld+sz_smsld * ez_smsld+2 * sxy_smsld * 

exy_smsld+2 * syz_smsld * eyz_smsld+2 * 

sxz_smsld * exz_smsld) 

evol_smsld Volumetric 

strain 

1 ex_smsld+ey_smsld+ez_smsld 

Ent_smsld Entropy per 

unit volume 

J/(m^3*K) mat1_alpha * (sx_smsld-j * (imag(E_smsld * (1-

nu_smsld)/((1+nu_smsld) * (1-2 * nu_smsld))) * 

ex_smsld+imag(E_smsld * nu_smsld/((1+nu_smsld) 

* (1-2 * nu_smsld))) * ey_smsld+imag(E_smsld * 

nu_smsld/((1+nu_smsld) * (1-2 * nu_smsld))) * 

ez_smsld+imag(0) * exy_smsld+imag(0) * 

eyz_smsld+imag(0) * exz_smsld)+sy_smsld-j * 

(imag(E_smsld * nu_smsld/((1+nu_smsld) * (1-2 * 

nu_smsld))) * ex_smsld+imag(E_smsld * (1-

nu_smsld)/((1+nu_smsld) * (1-2 * nu_smsld))) * 

ey_smsld+imag(E_smsld * nu_smsld/((1+nu_smsld) 

* (1-2 * nu_smsld))) * ez_smsld+imag(0) * 

exy_smsld+imag(0) * eyz_smsld+imag(0) * 

exz_smsld)+sz_smsld-j * (imag(E_smsld * 

nu_smsld/((1+nu_smsld) * (1-2 * nu_smsld))) * 

ex_smsld+imag(E_smsld * nu_smsld/((1+nu_smsld) 

* (1-2 * nu_smsld))) * ey_smsld+imag(E_smsld * 

(1-nu_smsld)/((1+nu_smsld) * (1-2 * nu_smsld))) * 

ez_smsld+imag(0) * exy_smsld+imag(0) * 

eyz_smsld+imag(0) * exz_smsld)) 

tresca_smsld Tresca stress Pa max(max(abs(s1_smsld-s2_smsld),abs(s2_smsld-

s3_smsld)),abs(s1_smsld-s3_smsld)) 
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Appendix B – Width of overhang vs. Resonance frequency  

 

Cantilever length 50 microns 

  

 
 

Cantilever length 75 microns 
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Appendix C – Process sequences of TCC in SOI, SiN  

 

Process flow for TCC 
 

Process flow of SOI TCC 

Process Step Process Name Recipe / Parameters Comments 

1 SOI Wafer Cut in 1x1cm
2 
squares  

Clean with ethanol 

 

2 Spin Coating PR=S1828 

time=50sec, 3000rpm 

and acc.=2sec 

thickness= 2µm 

 

3 Baking Temperature=110⁰ C 

and time= 2min. 

To increase the 

adhesion 

4 Photolithography  Exposure time=25 sec The sample and the 

mask is in contact 

5 Developer MF319, 1 min. Check under 

microscope 

6 Silicon Etching, RIE CF4=28.5 sccm 

O2 = 1.5 sccm 

Vbias=210 V 

Power = 100W 

Pressure inside the 

chamber = 2.6x10
-1

 

Time=25 min. 

Check the Vbias 

during the process 

and regulate it with 

the pressure knob 

attached to the 

chamber. Check the 

height of the etching 

height of Silicon with 

the profilometer.  

7 Wet Etching of 

silicon oxide, BOE 

time=1.5 hours Avoid drying of the 

sample, otherwise the 

cantilevers will stick 

to the substrate. 

8 Super Critical Point 

Drying 

 This method is used 

to remove liquid in a 

controlled manner. 

 

Process flow of SiN TCC 

Process Step Process Name Recipe / Parameters Comments 

1 Silicon nitride on 

both sides wafer 

Cut in 1x1cm
2 
squares  

Clean with ethanol 

 

2 Spin Coating PR=S1828 

time=50sec, 3000rpm 

and acc.=10sec 

 

Spin coating on both 

sides. 

 thickness= 4µm 

3 Baking Temperature=100⁰ C 

and time= 2min. 

 

4 Photolithography  Exposure time=30 sec Bottom of the 

sample, making 
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membrane  

5 Developer MF319, 1 min. Check under 

microscope 

6 RIE-etching - Silicon 

nitride  

CF4=28.5 sccm 

O2 = 1.5 sccm 

Vbias=250 V 

Power = 100W 

Pressure inside the 

chamber = 2.3x10
-1

 

Time=25 min. 

.  

7 Cleaning Acetone to clean PR Avoid drying of the 

sample, otherwise 

the cantilevers will 

stick to the substrate. 

8 KOH wet-etching of 

silicon 
temperature = 70⁰C, 

solid KOH = 42g, 

water=0.150L, 

concentration = 5M 

The etching rate is 

around 50µm/hour. 

We wait for almost 

10 hours.  

9 Rinsing 1) Hot water 

2) Cold water 

   

 

10 Spin Coating PR=S1828 Same recipe as 

before 

11 Photolithography Exposure =30sec This time cantilevers 

are made on top of 

the sample. 

Alignment with the 

membrane is 

required 

12 Developer MF319  

13 RIE-Etching of 

silicon nitride 

Same as before Making TCC out of 

silicon nitride 

14 Cleaning oxygen 

plasma 

O2=30 sccm, 

Power = 50W, 

Vbias=121V, 

Pressure inside the 

chamber=1.21x10
-1

, 

time=10min. 

If PR is still 

remained, we can use 

hot acetone. 

 

Process flow of SiN Electrodes TCC 

Process Step Process Name Recipe / Parameters Comments 

1 Silicon nitride on 

both sides wafer 

Cut in 1x1cm
2 
squares  

Clean with ethanol 

 

2 Spin Coating PR=S1828 

time=50sec, 3000rpm 

and acc.=10sec 

 

Spin coating on both 

sides. 

 thickness= 4µm 

3 Baking Temperature=100⁰ C 

and time= 2min. 

 

4 Photolithography  Exposure time=30 sec The membrane is 

done on bottom of 
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the sample. 

5 Developer MF319, 1 min. Check under 

microscope 

6 RIE-etching - Silicon 

nitride  

CF4=28.5 sccm 

O2 = 1.5 sccm 

Vbias=250 V 

Power = 100W 

Pressure inside the 

chamber = 2x10
-1

 

Time=25 min. 

 

7 Cleaning Acetone to clean PR Avoid drying of the 

sample, otherwise 

the cantilevers will 

stick to the substrate. 

8 KOH wet-etching of 

silicon 
temperature = 70⁰C, 

solid KOH = 42g, 

water=0.150L, 

concentration = 5M 

The etching rate is 

around 50µm/hour. 

We wait for almost 

10 hours.  

9 Rinsing 1) Hot water 

2) Cold water 

   

 

10 Spin Coating First LOR =4000rpm, 

acc=50 sec.  

Second PR 

(S1828)=3000rpm, 

acc=50sec. 

 

LOR is used for lift-

off-resist. 

Wait 3 min. with  

spinning to cover the 

KOH-holes. 

11 Baking LOR heating 180⁰C 

for 1 min. 

PR 120⁰C for 1 min. 

 

11 Photolithography Exposure =30sec Using mask of the 

electrodes  

12 Developer MF319 for 50 sec.  

13 E-beam evaporator Ti=10nm 

Au=40nm 

Deposition of gold 

on the electrodes 

14 Lift-Off process MF319  By carefully shaking 

the glass within the 

sample, the resist and 

LOR will be 

dissolved.  
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Appendix D –Detailed drawings of the vacuum chamber  
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Appendix E –Growth of Cells   
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