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Abstract  

Biorecognition processes between receptors and their conjugate ligands are very 

important in biology. These biomolecules can build up very specific complexes displaying a 

variety of functions such as genome replication and transcription, enzymatic activity, 

immune response, cellular signaling, etc. The unambiguous one-to-one complementarity 

exhibited by these biological partners is widely exploited also in biotechnology to develop 

biosensors for early-stage diagnostic applications in the environmental and biomedical 

fields. Depending on the nature of the transduction signals, biosensors can be classified in 

optical, electrical and mechanical. 

Among mechanical biosensors, the microcantilevers play a prominent role. They have 

been used as stress or mass transducers in biomolecules detection for already more than a 

decade. The binding of molecules to their functionalized surface is detected by measuring 

either the deflection in static mode or the resonant frequency shift in dynamic mode. The 

deflection of the cantilever is converted optically by a laser and a photodetector in order to 

have the highest possible resolution. This limits the measurements in transparent liquids, 

the portability of the instrument and increases the complexity for multiplexing. The 

development of self-sensing cantilevers by integrating piezoresistors or metal-oxide-

semiconductor field effect transistors (MOSFET) into the cantilever solves this issue. 

However, at the same time, this decreases the bending and frequency shift resolution due to 

the higher transducer noise. 

On the other hand, the detection of a single molecule can be attained measuring the 

unbinding force between two molecules of a complex pulling them apart, using the atomic 

force spectroscopy (AFS) measuring approach. This technique is based on the atomic force 

microscope (AFM) and it has been used for more than 15 years. Despite the high force 

resolution, AFM has still not become an analytical instrument and it is mainly due to the 

complexity of the instrument and of its use. A biosensor based on AFS and on self-sensing 

cantilever would allow single molecule resolution, working in opaque fluids, easy 

multiplexing capability, and relatively easy integration in microfluidics cells. 

In this perspective, and in view of the earlier work done in IMB-CNM on cantilever with 

piezoresistive deflection transduction, we worked to obtain self sensing-probes endowed 

with pN resolution and compatible with liquid media. Cantilevers based on single crystalline 

silicon have been modeled and the fabrication process has been optimized to improve the 

force sensitivity and to obtain high fabrication yield. At the same time we worked also on the 

modeling, development and fabrication of cantilevers with embedded MOSFET 

piezoresistive transducers. It turned out that the probes with integrated piezoresistor offer a 

more straightforward solution, but also the MOSFET cantilever can offer a good alternative. 

Alongside the force sensors fabrication, new high-throughput set-ups and techniques 

have been developed and optimized to measure the electrical and electromechanical 

characteristics of micro-electro-mechanical systems (MEMS) in a precise and reliable way. 
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This was of key importance to correctly validate the new technological processes involved in 

production as well as characterize the final devices. 

After achieving very good sensor performances (resolution < 10 pN in liquid 

environment) with high production yield, we used the force probes to investigate the 

biorecognition processes in the avidin-biotin complex. For this purpose we integrated the 

sensor into a commercial AFM to take advantage of the high mechanical stability of this 

equipment and the highly reliable displacement of the piezo actuator. We detected the 

forces related to the avidin-biotin complex formation, highlighting the possibility of 

biomolecule label-free recognition in nearly physiological conditions and at single molecule 

resolution. Beside the very high sensitivity attained, the sensor can be used with no 

restrictions in opaque media; it can be easily integrated in microfluidic cells and it displays a 

high multiplexing potentiality. This result opens new perspectives in highly sensitive label 

free biomarkers detectors in nearly physiological conditions. 
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 Introduction  

This thesis will present the development, characterization and application of a force 

sensor based on silicon cantilever with an embedded piezoresistive transducer, for liquid 

environment, with sub-10 pN resolution, to be used as biomolecule detector.  

In this chapter we will highlight the general objectives and motivations of the thesis and 

afterwards we will introduce the general concepts that have guided the development of the 

probe. We will point out the functions and the mechanical properties of the biomolecules, 

we will give some examples of cantilever-based biosensors and specifically we will present 

the atomic force spectroscopy technique applied in biomolecule recognition. Once we have 

pointed out the sensor requirements, we will review prior piezoresistive cantilever-based 

sensors and we will outline the reminder of the thesis.  

 

1.1 ɀ Aims and motivations of the thesis  

The main objective of this thesis was to develop a highly sensitive force sensor (or 

biosensor) for liquid environment and to apply it as label-free detector of biomolecules. 

Why develop a new sensor if there are many different techniques already commercially 

available and with very high sensitivity? Recently, the advances in micro and nanofabrication 

technologies have enabled the development of new highly sensitive platforms that can meet 

the new needs of the modern medical diagnosis. The diagnostic laboratories tend to be 

more specialized and centralized. They can process millions of samples in one year and they 

resemble more a factory assembly line. They have very expensive equipments (e.g. mass-

spectroscopy, HPLC, SPR) for high throughput analysis with cost effective automation, 

quality assurance processes and very skilled personnel. At the same time, the 

decentralization of the laboratory test has gained much importance [1]. This test can be 

performed in small labs, at the clinic bedside, or even by the patients themselves at their 

ƘƻƳŜΦ ¢Ƙƛǎ ǇǊƻŎŜǎǎ ƛǎ ŎŀƭƭŜŘ άnear patient testingέ όbt¢ύ ƻǊ άpoint of care testingέ όth/ύΦ ! 

ŦǳƴŘŀƳŜƴǘŀƭ ŀŘǾŀƴǘŀƎŜ ƻŦ ǘƘŜ bt¢ ƛǎ ǘƘŜ ǊŜƭŀǘƛǾŜ ƛƳƳŜŘƛŀŎȅ ƻŦ ǘƘŜ ǊŜǎǳƭǘǎΦ Lƴ bt¢Σ ǘƘŜ άǘƻǘŀƭ 

ǘŜǎǘƛƴƎ ŎȅŎƭŜέ ǘƛƳŜ ƛǎ ǎǘǊƻƴƎƭȅ ǊŜŘǳŎŜŘΦ ¢ƘŜ ǘŜǎǘƛƴƎ ŎȅŎƭŜ ƛǎ ŀ ƭƻƻǇ ǎǘŀǊǘƛƴƎ ǿƛǘƘ ŀ ǊŜǉǳŜǎǘ ƻŦ ŀ 

clinical test, which leads to the collecting of the sample and its arrival to the centralized 

diagnostic lab. After the analysis is performed, the results have to be sent back to the doctor 

and the patient. NPT allows shortening a lot the turnaround time mainly by shortening the 

pre- and post-analytical steps, which are the most time consuming. This leads to a faster 

diagnosis and therapeutic decision by the doctors, and reduces the waiting period of the 

patient, with clear advantages for his health. Moreover, the reduced testing time is of 

fundamental importance in some critical cases like emergencies or accidents. 

!ƴƻǘƘŜǊ ǾŜǊȅ ƛƳǇƻǊǘŀƴǘ ƴŜŜŘ ƻŦ ǘƘŜ ƳƻŘŜǊƴ ƳŜŘƛŎƛƴŜ ƛǎ ǘƻ ƳƻǾŜ ŦǊƻƳ ŀ άƎŜƴŜǊŀƭ 

ƳŜŘƛŎƛƴŜέ ǘƻ ŀ άpersonal medicineέ [2]. This concept involves the prescription of a specific 
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treatment and medicine best suited for an individual, considering all the factors that 

influence the response to the therapy. In this perspective, the micro- and nano-fabrication 

offer big potential advantages to a personalized molecular diagnostics, which deals with the 

diagnosis and the monitoring of human diseases and is a part of the personal medicine [3-5].  

It can offer new, very small and cheap diagnostics platforms for high-throughput, 

multiplexed detection of pM-level concentration of biomolecules. They can have thousand 

parallel sensors, each one properly functionalized to detect selectively a different molecule, 

at much higher density than it is achievable with current sensor array platforms, and can be 

massively produced. Their sensitivities are very high and they can approach single molecule 

resolution. Moreover this technology is also compatible with microfluidic systems, which 

allow a scale down of the whole analytical process resulting in faster and cheaper analysis 

[6]. Considering these aspects, they are very good candidates for early-stage diagnosis of 

diseases, which would allow more effective treatments. Among all the new microfabricated 

platforms, the cantilevers play an important role, as we will point out later on (paragraph 

1.3). 

 

1.2 ɀ Functions of biomolecules 

Biomolecule is any molecule that is produced by a living organism, including 

macromolecules like proteins, DNA, RNA as well as small molecules such as metabolites. Life 

relies on myriads of interactions between molecular components. Proteins in specific are a 

remarkable example. They are in charge of virtually every biological process in cells. Through 

specific recognition mechanisms, biomolecules can build reversible, or irreversible, 

complexes able to perform a variety of functions. These molecular interactions, or 

recognitions, are at the basis of the cell architecture, of genome replication and 

transcription, of signaling, of immune responses and can change the cell properties [7].  The 

ability of biomolecules to undergo these highly controlled processes is governed by 

molecular scale forces at pN levels (i.e ionic, hydrophobic, Van der Waals and hydrogen 

bonds). 

A remarkable feature of living cells is their capacity to acquire different structural and 

functional capacity, whereas they share a common set of genes. Even though this 

differentiation mechanism is not fully understood, an extensive network of DNA and protein 

interactions clearly plays an important role [8]. Another fundamental property of cells is 

their adhesion, which influences almost all the steps of cell function. The survival and 

proliferation of a cell is very dependent on its ability to be strongly attached, or not, to a 

surface [9]. The aptitude of a cell to cope with various forms of aggression is also due to 

biorecognition processes. The key step for this, it is the adhesion of flowing leukocytes at the 

blood vessels walls and their transmigration into the infected tissues [10]. All these functions 
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are made possible by the presence of binding sites on their surface, called receptors, which 

interact only with specific molecules, the ligands. 

The immune system of a living organism is also governed by the biological recognition of 

a wide variety of pathogenic agents. The task of immune cells consists of detecting a foreign 

and potentially harmful particle or molecule and to destroy it. The antibodies are molecules 

that are used by the immune system to identify and neutralize these foreign objects. 

Antibodies may be generated by the so-called antigens, which are the unique part of the 

foreign particle recognized by the antibodies. Disorders of the immune system can result in 

autoimmune diseases, inflammatory diseases and cancer [11, 12]. More in general, if a living 

organism has a certain disease, it produces the so-called biomarkers. They can be specific 

cells, molecules or genes, genes products, enzymes or hormones that can be used to 

measure the progress of the disease or the effect of a treatment.  

As we saw with these examples, the biorecognition process between conjugate 

molecules, ligands and receptor, is very important for life. Because of this unambiguous one-

to-one complementarity exhibited by these biological partners, the biorecognition is widely 

exploited also in biotechnology to develop biosensors for early-stage diagnostic applications 

in the environmental and biomedical field [13]. 

 

1.3 ɀ Cantilever based biosensors 

A biosensor is a device that combines a transducer with a biological sensitive layer [13]. 

The biological sensitive element (i.e. antibody, enzyme, protein or nucleic acid) interacts with 

the analyte under study while the transducer transforms the biological signal to a physical 

signal (i.e electrical) that can be more easily measured. As we saw in the previous paragraph 

1.1, biosensors are gaining more and more importance in health science, clinical diagnostics 

and drug discovery but also in fundamental biological studies. Depending on the nature of 

the transduction, the biosensors can be classified in optical, electrical and mechanical 

sensors. Optical and electrical sensors are much more used in biological research than 

mechanical ones. This is mainly due to the fact that underlying technologies are mature and 

well established. On the other hand, the continuous improvements made in micro- and 

nanofabrication enables the development of more sensitive tools to sense and actuate on 

biological systems. The scale down of the tools dimensions led to outstanding mass 

resolution approaching single atom detection [14, 15]. Another consequence, of the scale 

down, is the reduction of the mechanical compliance of the devices, which is the ability of a 

structure to deflect under an applied load, and the enhancement of the force responsivity. 

We are now able to measure sub-10 pN forces, which are at the same order of magnitude of 

the rupturing of individual hydrogen bonds. This opens new opportunities in the study of 

inter- and intra-molecular forces that govern the life as pointed out in the previous 

paragraph 1.2. 
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The mechanical based biosensors [16-25] have a micro or nano-sized moving part, which 

in many cases is a cantilever. They can be batch fabricated and have arrays of hundreds 

sensitive transducers. They are mainly divided in two categories depending on the 

magnitude that they transform: surface-stress or mass (Figure 1.1). There is also a third 

category, in fact they can translate also force, but about this we will speak in the next 

paragraph 1.4. They can be classified also on the basis of the read-out method. The variation 

of the mechanical signals can be monitored by different techniques: optical or electrical. The 

deflection of a cantilever can be accurately measured by a laser beam focused on its surface 

and reflected into a position sensitive photodiode. This is the most common technique but 

some other methods are gaining importance. The integration of a deflection sensitive 

transducer, like a piezoresistor, into the structure is one of the most popular alternatives.  

The surface stress sensitive devices measure the quasi-static deflection of the 

microcantilevers caused by the binding of the molecules to sensor surface. In fact, the 

adsorption of molecules onto a surface generates surface stress as a consequence of 

interactions between the molecules and the surface [26]. This technique has been used 

already to detect proteins [27], DNA [28, 29] and RNA [30]. The deflection is normally 

measured by the optical read out method, but the piezoresistive read out has also been used 

[31]. On the other hand, the molecules have also a certain mass, therefore if a sufficient 

number of them are bound on the cantilever, they can be easily detected due to the 

frequency shift of the resonance frequency of the beam. Cantilevers can have exquisite 

resolution when used in dynamic mode in vacuum or air, but this technique does not allow a 

continuous monitoring or fast detection. However, when the cantilevers are immersed in 

liquid, this becomes possible at expenses of the resolution. A proposed alternative is 

microfabricating a channel into the cantilever [32]. Such suspended microchannel resonators 

(SMR) allow continuous monitoring and in vacuum measurements with a very high quality 

factor, e.g. Q ~ 15000. Despite the high Q values attained, their performance is rather 

modest. A very promising alternative to the SMR is represented by the super-hydrophobic 

micropillars that allow wet functional surface and frequency shift detection in air with Q 

factors of about 1000 [33]. Even if chips with microcantilevers or nanocantilevers can be 

easily integrated in microfluidic cells, they have also some drawbacks. In order to have the 

highest possible resolution, the deflection of the cantilever is optically transduced. This limits 

the measurements in transparent liquids, the portability of the instrument and increases the 

complexity for multiplexing. The integration of a piezoresistor into the cantilever could be a 

solution but at the same time would decrease the resolution due to the higher transducer 

noise.  

As pointed out above, cantilevers can detect also very small forces down to pN level. This 

is exactly the resolution needed to measure the unbinding forces between two conjugate 

molecules of a complex (i.e. avidin biotin [34]). This technique has been developed in 90s by 

Gaub [35, 36] and Hinterdorfer [37] and it is based on the atomic force microscope. 
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Figure 1.1. A) Cantilever as surface stress transducer: the ligands (red) attach to the receptors (green) 

provoke a bending in the cantilever (Dz) and a surface stress. B) Cantilever as mass transducer: after 

the binding of the ligands, the resonance frequency changes from f0 to f0-Df. 

 

1.4 ɀ Atomic force spectroscopy in biomolecule recognition  

The atomic force microscope (AFM) uses a microcantilever to measure the surface of a 

sample with nanometer precision. The cantilever, usually made of silicon or silicon nitride, 

has a sharp tip in its end with a radius of curvature of some nanometers. The cantilever or 

the sample is mounted on a piezoelectric actuator that allows positioning in the 3 

dimensions with sub-nanometric resolution. When the tip is brought in close proximity to 

the sample surface, the interaction forces between the tip and the sample deflect the 

cantilever. The probe scans the sample to create an image of its surface. To measure the 

deflection of the cantilever, a laser is focused and reflected by the cantilever to a position 

sensitive photodiode [38]. Knowing the cantilever spring constant, kC, the deflection, d, can 

ōŜ ŎƻƴǾŜǊǘŜŘ ƛƴǘƻ ŦƻǊŎŜ ōȅ ǘƘŜ IƻƻƪŜΩǎ ƭŀǿΥ  

 (1.1) 

AFM has two main operating modes to create images: contact mode and dynamic mode. 

In the contact mode, or static mode, the tip is brought in contact to the samples with a 

certain force that is maintained during the raster scan. On the other hand, during the 

scanning in dynamic mode, the cantilever is oscillating near its resonant frequency with 

constant amplitude. 

The AFM can be used also as a tool for measuring forces down to some pN [39], in the 

modality usually called atomic force spectroscopy, AFS [34, 40, 41]. In this mode, the tip is 

moved in the z vertical direction downwards and upwards with a constant speed and at a 

fixed location on the x-y plane (Figure 1.2). At the same time, the deflection of the cantilever 

B) A) 
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or the force actuating on the tip, are recorded as a function of z coordinate. The result is a 

force-distance (F-z) graph that is usually called force curve. This technique is therefore a 

perfect candidate to study the interaction between biomolecules undergoing a 

biorecognition process with high sensitivity, in physiological conditions and without labeling. 

For this purpose one molecular partner is bound to the apex of the AFM tip, while the other 

one is immobilized on a flat substrate (Figure 1.2). The functionalized tip is brought in 

contact with the substrate and the molecular complex may be formed. Afterwards, the tip is 

retracted from the substrate and when the cantilever restoring force overcomes the 

molecular interaction, the complex dissociation takes place and the tip jumps off sharply to a 

non-contact position. Such a jump-off process provides an estimation of the unbinding force. 

During AFS experiments hundreds or thousands F-z curves are recorded in a cyclic way, on 

different x-y positions and at different loading rates: 

 (1.2) 

where v is the pulling speed. A representative force-distance is depicted in the Figure 1.2. 

Typical force distance curves for the avidin-biotin complex are reported in Figure 1.3. In the 

first graph (Figure 1.3.A) no unbinding event is visible since the retraction curve (red) follows 

faithfully the approach curve (green). The jump-off in Figure 1.3.B could be attributed to a 

non-specific adhesion between tip and sample, because the retraction curve has a constant 

slope. In Figure 1.3.C,D on the other hand, the slope of the curves changes during the 

retraction process. The cantilever is relaxed at the beginning but for further pulling the 

system becomes stretched. This behavior could be attributed to a specific biorecognition 

event. 

 

Figure 1.2. Schematic diagram of a typical AFS force curve representative of a specific unbinding 

event for a single bimolecular complex. At the beginning, point A, the cantilever has no deflection 

and it experiences null force. When the cantilever is moved towards the surface the two molecules 

start to interact (point B) and for further pushing, the cantilever is deflecting upwards due to 

repulsive forces. The approaching phase is stopped and the retraction can start. The bindings formed 

during the contact period, deflect the cantilever downwards (between point D and E). When the 

force applied by the cantilever overcomes the binding force, the cantilever jump off contact (point F). 
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Figure 1.3 Typical AFS force curve for avidin-biotin complex. Approach curve in black and retract 

curve in red. A) No unbinding event. B) Non specific adhesion. C) Specific unbinding event related to 

the avidin-biotin complex. D) Adhesion plus specific unbinding event. 

 

  

Figure 1.4. A) Example of unbinding force distribution at a fixed loading rate with Gaussian fitting to 

identify the most probable unbinding force value. B) Unbinding force at different loading rates. The 

data are fitted by the Bell-Evans model. Graphs extracted from [40]. 

 

The experiment is performed at different loading rates. After calculating the unbinding 

frequency (ratio between specific events and number of curves), the unbinding force 

distribution is plotted for each pulling speed (Figure 1.4.A). Afterwards, the unbinding force 

B) A) 
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is extracted from the distribution and plotted against the loading rate (Figure 1.4.B). Using 

the Bell-Evans model [40]:  

 (1.3) 

to fit the graph in Figure 1.4.B it is possible to extract information on the equilibrium 

properties of the molecular complex like its dissociation rate, koff, at zero pulling force and 

the reaction coordinate corresponding to the separation between the bound and transition 

state , xb (Figure 1.5). 

Despite its very high force sensitivity, the AFM has still not become an analytical 

instrument for detecting single molecules in different specimens such as blood, tissues or 

cells. This is mainly due to the complexity of the instrument and of its use. Although the 

transduction optical system has very high resolution, down to Å level and few pN, it makes 

the AFM unfit to be used in the opaque fluids and introduces many laborious actions, which 

slow down considerably the detection process. Moreover the AFM can hardly be integrated 

into microfluidic cells and lacks in multiplexing and automation potentiality.  

 

Figure 1.5. Energy diagram of a biomolecular complex. Upon an application of a force the energy 

state shift towards lower values (dashed line). Graphs extracted from [40]. 

 

1.5 ɀ Sensor requirements 

In this section we will discuss about the requirements of the new diagnostic tool and 

about the performance and design of the force probes, which is the principal part. The new 

diagnostic device should: 

¶ Be for near patient testing or point of care testing. It should not require special 

sample preparation and offer fast response time. 

¶ Be small in size 

¶ Have high sensitivity and selectivity 
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¶ Have high reliability 

¶ Multi-diagnosis (multiplexing) capability 

¶ Be for liquid and opaque sample analysis 

¶ Have no labeling need 

As we saw in the previous sections, a very powerful method to detect a biomolecule is to 

detect the intermolecular force between the molecule under investigation and its conjugate 

molecule. This can offer much higher resolution tƘŀƴ άǘǊŀŘƛǘƛƻƴŀƭέ ƳŜǘƘƻŘǎ ƭƛƪŜ ǘƘŜ 

detection of the surface stress or the detection of the molecules mass. As we pointed out 

before a candidate could be the AFM but has many intrinsic problems: it is unfit to be used 

with opaque fluids, necessitate of many ƭŀōƻǊƛƻǳǎ ŀŎǘƛƻƴǎ ŀƴŘ ƛǘ ŘƻŜǎƴΩǘ ƘŀǾŜ ƳǳƭǘƛǇƭŜȄƛƴƎ 

potentiality. A self-sensing cantilever, a cantilever with an integrated deflection transducer 

όƛΦŜΦ ŀ ǇƛŜȊƻǊŜǎƛǎǘƻǊύΣ ŎƻǳƭŘ ǎƻƭǾŜ Ƴŀƴȅ ǇǊƻōƭŜƳǎ ǘƘŀǘ ǘƘŜ !Ca ƘŀǎΦ Lǘ ǿƻǳƭŘƴΩǘ ƴŜŎŜǎǎƛǘŀǘŜ ŀ 

laser and a photodetector and therefore it could work in opaque media. It would reduce 

laborious processes like the alignment of the laser and of the photodetector that slow down 

the analysis process. The chip could be integrated into a microfluidic system and therefore 

the functionalization of the surfaces would be faster and easier. It would have multiplexing 

potentiality because the chips could have arrays of hundreds of cantilevers.  

On the other hand passing from an optical to and electrical read-out method can lead to 

a decrease in resolution and have problems in liquid environment. In this perspective, the 

probes have to be scaled down, especially in the thickness, to have a resolution similar to 

the one of the AFM (few pN) and all the conductive parts of the chip have to be electrically 

insulated. Moreover the probes should allow sensing frequencies up to 0.5-10 kHz. This 

means that their resonance frequency should be equal or higher than these values. In fact, 

typical AFS experiments are done at 0.1-1 seconds time scale, but the sampling frequency of 

the force acting on the cantilever tip is between 0.5 and 10 kHz. This frequency is needed to 

avoid the time average during the jump-off-contact.  

 

1.6 ɀ Piezoresistive cantilevers  

In this chapter we aim to summarize the most relevant literature information about 

silicon cantilever with piezoresistive transduction (piezoresistor or MOSFET) that have been 

developed in the last two decades and have been used for different applications. 

One of the first and perhaps the best know application, of a piezoresistive cantilever, has 

been the atomic force microscopy. Tortonese et al. in 1993 developed a p-doped 

piezoresistive silicon cantilever, integrated in a ¼ active Wheatstone bridge, obtaining 

atomic resolution images [42]. His best cantilever had a resolution of 0.1 Å (and 1 nN) in the 

bandwidth from 10 Hz to 1 kHz. In 1995 Linnemann et al. developed a cantilever with a 

complete Wheatstone bridge integrated into the cantilever. This solution allowed a 
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resolution of 0.2 Å (and 420 pN) in a bandwidth of 1 kHz.  Su et al. in 1997 developed a 

cantilever with a triangular shape that achieved a resolution of 0.29 Å (and 100 pN)[43]. 

Brugger et al. developed an AFM cantilever for lateral force measurement [44] while Chui et 

al. made a dual axis cantilever using a sidewall implantation [45]. Hagleitner et al. fabricated, 

for the first time, an array of two cantilevers for parallel scanning [46]. Finally, Thaysen et. 

developed probes with highly symmetrical piezoresistive Wheatstone bridge for AFM 

purposes. They had a typical force sensitivity of 2.7x10-6 nN-1 and a noise of few mV 

considering a bandwidth of 1 kHz and bias voltage of 5V [47, 48]. This means a resolution of 

hundreds of pN in liquid environment.  

Apart from these first works on AFM, many groups have developed different systems and 

applications based on cantilevers with integrated piezoresistors for force, displacement and 

surface-stress sensing. Piezoresistive cantilevers have been applied for torque 

magnetometry [44], materials characterization [49-51], data storage applications [52, 53] 

and to develop environmental [54], chemical [55] and biological [31, 56-60] sensors. 

Aeschimann et al. [61] developed a scanning probe array for liquid environment with a 

resolution of 160 pN, isolating the piezoresistor by 50 nm of silicon nitride and all the other 

conductors by 1 mm hard baked photoresist. Afterwards, Polesel-Maris et al. [62] used it to 

perform images and nanomechanical characterization of biological cells. 

Regarding the cantilever optimization for force sensing, an impressive work has been 

done by Harley in the late 90s [63, 64] and recently by Doll [65, 66]. Harley attained a 

resolution of 0.5 pN in air, for a 10 Hz-1kHz bandwidth, with sub-100 nm thick cantilevers in 

which the doping atoms were confined on the surface using epitaxial growth [63]. 

Unfortunately these cantilevers were not electrically insulated and therefore were unfit to 

be used in liquid. Doll et al. in 2012 achieved sub-10 pN resolution in air and 12 pN 

resolution in liquid, for a wider bandwidth [66]. He used 200 nm of chemical vapor deposited 

parylene to insulate the conductors and the cantilevers.  

At the Barcelona Microelectronics Institute (IMB-CNM-CSIC), Villanueva et al. made an 

impressive work about force sensors based on piezoresistive cantilevers made of doped 

polycrystalline silicon [67], between 2002 and 2005 in the scope of the Biofinger EU-project 

(IST 2001-20544). The goal of this project was the development and the testing of versatile, 

inexpensive, and easy-to-use diagnostic tools for health, environmental and other 

applications based on the measurement of molecular interactions by self-sensing nano-

cantilever sensors. The cantilever had to act as a nano-άŦƛǎƘƛƴƎ ǘƻƻƭέ ŦƻǊ ƳƻƭŜŎǳƭŜǎ ƛƴ ŀ 

similar way like in the single molecule AFS. A requirement of the project was a complete 

compatibility with CMOS fabrication of the cantilevers, and for this reason the technology 

for the fabrication of submicron thick cantilever made of polycrystalline silicon was 

successfully developed. The monolithic integration of the cantilever and the amplifying 

circuit in the same chip allowed a resolution of 50 pN [68, 69]. However, this solution is an 

unnecessary complication if a high volume production is not required. In this perspective, in 

2006, force sensors based on crystalline silicon cantilever were developed in the scope of 
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Spanish national projects. Due to the higher piezoresistive coefficient of the crystalline 

silicon, the sensor achieved a resolution of 65 pN with no amplification [70]. It has to be 

pointed out that these resolutions were measured in air.  

The integration of a transistor into a cantilever is relatively a newer idea and it has been 

less exploited. Also in this case, one of the first applications has been the AFM. Akiyama et 

al. in 1998 developed a cantilever with an embedded p-MOSFET transistor for scanning force 

microscopy application [71]. Two years later, he integrated in the same chip an array of two 

self-sensing and thermally actuated cantilevers and the amplifying circuit [72]. In 2006 

Shekhawat et al. developed a biomolecular sensor based on n-MOSFET-embedded 

microcantilevers [73]. He successfully detected low concentrations of avidin and goat 

antibody molecules and the results indicated that the sensitivity was comparable to the 

traditional optical transduction. Tark in 2009 [74] and Singh in 2011 [75], explored different 

p- and n-MOSFET cantilever designs. In the same years, Wang developed a sensor for 

observing the kinetics of chemical molecule interaction based on n-MOSFET cantilever [76, 

77]. 

 

1.7 ɀ Thesis outline  

The following chapters are organized as follows: 

¶ Chapter 2 ς Theoretical background. In this chapter, the fundamentals of the 

linear elasticity theory, of the piezoresistive effect and of the noise in the 

electronic devices are discussed. These theories are at the basis of the analytical 

model of the piezoresistive cantilever. 

¶ Chapter 3 ς Piezoresistive cantilever. The electromechanical model that we used 

to optimize the resolution of the force sensor is presented. The mask design, the 

process fabrication and the fabrication issues of the piezoresistive force probes 

are also discussed. Afterwards, the development of new on-wafer 

characterization set-ups and techniques, fundamental for reliable and fast 

measurements, will be described. Finally, the mechanical, electrical and 

electromechanical performance of the different force probes will be reported. 

¶ Chapter 4 ς MOSFET cantilever. We will present the model, the mask design, the 

fabrication process and the characterization of the second option of force sensor: 

a cantilever with integrated a piezosensitive MOSFET. 

¶ Chapter 5 ς Biomolecule recognition. In order to perform biomolecule 

recognition experiments, we integrated the piezoresistive sensor into a 

commercial AFM to take advantage of the high stability of this equipment and 

highly reliable displacement of the piezo-actuator. In this chapter we will discuss 

the mechanical and electrical integration of the sensor into the AFM. The system 
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achieved a 10-pN resolution, which allowed us to detect biorecognition specific 

events underlying the biotin-avidin complex formation. 

¶ Chapter 6 ς Summary. We will highlight the most important results of the work 

and give suggestions for future research directions 

All the research work presented in this thesis has been developed in the scope of three 

Spanish projects supported by the Spanish Ministry of Science and Innovation: TEC2007-

65692, TEC2011-23600, NANOSELECT-CSD2007- 38400041 (Consolider-Ingenio 2010 

Programme).  

The scientific short stay at the Biophysics and Nanoscience center of the University of 

Viterbo has been supported by the EU commission through the COST ACTION TD-1002 

(AFM4NANOMED&BIO) (chapter 5). The work made during this collaboration has been partly 

supported by the PRIN-MIUR project n°2009 WPZM4S and by AIRC (Grant IG10412). 
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Theoretical background  

In this chapter we will discuss the fundamentals of the linear elasticity theory especially 

in the case of the cantilever beam (section 2.1). We will report also about the piezoresistive 

effect in silicon for piezoresistors and MOSFET cases (section 2.2). In the third section 

(section 2.3) the noise in the electronic devices will be introduced. These theories are at the 

basis of the analytical model of the piezoresistive cantilever (chapter 3). 

 

2.1 ɀ Cantile ver mechanics 

2.1.1 ɀ Mechanics of materials  

Some basic concepts and definition about theory of the linear elasticity of the materials 

will be here briefly reminded. More detailed treatises can be found in [1-3]. 

[ŜǘΩǎ ǊŜƳƛƴŘ ŀǎ ŦƛǊǎǘ ǘƘŜ ŎƻƴŎŜǇǘǎ of stress, ̀ , and strain, ,ʁ using a very simple example. 

If a cylindrical bar is subjected to a direct pull or push along its axis as shown Figure 2.1 then 

it is said to be subjected to tension (̀Ҕл) or compression (̀ ғл) and it suffers elongation (ʁҔл) 

or shortening (ʁ ғл), respectively. 

The stress is defined as the total force, F, actuating on the bar divided by the cross 

sectional area, A, while the strain is defined as the change in length, ʵ[, divided by the 

original length, L. A material is said to be elastic if it returns to its original, unloaded 

dimensions, when the load is removed. A particular form of elasticity which applies to a large 

range of materials, at least over part of their load range, produces deformations, and strains, 

which are proportional to the loads, and stresses. This proportionality is described by the 

HƻƻƪŜΩǎ ƭŀǿ ŀƴŘ ǘƘŜ ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ ǇǊƻǇƻǊǘƛƻƴŀƭƛǘȅ ƛǎ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΣ 9 όƻǊ ƳƻŘǳƭǳǎ ƻŦ 

elasticity): 

 
(2.1) 

 

We can speak therefore about linear elasticity and this is true for small displacements. 

Moreover a material which has a uniform structure throughout without any flaws or 

discontinuities is termed a homogenous material. Inhomogeneous materials have 

mechanical characteristics that vary from point to point. If a material exhibits uniform 

properties throughout in all directions it is said to be isotropic, conversely one which does 

not exhibit this uniform behavior is said to be anisotropic. Just to fix the ideas the crystalline 

silicon is homogeneous and anisotropic. 

 [ŜǘΩǎ ƴƻǿ ŎƻƴǎƛŘŜǊ ŀ ƎŜƴŜǊŀƭ three dimensional case: an infinitesimal cube of material 

subjected to a general load condition (Figure 2.2).  
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Figure 2.1. On the left: bar, with a cross-section A, subjected to tension and compression by a force F. 

On the right: bar subjected to tension showing the deformation, dL, and unloaded bar with original 

length, L. 

 

Figure 2.2. Infinitesimal cube of material under stress and fully described by normal (s) and shear (t) 

stresses. 

 

In this case the stressed material is fully described by the stress matrix: 

 (2.2) 

The first position of the sub index refers to the surface normal upon which the stress acts 

and the ǎŜŎƻƴŘ ƻƴŜ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ŘƛǊŜŎǘƛƻƴ ƻŦ ǘƘŜ ǎǘǊŜǎǎ ŎƻƳǇƻƴŜƴǘΦ ¢ƘŜǊŜŦƻǊŜ ˋxx (written 

ŀƭǎƻ ˋx) is the normal stress on the surface witƘ ǘƘŜ ƴƻǊƳŀƭ Ȅ ŀŎǘƛƴƎ ƛƴ Ȅ ŘƛǊŜŎǘƛƻƴ ǿƘƛƭŜ ˍxy 

όƻǊ ˋxy) is the shear stress acting on the surface with the normal x in the y direction and, by 

the way, it is possible to ŘŜƳƻƴǎǘǊŀǘŜ ǘƘŀǘ ˍxyҐ ˍyx, having a symmetric matrix. These stresses 

provoke related displacements and therefore strain is fully described by the strain matrix: 

 (2.3) 

If we consider for one moment just the x direction, all the points in the x direction are 

deformed and described by a displacement u (Figure 2.3). 
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Figure 2.3. The displacement vector u(x,y,z) causes a deformation e in x direction. The other two 

vectors v(x,y,z) and w(x,y,z) cause deformation in y and z directions respectively.  

 

Therefore we can define the normal displaŎŜƳŜƴǘ ʶxx όǿǊƛǘǘŜƴ ŀƭǎƻ ʶx) as: 

 (2.4) 

In ƎŜƴŜǊŀƭ ǘƘŜ ŘƛǎǇƭŀŎŜƳŜƴǘ ƻŦ ƻƴŜ Ǉƻƛƴǘ t ǘƻ tΩ ƛƴ ǘƘŜ ōƻŘȅ ƛǎ ŘŜǎŎǊƛōŜŘ ōȅ ƻƴŜ ǾŜŎǘƻǊ Ǌ 

with the 3 components u, v and w in the directions x, y and z respectively. The components 

u, v and w depend on the three coordinates: 

u=u(x,y,z) ; v=v(x,y,z) ; w=w(x,y,z) (2.5) 

Now we can define the shear strain, ʁ xy for example, as: 

 (2.6) 

And the engineering shear strain:  

 (2.7)  

Also in this case it is possible to demonstrate that gxy=gyx (symmetric matrix). Now, when 

ǘƘŜ ƛƴŦƛƴƛǘŜǎƛƳŀƭ ŎǳōŜ ƻŦ ƳŀǘŜǊƛŀƭ ƛǎ ǎǘǊŜǎǎŜŘΣ ƭŜǘΩǎ ǎŀȅ Ƨǳǎǘ ƛƴ Ȅ ŘƛǊŜŎǘƛƻƴΣ ƛǘ ǇǊŜǎŜƴǘǎ ŀ ǎƘǊƛƴƪ 

in the other two direction y and z that are proportional to ex, if we are considering isotropic 

material: 

 (2.8) 

n ƛǎ ŎŀƭƭŜŘ tƻƛǎǎƻƴΩǎ ŎƻŜŦŦƛŎƛŜƴǘΦ /ƻƴŎƭǳŘƛƴƎΣ ƻƴŜ ƛƴŦƛƴƛǘŜǎƛƳŀƭ ŎǳōŜ ƻŦ ƛǎƻǘǊƻǇƛŎ ƳŀǘŜǊƛŀƭ 

under general load condition determines the following strain values: 

 (2.9a) 

 (2.9b) 

 (2.9c) 
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Where G is the shear modulus: 

 (2.10) 

In the case of an anisotropic material the things are more complicated and for a general 

load case we must write: 

 (2.11) 

Or: 

 (2.12) 

And 

 (2.13) 

The stiffness matrix is traditionally represented by the symbol C, while S is reserved for the 

compliance matrix. This convention may seem backwards, but perception is not always 

reality. For cubic materials, like the silicon is, there are just three independent elastic 

constants: 

 (2.14a) 

 (2.14b) 

 (2.14c) 

And all the other constants are zero. Therefore the stiffness matrix becomes: 

 (2.15) 

In the case of the silicon on the plane (100) the three constants are C11=166 GPa, C12=64 Gpa 

and C44=80 Gpa [4]. From these values it is possible to calculate the YoungΩǎ modulus, 

tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ŀƴŘ ǎƘŜŀǊ ƳƻŘǳƭǳǎ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ŎǊȅǎǘŀƭƭƛƴŜ ŘƛǊŜŎǘƛƻƴǎ (Table 2.1, Figure 2.4): 
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Direction Expression Value [Gpa] 

[100] 
 

130 

[110] 
 

170 

[111] 
 

189 

 Table 2.1Φ ¸ƻǳƴƎΩǎ ƳƻŘǳƭƛ ŜȄǇǊŜǎǎƛƻƴs for the most common silicon crystallographic directions. 

 

 

Figure 2.4Φ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ όȄмл11 Pa) (left)Σ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ (center) and shear modulus (x1011 Pa) 

(right) calculated values for silicon in the (100) plane. [4] 

 

2.1.2 ɀ Loading, support and bending moment  

Lƴ ƻǊŘŜǊ ǘƻ ƛƴǘǊƻŘǳŎŜ ǘƘŜ ōŀǎƛŎ ŎƻƴŎŜǇǘǎ ŀǎ ƭƻŀŘǎΣ ǎǳǇǇƻǊǘǎ ŀƴŘ ōŜƴŘƛƴƎ ƳƻƳŜƴǘǎ ƭŜǘΩǎ 

consider the simplest mechanical element: the beam. The beam can be subjected (Figure 

2.5) to point forces, F (ideally are forces that are applied on one infinitesimal point of the 

surface), distributed load, Q (pressure, weight) and concentrated moments, M. 

The boundary conditions, which avoid the beam to translate or rotate, are called 

supports and there are basically three types (Figure 2.5): fixed or clamped όǘƘŜ ōŜŀƳ ŎŀƴΩǘ 

translate or rotate), pinned (the beam can just rotate) and pinned on rollers (the beam can 

translate and rotate but it is fixed on the surface). 

In equilibrium the beam do not translate neither rotate, therefore the sums of the forces 

ŀƴŘ ƻŦ ǘƘŜ ƳƻƳŜƴǘǎ ŀǇǇƭƛŜŘ ƻƴ ǘƘŜ ōŜŀƳ Ƴǳǎǘ ōŜ ȊŜǊƻΦ [ŜǘΩǎ ŎƻƴǎƛŘŜǊ ŀǎ ŜȄŀƳǇƭŜ ƻƴŜ ōŜŀƳ 

with a fixed end: a cantilever beam (or simply cantilever). If it is at equilibrium, because of 

the point force, F, at the fixed end there must be a force reaction, FR, and a moment 

reaction, MR (Figure 2.6). In other words if tƘŜ ǎǳǇǇƻǊǘ ŘƻŜǎƴΩǘ ŀƭƭƻǿ ǘƘŜ ǘǊŀƴǎƭŀǘƛƻƴΣ ǘƘŜǊŜ 

can be a force reaction ŀƴŘ ƛŦ ŘƻŜǎƴΩǘ ŀƭƭƻǿŜŘ Ǌƻǘŀǘƛƻƴ ǘƘŜǊŜ Ŏŀƴ ōŜ ŀ moment reaction. 
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Because of the equilibrium the total force, FT, and the total moment, MT, actuating on 

the cantilever must be zero, therefore: 

 (total moment about support)   Ą  (2.16) 

     Ą  (2.17) 

Now, each segment of the beam must be also in equilibrium, therefore if we section the 

beam at a certain length x, we have to suppose internal shear force (V) and internal bending 

moment (M) (Figure 2.6). For the case of the cantilever we have 

 (2.18) 

[ŜǘΩǎ ƴƻǿ ŎƻƴǎƛŘŜǊ Ƨǳǎǘ ŀ ŘƛŦŦŜǊŜƴǘƛŀƭ ōŜŀƳ ŜƭŜƳŜƴǘΦ Lǘ ƛǎ ŎƻƴǾŜƴǘƛƻƴ ǘƻ ŎƻƴǎƛŘŜǊ 

moments and force positive (or negative) like it is depicted in the figure below (Figure 2.7). 

 

  

Figure 2.5. On the left: representation of a point force (F), distributed load (Q) and concentrated 

torque (M). On the right: representation of the boundary condition for a beam. 

 

 

Figure 2.6. On the left: reactions of the clamped edge due to a force F actuating on one cantilever 

beam. On the right: representation of internal reaction in a beam. 
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Figure 2.7. Conventions used for moments and shears. 

 

This differential beam subjected to all the loads (point loads, distributed loads and 

moments), in equilibrium must obey governing differential equation for shear forces and 

moments: 

   Ą        (2.19) 

 Ą        (2.20) 

 The change in the internal shear force is related to a distributed load and a change in 

internal moment is related to the internal shear force. 

 

2.1.3 ɀ Curvature and beam equations  

In the previous paragraph we saw how the internal forces varies along the beam while in 

this one we will take into consideration stress, strain and deformation of the beam and we 

will see how they varies in its cross section.  

  

Figure 2.8. A beam initially unstressed (left), the same beam subjected to a bending moment (centre) 

and its cross sectional area. 
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If we now consider a beam initially unstressed and then subjected to a constant bending 

moment along its length, i.e. pure bending, as would be obtained by applying equal moment 

at each end, it will bend to a radius R as shown in (Figure 2.8). As a result of this bending the 

top fibres of the beam will be subjected to tension (the fibres are elongated) and the bottom 

to compression (the fibres are shortened). It is reasonable to suppose, therefore, that 

somewhere between the two there are points at which the stress is zero (and the fibres have 

the same length than before applying the moment). The locus of all such points is termed 

neutral axis and it located where the centroid is located. The radius of curvature R is then 

measured to this axis. For symmetrical sections the neutral axis is also the axis of symmetry 

while if the beam has not a symmetrical cross section the centroid is calculated by: 

 (2.21) 

The fibre AB, distant z from the neutral axis, is stretched to !Ω.Ω if the bending moment is 

applied. The strain of fibre AB, along the x direction, is defined as the elongation divided by 

the original length: 

 (2.22) 

Since AB=CD, and the neutral axis is not strained CD=/Ω5Ω 

 (2.23) 

Therefore the stress in x direction increases linearly with the z direction being zero on the 

neutral axis:  

 (2.24) 

where E ƛǎ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΦ 

On the strip of area, dA, of the cross section (Figure 2.8) is acting the force 

 (2.25) 

and the moment about the neutral axis is: 

 (2.26) 

Considering the whole cross section: 

 (2.27) 

E and R are considered constant (independent of dA). The integral in the expression is called 

second moment of area, it is calculated taking as origin of z coordinate the neutral axis, and 

given the symbol I, therefore we can write: 
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 (2.28) 

If the beam is of uniform section, from the previous equation we have that the radius of 

curvature is constant if the material is homogeneous and we apply a constant bending 

moment. The radius of curvature of the beam is: 

 (2.29) 

and is related directly with the term EI bending stiffness (or flexural rigidity) which depends 

on the ̧ ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƻŦ ǘƘe material and on the area and shape of the cross section. Here 

we assumed the case of pure bending without any shear stress being present. In the most 

practical beam loading cases shear and bending occurs together at most points, however it 

would be possible to show that where the bending moment is maximum, in fact, the shear 

stress is zero and that the bending moment produces by far the greatest magnitude of 

stress. 

[ŜǘΩǎ ŦƛƴŘ ƴƻǿ ǘƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǘƘŜ ŎǳǊǾŀǘǳǊŜ ŀƴŘ ǘƘŜ ŀǇǇƭƛŜŘ ƭƻŀŘΦ /ƻƴǎƛŘŜǊ ŀ 

beam AB (Figure 2.9) which is initially horizontal when unloaded. If this deflects to a new 

position !Ω.Ω under load, the slope at any point C is:  

 (2.30) 

This is usually very small in practice, and for small curvatures is: 

 (2.31) 

 (2.32) 

 

 

Figure 2.9. Representation of a beam initially unloaded (A-.ύ ŀƴŘ ŀŦǘŜǊ ƭƻŀŘƛƴƎ ό!Ω-.Ωύ 

 



Force sensors based on piezoresistive and MOSFET cantilevers for biomolecular sensing 
 

32 
 

Therefore considering (2.30) 

 (2.33) 

And considering the equation (2.29) 

 (2.34) 

Remembering also the previous equation we can summarize: 

Displacement  (2.35) 

Slope  (2.36) 

Bending moment  (2.37) 

Shear force  (2.38) 

Loading  (2.39) 

 

2.1.4 ɀ Cantilever with constant cross section and  homogeneous material  

2.1.4.1 ɀ Static deflection  

[ŜǘΩǎ ƴƻǿ ŀƴŀƭȅȊŜ ǘƘŜ ŎŀƴǘƛƭŜǾŜǊ ŎŀǎŜ όǎƛƳǇƭŜ ōŜŀƳ ƭƻƴƎ L clamped at one end) with the 
transverse load, F, at its end (Figure 2.10). Considering the equations (2.18) and (2.37) we 
can write: 

 (2.40a) 

 (2.40b) 

 (2.40c) 

Considering the boundary conditions at x=0 (in the origin the deflection is zero and the beam 
is parallel to the x direction) we can calculate the coefficients A and B: 

 (2.41a) 

 (2.41b) 

Therefore the equation of the elastic curve (deflection of the neutral axis) is:  
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 (2.42) 

where the bending stiffness is 

 (2.43) 

Normally the end deflection of the cantilever is modelled as the deformation of a spring 

with elastic constant k (Figure 2.10): 

 (2.44a) 

 (2.44b) 

Finally considering the equations (2.23) and (2.33) we can write the strain and stress 

formulas for this case: 

 (2.45a) 

 (2.45b) 

  

 

Figure 2.10. Cantilever model: the cantilever subjected to a point force can be modelled by a spring 

with constant k and mass m (left). On the right, the stress dependence on x and z axes is reported.  

 

2.1.4.2 ɀ Resonance frequency 

Under the same conditions of linear elasticity and small deflection, the resonance 

frequency of the firs mode of the cantilever beam, in vacuum, can be calculated by the 

following formula [5]: 

 (2.46) 

where rm is the mass density of the material of the beam. 
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2.1.5 ɀ Cantilever with  a multilayer structure and variable cross section  

2.1.5.1 ɀ Static deflection  

Not to be confounded with beam made up of composite material, this composite 

(laminated) beam in this context refers to a beam with layering material having different 

Young's moduli and each material homogeneous. The difference in moduli will result in a 

beam having a shift in neutral axis under bending load. One way to work a composite beam 

problem is by using an equivalent beam. The basic idea is to make a beam out of just one 

material but expand or contract the substituted part laterally so that it has the same 

functionality as the original beam (Figure 2.11). 

From these considerations the position of neutral axis is: 

 (2.47) 

where i refers to the layer, zt and zd refer to the top and to the bottom of the layer 

respectively and E ƛǎ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΦ bƻǿ ǘƘŀǘ ǘƘŜ Ǉƻǎƛǘƛƻƴ ƻŦ ǘƘŜ ƴŜǳǘǊŀƭ ŀȄƛǎ ƛǎ 

calculated it is possible to calculate the bending stiffness of the composite cantilever: 

 (2.48) 

Concluding, the stress (discontinuous) and strain (continuous) (Figure 2.11) are given by: 

 (2.49a) 

 (2.49b) 

[ŜǘΩǎ ƴƻǿ ŎƻƴǎƛŘŜǊ ƛƴǎǘŜŀŘ ǘƘŀǘ ǘƘŜ ōŜŀƳ ƛǎ ǎƛƴƎƭŜ ƭŀȅŜǊŜŘ ŀƴŘ Ƙas not a constant cross 

section along the x direction like in the picture (Figure 2.12). 

From the point of view of the displacement these two situations, U-cantilever or T 

cantilever, have the same solution (if the cross-sectional area is the same). For the two parts, 

1 and 2, of the cantilever we can write: 

 (2.50a) 

 (2.50b) 
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Figure 2.11. Two-layers-ōŜŀƳ ƳŀŘŜ ƻŦ ǘǿƻ ƳŀǘŜǊƛŀƭǎ ǿƛǘƘ ¸ƻǳƴƎΩǎ ƳƻŘǳƭƛ 91 and E2 and equivalent 

ōŜŀƳ ƳŀŘŜ ƻŦ ŀ ǎƛƴƎƭŜ ƳŀǘŜǊƛŀƭ ǿƛǘƘ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ 9Φ (left). On the right, representation of the x-

component of strain and stress dependence on z-direction. 

 

 

Figure 2.12. Cantilever with non constant cross sectional area: U or T shaped cantilevers. The 

cantilever can be modelled as two cantilevers in series. The first part [0,L1] has smaller cross sectional 

area and lower bending stiffness. The second part [L1,L2] has bigger cross sectional area and higher 

bending stiffness. 

 

EI1 and EI2 are the bending stiffness (or flexural rigidity) of the beam in the two different 

parts of the cantilever. These can be calculated from the previous equation (2.47-(2.48). 

Now in L1 has to be h1= h2 (the displacement has to be the same) and hΩ1=hΩ2 (the tangent of 

the displacement is the same too). From these two boundary conditions we obtain A and B:  

 (2.51a) 
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 (2.51b) 

Finally the spring constant of the cantilever is: 

 (2.52)  

And stress and strain can be calculated as in the equation (2.49). 

 

2.1.5.2 ɀ Resonance frequency 

Under the same assumptions, the resonance frequencies of a cantilever with non 

constant cross section can be numerically calculated using the following formulas [5]: 

 (2.53)  

 

 

(2.54)  

Where c=w1/w2 and l=L1/L2. 

 

2.2 ɀ Piezoresistive effect 

The piezoresistive effect describes the change in the electrical resistivity of a 

semiconductor when a mechanical load is applied. Lord Kelvin reported for the first time on 

the change in resistance with elongation of metals (i.e. iron and copper) in 1856 [6]. After 

almost a century, and after Bardeen and Shockley predicted large conductivity change with 

elongation of single crystal semiconductors [7], Smith measured the exceptional large 

piezoresistive effect in silicon and germanium in 1953 [8]. Hereafter we will review the most 

important characteristics of the piezoresistive effect in doped crystalline silicon and in metal 

oxide semiconductor field effect transistors (MOSFET). 

 

2.2.1 ɀ Silicon piezoresistor  

The electrical resistance, R, of a homogeneous conductor is a function of its length, lR, of 

its cross section area, AR=wRtR, and of the resistivity of the material, rR: 
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 (2.55) 

When the resistor is under mechanical tension, the length increases while the thickness and 

width decrease, as explained in the previous section. Moreover, also the resistivity can vary. 

Therefore, the total relative change of the resistance is: 

 (2.56) 

where the sub-index 0 is referred to the initial unstrained conditions. Dividing the two 

expressions by the strain e, we can define the gauge factor as: 

 (2.57) 

The first two terms represent the resistance change due to the geometrical variation of the 

resistor, while the third term refers to the variation of the resistivity. Geometric effects 

alone provide a GF of approximately 2 and the contribution of the resistivity change add 

around 0.3 more in case of metals. However, for silicon, germanium and others 

semiconductors, the relative change in resistivity can be 50-100 times larger than the 

geometric term alone [9]. In silicon nanowires, it can become even 1000 times larger [10]. 

Considering a simple case of uniaxial applied stress, s, along the current flow, we can write 

with good approximation that: 

 (2.58) 

where pl is the longitudinal piezoresistive coefficient. In the opposite case, when the stress 

and current flow are perpendicular, we have to speak about transversal piezoresistive 

coefficient, pt. There is also a third piezoresistive coefficient that is called shear piezoresistive 

coefficient ps, which relates the resistivity variation to the shear stress. In a more general 

case, we can have normal and shear stress in different direction and therefore we need a 

6x6 matrix to relate the relative variation of the resistivity to the stress components [11]: 

 (2.59) 

Considering the symmetry of the cubic crystal structure of the silicon, if the crystallographic 

axes [100], [010] and [001] are chosen as reference axes the piezoresistive matrix reduces 

to: 

 (2.60) 
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The values of the three coefficients p11, p12, p44, were measured, for the first time, by 

Smith, for relatively lightly doped silicon samples and are reported in Table 2.2 [8]. 

 

2.2.1.1 ɀ Or ientation, doping and temperature dependence  

The relationships between longitudinal and transversal piezoresistive coefficients and 

the fundamental piezoresistive coefficients depend on the crystallographic orientation of the 

resistor (Table 2.2). Longitudinal and transverse piezoresistive coefficients can be calculated 

also for an arbitrary direction [12]. 

 (2.61a) 

 (2.61b) 

where l, m and n are the direction cosines respect to the crystallographic axes [13]. After 

Kanda [13, 14], pl, pt are normally reported in a graphical way. He represented the 

coefficients for lightly n- and p-doped silicon for an arbitrary direction on the (100), (110) 

and (211) wafer orientations (Figure 2.13). 

 

Direction coefficient    

stress current   n-type p-type 

    [W cm] 11.7 7.8 

    [10-11 Pa-1] -102.2 6.6 

  
 

 [10-11 Pa-1] 53.4 -1.1 

  
 

 [10-11 Pa-1] -13.6 +138.1 

Table 2.2. First order piezoresistive coefficient in some typical configurations [9]. 

 

¢ƘŜ ǇƛŜȊƻǊŜǎƛǎǘƛǾŜ ŦŀŎǘƻǊǎ ŘƻƴΩǘ ŎƘŀƴƎŜ Ƨǳǎǘ ƻƴ ǘƘŜ ŎǊȅǎǘŀƭƭƻƎǊŀǇƘƛŎ ŘƛǊŜŎǘƛƻƴΣ ōǳǘ ŀƭǎƻ ƻƴ 

the doping concentration and temperature. In 1962 and 1963 Tufte and Stelzer measured 

the dependence of p11, p44, for n-doped silicon and p-doped silicon respectively, on the 

doping concentration ranging between 1015 and 1021 cm-3 and temperatures between 70 K 

and 370 K (Figure 2.14)[15, 16]. They found that the coefficients are decreasing when 

increasing the concentration and temperature. Considering the experimental results Kanda 

presented a theoretical model to calculate these variations, which were represented by the 

piezoresistance factor P (Figure 2.15). This fits pretty well for low doped silicon but it 

introduces an error between -24% and +14% for highly p doped silicon [13]. This error was 

attributed to the dopant scattering at high concentrations, whereas the calculations took 

into consideration just lattice scattering.   
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After Harley proposed an empirical fit for highly doped silicon [17], in 2008 this 

discrepancy was solved by Richter, who included all the relevant scattering mechanisms, 

acoustic phonon, non-polar optical phonon, and ionized impurity scattering [11]. This model 

predicts very well the piezoresistive factor at different temperatures and at concentrations 

between 1014 and 1020 cm-3. After Richter, the piezoresistive factor P=pl/pl,0, can be 

calculated by: 

 (2.62) 

 

  
Figure 2.13. Longitudinal pL (red) and transverse pT (green) piezoresistive coefficients in n-doped 

silicon (left) and p-doped silicon (rigth). [13] 

 

 
 

Figure 2.14. Experimental values of p44 in p-doped silicon (left) and p11 for n-doped silicon (right) for 

different doping concentrations and at different temperatures. [15, 16] 
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where n is the concentration, Q is the normalized temperature T/300 and the fitting 

coefficients J,a,g,h,NB,NC, are 6x1019 cm-3, 7x1020 cm-3,0.9, 0.43, 0.1, 1.6, 3 respectively 

(Figure 2.16). 

 

  
Figure 2.15.Theoretical values of piezoresistive factor calculated by Kanda for p-doped (left) and n-

doped silicon (right) for different doping concentrations and at different temperatures. [13] 

 

 

 
Figure 2.16. Theoretical values of piezoresistive factor calculated by Richter for p-doped silicon for 

different doping concentrations and at different temperatures [11]. 

 

2.2.2 ɀ Silicon MOSFET 

The metal-oxide-semiconductor field effect transistor (MOSFET) was made for the first 

time in 1959 at Bell Labs by D. Kahng and M. M. Atalla [18], after J. E. Lilienfeld patented the 

idea of this kind of transistor in 1925 [19]. Few years later, in 1967, 14 years after the 
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discovery of the piezoresistive effect in bulk silicon, Colman [20] from Texas Instruments, 

reported for the first time about piezoresistance in p-type MOSFET. In 1968, Dorey, from Bell 

Labs, confirmed the measurements of Colman [21] and just in 1970 and 1972, Dorda 

reported a much more detailed and complete work on the piezoresistive effect in p-type and 

n-type silicon inversion layer in MOSFETS [22, 23]. Even though, during the first years, this 

effect has been pointed out for mechanical transducers applications, in the last 15 years it 

has been of fundamental importance for improving the performance of the transistors in the 

logic technologies. 

 Hereafter, we will point out the working principles of the MOSFET transistors and 

afterwards we aim to summarize the literature information about their stress dependent 

characteristics. 

 

2.2.2.1 ɀ MOSFET model  

The MOSFET transistor (Figure 2.17) is made by a capacitor, the metal-oxide-

semiconductor (MOS) structure, which has two terminals: gate and body. Until the mid-

1970s the gate was made of aluminum, but nowadays highly doped polycrystalline silicon is 

used for this purpose. The body is a lightly doped semiconductor, which is normally silicon. A 

thin oxide, normally silicon oxide, separates the two terminals. Source and drain complete 

the MOSFET structure. These two terminals are also made of silicon, but are doped in the 

opposite way than the body. The region between the source and drain, just under the gate 

oxide, is called channel. 

The distribution of charges in the semiconductor can be modified by applying a voltage 

across the MOS structure. For sake of simplicity we consider just the n-MOSFET case. In this 

case, source and drain are n-doped and the body is p-doped. A positive voltage from gate to 

body, VGB, force the positive conductive charges, the holes, to migrate far away from the 

silicon-silicon oxide interface. This creates a depletion layer, leaving exposed a carrier-free 

region of immobile, negatively charged acceptor ions. If the VGB is high enough, higher than a 

threshold voltage (VTH), then a high concentration of negative charge carriers, the electrons, 

forms a very thin layer (inversion layer) located just under the gate oxide. If a positive 

voltage is applied from drain to source, VDS, then the electrons can flow and there is a 

current from source to drain, ID. 

The operation of a MOSFET can be separated into three different modes, depending on 

the voltages at the terminals (Figure 2.18):  

¶ If the voltage between gate and source, VGS, is lower than VTH then there is no 

conduction between source and drain and therefore the transistor is turned off. 

This is called sub-threshold mode.  
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¶ If VGS>VTH and VDS<VGS - VTH the transistor is turned on. Since VGS is higher than VTH 

the MOS is in inversion and there are electrons in the channel. Because of VDS, 

there is current flow between source and drain. This state is called linear region, 

because the transistor operates like a resistor controlled by the gate, the source 

and drain voltages. The drain current is higher for higher VGS and for higher VDS 

and is modeled by: 

 (2.63) 

where mn is the charge-carrier effective mobility, WCH is the channel width, LCH is 

the channel length and Cox is the gate oxide capacitance per unit area. 

¶ If VGS>VTH and VDS>VGS - VTH the transistor is turned on, the current flows between 

source and drain and it depends mainly on VGS. The drain voltage has just a weak 

influence. This behavior is explained by the fact that the voltage between the 

gate and the drain is lower than VTH and therefore the channel is pinched-off near 

the drain.  This state is called saturation region and is modeled by: 

 (2.64) 

where l is the channel length modulation parameter and sometimes is 

considered to be l=0, especially for long channel MOSFET. 

 

 

Figure 2.17. Representation of a n-type MOSFET transistor.  
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Figure 2.18. Electric characteristics of an enhancement mode n-MOSFET transistor. IDS vs VDS graph 

for different gate voltages (left) and IDS vs. VGS at low VDS voltage. 

 

2.2.2.2 ɀ Piezoresistivity and carrier mobility enhancement in MO SFET transistors 

The drain current of a MOSFET changes when the transistor is loaded by a compressive 

or tensile stress. When the transistor is in saturation, the mechanical stress can affect the 

carrier mobility, the threshold voltage and the channel dimensions. Like in the piezoresistor 

case, the changes in the WCH and LCH are not sufficient to explain the high current variation, 

and in fact they become negligible. Thus the relative change in the drain current is [24]: 

 (2.65) 

In literature, there has been some disagreement about the dependence of the threshold 

voltage variation with the stress, due mainly to a wrong way to measure it [24]. Bradley, in 

2001, experimentally extracted the threshold voltage from MOSFET linear region 

measurements for different channel length and for three different technologies [24]. His 

results demonstrated that the threshold voltage is essentially independent of stress which is 

agrees with the theory of Mikoshiba [25]. Based upon this conclusion, the second term of 

the previous equation can be neglected. The mechanical stress, therefore, influence just the 

charge carrier mobility: 

 (2.66) 

If we consider that the transistor is subjected to uniaxial stress and that the drain current 

flows in the same direction, we can write:  

 (2.67) 

where pL is the longitudinal piezoresistive coefficient. It should be noted that, in this case, 

the piezoresistive coefficient is defined using the current variation instead than resistance 

variation (eq. (2.58))Σ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ŀ ά-έ is introduced in the formula. If the drain current 
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flows perpendicular respect to the stress, we have to introduce the transversal piezoresistive 

coefficient, pT. In the same way like for the piezoresistors, the piezoresistive effect in silicon 

MOSFET is fully described by the piezoresistive matrix and by the three independent 

piezoresistive coefficients p11, p12, p44 (Table 2.2). 

 

2.2.2.3 ɀ Orientation, doping, gate voltage, drain voltage, gate length and 

temperature dependence  

Many works have been published about the piezoresistivity (or charge carrier 

enhancement) in MOSFET transistors. They agree that this effect varies with the 

crystallographic orientation of the channel, with the gate voltage, drain voltage and 

temperature while it does not depend on the doping level of the channel or on the channel 

length. Between 1967 and 90s, the piezoresistive coefficients have been studied 

systematically for p-type and n-type inversion layers in the fundamental directions and on 

different silicon substrates: (100), (110), (111). In these studies the fundamental 

piezoresistive coefficients p11, p12, p44, have been measured or calculated. Later on, the 

attention has been directed more on the stress dependence of the electrons and holes 

mobility enhancement, to improve the transistor performance for logic technologies. In this 

perspective, the researchers measured mainly the piezoresistive properties in the common 

transistor direction, the <110>Σ ŀƴŘ ǘƘŜȅ ŘƛŘƴΩǘ ŎƻƴǎƛŘŜǊ ŀƴȅƳƻǊŜ ŦǳƴŘŀƳŜƴǘŀƭ ǘƘŜ 

measurements of all the three primary piezoresistive coefficients. In Table 2.3 we report the 

values from Wang [26] and the maximum and minimum values obtained from other authors 

at low gate voltages. In appendix A, we report the most relevant values found by the 

researchers from 1967 until these days. 

Considering the equations (2.61a) and the values of Wang, we can represent the 

piezoresistive coefficients for the different crystallographic directions in a graphical way, like 

is normally done for bulk silicon. In Figure 2.19 , we report pL and pT for n-type and p-type 

inversion layers on the (100) substrate. 

 

Doping type p11 x 10ҍмм [Paҍм] p12 x 10ҍмм [Paҍм] p44 x 10ҍмм [Paҍм] 

n-MOSFET -90 (-84/-100) 40 (34/50) -10 (-10/-21) 

p-MOSFET -15 (-1/-15) 30 (24/35)  115 (104/128) 

Table 2.3. Piezoresistive coefficient values for n-and p-type inversion layer [26] . (Maximum and 

minimum values in literature). 
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Figure 2.19. Longitudinal (red) and transverse (green) piezoresistive coefficients representation in n-

doped silicon (left) and p-doped silicon (rigth) considering the values of Wang [26]. 

 

 
 

Figure 2.20. Variation of the piezoresistive coefficient with the transverse electric field at 300 K for n-

MOSFET (left) and p-MOSFET (right) [26]. 

 

 In the n-type inversion layer case, all the piezoresistive coefficients have around 10% or 

20% lower values than the ones of the n-doped silicon. In the p-type inversion layer case, 

also p44 has 10% lower value, but p11 and p12 have opposite sign and higher absolute values 

with respect to the p-doped silicon case. Moreover these values are not at all constant. As 

reported by Dorda [22, 23], Canali [27], Mikoshiba [25] and Wang [26], the piezoresistive 

coefficient has a strong dependence on the gate voltage (or vertical electric field, EG). They 

agree that in n-MOSFET case at low EG, p11, p12 tend to approach the corresponding values of 

the lightly doped silicon. The increase of the field strongly reduces their absolute values 

(Figure 2.20). On the other hand, p44 has an opposite behavior passing from around -10x10-11 
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Pa-1 to -20 x10-11 Pa-1. In the p-MOSFET case, this dependence is less marked and just the 

longitudinal piezoresistive coefficient firmly decreases from around -15x1011 Pa-1 to 0 Pa-1. 

Wang reported also about the variation of the piezoresistive coefficients with the drain 

voltage, for different stress values [26]. The decrease of the coefficients for high drain 

voltages is higher at higher stresses and is valid for n- and p-MOSFET, as reported in Figure 

2.21. On the other hand, Vatedka measured the drain current for various VGS and VDS for an 

n-MOSFET with a gate length of 10 mm oriented in the <110> direction (Figure 2.22) [28]. He 

reported that the piezoresistive effect is higher for high drain voltages. Especially, the drain 

current relative variation just before drain breakdown can be 30% higher compared to the 

variation at lower drain voltages. At high drain voltages there is impact ionization which 

increases the number of electrons flowing to the terminal. The stress influences also the 

ionization with a final result of higher stress dependence of the drain current at high drain 

voltages. 

  

Figure 2.21. Relative drain current change (DI/I0) depent on the drain voltage n-MOSFET (left) and p-

MOSFET (right). Full lines are the simulation results and points are experimental values [26]. 

 

Figure 2.22. Drain voltage and gate voltage dependence of the relative drain current change (DI/I0) 

[28]. 
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In the last two decades, with the downscaling of the MOSFET transistor, it became 

evident that the piezoresistive characteristics were dependent on the transistor dimensions. 

The sensitivity of the devices to stress is constant for long gate length but falls off as the 

channel length is reduced below approximately 2 mm. Bradley and Gallon, in 2001 [24] and 

2003 [29] respectively, attributed this phenomenon to the parasitic resistances of source 

and drain, that becomes more pronounced as the gate length decreases. The parasitic 

resistances, that are equal in source and drain, cause transconductance degradation and at 

the same time they are almost insensitive to the stress because are made of heavily doped 

silicon. In Figure 2.23 we report the uncorrected values and the relative corrected data of 

the longitudinal and transversal piezoresistive coefficients for p-MOSFET versus channel 

length. 

Mikoshiba, in 1980, studied also the dependence of the piezoresistive coefficient on the 

channel doping [25]. In enhancement mode MOSFET transistors the coefficients do not 

depend on channel doping level also because the channels anyway are always lightly doped. 

It seems therefore that they are function mainly of the surface electric field. In the depletion 

mode transistor, we have to make a difference between n- and p-type MOSFETS. In the first 

case, the piezoresistive coefficients have similar values to the enhancement type transistor; 

however, they depend more weakly on the surface electric field. In fact, in this type of 

transistor, the current path exists partly in the surface accumulation layer and partly in the 

channel bulk region. In p-type depletion mode MOSFET the piezoresistive coefficients are 

almost equal to the corresponding bulk values at low vertical electric fields. Additionally, 

they show almost no field dependence. In Figure 2.24 we report the values measured by 

Mikoshiba for different type of n- and p-MOSFETs. 

It is well known that the piezoresistive coefficients decrease with the temperature 

increase for bulk silicon and many authors studied it, as it has been pointed out in the 

previous section 2.2.1.1. On the other hand, for the silicon inversion layer there are not 

many studies about the carrier enhancement dependence with temperature. Canali [27] 

studied the variation of pL and pT between -20ϊC and 120ϊC for a p-MOSFET along the <110> 

and of pL for a n-MOSFET along <111> direction. He reports piezoresistive coefficients 

variations between 500 ppm C-1 and 5000 ppm C-1 for different crystallographic directions, 

which are in the same order of magnitude of the variations reported by Tufte for low doped 

silicon (Figure 2.25) [15]. 
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Figure 2.23. Piezoresistive coefficient dependence on the channel length. Uncorrected values and the 

relative corrected data of the longitudinal and transversal piezoresistive coefficients for p-MOSFET 

versus channel length [24]. 

 

 

 

Figure 2.24. Piezoresistive coefficient dependence on channel doping and on transversal electric field 

for n-NOSFET (left) and p-MOSFET (right) transistors [25]. 

 
Figure 2.25. Temperature dependence of some piezoresistive coefficient for n- and p-MOSFET [27]. 
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2.3 ɀ Noise 

In electronics, the noise ƛǎ ŀƴȅ ǳƴǿŀƴǘŜŘ ǊŀƴŘƻƳ ŦƭǳŎǘǳŀǘƛƻƴ ƛƴ ŀ ƳŜŀǎǳǊŜŘ ǎƛƎƴŀƭΦ [ŜǘΩǎ 

consider for example a doped silicon resistor, R, biased by a noise-free constant current, I, 

which can be also 0. The voltage, V, has a constant mean value, but it has also fluctuations, 

at any frequency. These fluctuations are called noise (Figure 2.26). This can be intrinsic of the 

device under test or extrinsic, due to external sources. In general the extrinsic noise depends 

on the environment, it can vary a lot and it can be removed. A typical extrinsic noise is the 50 

Hz (or 60 Hz) signal that is present almost everywhere and it is due to the power lines.  

Hereafter, therefore, we will focus just on the intrinsic noise of doped silicon resistors and of 

MOSFETs.  
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Figure 2.26. Noise in a resistor. Peaks are extrinsic noise at 60 Hz. 

 

2.3.1 ɀ Silicon resistor.  

The intrinsic noise of a resistor can have different sources. The dominant one is the 

electrical noise although there are also some other important sources. A common way of 

representing the noise in frequency domain is to report the power spectral density (PSD) of 

the signal with [V2/Hz] units (Figure 2.27). This is done transforming the signal from time 

domain to frequency domain, using the Fourier transform. A typical PSD for silicon doped 

resistor is the one reported in Figure 2.27. Two zones can be distinguished. At high 

frequencies there is no dependence. At lower frequencies there is 1/f dependence. The first 

is commonly called thermal noise (or Johnson-Nyquist noise), while the second is named 1/f 

noise (or Hooge noise). If we analyze piezoresistive MEMS structures, like the cantilevers, 

then we have to consider also the thermomechanical noise. 
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Figure 2.27. Power spectral density of a resistor. The data are fitted with thermal noise and 1/f noise 

expressions (eq. 2.64, 2.66). 

 

2.3.1.1 ɀ Thermal noise  

Thermal noise was observed for the first time by Johnson [30] and explained by Nyquist 

[31]. This noise is caused by the thermal agitation of the charge carriers of the conductor. 

The PSD of this noise is independent of the frequency and it is proportional to the Bolzmann 

constant, kB [J/K] the temperature, T [K], and the resistance, R [W]: 

 (2.68) 

The root mean square (RMS) noise voltage can be calculated by integrating the PSD in a 

certain bandwidth (fmax-fmin): 

 (2.69) 

where fmax and fmin are the maximum and minimum frequency of the bandwidth that we 

choose.  

 

2.3.1.2 ɀ 1/f noise  

1/f noise is maybe the most studied noise source. Despite this, it is not completely 

understood in semiconductors and it is still an active topic. During the years two main 

theories and models have acquired importance. In the McWhorter model [32], also called 

number fluctuation model, it is believed that the noise is caused by the random trapping and 

detrapping of the mobile carriers in the trap located at the Si-SiO2 interface. On the other 

hand Hooge [33, 34] affirmed that this noise is due to fluctuation in the mobility of the free 

charge carriers when they collide with the crystal lattice. This model is therefore also called 
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mobility fluctuation model. According to this second empirical model, the PSD can be 

described by: 

 (2.70) 

where Vbias [V] is the bias voltage of the resistor, N is the total number of charge carriers, f 

[Hz] is the frequency and a is the so called Hooge factor. The RMS noise voltage in a certain 

bandwidth is: 

 (2.71) 

a is dimensionless parameters that can vary in function of the doping technique and 

fabrication process details [35-37]. It is therefore ascribed to the lattice quality and the 

typical range of variation is 10-3 to 10-7. 

 

2.3.2 ɀ MOSFET 

The noise in the MOSFET case is pretty similar. We can identify electrical noise sources 

and mechanical noise sources. Hereafter we speak just about the electrical sources since the 

electromechanical noise is the same as in a piezoresistive cantilever. The electrical noise 

sources in a MOSFET transistor are [38-40]: 

¶ Thermal noise in channel 

¶ 1/f noise 

¶ Noise in the resistive gate 

¶ Noise due to the distributed substrate resistance 

¶ Shoot noise associated with the leakage current of the drain source reverse 

diodes. 

Also in this case the dominant sources are the thermal noise in the channel and the 1/f 

noise.  

 

2.3.2.1 ɀ Thermal noise  

The current flowing between the drain and the source terminal in a transistor is based on 

the existence of an inverse resistive channel between them, as explained in the previous 

section 2.2.2. The inverse resistive channel is formed by the minority carriers in the 

substrate under the appropriate control of the gate voltage. In analogy to a resistance, the 

random motion of the free carriers within the inverse channel generates thermal noise at 

the device terminal. In the extreme case when the drain source voltage VDS=0 the channel 
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can be treated as a homogeneous resistor. Therefore the thermal noise current spectral 

density is similar to the one of a resistor and is given by:  

 (2.72) 

Where g0 [1/W] is the channel conductance at VDS=0 V. Normally VDS>0 therefore it is not 

possible anymore to consider the channel as homogeneous resistor. It has to be divided in 

small parts, in these calculated the noise, and the noise integrated along the whole channel. 

Finally, for the saturation region, we can write [38]: 

 (2.73) 

where gm is the transconductance of the MOSFET and g is a complex function of the basic 

transistor parameters and bias conditions. To give a value to g a numeric approach is 

required. However typical values are between 2/3 and 1, for a gate oxide thickness of 50 nm 

and substrate concentrations around 1016 atoms/cm-3 [38]. If we integrate the spectral 

density in a certain bandwidth we obtain: 

 (2.74) 

 

2.3.2.2 ɀ 1/f noise  

Among all the active integrated devices, MOSFET transistors show the highest 1/f noise 

of all, due to their surface conduction mechanism [38]. This fact together with the lack of 

satisfactory theory resulted in an enormous number of papers in the literature on the 

discussion of 1/f noise in MOSFET both theoretically and experimentally. As it is for the 

resistors, also in the MOSFET case we find the mobility fluctuation and the number 

fluctuation models. Following the Hooge model the noise current spectral density is 

expressed by: 

 (2.75) 

where a is the Hooge parameter, N is the total number of free carriers in the device, I the 

short circuit drain current and f the frequency. Like for the thermal noise, for a MOSFET in 

saturation region we have to divide the channel in small parts, in this calculate the noise, 

and integrate it along the whole channel. The total 1/f current noise power spectral density 

can be calculated by: 

 (2.76) 

where q is the elementary charge, mf is the so-called 1/f noise mobility which depends 

strongly on the bias conditions, VGS and VT are the gate voltage and the threshold voltage, IDS 
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is the drain current and LCH is the channel length. The noise current in a certain bandwidth 

can be calculated after integrating the previous formula: 

 (2.77) 

 

2.3.3 ɀThermomechanical noise  

A third noise source, the thermomechanical noise, is an electromechanical noise and 

derives from the fact that the cantilever is a moving beam. It is the mechanical analog of 

Johnson noise and consists of physical oscillations of the beam. Its origin is the Brownian 

movement of the particles surrounding the structure, which cause the vibrations. If a 

piezoresistor or a MOSFET are integrated into a beam then the resistivity or the drain 

current fluctuates, creating an additional noise in the signal. This places the lower limit on 

the resolution of all mechanical sensors. This noise is a white noise, at frequencies lower 

than the resonance frequencies and for beam with low quality factors. The power spectral 

density is [V2/Hz] [35]: 

 (2.78) 

Except at resonance, this noise source has always been smaller than 1/f and thermal 

noise [35], therefore, it will be neglected in the remainder of the thesis. 
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Piezoresistive cantilever  

In this chapter the electromechanical model used to optimize the resolution of the force 

sensor will be introduce (section 3.1). Then the mask design, the fabrication process and the 

fabrication issues of the piezoresistive force probes will be pointed out (section 3.2). After 

presenting the development of new on-wafer characterization set-ups and techniques, the 

mechanical, electrical and electromechanical performance of the different force probes will 

be reported. 

 

3.1 ɀ Probe modeling  

Here, the electromechanical model used to optimize the performance of the force 

probes with embedded piezoresistor is presented. This model can be also used to extract 

important materials parameters, like silicon piezoresistive coefficient, materials YoungΩǎ 

modulus and Hooge factor for 1/f noise. The model is developed considering that the 

cantilever is loaded by a vertical (z- direction, Figure 3.1.A) point force in the free end and 

behaves according to the linear elastic theory (see previous section 2.1). 

The most important parameters determining the performance of a quasi-static force 

sensor based on piezoresistive cantilevers are the spring constant kC [N/m], the force 

sensitivity SF,V=DV/F [V/N] (or deflection sensitivity Sd=DV/d [V/m]), the transducer noise, Vn 

[V], and the force resolution RF [N], also called minimum detectable force (MDF). The spring 

constant is a parameter that relates the cantilever deflection with the force applied on the 

structure. The lower the spring constant, the higher the deflection for the same applied load. 

The force (or displacement) sensitivity is the parameter that says how much the transducer 

output signal varies upon the application of a load (or a deflection). Finally the resolution is 

the minimum force (or displacement) that the sensor can detect. An additional parameter 

that has to be taken into consideration is the resonance frequency of the beam. This tell us 

how fast a measurement can be performed: from the resonance frequency derives the 

frequency range over which the force probes can be used. 

The electromechanical model is presented after assuming a suitable cantilever structure. 

Using this model we calculated the deflection and force sensitivities and considering the two 

main noise sources, we finally calculated the sensor resolution dependence on the various 

parameters.   

A suitable structure for a piezoresistive force sensor based on a self-sensing cantilever 

that has to function properly in liquid environment is composed at least by (Figure 3.1.A): 

¶ a mechanical layer (silicon in this case) 

¶ a transducer layer (a piezoresistor in this case) 

¶ an insulating layer (silicon nitride in this case). 
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Figure 3.1 . A) Exploded view of the piezoresistive cantilever with typical dimensions. From the top 

there are: PECVD silicon nitride (tNit = 100 nm), thermal oxide (tOx = 38 nm), implanted crystalline 

silicon, and crystalline silicon (tSi =325 nm). L1 = 125 ˃ m is half of the length of the piezoresistor and 

also the length of the multilayer part. L2 = 250 ˃ m is the total length of the cantilever. The implanted 

piezoresistor is visible on the silicon. zti and zdi are the top and the bottom z coordinates of the layers, 

with i = 1 for silicon nitride, i = 2 for silicon oxide, and i = 3 for silicon.  B) Electrical scheme of the 

sensor. In each chip there are 4 piezoresistors: two are embedded into the cantilevers and two are 

integrated in the chip. They form two voltage dividers which can be externally connected to form a ¼ 

active Wheatstone bridge. The two cantilevers can be equal and one acts as reference, while the 

second one is be used as probe. 

 

The mechanical layer is the one that contributes the most to the mechanical properties 

of the sensor: spring constant and resonance frequency. Silicon has been chosen because it 

has very good mechanical properties [1, 2], because the microfabrication processes are very 

well established and because doped silicon has high piezoresistive coefficients and therefore 

the transducer layer can be easily embedded. The transducer layer has to convert the 

mechanical bending into an easily measurable physical quantity. Doped silicon translates the 

mechanical elongation of the beam bending, into electrical resistance variation. The 

insulating layer has to electrically insulate the conductors (i.e. the piezoresistor) when they 

are in liquid environment. Silicon nitride has been chosen because it is a good barrier for 

water based solutions and it has good insulation and mechanical properties if compared to 

others materials like silicon oxide or polymers [3-6]. Finally, a thin layer of silicon oxide 

guarantees better electrical properties to the silicon piezoresistor reducing defect densities 

at the interface.  

The cantilever can have constant or variable cross section along the x-axis. A smart way 

of fabricating the cantilever used already by many authors, and probably the most common 

one, is to choose the so called U-shaped cantilever [7]. With this structure we obtain the 

main advantage of reducing the spring constant and so increasing the force resolution. On 

B) A) 
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one hand the spring constant is reduced because part of cantilever is etched away. On the 

other hand this design allows higher downscaling of the cantilever width. If this design is not 

used, for very narrow piezoresistor legs the two depletion regions can come into contact if 

the lateral dopant diffusion is not considered very well. Even if the two legs are far from 

each other, in some cases there can be leakage current, reducing the sensitivity and 

increasing the noise [8]. If the two legs of the piezoresistor are physically separated we avoid 

this problem. This allows reducing more the cantilever width and therefore its spring 

constant. 

A common way to read out the resistance change of the piezoresistor embedded into a 

deflected cantilever is to integrate it into a Wheatstone bridge (Figure 3.1.B). Choosing a 

symmetrical bridge (two piezoresistors embedded into two cantilevers and two into the 

chip) is beneficial for a linear response on deflection and reduced temperature dependence 

of the sensor [9].  

 

3.1.1 ɀ Mechanical model 

The spring constant of a cantilever is defined as: 

 
(3.1) 

where F is the force actuating at the cantilever end and d the deflection. In the case of a 

multilayer, U-shaped cantilever (Figure 3.1) kc can be calculated taking into consideration the 

equations (2.47(2.52) (section 2.1.5): 

 
(3.2) 

where EI1 is the bending stiffness of the multilayer part of the beam, x=[0,L1], and EI2 is the 

bending stiffness of the second part, x=[L1,L2]. 

 

3.1.2 ɀ Sensitivity  

In the previous section 2.2.1, we saw that, when a piezoresistor is mechanically stressed, 

the relative change of the resistance value (DR/R0) is the result of the change of the resistor 

dimensions (length l, width w and thickness t) and of the resistivity (r). In the case of low 

doped crystalline silicon, the change of the resistivity in certain directions (i.e. <100>) is 

larger than the dimensional changes by a factor of 50, thus: 

 
(3.3) 
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where the pl is the longitudinal piezoresistive coefficient for that certain direction. The 

cantilever under study is modeled as a linear elastic beam with a point load at the tip, as 

explained in the previous section. This leads to a longitudinal stress (sx) along the two legs of 

the cantilever that varies linearly along x and z and to a negligible transverse stress along y. 

Considering that the resistor, thus the current, and the stress are parallel and along the 

<100> direction we can write: 

 
(3.4) 

where p11 is the longitudinal piezoresistive coefficient for the crystallographic direction 

<100> , <sR,x> is the longitudinal mean stress in the resistor in the x direction and ER,100 is the 

young modulus of the piezoresistor in the 100 crystallographic direction. We have chosen 

the <100> direction as example, because it is also the one that optimize the piezoresistive 

coefficient for n-doped silicon. We used this direction also for fabricating the cantilevers. 

Knowing the deflection of the cantilever between 0 and L1 (2.49), we can calculate the 

stress in the piezoresistor:  

 
(3.5) 

The average stress in the piezoresistor is obtained integrating the stress in the length and 

thickness and dividing the result by the length and thickness: 

 

(3.6) 

where tR is the thickness of the resistor (in this case we have approximated the doping 

profile with a step profile). Now, considering that for a ¼ active Wheatstone bridge (Figure 

3.1.B) biased by a certain voltage, VBIAS, it is: 

 
(3.7) 

the force sensitivity is: 

 
(3.8) 

or in terms of piezoresistive coefficient: 

 
(3.9) 

This model is valid in principle if the piezoresistance is homogeneously doped and has a 

sharp p-n junction. This is possible just when epitaxial growth is used. In the case of 

implantation followed by annealing, the doping concentration is not constant through the 

thickness. It should be, therefore, developed a model that takes into consideration the z 
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dependence of the conductivity and piezoresistive coefficient. Tortonese [7] has been the 

first taking into consideration this aspect introducing the efficiency factor, b. Park [10, 11] 

slightly modified this factor, including the piezoresistance factor, P, just in the numerator: 

 

(3.10) 

In any case, the efficiency factor can be calculated by dividing the force sensitivity for an 

arbitrary dopant concentration profile, by the theoretical maximum force sensitivity. The 

maximum sensitivity is obtained for an infinitesimally thin and low doped piezoresistor 

located on the silicon surface. The maximum force sensitivity in our case would be: 

 
(3.11) 

At IMB-CNM, we have a large experience in ion implantation. In our case we use As to 

obtain a shallow junction, due to its low penetration and small diffusion. Due to the 

concentration-dependence of the diffusion coefficient of As in silicon [12], the profiles after 

a thermal annealing are fairly abrupt [13-15], which have been previously characterized by 

spreading resistance. We have therefore approximated the abrupt dopant profile by a step 

function in order to obtain a simpler analytical approximation for the force sensitivity.   

 

3.1.3 ɀ Noise and bandwidth  

The performance of the cantilever is limited by the noise. Here we will take into 

consideration just the two major noise sources: thermal noise and 1/f noise, called also 

Hooge noise. The thermomechanical noise in fact has lower power for similar force probes 

ŀƴŘ ǘƘŜǊŜŦƻǊŜ ǿŜ ŘƛŘƴΩǘ ǘŀƪŜ ƛǘ ƛƴǘƻ ŎƻƴǎƛŘŜǊŀǘƛƻƴ [16, 17], as discussed in 2.3.3. 

The thermal noise of a balanced Wheatstone bridge is equal to the noise of a single 

resistor, so that the overall noise power for the Wheatstone bridge in the frequency 

bandwidth from fmin to fmax is [18]: 

 
(3.12) 

where RS=r/t R, is the sheet resistance, which can be easily measured, L1=1/2 LR is half of the 

length of the resistor and wR is the width of the resistor.  

A piezoresistive Wheastone bridge can be made by 1, 2 or 4 silicon doped resistors. In 

our case we use 4 doped resistors for temperature compensation therefore the Hooge noise 

is [19]: 

 
(3.13) 



Force sensors based on piezoresistive and MOSFET cantilevers for biomolecular sensing 
 

64 
 

where VBIAS is the bias voltage of the bridge and dose is the implantation dose.  

The sheet resistance depends on the concentration and therefore on the doping dose 

and it is calculated from the following empirical carrier mobility expression and resistivity 

expressions [20]: 

 (3.14) 

 
(3.15) 

In the case of arsenic, the fitting parameters are mmin=52.2 cm2/Vs, mmax=1472 cm2/Vs, 

Nr=9.68 1016 and am=0.68, n is the doping concentration (n=dose/tR) and q=1.6 10-19 C is the 

elementary charge. 

Typically the atomic force spectroscopy biomolecule recognition experiments are done in 

a timescale of 1 second and the data are acquired at frequency between 0.5 kHz and 10 kHz, 

depending on pulling speed and on the atomic force microscope. In the calculation and in 

the measurements of the noise, we consider therefore always the maximum bandwidth of 

1Hz-10 kHz.  

 

3.1.4 ɀ Resolution 

The force resolution, which is defined as the minimum force that can be detected (MDF), 

is commonly considered as the RMS force noise: 

 

(3.16) 

And it has been calculated from the equations (3.11)-(3.13). 

 

3.1.5 ɀ Optimization  

In order to improve the force resolution, we have to maximize the force sensitivity and 

minimize the total noise or in other words to minimize the MDF. This is not at all a simple 

task, in fact many parameters influence both sensitivity and noise. For example, for higher 

doping concentration, we decrease the 1/f and the thermal noises. At the same time also the 

force sensitivity decreases because the piezoresistive coefficient drops. 

In the electromechanical model presented in the previous sections we take into 

consideration 9 parameters that can be divided in design, process and operation 
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parameters. The design parameters are the ones that depend completely on our choice and 

we fix them during the design of the masks for the photolithography and during the wafer 

selection. They are the length (L2 or LC), silicon thickness (tSi) and arm width (w1) of the 

cantilever and the relative length (lR =LR/L2) and width (wR =wR/w1) of the piezoresistor. The 

process parameters depend on the fabrication process. They are the dopant implantation 

dose (dose), the Hooge factor (a) of the 1/f noise and the relative piezoresistor thickness (tR 

=tR/ tSi). Finally we consider just one operation parameter: the bias voltage of the 

Wheatstone bridge (VBIAS). Also the bending stiffness of the multilayer part, EI1, influences 

the sensitivity. However, it depends on the cantilever arm width, on the silicon thickness and 

on the thicknesses of the silicon oxide and silicon nitride. The first two parameters have 

been taken already into account and the oxide and nitride should be as thin as possible 

because thicker they are, lower the sensitivity. At the same time, considering the PECVD 

silicon nitride deposited in the IMB-CNM cleanroom, this should have a minimum thickness 

of 100 nm in order to insulate well the conductors. Therefore the nitride is always 

considered to be 100 nm thick and the silicon oxide 38 nm thick, even though, because of 

the fabrication process it is thinned at around 10 nm (see next section 3.2).  

Hereafter we will present the SF,V and MDF dependence on these 9 parameters. For this, 

we fix suitable starting values (Table 3.1) of all parameters except one, which is varied in a 

range constrained by technological and practical issues. Starting lengths and widths are 

chosen according to the previously designed masks (section 3.2.1) and the silicon thickness 

ŀŎŎƻǊŘƛƴƎƭȅ ǘƻ пΩΩ SOI wafer available at IMB-CNM. The dose corresponds to a concentration 

of 10-20 atoms/cm3  considering the relative resistor thickness, which was chosen according 

to the previous studies of Harley [21]. For the Hooge factor we have chosen a typical value 

for implanted piezoresistors [19] and for the bias voltage a typical value used in literature.   

All the results are reported in normalized graphs.  

 

LC w1 tSi lR =LR/ L2 wR =wR/ w 1 tR =tR/ tSi dose a Vbias 

[mm] [mm] [mm]    [cm-2]  [V] 

250 2 0.325 0.5 1 0.33 1 1015 1x10-3 5 

Table 3.1. Starting values for the different parameters: cantilever length LC, cantilever arm width w1, 

silicon cantilever thickness tSi, relative piezoresistor length lR, relative piezoresistor width wR, relative 

piezoresistor thickness tR, implantation dose, Hooge factor a, bias voltage VBIAS. 

 

Cantilever length  

The cantilever length has big influence on the force resolution. An increase in the length 

from 100 mm to 1 mm improves the resolution by more than 20 times. This is due to the 

linear increase of the sensitivity and to the decrease of the noise. The noise decreases 
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because we fixed a ratio lR =LR/ Lc and therefore for longer cantilevers, the piezoresistor 

becomes longer and it has higher total number of charge carriers. However, we should strike 

a balance between the resolution and the mechanical characteristics of the cantilever, 

especially considering the resonance frequency. According to eq. (2.53) and to FEM 

simulations, the resonance frequency of the described cantilever with a length of 250 mm is 

around 6.5 kHz, which is enough fast for biomolecule detection purposes. Additionally we 

have to consider that longer cantilevers are far more prone to break during the fabrication 

and have more sticking problems that leads to much lower fabrication yield.  

 

  

Figure 3.2. Normalized force resolution (left) and normalized force sensitivity and noise voltage (right) 

dependence on the cantilever length 

 

Cantilever arm width  

The decreasing of the width of the cantilever arms from 20 mm to 1 mm leads to a 

decrease of the cantilever bending stiffness and therefore an increase of the force 

sensitivity. On the other hand, the resistance becomes narrower and this increases both, 1/f 

and thermal noises. By decreasing the width from 20 mm to 1 mm, the final result is an 

improvement of the resolution of more than 4 times. However, we have chosen the 

minimum width to be 2 mm because the resolution of the photolithographic process is, in 

practice, approximately 2 mm, with an overlay tolerance of 1 mm. 
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 Figure 3.3 Normalized force resolution (left) and normalized force sensitivity and noise voltage (right) 

dependence on the cantilever arm width. 

 

Silicon thickness 

The reduction of the silicon thickness influences the bending stiffness, the position of the 

neutral axis and also the piezoresistive factor because we fixed the dose and the relative 

piezoresistor thickness. These variation leads to a sensitivity increase of around 3 times 

when the thickness decreases from 1 mm to around 300 nm. The 1/f noise, which is the one 

that contributes the most to the total noise, does not depend on the relative piezoresistor 

thickness and therefore the total noise is almost unaffected.  The final result is that also the 

force resolution improves by 3 times for the same thickness reduction. 

 

  
Figure 3.4. Normalized force resolution (left) and normalized force sensitivity and noise voltage (right) 

dependence on the cantilever thickness. 
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Piezoresistor length  

 If the relative length of the piezoresistor, lR, is increased from 0.1 to 0.6 of the total 

length of the cantilever, the resolution improves by a factor of 2. However, the resolution 

does not change much if lR varied between 0.3 and 1 and it has the minimum for lR=0.6. 

The sensitivity decreases by a factor of 2 and the noise decreases by a factor of 5. In fact for 

longer piezoresistor the 1/f noise decreases because the number of charge carriers 

increases. Additionally we have to consider that when a piezoresistive cantilever is used in a 

biomolecular application, the temperature increase due to Joule heating could be an issue. A 

temperature increase of few tens of degrees of the cantilever end could lead to 

denaturation of the molecules [22]. For this reason lR=0.5 is better than lR=0.6. 

 

  
Figure 3.5. Normalized force resolution (left) and normalized force sensitivity and noise voltage (right) 

dependence on the relative length of the piezoresistor. 

 

Piezoresistor width  

For a fixed cantilever arm width, the increase of the relative piezoresistor width, wR, from 

0.1 to 1, improves the resolution of about 4 times, through the reduction of the noise (i.e.  

higher number of charge carrier). On the other hand the sensitivity is not affected by the 

piezoresistor width. The best option is therefore to make the piezoresistor as wide as the 

cantilever arm. 
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Figure 3.6. Normalized force resolution (left) and normalized force sensitivity and noise voltage (right) 

dependence on the relative width of the piezoresistor. 

 

Piezoresistor thickness 

The reduction of the relative piezoresistor thickness, tR, has almost no effect on the 

noise, but has a strong effect on the sensitivity. For a fixed doping dose, thinner is the 

piezoresistor, higher the doping concentration and therefore smaller the piezoresistive 

coefficient. On the other hand, thinner piezoresistors have higher mean mechanical stress. 

The result is that the sensitivity is maximized for a certain thickness. In this case we have the 

maximum sensitivity and resolution for relative thickness of tR=0.2. The piezoresistor 

thickness, or better said junction depth, is controlled indirectly by two process parameters: 

doping implantation energy and doping diffusion length. In order to obtain thin junctions, 

atomic species with low penetration range and low diffusion coefficient (i.e. arsenic), low 

implantation energies and low diffusion length thermal treatments should be chosen.  

  
Figure 3.7. Normalized force resolution (left) and normalized force sensitivity and noise voltage (right) 

dependence on the relative thickness of the piezoresistor. 
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Dopant implantation dose  

The increase in dopant dose increases the dopant concentration, therefore on one hand 

decreases the gauge factor and the sensitivity, but on the other hand the total noise 

decreases much faster due to higher number of charge carriers. For doping doses of 1x1015 

and 1x1016 we can have the best performances. Higher doping has also a second positive 

consequence: the piezoresistive coefficient depends less on the piezoresistor temperature. 

  
Figure 3.8. Normalized force resolution (left) and normalized force sensitivity and noise voltage (right) 

dependence on the implantation dose. 

 

Hooge factor 

The Hooge factor a is a process parameter that we cannot control directly; it affects just 

the 1/f noise and depends on the crystalline quality of the piezoresistor. For the best silicon 

piezoresistor, it can be as low as 10-6 and for low quality and implanted silicon piezoresistor 

can be as high as 10-3 [23]. Improvements in the fabrication process and therefore on the 

silicon crystalline structure can decrease the noise up to 4 times and improve the resolution 

by the same factor. This factor does not influence the sensitivity. 

  
Figure 3.9. Normalized force resolution (left) and normalized force sensitivity and noise voltage (right) 

dependence on the Hooge factor. 
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Bias voltage 

While using the sensor, we can improve the resolution of around 50% by increasing the 

bias voltage. In fact, if on one side we increase the 1/f noise, at the same time we increase 

also the sensitivity. On the other hand, we have to consider that the electrical power 

dissipated in the piezoresistor scales as  and excessive power dissipation can increase 

the temperature of the cantilever with potential damage to sensitive samples, like 

biomolecules are. 

 

  
Figure 3.10. Normalized force resolution (left) and normalized force sensitivity and noise voltage 

(right) dependence on the bias voltage. 

 

Optimization  

In Table 3.2 are reported, as example, some values that optimize the force sensitivity. For 

practical reasons (i.e. available photolitographic masks and SOI wafers at IMB-CNM) we have 

considered the same widths, lengths and silicon thickness. We have kept constant the 

implantation dose in order not to exceed the saturation limit and the piezoresistor thickness 

resulted to be to tR=0.2 and. Considering these values the model predicts the following 

noise, sensitivity and resolution values: 

 
 

 

with a gauge factor Gº52 and a sheet resistance RSº117 [W/ ]. Considering the results is 

therefore possible a sub-10 pN resolution. 
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LC w1 tSi lR =L1/ Lc wR =wR/ w1 tR =tR/ t Si dose a Vbias 

[mm] [mm] [mm]    [cm-2]  [V] 

250 2 0.325 0.5 1 0.2 1 1015 1 10-4 5 

Table 3.2. Optimized values of the different parameters: cantilever length LC, cantilever arm width w1, 

silicon cantilever thickness tSi, relative piezoresistor length lR, relative piezoresistor width wR, relative 

piezoresistor thickness tR, implantation dose, Hooge factor a, bias voltage VBIAS.  

 

3.2 ɀ Microfabrication  

In this section, the mask layouts and the microfabrication process of the sensors will be 

presented. We will point out the several issues encountered during the processing and the 

solutions we took in order to obtain high process yields and better sensor performances.  

 

3.2.1 ɀ Piezoresistive cantilever design  

A set of 7 masks (CNM 671) were designed for the fabrication of the sensors. The masks 

have been inspired from a previous set of masks (CNM 295) designed by Dr. Luis Guillermo 

Villanueva. The sensor chips have been designed to have final dimensions of 4.3 mm x 1.5 

mm that are approximately the same dimensions of AFM chips. In this way, each chip can be 

mounted on a commercial AFM and several measurements can be performed: sensitivity, 

resonance frequency, AFS. Moreover, with these small dimensions, around 400 chips can be 

ƳƛŎǊƻŦŀōǊƛŎŀǘŜŘ ƛƴ ŀ пΩΩ ǿŀŦŜǊΣ ǘƘŜǊŜŦƻǊŜΣ ŜǾŜƴ ŦƻǊ ǊŜƭŀǘƛǾŜƭȅ ƭow fabrication yields (20%) and 

relatively high performance deviation, we can have a sufficient number of sensors to 

perform biological experiments. In every wafer there are also 18 chips for electrical and 

mechanical characterization and 2 double side alignments widows. 

An overview of the different mask levels for a single chip (design 2x250) is reported in 

the Figure 3.11.A while in the Figure 3.11.B-H we report a close-up of the masks of the most 

important part of the chip: the cantilevers. On every chip there are alignment marks 

(bottom-left), name of the chip design (up-left, i.e. 2x250) and name of every single chip (up-

right, i.e. M9). In order to name all the 400 chips in the wafer, we choose a battleship stile 

name (letter-number). In this way every chip can be monitored very easily during 

production, on-wafer characterization, encapsulation and application.  

Every chip has 4 piezoresistors that form a Wheatstone bridge (Figure 3.1.B-H): two are 

embedded into the cantilevers and two integrated into the chip.  

1. The first mask (red, Figure 3.11.B) defines the regions for the implantation and the 

first alignment marks for the whole process.  



Chapter III. Piezoresistive cantilever 
 

73 
 

  

  

  

  
Figure 3.11. A) Overlapping of the 7 mask levels for a single chip (design 2x250). B-H) Close-up of the 

masks of the cantilever area. B) implantation area; C) cantilever and SOI silicon; D) active area of the 

cantilever; E) contact windows; F) aluminum interconnections ; G) Silicon nitride passivation area; H) 

backside DRIE. 

H) G) 

F) E) 

D) C) 

B)  
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2. The second mask (gray, Figure 3.11.C) defines the silicon cantilevers. The 

piezoresistors are formed, therefore, by implanting (Arsenic) in a big region 

followed by the etching of the unwanted silicon. All the cantilevers are connected 

one to each other, so that the lightly p-doped silicon substrate has the same bias.  

3. The third mask (orange, Figure 3.11.D) defines the active region of the cantilever. In 

these windows it is etched away the silicon oxide previously deposited, which was 

used for the alignment marks and as mask for implantation and etching.  

4. The forth mask (black, Figure 3.11.E) defines the windows that allow to contact the 

two terminals of every piezoresistor and lightly p-doped silicon.  

5. The fifth mask (blue, Figure 3.11.F) defines the interconnection between the 

piezoresistors and the pads which are present in the bottom part of the chip.   

6. The sixth mask (green, Figure 3.11.G) defines the area where the conductive parts 

have to be electrically insulated from the environment: all the piezoresistors and 

the interconnections (except the pads).  

7. The seventh mask (rose, Figure 3.11.H) is the backside mask and delimits the 

dimension of the chip. It defines the region where the bulk silicon and the buried 

oxide of the SOI wafer have to be etched. In this step the cantilever will be released 

and two anchor beams will be also defined at the center of the chip, one at each 

side. These two beams hold the chips in the wafer after the microfabrication 

process ends. Upon a soft pulling, a chip can be detached from the wafer with no 

risk for the device. 

As it is visible in the Figure 3.11.A, there are 6 pads: five in row and one above. The 

central pad of the row, is to bias the bridge, the other two, next to it, are the two output 

voltages of the Wheatstone bridge and the last two are the two grounds of each side of the 

bridge that can be externally connected. The pad above the row can be used to bias the 

lightly p-doped silicon substrate.  

In total we have 3 designs, 2, 6 and 8, and each of them has three sub-designs (Table 3.3 

and Figure 3.12).  The first number of the sub-design reflects the width of the cantilever arm 

while the second the length of the sensing cantilever.  All the sensing cantilevers and all the 

piezoresistors are 250 mm and 125x2 mm long, respectively. The piezoresistor has the same 

width of the cantilever arm in 2 and 6 designs (Figure 3.12.A) while in design 8 it is just 2 mm 

wide (Figure 3.12.B). The cantilever with a width of 6 mm has been included because is less 

fragile than the one of 2 mm, even though has around 3 times less resolution. In the 

cantilever 8, the piezoresistor is aligned inside the cantilever. In this way the piezoresistor is 

ǎƻƳŜƘƻǿ ƳƻǊŜ άǇǊƻǘŜŎǘŜŘέ ŦǊƻƳ ǘƘŜ ŜȄǘŜǊƴŀƭ ŜƴǾƛǊƻƴƳŜƴǘΦ ¢ƘŜ ǎǳō-designs 2x250, 6x250 

and 8x250 have two cantilevers with the same length. One is used as sensing probe and the 

other acts as the reference. The sensing cantilever of the sub-designs 2x250-, 6x250- and 

8x250- is 250 mm long while the reference one is 140 mm long (Figure 3.12.C).  
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Design sub-design w1 [mm] wR [mm] w2 [mm] L1 [mm] L2 [mm] 

2 2x250 2 2 8 125 250 

 2x250- 2 2 8 125 250 & 140 

 2x250+ 2 2 8 125 250 

6 6x250 6 6 16 125 250 

 6x250- 6 6 16 125 250 & 140 

 6x250+ 6 6 16 125 250 

8 8x250 8 2 20 125 250 

 8x250- 8 2 20 125 250 & 140 

 8x250+ 8 2 20 125 250 

Table 3.3. Different designs and sub-designs of the sensor present in the set of masks. w1, wR, w2 are 

the cantilever arm width, the piezoresistor width and the cantilever width respectively. L1 and L2 are 

the half of the piezoresistor length and the cantilever length. 

 
 

  

Figure 3.12. Close-up of the masks of the cantilever area for different designs. A) 6x250; B) 8x250; C) 
2x250- ; D) 2x250+. 

D) C) 

B) A) 
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In the sub-designs 2x250+, 6x250+ and 8x250+, the 3rd photolithographic mask is 

different: the windows-etching is performed on the cantilevers and on the substrate 

piezoresistors (Figure 3.12.D). Later on in this chapter, we will point out the effects of these 

differences. 

In Figure 3.13, finally, we report the test structures included in the test chip. Here several 

types of structures are defined and are useful to perform mechanical and electrical 

measurements. In the Figure 3.13.A, two voltage dividers with two piezoresistors, one 

embedded into the cantilever and one placed on the substrate, are useful for sensitivity 

characterization, even though all the sensor chips are characterized. On the top side of the 

windows, there are 4 cantilevers with different layers. These are useful to extract interesting 

materials parameters like young modulus and residual stress gradient [24, 25]. The rotating 

point arms, similar to crosses, in Figure 3.13.B are used to measure the mean residual stress 

of the different layers of the cantilever [26]. The squares in Figure 3.13.C are test areas for 

the secondary ion mass spectrometry (SIMS) and for the spectroscopic reflectometry to 

evaluate the doping profile and the film thicknesses, respectively. In the last Figure 3.13.D 

there are Van der Pauw Greek crosses, Kelvin bridges and resistors to evaluate the contact 

and the sheet resistances. 

 

 
 

  

Figure 3.13. Test structures in the wafer. A) piezoresistive cantilevers in semi Wheatstone bridge plus 

4 cantilevers with different layers for beam bending tests; B) Crosses to measure the mean residual 

stress in the different layers; C) 3 squares for TOF-SIMS measurements and rectangle for 

spectroscopic reflectometry measurements to evaluate the layers thicknesses; D) Van der Pauw Greek 

cross, Kelvin bridges and resistors to evaluate the contact and the sheet resistances. 

D) C) 

B) A) 
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3.2.2 ɀ Piezoresistive cantilever process flow  

In this section, just the optimized microfabrication process that allowed a high 

fabrication yield (RUN 6481) will be described. Different technological processes have been 

tried before and they will be pointed out in the next section together with the fabrication 

issues and other improvements that can be done.  

The sensors were fabricated from double side polished (100) silicon-on-insulator (SOI) 

wafers, from Soitec, with a 340 nm thick device layer, a 1 mm thick buried oxide (BOX) and 

total wafer thickens of 450 mm (Figure 3.14.A). The device layer was p-type silicon with a 

resistivity of 0.1-10 Wcm. In the RUN 6481, 4 SOI wafers plus one standard p-doped wafer 

with a resistivity of 0.1-10 Wcm, as test wafer, were processed. 

At the start of the process the device layer thickness was mapped in 49 points, because, 

ŜǾŜƴ ǘƘƻǳƎƘ ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ ǘƘŜ ǿŀŦŜǊ ŘƛŘƴΩǘ ǇǊŜǎŜƴǘ ŀƴȅ ǳƴǳǎǳŀƭ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴΣ ǿŜ 

found that in some wafers the thickness was at least 15% above the nominal thickness. 

Afterwards, the wafers were labeled with a laser scriber on the backside; we measured the 

silicon oxide thickness on the backside, and, in case of oxide presence, we completely etched 

the layer by SiOetch solution. On the front side, a layer of 168 ± 4 nm of oxide was deposited 

via tetraethylorthosilicate(TEOS)/O2-plasma enhanced chemical vapor deposition (PECVD) at 

400º C in the Applied Materials Precision 5000 CVD equipment.  

The first photolithography was performed in order to define the windows for 

implantation and the alignment marks for the following photolitographies. During this and 

all the following photolithographies, the wafers are rotated by 45 ̄ respect to a standard 

orientation. In this way the piezoresistors and the cantilevers are defined along the <100> 

crystallographic direction to have the highest piezoresistive factor and they form an angle of 

45º with respect to the wafer flat. The oxide was etched by SiOetch solution and the 

ǇƘƻǘƻǊŜǎƛǎǘ ƘŀǊŘ ōŀƪŜŘ ŀǘ мулх / ǘƻ ǊŜƳƻǾŜ ǇƻǎǎƛōƭŜ ǎƻƭǾŜƴǘ ƭŜŦǘ ŀŦǘŜǊ ǘƘŜ ǇƘƻǘƻƭƛǘƘƻƎǊŀǇƘȅ 

before the implantation. Arsenic was implanted at a relatively low energy (50 keV) with a 

dose of 1x1015 ions/cm2. Then, the wafers were cleaned from the resist in an O2 plasma 

asher (Figure 3.14.B).  

The second photolithography was performed to pattern the cantilevers in the <100> 

direction. The TEOS PECVD oxide was etched away in SiOetch solution and the silicon was 

etched via SF6/C4F8 deep reactive ion etching (DRIE) in an Alcatel 601 etcher (P601POLI 

conditions) (Figure 3.14.C). In the test wafer we measured an etching speed of 540 nm/min, 

ǎƻ ǿŜ ŜǘŎƘ ǘƘŜ {hL ǿŀŦŜǊ ŦƻǊ прΩΩ ǿƛǘƘ Ƨǳǎǘ т ǎŜŎƻƴŘ ƻŦ ƻǾŜǊ-etching, in order to avoid silicon 

undercut at the Si-SiO2 interface. The thickness of the silicon and of the buried oxide (BOX) 

was measured by Nanospec® to ensure that the silicon was completely etched. The wafers 

were cleaned from the resist and in piranha solution. Afterwards a TEOS PECVD silicon oxide 

layer of 307 ± 9 nm thick was deposited at 400º C. This oxide insulates the low doped p-type 

silicon from the aluminum interconnections. 
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Figure 3.14. Cantilever area during different fabrication processes. A) SOI wafer before the process. 

B) The implanted area is highlighted in red. C) The SOI layer is etched to define the cantilever. D) 

PECVD silicon oxide is deposited and etched away from the active area of the cantilever. 

 

The third photolithography was performed to pattern windows on the cantilevers. The 

PECVD oxide was etched away by SiOetch solution and the resist removed in the plasma 

asher (Figure 3.14Φ5ύΦ !ŦǘŜǊ ŀ ǇƛǊŀƴƘŀ ŎƭŜŀƴƛƴƎΣ ǘƘŜ ǿŀŦŜǊǎ ǿŜǊŜ ŀƴƴŜŀƭŜŘ ŀǘ фрл ȏ/ ŦƻǊ трΩ ƛƴ 

oxidizing atmosphere in order to activate the doping ions. In this step also a layer of 39 ± 11 

nm of thermal oxide was grown (Figure 3.15.A). The thermal oxide protects the 

piezoresistors and the crystalline silicon against the following surface micromachining 

processes. 

The fourth photolithography was performed to pattern the contact-windows: windows in 

the oxide that allow to contact the piezoresistors. The 300 nm thick TEOS PECVD silicon 

oxide was etched by SiOetch solution (Figure 3.15.B). After the resist was removed, the 

wafers were etched without mask in commercial SuperQ etch solution to etch the native 

oxide that could have grown on the n-doped silicon contacts. Just afterwards, a 1 mm thick 

layer of aluminum-copper-silicon alloy (98.75% Al, 0.5% Cu, 0.75% Si) was sputtered in the 

Varian 3180 equipment. The Al-alloy with silicon was used in order to avoid spikes of metal 

into the silicon. These spikes could short circuit the p-n junction which is very superficial in 

our case [27]. 

The fifth photolithography was performed to pattern the metal interconnections and the 

pads of the chip. The metal etching is performed via BCl3/Cl2/N2 RIE in the Drytek Quad  

D) C) 

B) A) 
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etcher (PQ2ALC25 conditions) with automatic final point detection (Figure 3.15.C). In case of 

presence of metal particles or spacers at the end of RIE, commercial Defreckling Aluminum 

Etch (DAE, Fujifilm Electronic Materials) ǎƻƭǳǘƛƻƴ ǿŀǎ ǳǎŜŘ ŦƻǊ прΩΩ ǘƻ ǊŜƳƻǾŜ ǘƘŜ ƳŜǘŀƭ 

particles. We preferred to use wet etching instead than a RIE over-etch to avoid as much as 

ǇƻǎǎƛōƭŜ ŘŀƳŀƎŜǎ ƛƴ ǘƘŜ ǎƛƭƛŎƻƴ ǇƛŜȊƻǊŜǎƛǎǘƻǊΦ hƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘ ǿŜ ŘƛŘƴΩǘ ǿŀƴǘ to perform 

the etching using just DAE solution because it would damage the interconnections in critical 

points like the vertical steps (see later). During this step, between 20 nm and 30 nm of the 

thermal protective oxide were etched by RIE and around 6 nm by wet etching. Even though 

we etched almost all the silicon oxide, it was very important to remove the metal particles 

because they could be responsible of pinholes in the insulation layer. After a cleaning in 

water, the wafers were thermally treated at 350º C in N2/H2 atmosphere for 35 minutes to 

reduce the contact resistance [28]. To insulate all the conductive parts of the sensor, a layer 

of 99 ± 1 nm thick silicon nitride was deposited by SiH4/NH3-PECVD at 375 ºC in the Applied 

Materials Precision 5000 CVD equipment in two steps of 50 nm. The silicon nitride layer 

provides a good electrical insulation to the sensors, once they are in liquid environment. The 

deposition of thin layers of PECVD silicon nitride was performed in two steps because this 

reduces the possibility of pinholes in the layer [3].  

The sixth photolithography was performed to pattern the silicon nitride. The 100 nm 

thick nitride layer was etched via CHF3/CF4 RIE in Alcatel Gir 160 (PGNISEN conditions) 

(Figure 3.15.D). In this step also the underneath TEOS PECVD silicon oxide was completely 

etched however this was not an issue because the piezoresistors were protected and just 

the structural part of the cantilever was exposed to the etching. The wafer was cleaned in O2 

plasma asher and in water. With this process, we finished the microfabrication process in the 

wafer front part. 

A 1 mm thick aluminum layer was deposited on the wafer backside. The seventh 

photolithography was performed on the backside to define the areas that have to be etched 

by deep reactive ion etching (DRIE) until the buried oxide (BOX). The aluminum is etched via 

BCl3/Cl2/N2 RIE in the Drytek Quad etcher (PQ2ALC25 conditions) with automatic final point 

detection. On the front side a 1.5 mƳ ǘƘƛŎƪ ǊŜǎƛǎǘ ƛǎ ŘŜǇƻǎƛǘŜŘ ŀƴŘ ƘŀǊŘ ōŀŎƪŜŘ ŦƻǊ олΩ ŀǘ 

200º C to protect the component side from the following processes. The 450 mm of bulk 

silicon are etched via SF6/C4F8 Bosch deep reactive ion etching process (DRIE) (Figure 3.15.E). 

The etching stops at the BOX but additional 30 seconds of SF6 RIE is performed in order to 

eliminate all the residues of the passivating polymer. The BOX is etched by 49% HF vapors at 

онх /Σ ƛƴ ŀ ŎǳǎǘƻƳ ƳŀŘŜ IC ǾŀǇƻǊ ŜǘŎƘŜǊ όFigure 3.15.F). Finally, the protective resist is 

etched by O2 plasma. 

In Figure 3.16, we report 3 SEM micrographs of a chip at the end of the fabrication 

process  
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Figure 3.15. Cantilever area during different fabrication processes. A) The wafer is annealed in 

oxidizing atmosphere and a 39 nm thick silicon oxide layer is grown. B) Two contact windows are 

opened in the PECVD silicon oxide on the n-doped silicon. C) aluminum is sputtered and etched to 

define the interconnections. D) A layer of 100 nm thick PECVD silicon nitride is deposited and etched 

to passivate all the conductive parts. E) Aluminum is deposited on the backside and patterned. Resist 

is deposited on the front side to protect the device in the following processes. DRIE of bulk silicon is 

performed and stopped at the buried oxide. F) the buried oxide is etched by vapor HF and the resist is 

removed in O2 plasma asher. 

 

F) E) 

D) C) 

B) A) 
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Figure 3.16. A) SEM micrograph of a chip at the 

end of the fabrication process. B) Close-up on the 

cantilevers. C) close-up on the piezoresistor. 

 

3.2.3 ɀ Different process solutions and fabrication issues  

In this section we will point out the process steps that we used in other RUNs and the 

fabrication issues we encounter during the microfabrication, giving advices for future 

optimizations. 

 

Implantation dose  

Three different doses (0.5 and 1 x 1015 atoms/cm2 in the RUN 4972 and 5 x 1015  

atoms/cm2 in the RUN 6141) have been implanted in order to check the different sensitivity 

and noise performances. Unfortunately due to the big challenges encountered during the 

fabrication process, especially in the BOX and interconnections etchings, we have been able 

to evaluate just the performances of the cantilevers with an arsenic implantation of 1 x 1015 

atoms/cm2 of the RUN 4972.  

My suggestion, for the future research directions on this point, to improve the sensor 

performance, is to evaluate the piezoresistive and noise properties of doped silicon, in 

C) 

B) A) 
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structures that are much easier to fabricate. An interesting and straightforward alternative is 

the one proposed by J. Richter [29]. He proposed a chip with several integrated 

piezoresistors in different crystallographic directions [30] that can be fabricated by a 

combination of 4 photolitographies, doping, RIE and DRIE processes. The chip is then bent by 

a relatively simple and compact 4 point bending setup [31] in which the stress can be also 

applied by placing loads on a weight [32]. 

 

Post implantation annealing  

Four different post implantation annealing have been performed: oxidation (OXPTAA 

ǇǊƻŎŜǎǎύ ŀǘ фрлȏ/ ŦƻǊ трΩ όw¦b спумύΣ h·t¢!! Ǉƭǳǎ ŀƴƴŜŀƭƛƴƎ ƛƴ ƛƴŜǊǘ ŀǘƳƻǎǇƘŜǊŜ ŀǘ фллȏ/ 

ŦƻǊ слΩ όw¦b пфтн ǿŀŦŜǊ пύΣ h·t¢!! Ǉƭǳǎ ŀƴƴŜŀƭƛƴƎ ƛƴ ƛƴŜǊǘ ŀǘƳƻǎǇƘŜǊŜ ŀǘ млрлȏ/ ŦƻǊ олΩ 

(RUN 4972 wafer 4) and rapid thermal annealing (RTA) in oxidizing atmosphere at 1050ºC for 

30 seconds (RUN 6141 wafer 6). The post implantation thermal treatment is of fundamental 

importance for the final resolution of the sensor. In fact, if on one side we have to decrease 

the diffusion length to achieve thinner piezoresistors, on the other side the 1/f noise 

decreases for higher diffusion lengths [23].  We wanted therefore to evaluate the best 

annealing conditions in the case of arsenic implantation. 

Out of these experiments, we could evaluate the doping profiles, electrical, 

electromechanical and noise characteristics of the first three options (chapter 3.3). Due to 

issues encountered in the aluminum etching of the wafer 6141-6, the device layer of the SOI 

ǿŀŦŜǊ ǿŀǎ ǇŀǊǘƭȅ ŜǘŎƘŜŘ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ǿŜ ŎƻǳƭŘƴΩǘ ŜǾŀƭǳŀǘŜ ǘƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ŦƻǊ ǘƘŜ ƭŀǎǘ 

option. Also in this case is valid the previous suggestion about the implantation dose: the 

evaluation should be performed on much simpler structures. 

 

Metal interconnections  

For the metal interconnections, 0.5 mm or 1 mm thick layer of aluminum-copper-silicon 

alloy (98.75% Al, 0.5% Cu, 0.75% Si) was used. While the presence of copper helps against 

electromigration [33], the presence of silicon reduces the probability of aluminum spikes 

that can penetrate few microns into the silicon [27]. This aspect is very important for very 

thin n-p junctions to avoid short circuit between the resistor and the substrate. While on 

first two RUNs 4972 and 6141 we deposited just 0.5 mm, we opted to increase the thickness 

of the metal layer to 1 mm to avoid possible discontinuities and to increase the cross 

sectional area of the interconnections in the RUNs  6330 and 6481. 

9ǾŜƴ ǘƘƻǳƎƘ ƛƴ ǘƘŜ ŦƛǊǎǘ w¦b пфтн ǿŜ ŘƛŘƴΩǘ detected any problem during the aluminum 

etching via BCl3/Cl2/N2 RIE, we encounter big issues in the following three RUNS 6141, 6330 

and 6481. While in Figure 3.17.A-. όǊǳƴ пфтнύ ǿŜ ŘƛŘƴΩǘ ŀǇǇǊŜŎƛŀǘŜ ŀƴȅ ǇŀǊǘƛŎƭŜ ŀŦǘŜǊ ǘƘŜ 
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aluminum RIE, in the Figure 3.17.C-D (RUN 6141) we could appreciate bright spots in some 

areas of the device, especially on the side of height steps and black points on the cantilever. 

These defects are much more visible in the live images respect to the recorder micrographs. 

This behavior was emphasized in the next two RUN 6330 where we deposited 1 mm thick 

aluminum layer. In Figure 3.18.A are visible many dark spots on the cantilever and aside. 

These are probably rests of the Al-alloy that it was not possible to etch via RIE with the 

automatic end point detection. To etch away these particles, in this occasion, we used the so 

ŎŀƭƭŜŘ άƛǎƻǘǊƻǇƛŎ ǎƻƭǳǘƛƻƴέ όƛΦŜΦ I2O + HNO3 + HF 49% (1200/3000/60)). This solution is 

normally used in IMB-/ba ǘƻ ŘŜŦǊŜŎƪƭŜ !ƭκ{ƛ ǇŀǊǘƛŎƭŜǎΦ ¢ƘŜ ǊŜǎǳƭǘ ǿŀǎ ǇƻǎƛǘƛǾŜΥ ŀŦǘŜǊ мрΩΩ ǘƘŜ 

cantilever surface was much cleaner than before (Figure 3.18.B). However, I would 

discourage the use of this solution when a very thin layer of silicon oxide is protecting the 

crystalline silicon because even though it has high selectivity against the silicon oxide (17:1) 

it has no selectivity against silicon (1:1.2). The result is that it is possible to damage the 

piezoresistor very easily. 

 

  

  
Figure 3.17. Optical microscope images. Details of the wafer after the aluminum RIE. A-B) Wafer 

4972-4: no bright or black particle is visible on the cantilever or on the height steps. C-D) Black 

particles are visible on the cantilever. Bright particles are visible at the border of the structures. In 

the live image these spots are much more visible. 

D) C) 

B) A) 
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Figure 3.18. Optical microscope images of wafer 6330-3. A) Cantilever after the aluminum RIE: many 

black spots are visible on the cantilever and aside. C) The cantilever appear clean after wet etching 

ǿƛǘƘ ǘƘŜ άƛǎƻǘǊƻǇƛŎ ǎƻƭǳǘƛƻƴέ 

  

  
Figure 3.19. Optical microscope (A,B) and SEM (C,D) images of wafer 6481-2. A, C are taken at the 

center of the wafer. B, D are taken on the external part of the wafer. In the central part, there are 

more aluminum rests because the etching is slower. 

Also in the RUN 6481 we encountered the same problem. Additionally, we noticed that 

while in the center we end up with many particles (Figure 3.19.A,C), in the border of the 

wafer, the surfaces were much cleaner (Figure 3.19.B,D). This can be explained considering 

that the etching speed in the external wafer area is higher than in the center. In the external 

part, therefore, the aluminum is over-etched and just very few particles remain on the 

wafer. 

D) C) 

B) A) 

B) A) 
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If the photoresist is not promptly removed, after the aluminum etching, the results can 

be very bad. The RIE is performed using Cl2 gas for the etching and the BCl3 gas for the 

sidewall passivation. At the end of the etching, therefore, we have chlorine in the 

photoresist and in the passivation polymer on the sidewall that can react with the 

atmospheric moisture and continue the corrosion of the aluminum [34, 35]. In Figure 3.20 

we see the results of leaving the wafer with the photoresist for two days, even if they were 

ǇǊƻƳǇǘƭȅ ŎƭŜŀƴŜŘ ƛƴ 5L ǿŀǘŜǊ ŀŦǘŜǊ ǘƘŜ wL9Φ LǘΩǎ ǾŜǊȅ ƛƴǘŜǊŜǎǘƛƴƎ ǘƻ ƴƻǘƛŎŜ ǘƘŜ ŘƛŦŦŜǊŜƴǘ 

morphology of the residues in contact with the polymer, more rounded, and the particles 

ŀǿŀȅ ŦǊƻƳ ǘƘŜ ǇƻƭȅƳŜǊ ǘƘŀǘ ƘŀǾŜ ŀ ƭƻƴƎ ǎƘŀǇŜ ŀƴŘ ǇǊƻōŀōƭȅ ŘƛŘƴΩǘ ǊŜŀŎǘŜŘ ǿƛǘƘ ǘƘŜ /ƭ2. The 

reaction then can go very deep in the metal and break the photoresist (Figure 3.20.D). In 

ƻǊŘŜǊ ǘƻ ǊŜƳƻǾŜ ǘƘŜ ƳŜǘŀƭ ǇŀǊǘƛŎƭŜǎ ǿŜ ŘŜŎƛŘŜŘ ǘƘƛǎ ǘƛƳŜ ǘƻ ǇŜǊŦƻǊƳ ŀ прΩΩ ǿŜǘ ŜǘŎƘƛƴƎ ōȅ 

using DAE solution, as pointed out in the section 3.2.1. In Figure 3.21 we can appreciate the 

difference between before and after the etching. The use of DAE solution should be 

ǇǊŜŦŜǊǊŜŘ ǊŜǎǇŜŎǘ ǘƻ ǘƘŜ άƛǎƻǘǊƻǇƛŎέ ǎƻƭǳǘƛƻƴ ōŜŎŀǳǎŜ Ƙŀǎ ƳǳŎƘ ƘƛƎƘŜǊ ǎŜƭŜŎǘƛǾƛǘȅ ŀƎŀƛƴǎǘ 

silicon and silicon oxide and because it is specially developed for Al-alloys that contain Si and 

Cu. 

  

  
Figure 3.20. Optical microscope and SEM images of wafer 6481-2 after 2 days from the aluminum 

etching without removing the resist. B) The aluminum particles in contact and the ones that are not 

in contact with the passivating polymer have completely different morphology one from each other 

probably because they reacted with chlorine present in the polymer.  C,D) The Al in contact with the 

photoresist is corroded by the chlorine and it form chloride structures that can break the resist (D). 

D) C) 

B) A) 
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Figure 3.21. Optical microscope images of wafer 6481-пΥ !ύ ŀŦǘŜǊ ǘƘŜ !ƭ wL9 ŀƴŘ .ύ ŀŦǘŜǊ прέ 5!9 ǿŜǘ 

etching. After the wet etching the particles are not visible anymore. 

  

Figure 3.22. SEM microscope images of wafer 6141-3. A) The aluminum interconnection is severely 

etched by DAE. B) The photoresist has very good step coverage and it seems that it adheres very well 

on the aluminum. 

 

We tried also to perform the etching completely in DAE solution (RUN 6141). Even 

though it is a good option to etch well all the aluminum alloy (Figure 3.22), it under-etches 

the aluminum interconnections far inside beneath the photoresist in presence of a height 

step (Figure 3.22.A). This is hardly explainable considering that the photoresist has very good 

step coverage as it is visible in Figure 3.22.B. 

Considering all the experiments about the aluminum etching I would exclude that the 

residual particles on the wafer surface are made of Al/Si because the BCl3/Cl2 RIE etches 

pretty well also the silicon. They are probably, in part, residues of aluminum due to the very 

rough morphology of the sputtered layer, and in part copper chloride (CuCl3) which has very 

low volatility [34, 35]. This problem can be solved with longer etching times, as it happened 

in the external areas of the wafers we have processed. This is not at all an issue in standard 

CMOS process but can become an issue in MEMS when very thin layers are used. To this 

purpose a relatively thick oxide should protect the silicon underneath. I would suggest at 

least a 100 nm thick thermal oxide or relatively thicker LPCVD or PECVD silicon oxides. 

B) A) 

B) A) 
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However, in our case, ǘƘƛǎ ǿƻǳƭŘƴΩǘ ƘŀǾŜ ōŜŜƴ ǇƻǎǎƛōƭŜ ōŜŎŀǳǎŜ ǿŜ ǿƻǊƪŜŘ ǿƛǘƘ ǾŜǊȅ thin 

device layers (340 nm). On the other hand, to deposit a thicker layer of oxide is possible but 

the drawback is that its excess should be etched away afterwards, which could lead to other 

problems. 

In my opinion a very straightforward improvement in the fabrication would be achieved 

by using a lift-off process. To this purpose a reversible resist with a thickness between 3 mm 

and 5 mm with a pronounced undercut could work pretty well (i.e. TI 35ES from 

MicroChemicals GmbH) [36]. Using the lift-ƻŦŦ ǇǊƻŎŜǎǎ ǿŜ ǿƻǳƭŘƴΩǘ ƴŜŜŘ ǘƘŜ ǇǊƻǘŜŎǘƛǾŜ 

ƻȄƛŘŜ ŀƴŘ ǘƘŜ ǎƛƭƛŎƻƴ ǎǳǊŦŀŎŜ ǿƻǳƭŘ ōŜ ƳƻǊŜ ǇǊŜǎŜǊǾŜŘ ōŜŎŀǳǎŜ ǿŜ ǿƻǳƭŘƴΩǘ ǇŜǊŦƻǊƳ ŀ wIE 

process. This option could lead also to a decrease in Hooge factor and 1/f noise of the 

piezoresistor.  

In this context we performed just preliminary experiments (RUN 6427). We performed a 

photolithography using a 1.7 mm thick 5214 reversible photoresist and we sputtered a bi-

layer of Ti/Al (30 nm/400 nm). Ti/Al was used for practical reasons: the sputtering system 

ǘƘŀǘ ǿŀǎ ŎƻƳǇŀǘƛōƭŜ ǿƛǘƘ ǊŜǎƛǎǘ ŘƛŘƴΩǘ ƘŀǾŜ ŀ ǘŀǊƎŜǘ ƻŦ !ƭ-Cu-Si alloy. In this case the 

aluminum spikes are avoided by the 30 nm of titanium [27]. In the SEM Figure 3.23.A we see 

that in the most part of the chip the metal went off after 2 hours of acetone, flushing the 

ǿŀŦŜǊ ǿƛǘƘ ŀ ǎȅǊƛƴƎŜ ŀƴŘ олΩΩ ƻŦ ǳƭǘǊŀǎƻǳƴŘǎΦ IƻǿŜǾŜǊ ƛƴ ǘƘŜ ǊŜƎƛƻƴǎ ƛƴ ōŜǘǿŜŜƴ ǘƘŜ 

interconnections, the lift off was not successful. In the close up Figure 3.23.B we can 

apprecƛŀǘŜ ǘƘŀǘ ǘƘŜ ƳŜǘŀƭ ƭŀȅŜǊ ƛǎ Ŏƻƴǘƛƴǳƻǳǎ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ƘŜƛƎƘǘ ŀƴŘ ǘƘŜ ǿŀƭƭǎ ŦƻǊƳ флх 

with the horizontal plane. The lift off was not successful because the undercut of the 

photoresist was probably not sufficiently pronounced. In this sense the different 

photolithographic steps (exposure, backing and development) should be improved to obtain 

a more negative angle [36] and evaporator, instead than sputtering equipment, should be 

used to deposit the metal layer. 

 

  
Figure 3.23. SEM microscope images of wafer 6427-1after the lift-off process. A) The Ti-Al bi-layer 

lift -off in a big area of the chip but not in between the interconnections. B) A close-up image which 

shows that the layer is continuous on the vertical walls.  

B) A) 
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DRIE of bulk silicon  

The deep reactive ion etching of the bulk silicon from the backside of the wafer is done 

by a standard Bosch process with SF6 and c-C4F8 gases for etching and passivation steps 

respectively. At the end of this process, it is very important ǘƻ ǇŜǊŦƻǊƳ ŀƴ ŀŘŘƛǘƛƻƴŀƭ олΩΩ ƻŦ 

SF6 etching in order to eliminate all the residues of the passivating polymer on the buried 

oxide. In general we found that the etching has an undercut angle between 1 ̄and 2̄  so that 

the total undercut can be as low as 10 mm for a wafer thickness of 450 mm. In this sense care 

should be taken in designing the backside mask. This value varies a lot across the wafer and 

in general is between 10 and 20 mm (Figure 3.24). For a longer SF6 over-etching times this 

value can be increased of 10 or 20 mm, decreasing at the same time the roughness of the 

chips borders. 

Much care should be taken when the SOI wafer is chosen, because the thickness of the 

buried oxide during this step is very important. From the Figure 3.25 we can see how the 

DRIE evolves for different etching times. The first area of the bulk silicon that is etched is 

approximately in the center of the etching window (Figure 3.25Φ!ύΦ CƻǊ ŀŘŘƛǘƛƻƴŀƭ олΩΩ 

etching, a bigger silicon area is etched (Figure 3.25.B) and ŀŦǘŜǊ ŀŘŘƛǘƛƻƴŀƭ олΩΩ the etched 

area increases more (Figure 3.25.C).  At the same time, in other parts of the wafer, bulk 

silicon is still present and no window is visible (Figure 3.25.D). In order to etch the bulk 

silicon in a large area of the wafer an over-etching should be performed but during this time 

also the BOX is being etched. Typical over-ŜǘŎƘƛƴƎ ǘƛƳŜǎ ŀǊŜ ōŜǘǿŜŜƴ рΩ ŀƴŘ тΩ ŘǳǊƛƴƎ ǿƘƛŎƘ 

around 200 nm of oxide can be etched away. It is clear that if a wafer with 200 nm thick 

silicon BOX is used, we would etch completely the oxide and we would start to etch the 

silicon of the SOI (Figure 3.25.E). I would suggest choosing an SOI wafer with at least 500 nm 

of oxide. The fact that etching of the bulk silicon is not homogeneous across the wafer, even 

in a single window, is a drawback also for the etching of the buried oxide as we will see it 

later. A SOI wafer with a starting BOX of 1 mm, can have a variable oxide thickness between 1 

mm and 700 nm, at the end of the DRIE. 

  
Figure 3.24.  Optical microscope images of two chips in wafer 6481-4: A in the center of the wafer, B 

in the border of the wafer. A) The bulk silicon is in line with the first line of the ruler on the left so that 

the total undercut of the bulk silicon is 10 mm. In B) the total undercut is 20 mm since it is in line with 

the second line. 

B) A) 
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Figure 3.25. Optical microscope images of the 

evolution of the DRIE process (RUN 6243). The 

first area where the silicon is completely etched 

ƛǎ ƛƴ ǘƘŜ ƳƛŘŘƭŜ ƻŦ ŀ ǿƛƴŘƻǿ ό!ύΦ !ŦǘŜǊ олΩΩ ό.ύ 

ŀƴŘ слΩΩ ό/ύ ǘƘŜ ŜǘŎƘŜŘ ŀǊŜŀ ƛǎ ōƛƎƎŜǊΦ !ǘ ǘƘŜ 

same time, in some other parts of the wafer the 

Silicon is not completely etched (D). If the over-

ŜǘŎƘƛƴƎ ǘƛƳŜ ƛǎ ǘƻƻ ƭƻƴƎ όƛΦŜΦ нΩύΣ ǘƘŜ ƻȄƛŘŜ ƛǎ 

completely etched and the SOI is etched very 

fast. In this wafer the BOX was just 200 nm thick. 

 

 

 

 

 

 

 

 

 

E) 

D) C) 

B) A) 
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BOX etching 

The last step of the process, the etching of the buried oxide, is also the most challenging. 

In this step we have to etch away the buried oxide to release the cantilever but at the same 

time we have to avoid any damage to the layers in the front side. For this purpose we have 

tried different fabrication options: wet etching, dry etching and quasi-dry vapor HF etching. 

The device side was protected by standard photoresist that was deposited before the bulk 

ǎƛƭƛŎƻƴ 5wL9 ŀƴŘ ƘŀǊŘ ōŀŎƪŜŘ ŀǘ нллȏ / ŦƻǊ олΩΦ  

As first option (RUN 4444) we tried wet etching. We performed the etching pouring 

SiOetch solution onto the wafer backside while the wafer was hold by a screw-tightened 

wafer holder to protect the component side. This solution etches the thermal silicon oxide at 

a speed of around 900 nm/min. Unfortunately after 10 minutes there was still oxide. We 

over-etched for 10 minutes more and we could appreciate that in some areas the resist 

detached from the oxide and the component side was partially etched (Figure 3.26.A-B). This 

was probably due to the fact that the buried oxide got broken in some points and the 

solution could reach the component side. For an additional over-etch of 5 minutes we just 

made the situation worse: the silicon oxide was still present and bigger areas of the device 

side were etched (Figure 3.26.C). The very low etching speed may be due to reduced 

diffusion of the reagents and of the products into and outside the cavities, considering 

especially that that rest of DRIE passivation polymer was not likely to be present on the 

oxide because we over-etch the wafer via SF6 wL9 ŦƻǊ олΩΩΦ LŦ the etching was performed from 

the component side, therefore without any protective resist, the etching speed of the silicon 

oxide was the usual one but in this case the oxide, the nitride and the metal were also 

etched. 

Concluding, wet etching from the backside is not a good option because long etching 

times are needed and the detaching of the protective resin is likely to happen, causing the 

etching of the oxide, nitride and aluminum on the component side of the wafer. As a second 

option we used two different oxide RIE conditions in an Alcatel Gir 160 etcher: CHF3/CF4-

PGIOXXX (RUN 5214) and CHF3-PGIOXGUI (RUN 6481). In the Figure 3.27 and Figure 3.28 we 

can appreciate that for both conditions, around the chip it remains an oxide shadow even for 

long etching times (Figure 3.27.B-C). This is due mainly to the fact that the DRIE etching is 

not vertical but it has a negative angle so that the bulk silicon acts as a mask for the BOX 

etching and that the oxide RIE is very anisotropic because it is more a physical than a 

chemical etching [37, 38]. In w¦b рнмпΣ ǘƘŜ ƻȄƛŘŜ ƴŜŀǊ ǘƘŜ ŎƘƛǇ ƻǳǘƭƛƴŜ ŘƛŘƴΩǘ Ǝƻ ŀǿŀȅ ŜǾŜƴ 

for longer etching times, on the other hand the cantilever changed the color due probably to 

the fact that the plasma started to etch the silicon. In fact the selectivity between oxide and 

silicon is 5:1. The etching of the SOI should be avoided when working with very thin SOI 

wafer with integrated piezoresistors. 
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Figure 3.26. Optical microscope images of the 

evolution of the BOX etching by SiOetch. A and B 

ŀǊŜ ŀŦǘŜǊ нлΩ ŜǘŎƘƛƴƎΦ Lƴ ! ǘƘŜ ƻȄƛŘŜ ƛǎ ǎǘƛƭƭ 

present and can be recognized by the wave 

morphology. The resist start to detach from the 

oxide. In B, we can see that the oxide is broken 

and therefore the etching solution can penetrate 

ǘƻ ǘƘŜ ŎƻƳǇƻƴŜƴǘ ǎƛŘŜΦ /ύ !ŦǘŜǊ ŀŘŘƛǘƛƻƴŀƭƭȅ рΩ 

etching the resist is even more detached and the 

components side of the chip is damaged. 

 

 

  

 

Figure 3.27. Optical microscope images of the 

evolution of the BOX etching by RIE (PGIOXXX 

ŎƻƴŘƛǘƛƻƴǎύΦ Lƴ !ύ ǿŜ ǎŜŜ ǘƘŜ ǿŀŦŜǊ ŀŦǘŜǊ фΩ 

ƳƛƴǳǘŜǎ ŜǘŎƘƛƴƎΣ ƛƴ .ύ ŀŦǘŜǊ фΩҌнΩ ŀƴŘ ƛƴ /ύ ŀŦǘŜǊ 

фΩҌнΩҌмΩΦ ²Ŝ Ŏŀƴ ƴƻǘƛŎŜ ǘƘŀǘ ǘƘŜ ƻȄƛŘŜ ƛǎ 

completely etched away except near the chip 

and that for higher etching times the cantilever 

changes color because probably is etched too. 

 

C) 

B) A) 

C) 

B) A) 
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We had an improvement switching the conditions to PGIOXGUI, which have a selectivity 

of 12:1. Even if we could perform longer etching times with lower risks to etch the silicon, 

ŀƭǎƻ ƛƴ ǘƘƛǎ ŎŀǎŜΣ ŀŦǘŜǊ ŀ ǘƻǘŀƭ ŜǘŎƘƛƴƎ ǘƛƳŜ ƻŦ мп ƳƛƴǳǘŜǎΣ ǿŜ ŎƻǳƭŘƴΩǘ ŜǘŎƘ ŎƻƳǇƭŜǘŜƭȅ ǘƘŜ 

oxide near the chip (Figure 3.28). In these pictures we can notice also that if there is still 

oxide, the cantilevers are not in focus on the same plane of the chip because they are 

deflected (Figure 3.28.A). The cantilevers are in focus on the same plane when the oxide is 

etched (Figure 3.28.B). Since the oxide is transparent, it is quite challenging to detect its 

presence through the resist by an optical microscope, therefore this fact can be used to 

qualitatively evaluate the presence of the oxide underneath the cantilever. In SEM pictures 

(Figure 3.28.C) we can see the final results. The oxide is etched away just in the cantilever 

windows while around the chip is still present because the opening is two times narrower. 

Finally, in Figure 3.28.D, we can notice that even if the oxide seems completely etched, on 

the front part of the cantilever there is a kind of network. This is probably very thin silicon 

oxide which folded on the cantilever. To eliminate this network longer etching time would 

be needed with the risk to etch considerably also the silicon. In chapter 5, we will see that 

even though this cantilevers can be used and have good sensitivity and noise performances, 

they cannot be used to perform biomolecule force spectroscopy measurements.  

As third option, we used HF vapors (RUN 4972). For this purpose we poured 100 ml of 

пф҈ IC ƛƴǘƻ ŀ оΦрΩΩ ǘŜŦƭƻƴ ōŜŀƪŜǊ ŀƴŘ ǿŜ ǇƭŀŎŜŘ ǘƘŜ ǿŀŦŜǊ ƻn the top. During these trials we 

found three very important aspects. First: the etching speed of the HF vapors is affected a lot 

by the atmosphere humidity [39]. In more humid days we saw that the etching was 2 times 

faster than during less humid days. Second: recently deposited photoresist provide much 

ōŜǘǘŜǊ ōŀǊǊƛŜǊ ǘƘŀƴ άƻƭŘŜǊέ ǇƘƻǘƻǊŜǎƛǎǘΦ ¢ƘŜ ǇǊƻŎŜǎǎ ǎƘƻǳƭŘ ōŜ ǇŜǊŦƻǊƳŜŘ Ƨǳǎǘ ŀŦǘŜǊ ǘƘŜ 

silicon DRIE. In case that few weeks or months pass the resist detaches from the oxide much 

faster. Third: the wafer should not be placed into water just after the vapor. When the wafer 

is cleaned in DI water, we found that the resist and the component side had much worse 

aspect than in the case that the wafer was left in air. This can be explained by the fact that 

just after the process, absorbed HF is still present on the wafer surfaces and in contact with 

water the HF-water solution penetrates faster and easier into the component side. Even if 

we obtained very good results with this technique (wafer 4972-фύΣ ǿŜ ŘƛŘƴΩǘ ƳŀƴŀƎŜ ǘƻ 

obtain the same result in other wafers.  
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Figure 3.28. Optical and SEM microscope images 

of the evolution of the BOX etching by RIE 

(PGIOXGUI conditions). A) Wafer before etching 

and B) wafer after 14 min. of etching: the 

cantilevers are in focus on the same plane of the 

chip. Some oxide is still present near the chip. 

C,D) The oxide appears completely removed just 

in the central part of the DRIE window. In the 

close up we can appreciate that a very thin 

silicon oxide network is folded on the cantilever. 

E) Detail of a reference cantilever. The PECVD sil- 

licon nitride covers pretty well the sidewalls of the cantilevers, providing therefore a good insulation 

to the piezoresistor. 

 

In this perspective it was important to have an equipment to have more repeatable HF 

vapor etching. For this purpose we used an old custom made HF vapor etcher. After the first 

trials we reported a very inhomogeneous etching speed across the wafer, which could vary 

up to one order of magnitude. Therefore, as first, we modified the position of the holes of 

ǘƘŜ IC ǾŀǇƻǊ άǎƘƻǿŜǊέ ǘƻ ōŜ ŀǎ ŜǉǳƛŘƛǎǘŀƴǘ ŀǎ ǇƻǎǎƛōƭŜ ƻƴŜ ŦǊƻƳ ŜŀŎƘ ƻǘƘŜǊΦ ¢ƘŜƴ ǿŜ ǳǎŜŘ ŀ 

dummy silicon wafer to have a more homogenous temperature distribution across the wafer 

that has to be etched (Figure 3.29). Additionally we inserted a 3 ways valve to choose a flow 

of pure N2 or N2+HF+H2O vapors in order to condition the reaction chamber before and after 

E) 

D) C) 

B) A) 
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the etching (Figure 3.30). Thanks to these three modifications we achieved relatively low 

etching speed variations across the wafer (Figure 3.31). The first two valves that control the 

N2 flow were turned for 360̄, for an approximate value of 2 l/min (the flow meter has a 

maximum value of 1 l/min). If lower flow was chosen we found that the etching was less 

homogeneous. Unfortunately we have not been able to vary the etching speed tuning the 

temperature as reported in literature [40]. We had a kind of on-off etching behavior 

dependent on the temperature (Figure 3.31). For values below 30̄ C we had etching speeds 

(vetch) of 300 nm/min or higher. For temperatures higher than 33̄  C, we found almost no 

etching (vetch<10 nm/min). At 32̄ C we had vetchº180 nm/min but with big deviation. In the 

literature the etching does not depend so strongly by the temperature. This strong 

dependence can be explained by the fact that the thermocouple of the heater is not so 

accurate. The temperature could be set with a 1 ̄C of accuracy but during the use, the 

temperature read on the display could vary ± 1 ̄ C.  Considering these aspects I would 

suggest to try using commercial HF vapor phase etcher from AMMT or Idonus or the more 

complex etcher form Primaxx. 

However we found that at 30̄ C we could have a relatively controlled etching speed of 

300±50 nm/min (Figure 3.31). Before the etching we placed the wafer on the heating 

substrate, we closed the reaction chamber and we let pass a N2 flow to condition the 

chamber for 10 minutes. After the etching we conditioned the chamber for 10 minutes as 

well to remove all the HF vapors. 

 

  

Figure 3.29. Thermoreflectance images of the temperature distribution of the chuck surface of the HF 

vapor etcher (A): the temperature can vary up to 5̄ C in the central area where the wafer is placed 

during the etching. B) After placing a wafer, the temperature has better distribution and varies 0.5  ̄C 

as maximum. Just the temperature variation should be taken into consideration in these 

measurement and  not the absolute values. 

 

B) A) 


