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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 transcriptiemzymatic activity,
immune respnse, cellular signaling, et@he unambiguous on®-one complementarity
exhibited by these biological partners is widely exploited also in biotechnology to develop
biosensors for earlgtage diagnostic applications in thenvironmental 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 stss or mass transducers in biomolecules detection for already more than a
decade. The binding aholecules to their functionalized surface is detected by measuring
either the deflection in static mode or the resonant frequency shift in dynamic mdbe
deflection of the cantilever isonvertedoptically 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 npldtxing. The
development of selsensing cantilevers by integrating piezoresistors or mexale
semiconductor field effect transistors (MOSFET) into the cantilever solves this issue.
However, at the same time, this decreases the bending and frequeiftyedolution due to
the higher transducer noise.

On the other hand, the detection of a single molecaén be attained measuring the
unbinding force between two molecudeof a complex pulling them apadsing theatomic
force spectroscopyAF$ measurirg 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 stillnot become an analytical instrumerdnd it is mainly due to the
complexity of the instrurant and of its use. A biosensor based on AFS and osseseding
cantilever would allow single molecule resolution, working in opaque fluids, easy
multiplexing capability, and relatively easy integration in microfluidics cells.

In this perspective, and miew of the earlier work done in IMBNM on cantilever with
piezoresistive deflection transduction, we worked to obtain self sengiopes endowed
with pN resolution and compatible with liquid media. Cantilevers based on single crystalline
silicon have ben 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
piezoresistivdaransducers. It turned out that the probes with integrated piezoresistor offer a
more straightforward solutionhut alsothe MOSFET cantilever can offer a good alternative.

Alongside the force sensors fabrication, new higloughput setups and technique
have been developed and optimized to measure the electrical and electromechanical
characteristics ofmicro-electromechanical systemdM[EMS in a precise and reliable way.



This waf key importance to correctly validate the new technological processasvied in
production as welascharacterize the final devices.

After achieving very good sensor performances (resolution < 10 pN in liquid
environment) with high production yield, we used the force proliesinvestigate the
biorecognition processes in ¢havidinbiotin complex For this purpose we integrated the
sensor into acommercial AFMo take advantage of the high mechanical stability of this
equipment and the highly reliable displacement of the piezo actuaide detected the
forces related to theavidinbiotin complex formation, highlighting the possibility of
biomolecule labefree recognition in nearly physiological conditions and at single molecule
resolution. Beside the very high sensitivity attained, the sensor can be used with no
restrictionsin opaque media; it can be easily integrated in microfluidic cellsitagidplays a
high multiplexing potentialityThis result opensiew perspective in highy sensitive label
free biomarkersletectorsin nearly physiological conditions.
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Chapter I. Introduction

Introduction

This thesis will present the development, characterization and application of a force
sensor based on silicon cantilever with an embedded piezoresistive transduceiqufior
environment, with sublO pN resolutionto 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 thetve guidedhe developmen of the
probe. We will point out the functions and the mechanical properties of the biomolecules,
we will give some examples of cantilevsased biosensors and specifically we will present
the atomic force spectroscopy technique applied in biomoleculegetion. Once wéave
pointed out the sensor requirements, we will review prior piezoresistaatileverbased
sensors and we will outline the reminder of the thesis.

1.1z Aims and motivations of the thesis

The main objectiveof this thesiswas to dewelop a highly sensitive force sensor (or
biosensor) for liquid environmerandto apply itas labelfree detector of biomolecules.

Why develop a new sensor if there are many different techniques already commercially
available and with very high sensitivitRecently the advances in micro and nanofabrication
technologieshaveenablal 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 cemtiized. 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 assuranceprocesses and very skilled personnel. At the same time, the
decentralization of the laboratory tedtas gainedmuch importance[1]. Thistest can be
performed in small labs, at the clinic bedside, or even by the patients themselves at their
K2YS® ¢KAA LINGuSt&EM tesiing o 101 ¢ pohPoldane testing ot h/ 0 @
Fdzy RFYSyGlf FTR@GFyGlFr3IsS 2F GKS bt¢ Aa GKS NBf
G6SadAy3a O0eoftS¢ GAYS A& adGdNBy3dfte NBRAZOSRD® ¢ K
clinical test, whichdads 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 shortenéng th
pre- and postanalytical steps, which are the most time consuming. This leads to a faster
diagnosis and therapeutic decisidry the doctors and reducesthe waiting period of the
patient, with clear advantages for his health. Moregvtre reduced testig time is of
fundamental importance in some critical cases like emergencies or accidents.

l y203KSNI OSNE AYLRNIFYydG ySSR 2F (GKS Y2RSN
Y SRA OA y Beésonal thedicing[@]. Thisconcept involveghe prescription of a specific

3
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treatment and medicine best suited for an individual, considering aliet factors that
influence the response tthe therapy. In this perspectiveéhe micro- and nanefabrication

offer big potential advantages to a personalized molecular diagnostics, which deals with the
diagnosis and the monitorg of human diseases andagart of the personal medicings-5].

It can offer new, very small and cheap diagnostics platforfor highthroughput,
multiplexed detection of pMevel concentration ofbiomolecules. They can have thousand
parallel sensors, each one properly functionalized to detect selectively a different molecule,
at much higher density than it is achievable wailrrent sensor array platforms, and can be
massively producedlheir 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 processulting infaster and cheaper analysis

[6]. Considering these aspeactthey are very good candidates for eastage 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(paragraph

1.3).

1.2 z 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 composemroteins 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 funcig 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 progdé&itieEhe
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 livingells 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 plgs an important roleg/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,ogrto a
surface[9]. The aptitude of a cell to cope with various forms of aggression is also due to
biorecognitionprocesses. The key step for this, it is the adhesion of flowing leukocytes at the
blood vessels walls and their transmigration into the infected tis$L@s All these functions
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are made possible bghe presence of binding sites on their surface, catieckptors which
interact only with specific molecules, ttigands

Theimmune systenof a living organism is also governed by the biological recognition of
a wide variety of pathogenic agents. Tlask of immune cells consists of detecting a foreign
and potentially harmful particle or molecule and to destroy it. Hmibodiesare molecules
that are used by the immune system to identify and neutralize these foreign objects.
Antibodies may be generatieby the secalled 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 cajicerl2]. More in general, if a living
organism has a certain disease, it produces theated biomarkers Trey 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
moleculesjigands and receptor, is very important for life. Because ofih@mbiguous one
to-one complementarity exhibited by these biological partnegte biorecognitions widely
exploited also in biotechnology to develtyiosensos for early-stagediagnostic aplicatiors
in the environmental and biomedical fie[d 3].

1.3 z Cantilever based biosensors

A biosensolis a device that combines a transducer with a biological sensityes [23].
Thebiological sensitive elemefite. antibody, enzyme, protein or nucleic acid) interacts with
the analyte under study while th#zansducertransforms the biologidasignal to a physical
signal (i.e electrical) that can be more easily measured. As we saw mewieus paragraph
1.1, biosensors are gaining more and more importance in health science, diaigabstics
and drug discovery but also in fundamental Ibgical 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 doehe fact that underlying technologies are mature and
well established. On the other hand, the continuous improvements made in macrd
nanofabrication enables the development of more sensitive tools to sense and actuate on
biological systems. The seadown of the tools dimensions led to outstanding mass
resolution approaching single atom detectipid, 15]. Another consequence, of the scale
down, is the reduction of the mechanical compliaraf the devices, which is the ability of a
structure to deflect under an applied load, and the enhancement of the force responsivity.
We arenow able to measure sulbO pN forces, which are at the same order of magnitude of
the rupturing of individual hydrgen bonds. This opens new opportunities in the study of
inter- and intramolecular forces that govern the life as pointed out in the previous
paragraph 1.2.
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The mechanical based biosens{it§-25] have a micro or nangized moving part, which
in many casess a cantileverThey can be batch fabricated and have arrays of hundreds
sensitive transducers. They are mainly divided in two categories depending on the
magnitude that they transformsurfacestressor mass(Figure 11). There is also a third
category,in fact they can translate alsforce, but about this we will speak in the next
paragraph 1.4. Thegan be classified also on the basis of the reatimethod. The vaation
of the mechanical signals can be monitored by different techniqopscalor 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 ded&bn sensitive
transducer, like a piezoresistor, into the structure is one of the most popular alternatives.

The surface stresssensitive devices measure the quattic deflection of the
microcantilevers caused by the binding of the molecules to aessirface. In fact, the
adsorption of molecules onto a surface generates surface stress as a consequence of
interactions between the molecules and the surfd@]. This technique has been used
already to detect proteind27], DNA[28, 29] and RNA[30]. The deflection is normally
measured by the optical read out method, but the piezoresistive read oualsasbeen used
[31]. On the other hand, the molecules have also a certaass therefore if a sufficient
number of them are boundn the cantilever, they can be easily detected due to the
frequency shift of the resonance frequen 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 possiblet &xpenses of the resolution. A proposed alternative is
microfabricating a channel into the cantile&2]. 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 dumiophobic
micropillars that allow wet functional surface and frequency shift detection in air with Q
factors of about 100Q33]. Even if chips with micraatilevers 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 transpant liquids, the portability of the instrument and increases the
complexity for multiplexingThe 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 minted 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 biofB¥]). This technique has been developed in 90s by
Gaub[35, 36] and Hinterdorfel{37] and it is based on the atomic force microscope.
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A YOVYWYWVYWWYWWEYE B)

Figure 11. A) Cantilever as surface stress transducer: the ligands (red) attach to the receptors
provoke abending in the cantileverg) and a surface stress. B) Cantilever as mass transducer:
the binding of the ligands, the resonance frequency changes frtmniof Zf.

1.4 7 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 nanometerscdrigever or
the sample is mounted on a piezoelectric actuator that allows positioning in the 3
dimensions with sulmanometric resolution. When the tigs brought in close proximity to
the sample surfacethe interaction forces between the tip and the spla 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 photodiodd38]. Knowing the cantilever spring constakg, the deflection,d can
0S O2y@SNISR Ayid2z F2NOS o6& GKS 1221SQa (1 gY

F=keo (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 indynamic modethe cantilever is oscillating near its resonant frequency with
constant anplitude.

The AFM can be used also as a tool for measuring forces down to soff89]phh the
modality usually calle@tomic force spectroscopyAFg34, 40, 41]. In this mode, the tip is
moved inthe z vertical direction downwards and upwards with a constant speed and at a
fixed location on thex-y plane(Figure 12). At the same time, the deflection of the cantilever
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or the force actuating on the tip, are recorded as a functioz obordinate. The result is a
force-distance Fz) graph that is usuallgalled 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 paer is bound to the apex of the AFM tip, while the other
one is immobilized on a flat substra{igure 12). The functionalized tip is brought in
contact with the substrateand the moleculacomplex may be formedAfterwards,the tip is
retracted from the substrate and when theantilever restoring forceovercomes the
molecular interactionthe complex dissociation takes place ahd tip jumps off slarply to a
non-contact position Such a jumyoff procesrovides an etimation of the unbinding force.
DuringAFS experiments hundreds or thousark€scurvesare recorded in a cyclic wagn
different x-y positions and at different loading rates:

dF

LR =—
dt

=kcv (1.2

wherev is the pulling speed. A representative fordistance is depicted ithe Figure 12.
Typical force distance curves for the avidiiotin complexare reportedin Figure 13. In the

first graph Figure 13.A) no unbinding event is visible since the retraction curve (red) follows
faithfully the approach curve (green). 8 jump-off in Figure 13.B could be attributed to a
non-specific adhesion between tip and sample, because the retraction curve has a constant
slope. InFigure 13.C,D on theother 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.
A — Approach
Retract
o
3 . .
kS b y
B A

D I Unbinding G
«—> force
Unbinding
length

Piezoactuator z-displacement

Figure 12. Schematic diagram of a typical AFScéomirve representative of a specific unbindi
event for a single bimolecular complex. At the beginning, point A, the cantilever has no del
and it experiences null force. When ttemtilever is moved towards the surface the two molect
start to interact (point B) and fofurther pushing, the cantilever is deflectingpwards due to
repulsive forces. The approaching phase is stopped and the retraction caftstapindings formec
during the contact perioddeflect the cantilever downwards (between point D and E). When
force applied by the cantilever overcomes the binding force, the cantilever jump off contact (pc
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Figure 13 Typical AFS force curve for avitliintin complex. Approach curve black and retract
curve in redA) No unbinding event. B) Non specific adhesion. C) Spediiiding event related tc
the avidin-biotin complex. D) Adhesion plus specific unbinding event.
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Figure 14. A) Example of unbinding force distribution at a fixed loading rate with Gaussian fitti
identify the most probable unbinding force value. B) Unbinding force at different loading rate
data are fitted by the BelEvans model. Graphs extractedrfr4qQ).

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 speeBigure 14.A). Afterwards, the unbinding force
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is extracted from the distribution and plotted against the loading rdtegre 14.B). Using
the BellEvans modgHQ:

L ( g ) (13)

= n .
Xﬁ kofkaT

to fit the graph inFigure 14.B it is possible to extract information on the equilibrium

properties of the molecular complex like its dissociation r&tg, at zero pulling force and

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

state ,x, Higure 15).

Despite its very high force sensitivity, th&FM has stillnot 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 resolutidown to A 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 fiiplexing and automation potentiality.

Bound State TUnbound State
A AB A+B

Transition
. State A:B .

kﬂfi

Energy

Reaction coordinate

Figure 15. Energy digram of a biomolecular complekipon an application of a force the ener
state shift towards lower values (dashed line). Graphs extracted[#6m

1.5z 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:

1 Be for near patient testing orgint of care testing. It should not require special
sample preparation and offer fast response time.

1 Besmallin size

1 Have high sensitivity and selectivity

10
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1 Have high reliability

1 Multi-diagnosis (multiplexing) capability
1 Be for liquid and opaque sample aysis
1 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 resolutioklty GG NI RAGA2Y L & Y
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 mafiyt 6 2 NA2dza | OGA2ya FyR Al |
potentiality. A seHsensing cantilever, a cantilever with an integrated deflection transducer
OADPSD | LIAST2NBaAal2NDE O2dAZ R a2t @S Ylye LI
laser and a phmdetector 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 hunsdatantilevers.

On the other hand passing from an optical to and electrical +@atdmethod can leado
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 chigho be electrically
insulaed. Moreover the probes shouldllow sensing frequencies up to @19 kHz. This
means that their resonance frequency should be equal or higher than these vaiuest,
typical AFS experiments are done at-0.4econds timescale,but the sampling frequency of
the force acting orthe cantilever tip is between 0.5 and 10 kHz. Treguency is needed to
avoid the time average during the jungdf-contact.

1.6 z Piezoresistive cantilevers

In this chapter we aim to summarizé& 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 kdenow application, of a piezoresistive cantilever, has
been the atomic force microscopy. Tortonese et al. in 1993 developeddaped
piezoresistive silicon cantilever, integrated in a Y active Wheatstone bridge, obtaining
atomic resolution imagept2]. His best cantilever had a regtibn of 0.1 A (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

11
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resolution of 0.2 A (and 420 pN) in a bandwidth ofHzk Su et al. in 1997 developed a
cantilever with a triangular shape that achieved a resolution of 0.29 A (and 1q@3N)
Brugger et al. developed an AFM cantilever for lateral force measurefddhtvhile Chui et
al. made a dual axis cantilever using a sidewall implantgtibh Hagleitner et al. fabricated
for the first time an array of two cantilevers for parallel scannjd@]. Findly, Thaysen et.
developed probes with highly symmetrical piezoresistive Wheatstone bridfgg AFM
purposes. They haa typical force sensitivity of 2x10° nN* and a noise of fewrV
considering a bandwidth of 1 kHz and bias voltage di45y48]. This means a resolution of
hundreds of pN in liquid environment.

Apart from these first works on AEMhany groups have developédferent systems and
applicatiors based on cantilevers with integrated piezoresistors for fodtsplacementand
surfacestress sensing. Piezoresistive cantilevers have been applied for torque
magnetometry[44], materials characterizatiofd9-51], data storage applicationgb2, 53]
and to develop environmenta[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, isolatg the piezoresistor by 50 nm of silicon nitride and all the other
conductors by Irm hard baked photoresist. Afterwards, Poleb&ris 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 9(0$3, 64] and recently by Dol[65, 66]. Harley attained a
resolution of 0.5 pN in air, for a 18z1kHz bandwidth, with sui00 nm thick cantilevers in
which the doping atoms were confined on the surface using epitaxial grdésh
Unfortunately these cantilevers were not electrically insulated and therefore were unfit to
be used in liquid. Doll et al. in 2012 achieved -40bpN resolution in air and 12 pN
resolution in liquid, for a wider bandwid{®6]. He used 200 nm of chemical vapor deposited
parylene to insulate the conductors and the cantilevers.

At the Barcelona Microelectronics Institute (IMBNMCSIC), Villanueva et al. made an
impressive work about forceensors based on piezoresistive cantilevers made of doped
polycrystalline silicof67], between 2002 and 200& the scope of the Biofinger Hoject
(IST 20020544). The goal of this project was the development and the testing of versatile,
inexpensive, and eadp-use diagnostic tools for health, environmental and other
applications based on the measurement miblecular interactions by se#fensing nane
cantilever sensors. The cantilever had to act as a wafoA A KAy 3 (22t & F2NJ
similar way like in the single molecule AFS. A requirement of the project was a complete
compatibility with CMOS fabriciain 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 chiallowed a resolution of 50 p[%8, 69]. However, this solution is an
unnecessary complication if a high volume production is not required. In this perspentive, i
2006, force sensors based on crystalline silicon cantilever were developed in the scope of

12
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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 amplificd@6h 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 explded. Also in this case, one of the first applications has been the AFM. Akiyama et
al. in 1998 developed a cantilever with an embedddd@SFET transistor for scanning force
microscopy applicatiofi7l]. Two years later, he integrated in the same chip an array of two
seltsensing and thermally actuated cantilevers and the amplifying cif@@t In 2006
Shekhawat et al. developed a biomolecular sensor based @WiOBFEEmbedded
microcantilevers[73]. He successfully detected low concentrations of avidin and goat
antibody molecules and the results indicated that the sensitivity was comparabthe
traditional optical transduction. Tark in 200®4] and Singh in 201[I75], explored different
p- and tMOSFET cantilever designs. In the same years, Wang developed a sensor for
observing the kinetics of chemical molecule interaction based -MQOSFET cantilevér6,

77].

1.7 Z Thesis outline
The following chapters are organized as follows:

1 Chapter 2¢ Theoretical bacground. In this chapterthe fundamentals of the
linear elasticity theory, of the piezoresistive effect and of the noise in the
electronic devicesire discussedThese theories are at the basis of the analytical
model of the piezoresistive cantilever.

1 Chaper 3 ¢ Piezoresistive cantileverTheelectromechanical model that we used
to optimize the resolution of the force sens@r presented The mask design, the
process fabrication and the fabrication issues of the piezoresistive force probes
are also discusesl Afterwards, he development of new omwafer
characterization setips and techniques, fundamental for reliable and fast
measurements, will be described. Finally, the mechanical, electrical and
electromechanical performance of the different force prolvali be reported.

1 Chapter 4¢ MOSFET cantileveiWe 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.

1 Chapter 5 ¢ 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 pieaatuaor. In this chapter we will discuss
the mechanical and electrical integration of the sensor into the AFM. The system

13
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achieved a 1N resolution, which allowed us to detebtorecognitionspecific
events underlying the biothavidin complex formation.

1 Chapter 6 ¢ 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 SpanMmistry of Science and Innovation: TEC2007
65692, TEC20143600, NANOSELEC$D2007 38400041 (Consoliddngenio 2010
Programme).

The scientific short stay at thBiophysicsand Nanoscience center of the University of
Viterbo has been supported by thEU commission through the COST ACTION(OOR
(AFMANANOMEDG&BIO) (chapter 5). The work made during this collaboration has been partly
supported by the PRHNIUR project n°2009 WPZM4S and by AIRC (Grant 1G10412).
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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 MEEST cases (section 2.2). In the third section
(section 2.3) the noise in the electronic deviea# be introduced These theories are at the
basis of the analytical model of the piezoresistive cantilever (chapter 3).

2.1 z Cantile ver mechanics

2.1.1z Mechanics of materials

Some basic concepts and definitiabout theory of the linear elasticity of the materials
will be here briefly reminded. More detailed treatises can be found8].

[ SGQa NBYAYR | & stréssd Nandstraing Jusing 2 veq) Simfilezexample.
If a cylindrical bar is subjected to a direct pull or push along its axis as $higune 21 then
it is said to be subjected to tension @) or compression ( f) and it suffers elongatior¥ (B n
or shortening § ) respectively.

The stresss defined asthe total force, F, actuating on the bar divided by the cross
sectional areaA, while the strain is defined as the change in length, divided by the
original length,L. A materialis said to be elastic if it returns to its original, unloaded
dimensionswhen the load isemoved. Aparticular form of elasticity which applies to a large
range of materials, at least over part of th&oad range, produces deformations, and strains,
which are proportional to the loads, and stressésis proportionality is described by the
H221SQa fl¢ yR GKS 02S 7T F2AADYE RHFR deINIRELIZ NDi A
elasticity):

= Fe (2.2)

We can speak therefore about linear elasticity and this is true for small displacements.
Moreover a material whichhas a uniform structure throughout without any flaws or
discontinuities is termed ahomogenous material. Inhomogeneous materials have
mechanical characteristics that vary from point point. If a material exhibits uniform
properties throughout in all dirgtions it is said to be isotropiconversely one which does

not exhibit this uniformbehavioris said to be anisotropic. Just to fix thieeas the crystalline
silicon ishomogeneous and anisotropic.

[ SG§Qa y2¢ O2 shied dnghslonal ca& vrfinitdsimal cube of material
subjected to a general load conditioRigure 22).
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F F
G=% € =6t|_
| I | | F<—D=->F
F f F SL L

tension compression

Figure 21. On the left: bar, with a crossection A, subjected to tension and compression by a for
On the right: bar subjected to tension showing the deformat@nand unloaded bar with origina

length, L.
(!3 7

';I\‘
T
TZX A
‘tj\ /Q‘ N
T
X X
O,

(6]
X L‘ Txy Yy \A y
AX Ay
Figure 22. Infinitesimal cube of material under stress and fully described by noghahfl shear )

stresses.

In this case the stressed material is fully described bysthess matrix

Oxx Txy Txz
=|Tyx Oyy Tyz (22)

Tzx Tzy Ozz

Qi

The first position of the sub index refers to the surface normal upon which the stress act
andtheda SO2y R 2yS NBFSNHE (2 GKS RANBOgWrtesh 2F GKS
| £ &)dsthe normal stress on the surface Wit G KS y2N¥YIFt E FOGAy3a Ay
0 2 Yisthe shear stressicting on the surface with the normal x in the y direction and, by
the way, it is possible tR S Y 2 y & i NI Gy,Shaving & symmetric matrix. These stresses
provoke related ésplacementsand therefore strain is fully described by the strain matrix:

Exx gxy Exz

£= ’eyx Eyy eyz‘ (2.3)

Ezx Szy Ezz
If we consider for one moment just the x direction, all the points in the x direction are
deformed anddescribed by aisplacemenu (Figure 23).
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X X+Ax
X+u(x)
X+Ax+u(x+Ax)

Figure 23. The displacement vector u(x,y,z) causes a deformaionx direction. The other twi
vectors v(x,y,z) and w(x,y,z) cause deformation in y and z directions respectively.

Therefore we can define the normal disPl& Y S0l NR G G,$a6 | £ a2 &

B ulx + Ax) —u(x) _Ou

B = Ax T ox

INASYSNIf GKS RAaALI I OSYSyid 2F 2yS LRAYyG t

with the 3components u, v and w in the directions X, y and z respectively. The components
u, v and w dependn the three coordinates:

(2.4)

u=u(x,y,z) ; v=v(x,y,z) ; w=w(x)y, (2.5)
Now we can define thehear strain¥,, for example, as:
- (0_17 + 6_u) 26)
2\0x Oy
And theengineering shear strain

_av ou

=% % 2.7)

Yxy

Also in this case it is possible to demonstrate thgtgx (Symmetric matrix). Now, when
0KS AYFAYAGSAAYLFE OdzoS 2F YIFIOGSNAFE A& aidNB:
in the other two direction y and z that are proportional & if we are considering isotropic
material:

&y = & = V& (2.8)
nAia OFfftSR t2AdazyQa O2STFTFAOASYGd /2y Of dzRA
under general load condition determines the following strain values:
1 1

&=p (ax - v(ay + Uz)) P Yxy = G Txy (2.9a)
1 1

& =7 (O'y —v(o, + JZ)) D Yyz =Gy (2.9b)
1 1

&, = i (O'Z - v(ax + O'y)) 5 Vex = Erzx (2.9¢)

25



Force sensors based on piezoresistive and MOSFET cantilevers for biomolecular sensing

Where G is the shear modulus:

E

C=aTw

(2.10)

In the case of aanisotropic material the things are more complicated and for a general
load case we must write:

Ox Ci1 Gz CG3 Gy Cs Clréx
Oy Ciz Gy Cu3 Gy Cos Gyl &y
Oz [_[Ciz Cas C3z3 Cau G35 Cye| &2 2.11)
lyz Cia Cop Cay Cuy Cys Cyg||Eyz '
Tzx Cis Cus G35 Cus Cgs Cse |l €ax
Txy Cie Ci6 C36 (a6 Cs6 Cog Exy
Or:
o= Z Ciséj (2.12)
J
And
&= Z 5ijj 213)
J

The stiffness matrix is traditionally represented by the symbol C, whileeSasved for the
compliance matrix. This convention may seem backwards, but percepgianot always
reality. Forcubic materials, like the silicon is, there are just three independent elastic
constants:

C11 = Cyp = C33 (2.14a)
Ci2 = Cp3 = C31 = Cy1 = (32 = (y3 (2.14b)
Caq = G55 = Cgg (2.14c)

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

Ci1 C G 0 0 0
Cz €y G 0 0 0
C12 ClZ Cll 0 0
0 0 0 Cyu O
0 0 0 0 Cy
0 0 0 0 0 Cu

In the case of the silicon on the plane (100) the three constant&ard 66 GPaC,=64 Gpa
and C,,=80 Gpal[4]. From these values it is possible to calculate the YOQuimpdulus
t2A3a2yQa NIGAZ2 |yR aKSI N Y2 {afe araFigfie2n)] RA T TSNS

C= (2.15)

o O o
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Direction Expression Value [Gpa]
[100] €\ -2 CZ, 130
C11 +Cpp
[110] (CH + C12C11 — CF5)C 170
2044Cy1 + 6121 + C12C14 +26122
[111] 3 (Ci2 +2C11)Cyy 189
Ci1 + 2615 + Cyy

Table21d | 2dzy 3Q& Y 3fBrdee thost@aminibidSsiicanicssfallographic direcsion

4 [010] o [010] [010]
18- 0.4
i

1.4

5 “;\‘[1101

[

[100] [100]: [269]

Figure 240 | 2 dzy 3 Qa ™Pa)Re®E dz& 2 b & & @efterfand hedr mddulus (x1tPa)
(right) calculated values for silicon in the (100) pladé.

2.1.2z Loading, support and bending moment
Ly 2NRSNJ 2 AYGNRRdzOS GKS ol aAo 02y OSLJ)ia
consider the simplest mechanical element: the beam. The beam caultjected Figure

2.5) to point forces,F (ideally are forces that are applied on one infinitesimal point of the
surface)distributed load, pressue, weight) andconcentrated moments, M

The boundary conditions, which avoid the beam to translate or rotate, are called
supports and there are basically three typ&sgure 25): fixed or clampedd 4 KS o6 St Y Ol
translate or rotate) pinned(the beam can just rotate) anginned on rollergthe 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
FYR 2F GKS Y2YSyida LW ASR 2y GKS 06SIY Ydzl
with a fixed end: a cantilever beam (or simply cantilever). If it is at equih, because of
the point force,F, at the fixed end there must be a force reactiofk, and a moment
reaction,Mg (Figure 26). Inother words if K S & dzLJLI2 NI R2Say Qi Fff2¢
can be dorcereactior YR AT R2Say Qi | 2mdmBntrdtion. G A2y 0
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Because of the equilibrium the total forcE;, and the total momentMy, actuating on
the cantilever must be zero, thefore:

My = My — FL (total moment about support) A Mgp =FL (2.16)

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 suppagernal shear forc€V) andinternal bending
moment(M) (Figure 26). For the case of the cantilever we have

M(x)=-F( —x) (2.18)

[ SiQa y2¢ O2yaAiARSNI 2dzad | RAFFSNBYGAL €

moments and force positive (or negative) like it is depicted in the figure b@taure 27).

PINNED

PINNED ON ROLLERS

Figure 25. On the left: rpresentation of a point force (Fdistributed load (Q) and concentrate
torque (M). On the right: representation of the boundary condition for a beam.

F

Z

7 M(.

A

Mg X V V
Fe

Figure 26. On the left: reactions of the clamped edge due to a force F actuating on one can
beam. On the right: representation of internal reaction in a beam.

XMMX F
s G
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MOMENTS ALL LOADS
CES CEEY Q
positive negative Vv llll V+dV

mC T [ S meam
T l l T dx

positive negative

Figure 27. Conventions used faroments 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:

Fr=qdx+ ¥V +dV)—V A W/, =— (2.19)
My =M +dM)—M— (V +dV)dx — <q d"/z) dx A M/ =v (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 shefarce.

2.1.37z 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 itgosssection.

Figure 28. A beam initially unstressed (left), the same beam subjected to a bending moment («
and its cross sectional area.
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If we now consider a beam initially unstressed and then subjectedctmatant 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 showrFigure 28). 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 betweenltte 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 axisand it located where theentroidis 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:

_J[zdxdz
Zy = W (221)
The fibreAB distantz from the neutral axis, is stretched to Qif e bending moment is
applied. The strain of fibr&B along thex direction, is defined as the elongation divided by

the original length:

A'B' — AB
P — 222
€AB AB ( )
SinceAB=CD andthe neutral axis is not strainedB=/ Q5 Q
A'B' —C'D’ R—2)0 — RO
£, =45 = _R-2) — (223

c'D’ RO R
Therefore the stress i direction increases linearly with thedirection being zero on the
neutral axis:
0y = =2 (2.24)
whereEA & (G KS | 2dzy3Q&a Y2 Rdz dza ¢

On the strip of areaqA, of the cross sectiori-{gure 28) is acting the force
E
dF =0, dA = gz dA (2.25)
and the moment about the neutral axis is:
E
dM = dF z = _EZZ dA (2.26)

Considering thevhole cross section:
E 2 E 2
M:[—EZ dAz—EfZ dA (227)
A A

EandRare considered constant (independentad). The integral in the expression is called
second moment of ared, is calculated taking as origin ptoordinate the neutral axis, and
given the symbdl, therefore we can write:
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El

M =
R

(2.29)

If the beam is of uniform section, from the previous equation we have that the radius of
curvature is constant if the material isomogeneous and we apply a constant bending
moment. The radius of curvature of the beam is:

El
_ 229
R M (229

and is related directly with the term Bending stiffnesgor flexural rigidity) which depends
onthe, 2dzy 3 Q& Y 2 Ratefialznd @iffe aréakand shape of the cross section. Here
we assumed the case of pure bending without any shear stress being present. In the most
practical beam loadip cases shear and bendingcurstogether at most points, however it
would be posdile to show that where the bending moment is maximum, in fact, the shear
stress is zerand that the bending moment produces by far the greatest magnitude of
stress.

[ SGQa FAYR y2¢6 GKS NBflFIOA2yaKALI 60SisSSy
beam AB (Figure 29) which is initially horizontal when unloadelf this deflects to a new
position! Qun@er load, the slope at any poiflis:

dz
= 2.30
0=— (2.30)
This is usually very small in practice, and for small curvatures is:
ds=dx=Rdb (2.3
ae 1
@w_Z (2.32)
dx R

X

Figure 29. Representation of a beam initially unloaded (& | YR F F&S®U0 f 21 RA
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Therefore considerin¢?.30)

And considering the equatiof2.29)

Remembering also the previous equation we can summarize:

Displacement

Slope

Bending moment

Shear force

Loading

d?*z 1
dx2 R
d?*z M
dx?2 EI

zorn
M=—EIdZTZ
V=—EI%
q:—Elsz

(233

(2.34)

(2.35)

(2.36)

(2.37)

(239

(239

2.1.4 z Cantilever with constant cross section and homogeneous material

2.1.4.17 Static deflection
[ SGQa

can write:

Considering the boundary conditions»at0(in the origin the deflection is zero and the beam
is parallel to the x direction) we can calculate the coefficigxasd B:

Therefore theequation of the elastic curve (deflectiai the neutral axiyis:

32

V26

byl

dZ

dx?

dan

dx

F
U=E(Lx2—x3)+Ax+B

fel S GKS OILgfaimped St @re Mad)ithaeS
transverse loadF,at its end(Figure 210). Considering thequations(2.18) and (2.37) we

i F
EI(L X)

F
E(Lx—x2)+A

n(0)=0-B=0

dn
dx

=0-4=0
0

(2.40a)

(2.40b)

(2.40c)

(2.41a)

(2.41b)
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F [Lx* x3
n==(5-= (242)

where the bending stiffness is
t/2
El = fE(z)zZ dA = Ew f z2dz =F
A —t/2

wt?

— 243
B (243)
Normally the end deflection of the cantilever is modelled as the deformation of a spring

with elastic constank (Figure 210):

F=kn(l) (2.443)
= F _ F _ El _ Wt3E
) L(E_E) T3 413 (2.44Db)
EI\ 2 6

Finally considering the equation§.23) and (2.33) we can write the strain and stress
formulas for thiscase:

£ = —z% = %(x — L)F (2459)
o, = Ee, = E%(x _L)F (2.45D)
Gx"
Z X
I F Z
X 7 ! n ' F J Gx

Figure 210. Cantilever model: the cantilever subjected to a point force can be modelled by a
with constant k and mass ffeft). On the right, the stress dependence on x and z axepasted

2.1.4.27 Resonance frequency

Under the same conditits of linear elasticity angmall deflection, the resonance
frequency of the firs mode of the cantilever beain vacuum,can be calclated by the
following formula[5]:

fi= i(1.03 i) — (246)

wherer  is themassdensity of the material of the beam.
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2.1.5z Cantilever with a multilayer structure and variable cross section

2.1.5.1z Static deflection

Not to be confoundedwith beam made up of composite material, this composite
(laminated) beam in this contexefers 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 aaquivalent 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 originddeam Eigure 211).

From these considerati@the position of neutral axis:
5 = [JE@zdydz 1%Ei(zf — 25)
T [[E@dydz ~ 2YEi(ze — zai)

where i refers to the layer,z and z; refer to the top and to the bottom of the layer
respectively andEA & GKS | 2dzy3Qa Y2RdzZ dzad b2¢g GKIFG GK
calculated it is possible to calculate the bending stiffness of the composite cantilever

(247)

N>

t/2 w/2
1
EI = f f E(Z)(Z - ZO)Zdy dZ = ng Ei((zti _ 20)3 —_ (Zdi _ ZO)S) (248)
-t/2 —w/2 1

Concluding, the stress (discontinuous) and strain (continu@tigure 211) are given by:

d*n z—2zg
=y - 249
Ex z05 i (x—L)F ( )

Z— Zy
2 G- D)F (2.4%)

oy =Eie, =E;

[ SG§Qa y2¢ O2yaARSNI AyadSlE R ad ot aiconstéScrogssS | Y A &
section along the x direction like in the pictufedure 212).
From the point of view of the displacement these two situationsgadtilever or T

cantilever, have the same solution (if the crasstional area is the same). For the two parts,
1 and 2,0f the cantilever we can write:

F [(L,x* «xB
771(x)=E—11 TR (2.50a)
F [Lyx* «x3
nz(x)=E—12 ) TAx+B (2.50b)
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Eiw

Zu

Zd2 > _

w y E:w y
Figure 211 Twolayerso S Y YIRS 2F G¢2 YI (S Nant Eandequivdidat
0SFEY YIRS 27F | aixy3dt S YI(&tH Oidthe fightgrépliesentati@ndal/tti ¢
component of strain and stress dependence-direction.

Figure 212. Cantilever with non constant cross sectibarea: U or T shaped cantilevers. 1
cantilever can be modelled as two cantilevers in series. The first pafti@s.smaller cross section
area and lower bending stiffness. The second pat;JLhas bigger cross sectional area and higl
bendingstiffness.

EL and Eb are the bending stiffness (or flexural rigidity) of the beam in the two different
parts of the cantilever.These can be calculatefdom the previous equatior(2.47-(2.48).
Now inL; hasto be = #{the displacement has to be the same) at@=/Q(the tangent of
the displacement is the same too). From these tvanndary conditions we obtain A and B:
4= 1Ly (Ly — 2L,)(EL — ELL)

(251a)
2 ELEI
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113QEL Ly = 3EL Ly + 3ELL, — 2ELL,) .

= (2.51b)
6 ELEL
Finallythe spring constant of the cantilever is:
k= (252)
B n2(L2) '

And stress and strain can balculated as in the equatiq2.49).

2.1.5.27 Resonance frequency

Under the same assumptions, the resonance frequencies of a cantilever with non
constant cross section can be numerically calculated using the following forfbllas

L E e (253)
2w |12p, L2

fi
1+ x2 — (x* = 1) cos(k;L, 1) cosh(x;L, 1) + 2 cos(k;L,) sinh(k;L, (A — 1)) sinh(k;L,7)
= cosh(x;L,(A — 1)) ((x2 — Dcos(r;L,(1 — 1)) (2.54)
— cosh(x;L,1) (()(2 + 1) cos(k;L, (A — 1)) cos(k;L, 1)

+ 2y sin(x;L, (A — 1)) sin(rciLz/l)))

Where c=wi/w, and / =Ly/Lo.

2.2 7 Piezoresistive effect

The piezoresistive effect describebe 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 [BB5After
almost a century, and after Bardeen and Shockley predicted large conductivity change with
elongation of single crystal semiconductdfg], Smith measured the exceptional large
piezoresistive effect in silicon and germanium in 1§83 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).

2.2.1z Silicon piezoresistor

The electrical resistanc® of a homogeneous conductor d@sfunction of its length)g, of
its cross section aredx=Wrtr, and of the resistivity of the materiatg:

36



Chapterll. Theoretical background

R=—2p, (255

WRIR

When the resistor is under mechanical tension, the lengtreases 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:

Ry lRO Wpr

(2.56)

0

where the subindex O is referred to the initial unstrained conditions. Dividing the two
expressions by the straig we can define the gauge factor as:

AR/R A
= /°=1+2u+ pgp"

(257)

F

The first two termgepresent 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 Gof 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 bel@0 times larger than the
geometric term alond9]. In silicon nanowires, it can become even 1000 times lg@r
Considering a simple case of uniaxial applied stresalong the current flow, we can write
with good approximation that:

=mo (2.58)

where p is the longitudinal piezoresistive coefficiedh the opposite case, when the stress
and current flow are perpendicular, we have to speak abtranhsversal piezoresistive
coefficient ;. There is also a third piezoresistive coefficient that is called shear piezoresistive
coefficient ps, which relate 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 componddis

6

- Z ;0 (259)

j=1

a9,
pi

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:

T11 T2 Tq2 0 0 0
Ty Tq1q Tq2 0 0 0
= TTqo TTqo TT11 0 0 0
T™=lo 0o 0 my 0 0 (260)
0 0 0 0 my O
0 0 0 0 0 Ty
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The values of the three coefficients, pi2, paa, were measured, for the first time, by
Smith, for relatively lightly doped silicon samples and are repandable 22 [8].

2.2.1.1z Orientation, doping and temperature dependence

The relationships between longitudinal and transversal piezoresistive coefficients and
the fundamental piezoresistive coefficients depend on thgstallographic orientation of the
resistor Table 22). Longitudinal and transverse piezoresistive coefficients can be calculated
also for an arbitrey direction[12].

= myq — 2(yq — Ty — n44)(l%m% + l%n% + m%n%)

Ty = Myp — 2(My1 — My — 7T44)(l%l§ + m%m% + nfn%)

(2.61a)
(2.61b)

where |, m and n are the direction cosines respect to the crystallographic 428k After
Kanda[13, 14], p, » are normally reported in a graphical way. He represented the
coefficients for lightly nand pdoped silicon for an arbitrg direction on the (100), (110)
and (211) wafer orientation§-igure 213).

Direction coefficient
stress current n-type p-type
(100) (100) M1 p [ o] 11.7 7.8
(100) (010) T1s my, [10PaY] | -102.2 6.6
(110) (110) Tyq +Typ + Ty | 1, [10M PEY 53.4 -1.1
(110) (110) Ty + nzlz — T4 | m,, [10M P&Y -13.6 +138.1
2

Table 22. First order piezoresistive coefficient in some typical configuraftgdns

¢ KS

LIAST 2NBaAaldABS FFLOG2NA R2y Qi

OKIy3aS 2dzii

the doping concentration and temperature. In 1962 and 1963 Tufte and Stelzer measured
the dependence ofoi1, pus, for ndoped silicon and joloped silicon respectively, on the
doping concentration ranging between %Gnd 1¢* cm® and temperatures between 70 K
and 370 K Kigure 214)[15, 16]. They found that the coefficients ardecreasing 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 factoP (Figure 215). This fits pretty well for low doped silicon but it
introduces an error betweer24% and +14% for highly p doped sili¢@B]. 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 ffor highly doped silicon17], in 2008 this
discrepancy was solved by Richter, who included all the relevant scattering mechanisms,
acoustic phonon, norpolar optical phonon, and ionized impurity scatterifid]. This model
predicts very well the piezoresistive factor at different temperatured ah concentrations
between 16* and 13° cm®. After Richter, the piezoresistive factd?=p/ 5, can be

calculated by:

(262)

— T T
20 40 60 8 0

Figure 213. Longitudinalp. (red) and transversegrr (green) piezoresistive coefficients irdoped
silicon (left) and mloped silicon (rigth]13]
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Figure 214. Experimental values ¢f,, in p-doped silicon (left) angh; for n-doped silicon (right) fol
different doping concentrations and at different temperatufds, 16
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where n is the concentrationQ) is the normalized temperature T/300 and the fitting
coefficients J,a,gh,Ns,Ne, are 6x186° cm?®, 7x1¢° cmi®,0.9, 0.43, 0.1, 1.6, 3 respectively
(Figure 216).
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Figure 215.Theoretical values of piezoresistive factor calculated by Kandadopgd (left) and n
doped silicon (right) for different doping concentrations and at different temperat[ir&s.
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Figure 216. Theoretical values of piezoresistive factor calculated by Richter-doped silicon for
different doping concentrations and at different temperatufes.

2.2.27 Silicon MOSFET

The metaloxidesemiconductor fieldeffect transistor (MOSFET) wasade for the first
time in 1959 at Bell Latby D. Kahng and M. M. Ata[la8], after J. E. Lilienfeld patented the
idea of this kind of transistor in 19289]. Few years later, in 1967, 14 years after the
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discovery of the piezoresistive effect loulk silicon, Colmafi20] from Texas Instruments,
reported for the first time about piezoresistance irtype MOSFETn 1968, Dorey, from Bell
Laks, confirmed the measurements of Colmdfl] and just in 1970 and 1972, Dorda
reported a much more detailed and complete work on the piezoresistive effectypepand
n-type silicon inversion layer in MOSFEZS 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 tsémis 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 ithstressdependent
characteristics

2.2.2.1Z MOSFET model

The MOSFETtransistor (Figure 217) is made by a capacitor, the metatide
semiconductor (MOS) structure, which has two termingiate 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. Soara drain complete
the MOSFET structure. These two terminals are also made of silicoarddoped in the
opposite way than the body. The region between the source and gjash under the gate
oxide is calledchannel

The distribution of charges ithe semiconductor can be modified by applying a voltage
across the MOS structure. For sake of simplicity we consider just-HW@8FET case. In this
case, source and draiare ndoped and the body is-goped. A positive voltage from gate to
body, Vsg force the positive conductive charges, the holes, to migrate far away from the
siliconsilicon oxide interface. This createdapletion layerleaving exposed a carridree
region of immobile, negatively charged acceptor idfisheVggis highenough, higher than a
threshold voltage \(ry), thena high concentration of negative charge carrjdfge electrons,
forms a very thin layerirfversion layer located just under the gate oxide. If a positive
voltage is applied from drain to sourc¥ps then the electrons can flow and there is a
current from source to drainp.

The operation of a MOSFET can be separated into three different modes, depending on
the voltages at the terminal@-igure 218):

1 If the voltage between gate and sourcé;s is lower thanVry then there is no
conduction between source and drain and therefore the transistor is turned off.
This is calledub-threshold mode
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T

If Va>Vrnand Vos\ss- Vruthe transistor is turned on. Sindéssis higher tharvry

the MOS is in inversion and there are electrons in the channel. Becau4g, of
there is current flow between source and drain. This state is cétledr region
because the transistor operates like a resistor controlled by the gate, the source
and drain voltages. The drain current is higher for higikgrand for higherVps

and is modeled by:

Wen Vgs
Ip = ppCox _L Vgs = Ven)Vps — _2 (263
CH

where m is the chargecarrier effective mobilityWcnis the channelwidth, Lenis

the channelength andGis the gate oxide capacitance per unit area

If Ve>Vrnand Vo> \es- Vrnthe transistor is turned on, the current flows between
source and drain and it depends mainly g 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 thaviryandtherefore the channel is pincheaff near

the drain. This state is callsaturation regionand is modeled by:

Ip = —“"jox% Ves — Ver)*(1 + AWVps — Vossar)) (264)

where / is the channel length modulation paranest and sometimes is
considered to be 8, especially for long channel MOSFET

n-MOSFET

gate _
source — drain
gate oxide
inversion layer
depleted region
P
]
substrate

Figure 217. Representation of a-type MOSFET transistor.
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Figure 218. Electric characteristics of an enhancement mod@@SFET transistopsis \bsgraph
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2.2.2.2 7 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 tlehanneldimensions. Like in the piezoresistor
case, the changes in th&cyand Lcyare not sufficient to explain the high current variation,
and in fact they become negligible. Thus the relative change in the drain curfe#di:is

Al A AV V.
Al HFp 2 TH( TH ) (2.65)
Ip HUp Vry

VGS - VTH

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 measyedjt Bradley, in
2001, experimentally extracted the threshold voltage from MOSFET linear region
measurenents for different channel length and for three different technologj2d]. His
results demonstrated that the threshold voltage is essentially independent of stress which is
agrees with the theory of Mikoshibg5]. Basedupon this conclusion, the second term of
the previous equation can be neglected. The mechanical stress, therefore, influence just the
charge carrier mobility:

Al App

2.66
Ip Up ( )

If we consider that the transistor is subjectéal uniaxial stress and that the drain current
flows in the same direction, we can write:

—=—=-m0 (267)

where p is the longitudinal piezoresistive coefficiert.should be noted thatin this case,
the piezoresistive coefficient is defined using the current variation instead than resistance
variation €g.(258)x | Y R (i K-8idiBtdudeHin the foémula If the drain current
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flows perpendicular respect to the stress, we have to introduce the transversal piezoresistive
coefficient, pr. In the same way like for the piezoresistdie piezoresistive effect in silicon
MOSFET is fully described by the piezoregstmatrix and by the three independent
piezoresistive coefficiesto, pi2, 42(Table 22).

2.2.2.3 z Orientation, doping, gate voltage, drain voltage, gate length and
temperature dependence

Many works have been published about thgiezoresistivity (or charge carrier
enhancement) in MOSFET transistors. They agree that this effect varies with the
crystallographic orientation of the channel, witthe 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 giype and ntype inversion layes in the fundamental directions and on
different silicon substrates: (100), (110), (111). In these studies the fundamental
piezoresistive coefficientgni, 18, a4, have been measured or calculatddater on, the
attention has been directed more on thdress 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 <11 Iy R (GKS& RARYy QG O2yaAiARSNJI
measurements of all the three primary piezoresistive coefficientJalole 23 we report the
values from Wand26] and the maximum and minimum values obtained from other authors
at low gate voltages. Imppendix A we report the most rievant values found by the
researchers from 1967 until these days.

Considering the equation$2.61a) and the values of Wang, we can represent the
piezoresistive coefficiergfor the different crystallographic directions in a graphical way, like
is normally done for bulk silicon. Figure 219, we reportp and py for n-type and ptype
inversion layers on the (100) substrate

Doping type puX 1G V[P Y | prox 1G M[Pa Y Pasx 1 " [P I
N-MOSFET -90 (84/-100) 40 (34/50) 210 (10/-21)
p-MOSFET 15 (1/-15) 30 (24/35) 115 (104/128)

Table 23. Piezoresistive coefficient values foamd ptype inversion layef26] . (Maximum and
minimum values in literature).
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Figure 219. Longitudinal (red) and transverse (green) piezoresistive coefficients representatio
doped silicon (left) and-goped silicon (rigth) considering the values of WERE.
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Figure 220. Variation of the piezoresistive coefficient with the transverse electric field at 300 K
MOSFET (left) andMOSFET (righf26).
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In the ntype inversion layer case, all the piezoresistive coefficients have aroutadi0
20% lower values than the ones of thedaped silicon. In the 4ype inverson layer case,
alsopus has 10% lower value, byt; and pi» have opposite sign and higher absolute values
with respectto the p-doped silicon caseévioreoverthese values are not at all constant. As
reported by Dordd22, 23], Canali[27], Mikoshiba[25] and Wang[26], the piezoresistive
coefficient has a strong dependence on the gate voltage (or vertical electric EigldThey
agree that in AIMMOSFET case at Idwy, p11, p12 tend to approach the corresponding values of
the lightly doped silicon. Thacrease of thefield strongly reducesheir absolute values
(Figure 220). On the other handps, has an opposite behavior passing from arouh@x10™
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Pa' to -20 x10™ Pal. In the pMOSFET case, this dependence is less marked and just the
longitudinal piezoresistive coefficient firmly decreases from arodsx13* Pa' to 0 P&

Wang reported also about the variation of the piezoresistive coefficients withdthe
voltage, for different stress valug®6]. The decrease of the coefficients for high drain
voltages is higher at higher stresseslas valid for nand pMOSFET, as reported kigure
2.21. On the other hand, Vatedka measured the drain current for varMggand Vpsfor an
n-MOS-ET with a gate length of 1dn oriented in the <110®irection (Figure 222) [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 impactaboiz 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.
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Figure 221. Relative drain current changél(l,) depent on the drain voltage-MOSFET (left) and |
MOSFET (right). Full lines are the simulation results and points are experimenta[2@jlues
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Figure 222. Drain voltage and gate voltage dependence of the relative drain current chatitg
[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 taitoflas the
channel length is reduced below approximatelyn@. Bradley and Gallon, in 20024] and
2003 [29] respectively, attributed this phenomenon to the parasitic resistances of source
and drain, that becomes more @nounced 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. InFigure 223 we report the uncorrected values and the relative corrected data of
the longitudinal and transversal piezoresistive coefficients feM@SFET versushannel
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 transistorwe have to make a difference betweenand ptype 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-fype depletion mode MOSFET the piezoresistive coefficients are
almost equal to the corresponding bullalues at low vertical electriields. Additionally,
they show almost no field dependence. fiigure 224 we report the values measured by
Mikoshiba for different type of nand pMOSFETS.

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 sectior2.2.1.1 On the other hand, for the silicon inversion laytbere are not
many studies about the carrier enhancement dependence with temperature. C@vli
studied the variation ofp and pr between-20i C and 120C for a pMOSFET along the <110>
and of p_ for a nMOSFET along <111> direction. He reports piezoresistive coefficients
variations between 500 ppm“Gand 5000 ppmC* for different crystallographic directions,
which are in the same order of magnitude of the variations reported by Tufte for low doped
silicon Figure 225) [15].
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Figure 223. Piezoresistive coefficient dependence on the channel length. Uncorrected values
relative corrected data of the longitudinal and transversal piezoresistive coefficientsMQSF-E1
versus channel leng{24].

T T r — 150, T T T T T T 1
a
a a N 1
ba = ° TRANSVERSE (B) N-CH a a a a % N . |
" 1 1
s0 - F . & N1 (ENH.) — 1
N2 y L setestea uce i
a
| . 0 " N3 ) |
1 L °N4 (") F SHEAR (C-DIf.. 1
i o a
e, ¢ N (0EF.) W ool P N _
r - ., 2 ® BULK (SMITH) z
H
L .., w0 T T i ‘ ' }
4 z TRANSVERSE (B) ° - {
g S— o o PL (ENH.)
£ -~
g ° ! ' ‘ T ' ' ‘s ° P2 (ENH.) 7}
< © ¢
na s s .2 . p ] 5 P .Dz:.;m‘_‘
' 1
o~ otk g sy, i a a N . . | @ BULK (SMITHI|
D - 8 i e s . T .
e i =
- | * . 1 , -!1 s
® - . | . ) L L s ¥ 2 i
- ix 3 SHEAR (C-D) . - : ‘
o L - T T -1 T T
: |E 50 — ! - B —— o= a a A a a A
-60 T —— T T T T T T . TTecle .o .
. LONGITUDINAL (A} ™1 ee T,
LONGITUDINAL (R) |
r . b . 20l I L . L L |
' N -12 -8 -4 0 4
I H
. A " Fe x 105 v/CM
L e . wow o
s %t a 3
100 PRI j
n L L L n
- 16

Fe x 10° v/cm

Figure 224. Piezoresistive coefficient dependence on channel doping and on transversal elect
for -NOSFET (left) and\MOSFET (right) transistdi25).

«10780 —
|

L

.
|
60} . 1
.
L . I
* \
L]

— L]
= LOF i
)

o ]
E T
¥ -ECL ;

| . 7
-40 M x 8 L] ® b |
i o |
T °
"
-60 | L L L —_
0 40 &t 120

7%

@ micoir> (100) p-channels (3000 ppm °C~1); x m (111) n-channels (800 ppm °C-1);
O mi¢ol1y (100) p-channels (1700 ppm °C-1),

Figure 225. Temperature dependence of some piezoresistive coefficientdodmpMOSFE27].

48



Chapterll. Theoretical background

2.3 Noise

In electronics, thewiseA & | y& dzy gl YGSR NI yR2Y Ff dzOG dz i
consider for example a doped silicon resist@r biased by a noiskee constant current],
which can be also 0. The voltagé,has a constant mean value, but it has also fluctuations,
at any frequency. ThedRictuations are called nois&igure 226). This can béntrinsicof the
device under test oextrinsic 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) sighdhat is present almost everywhere and it is due to the power lines.
Hereatfter, therefore, we will focus just on the intrinsic noise of doped silicon resistors and of
MOSFETSs.

nv]

noise voltage pk-pk [

L} M L} M L} M L} M L} M L}
0.00 0.02 0.04 0.06 0.08 0.10
time [s]

Figure 226. Noise ira resistor. Peaks are extrinsic noise at 60 Hz.

2.3.1z Silicon resistor.

The intrinsic noise of aesistor 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 ff@ver spectral densitfPSD) of
the signal with[V?/HZ] units Eigure 227). This is done transforming the signal from time
domain to frequency domain, using the Fourier transform. A typical PSBilifmn doped
resistor is the one reported ifFigure 227. Two zones can be distinguished. At high
frequencies there is no dependence. At lower frequies there is 1/f dependence. The first
is commonly callethermal noisg(or JohnsorNyquist noise), while the second is namb/
noise (or Hooge noise). If we analyze piezoresistive MEMS structures, like the cantilevers,
then we have to consider also tleermomechanical noise
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Figure 227. Power spectral density of a resistor. Taga are fitted with thermal noise and 1/f nois
expressions (eq. 2.64, 2.66).

2.3.1.1z Thermal noise

Thermal noise was observed for the first time by John&fhand 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 thed@m
constant kg [J/K] the temperatureT [K], and the resistancdR[W:

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

VR,] = 2\/kB TR(fmax - fmin) (269)

where fmax and fin are the maximum and minimum frequency of the bandwidth that we
choose.

2.3.1.27 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 tofaring the years two main
theories and models have acquired importance. In the McWhorter m{@ig| also called
number fluctuation modelit is believed that the noise is caused by the random trappimd
detrapping of the mobile carriers in the trap located at theS&) interface. On the other
hand Hoogg33, 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:
aVbZiasl

Sru = N ]—C (2.70)

where Wias [V] is the bias voltage of theesistor, N is the total number of charge carriers,
[Hz] is the frequency and is the so called Hooge factor. The RMS noise voltage in a certain
bandwidth is:

a fmax
Ven = Voias |11 (fm_Ln) (2.71)
a is dimensionless parameters that can vary in fumctof the doping technique and
fabrication procesdetails [35-37]. It is therefore ascribed to the lattice quality and the
typical range of variation is Tdo 10"

2.3.27Z 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 catild@he electrical noise
sources in a MOSFET transistor [@&40]:

1 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 dswonrce reverse
diodes.

= =4 -4

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

2.3.2.1z Thermal noise

The current flowing between the drain and the source terminal in a transistor is based on
the existence of annverse 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 notion of the free carriers within the inverse channel generates thermal noise at
the device terminal. In the extreme case when the drain source volkaged 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:

Sip,; = 4kgTgo (2.72)

Where go [1/W] is the channel conductance &s0V. NormallyVps>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 wrj&8]:

Sip,; = y(4kgT g) (2.73)

where gn is the transconductance of the MOSFET gnsl a complex function of the basic
transistor parameters and bias conditions. To give a valug & numeric approach is
required.Howevertypical values are between 2/3 and 1, for a gate oxide thickness of 50 nm
and substrate concentrations arount*® atomscm™ [38]. If we integrate the spectral
density in a certain bandwidth we obtain:

Ip; = 2YksTgm frmax — finin) (2.74)

2.3.2.27 1/f noise

Among all he active integrated devices, MOSFET transistors show the highest 1/f noise
of all, due to their surface conduction mechani$d8]. 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 theordticahd 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:

al*1

SID,H = T]_C (2-75)

where a is the Hooge parametel\ is the total number of free carriers in the devidehe

short circuit drain current andi 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 calulated by:

qur(Ves = Vr)p 1
Len f

where ¢ is the elementary chargen is the soecalled 1/f noise mobility which depends

strongly on the bias condition¥ssandVrare the gate voltage and the threshold voltadg;

Sipn = a (2.76)
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is the drain current andicyis the channel length. The noise current in a certaamdwidth
can be calculated after integrating the previous formula:

Ipg = \/a qur(Vgs — Vr)lps In (fmax) 277

L%'h f min

2.3.3 zZThermomechanical noise

A third noise source, the thermomechanical noise, is an electromechanical noise and
derives from the fact that the cantilever is a moving bedtris the mechanical analog of
Johnson nois@nd 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 thenresistivity 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 qudhigtors. e power spectral
density is [¥/Hz][35]:

2.79)

Except at resonance, this noise source has always been smaller than 1/f and thermal
noise[39], 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
sensomwill be introduce(section 3.1). Thethe mask design, th&bricationprocessand the
fabrication issues of the piezoresistive fonmebes will be pointed oufsection 3.2) After
presenting the development of new emafer characterization saips and techniques, the
mechanical, electrical and electromechanical performance of the different force probes will
be reported.

3.1 z Probe modeling

Here, the electromechanical model used to optimize the performance of the force
probes with embedded piezoresist@s presented This modetan bealsoused to extract
important materials parameters, like silicon piezsistive coefficient, materials odngQ a
modulus and Hoaog factor for 1/f noise. The model is developed considering that the
cantilever is loaded by a vertical @rection, Figure 31L.A) point force in thdree end and
behaves according to the linear elastic theory (see previous section 2.1).

The most important parameters determining the performance of a gstic force
sensorbased on piezoresistive cantilevers are the spring conskanfN/m], the force
sensitivty S.\=OV/F [V/N](or deflection sensitivitg=OV/d[VIm]), the transducer noisey,
[V], and theforce resolutionR:=[N], also calledninimum detectable force (MDF)he spring
constant is a parameter that relates the cantilever deflectiothvihe force applied on the
structure.The bwer the spring constanthe higher the deflection for the same applied load.
The force (or displaceménsensitivity is the parametehat says how much the transducer
output signal varies upon the applicatiaf a load (or a deflection). Finally the resolution is
the minimum force (or displacementhat the sensor can detect. An additional parameter
that has to be taken into consideration is the resonance frequency of the b&his.tell us
how fast a measurenm@ can be performed:rbm the resonance frequency deriveke
frequency range over which the force probes can be used.

The electromechanical model is presentter assuming a suitable cantilever structure.
Using this model we calculated the deflection and force sensitivities and considering the two
main noisesources, we finally calculated the sensor resolution dependence on the various
parameters.

A suitabé structure for a piezoresistive force sensor based on asgeling cantilever
that has to function properly in liquid environment is composed at legsFigure 31.A):

1 a mechanical layer (silicon in this case)
1 atransducer layer (a piezoresistor in this case)
1 an insulating layer (silicon nitride in this case).
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B) Bridge
bias
Active Reference
cantilever cantilever

L

t 1

Figure 31 . A) Exploded view of the piezoresistive cantilevién typical dimensionsFrom the top
there are: PECVD silicon nitridg; @& 100 nm), thermal oxided¢= 38 nm), implanted crystallin
silicon, and crystalline silicorsi¢325 nm). L= 125>m is half of the length of the piezoresistor a
also the length of the multilayer part; £ 250>m is the total length of the cant¥er. The implantec
piezoresistor is visible on the silicanand z; are the top and the bottom z coordinates of the laye
with i = 1 for silicon nitride, i = 2 for silicon oxide, and i = 3 for siliByrElectrical scheme of tF
sensor. In each ghithere are 4 piezoresistors: two are embedded into the cantilevers and tw
integrated in the chip. They form two voltage dividers which can be externally connected to fo
active Wheatstone bridge. The two cantilevers can be equal and one amtéeeence, while the
second one is be used as probe.

Themechanical layeis the one that contributes the most to the mechanical properties
of the sensor: spring constant and resonance frequency. Silicon has been chosen hiecause
has very good mechanicproperties[1, 2], because the microfabrication processes are very
well established and because doped silicon has high piezoresistive coeffmnehtherefore
the transducer layer can be easily embedded. Ttamsducerlayer 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
insuating layerhas to electrically insulate the cdactors (i.e. the piezoresistor) when they
are in liquid environment. Silicon nitride has been chosen bec#usea good barrier for
water based solutions and it has good insulation and mechanical properties if compared to
others materials like siliconxade 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 alongdRes XA smart way
of fabricating the cantilever used already by many authors, and probably the most common
one, is to choose the so calleddbdaped cantileve[7]. With this structure we obtain the
main advantage of reducinghe spring constant and so increasitige force resolution. On
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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 slidésign 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 curmaalucing the sensitivity and
increasing the nois8]. If the two legs of the piezoresistor are physically sepatate avoid

this problem. This allows reducing more the cantilever widthd @herefore 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 bridgeégure 31.B). Choosing a
symmetrical bridge (two piezoresistors embedded into two cantilevers and two into the
chip) is beneficial for a linear respge on deflection and redudgemperature dependence
of the senso|9].

3.1.1z Mechanical model
The spring constdrof a cantilever is defined as:

F 31
=t (31

where F is the force actuating at the cantilever erahd d'the deflection. In the case of a
multilayer, Ushaped cantilevefFigure 31) k. can be calculatedaking intoconsideration the
equations(2.47(2.52) (section2.1.5).

3ELEIL (3.2)

ke =—
¢ (Ly — L)3(El, — EL) — L3EL,

where E} is the bending stiffness of the multilayer part the beam x=[0,L4], and E} is the
bending stiffness of the second paxt[Ls,L;].

3.1.2 z Sensitivity

In the previous section 2.2.1, we saw thatiyem apiezoresisto is mechanically stressed,
the relativechangeof the resistance valueZR/R) is the result othe change of the resistor
dimensions(length |, width w and thicknesg) andof the resistivity ¢). In the case of low
doped crystalline silicon, the changd the resistivity in certain directions (i.e. <100>) is
larger than the dimensional changes by a factor of 50, thus:

AR Apr (33)
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where the p is the longitudinal piezoresistive coefficient for that certain directidine
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 stsgsalong tle two legs of

the cantilever that varies linearly alongandz and to anegligibletransverse stress along
Considering that the resistor, thus the current, and the stress are parallel and along the
<100> direction we can write:

AR G (34)
— = 11(OR) = 7——(0g,)
RO 11\YR,x ER,lOO R,x

where pi;1 is the longitudinal piezoresistive coefficient for the d¢ajigraphic direction
<100> <sgr,>is thelongitudinalmean stress in the resistam the x direction andB 100iS the
young modulus of the piezoresistor in the 100 crystallographic direciém.have chosen

the <100> direction as example, because it is also the one that optimize the piezoresistive
coefficient for ndoped silicon. We used this direction also fdoriaating the cantilevers.

Knowing the deflection of the cantilever between 0 and2.49), we can calculate the
stress in the piezoresistor:

d? (z—2zy) (35)
og = —(z2 — 2) (d 2 51) Er100 = El 2 (x = Ly)Eg100F

Theaveragye stress in the piezoresistor abtainedintegrating the stress in the length and
thickness and dividing theesult by the length and thickness

0
f (x — Ly)dx (z—20)dz (36)

—tR

1 Egi00F
Lits EL
lER,moF( Ly + 2L,)(tg + 224)
4 El

<JR,x> =

where tgr is the thickness of the resistor (in this case we have approximatedidpéng
profile with a step profile)Now, considering that for a ¥ active Wheatstone bridgigure
3.1.B) biased by a certain voltag¥gas itis:

AV 1AR (3.7)
VBIAS 4 RO
the force sensitivity is
Spy = AV 1 G(=Ly + 2Ly)(tg + 220) Voae (38)
VT F T 16 EL

or in terms ofpiezoresistive coefficient:

_ _iERJOOTCll(_Ll + 2L;)(tg + 220) v (39)
FV = T 16 EL BIAS

This model is valid in principle if the piezoresistance is homogeneously doped and has a
sharp pn junction. This is possible just when epitdxgrowth 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 consideratioa the
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dependence of the conductivity and piezsistive coefficient. Tortonesg’] has been the
first taking into consideration this aspect introducing the efficiency fackoR?ark[10, 11]
slightly modified this factor, including the piezoresistance fad®just in the numeator:

2 f_ti//zz Punz dz (3.10)
ﬁ* C

te f_tif/zz unz dz

In any case,he efficiency factor can be calculated by dividing the force sensitivity for an
arbitrary dopant concentration profile, by the theoretical maximdorce sensitivity. The
maximum sensitivityis obtained for an infinitesimally thin and low doped piezoresistor
located on the silicon surface. The maximum force sensitivity in our case would be:

1 Eg100m11(—Lq + 2L3)zg (311
Srv = —3 BIAS
8 El

At IMBCNM, 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
concentrationdependence of the diffusion coefficient of Assilicon[12], the profiles after
a thermal annealing are fairly abrufit3-15], whichhave beenpreviously characterized by
spreading resistance. We haveetefore approximated the abrupt dopant profile by a step
function in order to obtain a simpler analytical approximatfonthe force sensitivity.

3.1.3z Noiseand bandwidth

The performance of the cantilever is limited by the noise. Here will take into
consideration yist the two major noise sources: thermal ise and 1/f noise, called also
Hooge noise. The thermomechanical noise in fact has lower power for similar force probes
YR GKSNBF2NBE 6S RARYIBA7, asldiscBssedin2.3.3/ 12 O2y aA KR
The thermal noise of a balanced Wheatstone bridge is equal to the noise of a single

resistor, so that the ovell noise power for the Wheatstone bridge in the frequency
bandwidth fromfyin to fraxis[18]:

L
V}%.] = 8kBTRS_1(fmax - fmin) (312)
WR
where Rsrltg, is the sheet resistance, which can be easily measlied/2 Lk is half of the
length of the resistoandwgis the width of the resistor.

A piezoresistive Weastone bridge can be made by 1, 2 osidcon doped resistordn
our case we use doped resistordor temperature compensation therefore the Hooge noise
is[19]:

1 aViias ln(fmax) (313

Vg ==
RH ™ 2 L,wgdose
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where \§jasis the bias voltage of the bridge addseis 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
expression$20]:

U — Hmi
Hn = Pmin T i n m (314)
1+ (N_r) ay
1 31
p= (3.15
qlnn

In the case of arsenic, the fitting parameters awgi=52.2 crVs, Mha=1472 crilVs,
N=9.68 18° and a,=0.68,n is the doping concentratiom&dose/t) andg=1.6 10° C is the
elementary charge.

Typically the atomic force spectroscopy biomolecule recognition experiments are done in
a timescale of 1 second and the dat& acquired at frequency betweeh5kHz and 10 kHz,
depending on pulling speed and on the atomic force microscapéhe calculationand in
the measurement®f the noise we consider therefore always the maximum bandwidth of
1Hz10kHz.

3.1.4 7 Resolution

The force resolution, which is defined as tiénimum forcethat can bedetected(MDF),
is commonly considered as the RMS force noise:

L aVZ
vz vz, 8 J 32K5 TRy e (e = foin) + 2 oy 295 0 (fp2)
Sky - E100m11(2Ly — Ly)(Eg + 220)Vpiqs
And it has been calculated from tleguations(3.11)-(3.13).

(3.16)

MDF =

EL

3.1.57 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 tMDFE This is not agll a simple
task in fact many parameters influence both sensitivity and noise. For example, for higher
doping concentrationwe decrease the 1/f and the thermal noisés the same timalso the
force sensitivitydecreases becaugbe piezoresistive cdécient 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. Thelesign parameterare the ones that depend completely on our ateiand

we fix them during the design of the masks for the photolithography and during the wafer
selection. They are the lengthy(or Lo, silicon thicknesst) and arm width \{;) of the
cantilever and the relative lengtfl r =Lg/L2) and width(ug =wi/w,) of the piezoresistor. The
process parameterdepend on the fabrication process. They are the dopant implantation
dose (losg, the Hooge factord) of the 1/f noise and the relative piezoresistor thicknéss
=tx/ts). Finally we consider just oneperaton parameter the bias voltage of the
Wheatstone bridge\iag. Also the bending stiffness of the multilayer pdtt, influences

the sensitivity. However, it dependas the cantilever arm widthon the silicon thicknesand

on the thicknesses of thelision oxide and silicon nitrideThe first two parameters have
been taken already into account aritie oxide and nitride should be as thin as possible
because thicker they are, lower the sensitivity. At the same time, considering theDPECV
silicon nitride deposited in the IMBNM cleanroom, this should have animum thickness

of 100 nm in order toinsulate well the conductors. Thereforghe nitride is always
considered to be 100 nm thick and the silicon oxide 38 nm thick, even though,deech

the fabrication procest is thinned at around 10 nm (see next section 3.2)

Hereafter we will present th& and MDFdependence on these 9 parameters. For this,
we fix suitable starting valugdable 31) of all parameters except one, which is varied in a
range constrained by technological and practical issi&tarting éngths and widths are
chosenaccording to the previously designed masg&sction 3.2.1) and the silicahickness
I 002 NR A \SBlivaler avatlable & MMENM.The dose corresponds to a concentration
of 10%° atoms/cnT considering the relative resistor thickness, which was chosen according
to the previous studies of Hay [21]. For the Hooge factor we have chosen a typical value
for implanted piezoresistorgl9] and for the bias voltage a typical value used in literature.

All the results are reported in normalized graphs.

Lc W1 tsi Ir=lg/ Ly | me=wr/ W, | tr=tg/ tsi| dose a Vbias
[rm] | [nm] | [nm] [cm™?] \
250 2 |0.325 0.5 1 0.33 | 110° | 1x10°| 5

Table 31. Starting values for the different parameters: cantilever lengtlcantilever arm width w
silicon cantilever thicknessg, trelative piezoresistor lengthy, relative piezoresistor widthg, relative
piezoresistor thickneds, implantation dose, Hooge facter, bias voltage Mas

Cantilever length

The cantilever length has big influence on the force resolution. An increase in the length
from 100mm 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 deis®ases
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because we fixed @atio /r =L§ L. 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 considergq the resonancefrequency According to eq.(253) and to FEM
simulations the resonance frequency dfe describedcantilever with a length of 256m is
around 65 kHz which is enough fast for biomolecule detection purposgdditionally we

have to consider that longer cantilevers are far more prone takduring the fabrication

and have more sticking problems that leads to much lower fabrication yield.

g 10 10
] 9 L 9
W 7 8, -8 (1))
] > B2}
g 6 A 7 L7 O
T | 8 6 L 6 'g
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= o 5 _—
) ©
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1; 1 1
200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900
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Figure 32. Normalized force resolution (left) and normalized force sensitivity and noise voltage
dependence on the cantilever length

Cantilever arm width

The decreasing of the width of the cantilever arms fromr@f to 1 nm leads to a
decrease of the cantilever bending stiffness and therefore an increasdethe force
sensitivity. On the other hand, the resistance becomes narrower and this increases both, 1/f
and thermal noises. By decreasing the width from 2@ to 1 nm, the final result is an
improvement of the resolution of more than 4 times. However, we have chosen the
minimum width to be 2rim because the resolution of the photolithographic process is, in
practice, approximately &m, with an overlay tolerance dfnm.
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Figure 33 Normalized force resolution (left) and normalized force sensitivity and noise voltage
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 andlahige
piezoresistor thicknessThese variation leads to a sensitivity increadearound 3 times
when the thickness decreases frommih 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 uneféel. The final result is that also the
force resolution improves by 3 times for the same thickness reduction.

w
b
(¥,
w
tn

N
n
,
w
:
w

N
w
T
M
n

N
Normalized Sq,,
N
BN
Normalized noise

Normalized MDF
&
o

=
[y
[y

0.5 . . , 0.5 | . , ‘ 0.5
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 1
tg [um] tg [um]
Figure 34. Normalized force resolution (left) and normalized force sensitivity and noise voltage
dependence on the cantilever thickness.
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Piezoresistor length

If the relative length of the piezoresistofg 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 bange much if g varied between 0.3 and 1 and it has the minimum [f@=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 emdlid lead to
denaturation of the moleculeR22]. For this reasohg=0.5 is better thar g=0.6.
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Figure 35. Normalized force resolution (left) and normalifexte sensitivity and noise voltage (rigf
dependence on the relative length of the piezoresistor.

Piezoresistor width

For a fixed cantilever arm width, the increase of the relative piezoresistor wigfHrom
0.1 to 1, improves the resolution of abbd 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 36. Normalized force resolution (left) and normalized force sensitivity and noise voltage
dependence on the relative width of the piezoresistor.

Piezoresistor thickness

The reduction of the relative piezoresistor thicknegg, 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 pésistive
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 thicknest fg=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 bbam thin junctions,
atomic speies with low penetration range and low diffusion coefficient (i.e. arsenic), low
implantation energies and low diffusion length thermal treatments should be chosen.
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Figure 37. Normalized force resolution (left) and normaeli force sensitivity and noise voltage (rig
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 dabd€'sf
and 1x16° we can have the best performances. Higher doping has also a second positive
consequence: the piezoresistive coefficient depends less on the piezoresistor temperature.
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Figure 38. Normalized force resolutiqieft) and normalized force sensitivity and noise voltage (ri¢
dependence on the implantation dose.

Hooge factor

The Hooge factoa 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®#énd for low qualityand implantedsiliconpiezoresistor
can be as high as £(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.
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Figure 39. Normalized force resolution (left) and normalized force sensitivity and noise voltage
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 scaleslgs,s and excessive powatissipation can increase
the temperature of the cantilever with potential damage to sensitive samples, like
biomolecules are.
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Figure 310. Normalized force resolution (left) and normalized force sensitivity and molsmye
(right) dependence on the bias voltage.

Optimization
In Table 32 are reported as example, somealues that optimize the force ssitivity. For
practical reasongi.e. available photolitographic mas&ad SOl wafers at IMBNM we have
considered the same widths, lengths and silicon thickness. We have kept constant the
implantation dose in order not to exceed the saturation liauitd the piezoesistor thickness
resulted to be totg=0.2 and Consideringthese values the model predicts the following
noise, sensitivity and resolution values:
noise = 2.4 [uV]
Spy = 3.210° [V/N]
MDF = 8.3 [pN]
with a gauge factor @2 and a sheet resistanceR17[W ]. Considering the results is
therefore possible a suthO pN resolution.
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Lc W1 tsi | r=L/Lc | Wwr=wWr/ Wy | tr=tr/ts; | dose a Vbias
[rm] | [nm] | [nm] [cm?] vl
250 2 | 0.325 0.5 1 0.2 110° | 110*| 5

Table 32. Optimized values of the differeparameters cantilever length 4. cantilever arm width wy
silicon cantilever thicknessg, trelative piezoresistor lengthg, relative piezoresistor widthg, relative
piezoresistor thickneds, implantation dose, Hooge facter;, bias voltage Mas

3.2 Z Microfabrication

In this sectionthe mask layouts and the microfabrication process of the sensdtde
presented We will point out the sevel issues encountered during the pcessing and the
solutions we dok in order to obtain high process yields and better sensor performances.

3.2.1z Piezoresistive cantilever design

A set of 7 masks (CNM 671) were designed for the fabrication of the sensonsatke
have been inspired from a previous set of masks (CNM 295) designed byi@uillermo
Villanueva. The sensor chips have been designed to have final dimensions of 4.3 mm x 1.5
mm that are approxnately the same dimensions 8FM chips. In this wagach 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
YAONRBTFFIONROIFIGSR AY | nQQ anfabrgdin yidlds L2000 argi NS =
relatively high performance deviation, we can have a sufficient humber of sensor
perform biological experiments. In every wafer there are also 18 chips for electrical and
mechanical characterization and 2 double sidgratients widows.

An overview of the different mask levels for a single chip (design 2x250) is reported in
the Figure 311.A while in theFigure 311.B-H we report a closaup of the masks of the most
important part of the chip: the cantilevers. Oevery chip there are alignmenmarks
(bottom-left), name of the chip design (tlpft, 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 (letternumber). In this way every chip can be monitored very wgasiliring
production, onwafer characterization, encapsulation and application.

Every chip has 4 piezoresistors that form a Wheatstone brigggife 31.B-H): two are
embedded into the cantilevers and two integrated into the chip.

1. The first mask (redsigure 311.B) defines the regions for the ingitation and the
first alignment marks for the whole process.
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Figure 311. A) Overlapping of the 7 mask levels for a single chip (design 2x23pCIBseip of the
masks of the cantilever area. B) implantation area; C) cantilever and SOI silicotiy®agea of the
cantilever; E) contact windows; F) aluminum interconnections ; G) Silicon nitride passivation ¢
backside DRIE.
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2. The second mask (grayrigure 311.C) defines the silicon cantilevers. The
piezoresistos 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 hgly p-doped silicon substrate has the same bias.

3. The third mask (orangé&igure 311.D) defines the active region of the cantilever. In
these windovs 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 (blacligure 311.E) defines the windows that allow to contact the
two terminals of every piezoresistor and lighthdpped silicon.

5. The fifth mask (blueFigure 311.F) defines the interconnection between the
piezoresistors and the pads which are present in the bottom part of the chip.

6. The sixth mask (greeifigure 311.G) defineghe area where the conductive parts
have to be electrically insulated from the environment: all the piezoresistors and
the interconnections (except the pads).

7. The seventhmask (rose,Figure 311.H) is the backside mask and delimits the
dimension of the chip. It defines the region where the bulk silicon and threet
oxide of the SOI wafer hawe 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 end Upon a soft pulling, a chip can be detached from the wafer with no
risk for the device.

As it is visible in thé&igure 311.A, there are 6 pads: fivenirow 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. Thedpgbove 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 thredesigins Table 33
andFigure 312). The first numbeof the subdesignreflects the width of the cantilever arm
while the second the length of the sensing cantilever. All the sensing cantilevers and all the
piezoresistors are 250m and 125x2mim long, respectively. Thgiezoresistor has the same
width of the cantilever armni 2 and 6 designg-igure 312.A) while in design 8 it is justridn
wide (Figure 312.B). The cantilever with a width ofrim has been included because is less
fragile than the one of 2mm, even though has around 3 times less resolution. In the
cantilever 8, the piezoresistor is aligned inside thetib@ver. In this way the piezoresistor is
d2YSK26 Y2NB GLINRGSOGSRE T NP Ydesigis2x250EGkZB0NY | £ Sy
and 8x250 have two cantilevers with the same length. One is used as sensing probe and the
other acts as the reference. The setgicantilever of the suldesigns 2x250 6x250 and

8x250 is 250nm long while the reference one is 14t long Figure 312.C).
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Design | subdesign | wy[mm] | wg[mm] | wz[mm] | Ly[rm] | L[]

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 33. Different designs and studesigns of the sensor present in the set of maskswwy w, are
the cantilever arm width, the piezoresistor width and the cantilever width respectivelpdLl, are
the half of the piezoresistor length and the cantilever length.

A) B)

Figure 312. Closeup of the masks of the cantilever area for different designs. A) 6x250; B) 8x2
2x250 ; D) 2x250+.
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In the subdesigns 2x250+, 6x250+ and 8x250+, t#i& ghotolithographic mask is
different: the windowsetching is performed on the cantilevers and on the substrate
piezoresistorsKigure 312.D). Lateron in this chapter, we will point out the effects of these
differences.

In Figure 313, finally, we report the test structures included in the test chigereseveral
types of structures are defined and are useful to perform mechanical and electrical
measurements. In therigure 313.A, two voltage dividers with two piezoresissprone
embedded into the cantilever and one placed on the substrate, are useful for sensitivity
characterization, even though all the sensor chare 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 graffién5]. The rotating
point arms, similar to crosses, kigure 313.B are used to measure theaan residual stress
of the different layers of the cantilevgR6]. The squares ikigure 313.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. InastFIgure 313.D
there are Van der Pauw Greek crosses, Kelvin bridges and resistors to evaluate the contact
and the sheet resistances.

A

Figure 313. Test structures in the wafer. A) piezoresistive cantilevers in semi Wheatstone bridy
4 cantilevers with different layers for beam bending tests; B) Crosses to measure the mean
stress in the different layersC) 3 squares for TEBIMS measements and rectangle fo
spectroscopic reflectometry measurements to evaluate the layers thicknesses; D) Van der Pau
cross, Kelvin bridges and resistors to evaluate the contact and the sheet resistances.
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3.2.2 7 Piezoresistive cantilever process flow

In this section just the optimized microfabrication process that allowed a high
fabrication yield (RUN 648Will be describedDifferent technological processes have been
tried before and they will be pointed out in the next section together witk fabrication
issues and other improvements that can be done.

The sensorsvere fabricated fromdouble side polished100) siliconon-insulator SO)
wafers from Soitecwith a 340 nm thick device layer, anin thick buried oxide (BOX) and
total wafer thckens of 450m (Figure 314.A). The devicdayer wasp-type silicon with a
resistivity of 0.210 Wem. In the RUN 6481, 4 SOI wafers plus one stangatdped wafer
with a resistivity 00.1-10Wcm, as test wafer, were processed.

At the start of the process the device layer thickness was mapped in 49 points, because,
SPSYy G(K2dAK (KS YlFI22NAGE 2F (GKS 461 TSN RARY
found that in some waferthe 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, wketynetched
the layer by SiOetch solution. On the front side, a layer of 168 + 4 nm of oxide was deposited
viatetraethylorthosilicatd TEOS)/@plasma enhanced chemical vapor deposition (PB@QYD
400° Cin the Applied Materials Precision 5000 CVD epaipt.

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 48spect to a sindard
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
45° with respect to the wafer flatThe oxide was etched byC&tch solution and the
LIK2G2NBaAad KFENR o0F1SR 4 mynx [/ G2 NBY2@S
before the implantation. Arsenic wamplanted at arelatively low energy (50 keV with a
dose of 1x1& ions/cnf. Then, the wafers were claad from the resist iran G plasma
asher Figure 314.B).

The second photolithographyvas performed to patterrthe cantilevers in the <100>
direction. The TEOS PECVD oxide was etched away in SiOetch solution and the silicon was
etched via SfFC,Fs deep reactive ion etching (DRIE) in an Alcatel 601 etcher (P601POLI
conditions) Figure 314.C). In the test wafer we measured an etching speed of 540 nm/min,
a2 ¢S SGOK GKS {hL &I FSN-ek@nyJinop © awid sili€kon 2 dza (
undercut at the SBIQ interface. The thickness of the silicon and of the buried oxgi@X)
was measured by Nanosp®do 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+ 9nm thick was depositedt 400° C This oxide insulates the low dopedype
silicon from the aluminum interconnections.
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A

Figure 314. Cantilever area during different fabrication processes. A) SOl wafer before the pi
B) The implanted area is higghted in red. C) The SOI laygretched to define the céitever. D)
PECVD silicon oxide is deposited and etched away from the active area of the cantilever.

Thethird photolithographywas 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 314050 ® ! FOSNJ I LIANI yKI Of SIFyAy3as (GKS o1 7
oxidizing atmosphere in order to activate the doping ions. In this step also a layeraf B9
nm of thermal oxide was grownFigure 315.A). The thermal oxideprotects the
piezoresistors and the crystalline silicagainst the following surface micromachining
processes.

Thefourth photolithographywas performed tgpattern the contactwindows: windows in
the oxide that allow to contact the piezoresistors. The 300 nm thick TEOS PECVD silicon
oxide was etched by SiOetch soluti@ffigure 315.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 thedoped silicon contacts. Just afterwards, arh thick
layer of alummum-coppetrsilicon alloy (98.75% Al, 0.5% ,@u75% Si) was sputtered in the
Varian 3180 equipment. The-alloy with silicon was used in order to avoid spikes of metal
into the silicon. These spikes could short circuit the joinction which is very supficial in
our casg27].

Thefifth photolithographywas performed to pattern the metal interconnections and the
pads of the chip. The metal etching is performed vias/BGIN, RIE in the Drytek Quad
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etcher PQ2ALC26onditions) with automatic final poindetection (Figure 315.C).In case of
presence of metal particles or spacers at the end of RIE, commercial Defreckling Aluminum
Etch (DAE Fujifilm ElectroniocMaterialy 4 2 f dzi A2y 61 4 dzaSR F2NJ np¢
particles. We preferred to use wet etching instead than a RIE-ewérto avoid as much as
L2adaAofS RIEIYF3ISa Ay (GKS aAftA02y LMoPdrfarmB a A & i
the etching ugg 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. Evaghtho

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 350° C ig’H atmosphee for 35 minutes to

reduce the contact resistand@8]. To insulate all the conductive parts of the sensor, a layer

of 99 + 1 nm thick silicon nitrideas depositedby SiH/NHs;-PECVD at 375 96 the Applied

Materials Precision 5000 CVD equipment in two steps of 50 Tire. silicon nitride layer
provides a good electrical insulation to the sersance they are in liquid environment. The
deposition of thn layers of PECVD silicon nitride was performed in two steps because this
reduces the possibility of pinholes in the layay.

The sixth photolithographywas performed to pattern the silicon nitride. The 100 nm
thick nitride layer was etched via G#HE RIEiIn Alcatel Gir 160RGNISENonditions)
(Figure 315.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 thecantilever was exposed to the etching. The wafaswaleaned in @
plasma asher and in water. With this process, we finished the microfabrication process in the
wafer front part.

A 1 nm thick aluminum layer was deposited on the wafer backside. Jénenth
photolithographywas 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
BCY/CL/N; RIE in the Drytek Quad etcher (PQ2ALC25 conditions) witmetic final point
detection. On the front side a 18 GKA Ol NBaAad Aa RSLRaAdSR
200° C to protect the component side from the following processes. Themb®f bulk
silicon are etched via §E;F; Bogh deep reactive ion etéhg process (DRIBigure 315.E).
The etching stops at the BOX but additional 30 seconds«dRIE-is performed in order to
eliminate all the resides of the passivating polymer. The BOX is etched by 49% HF vapors at
oHx [/ X AY | Odzal 2 YFigdre RISF) Fially dte LadtNctiveesisd S NJ 0
etched by @Qplasma.

In Figure 316, we report 3 SEM micrographs of a chip at the end of the fabrication
process
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A B)
*.

Figure 315. Cantilever area during different fabrication processes. A) The wafer is anriea
oxidizing atmosphere and 39 nm thick silicon oxide layer grown B) Two contact windows ar
opened in the PECVD silicon oxide on toeped silicon. C) aluminum is sputtered and etchel
define the interconnections. D) A layer of 100 nm thick PECVD silicon nitride is deposited an
to passivate all the conductive parts. E) Aluminunejsodited on the backside and patterned. iBte
is deposited on the front side to protect the device in the following processes. DRIE of bulk ¢
performed and stopped at the buried oxide. F) the buried oxide is etched by vapor HF and the
removed in @plasma asher.
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Figure 316. A) SEM micrograph of a chip tae
end of the fabrication process. B) Clogeon the
cantilevers. C) cloggp on the piezoresistor.

IMB-CNM-CSIC 3pm EHT = 500kV Signal A = SE2 Date :25 Jan 2012
Mag= B43KX WD= 7mm User Name = NANOLAB Time :18:22:19

3.2.3z 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™Gtoms/cnf in the RUN 4972 and 5 x %0
atoms/cnt in the RUN 6141) have been implanted in ortiecheck the different sensitivity
and noise performances. Unfortunately due to the big challenges encaemhiguring the
fabrication process, especially in the BOX and interconnections etchings, we have been able
to evaluate just the performances of tleantilevers with an arsenic implantation of 1 X310
atoms/cnt of the RUN 4972.

My suggestion, for the future research directions on this point, tprone the sensor
performance,is to evaluate the piezoresistive and noise properties of doped silicon, in
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structures that are much easier to fabricate. An interesting and straightforward alternative is
the one proposed by J. Richtd29]. He proposed a chip witlseveral integrated
piezoresistos in different crystallographic direction§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 sef8p] in which the stress can be also
applied by placing loads on a weidBg].

Post implantation annealing

Four different post implantation annealing have been performed: oxidation (OXPTAA
LINEOS&aaov G dopné/ F2NI 7pQ oOow!b cnymoOX h-t ¢!l
F2NI cnQ ow!b ndtH G FINIAYO A YIESNGE 1] YIDEadaK SNBY $
(RUN 4972 wafer 4) and rapid thermal annealing (RTA) in oxidizing atmosphere at 1050°C for
30secondgRUN 6141 wafer 6). The post implantation thermal treatment is of fundamental
importance for the final resolutioof 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 lengtfg3]. We wanted therefore to evaluate the best
annealing conditions in the case of arsenic impléota

Out of these experiments, we could evaluate the doping profiles, electrical,
electromechanical and noise characteristics of the first three opt{@hapter 3.3) Due to
issues encountered in the aluminum etching of the wafer 6&4the device layeof the SOI
gl FSNJ o1& LINLHEfe SGIOKSR FYR GKSNBF2NB ¢S 02 d
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, 0f8m or 1 nm thick layer of aluminurtoppersilicon
alloy (98.75% Al, 0.5% Qu75% Si) was used. While the presence of copper helps against
electromigration[33], the presence of siliconreduces the probability of aluminunpikes
that can penetrate few microns into the silic§@7]. 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 depedijust 0.5mm, we opted to increase the thickness
of the metal layer to 1Inm to avoid possible discontinuities and to increase the cross
sectional area of the interconnections in the RUNs 6330 and 6481.

9SSy G(K2dZAK Ay (KS déecthdsaiy pwldlem duringithe alimBunR A Ry Q
etching viaBCY/CL/N, RIE, we encounter big issues in the following three RUNS 6141, 6330
and 6481. Whilen Figure 317.A~. O NHzy ndpTHO 6S RARY QG I LILINBOA
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aluminum RIE, in th&igure 317.GD (RUN 6141) we could appreciate bright tpm 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 6330enie deposited Irm thick
aluminum layer. IrFigure 318 A are visible many dark spots on the cantilever and aside.
These are probably rests of the-#loy 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
OFf £t SR daAaz2iNEPIOMCHNG 2 HFdZA9% Z1¢00/3000/60))S This solution is
normally usedifMB/ ba G2 RSFTNBO1tS ! fk{A LI NIAOfSaod
cantilever surface was much cleaner than befofgéggre 318.B). However | would
discourage the use of this solution wharvery thin layer of silicon oxide is protecting the
crystalline silicon because even thouginas high selectivity against the silicon oxide (17:1)
it has no selectivity against silicon (1:1.2). The kesuthat it is possibldo damage the
piezoresistor very easily.

Figure 317. Optical microscope images. Details of the wafer after the aluminum FBEWeafer
4972-4: no bright or black particle is visible on the cantilever or on the height stepyBlack
particles are visible on the cantilever. Bright particles are visible at the border of the structu
the live image these spots are much more visible.
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A) )

Figure 318. Optical microscope images of wafer 6380A) Cantilever after the aluminum RIE: me
black spots are sible on the cantilever and aside. C) The cantilever appear clean after wet e
GAOK GKS AGAA2GNRLIAO azfdzirazyse

A) 50 um =) 50 pm

Tt i S
IMB-CNM-CSIC 2pm EHT = 3.00 kV Signal A= SE2 Date 8 Jan 2000
Mag= 11.78KX | WD= &mm User Name = NANOLAB Time :7:16:55

IMB-CNM-CSIC 1pm EHT = 3.00kV Signal A= SE2 Date 8 Jan 2000
Mag= 1836KX | WD= &mm User Name = NANOLAB Time :6:01:31

Figure 319. Optical microscope (A,B) and SEM (C,D) images of wafe26481C are taken at th
center of the waferB, D are taken on thexernal part of the wafer. In the central part, there a
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 marparticles Figure 319.A,C), in the border of the
wafer, the surfaces were much cleané&idqure 319.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 overtched and just very fewparticles remainon the
wafer.
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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 usingg@s for the etching and the BG@las for the
sidewall passivation. At the end of the etchintperefore, 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 aluminid#, 35]. In Figure 30
we see the results of leaving the wafer with the photoresist for two days, even if they were
LINEYLIite OfSFYSR Ay 5L gl GSNI I FGSNJ GKS wL
morphology of the residues in contact with the polymer, more rounded, dredfarticles
Fgl& FTNRY (GKS LRfe@YSNI GKIFIG KFE@S | fa2ymE akl L
reaction then can go very deep in the metal an@dikthe photoresist Figure 320.D). In
2NRSNJ 62 NBY2@S GKS YSilt LINIGAOESa ¢S RSO
using DAE solution, as pointed out in the section 3.2 Figure 321 we can appreciate the
difference between before and after the etching. The use of DAE solution should be
LINSEFTSNNBER NBaLISOG G2 GKS aAaz20NRLAOe az2f dz
silican and silicon oxide and becausési specially developed for-lloys that contain Si and
Cu.
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Figure 320. Optical microscope and SEM images of wafer é4@tter 2 days from the aluminur
etching without removig the resist. B) The aluminum particles in contact and the ones that ar
in contact with the passivating polymer have completely different morphology one from each
probabl because they reacted witlnlorine present in the polymer. C,D) Hién contact with the
photoresist is corroded by the chlorine and it form chlositecturesthat can break the resist (D).
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Figure 321. Optical microscope images of wafer 648 ! 0 | FGSNJ G4 KS |t
etching. Afterthe wet etching the particles are not visible anymore.
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Figure 2. SEM microscope images of wafer 6B4JA) The aluminum interconnectionsisverely
etched by DAE.)B he photoresist has very good step coverage agekiins that it adheres very we
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 allBig(re 32), it underetches
the aluminum interconnections far inside beneath the photoresist in presence of a height
step Figure R2.A). This is hardly explainable considering that the photoresist has very good
step coverage as it is visibleRigure R2.B.

Considering all the experiments about the aluminum etching | would exclude that the
residual particles on the wafer surface are made of Al/Si bectusd&3C}/ChL RIE etchs
pretty well also the silicon. They are probably, in part, resicafeduminum due to the very
rough morphology of the sputtered layer, and in part copper chloride ¢Cw®ich 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. | would suggest at
least a 100 nm thick thermal oxide or relatively thicker LPCVD or PECVD silicon oxides.
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However, inour casell KA a4 ¢2dz Ry Qi KIF @S 0SSy LR&knAof S
device layers (340 nmOn the other hand, to degsit a thicker layer of oxidis possible but

the drawback is that & excesshould be etched away afterwards, which could lead to other
problems.

In my opinion a very straightforward improvement imetfabrication would be achieved
by using a lifoff process. To this purpose a reversible resist with a thickness between 3
and 5 mm with a pronounced undercut could work pretty well (i.&] 35ESfrom
MicroChemicals GmbHB6]. Using the lil2 FF LINR OS&aa ¢S ¢2dzZ Ry Qi
2EARS IyR (KS aAftA02y &daNFIF OS ¢62dzZ R o6l6 Y2 N
process. This option could lead also tadecrease in Hooge factor andf noise of the
piezoresistor.

In this context we performed just preliminary experiments (RUN 6427). We performed a
photolithography using a 1.@m thick 5214 reversible photoresiand we sputtered a bi
layer of Ti/Al (30 nm/400 nm). Ti/Al was used for practical reasons: the sputtering system
GKFGO gl a O2YLI GA6fS gAGK -CuSaalay.iin thRsAdasé Ghie K I
aluminum spikes are avoided by the 30 nm of titanii@¥. In the SEMFigure 323 A we see
that in the most part of the chip the metal went off after 2 hours of acetone, flushing the
g FSNI 6AGK | QA@NRAyYydAHSINF VR dzZgRRD | 26 SPOSNI AY
interconnections, the lift off was not successful. In the clegeFigure 33.B we can
appred  0S GKFG GKS YSGFrt fFre@SNJ A& O2yiAydz dza
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 angl86] and evaporator, instead than sputtering equipment, should be
used to deposit the metal layer.
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3
IMB-CNM-CSIC =
Mag= 88X i WD= &mm User Name = NANOLAB Time 52258 Mag = 29.02K X : WD= 8mm User Name = NANOLAB Time 5:20:17
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Figure 323. SEM microscope images of wafer 642fter the liftoff process. A) The-Al bilayer
lift-off in a big area of the chip but not in between the interconnections. B) Augoseage which
shows that the layer is continuous on the vertical walls.
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DRIEof bulk silicon

The deep reactive ion etching of the bulk silicon from the backside of the wafer is done
by a standard Bosch process withs 8Rd ¢GiFs gases for etching and passivation steps
respectively. At the end of this processis very importanti 2 LISNF 2NY 'y F RRAGA
Sk etchingin order to eliminate all the residues of the passivating polymerthe buried
oxide. In general we found that the etching has an undercut angle betweandl.2 so that
the total undercut can be as low as @fh for a wafer thickness of 45@m. 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 20n (Figure 34). For a longer Sfover-etching times this
value can be increased of 10 or @&fh, decreasingat the same timethe roughness of the
chips borders.

Much care should be taken when the SOI wafer is chosen, bechaditkness of the
buried oxide during this step is very important. From tRggure 5 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 windowigure 250! 0 ® C2NJ | RRAGA 2
etching, a bigger silicon area is etchédgre 325.B)andl ¥4 SNJ | RRHeletthed/ I £ o n Q
areaincreasesmore (Figure 35.C). At the same time, in other parts of the wafer, bulk
silicon is still present and no window is visiblg(re 35.D). In order to etch the bulk
silicon in a large area of the wafer an oxatching should be performed but during this time
also the BOX is being etchélypical ovelS 1 OKAy 3 (GAYSa I NBE 0S06SSy p
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 SOFigure R5.E). | would suggeshoosing an SOI wafer with at least 500 nm
of oxide.The fact that etching of the bulk silicon is not homogenear®ss 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 @fii, can have a variable oxide thickness between 1
nm and 700 nm, at the end of the DRIE.

l

Figure 324. Optical microscope images of two chips in wafer 6484 in the center of the wafer,
in the border of the wafer. A) The bulk silicon is in line with the first line of the ruler on the left ¢
the total undercut of the bulk silicon is kh. In B the total undercut is 2@m since it is in line witt
the second line.
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Figure 35. Optical microscope images of t
evolution of the DRIE process (RUN 6243).
first area where the silicon is completely etch
Aa Ay (GKS YARRES 27

FYyR ¢cnQQ o/0 G§KS Siac
same time, in some other parts of the wafer t
Silicon is not completely etched (D). If the e\
SGOKAY3I GAYS Aa (22

completely etched and the SOI is etched \
fast. In this waér the BOX was just 200 nm thic
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BOX etching

The last step of the process, the etching of the buried oxglglso 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 lay®r the front side. For this purpose we have
tried different fabrication options: wet eting, dry etching and quasry vapor HF etching.
The device side was protected by standard photoresist that was deposited before the bulk
aAfA02Y 5wL9 YR KFENR o6FO1SR G wnné / F2N on

As first option (RUN 4444) we tried wet etching. We performed thehiay pouring
SiOetch solution onto the wafer backside while the wafer was hold by a gsgbtened
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 minuteere was still oxide. We
overetched for 10 minutes more and we could appreciate that in some areas the resist
detached from the oxide and the component side wastially etched Figure 326.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 addaimver-etch of 5 minutes we just
made the situation worse:hie silicon oxide was still present and bigger areas of the device
side were etched Rigure 36.C). The very low etching speeday be due to reduced
diffusion of the reagents and of the products into and outside the cavjtis@nsidering
especially that that rest of DRIE passivation polymer was not likely to be present on the
oxide because we oveatch the wafervia Sfw L 9 T 2 tNd etxhin Wa® pekfoFmed from
the component side, therefore without any protective resist, the etching speed of the silicon
oxide was theusual one but in this case the oxide, the nitride and the metal were also
etched.

Concluding wet etching from the hckside is not a good option becaussmd etching
times are needednd the detaching of the protective resin is likely to happen, causing the
etching of theoxide, nitride and aluminum on the component side of the wakes.a second
option we used two difrent oxide RIE conditions in an Alcatel Gir 160 etchers/CHF
PGIOXXX (RUN 5214) and £PHOXGUI (RUN 6481). In Higure X7 and Figure 8 we
can appreciate that for both conditions, around the chip it remains an oxide shadow even for
long etching timesKigure 37.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 he oxide RIES very anisotropic because it is more a physical than a
chemical etching37,38].Inw! b pumnXE G(KS 2EARS ySI N KS OKAL
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 326. Optical microscope images of t
evolution of the BOX etching by SiOetch. A ar
FNS FTFOGSNI vnQ SGOKAYy
present and can be recognized by the we
morpholgy. The resist start to detach from tt
oxide. In B, we can see that the oxide is bro

and therefore the etching solution can penetre
2 GKS 0O2YLRySyd aaAR
etching the resist is even more detached and
components side of ghchip is damaged.

Figure 37. Optical microscope images of t
evolution of the BOX etching by RIE (PGIC
O2yRAGAZ2Yy&a0® Ly 10 ¢
YAYdziSa SGOKAy3IZ Ay

bObmMQd 2S5 OFly y2GA0
completely etched away except near the cl
and that for higher etching times the cantilev
changes color because probably is etched too.
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We had an improvement switching the conditions to PGIOXGUI, which have twvgglec
of 12:1 Even if we could perform longer etching times with lower risks to etch the silicon,
Ffa2 Ay GKAAa OFraSz FFGSNIF G20t SGOKAYy3I GAY!
oxide near the chipRigure 38). 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 R8.A). The cantilevers are in focus on the same plane when the oxide is
etched Figure 38.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
gualitatively evaluate the presence of the oxide underrretite cantilever. In SEM pictures
(Figure 38.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, inFigure 328.D, wecan notice that even if the oxide seems completely etched, on
the front part of the cantilever there is a kind of network. This is probabty 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 silidbrchapter 5, we wilsee that
even though this cantilevers can be used and have geoditivity 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 ptdOedl of
ng> I C Ayidz2 I odpQQ ST 2nfhe i Dl iese ffidswg S LI | O
foundthree very important aspectsFirst: the etching speed of the HF vapors is affected a lot
by the atmosphere humidity39]. In more humid days we saw that tle¢ching was 2 times
faster than during less humid days. Second: recently deposited photoresist provide much
O0SUUSNI 6F NNASN) GKFYy a2t RSNE LIK2G2NBaradd ¢KS
silicon DRIE. In caieat few weeks or months pass the resist detaches from theerimich
faster. Third: the wafer shouldot 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 caexipéained by the fact that
just after the process, absorbed HF is still present on the wafer surfaces and in contact with
water the HFwater solution penetrates faster and easier into the component side. Even if
we obtained very good results with this tedque (wafer 4972p0 = ¢S RARY QG Yl Yy
obtain the same result in other wafers.
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200pm EHT = 500 kv &q\d-SEZ Date :19 Jan 2000 EHT = 500 kv Signal A = SE2 Date :19 Jan 2000
Mag= 171X — WD= 6mm User Name = NANOLAB Time :1:54:14 Mag= 1608KX | { WD= 6mm User Name = NANOLAB Time :1:21:36

Figure 328. Optical and SEM microscope imac
of the evolution of the BOX etching by F
(PGIOXGUI conditions). A) Wafer before etcl
and B) wafer after 14 min. of etching: tt
cantileversare in focus on the same plane of tl
chip. Some oxide istill present near the chip
C,D) The oxide appears completely removed
in the central part of the DRIE window. In t
close up we can appreciate that a very tt
silicon oxide network is foldesh the cantilever.
E) Detail of a reference cantilever. The PESINVI
licon nitride covers pretty well the sidewalls of the cantilevers, providing therefore a good inst
to the piezoresistor.
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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, whuibth wary
up to oneorder of magnitude. Therefore, as first, we modified the position of the holes of
GKS 1 C QOFLER2N GakK2gSNE G2 0SS Fa SldZARAaG Yy
dummy silicon wafer to have a more homogenous temperature ihistion across the wafer
that has to be etchedHigure 39). Additionally we inserted a 3 ways valve to choose a flow
of pure N or N +HF+HO vapors in order to condition the reaction chamber before and after
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the etching Figure 330). Thanks to these three modifications we achieved reddyivow
etching speed variations across the wafergure 331). The first two valves that control the

N, flow were turned for 360, for an approxima value of 2 I/min (the flow meter has a
maximum value of 1 I/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 literaturd40]. We had a kind of ooff etching behavior
dependent on the temperatureRigure 331). For values below 3CC we had etching speeds
(Veten) Of 300 nm/min or higher. For temperatures higher tha® C, we found almost no
etching (¥cr<10 nm/min). At 32 C we had a2 180 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 thermgae of the heater is not so
accurate. The temperature could be set with a@ of accuracy but during the use, the
temperature read on the display could vary + €. Considering these aspects | would
suggest to try using commercial HF vapor phase ettrioen AMMT or Idonus or the more
complex etcher form Primaxx.

However we found that at 30C we could have a relativelprdrolled etching speed of
300450 nm/min Figure 331). Before the etching we placed the wafer on the heating
substrate, we closed the reaction chamber and we let pass, loW to condition the
chamber for 10 minutes. After the etching we cdimhed the chamberfor 10 minutes as
well to remove all the HF vapors.
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Figure 329. Thermoreflectance images of the temperature distributiothefchucksurfaceof the HF
vapor etcher(A): the temperature can vary up to & in the centrahrea where the wafer is place
duringthe etching. B) After placing a waféne temperaturehas better distribution and varies 0.5C
as maximum Just the temperature variation should be taken into consideratiom these
measurement anchot theabsolutevalues
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