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Abstract

The knowledge of materials properties and matehaltsavior is essential for the
design of machines and any type of device. Consgylenumerous measurement
methods assessing different properties have bdablisked. Much research in recent
years has focused on materials studied on the rneteorscale due to the fact that
different behavior arises depending on the scdies phenomenon occurs on one hand,
because the probability to encounter defects inlemabjects gradually decreases as a
consequence of defect density, on the other hamthceu and interface energies
influence the mechanical properties with decreasitgrnal dimensions. This provides
the motivation to perform mechanical experimentsobjects as small as possible. In
addition, the design of micro and nanodevices (MENMEMS) and the development of
novel technologies (e.g. with the use of siliconrtosulator (SOI) wafers, nanoimprint
lithography), require exact knowledge on how matdsehaves on the nanometer scale.
Most importantly the maximal stresses and stragferle failure need to be known for

every material in any application.

This thesis first reviews the capability of Scamniforce Microscopy (SFM) to
perform experiments with forces in a wide rangenfriow non-contact forces to high
contact forces inducing mechanical deformationthéesubstrate. In analogy to fracture
mechanics, as established in materials science, SFMed to exert forces to pillars
with nanometer dimensions while the cantilever de#tions are monitored
guantitatively. Using this novel approach, in conation with a number of different
ways to produce nanopillar samples, a large nurobexperiments can be performed
and shall be presented, as they derive from diffee@perimental modes including also

lateral (friction) force mode of operation of a 8oang Force Microscope.

Furthermore quantitative measurements of the fractstrength or flexural
strength of different materials, and materials riaiges in different environments
(atmosphere, water, various solutions) is presenied analyze the various data
obtained, Finite Element Method (FEM) calculatiovere used. The simulation allows
to predict the threshold stresses and strains pnbpilars in comparison. To assess
failure in dependence of slow degradation processhsced by exposure to different
fluids measurements are repeated in a suitableesequ The above described method
provides a unique platform for addressing a widegeaof scientific problems and

applications of the results.



Streszczenie

Wiedza na temat wlaskd materiatdw oraz ich zachowania w zngch
warunkach jest niezidna przy projektowaniu wszelkiego rodzajuagizer. W zwiazku
Z tym, opracowano wiele metod pomiarowych dlangeh typdéw materiatdow i ych
warunkéw ich pracy. W ostatnich latachzdwznaczenie odgrywametody pomiarowe
w skali nanometrowej. Jest to spowodowane gp@t/aniem tzw. efektu skali — zmiany

wiasndgci materiatow (np. twardai) wraz ze zmniejszaniemesivymiarow probki.

Praca ta wpisuje siw nurt bada zwiagzanych z nanotechnolegia zwtaszcza z
nanometrologi. Opisano tu metad pomiaru napgzen krytycznych oraz modutu
Younga w strukturach o wymiarach wyomych w nanometrach przy pomocy
mikroskopu sit atomowych (AFM, SFM). Wdzenie to jest w stanie wywigraity w
szerokim zakresie — standardowo od pojedynczyctomatonéw do kilkudziegciu
mikroniutonbw — na wykonane przy pomocy litograéiiektronowej (oraz innych
technologii wytwarzania w skali nano) tzw. nanaweie(pionowe walce o stosunku
srednicy do wysokgi rownym od 1 do 4). Struktury tey gicte oraz skgcane, a
wreszcie tamane, przy czym mierzona jest jednoteesita powodujca te deformacje.
Nastpnie przy pomocy podgjia analitycznego oraz numerycznego metelémentéw
skonczonych (MES) wyznaczang sapezenia krytyczne w badanych strukturach oraz

moduty Younga materiatow, z ktérych struktury zéstaykonane..

Opracowana w tej pracy metoda zostala ¢gmsé wykorzystana do pomiaru
materialu kruchego — krzem, materialu lepkespstego — PMMA w funkcji
temperatury, oraz interfejsu pogdzy dwoma ranymi materiatami — interfejs krzemu i
tlenku krzemu — w rinych srodowiskach — powietrzu, wodzie, roztworach. Giowny
celem tych eksperymentéw bylo ukazanie wszechstémnnopracowanej metody.
Niemniej jednak badania dostarczyty interasy¢h informacji na temat mechanicznych
wiasnagci materiatow w skali nanometrowej. Wyniki tych piamdw réwnie: zostaty w

tej pracy szeroko przedyskutowane.
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1. Introduction

1.1. Nanotechnology

According to the National Nanotechnology Initi&iya Unites States federal
nanoscale science, engineering, and technologyandseand development program)
nanotechnology is the manipulation of matter witteast one dimension sized from 1
to 100 nanometers (1 nm ="%@). Therefore it is very broad, including fields of
science as diverse as surface science, organicistimgmmicrofabrication, molecular
biology etc. Nanotechnology may be able to creatmymew materials and devices
with a vast range of applications, such as in meédjdiomaterials, energy production
or electronics. Hence, in recent years it has becone of the most dynamic developing

field of science and engineering.

The concepts that seeded nanotechnology wereadigstissed in 1959 by one of
the greatest physicist of the twentieth centuryieh®d Feynman, in his talk ‘There’s
Plenty of Room at the Bottom’, in which he desaditibe possibility of synthesis of
structures via direct manipulation of atoms and evoles. Scientists and engineers,
inspired by Feynman’s concepts, started develofiiegmethods of visualisation and
manipulation of matter in nanoscale. The inventioh the scanning tunnelling
microscope in 1981 provided unprecedented visuaizaof individual atoms and
bonds, and was successfully used to manipulateichdil atoms in 1989. In 1986 the
atomic force microscope, which is the main tooldusethis thesis, was invented.

Figure 1.1 Researchers at
the IBM Almaden Research
Center were able to write
the name of their company
by manipulating single
atoms with the scanning
tunneling microscope.
(source:[1])




Nowadays, it is difficult to imagine a world withb nanotechnology. Modern
electronic devices are widely spread all over tloeldv Smartphones and fast computers
among other digital electronic devices allow for amprecedented level of
communication and data exchange. This has changet raspects of business and

social life on the planet and lead to the so caligidbal village’'.

This thesis presents a small step forward towdrdsurther miniaturization of
devices by developing the abilities of Scanning cEoMicroscopy to manipulate
extremely small, nanometer-size objects and tostiyate the mechanical properties of

nanostructures. Thereby, it contributes to the omggprogress of nanotechnology.

1.2. Size effect and measurements on the nanoscale

The knowledge of material behavior and its propseris essential in machine
design and numerous methods exist for assessirgyiaiatproperties on the macroscale
[2-6]. On the nanoscale, however, interesting ph@ma occur, which are often
referred to as size effects. Size effects retatae scaling problem, which are central to
every physical theory and which depends on thegitgf concern. The size effect in
solid mechanics is understood as the effect ofctieacteristic structures size on the
nominal strength of structure when geometricallyiir structures are compared [7].
One of the most popular examples for the mecharsiza effect is the increase of

surface hardness, with decreasing indentatiorhdégit(Fig.1.2).
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Figure 1.2 An example for
: the size effect. The surface
f,r’ hardness increases while
the indentation depth is
| reduced. (image source:
B | [7)
= ,l
é- -"I 1
E )

El'.'rﬂh {qumb

Size effects modify properties on smaller scaled #merefore affect the
engineering of smaller devices. Therefore thereaisneed for measurements of
mechanical properties on the nanoscale contribubntipeir deeper understanding. In
many cases, it was observed that mechanical preperh the nanoscale significantly
deviate from bulk values. This may e.g. occur frima finite defect densities in the
material which will affect small structures depearglon their discrete number and their
position within the geometry, far away from the loganously distributed case. This
provides a strong motivation to perform mechaniegperiments on objects with
external dimensions down into the nanometer ralmgeast years several techniques for
the measurement of properties of thin layers ambstauctures have been developed
[9-11] but usually only the most basic mechanicabperties (Young modulus,
hardness) have been measured.

For designing nanomachines as well as current déctrenic and
electromechanic devices, which already include stootures, it is important to know
exactly how material behaves on the nanoscale, areathe highest stresses and strains
which can be sustained before fracture. Moreovasdem technological processes,
such as polymer injection molding and nanoimpriithography, require well-
established knowledge about the used materialecesdly about the fracture strength
(e.g. of molds and molded parts) or yield strengftiihe used polymers. Hence, this
provides the main reason why this thesis takesskexwn the investigation of fracture

strength and the mechanisms of material failurehemanoscale.
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1.3. Synopsis

After this short introduction to the world of naes@nce, nanometrology and
nanotechnology, Chapter 2 will present a short\oeer of the current state of fracture
mechanics. This starts from the basic atomic motihcture and material failure, then
discusses the classical fracture and failure hygsstb, and finally describes more
modern theories of fracture and adhesion with aidoon those which are needed to
discuss the experimental results presented irtlibss. At the end of Chapter 2 there is
also a critical review of currently available matkoof fracture and adhesion

measurement techniques, on the macroscale ana oratioscale.

Chapter 3 shortly summarizes the goals and objettthis thesis, whereas
Chapter 4 describes in detail the measurement iofynwhich has been developed in
this thesis. At the beginning of Chapter 4 thera general description of scanning force
microscopy and of the force calibration methodsaolwhare important for quantitative
measurements. Subsequently, the sample prepaiatidascribed. The technique of
bending and fracturing nanopillars made of brittlaterials with the SFM is introduced
in the third paragraph of the Chapter 4 and duatideerials are taken into consideration
in paragraph 4.4. At the end of Chapter 4, impéidas and limitations of the
developed methods are discussed and suggestionmaate towards methodological

improvements.

Chapter 5 provides a set of applications for thvestigation of fracture strength
and failure investigation, i.e. for nano-fractureahanics with the SFM. In particular
investigations of different materials (brittle aradile) and in different environments are
demonstrated. Firstly, the fracture strength of silecon/silicon dioxide interface is
measured. This particular interface is often usednodern electronics and micro-
electro-mechanical systems (MEMS) technology, hdheedetailed knowledge of its
properties is of high importance. Subsequently, itifeience of different chemical
environments (air, water, salt solutions) on thigeiface is studied. Finally, the
mechanical properties of PMMA nanopillars is invgasted which provides an

important basis towards improvements of the nanaimhpthography process.

The findings of this thesis are summarized in Céiapt and conclusions are

presented together with an outlook and suggestarfsirther research are made.
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2. Fracture mechanics — an overview

2.1. The atomic bonding model for estimation of theoretal

mechanical properties

Material scientists and engineers have long sofgghihethods to determine the
mechanical properties of materials from the knog&eaf the bonding properties of
individual atoms. The observation of mechanicabtetdy suggests the existence of
both attractive and repulsive forces between atdingse attractive and repulsive forces
vary depending upon the interatomic or intermolacgkparation. Attractive forces are
mainly electrostatic in nature while repulsive fscare much more complicated to
understand, as they are caused by the interactietvéeen the electron shells of the
atoms and are difficult to estimate directly. Theriation of attractive and repulsive
forces and of the binding energies in dependentieecteparation distance are shown in
Fig.2.1, wherer, is the equilibrium spacing. The forms of the equagiagree well with
physical observations but the values of the comst@ns, mandn vary for different
materials and atoms. Obviously, crystal defectgshsas dislocations, vacancies etc.
complicate the picture in metals, and the long mhagntanglements and other defects
complicate the picture in polymers while ionic caupds can often be treated in an
electrostatic model. Note however, that the polstaine grain structure of materials
often can also introduce a strong modification bfstpicture derived for the

homogenous material.

Figure 2.1 The variation of attractive and repulsive forceslanergies with separation
distance. (Image source: [12]) E stands for eneapd r for distance. is the
equilibrium spacing, kand R are attractive and repulsive forces, respectivelyd
their sum F is the resultant forcex, f, m and n are constants, which vary for different
materials and atoms. =Er and g stand for attractive, repulsive and overall potanti
energy, respectively.
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If the tensile forces are large enough, the digdmetween atoms can be so large
that the attractive forces will tend to zero and tond will be broken. On the other
hand, the application of compressive forces caforoe neighbouring atoms to merge
due to the Pauli exclusion principle and therefibve material will fracture from the
inhomogeneous distribution of stresses and stradrs.the grounds of the atomic
structure of a material it should however be pdsesito determine the theoretical
strength of the material. Unfortunately, the comged equations of quantum
mechanics and the great number of atoms, which brutiken into consideration in the
simulation, make render precise calculations diffiand close to impossible for large
slabs of materials with a realistic distributiond#fects and grains / grain boundaries.
Therefore to date, the empirical determination riesi@ more versatile evaluation of
the mechanical properties of materials, while intgrinsight and input can be derived

from ab-inito calculations of model systems.

2.2. Classical fracture and failure hypotheses

The wordclassicalin the heading of this paragraph means that thealied
strength hypothesemre already quite old. Partially they were estalelisat the end of
the 19" or the beginning of the 3&entury. They have been pushed into the background
as far as research is regarded. However, becaugbenf simplicity and versatile

application they are still extremely important, @siplly in machine design.

2.2.1.Basic concepts

There are two different fracture mechanisms: deidtecture and brittle fracture
(Fig. 2.2. Ductile behaviour is characterized through jptadeformations which occur
when the stress exceeds the yield streagthn this case, the ultimate stress at fracture
will be attained only after sufficiently large iskic deformations. This is the behaviour
for most metals and polymers. On the other handtleormaterial behaviour is
characterized by the fact that no significant isetadeformations occur before fracture.
This type of fracture is common for glass, ceramgtenes, concrete, ice etc. but is

occasionally also found in alloys and metals (espigat low temperatures).
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Figure 2.2 Two different

o - types of behaviour of
Fracture Fracture materials: ductile (a) and

OF T OF T brittle (b). o denotes a
Yielding fracture strength of the

ay T material whileoy is a yield

strength of ductile material.

o stands for stress angfor
- strain.
a) b) -

The strength of the material is often characterizge@ither the yield stress or by
the ultimate stress at the fracture threshold. d$sociated material parameters are the
yield strength and the fracture strength. Howeiteshould be emphasized that both
ductile and brittle behaviour are not pure matguralperties. The stress state plays also
an essential role during fracture process. Theeefibrcould be assumed that for any
complex loading of a material, its failure limitrche characterized by the current stress

or strain state. Hence, the failure condition carekpressed as:
F(Uij) =0 or G(‘gij) =0 (Eq. 2.1

whereg;j; is the stress tensor angdis the strain tensor.

A failure condition of the typeHq. 2.1) implies that the material state at failure
does not depend on the deformation history. This ba applied with sufficient
accuracy mainly to brittle materials or to plagtielding in ductile materials. Moreover,
such a failure condition requires the material ¢ocbnsidered as a continuum without

any macroscopic defects or grain / domain structure

2.2.2.Cracks

From a macroscopic, continuum mechanics point eivyia crack is considered
as a cut in a body. Its opposite boundaries aleccalack surfaces. The crack ends at
the crack tip. Concerning the formation of the krathere are three different crack
opening modesHig. 2.3. Mode | denotes a symmetric crack opening wa$pect to
the xz-plane. Mode Il is characterized by an antisyetric separation of the crack
surfaces due to the relative displacement in xetima (normal to the crack front).
Mode Il described the separation caused by redatiisplacements in z-direction

15



(tangential to the crack front). The symmetriesoasged with the different types of
crack opening are only locally defined but in specases they may hold for the entire
body.

Mode II

Figure 2.3Crack opening modes. (Image source: [13])

2.2.3.Failure hypotheses and deformation behaviour durindracture

In literature there are many failure hypothesetheftype described biq. 2.1
and it is possible to establish many more. Soméeh may be found in [13]. In what
follows, some common hypotheses are presentedjcydarty those, which are
important for the analysis and discussions of tsguiesented in this thesis.

Principal stress hypothesis

This hypothesis was established by W.J.M. Rankig2@1872), G. Lameé
(1795-1870), and C.L. Navier (1785-1836). Accordiiogthis hypothesis, failure is
expected to take place when the maximum principr@ss reaches; or when the
minimum principal stress reaches,. The principal stress hypothesis may be applied to
brittle fracture of materials. It neglects the ughce of the two other principal stresses

onto failure; therefore, its applicability is lired to brittle materials.
‘Von Misses stress’ hypothesis

According to the ‘von Misses stress’ hypothesige fracture occurs when a
reference stress, is higher than an ultimate stress at fracture oreasfor uniaxial
tension. In case of spatial stress state, the amefer stressym, is obtained from

expression:

16



_ 2 2 2 _ _ _ 2 2 2 (Eq. 2.2)
Um—\/a1 +0, +0; —0,0, 0,0, 0301"'3(712"'723"'731) ’

VI

whereo; 2 s3andriz 23 35are compounds of a stress tensor.
This failure criterion is applicable to the caselattile materials.
Strain energy hypothesis

This hypothesis was proposed by E. Beltrami (18380). It is here assumed
that failure occurs when the strain energy dendityeaches material-specific critical
valueU.. Usually this assumption implies that the matdsgthaves linearly elastic until
failure occurs. It has been shown that this hypthés described by means of the

principal stresses by the following equation:

307 = (1+v)(0, - 0.) +(0, -0 +on -0 f [+ 1+ -2)o, +0, + 0 ) (Ea23

wherev stands for Poisson’s ratio.

No direct conclusion can be drawn for the deforomatbehaviour or the
kinematics during fracture on the basis of theufail criterion alone. Respective
statements are only possible when specific andigdijys meaningful assumptions are

introduced.

At the incident of fracture new surfaces, - so eshlfracture surfaces — are
created. The associated kinematics is complex andat be discussed in simple terms.
Only for the case of sufficiently high stress carsabns can be drawn which are guided
by the experimental results. Two basic pattermgte formation of fracture surfaces
can be distinguishedrig.2.4). For a normal stress dominated fracture, thedraglane
coincides with the cross section normal to the mmaxn principal stress (necessary
tension). Shear dominated stress takes place Wieefnacture surface is formed by the
cross section in which a certain shear stress esaatcritical value. Both types occur

also in mixed forms.
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Figure 2.4 Two basic patterns for the formation of fractutefaces. In picture a) there
is shown a normal stress dominated fracture, winlepicture b) share dominated
fracture is illustrated.(Image source: [13])

2.2.4.Energy balance approach

The first analytical model for the mechanics daftler fracture was developed in
1920 by Alan Arnold Griffith [14]. Rather than foging on the crack-tip stresses
directly, Griffith employed an energy-balance agmiothat has become the most useful

development in materials science.
From continuum mechanics it is known that theistemergyU” per unit volume

V of stressed material is

uﬂzvij fobc= [ = [ e (Eq.2.4)

whereA is the surface of the formed cratkstands for its length arfds a force.

For linear materialsoEEe):

_Es?_o* (Eq.2.9
2 2E

UD

When the crack has grown into a solid to the depth region of material
adjacent to the free surfaces is unloaded, andstitmin energy released. Griffith
computed this energy, which for plain stress logd#n
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U=-9" gp? (Eq.2.6

Here the dimension normal to the x-y plane is tat@ie unity, soU is the strain
energy released per unit thickness of specimerckQreowth liberates this strain energy
During the crack formation, bonds are broken, deditond energy is then absorbed by
the material. The surface ener§yssociated with a crack of lengihland unit depth)
is:

S =2ya (Eq. 2.7
wherey is the surface energy and the factor 2 is neededuse two free surfaces have
been formed. As shown Fig. 2.5 the total energy associated with the crack ia the

sum of the (positive) energy absorbed to createntwe surfaces, plus the (negative)

strain energy liberated by allowing the regionsrndee crack flanks to become

unloaded.
A Figure 2.5 The total energy
. associated with the crack is
- the sum of the positive energy

S absorbed to create the new
surface plus the negative
strain energy U liberated by
allowing the regions near the
crack surfaces to become
unloaded. (Image source:
[15])

Energy

As the crack grows longer, the quadratic dependeh&train energy o eventually
dominates the surface energy, and beyond a crdreak lengtha; the system can lower
its energy by letting the crack grow still longeip to the point whera = a, the crack
will grow only if the stress increased. Beyond thaint, crack growth is spontaneous

and catastrophic.

The value of the critical crack length can be fbiny setting the derivative of

the total energp+U to zero:
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2 Eq. 2.
a(%a—;U)ZZy_im:o ( q 8

Because fast fracture is imminent when this coodits satisfied, we write the stress as
or. Finally, it can be calculated from:

2Ey (Eq. 2.9

B

o, =
Griffith’s original work dealt with very brittle ntarials, specifically glass rods.

Unfortunately, for ductile materials consideratiohthe surface energy alone fails to
provide an accurate model for fracture. This probleas solved, at least in part,
independently, by Irwin [16] and Orowan [17]. Theyggested that in a ductile material
the vast majority of the released strain energy whsorbed not by creating new
surfaces, but by energy dissipation due to thetipllew in the material near the crack
tip. They proposed that the catastrophic fractuceuss when the strain energy is
released at a rate sufficient to satisfy the neddsl these energy “sinks”, and denoted
this critical strain energy release rate by theapeaterG.; the Griffith equation can then

be rewritten in the form:

EG (Eq. 2.19

This relation describes in very succinct way, ititerrelation between three important
aspects of the fracture process: the material veeeced in the critical strain energy

release rat&;; the stress levek; and the siza, of the flaw.

2.2.5.Theory of acid-base interactions in adhesion

Fracture along materials interfaces is much mommpdicated process than
fracture of solid bodies. There are many theorigsut fracture strength of different
interfaces. Particularly interesting for this tlse® the acid-base theory of adhesion. In
the absence of chemisorption and interdiffusioa,wlork of adhesion is the sum of the
various intermolecular forces involved and can d&lated to the surface free energies

(Dupré’s equation):
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W=y +y, =1, (Eq. 2.1)

wherey; andy, are the surface energies of components 1 and 2;amglthe interfacial
free energy. For two materials interacting via Londlispersive forces only across their
interface, Fowkes [18] suggested tiatan be described by

1 (Eq. 2.12
W =2y y;)?
whereW is the dispersive contribution to the work of aslba andy® is the dispersive
contribution to the surface energy of surfaces 1 and 2, respectively. The
nondispersive contribution to the work of adhesisnmore difficult to establish.
Fowkes et al [19] attributed the nondispersive Gbation of the work of adhesiow
with Lewis acid-base interactions, which corresptmthe acid-base contribution of the
work of adhesioW*® :

1 (Eq. 2.13

WP =W"® =W -W? =W - 2();y5)?
Two methods were developed to determitié®. The first was suggested by Fowkes
[19]. This method makes use of the heat of aciclaasiuct formation H®;

W*8 = —fn,,AH *® (Eq. 2.19

wheref is a free energy to enthalpy conversion factor mdhe number of acid-base

adducts per unit area.

The second approach was introduced by van Oss aiwbikers [20]. They
introduced the notion of acidic and basic composné¢atthe surface energy” (andy -,
respectively) to characterize the acid-base prigseof materials and evaluaté™®:

" L L (Eq. 2.5)
W™ =20y y2)? + 201, v2)

y" andy for solid can be determined by contact angle measents using three

reference liquids of knowyf, y*, v
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2.3. Fracture experiments on the macroscale

2.3.1.Tensile test

The uniaxial tensile test [21] is the most impotteest for measuring the plastic
properties of materials for materials specificatiand for analytical purposes. It
provides well-defined measures of yielding, ultim#&nsile strength, work hardening
and ductility. It can be also used to measure éhgerature dependence and strain rate
sensitivity of these quantities. The results frém test are commonly used to select the
material for a specific application, for performiagjuality control, and to predict how a

material will deform under other types of appliedcks.

The test process involves placing the test spetimehe testing machine and
applying tension to it until fracture occurs. Dwinhe application of tension, the
elongation of the gauge section is recorded agdimstapplied force. The data is
renormalized such that it does not depend on tluengey of the test sample. The

elongation measurement is used to calculate thastfrom the following equation:

AL L-L, (Eq. 2.19

where/L is the change in gauge length,is the initial gauge length, andis the final

length. The force measurement is used to calculaestresss using the following

equation:
Eq. 2.1
og=Tn (Eq. 2.17
A

whereF is the force and\ is the cross-section of the gauge section. Frasetllata the

stress-strain curvé-{g. 2.2 can be plotted.

A tensile specimenHg. 2.6 is a standardized sample cross-section. It has tw
shoulders and a gauge (section) in between. Thelddrs are large so they can be
readily gripped, whereas the gauge section has allesntross-section so that the

deformation and failure can occur in this area.
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Figure 2.6 A standardized tensile specimen cross-sectioragénsource: [22])

Figure 2.7 An example of a
machine used in tensile tests.

2.3.2.Charpy impact test

The Charpy impact test, also known as the Charppoi¢h test, is a
standardized high strain-rate test which determihesamount of energy absorbed by a
material during fracture. The absorbed energynseasure of a given material’s notch
toughness. The test is widely applied in industegduse it is easy to prepare and

conduct, so the results can be obtained quickiycixeaply.

The device Fig. 2.8, which is used to conduct the experiment, cossi$ta
pendulum of known mass and length which is drogpad the known height to impact
the notched specimen of material. The energy wisi¢tansferred to the material can be
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inferred by comparing the difference in the heighthe hammer before and after the

fracture (energy absorbed by the fracture event).

The notch in the sample must be of regular dinerssand geometry due to the
fact that it affects strongly the results of thepant tests. The size of the sample can also
affect results, since the dimensions determing ihat the material is in plane strain.
This difference can greatly affect the conclusiorede. The quantitative results of the

measurement of the energy needed to fracture eriaatan be used to elaborate the

toughness of the material and the yield strength.

The “Standard methods for Notched Bar Impact higstift Metallic Materials”
can be found in ASTM E23 [24] ISO 148-1[25] or EN0#5-1[26] where all the
aspects of the test and equipment used are desdaniloetail.

SCALE Figure 2.8 Charpy impact
test device. hstands for the
height of the hammer. (Image
source: [23])
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coNTER TR _position

HAMMER

End of
swing

I-—————HI.—————F-‘
i)

2.4. Fracture experiments on nanoscale

2.4.1.Nanoindentation fracture strength measurements for brittle
materials

Nanoindentation is normally used for measuring thilm mechanical
properties such as the elastic modulus and hard@@$sThe fracture toughness of

brittle materials, as an important measure of gwstance of the materials to crack
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propagation and fracture, can be also evaluatexligir the instrumented indentation.
When a small indenter plastically penetrates dlér#olid, a pattern of cracks often

forms around the impression, as the indenter i©veh

Generally, there are three types of cracks asdheyllustrated irFig. 2.9

Figure 2.9 Cracks systems of Vickers indenter (the crackoregs marked black) (a)
radial cracks, (b) lateral cracks, (c) median crackd) half-penny cracks

The radial cracks are of particular importancegceitheir proximity to the
surface has influence on the fracture strengthhefdpecimen. To measure fracture
toughness, these radials cracks are generated kipgnan indentation mark with a
cube-corner indenter. The fracture toughri€ssan be calculated using the following

equation:

K. :;{Ejm(ij (Eq. 2.18)
H C3/2

whereE andH are the instrumented elastic modulus and hardresgectively F is
the applied load; is the length of the radial cracks since the eeatithe indent, and
Is dimensionless empirical constant for the geoyneftthe tip used in the indentation

experiment. For a cube corner tip the value is2.03
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Figure 2.10 SFM image of an
| indent on glass showing radial
cracks

Y=85um |

X =8.5um

Despite its simplicity the nanoindentation test baseral disadvantages. Firstly, the
investigated material must be brittle, otherwidegré will not be a visible crack
formation and the evaluation & will not be possible. Secondly, the differences
between the measured values for the same madeeiaisually quite significant. They
depend on many different parameters (indenter amktype, indentation speed etc.).
Finally, even well-described in literature Young dotus evaluation from
nanoindentation data does not include the influesfcan anisotropy. There are also

problems with investigation of thin layers of sofaterials (i.e. polymers).

2.4.2.Interface fracture strength measurements for thin fims on

substrates

Adhesion is a very important property of componerds only in composite
technology but also for microelectronics and emmeggitechnologies such as
microelectromechanical systems (MEMS). Therefdrerd are more than one hundred
different methods for measuring adhesion (espgciall thin films) that employ
different sample geometries. Some tests use cansfilms, some require patterning,
but all tests use some driving force or stored gghew achieve thin film delamination.
The energy may come from the external mechanigakfanposed on the measured
sample, or it can be stored in the sample itseff. @rough the film internal stress).
These tests generally measure critical values pliexpstress intensity or strain energy

release rate. The most popular ones are:
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Superlayer test

A test based upon internally developed stressst gnoposed by Bagchi and
co-workers [28]. Here, residual tensile stressestimn film line drive its delamination
from a thick substrate. One of the way of achievinig by increasing resulting film
thickness by putting a thick overlayer (superlayar)top of the tested structure. The
superlayer increases the film total thickness aleva¢es the total residual stress
without changing the tested interface. It is dejgoksiat ambient temperatures (i.e.
electron beam evaporation) and should not reach whe tested film.Fig.2.11
illustrates the test of adhesion force betweenppeondeposited on a substrate. In this
case chromium was found to be the optimum superl&yestly, a thin carbon release
layer is thermally evaporated to act as a precrdokavoid the edge effects on the
energy release rate it is two times thicker than @u film. Furthermore, the Cu and
the Cr superlayer are deposited and patterned rra &irips perpendicular to the

carbon lines. The debond energy is determinedh&ytitical superlayer thickness.

Figure 2.11Superlayer

test schematic.

Residual tensile

- stresses in a thin film

i ] line drive its

. Superlayer (C1) galamination from a

Substrate Thin Film (Cu) thick substrate (Image
Release Layer (C) source: [29])

Although, the superlayer test gives accurate adhesmergy values, the testing
technique is rather tiresome and time-consumingei&é superlayer thicknesses have

to be deposited before the lower and upper bouhddhesion could be extracted.

Indentation tests

In the case of a brittle, weakly bonded film, intiion can be used to
delaminate the film from the substrate, thus meaguhe thin film interfacial strength
[30-34]. Usually, the cone (plane stress) andweelge (plane strain) are used for
measuring brittle fracture of thin films adhesion indentation. There are several
models to investigate the indentation results anelvaluate the fracture strength of the
interface or the strain energy release. For ingtaRosenfeld et al. [32] proposed

following equation to calculate the strain energigase:
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G- 0627H*h(1-v?) 1
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1+v, +21-v,) .

(Eq. 2.19

wherekE;, v, andH are a Young modulus, Poisson’s ratio and hardog$ise tested

film, respectively,ais the crack radiugy is the film thickness ani is the load.

(a) _ 2 L/:J
Indenter
| Thin Film $n
[Substratc ’/_5
o XU

Thin Film

)

(c) ot

Thin Film

‘ Substrate

2a .

r'S

Substrate g

Figure 2.12 Different
behavior of thin film
during indentation tests.
(@) no buckling during
indentation; (b) double-
buckling; (c) single-
buckling after the
indenter tip removal
(Image source: [2.9])

Unfortunately, indentation tests cannot often beduto test adhesion of ductile

films on brittle substrates. A ductile strongly adéd film often deforms before

delamination from the substrate. Even if the filrebdnds from the substrate,

delaminations are not reproducible. Moreover, tleelas used to estimate the strain

energy release strongly influence the final results

Scratch tests

In a typical scratch test a stylus or a diamondigiglrawn across the film

surface. The test could be treated as a combinaifotwo operations: normal

indentation process and horizontal tip motion. Atieal increasing load is applied to

the tip during scratching until the coating detacfrem the substrate. The minimum
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critical loadP. at which delamination occurs is used as a meaguhe @ractical work
of adhesion [35,36] :

P B ”2 (Zijllz (Eq 220
=2 Th

wherer is the contact radius,is the film thicknesdk: is the Young modulus and is
the work of adhesion. This analysis can be applidyg when the tensile stress normal

to the film surface drives delamination.

Figure 2.13Schematic of

Normal the scratch test with

load Rockwell diamond tip.

A stylus or a diamond tip

Coating is drawn across the film

Rockwell surface.
/ diamond tip

Substrate

Scratch channel

Sample motion

The main disadvantages of the scratch test are eébesnity of special equipment,
which is not as popular as i.e. nanoindenters anrsiag force microscopes, and

difficulties arise with studies of very thin filnad soft materials.

2.4.3.Contact angle measurements

According to the acid-base theory of adhesion rilessd in §2.1.4 it is possible
to determine the work of adhesion between to dffesurfaces from the measurement

of a contact angle.

The wetting of a solid surface by a liquid drop @spressed by Young’s
equation:

Vs = Vs = ¥ COSE, (Eq. 2.2)
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whereysis the surface energy of the soljg,is the liquid surface tensiops, is solid-
liquid interfacial tension ané: is the equilibrium contact angl€ig. 2.14. Combining
theEg.2.110one obtains the Young-Dupré equation for the vwadridhesion:

W, =y (1+coséb ) (Eq. 2.22)

Further, from (2.22), (2.15) and (2.12):

1 o o (Eq. 2.23)
y, (@+cos8.) = 2(ys )2 + 2y )? + 2vs1))?

Hence, using three different test liquids it is gbke to determine the surface tension
components for the surface under test and theréfertotal surface free energy.

. (Eq. 2.24)
Ve = Ve +2(Yeys)? = va+y™"

B

where y<*® is the overall acid-base contribution to the stefdree energy. Liquids

usually used in three liquids method are: wateoddimethane and glycerol.

This method may be used only to imprecise estonatf the interface strength.
It does not take into consideration many more carafgd processes and phenomena,
which may take place while the interface is forniegl internal stress). Nevertheless, as
it will be shown further in this thesis, it may lextremely useful to qualitative
explanation of influence of a chemical environment the fracture strength of the

interfaces.

Figure 2.14 Definition
of the equilibrium
contact angle.
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2.4.4.Fracture strength examination with nanopillars and other

nanostructures

Sophisticated technological procedures and prosds®ee recently allowed to
produce structures of nanometer size. The developraé modern measurement
techniques and devices, such as scanning forcesompe, has provided the tools to
measure the properties of these structures. Tdrerat became possible to introduce
measurement methods used in macroscale, to nambwidré fracture strength tests
can also be conducted in this new area of scientifiestigations.

The most popular device, which is used for meclangsting in nanoscale is
scanning force microscope (there is detailed dmsmn of this device in 84.1).
Hirikata et al. [37] used SFM to study the interdhcstrength between a submicron
chromium dot and its silicon substratég. 2.15. The dot was removed by an SFM
diamond tetrahedral-shaped tip, which was firstagiegl near the dot and then was
dragged over it. The delamination area was imagesitu after the test. The critical
load at which delamination occurred together whité tlelamination area were used to
estimate the interfacial strength.

(2] [&]

‘ Micro dot 140 T T T
Fi Y\ y -
: W/
o
N

AFM tip Substrate

L
o omn
(= = =
T T

Lateral Force F; (um)
[=2]
o

L 'l 1
0 100 200 300 400
Lateral Displacement 8, (nm)

Figure 2.15 (a) Scanning electron microscopy image of a cacutuncated cone-

shaped chromium dot. (b) Schematic of an SFM tggging over the dot. The red
arrow shows the direction of SFM tip motion, whitee F is the lateral force

experienced by the SFM tip. (¢) The correspondiaterél force — lateral

displacement curve. (Image source: [36])

Another approach to investigate fracture of makeriand interfaces was
applied by Baumeister et al. [38,39]. In her wdHe idea to use SFM to exert forces

on lithographically produced nanopillars, was digsat for the first time. During this
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experiments, only the normal load was measured;ehenwas impossible to estimate
the fracture strength of the investigated structuiidhe measurement took place only
in water and a standard silicon tip was used. Nbebss, it was shown that it is
possible to remove selected nanopillig( 2.1 and it was proved that it is possible
to apply well-defined forces to well-characterizednometer-sized structures with

varying geometrical and structural parameters.

Figure 2.16 Removing
selected nanopillar.
These experiments were
first conducted by
B. Baumsteier. The
technigue was further
developed by A.
Kaufmann. (Image
source: [37])

(@) (b) !

Significant improvements to this method were dopeAb Kaufmann in his PhD
thesis [40]. Instead of silicon tip, he used diathcovered tip, which is much more wear
resistant. It allowed to conduct many experimentth ihe same tip and made the
experiments reproducible. Furthermore, due to roznods section of pillars, it was not
necessary to precisely align the samples. He caed@xperiments in water as well as in
ambient environment and in sodium chloride sohgjovhich showed many advantages
in comparison to corresponding experiments in nsx@@ — especially much shorter
time needed to investigate the influence of diffiérechemical environment on
silicon/silicon dioxide interface. Kaufmann in hikesis, also, firstly introduced
experiments with pillars made of different matexitian silicon and silicon dioxide. He
investigated titanium(Ti)/polyamide(PI) nanopillansorder to examine whether water is
responsible for the sporadic observed insufficiadhesion between Ti/Pl or not.
Unfortunately, however Kaufman realized that foautitative approach to nanopillars
experiments in different environments, lateral éorneasurements are necessary, in his
work he still measured mainly the normal force. rEfiere, he was not able to estimate

the ultimate stress and compare the results féerdifit size of nanopillars.
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3. Motivation and goals

The goal of this thesis is to develop and imprdwe measurement method of
fracture investigation of nanopillars, which wastly described by Baumeister [38,39]
and then improved by Kaufmann [40]. The method khaise the Scanning Force
Microscope (SFM) tip to exert forces on well-definstructures with nanometer
dimensions. Kig.3.1). The forces and deflections of structures musesienated with
high accuracy. It should be able to investigatdoam nanopillars and also pillars
which contains an interface between two differeatemals. Furthermore, it should be
possible to investigate both brittle and ductiletenals. Finally, the method ought to
operate in different chemical environments, which particularly important for
corrosion studies. It would be also highly appresdaf other mechanical properties of
materials (such as modulus of elasticity) can beerdeéned from the data obtained

during fracture experiments.

Figure 3.1 An idea of
fracture strength
examination with use of
SFM. Schematic of
fracture strength
examination by bending
a nanopillar with an
SFM tip — not to scale.
The SFM tip exerts
well-defined forces on
nanometer scale
pillars. The pillars are
bent, tilted and finally
rariopillat fractured.

SFM cantilever

SFM tip

The development of such technique will provide aque platform for
addressing a problem of fracture strength investigaof structures in range of
nanometers and then investigation of some imporpgoblems in nanotechnology
development, which are described below.

Based on the current state of the art in micromeat technology and
nanotechnology, three targeted scientific sub&pichich are subgoals of this Thesis

can be identified:
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) Development of fracture mechanics of nanopillars,

i) Investigations of the weakening / softening of ypoérs due to higher
temperature

i) Time dependent changes in mechanical propertiegliffierent chemical
environments and modifications of elasticity andésgicity due to ‘slow’
processes like corrosion, solubilisation and thedifftation of the surface
layer in Si/SiQ interface.

The development of such a portfolio of techniquesano-fracture mechanics
will provide a unique platform for addressing thieaklenge of fracture strength
investigations for structures down to the rangsahe nanometers. This shall allow
for the investigation of some important problem&i@amotechnology and contribute to
its ongoing development, as described below. Tiesis is a direct continuation of
the experiments with nanopillars described in 82.3\evertheless it provides
significant innovations with regard to the measwertrmethod, and the analysis of
the results, also in conjunction with numerical migdand simulations. It is this
progress which now allows us to compare result$ wiher methods (also with

macroscopic experiments) for the first time.

3.1. Fracture mechanics of nanopillars

Materials Science has crucially contributed to Hoeelerated development of
technological tools and devices and is mostly ckgpad predict materials properties,
also including their failure mechanisms with goatwacy. Some challenges remain,
however: (1) The mechanistic understanding of fnacion the atomic and molecular
level e.g. at grain boundaries and interfaces, wiscrequired for improving models
and simulations; (2) The prediction of materialslufe after long exposure to

solubilizing, softening or corroding fluids i.e.ggs and/or liquids.

In this context two important developments come etbgr. Firstly,
nanotechnologies have been made available to manuda well defined model
nanostructures with few to some dozens nanometedimension and nevertheless
precisely predefined geometry. Secondly, experialgathniques have been developed
to the extent that well defined experiments capdormed with forces acting on such

model structures being simultaneously measurecat Righ (down to pN) precision.
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This allows for ‘Fracture Mechanics’, the well-ddtshed discipline to be ported to
nanostructures and enables radically new expersnédbst important is that by the
scaling of fracture mechanics experiments the mtér slow mechano-chemical and
mechano-physical procedures like fatigue or coomsian be experimented with on a

much accelerated time scale.

Previous experiments with nanopillars, describe84r8.3, provided just the the
very beginning of exploring a wide range of apgdimas of nanoscale fracture
experiments. There is still a necessity to devedmhniques, which will give results
comparable with macroscopic experiments in ordex.gofind out whether size effects
occur, at which characteristic dimension(s), anwt bey are scaled. Furthermore, the
technique must provide reproducible and accuratgltseewhich will not depend on the
experimental setup. Therefore, the method of bendimd fracturing nanopillars must
be developed before experiments, which will provigleswers to the important
scientific and technological problems and can batimely performed. The results
gained by these newly developed techniques habe twmpared in detail with other
available experiments in order to assess the adgastand disadvantages of this

approach, its imperfections and restrictions.

3.2. Investigation of the weakening/softening of polynrs

The fracture strength of nanostructures made ofrpets plays an essential
role in the development of modern nanofabricatialwcesses for optical and
electronic applications. It is particularly impartafor the development of the
nanoimprint lithography process. In this processonaeter scale patterns are created
by mechanical deformation of imprint resist and saguent processes like
mechanical reforming or tempering. Unfortunatetype difficulties still do not allow
for this procedure to be used in mass production.iistance one of the problems is
the destruction of polymer patterns during the deling, i.e. the detachment of the
mold from the molded structures. Using specific et to investigate the fracture
strength measurements and the bending of nangpidat measurements of different
types of polymers are possible, to routinely fihd best parameter set for the specific
nanoimprint application or production batch. Furthere, scanning force microscopy

(SFM) is able to measure other mechanical progedfesoft materials, hence, only
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one experimental device can be used for many difteexperiments to characterize
many different mechanical properties of the malkefihis is a particular advantage of
the SFM technique and the progress reported inatver short period elapsed during
this PhD thesis project on nano-fracture mechaaiqgeriments implies that more

new modes will be developed in the future.

3.3. Time depended changes in mechanical properties (hacorrosion

and degradation processes)

Corrosion, as well as other degradation procesises$he softening / hardening
of polymers are very often misunderstood and misaharized which leads to
inappropriate material choice for a particular &gilon and consequent premature
failure. Unfortunately, the damage caused by swdratiation processes is extremely
costly. For example, a major study, carried oult®5 in USA, concluded that the
cost impact of corrosion to this country’s econotoyalled nearly $300 billions
annually [41]. Consequently, there is a constamidn® perform experiments which
will assess the corrosion and degradation of nagernd structures in all fluids
relevant for a specific construction or applicatioHowever, all conventional testing
schemes require long testing times and are therefquensive. This problem relates to
the very long time needed to macroscopically oleséine modification of materials —
generally occurring at the surfaces or inside narlefts, cracks or at grain / phase
boundaries. By using scanning force microscopyhfaromechanical investigations on
well defined sample structures with very small elcgeristic external dimensions,
slow degradation processes can be quantitativatyiedd on a vastly accelerated time

scale.
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4.  Description of method

This chapter provides the answers to the list @fllehges to be overcome as
described earlier in this Thesis. It describes hieee developed method of fracture
investigation by SFM in detail. In contrary to pi@ys approaches to this problem, the
described technique is able to provide resultsclvban be compared with macroscopic
experiments. It not only provides the values dfical forces, which induce fracture, but
also it evaluates the material properties such rasture strength and the Young

modulus.

4.1. Introduction to Scanning Force Microscopy

The scanning force microscope (SFM) is undoubtdady most popular of the
local probed devices. It allows quick access to idewange of surface properties
including mechanical, electrical, magnetic and btipeoperties with high spatial
resolution. Moreover, it can operate in many dédfér environments including air,
vacuum and liquids. The precursor to the SFM, ttensing tunnelling microscope
(STM), was developed by Gerd Binnig and HeinricthiRo [42, 43] in the early 1980s
at IBM Research — Zurich. STM earned its inventities Nobel Prize for Physics in
1986. Binnig, Quate and Gerber invented the ficstngaing force microscope (also
called atomic force microscope — AFM) in 1986 [4Bhe first commercially available
SFM was introduced in 1989. Since then, SFM playsvgortant role in development

of nanotechnology.

4.1.1.Instrument

The Fig.4.1 shows schematically how the SFM operates. Thenstgrprobe is
mounted on the free end of a silicon cantilevere Tip interacts with the surface of the
measured sample. A laser beam reflects off the bhtlie cantilever which is deformed
under the effects of interaction forces. The actaaitilever deflection and torsion are
derived from the signal of a photoelectric cellided into four sectorsHg.4.2). The
difference signals between coupled photodiodesusexl as a control variable for
adjusting cantilever height, i.e. for height sigrht
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Al =(1,+1,)=(1 3+ ,) and

Al =(1,+1,)= (1,4 )

for the lateral signall,. 14, 15, I3 andl, stand for the current from a corresponding
diode. Furthermore, signals are normalized by tima sf all photodiode currents and
used as the input signals in a negative feedbaakpud signal of the feedback is then
used to control the extension of the piezotubetl@nend of the piezotube there is the

cantilever’s holder mounted. In the constant facanning mode, the feedback tries to

keep the deflection of the cantilever constantthis

of the piezotube are recorded as a sample’s helgiet.SFM can record one or more
characteristics of the interacting cantilever bearg, deflection, torsion, amplitude of
vibration etc. The system is able to work in amasphere, vacuum, liquids and it can

case, differences in the extension

be used for measurements at difference temperatures

Laser diode
Mirror

y Cantilever

Diode

Sample

Figure 4.1 Schematic diagram of a scanning fo

photoelectric diodes
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rce microscadpaiezotube displaces
cantilever’s holder. Deformations of the cantilels®am are determined by measuring the
displacement of the light spot from the reflectasel beam by means of the system of



(1)

2)

(3)

4

(b)

Figure 4.2 Way of
extraction of the actual
cantilever deflection and
torsion from the signal of
a  photoelectric  cell
divided into four sectors
(1,2,3,4). E stands for a
normal load and F for

lateral load. (Image
source: [45])

The most important part of the SFM is obviously ttamtilever with the tip.

Several images of these components obtained byiscaelectron microscope (SEM)

are shown irFig. 4.3 The spatial resolution of measurements is reladethe radius

curvature of the tip apex. Therefore, it is imméysenportant to miniaturize the

dimensions of cantilever's beam and the tip. Cawéif is usually made of silicon or

silicon nitride because in most cases processesajmd for microelectronics are used

to produce them. In certain cases special (reflgcttonducting) layer is deposited on

cantilevers. The tip can be also covered with mdiffgrent layers (polymers, diamond

etc.) dependently on the application.

Figure 4.3 SEM images
of different SFM
cantilevers (Image
source: [46])
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4.1.2.Imaging modes

The interaction between SFM tip and the surface ipaydescribed by the
Lennard-Jones (LJ) potentidig. 4.4):

12 6
I r
U,(r)=U, (Toj - Z(r_OJ (Eq. 4.3)

whereUp is the depth of the potential well,is the actual atom distance angdis the

12 term

distance at which the potential reaches its minimumthis potential the
describes the repulsive forces whereas rth& term represents the attractive forces.
Interaction is attractive at large distances dueato der Waals forces, and repulsive at
very short range because of the impenetrabilityhef electron clouds associated with

the two surfaces.
Contact mode

It is historically the first form of operation @n SFM. In this mode an SFM
operates close to the repulsive edge of the palentip actually is constantly in contact
with the surface. It is very fast and easy modevewer, due to wear and fracture it may

change the scanned surface.
Friction mode

It is usually called friction force microscopy (Flf or lateral force microscopy
(LFM). Measurements are conduct in contact mode the cantilever moves
perpendicularly to its axis. In this case, frictiforces cause torsion of the cantilever

beam.
Tapping mode

This mode is also called quasicontact mode. Tiileger is made to oscillate
at its resonant frequency with large amplitude;rttean position is close to the surface.
In this case, forces applied to the surface camimeensely small and contact times so
short that almost no friction occurs. ConsequerdBformation of the sample can be
avoided. Also phase difference between the execitatnd the oscillation of the
cantilever may be acquired. It corresponds to thergy dissipation of the system,

which then can be used to characterize viscoelasfitastic properties of the surface.
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Force — distance curve

In this mode adhesion measurements or nanoindamtasts may be conducted.
Cantilever approaches to the surface and its deftfets constantly measured. When the
photodiode signal is saturated then the cantiletarts retracting. As a result force-
distance curve is obtaineig. 4.5shows an example of such curve identified on hard,

non-deformable material.

F [
Contact mode T
Topography

Mechanical
Friction

Tapping mode
Topography
Mechanical

Figure 4.4 Lennard-Jones potential. Black dots are two déferSFM modes: contact
mode, which is quasi-static and tapping mode, ircwvkantilever oscillates close to its
resonant frequency. F — force, r — distance.

o = Approach

- » — Retract

Jump to contact
J / D
|
1
1

I Adhesion
|

\
\
\

NS

A A

S o
4

sample

Figure 4.5 An example of force-distance curve identified @mndh non-deformable
material. (Image source: [46])
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4.1.3.Force measurement and calibration in contact mode

The measurable SFM signals come from the photsiteendetector (PSD) and
are current signals which are then converted inttage. To convert these signals into a
guantitative force values a precise calibration tmus done. This has to be done
independently for normal as well as lateral force.

In a normal direction the cantilever behaves aralsly to a conventional

spring and consequently, can be described by imaditHook’s law:
Fv =Ky [Az (Eq. 4.4)

whereFy denotes the forcéy is the spring constant artt means the displacement of
the free end of the cantilever from its equilibriuposition. Displacemenidz is
determined by multiplying the deflection sensitviin nm/V) by the PSD signal
difference between the state when cantilever isway from the sample and when it is
in contact with the surface (so called setpoirftsdanning is done in constant force
mode, feedback assures that the setpoint is can3taa deflection sensitivity is derived
from the force-distance curve measured on non-defble material. In order to get the
deflection sensitivity in nm/V, the piezotube mhbstcalibrated.

The spring constant may be denoted by the cantilevanufacturer.
Unfortunately, the nominal value may by much diéfar from the real value. A more

accurate method is given by [47] where the resoftaqtiency is used:

.- 2rPw(f,Lyp)?
N JE (Eq. 4.5)

wherew stands for the width of the cantilevéyfor the resonance frequendy,s the
length of the cantilevep is the densityp(Si) = 2336 kg/r) andE the elastic modulus

of silicon.

To determine lateral force so called friction laspused ig.4.6). The cantilever
moves over the sample with a°%hgle with regard to the scan direction forward an
then backward. Its torsion is recorded and after oycle friction loop is obtained. To

derive exact value of lateral force friction looush be centred and a calibration must
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be done. IrFig.4.6 W corresponds to the value of lateral force in aabjtiunits. Lateral

force in N may be calculated from the following agjan:
Fo=alV (Eq. 4.6)

where o stands for a calibration constant. The deternomatf o uses the wedge
calibration method from Varenberg et al [48], whislbased on the method of Ogletree
et al [49]. The so obtained calibration constardrik/ valid for the currently used setup

I.e. the used cantilever and the position of tker@pot on it.

Figure 4.6 An example of a friction loop.
Backward The cantilever moves over the sample with
a 90 angle with regard to the scan
direction forward and then backward. Its
torsion is recorded and after one cycle
friction loop is obtained.

o
N
|

o
o
|

Torsion signal [a.u.]
T

e
Forward

o
FS
|

I I T I I I
0.0 0.5 1.0 1.5 2.0 2.5

Position [um]

During the wedge calibration method two chemicadlgntical surfaces which
are arranged by a given andldin radians) to each other are scannéd.(4.7). For
each surface the friction loop is obtained. In ttase, friction loops are not centred so
for both of them offsets can be evaluated. AccaydmtheFig.4.7 following expression

can be found:
L cog+ Ay 2— B 6 ).+L sifl o=
sind(L cod+ _T (+ cof J.+L si (Eq. 4.7)

The quadratic equation has two solutionsdnly the one which satisfies the
u<tan@ condition is usable. With the derived friction fagent for the sloped surface,

the universal force facter can then be calculated according to:

g = U (L+ Acosf)
W,(coS 8- sirf8 ) (Eq. 4.8)
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With a every single scan point signal can be convertaedarfriction forceF_ as long as

the setup was not changed. Otherwise the systerhbauslibrated again. Through the

relationship:
u=F
FN

(Eq. 4.9)

(second law by Amonton) the friction coefficienhcalso be determined.

a)
{100y, (11) Scanning Trace
gl
e
7
54°44' \ ‘
10 pm
b)
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Figure 4.7 Lateral force

calibration method. (a) TGZ11
calibration  structure, which

provides two chemically
identical surfaces, one flat and
one angled. (b) Forces and
moments, which act on SFM tip
while scanning the angled
surface. (c) Schematic of friction
loops gained from the
calibration experiment. ( Image
source: [48])
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4.1.4.Determination of mechanical deflection

Particularly important for the experiments desatib® this thesis, where
nanopillars will be bent and fractured by a tipaof SFM cantilever while scanning the
nanopillars samples, is determining the deflectbnanostructures due to the applied,
lateral force. Firstly, the deflection of the cémter while scanning the edge of very
stiff structure must be elaborated. In order to that the commercial available
calibration gratings TGZ3 (from NT-MDT) were usékh SEM image of such structure
Is shown inFig. 4.8 With the assumption that the structures are p#yfstiff and does
not deflect, it is possible to measure the defbectf the cantilever as a function of its

position while scanning the step.

Figure 4.8 An SEM picture
of the TGZ3 calibration
grating (available from NT-
MDT company) used for
calibration of cantilever
deflection.
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While scanning nanopillars, not only cantilever derut also the nanopillar.
Therefore, it is possible to calculate the deftattiof the nanopillar by simple

subtraction as it is shown kig. 4.9

Figure 4.9 Method of
4000+ S————— determining pillar’'s
3500_. —— measurement deflection. With the

assumption that the
calibration  structures

2500 are perfectly stiff and
2000- does not deflect, it is
1500 possible to measure the

pillar's deflection of the
deflection cantilever as a function
[ of its position while

‘ ‘ scanning the step. While
00 2 4 & 8 10 scanning  nanopillars,
not only cantilever
bends but also the
nanopillar.

Cantilever's deflection [a.u]

Distance [nm]

4.1.5.General principles of SFM tapping mode

The cantilever — the beam clamped at one end, neay lgood mechanical
oscillator with a low level of dissipation. Its msgant frequency is modified by
interaction between a tip and a surface which veasl in the SFM tapping mode. There

are two techniques:

- AM-SFM — (amplitude modulated SFM) - cantileverdisven close to
its resonant frequency and the variations of amgiditand phase are
followed. Usually, feedback assures that the anmbditis constant and
surface structure is measured. It is a very populethod, used also in
this Thesis.

- FM-AFM — (frequency modulated SFM) — in this casphase-locked
loop holds the vibration amplitude and phase diifiee at pre-assigned

values. It is mainly used in ultrahigh vacuum eorment.
A very complete review of oscillating modes of SkWlescribed in [50].

Generally, the cantilever can be described as mlikat is clamped at one end while

the other end is subjected to the force. In theedhe analysis may be restricted to a
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single mode for which the equation of motion canveey well approximated by the

equation of a harmonic oscillator subjected toftnee field:

X+2,8)'(+0,€X: F, cosat +% (EqQ. 4.10)

wherex stands for the displacement of the tip from itgilgrium position,w, for the
resonant frequency of the oscillatég, for the amplitude of the excitation at frequency
w, p for a dissipation constant) for the effective mass of the oscillator and tinection
f(d,t) is the tip-sample interaction whedestands for the tip-sample distance when the
cantilever is not deflected andor time.

The EQ.4.10is linear and easy to solve when the interactietvben the sample
surface and the tip are non-dissipative and thélatsen amplitude is very low and far
from the surface. Unfortunately, in quasi-contagiping mode the tip usually vibrates
close to the sample surface and the amplitudegrsfgiantly high which leads to non-

linear equation.

In spite of the mathematical difficulties involvedsolving analyticallyEqg.4.10
several analytical approaches have been develd&de8d]. In specific cases numerical
simulations must be done to determine amplitudeadc® curves, average tip-surface
forces, contact times and sample deformations. thatdil problem is the existence of

several oscillation states [54, 55].

4.1.6.Energy dissipation at the tip-surface contact in taping mode

In [56] there is described an analytical relatiopdietween the phase angle of
the tip motion and the energy dissipated by thestigace forces. This model is based
on the assumption that in the steady-state theageegnergy supplied to the cantilever
per period E) must be equal to the average energies dissipayethe inelastic
interactions between the tip and the sample suftagg and by the viscous interactions

with the environmentHis):
Ec = Bvisc + Edis (Eq. 4.11)

where
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(Eq. 4.12)
E.= § F, cosai%dt

dx (Eq. 4.13)
Eqs = § f(d,) dt

(Eq. 4.14)
Ec = i;— My d—Zdt

Q dt

where Q is the quality factor. Next, if we assume that tantilever's deflection is
quasisinusoidal, which, in fact is quite good appration due to the high quality

factor of the resonance, then the solution offge4.10may be expressed as:

x = Acodat — @) (Eq. 415)

whereA is the amplitude of the oscillations. In this célse energy dissipated by the

interaction during one cycle can be expressed as:

. w
sing ——
a)O

Egs = MA[
Q

AJ (Eq. 4.1
where Ay is the amplitude of free oscillations. Therefoilethe amplitude is held
constant when a surface is scanned, then the gh#tdetween the excitation and the
oscillation of the cantilever constitutes the emgedissipation due to the interaction
between cantilever’s tip and the sample surface.

4.2. Preparation of samples

4.2.1.Silicon and silicon/silicon dioxide nanopillars

The production of nanopillars follows a typical pess scheme with lithography
and pattern transfeFig. 4.10. For both kinds of samples Si (100) wafer wasduse
a substrate. For Si/SiGamples the silicon surface was converted into, $1Ga low

pressure vapour deposition (LPCVD) process, rewlin a homogeneous and dense
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amorphous Si@layer of defined thickness. For patterning, a pwthyl methacrylate
layer was deposited on a wafer by spin-coatingduese positive resist) and arrays of
nanopillars were produced by electron beam litholgya(EBL) and subsequent wet
development process in a polar solvent mixture fdixture of isopropyl alcohol (IPA)
and methyl-isobutyl-ketone (MIBK)). For the expeeints described here, orthogonal
arrays with pillars of 100 to 200 nm diameter, 10@00 nm height and a pitch of 1 pm
were used. Next, 20 nm chromium was evaporatedrdercoto create a chemically
resistant masking layer for reactive ion etching=)RThe lift-off process was done in
an acetone and dichloromethane bath. Eventually,stibstrate was etched by RIE,
using equal quantities of ,Cand CHE at 100 mTorr in a 100 W RF plasma. By
variation of the etching time different the heigiitthe nanopillars was controlled, in
case of the Si/SiDQsamples this also lead to a controlled variatbrthe interface
above the pillar base (here 30 nm). Finally, theoctium was removed entirely by a
solution of perchloric acid (HCI and ammonium cerium nitrate ((W{Cex(NOs)g])

in dionized water.

Sio, resist
Oxidation Spin ¢oating
‘ Silicon ‘ | silicon = [ silicon
e-beam litography |
L Cr
e e m oo _ Chromium  _ . .o e n/s = =
Developing y X -4
Silicon ———> | Silicon % Silicon
Lift - off [ ]
RIE o oo---a == Cr etching
Silicon ——> | ——> |

Figure 4.10Scheme of samples preparation procedure.

In order to facilitate extensive studies with vdrigillar dimensions and pillar

height one mask had been developed with fieldsiltdrg with different radius and
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equal spacing. This mask was then used for manufagtbatches where the etch depth
was carefully controlled, so a large portfolio dfgrs with respect to diameter, height,
material (Si, or Si¢) and interface position within the pillar was dable. The location

of the pillar fields on the silicon wafer is shownFig. 4.11

Figure 4.11 Position of fields of
identical pillars with different
diameters (in brackets) on a
sample. Each field contained the
same number of pillars at the
same inter-pillar spacing.

Fonm) (100fnm) (120 nmg (146 nmd (170 nm))
-

) R o 50

The SEM images of the nanopillars fields after Sffdtture experiments are

shown inFig. 4.12 The untouched nanopillars are showiig. 4.13

Figure 4.12 An SEM picture of
one nanopillars field after many
fracture experiments.

Mag= 183 KX
Stag
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Figure 4.13An SEM picture of untouched
Si/SiQ nanopillars.

4.2.2.PMMA nanopillars

The polymer pillars were fabricated in 400 nm thisgincoated PMMA -
Poly(methyl 2-methylpropenoate) - layer with a neolar weight of 25 kg/mol, by
thermal imprint of a 20x20 mfrsilicon mold with an array of 200 nm deep holethwi
different diameters ranging from 90 to 250 nm, dgri0 min at an imprint temperature
180°C and a pressure of 25 MPa. In our experimeilispn dioxide and silicon were
used as mold materials. PMMA was chosen to fal@i¢he nanopillars due to its
excellent properties for imprint lithography. PMMias a small thermal expansion

coefficient and a small pressure shrinkage coeffici

The untouched PMMA nanopillars are presenteféign 4.14

Figure 4.14 An SEM image of as
produced PMMA nanopillars with
150 nm in diameter and height of
220 nm.

EHT= 200kV  Signal A=InLens  Mag= 5000KX Date :5Dec 2012

WD=65mm StageatT= 200° HighCurrent=Off Time :10:5855
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4.3. Fracture strength examination — brittle materials

4.3.1. Experimental setup

The Scanning Force Microscope (SFM) is used tooperfexperiments with
forces in a wide range from low contact or intetemnt contact forces for imaging to
high contact forces inducing mechanical deformatiohthe nanostructures. Forces
are exerted by the cantilever tip to sample pillaith dimensions of a few tens of
nanometers while the cantilever deformations arenitoed quantitatively by the

same instrument.

Fracture experiments of nanopillafsig.4.159 are carried out in the contact
mode of SFM. Cantilevers coated with polycrystalidiamond Fig. 4.158H have
been chosen for these experiments to assure hggr vesistance. These coated
cantilevers allowed for reproducible experimentasults even in extended
experimental sequences. The height of a tip isllysahout 8 um and it is much
higher than the nanopillar§if. 4.15aand 4.16§. The cantilever moves across the
sample surface with a ®@ngle with regard to its long axis. This cantileagis is
bent by the feedback controlled force exerted ai@ pillars in perpendicular
direction of the surface, while frictional forces lateral direction induce torsion of
the cantilever beam which is the predominant cafisenopillar fracture. Therefore,
the calibration of the perpendicular and lateratés exerted and measured in the
SFM is essential for reproducible experiments ($44.3.). The normal force has
been directly adjusted via the setpoint of the iee#t system. To appropriately set
the lateral force the normal force as well as ttensselocity and feedback parameters
has to be adjusted. Desired values of these pagesnate obtained empirically. An
example of these parameters, which was used toufea&Si/SiQ nanopillars are

shown in Table 4.1
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b)

$100-300nm
v

Figure 4.15 Scheme of a tip and a nanopillar (a) and SEM petof a tip (b).
Nanopillars are much smaller than the SFM tip s@anh be assumed that the same
cantilever deflection induces the same lateral éondich acts on nanopillars no matter
how high they are. The tip diameter at the very isngsually about 100 nm as it can be
seen in the SEM image(b).

Figure 4.16 SEM image of
the tip used to fracture
nanopillars. A nanopillar
with typical dimensions is
too small to be visible at
this scale.

EHT = 3.00kV Signal A = InLens Date :12 Jun 2012
WD = 8.0 mm Photo No. = 13313 Time :10:49:03
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Scan size (in um): 10 :gsggtirr]gtio : field 1:1

Scan angle: 90° Scanrate (in Hz): 1.0

Tip velocity (in pm/s) 20.0 Data points/line: 512
Lines: 512 SPM feedback: Deflection
P-Gain: 2.0 [-Gain: 3.0

Table 4.1Scanning parameters for fracturing of nanopillansde of brittle materials.

The effect of scanning speed on the percentagkeofractured nanopillars is

shown inFig. 4.17

2N NN
© O N b
1 1 1 I

16
14
12
10

Fractured nanotowers [%

Load = 1700 nN

Scan speed [um/s]

Figure 4.17 Influence of

scan speed on the amount
of fractured nanopillars.

Due to higher velocity and

the unmodified feedback
parameters the lateral

force, which acts on the
nanopillars were higher

and induced more fracture
events.

Experiments have been performed with the two diffeitypes of nanopillars,

manufactured as described in 85.1.1: silicon ndlaopi and Si/SiQ nanopillars
containing an interface between the Sap on top of a Si bottom. SEM and SFM

micrographs of ‘as produced’ nanopillars and thesidues and stumps left after

fracture are provided iRig. 4.18
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Figure 4.18SEM picture of

o field of fractured
nanopillars combined with
a SFM micrograph of a
part of this field. At the
boarder of scanned field
nanopillars debris may be
observed.

nanopillars
debris

4.3.2.Determination of Young’'s modulus

The main goal of this thesis is to establish a wetlor the measurement of the
fracture strength of structures at the nanometalesdiowever, before the SFM tip
fractures a nanopillar, it bends it. Thereforejsitpossible to determine the Young
modulus from the spring constant of bending. Thisa straight forward analysis for
pillars with an aspect ratio higher than 10 whieck anade of brittle materials. The
deflectiono of bottom-fixed pillars in response to a late@iceF at the pillar top can

be described, according to [57], by the followirggation:

F=k, 0=>——0
kbend 64H3

where kpeng Stands for the spring constant of bendikgfor Young modulus of the
pillar's material,D andH for its diameter and height, respectively. Hernbe, Young
modulus:

_ 64k, H° (Eq. 4.18)

E
3D*

Unfortunately, nanopillars investigated in thiggts usually have an aspect ratio

lower than 10. In this case not only bending bsbathear-induced deformation of

55



pillars occurs, therefore instead of classical EBernoulli beam theory, the
Timoshenko beam theory [58] must be applied. Thailéel derivation of the analytical
formula for the bending of pillar with circular @®-section can be found in [59]. The

shear-induced deformation is represented by antiaddi term in the deflection

equation:
64FL°  aFL (Eq.4.19
0= +
3E/D*  GA

wherea is the geometric coefficieng is the shear modulus aids the cross sectional
area. According to [60], the coefficient can be represented as a function g$80’s

ratiov:

g = 7+ 6V (Eq. 4.20)
6(1+V)

and the shear modul@for isotropic materials is defined as:

Eq. 4.21
G = E (Eq )
20+v)

therefore, for an isotropic material deflection agon4.19is as follows:

5= B4FL° | 4(7+6v)FL (Eq. 4.22)
3E/D* E3/D?

For an anisotropic crystals Young modulus may fygr@imated, according to

[61], from the following equation:

1 1 _ - - (Eq. 4.23)
E—:Sn_z (811_812)_5844 (I"m® +m°n” +1°n%)
aBy
where:
| =cos¢ m=cosf n=cosy (Eq. 4.24)
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are ‘direction cosines’ — cosines of the anglesvben the direction of interest arg,z

axes (<100> direction ).

To determine the force applied to a nanopillar asddeflection, methods
described in 84.1.3 and 84.1.4 were used in thissiBh To accurately determine the
material’s Young modulus more precise measurenmastsieeded than during fracture,
therefore the scan field was minimized to studyyoalfew nanopillars with higher
accuracy for such experiments. In the general c#sehe fracture investigation

experiments presented in this thesis one hundnediléars are treated in one scan.

4.3.3.Bending and fracturing of a single nanopillar

The fracture of single nanopillars is induced andlyzed while simultaneously
the perpendicular force and the lateral fordag( 4.19 are measured. In the
experiments, it was observed that the lateral farsebefore fracture, is typically close
to five times higher than the normal force. Notattthe normal force acts towards the
sample surface so it is not the predominant feeason to induce nanopillar fracture. It

is predominantly the lateral force which is respblesfor bending and twisting of the

nanopillars.
2| y
474 nN "F- Eeol
|| Edefz
185 nN

Figure 4.19 Deflection and torsion of a cantilever can be staddin one scan, which

are caused by normal and lateral force respectivilythe graph (right part magnified

single pillar) the red line describes topographlge tblue line represents the torsional
signal and the green line represents the deflecsignal. The lateral force is almost 5
times higher than normal force. The view of the amltar showed in the SFM

micrograph here is not cylindrical because of thghhscan velocity and low feedback
parameters which are essential to exert forcesngfrenough to fracture pillars.

Detailed studies of nanopillars by SEM showed theopillars are almost perfectly

cylindrical.
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The measured fracture thresholds together withwbl-known geometry and
architecture of the nanopillar allow us to calcelatress distribution profiles with the
finite element method (FEM). Thereby the locatiord @ahe threshold values for the
critical situation initiating the fracture processn be determined for differently
structured and differently processed nanopillaige flesults of the FEM analysis of the
stress distribution for a single nanopillar areweghan Fig. 4.2Q In this simulation
perfectly cylindrical, homogeneous nanopillars asssumed. Furthermore, the
experimentally determined threshold forces to imdace used as external constraints
for the FEM calculations. Threshold forces are tdexdl as maxima in the scan lines of
the lateral force by identification of the contgdint of the cantilever as determined
from the time of fracture and the position of tlantilever in the scanned frame. The
distribution of maximum principal stress within thanopillar has been calculated and
the maximum value reached within the geometricaictire has been associated with
the initiation of the fracture incident. Except fitve contact point where erosion takes
place, the highest stress appears invariably atbt#se of the nanopillar. In good
agreement with this FEM analysis, all the bulk Snaopillars without interface have

been observed to be fractured at the base andspikbantaining interface were fractured

just at this interface.

Figure 4.20Finite element method simulation results of bendingjlicon nanopillar.
The distribution of maximum principal stress wittie nanopillar has been calculated
and the maximum value reached within the geometsitacture has been associated
with the initiation of the fracture incident. Th&aet parameters of the simulation are
shown in Appendix 1.
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4.3.4. Statistical approach to analyze the fracture of naapillars

To precisely evaluate the fracture strength ofrtfeasured nanopillars with low
measurement errors, it is favourable to analyzeynfi@tture incidents under identical
conditions. For this purpose a 10xln field with one hundred nanopillars was
scannedKig. 4.18. The data acquired during such scan frames alfowthe analysis
of the variation of maximum lateral forces as tlaey on the nanopillars when they are
exposed to cantilever tips exerting perpendicutaecds set and held constant by the
controller. Also the same data is used for the watadn of the lateral force peaks
associated with the individual fracture incideMariations of the fracture threshold are
caused by small differences in the shape and ttfaceuroughness of the nanopillars
and consequent changes of the contact region Wwehtip. As result of the fracture

debris is produced~g. 4.2]) as it can be observed by SEM.

Figure 4.21Debris of fractured
nanopillars piled up at the
border of a scanned area. Note
that also fractured left and
intact nanopillars can be
discriminated in the SEM data.
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Generally in fracture mechanics, specifically hdre nanoscale fracture
mechanics it is very important to establish thet lpgssible force measurement and
force calibration methods. In order to measurerdhtéorces with the use of SFM,
friction loops described in detail in 84.1.3, weerformed during each experiment. In
Fig 4.22 a typical ‘friction loop’ is shown (see blue (tegcand green (retrace) line
profiles). The peaks and the valleys of thesedhferce signals correspond to the rising
and falling edges of the nanopillars with respecthie scan direction. During one scan
of a selected frame there are 512 lines and 5t#adini loops. The average maximum
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lateral force is the average of 100 local maxim#hm lateral force landscape acquired

during the experiment. This is because there adend@opillars in one scanning field.

Lateral force (trace)

= i

| Lateral force (retrace)
i [a.u]

Fractured nanopillar

Figure 4.22 Typical friction loop with peaks correspondingtte lateral force, which
acts on a pillar. From the red line (topographykén be seen that two first pillars were
fractured at the interface.

Firstly, a low ‘imaging’ normal force scan is peanieed. Furthermore, the
normal force is increased and the fracture ocdthve.number of fractured nanopillars is
determined by counting incidents in a second olagenv scan with the imaging force
set to a low ‘imaging’ normal force level. In aissrof experiments the normal force is
increased after each scan of a certain sampleradpildars . Thereby it is possible to
measure the fracture threshold distribution for nepl® due to manufacturing
irreproducibilities. The data gained from many loége experiments taken at different
normal forces is plotted in a graph showing thecpetage of fractured nanopillars on
the ordinate and the average maximum lateral forcthe abscissa (x-axidyig. 4.23.

This graph is fitted by a Boltzman sigmoidal fuoati

AR

whereA; = 0, andA; = 100 are fixed parameters; anddx are fitted parameters. The
parameterxy is the inflection point of the sigmoid and its walis the statistically

relevant value of the force to be taken to the F&halysis to evaluate the fracture
strength of the measured nanopillars. The parantet@énforms about the difference
between the force which fractures all nanopilland #he force which is too small to

fracture any of the nanopillars (this variability the measurement results from (1)
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defects in the nanopillar internal structure —g@all differences with nanopillars shape
- and (3) random measurement errors). Note thasyistematic measurement errors,
after careful calibration as described in the expental part, are typically an
insignificant factor compared tix.

height of nanopillars 250 nm )
Diameter of

100+ e nanopillars:
_ 1 T = 120 nm
S 804 e 145nm
% ) | 170 nm
o 60- F;"b » 200 nm
'g. FL v 265nm
S ‘J 295 nm
c 404 gl < 325nm
o | |
e ] ( >
2 204 | |
T ol =i e e

Lateral force [uN]

Figure 4.23 The data gained from many of fracture experimeaken at different
normal forces is plotted in a graph showing theceetage of fractured nanopillars on
the ordinate (y-axis) and the average maximum &tirce on the abscissa (x-axis) for
different diameters of the pillars. These graphs éitted by a Boltzman sigmoidal
function.

4.4. Fracture strength examination and mechanical propeties of
ductile materials

4.4.1.Materials

Due to the high importance of polymers in many btetbgy areas a polymer
material was sought for to perform nano-fractureclmamics experiments. Due to its
widespread application in semiconductor manufacturiand the thereby well
established lithographic procedures, PMMA - Polyfmgk 2-methylpropenoate)F(g.

4.24) — nanopillars were chosen and fabricated in al@rvestigate ductile fracture.
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| | | | | Figure 4.24PMMA chain

The description of the stress-strain behavioupafmers is similar to that of
metals, but a very important consideration for thenthat the mechanical properties
depend on strain rate, temperature, and enviroraheanditions. The stress-strain can
be brittle, plastic and highly-elastic (elastomasicrubber-like). In general, decreasing
the strain rate has the same influence on thess$tegin characteristics as increasing the
temperature: the material becomes softer and macelel Therefore, before fracture
experiments, modelling of stress distribution inypter nanopillars and computing
fracture strength, the mechanical and rheologicapegrties (Young modulus and
viscosity) of the investigated material in currstdte must be elaborated. Fortunately,

these properties can be investigated easily by SFM.

4.4.2.Mechanical model for the deformation of PMMA nanopllars

The testing of polymers requires unique understandf the viscoelastic nature
of these materials. Therefore, a precise model ldhde evaluated before the
experiments. The simplest, however, still very aata mechanical models for
viscoelastic behaviour of materials during thegeg#scribed in this thesis, consist of
two elements: a spring for elastic behaviour admper for viscous behaviour. In this

work, simple 2- parameters Maxwell fluid model (JL&Fig. 4.295 was used.

) Figure 4.25Maxwell model
E n of viscoelasticity. (source:

2 (= ™
A

The constitutive equation in this case is:

n . ) (Eq. 4.29
0-+E0-:/75
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where o is stressg is strain,E is the Young modulus angl is the viscosity of the
material. According to this model, bending of aymoér nanopillar cannot be described
simply by Eq. 4.19 In this case, instead of Young modulus, the @ian modulus
should be used. It can be obtained fr&m.4.26 if the applied strain is written as

follows:

E(t) = &g,H (L) (Eq. 4.27
where H(t) is the Heavyside function and is defiaed

H(t) =1 fort>0 (Eq. 4.29

H(t) =0 fort<0

The solution of (4.18) for such strain is

o(t) =¢,Ee"” (Eq. 4.29
where
E(t) = E€"” (Eq. 4.30

is called the relaxation modulus and

n (Eqg. 4.3)
r=—=
E
Finally, the bending of polymer nanopillar can lesctibed as follows:
5= 64FL°  2aFL(L+v) (Eq. 4.39

SEE_t/TZD4 EE—'[/TA

wherea is the coefficient, which can be determined frdq.(4.20.

In the case of bending of nanopillars with SFM giedd strength determination
the time dependence of Young modulus may be omiitedo properly describe and
model behaviour of polymers in other processevigmsity must be known. There are
several methods to determine the viscosity andYiieng modulus of thin polymers
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films including recent one proposed by the auti®et 2]; however, nanopillars induce a
new approach to this problem. In macroscale visstiel properties are often
determined with stead state oscillation or vibmatitests using small tensile

(comprehensive) bars, thin cylinders or flat stimptorsion, beams in bending etc.
Therefore, due to nanopillars and tapping modéef3FM it is possible to transfer this
method to the nanoscale. If we assume that a amakial sample is loaded with a

strain input, then:
£(t) = £,€“ (Eq. 4.33

wherew is the angular frequency. It should be noted thattransient terms associated
with starting up an oscillatory loading have dechysd are neglected as they are
inertial terms. In this case the stre€8 is also of exponential form:

o) = oel (Eq. 4.39
wheres* stands for a complex quantity. It can be furthefireed

o’ =&,E"(iw) (Eq. 4.39
such that the stress can be rewritten as

o(t) = £,EN(iw)e™ = ENiw)e(t) (Eq. 4.39

where E*(iw) stands for the complex modulus and can be decaedpivgo real and

imaginary part as
E%iw) = E'(w) +iE" () (Eq. 4.3

The real part is defined as the storage modtl(®) and the imaginary part is defined
as the loss modulug”(w). In the case of the Maxwell model of viscoelasyidie

storage and loss moduli are:

! This approach is usually referred to as dynamichaeical analysis (DMA) testing.

64



2 (Eq. 4.39

T o7
E'(a)):E—Z E"(w):#
1+'7—2a)2 1+'7—2a)2
E E

There is the phase lag between strain vs timestieds vs time plots due to the
complex modulus resulting froriq.4.36 Therefore, by plotting stress and strain on
mutually perpendicular axis and combining respectpoints in time as shown in
Fig.4.26 the hysteresis loop can be observed. The aredeirtsie hysteresis loop

represents of the energy dissipated during theagieformation.

c Figure 4.26 Formation of

the hysteresis loop for a
polymer as visualized by
graphical combination of
the stress and strain values
parametrically. The dashed
line inside the hysteresis
loop represents the pure
elastic response. (source:
[12])

The dissipation can be shown to be proportionah&loss modulus using the
basic relationship between the work and energyalR#tat the work per unit volume of
a stressed material is given by:

t . Eq. 4.39
W = [ odle = [ oudt (Eq. 439)
If the material behaves in a perfectly elastic neanthe deformation energy supplied to
the material during the loading is stored in stigtg of the molecular configuration

changes. Hence, it recovers completely upon unhgadithere is no energy dissipated.

Therefore for a single complete cycle of oscillgttrading of any material (elastic or
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not), the net energy stored is zero, as the matedi@aded and unloaded symmetrically.
The amount of the energy per unit volume dissipateal single oscillatory loadinBis
can thus be calculated by integrating Ete 4.39 over a complete cycle:

€, = fore = [ ouc (Eq-449

For a viscoelastic material from the|.4.36results:

o) = E@e) + & Wiar) = E@e) + E @ e«

To calculate the energy per unit volume dissipatgdr a cycle,Eq. 4.41 can be

substituted irEq. 4.4Q Using a sinusoidal straia(f)=&csinwt), it can be shown that:

(Eq. 4.4

Eye = If”’TE'(w)e(t) . E"Cf)“’) s<t>jédt = £27E"

4.4.3.Experimental setup

In the case of bending and fracture of polymer pdlaos also Contact Mode
Scanning Force Microscope was used. The only eiffee was in the scanning
parameters. Due to much lower forces needed to tengbillars and their yielding it
was necessary to reduce the velocity of the camtile tip and increase the feedback
parameters. Therefore, the scanning size was alatles to reduce a time of a single

experimentab. 4.2.

Scan size (in um): 5 Aspect ratio: 1:1

Scan angle: 90° Scanrate (in Hz): 1.0

Tip velocity (in pm/s) 5.0 Data points/line: 512
Lines: 512 SPM feedback: Deflection
P-Gain: 3.0 [-Gain: 3.3

Table 4.2Scanning parameters for viscoelastic materials
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The second part of the experiments with the nalawpilmade of polymers are the
measurement of viscosity in the SFM tapping mod&foliunately, oscillations of the
cantilever depends on interaction with the measstedtures. Therefore, to determine
the desired properties of the nanopillars, a manfelthese interactions must be
developed. In this work the model described in 44 used. According tBq.4.34the
energy dissipated in a nanopillar in a single tstaity loading is equal to:

2 2 (Eq. 4.43
E, =eE"Y =270 ZzLD E"

whereV is the volume of single nanopilldd, is its diameter and its length. The strain

may be determined easily from the amplitude ofaballationsA:

A (Eq. 4.49
50 = I

According to Eq.4.16andEq.4.43the loss modulus can be determined from:

(Eq. 4.4
E":—4k'%|‘2 (sin¢—ﬁj !
AD A,

The viscosity can be determined from the quadritc 4.38

y (Eq. 4.49
4E")*
EZ 1+, /1- =

2E" w

/7:

4.5. Restrictions and the measurement error

4.5.1.Reference measurements using silicon nanopillars

Silicon is an element which plays an extremely ontignt role in the modern
electronics so its properties have been investigdteroughly with high accuracy by
many scientists and different methods. Moreoverpibcessing is a standard procedure

in every nanotechnology laboratory. Therefore, tiwst samples, which were
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investigated by the above described method, wermpidlars made of silicon. The
results obtained from the experiments can be thempared with the theoretical
predictions, finite element simulations and the lskabwn values of silicon Young
modulus and fracture strength. The comparison eanskeful to determine the accuracy

of the method and its restrictions.

Silicon has a regular crystal structuFeg( 4.27, which is one of the reasons it
is such an excellent engineering material. It im@isotropic crystal, so its properties are
different in different directions in the materia¢lative to the crystal orientation,
however, it has cubic symmetry so its stiffnessoe has only 3 independent values
(Tab. 4.3.

Figure 4.27Silicon
crystal structure
(source: [62])

3sp tetrahedral bond
hitp:Aonlineheavytheory.net/sificon.html

Cu Ci Cu

C [GPa] 165.7 63.9 79.9

Table 43 The 3 independent values of stiffness tensorilmors (Cy1,Ci2,Cas)
according to: [63]

The nanopillars were fabricated on the silicon0jl€urface. They were bent and
fracture according to the procedure described abble results achieved for bending

of a typical nanopillar (height: 250 nm, diame®&0:nm) are plotted ifig. 4.28 Due to
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the high resolution of Scanning Force Microscope, deflection measurement error is
about 3 nm. The deflection determined from the arpmnt is compared to the
deflection evaluated from thEq.4.19 and from the finite element method (detailed
parameters of the FEM simulation are described ppehdix 2). The Young modulus
used inEq.4.19 according to théeq. 4.23 equals 130 GPa. In this case, there is a
perfect agreement with the experiment, Timosherkeoty and FEM simulation.
Unfortunately, it was possible to collect only 3felient measurement points because

for higher forces the pillars were fractured.

The different situation is shown Fig. 4.29 In this case the nanopillar with 150
nm in diameter and height of 250 nm were investigalhe measurement results agree
with the FEM simulation but the Timoshenko beamotiiepredicts almost two times
lower deflection. The main reason for this diffarens the fact that pillars with aspect
ratio lower than 2 cannot be modelled as beamsteFalement method analysis is
capable of dealing with different 3D structures amnes much better results. Pillars

also were stronger so many measurement pointscodected.

The used SFM was not able to proper measure ftitectiens lower than 3 nm
therefore in case of thick pillar with 250 nm inadiieter (aspect ratio equal to 1)
measurement data are much different either fromTin@eoshenko beam theory and
FEM simulationstig. 4.30.

Figure 4.28 Results of

30 bending of a typical
: silicon nanopillar. The
251 | results of the
T 20 experiment are
= compared to the FEM
2 157 simulation and the
2 10 « Experiment Timoshenko beam
e % * _Frﬁg’(')ry theory. There is a very
51 good agreement
. between the
00 o5 10 15 20 experiment, theory and
Force [uN] simulations.
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Figure 4.29 Deflection
1207 i of  thicker  pillars
(aspect ratio between 1
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Figure 4.30In case of
nanopillars with aspect
ratio below 1 the
= Experiment . deflection is too low to
" Theory measure it properly

, with used SFM.
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Another problem with estimating the bending of anopillar by the
Timoshenko’s theory is the indentation of the naltexpby the SFM tip due to high
stress, which occurs at the contact point. Thentat®n depth is usually in the range of
a few nanometers in case of silicon nanopillarsicbeit has a minimal influence on
thin pillars, which deflection is significantly lger. Unfortunately, for thick pillars, the
indentation depth may be larger than the deflectionthis case it is possible to
elaborate more sophisticated FEM analysis but isttiesis only the case of the point
load instead of the SFM tip and constantly elasthaterial were taken into
consideration. The results of one of these simutatiare shown ifig. 4.31 The blue
colour corresponds to the maximal displacement.siimeillation allows also to evaluate
the influence of Young modulus of the measuredapitin the indentation depth. For

pillars with aspect ratio larger than 2 and twofed#nt Young moduli (200 GPa
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and 10 GPa) the indentation depth is always smtdben 10% of the deflection. The
situation drastically changes for pillars, whictameter and height are equal. In this
case, the tip’s indentation is about 10 times latigen the deflection of the pillar for 10
GPa Young modulus of the material. Despite manypkiiwations used in the
simulation it shows certainly that the nanopillaigh aspect ratio lower than 2 made of
soft materials cannot be investigated with the abdescribed procedure. On the other
hand, in case of the nanopillars made of stiff male the main reason of the
measurement error is the lateral resolution of3R&1, which should be high enough to

accurately investigate immensely small pillars eibns.

Figure 4.31 The results
of FEM simulation of tip
indentation into a single
nanopillar. The mesh is
thicker in the contact
point between a tip and a
pillar. Different colors
correspond to different
nodes displacement. The
biggest displacement is
exactly at the contact
point.

substrat

Contac

point

Furthermore, the method of fracture strength ingatbn, described in details in
84.2, was used to measure the fracture strengsilicdn nanopillars. Nanopillars with
different diameters (from 200 nm to more than 3@ and height equal to 400 nm
were used in order to find out if there is any uefice of the size on measured
properties. From the statistical analysis of frextevents performed with Si nanopillars,
a fracture strength consistent with table values diicon was determined. When
measuring fracture thresholds of smaller diametaropillars one could expect that
surface energies modify the energetic of the fracprocess in some analogy to the
discussion about the hardness increase at low .I0dus data show that for silicon

structures with diameters larger than 100 nm sucéral was not observed.

In Fig.4.32b the experimentally observed fracture strength Isttgd for
nanopillars in dependence of their diameter. Thkliree corresponds to the tabulated
fracture strength of silicon. The experimentallyedmined threshold stress to induce
fracture is about 8 GPa, similar to the fracturergith of silicon of about 7 GPa as it

has been determined from macroscopic experimerits [bhe experimentally observed
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fracture strength for Si nanopillars is without eption lying above this line. It probably
the result of deviation to inaccuracies relatedtite nanopillar shape and possible
systematic errors consequent to inaccurate cabioraind the imperfection of FEM
model (84.5.3) as well as the random error. Moreave processing of the nanopillars
may also influence the fracture strength of silicavevertheless, the structures
measured in this work are extremely small compacethe structures measured in
classical fracture tests. This thesis presenddiabie method to probe sample volumes
of down to cubic nanometers and interfacial cragses down to 50 by 50 nm which is
a fraction of 0.01 compared to commonly used fr&ctaechanics tests and can not be
expected to provide results of accuracies compardbl macroscopic methods.
However, measurement error in this experiment®ienhigher than 30%. The results
accuracy can be further improved by developing npoeeise lateral force calibration

methods (i.e. force calibration with use of sprimgth well-known spring constant).
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Figure 4.32 Fracture force and corresponding maximal princigigess determined
from nanopillars fracture experiments. The red limeplot (b) corresponds to the
macroscale silicon fracture strength.

4.5.2.Inaccuracies in nanopillar shape

According to the SEM images and SFM micrograplaopillars are usually
perfectly cylindrical. However, in order to find toi small, not observable differences
in geometry due to i.e. etching anisotropy mayuiafice the results of fracture strength

determination, the measurements with different krgposition of the sample were
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conducted. In this case Si/Si@anopillars were used. Two micrographs with défer
angles are shown iRig.4.33 Fortunately, the differences between the foredsch
induce fracturing, are smaller than the measuremeat. Nevertheless, the experiment
revealed another interesting effect. The largetadises between nanopillars can
influence the behaviour of the feedback, which ltssa different lateral forces for the
same normal load. It was not an accident thaFiq 4.33bthere is more fractured
nanopillars than inFig. 4.33a The integral component of the feedback control is
responsible for the slower reaction and, biggarédtforces as a result, in case of larger
distances between nanopillars. It is another reasext to the changes of the friction

coefficient in different environments, for directeasuring of lateral force instead of
normal load.
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Figure 4.33Two SFM micrographs shown scanning with two diffet@ngles — (a)
with 0°and (b) with 48- and the same normal load.

4 .5.3.Inaccuracies in FEM simulations

The assumed geometry is very important for preegaluation of fracture
strength of measured pillars from FEM analysis. Tihest crucial parameter is the
radius of curvature of the corner between a pédlad the substrate, which may strongly
influence the estimated values of fracture strenigtiirst simulations it varied between
3 and 10 nm, which is a reasonable value for Riktgss by which nanopillars were
fabricated. Fortunately, the results gained with smallest and the biggest radius differ

from each other by 7% in case of stress at the dlagilars and less than 1% in case of
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pillars with the interface (which position was as®&d to be 50 nm above the ground).

These results were not mesh sensitive for a reamnamber of elements.

4.5.4. Tip-pillar interactions in tapping mode

There are several models of the interactions é&tmSFM tip and the sample
surface in tapping mode [65-66]. Therefore, thestjoa arises, what influence on the
measured values has the chosen model. The mod#liugkis thesis is based on the
energy conservation principle and it also distisgas the energy which is lost due to
the ambient environment (dumping in air) and thergwy dissipated by the tip-surface
interactions. Hence, the assumption, which mayothice the biggest error is the
assumption that all this energy is dissipated duth¢ viscous properties of polymer
nanopillar. Certainly, there are some other dig®pamechanisms such as friction,
which influence on dissipated energy is difficdtdstimate due to difficulties in exact
friction coefficient determination or in estimagirthe friction path. However, by
adjusting the amplitude and the setpoint of thallasions it is possible to minimize the

energy dissipated by phenomena not described by thiel.

On the other hand, the method of viscosity measen¢ described in 84.3.3 is
based on an analogy to the macroscopic DMA (dynamichanical analysis)
experiments. Hence, the sinusoidal stress shoultbbstantly applied to a nanopillar,
which means that the SFM tip is constantly in tbatact with the pillar. The adhesive
force between the top of the nanopillar and theptgys in the case of the unloading
phase an important role. This force must be strotigen the force which appears while
stretching the nanopillar. To make it possible dkeillation amplitude should be small
and the setpoint big, which, however, increasesfribBon influence. Thus, a precise
adjustment of the scan parameters must be condbefece every experiment, in order
to get proper results. Another option is to depedomore sophisticated model which

will include at least friction.
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5. Results and discussion

This chapter proves that the method described eamwable to investigate not
only brittle materials such as silicon, but alsatda and viscoelastic materials (i.e.
PMMA) and interfaces. Some interesting phenomeniictw were observed while
testing this method, are also described and exgddiere in details.

5.1. Fracture strength of silicon and size effect

As it is shown inFig.4.32 the size effect for the fracture strength oiceih
nanopillars was not observed. The brittle fractfrsilicon is affected by defect (crack)
population and residual stresses. In this cage steuld not be any residual stresses so
the size effect can occur only due to differentedepopulation. Nanopillars were made
of silicon p-doped single crystal, in which defedimensions are of nanometer size.
Hence, their distribution in single nanopillar shibube consistent with defect

distribution in bulk material.

It should be noted that there are many experimentshich silicon fracture
strength was measured for structures of a micrameie [67]. Unfortunately, the
measured values range from even less than 1 GP@ @Pa. It is due to the fact that
fracture strength of silicon depends strongly ofedesize, loading mode, specimen
size, orientation and the test method. The micradabon methods can also strongly
affect the structure of a silicon sample. Fortulyatén our case the process of
manufacturing the silicon nanopillars should notiuence significantly the silicon
crystal structure so it is reasonable to compare@sults with the bulk silicon fracture
strength.

5.2. Si/SiO, nanopillars

5.2.1.Experiments performed at ambient conditions

The results of the fracture strength measurementthé second experimentally
probed system, the Si/Si@anopillars which contain an interface are ploiteBig.5.1
Notably the fracture initiation always occurs atghold stresses of about 3 GPa, which

is significantly lower than observed for similaradieter bulk silicon nanopillars.
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Furthermore the breakage always occurred at tleface and not, as observed with

crystalline Si pillars, at the pillar basEig.5.2). The quantitatively determined values

are consistent with the results obtained from mswpic investigations of that interface

gained by Ando et al.[68] and have been indicatdeld. 5.1dby the orange line. These

results provide evidence that reliable quantitatigsessments can be obtained by the

here introduced method for material amounts far llemahan those probed in

conventional measurement methods. Also our methdakt and allows investigation of

hundreds of nanopillars within minutes to revea tfuantitative force thresholds to

induce fracture and the ultimate stresses.
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Figure 5.1 Results of
measurement on nanopillars
with different diameters are
shown here for both silicon
and Si/SiQ nanopillars. As
expected fracture strength is
constant and smaller for
Si/SIQ pillars, which breaks
exclusively at the interface.

Figure 5.2 Si/SiQ nanopillars
broken at the interface.

a) pillars broken instantly

b) pillars broken after a few
scans.



5.2.2.Experiments performed in water

Probing materials properties with small dimensiohsamples in the range of
few nanometers also provides important opportusitie a different context of
materials science. Many processes affecting matamangth occur very slowly, e.g.
via diffusion processes. This motivates studiedra€ture thresholds in a modified
liquid environment and as a first choice we havected water instead of air. It was
not a random choice. It is well-known that watealide to reduce the fracture strength
of silicon oxide-based glasses and also may inflaetme structure of the Si/SIO
interface [69-71].

As it was expected, a significant time dependeridbeofracture thresholds has
been observed for nanopillars of different sizedwieen 100 and 200 nm in diameter).
The Fig.5.3 plots the time dependence of the fracture threishoheasured for 170 nm
diameter nanopillars, in hours after exposure ghtpurity (deionized) water. From our
SFM imaging experiments it is clear that theseapsllalso break at the Si/SIO
interface irrespective of the duration of water@syre. With prolonged water exposure
the interface becomes distinctly weaker and theifieddfracture threshold levels off
after about five hours. In this state, where nahier modification of the fracture
strength is apparent, pillars are about 20% weaker.
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Figure 5.3 Influence of water on Si/Sjnterface. After about 5 hours an equilibrium
state is achieved and nanopillars are about 20%keedhan at the beginning. Two
different measurements (first and second) were doreonfirm the behaviour of the
interface in water.
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5.2.3.Experiments performed in salt solutions

The experiments in salt solutions were the nexi stethe investigation of the
corrosion of the Si/Si@interface. There are two motivations for takings ttirection.
Firstly, the measurements can be useful in devetpttie Li-ion batteries. Conventional
Si anodes in such batteries, typically suffer fnr@pid capacity decay due to mechanical
fracture caused by large volume expansion duried-t¥Si reaction [72]. Secondly, the
influence of salt solutions (corrosive environménmt metals) on the strength of the
Si/SIOG, interface, due to some unexplained phenomena, hwbiccur here, was

interesting from the pure scientific point of view.

During the experiments three different salt solsiin water were used: sodium
chloride, lithium chloride and caesium chloride.eThoncentration of the solutions
ranged from 0.1 to 1000 pumol/l and the measuremesmt® conducted at room
temperature. The cantilever was firstly immersethansolution for more than 10 hours
in order to equilibrate its surface and the sohutibhis step in experimental procedure
was necessary because it was observed that watetutions can strongly influence the
surface energy of cantilever’s tip and, as a reghk friction coefficient. Such an
evolution of friction coefficient in time does nioifluence the results (the lateral force is
measured) nevertheless the changes are so sighiftbat after few hours it is
impossible to fracture thicker nanopillars even wttee highest possible normal force is
applied - friction coefficient strongly decreasasd lateral force (which depends

linearly on the friction coefficient) is too weak fracture nanopillars.

After the cantilever had been equilibrated, the@as were also immersed in
liquid and the measurements of the fracture stlenfjtthe nanopillars started. In this
case the procedure was the same as for the measeein air. To estimate the
averaged fracture force (8 4.2.3) four differenasw@ements with four different normal
forces were conducted hourly. It took usually ab®ditminutes for the 10x10pum scan
field so to investigate rapid processes (highercentration) scan field was smaller
(5x5um). The measurements were conducted usualiyéofirst 8 hours of immersion
and then in the equilibrium state (after 24 hoursgually for 4 hours. As it will be
shown further in this paragraph, the influencemfsi is reversible. Due to this effect
one sample could have been used to perform mone time experiment. Some

measurements were repeated to fill in the gap keetvilee first and the second part of

78



the experiment and also to check if the resultsrepetitive. The measurements were

done at room temperature.

The results of the measurements of fracture stineaf) Si/SiQ nanopillars in

salt solutions are shown kig. 5.4 It can be clearly seen in every case that thetdre

strength of the interface is much higher after & Feours of the immersion. Without

an exception, after 5 hours it was higher thant@r@gcstrength estimated in air. The

strengthening was faster and more significant éutsns with higher concentration. In

Fig. 5.5it is also shown that the caesium chloride solutias the strongest influence

on the fracture strength of the interface, whetbaslithium chloride has the weakest

one. It can therefore be assumed that the iondaic@a in the solutions, can diffuse

into the Si/SiQ interface and make it stronger.

Fracture strength [GPa]

Fracture strength [GPa]

Figure 54 Influence of salt (LiCl, NaCl, CsCl) solutions dBi/SiQ
concentrations.
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Figure 5.5 Comparison of
influence of salt solutions
(LiCl, NaCl, CsClI) at 1000
pmol/l concentration.

Another interesting effect was observed when #repdes, firstly influenced by

the solutions, were dried in air. After 24 hourg finacture strength was determined

again and it was practically unchangédg(5.6). This indicates, that the ions, which

diffused into the interface, can permanently risefiacture strength. Nevertheless, it

was observed that fracture strength of pillarsictvlwere again put into water after 72

hours drastically decreases to the level beforanttmersion in the salt solutions. It is

evident that water can swill out the ions from ithterface but it cannot influence on the

interface permanently. The samples dried in agaireed, surprisingly, its fracture

strength from the beginning of the experiment. stapparent, therefore, that the

influence of different liquids on the measured iifgee can be reversed.
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Figure5.6 Reversibility of strengthening/ weakening proess#\fter 24 hours after
the solution exposure the fracture strength wastically unchanged. This indicates,
that the ions, which diffused into the interfacan qoermanently rise its fracture
strength. Nevertheless, it was observed that fracsirength of pillars, which were
again put into water after 72 hours drastically demses to the level before the
immersion in the salt solutions.

To determine whether cations or anions, or mdydib are responsible for the

observed strengthening effect, one more experimnexg done. Two samples were

firstly put into water for 24 hours and then foxh&4 hours into the Immol/l HCI and

NaOH solutions. After that procedure, the fractsteength of the nanopillars was

studied. As it is shown inFig.5.7 fracture strength of nanopillars exposed to

hydrochloric acid is slightly larger whereas natlaps exposed to sodium hydroxide

are much stronger (almost as strong as these expgos& mmol/l sodium chloride

solution).
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Figure 5.7 Comparison

between  different  salt
solutions. Fracture strength
of nanopillars exposed to
hydrochloric acid is slightly

larger whereas nanopillars
exposed to sodium
hydroxide are much
stronger (almost as strong
as these exposed to
1 mmol/l sodium chloride
solution).

In parallel to the fracture strength measurenaésd friction coefficient between

the diamond SFM tip and silicon surface, on whiemapillars had been made, were

examined. The result§ig. 5.8 indicates that the used salt solutions strongigrélase

the estimated friction coefficient. In contrary tbe results of fracture strength

examination, the concentration of the solution hasinfluence on the value of the

friction coefficient in the equilibrated state. Hever, as anticipated, the rapidity of the

process depends on the concentration of the ioithoW exception for 1000 pumol/l the

equilibrium state is approached within one hour nghe for lower concentrations it

takes much longer.

In order to evaluate the changes in the acid as# ltompounds of the free

surface energy of the silicon and silicon dioxideed to prepare the nanopillars, the

contact angle measurements were conducted. Thifeeedt liquids were used: water,

diiodomethane and glycerol. The results are showirab. 5.1
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Figure 5.8Friction coefficient evolution in different salblations.
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d + - AB

Studied surface Ys Ys Ys s Ys Oys
Silicon 40.1 3.0 32.1 19.6 59.7 0.8
Silicon after water exposure 41.2 3.1 30.2 19.4 660, 0.9

Silicon after LiCl solution exposure 40.2 4.5 45.1] 28.4 68.6 0.7

Silicon after NaCl solution exposurg  40.4 4.6 49.330.0 70.4 0.6

Silicon after CsCl solution exposure  41.1 4.7 53.831.8 72.9 0.8

SiO, 31.7 0.8 53.6 12.9 44.6 0.7
SiO, after water exposure 31.3 0.7 48.7 11.8 43.1 0.9
SiO, after LiCl solution exposure 31.5 0.8 59.1 13.7 .245| 0.8

SiO, after NaCl solution exposure 31.8 15 62.8 195 .351| 0.6

SiO, after CsCl solution exposure 31.7 1.9 69.1 229 .654| 0.8

Table 5.1Components of the surface energy [nf)/nof silicon and silicon dioxide
after interaction with different chemical environm® o,s stands for the standard
deviation ofys,

5.3. Influence of water and ions on fracture the fractue strength of
Si/SIG, interface

5.3.1.Weakening in water

On the basis of fundamental physico-chemical camnaitbns the interaction of a
nanopillar surface with polar fluids like water acs through the interaction of the
topmost layer with water molecules which modifibe surface energy and possibly
initiates degradation by swelling. Chemically sicoxide is partially converted into
anhydride which is persistent on the surface, whiépending on environmental
conditions the depth of the anhydride layer varidgere is considerable evidence from
our experiments, that swelling/degradation is het predominant effect leading to the

significant decrease in the fracture strength upenwater exposure. This occurs firstly
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from the levelling off of the measured values daseeafter ~5h and secondly from the
recovery of the initial ‘dry’ strength of the watexposed nanopillars within some days
after water removal and, finally from the very I®elubility of silicon dioxide (0.12

g/L). Notably Si as a covalent crystal is insolublewater, as well as the diamond

coated tip.

Therefore, it can be assumed ,that the main refmsameakening of the Si/SiO
interface in water is the diffusion of water mole=ualong the interface into the pillar
structure. As described in 85.1.1 the silicon diexlayer was produced in a LPCVD
process. The stress in the deposited layer shatlde higher than 300 MPa and the
interface should be uniform, without many defecatd due to the process no moisture
(H20) contamination is expected. Hence, the fractirength of this interface can be

strongly affected by the diffusion of water molezsul

Under the assumption that the fracture strengthatsmh of the interface varies
linearly with the amount of trapped water, whichs hdiffused into it and that the
equilibrium of the system means that no more weaer diffuse into the interface, it is
possible to evaluate the diffusion coefficient fréitting Eq.(A2.7) (in Appendix 3) to
the experimental data. The detailed descriptiothefdiffusion theory can be found in
Appendix 3. Fig. 5.9 plots the reduction of the fracture strength af thvestigated
interface vs. the exposure time to water and iaditturve.

Figure 5.9 Plot showing
reduction of the fracture

strength of the investigated
i . Si/SIQ interface vs the

304

254 [] o

! iEEﬁ; i exposure time to water and a
201 . curve fit taking into account
15. / the expected diffusion along

a 2D interface.
10

Fracture strength reduction
[%]

0 5 10 15 20 25 30
Time [h]

The correlation coefficient determined in the figfi is R = 0.89. Hence, the
assumption that the adhesion degradation proc#esvéothe Fick’s law is correct. The

water diffusion coefficient determined from the \ifit equals (2.2+0.5)0"° cnf/s.
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For comparison, this value is almost two ordersnafynitude larger than for diffusion
along silica glass (Z0'’cn?/s) and five orders of magnitude larger than alqogrtz
(4.510%°cn/s) [73]. From the magnitude of this experimentalBtermined diffusion
coefficient it is evident then, that the diffusiosasponsible for the decrease of the

fractures strength occurs mainly along the SifSn@erface.

The degradation of adhesion between other materasd an effect of water
diffusion, has also been reported for pairs of otinaterials i.e. TiN and Sg)74],
silicon — organosilicate glass (OSG) [75] and santieers [76, 77]. The weakening of
the interfaces is due to the ability of water taréase the work needed for the opening
the crack. If SiQ is locally converted to SiIOH (the anhydride) ofityle interfacial
cohesion remains. Especially interesting, for cage; are results described by Vlassak
et al. for OSG film stack [74] due to similaritiés the atomic structure between
amorphous silicon dioxide and the ogranosilicagssgs [77-79]. In their work, they
proved that the water diffusion along the OSG/Senface can strongly decrease
adhesion between this two materials. The diffusioefficient, which they measured, is
2.410"° cnf/s, which is consisted with the value for Si/giGterface measured in this
Thesis. Furthermore, Vlassak et al. provided amodwedence that in case of their
samples, the water certainly diffuses along therfate. In order to determine the path
of water diffusion they carried out the experimenith deuterium as an isotopic tracer.
They exposed the silicon substrates with OSG fitm$eavy water (BD) at room
temperature and they ensured that the diffusiontalaaé place only at the edges of the
samples. Using secondary ion mass spectroscopy SBIkhey measured the
concentration of heavy water along the interface.

The exact mechanism of the weakening of the SySirface due to water
diffusion has not yet been fully understood. On dfiger hand, the diffusion of water
through the amorphous silicon dioxide is well-knoamd explained. In this case water
diffuses in molecular form and reacts with thecsiti-oxygen network to form SiOH

groups [79]:

2 Organosilicate glass (OSG) is a hybrid organiagaoic material that consists of a siloxane network
similar to that of amorphous silicon dioxide wheoame of the bridging oxygen atoms have been reglace
by hydrogen (-H) or hydroxyl groups (-OH) and bgamic groups such as methyl (-gtér methylene (-
CHy)
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Si-O-Si + HO 5 2SiOH (Eg. 5.1)

At low temperature the reaction is slow and the ewanolecules are not
necessarily in equilibrium with the hydroxyl grougdthough, the process of diffusion
of water into silicon dioxide does not explain fifeenomenon of adhesion degradation
in the experiments described in this thesis, ihighly possible that there are some
similarities between this type of diffusion and eh&d here, diffusion into interface.
Water, while diffusing into the Si/SiOinterface, may react with silicon dioxide
according to EQ.5.1 and as a result it breaks the bonds between SiSi@sdl
Furthermore, the amorphous silicon dioxide is gramna pure silicon crystal and the
lattice mismatch between those two materials iBeratarge, but the highly flexible
angle of the Si-O-Si bond can compensate for a m@agot of this mismatch. The
remaining silicon atoms with incomplete coordioatform the prevalent imperfection
of the interface — the silicon dangling bonds, whicay strengthen and accelerate the
hydration of the silicon dioxide in the analyzederfiace. Nevertheless, this reaction is
reversible, therefore it is possible that after sotime (for the nanopillars with the
diameter of 170 nm after 5 hours according to esuits) some kind of equilibrium is

reached.

Figure 5.10 Structure of silicon (100) and silicon dioxidadrface. By and Ry are
two different types of dangling bonds, which maguodn this configuration. The &g
center is back-bonded to three silicon atoms amdRh is back-bonded to two silicon
atoms and one oxygen atom. Both of this defectschesnically active and may
strengthen the process of the hydration of theailidioxide.
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5.3.2.Strengthening in salt solutions

The strengthening of the Si/Si@hterface in salt solution$-{g.5.4) can also be
explained by the diffusion of certain ions intostlmterface. In our experiments three
different salts were used: lithium chloride, sodiwmloride and caesium chloride.
Therefore, there were chloride anions in each mwiudnd different cations. As shown
in Fig. 5.5 the strengthening depends on the type of the w@sdid Furthermore,
according to the results of the experiment withrbgtloric acid and sodium hydroxide
(Fig.5.7) HCI has much weaker effect on the fracture stirenfthe measured interface
than NaOH. In NaOH solution there are no chlormesibut the interface was almost as
strong as after exposure to sodium chloride sotubibthe same concentration. Hence,
the most probable explanation for the increaseaattdire strength of Si/SiOnterface is
diffusion of cations. As the strengthening is atdiserved for HCl we may conclude
that also hydronium cations diffuse into the irded and modify the Si dangling bonds..
Hydroxyl ions present in NaOH solution may be resole for a small difference in
fracture strength of nanopillars immersed in sodiydroxide and sodium chloride

solutions.

The evaluated diffusion coefficients of used catiamthe Si/Si@ interface for
different concentrations are shownliab. 5.2 They are not concentration dependent, at
least in the range of used concentrations. Foruhthions we measure the highest
diffusion rate, in consistency with published ddilon rates whereas caesium ions are
least diffusive due their large ionic radius. Litin is the smallest ion — its radius is 90
pm, sodium — 116 pm and the biggest caesium idBil—pin.
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Cation Concentration Diffusion Tablg' 5.2 Eva‘_luated _d|ﬁUS|0r,]
o coefficients of different ions. It is
[umolrl] coefficient [enf/s] | gyident that the coefficient depends
Li+ 01 1.440.5 on the type of ions and slightly on
concentration (at least in the
Li+ 1 1.4+0.6 investigated concentration range).
The fastest diffusion occurs for the
. 10 1.4+0.3 lithium ions due to their small
Li+ 100 1.5:0.6 dimensions.
Li+ 1000 1.6+0.9

The mechanism of strengthening of the SifSiQierface in the different salt
solutions can be explained by two different effe€isstly, ions may take the place of
water in the interface, therefore, reduce the makstress, which is caused by it. It is
well-known that especially silicon dangling bondsact easily with hydrogen ions. Even
stronger effect occurs for ions present in salutswmhs used here. Secondly, the acid-
base adhesion theory described in 82.1.4 can exflai strengthening of the interface
above its initial fracture strength. The resultstlod free surface energy components,
showed inTab.5.1, can confirm this assumption. Water has not charsggnificantly
the value of the free surface energy. The disperpart of it has been also barely
changed by salt solutions. However, the acid-basg (nondispersive) has been
changed significantly. Especially, the acidic comgat of silicon dioxide surface
energy is changed by the salt solutions. Thesegdsamfluence strongly the adhesion
between the silicon and silicon dioxide and theeefiocrease the fracture strength of
this interface. The largest increase of acidic patioth silicon and silicon dioxide free

surface energy has been observed after exposucaesium chloride solution. It is
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consistent with the fracture strength measuremanighich this solution has given the
largest increase of fracture strength. It is gaugorising result because cesium ions are
not as strong Lewis acids as i.e. hydrogen iongs &tiect can be explained, however,
when the ions radiuses are compared. The caesiusnai@ the larges ions used in this
experiments. Hence, their diffusion inside thecsiti dioxide is considerably retarded
and they stay on the SiGurface or in SiglSi interface, whereas smaller ions
(hydrogen or lithium) can easily diffuse deepernir@iO, which may reduce their
influence on the surface or interface propertidse &cidic part of the silicon surface
energy were also alerted by the salt solutionsirbtitis case, the changes were much
smaller and in the same range for each salt. Iins#aat ions does not react as easily

with silicon surface and diffusivities of ions itiGon crystal are similar.

Another effect, which was observed while fracturersgth measurements, was
the strong reduction of the friction coefficienetlveen diamond SFM tip and the
silicon surface. Further investigations revealedt tthe same effect is observed for
silicon dioxide surfaceFig. 5.11). Therefore, an extremely important advantage of
direct lateral force measurement is revealed. iifstant friction coefficient is assumed
and only normal load is taken into consideraticentit is impossible to distinguish the

weakening/strengthening of pillars and observdribgon coefficient changes.

Figure 5.11 Evolution of

05! m friction coefficient in time
= for diamond SFM tip and a
D o4l ™ 10 pmol/l silicon dioxide surface
:% ' NaCl immersed in 10 pmol/l
) sodium chloride solution.
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The friction coefficient measurements also provate more proof that the
diffusion of ions is responsible for the observedmges in the fracture strength.Aig.
5.12 there are two different plots shown — evolutiontime of fracture strength of
Si/SIG, interface in 1000 umol/l caesium chloride solutemd evolution in time of
friction coefficient between the SFM diamond tipdasilicon surface in the same
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solution. To the friction coefficient points simm&ponential decrease function is fitted
and the time constant is evaluated (time aftefribBon coefficient is smalleetimes,e

— Euler constant). To the fracture strength pothesEq.A2.7 is fitted and also time
constant is determined. Both time constants arterdiiit: for strengthening of the
interface it is 2.5+0.4 h whereas for the frictiomefficient decrease it is much shorter:
0.5+0.3 h. Hence, these two effects are differanbature. The friction coefficient is
changed due to ions reacting with the surface hadracture strength increased as a

result of ions diffusing into the interface andngex processes occurring there.
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Figure 5.12 Fracture strength and friction coefficient for SiD, interface vs
immersion in the 1000 pmol/l CsCl solution timem&iconstants were estimated as
follows:

Strengthening: 2.540.4 h

Friction coefficient reduction: 0.540.3 h

The problem of the ionic interaction with Si/SQif@terfaces and silicon or silicon
dioxide or similar surfaces was not studied in etm the literature. Nevertheless,
some interesting reports can be found. In [81$ ishown that the ionic strength has a
strong influence on the corrosion of glass fibgds the other hand in [82] it is
described the process of reduction alkali metalsngbally by the Si/Si@ interface,
whereby positive charges are transmitted to therfente region. Results consistent with
our observation are shown in [83] where accumufatd alkali metal ions at the
interface is proofed. This effect is explainabletlhg low interface packing density. As a
result, the diffusion rate at the interface is @ased which may explain the ion

accumulation at that position. A very interestitfiiget is studied in [84]. Photoemission

91



and thermionic emission are used to determine ifq@eadpolarization layer produced by
sodium ions at a Si/SiOinterface. The electronic energy barrier at therface is
reduced by the sodium ion dipole from 4.25 eV foclean Si/SiQ interface to a
saturation limit of 2.6 eV for a sodium coverageldx16° Nacn?. Such an effect, in
consistence with the acid-base theory and ourtesakrtainly leads to strengthening of

the interface.

The results and theories described in this thasig be useful to explain some
problems and difficulties which have arised in Kkaahn’s Thesis [40] (he also worked
with nanopillars as it was described in §2.3.4ipstly, as it is shown irFig. 5.13 he
identified two different processes, which take plaghen pillars are immersed in
sodium chloride solution in water: weakening of fhilars at the beginning of the
experiment and strengthening of the pillars adieout 5 hours. These effects can be
easily explained; Kaufmann measured only normald@and he did not equilibrate the
tip surface. Hence, the friction coefficient chamgae responsible for the apparent
“weakening” of nanopillars. IrFig.5.14 the evolution of the friction coefficient is
shown without previous equilibration of the tip. the beginning the friction coefficient
significantly increases for each concentration adism chloride solution. Therefore,
while the normal load was kept constant, the lhten@e was increasing. After a few
hours, the friction coefficient decreases and readts equilibrium which is consistent
with the previous experiments. The strengtheningasiopillars observed by Kaufmann,
according to findings of this thesis, is not ontyeagthening of nanopillars but also

reduction of friction coefficient.

Furthermore, Kaufmann hypothesis about the stremgtly of nanopillars in
sodium chloride solution due to the diffusion ohsointo the interface has been
confirmed in this Thesis which provides more cosnla data and thereby allowed for

deeper insight into the competing mechanisms affgthe experimental outcome.
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Figure 5.13Results of fracture experiment with Si/gSr@nopillars in sodium chloride

solution gained by A. Kaufman. (source: [40])

Friction coefficient

30

031 = 0.1 pmol/l
e 1 umol/l
0,4
10 umol/l

0,3
0,2+ ..
0,1- °® [ : » * : E =
oyo T T T T T T T 1

0 5 10 15 20 25

Time [h]

Figure 5.14 Evolution of
friction coefficient in time
for diamond SFM tip and a
silicon dioxide surface
immersed in three different
solutions of sodium
chloride. The cantilever tip
was not equilibrated in the
solution before the
measurements as it was
done in previous
experiments described in
this thesis.
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5.4. Mechanical properties of PMMA as a function of tenperature

5.4.1.Elastic modulus and flexural strength

To determine the Young modulus of PMMA, two difet approaches were
used. The first method was by measurement of timelibg of the nanopillars as
described earlier in this thesis. The second apprég commonly used method — the
indentation of the SFM tip into the PMMA surfaces{@led description is presented in
Appendix 3) and it was used as a reference method.

In Fig.5.15there is plotted a typical relationship betweesn dipplied force and
the deflection of PMMA nanopillars. To determine tfioung modulus the linear fit
was evaluated for the linear part of the curve #rah the modulus was calculated
according to théeqg. 4.19 It should be noted that the Young modulus in ttase is
assumed to be constant in time. It is a reasonaddemption while the time here is
short and the viscosity of PMMA below the glassisi@ction temperature is very high.
From the curve showed Fig. 5.15it is also possible to determine the flexural regyté
of the PMMA. In order to do that, the value of ferabove which the nonlinearity in
relation between force and pillar's deflection aggemust be evaluated. The next step
is to determine the stress field in nanopillars,iclvhis loaded with this force and
determine the highest von Mises stress (polymezsdarctile materials so von Mises
yield criterion is the most suitable in their cas&)alogically to the silicon nanopillars
fracture strength determination, to evaluate tegutal strength, FEM simulations are

used.

The results of Young modulus measurement with tifterent methods (by
bending and by indentation) are showririg.5.16 Both methods give consistent results
so it confirms that, the bending test method, wiiak been established in this thesis, is
able to appropriately measure the Young modufusofi and ductile materials. The
data reveals that the Young modulus decreasesimgtieasing temperature which is
typical for the PMMA. Much stronger reduction mag bbserved below the glass
transaction temperature. Unfortunately it was nossible to achieve temperatures
higher than 10 with the experimental setup used in this expemimso no further

experiments about glass transition temperatures hagn performed yet.
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Figure 5.15 Typical
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A significant advantage of the bending test metisatie ability to determine the
flexural strength of the investigated material. Thesults of flexural strength
measurement are shown kig.5.17. The plot reveals that the dependence of flexural
strength of PMMA on temperature is much weaker ti@ncorresponding dependence
of the Young modulus. The values of the flexuregsgjth measured here can be used in
modelling of PMMA nanostructures as a maximal adible stress. Above this value,

plastic deformation and polymer failure occur.
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Figure 5.17 Results of flexural
strength measurements of PMMA
400+ nanopillars.
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5.4.2.Viscosity

The knowledge of the Young modulus allows to eatdithe value of viscosity
by using the tapping mode measurement methodidedan 84.3.3. An example of
the phase angle measurement in tapping mode SBENRbisn inFig 5.18 It can clearly
be seen that the phase shift and therefore, tha@pdied energy is smaller for the
nanopillars than for the flat polymer surface whadrees with the expectations. The
results of loss modulus and viscosity measuremredtfferent temperatures are shown
in Fig.5.19 It is apparent that both loss modulus and tlseosity depends on the
temperature. Nevertheless, the viscosity is detrgawith increasing temperatures
whereas the loss modulus increases with temperaiuns behavior is typical for

polymers below the glass transition temperature.

Figure 5.18 SFM
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Figure 5.19The results
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PMMA is widely used, therefore its properties haeen investigated many
times in many different configurations. It shoulel moted that measured values of both
loss modulus and viscosity of polymers stronglyedebon the frequency of oscillations
of the used probes or velocity of flow of the materMolecular weight and the
thickness of the polymer film are also very impaottan this case (more details can be
found i.e. in [9]). Hence, it is quite complicatedcompare the achieved results to other
work. Nevertheless, the results of Young modulus éecosity presented in this thesis
agree within one order of magnitude with the resfitim other experiments [84-86]. To
the best of the knowledge of the author, the flaketrength, has been measured for the
first time on the nanoscale in this thesis. Expenta performed with bulk PMMA
samples provide values for the flexural strengtlictviare about two times smaller than
measured here. There are two possible explanatiéirstly, the nanoimprint
lithography process, in which the nanopillars wereduced, may somehow influence
their strength (temperature, high pressure). Sdgpsdme inaccuracies, which have
not been taken into consideration and/or imperfedtbration may be the reason.
However, it should be noted that the experimenegiproper values for silicon and
PMMA.

97



98



6. Summary and conclusions

6.1. New possibilities for the investigate the mechanit@roperties of

materials and interfaces on the nanoscale

As stated in Chapter 3, the main goal of thisithesto develop a method to
investigate the failure of materials on the nankescat the end it is clear that this aim
has been achieved. The Young modulus and silicoength has been properly
measured by bending and fracturing the silicon pdiaos with the SFM tip. It provides
a completely new approach to the investigationhaf mhanomechanical properties of
materials and nanostructures. A scale effect ictdir@ mechanics can be now studied in
details using many materials. The influence of dase energy on ultimate stresses and
fracture strength can be investigated. The fasteldgment of microfabrication
techniques allows for the production of pillars ewveth a few nanometers in diameter,
therefore, further essential knowledge towardsftiere design of nhanomachines may

be achieved.

Furthermore, due to the ability of measuring ttaeture strength of interfaces,
such as Si/Si@interface, the technique described in this thesssy influence the
progress in developing i.e. flexible electronics. this types of devices, interfaces
subjected to high stresses, play an essential $olee successes in this field have been
achieved and described in A. Kaufman thesis [4@jnificant progress has been
achieved since and reported here, but, thereinema lot to be investigated and

studied about the mechanical properties on thdesmgnometer scale.

6.2. Corrosion investigation

As it mentioned in Chapter 3, the corrosion andemailt degradation problems
consume a great amount of money. The macroscaleoayp to investigate these
phenomena is extremely time-consuming and alsogeserate very high costs. One
solution to this problem may be provided by expenits using much smaller amounts
of material allowing for much faster experimentamds to conclusion The
investigations in this thesis show a new methothat a SFM is used for studying the
corrosion phenomena on the nanometer scale. Hutufe investigation of Si/SpO

nanopillars in different chemical environments madvhat the here described method
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provides an unique platform of such fast and nreddyi cheap experiments. The
weakening of the measured interface in water wassiiigated in details. The effect was
observed after a few hours. The same was achieutbdstvengthening of the interface
in salt solutions. On the other hand, corresponéixyeriments on the macroscale may

take weeks or even months.

The nanofracture method may find many commergglieations. For example,
to measure the corrosion resistance of new allogappillars may be produced and
immersed in corrosive environment. The degradatibthe material and its fracture
strength reduction will be then evaluated withirc@uple of hours. Therefore, it is
expected that many commercial laboratories woldel io use SFM technique instead of

traditional measurement methods.

6.3. Implication of results on nanoimprint lithography development

The mechanical and rheological properties of PM&A immensely important
for developing of nanoimprint lithography technofogAs it is shown inFig.6.1
polymer structure may be destroyed during the ddimglprocess due to the adhesion
and friction forces.. Therefore, the results préserin this thesis may be useful in
modeling the demolding process. It can be assuimediftthe von Mises stress in the
demolding structure goes beyond the measured #éstnrength of the polymer than it
will be destroyedKig. 6.19. It is thereby possible to predict the higheshuofacturable

aspect ratio of structures made by PMMA in theomaprint lithography process.
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Cured/embossed resist

silicon
“IIIII\III“ Failure of UV-curable liquid to wet surfaces

Adhesion failure at bottom interface

Figure 6.1 Polymer structure may be destroyed during demoldingcess due to
adhesion and friction forces.

Incidentally, also during the production of PMMA nagillars well known
problems with nanoiomprint lithography reoccurred avere observed: Fig.6.2 shows
an SEM image of first PMMA nanopillars produced floe experiments. Actually, they
are not pillars but look like beans. It was du¢he fact that the polymer has not filled
all the space between the template and the saradbcs. The reason for this may be
too high viscosity (i.e. too low temperature) and high aspect ratio of the template
nanocavities. Therefore, due to the methods of areagent described in this thesis it is
possible to evaluate the relaxation modulus ofptblgmer at different temperatures and
then model its behaviour for the nanoimprint prgcdtsmay reduce cost and time of the
experiments with new-developed polymer.
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Figure 6.2 Problems
with nanoimprint
lithography occurred
also in PMMA
nanopillars production.

EHT=200kV Signal A=SE2  Mag= 5000KX Date:21.un 2012

WD=65mm  StageatT= 200° High Current=0Off Time 180230

6.4. Future applications of nanofracture mechanics

The progress in nanotechnology and microfabricatis immensely fast
nowadays, therefore, the need for material progerinvestigation in nanoscale will
increase. Even now, as it was described abovee thexr many applications for the
method evaluated in this thesis. Some more widleasioon i.e. in material science with
the development of nanocomposites, in which theesidn between ceramic

nanoparticles and the matrix is of high importance.

There are still some technical problems, whichusthdbe overcome before the
method will be commercialized. Many of them maysoéved by developing a special
software for SFM, which will ensure a higher accyraof the measurements.
Furthermore, the models developed in this thessuaually quite simple and does not
deal with all complicated processes and phenomen#he indentation of the tip into a
nanopillar, capillary forces etc. Also the techmpyloof pillars production may be
developed (especially if higher aspect ratios aeded) and applied to many different

materials.

Nevertheless, due to the work of people who haadtdvith nanopillars before,
and due to this work, the investigation of matefalure in nanosale, the precise

method of nanofracture experiments is finally elsshibd.

A.M.D.G

102



Acknowledgements

Many people contributed to this PhD thesis. | aateful to all of them!

First of all, 1 would like to thank Prof. Dr ZygmurRymuza for giving me the
opportunity to work under his supervision and tarbedoctorate’s father.

Next, | owe to Prof. Dr. Thomas Jung and Dr. HelrBtift special thanks, too, for
coaching this thesis, being my supervisors andliahe scientific advice. In numerous
discussions they helped me with a lot of ideas waede therefore a great source of

inspiration. Without their help, this work wouldfdetely not be possible.

I would like to thank for the financial support fnothe Rector's Conference of the

Swiss Universities, which leads the Sciex FellowdPioject.

This work has been also partially supported byBtampean Union in the framework of
European Social Fund through the Warsaw Univeddifiechnology Development

Programme

Furthermore, | would like to thank Prof. Dr. Jen®b@cht, the leader of the
‘Laboratory for Micro- and Nanotechnology’ in theal® Scherrer Institute, for

providing excellent working conditions.

Special thanks go to Dr. Andre Kaufman, who hasoduced me into the nanopillars
experiments and who has written the PhD thesisclwhias a great inspiration during

my work.

I would like to thank Christian Spreu, Anja Web&monrad Vogelsang, Dr. Martin
Bednarzik, Dr. Celestino Padeste who helped me thvélsamples preparation.

| also need to thank the colleagues who got meugiroRolf Schelldorfer for the SFM
introduction, dr hab.ih Wojciech Fabianowski who has helped me with clsémiand
Dr. Julijana Krbanjevic who was responsible for theoduction to the Focused lon

Beam FIB. All these people are hearty thanked.

A big ‘thank you’ goes to all my colleagues fromoPrJung’s group: Sylwia and Jan
Nowakowski, Dorota Chylarecka, Jan Girovsky, Tadjaidhlen and Christian

Wackerlin.

103



Special thanks are due also to my Polish friendhout whom my stay in Switzerland
would not be so good as it was: PiStiwa, Iza Czekaj, Justyna Piwek and Anetta
Ptatek.

| would like to thank also my parents Jolanta amdZek Jambek for many useful

advices.

And last of all, thank you my love, Alicja Wojtowacfor supporting me while writing,
for your patience, for reading this thesis andrymecious advices.

104



References

[1] http://researcher.watson.ibm.com

[2] T. Kobayashi, I. Yamamoto, and M. Niinontthg. Fract. Mech1986 24(5): p.
773-782

[3] P. Moore, (ed.), ilNondestructive Testing Handbodkpl. 7, American Society for
Nondestructive Testin@007

[4] A. N. Sinclair and T. Chan, iddvances in Fracture Researdfol. 5, Pergamon
Press, Oxford1989 p. 3145.

[5] H. D. Espinosa, R. A. Bernal, M. Minary-Jolamg#&dv. Mater, 2012,24(34): p.
4656-75

[6] G.HodesAdv. Mater 2007, 19(5): p. 639-655
[7] Z.P. BazantArch. Appl. Mech1999 69(9-10): p. 703-725
[8] Y. Weia, X. Wanga, M. Zhad,. Mater. Res2004 19(01): p. 1

[9] D.M. Jarzabek, Z. Rymuza, A. Horiba, Y.J. Hjrdi Vac. Sci. Technol. B01],
29(6)

[10] W.C. Oliver, G.M. Pharr). Mater. Res2004 19(1): p. 58-65

[11] J.B. Pethica, W.C. Oliver, iithin Films: Stresses and Mechanical Properties,
edited by J.C. Bravman, W.D. Nif.M. Barnett, and D.A. Smith, Mater. Res. Soc.
Symp. Proc. 13(Pittsburgh, PA1989 p. 13.

[12] H.F. Brinson., L.C. Brinson,Polymer Engineering Science and Viscoelasticity
Springer, Berlin2008

[13] D. Gross, T. Seeling,Fracture mechanics: With an Introduction to

MicromechanicsSpringer, Berlin2011

[14] A.A. Griffith., The Phenomena of Rupture and Flow in Solidkilosophical
Transactions of the Royal Society of London, Lond?0

[15] D. Roylance]ntroduction to Fracture Mechanic®epartment of Material Science

and Engineering, Massachusetts Institute of TedgyylBoston2001

[16] T.H. CourtneyMechanical Behavior of Material$1cGraw-Hill, New York,1990

105



[17] J.E. Gordon.The New Science of Strong Materjdsinceton University Press,
1976

[18] F. M. Fowkes|nd. Eng. Chem196456(12): p. 40

[19] F. M. Fowkes, M. A. Mostafdnd. Eng. Chem1978, 17(3)

[20] C. J. van Oss, R. J. Good, M. K. Chaudhuangmuir1988,4: p.884

[21] H. Czichos, T. Saito, L.E. Smitlgpringer Handbook of Materials Measurement
Methods Springer, Berlin2006

[22] http://en.wikipedia.org/wiki/File:Tensile_specimemmenclature.svg

[23] http://atrona.com/charpy-testing.html

[24] ASTM E23, Standard Test Methods for Notched Bar Impact TgstinMetallic
Materials

[25] ISO 148-1Metallic materials - Charpy pendulum impact teBart 1: Test method

[26] EN 10045-1Charpy impact test on metallic materials. Test mdtV- and U-
notches)

[27] W.C. Oliver, G.M. Pharr GMJ. Mater. Res1992 7: p.1564

[28] A. Bagchi, G. Lucas, Z. Suo, A. EvadsMater. Res1994 44: p.4051

[29] A.A. Volinsky, N.R. Moody, W.W. Gerbericiicta Mater2002, 50: p.441-466
[30] A.G. Evans, J.W. Hutchinsomt. J. Solids Struct1984 20(5): p.455

[31] D.B. Marshall, A.G. Evansl. Appl. Phys1984 56:2632

[32] L.G. Rosenfeld, J.E. Ritter, T.J. Lardner, MIRn, J. Appl. Phys199Q 67: p.
3291

[33] M.P. de Boer, W.W. GerbericActa Mater.1996 44: p.3169

[34] J.J. Vlassak, M.D. Drory, W.D. Nid, Mater Res1997 12: p.1900

[35] P. Benjamin, C. WeaveProc. R. Soc. Londoih96Q A254: p.163

[36] P. Burnett, D. Rickersbyrhin Solid Filmsl987,154: p.403

[37] H. Hirikata, T. Kitamura, Y. YamamotdSME Int. J., Ser. 2004 47(324)
[38] B. Baumeister, T.A. Juné\ppl. Phys. Lett2001, 78(17): p. 2485-88

[39] B. Baumeister, T.A. Jung, E. Meydrjbol. Lett.2001, 11(2): p. 107-110

106



[40] A. KaufmannPhD ThesisBasel University, Base2011

[41] A. K. Kuruvilla, Life Prediction and Performance Assurance of Stmadt
Materials in Corrosive Environments - A State ok tArt Report (AMPT-15),
AMPTIAC, New York,1999

[42] G. Binnig, H. RohrerHelv. Phys. Actal982 55(6): p. 726-735.

[43] G. Binnig, H. Rohrer, Ch. Gerber, E. Weibehys. Rev. Lett983 50(2): p. 120-
123.

[44] Binnig, G., C.F. Quate, C. Gerb@hys. Rev. Lett1986 56(9): p. 930-933.

[45] V.L. Mironov, Fundamentals of Scanning Probe Microscofjhe Russian

Academy of Scienced\izhny Novgorod2004
[46] C. Dupas, P. Houdy, M. Lahmahlanoscience Springer, Berlin2007

[47] M. Tortonese, M. KirkCharacterization of application specific probes f8PMs
in Micromachining and Imagingl.A. Michalske and M.A. Wendman, Editors, Spie -
Int Soc Optical Engineering: Bellinghat®97, p. 53-60.

[48] M. Varenberg, I. Etsion, G. Halperiiev. Sci. Inst2003 74(7): p. 3362-3367.

[49] D.F. Ogletree, R.W. Carpick, M. Salmeron, R8ei. Inst.,1996 67(9): p. 3298-
3306.

[50] R. Garcia, and R. Peregurf. Sci. Re 002,47, 197-301
[51] L. Wang,Surf. Sci1999429(178)

[52] L. Wang,Appl. Phys. Lett199873(12)

[53] L. Nony, R. Boisgard, J.P. Aimé, Chem. Phy€.999,111(16)
[54] R. Garcia, A. SaRaulo, Phys. Rev. B999,60(8)

[55] W. van der Water, J. Molena&anotechnolog00Q 11(192)

[56] J.P. Cleveland, B. Anczykowski, A.E. Schmid,BV Elings, Appl. Phys. Lett
1992, 72(10)

[57] J.M. Gere, S.P. Timoshenkdechanics of materia)gith ed.; PWS Publishing Co.:
Boston,1997.

[58] S. Timoshenko, J. M. Gerklechanics of Materialsvan Nostrand Reinhold, New
York, 1972

107



[59] P. Du, I. K. Lin, H. B. Lu, and X. Zhang, Micromech. Microeng201Q 20(9),
[60] G. R. CowperJ. Appl. Mecll1966,33(2): p.335

[61] J. F. Nye,Physical properties of crystals : their represemdat by tensors and

matrices.Oxford University Press, Oxford985

[62] http://onlineheavytheory.net/silicon.html

[63] W.A. Brantley,Jour. Appl. Phys1973 44: p.534-535

[64] Y.S. Sohn, J.Park, G.Yoon, J.Song, S.W. Jé¢, ke, S. Na, T. Kwon, K. Eom
Nanoscale Res Le201Q 5:211-216

[65] R, Hiiper, T. Gesang, W. Possart, O.-D. Henaem S. BosecWl/Jltramicroscopy
1995,60: p.17-24

[66] S. I. Lee, S. W. Howell, A. Raman, R. Reiferdge¥,Phys. Rev. R002 66(5)
[67] H. Kahn, R. Ballarini, A.H. Heuemt. J. Mat. Res201Q 101(3)
[68] T. Ando, T. Takumi, K. Satd?roc. IEEE. MEMS009 p.665-668

[69] M. WiederhornJ. Am. Ceram. So&967,50, 407
[70] B. R. Lawn,Fracture of Brittle SolidsCambridge University Press, Cambridge,
1993

[71] G. Xu, M. Y. He, D. R. ClarkéActa Mater.1999 47, p.4131

[72] S.W.Leea, M.T. McDowella, L.A. Berlaa, W.D. », Y. Cuia,Proceedings of
National Academy of Sciences of UBA 2,109 (11)

[73] G. Xu, D.R. ClarkeJ. Appl. Phys200088(6)
[74] Y. Lin, T.Y. Tsui, J.J. Vlassaldcta Materialia2007, 55: p.2455-2464

[75] Y. Lin, JJ. Vlassak, T.Y.Tsui, A.J. McKerroviMater Res Soc Symp Pr@003
766:171

[76] A. Grill, D.A. Neumayer,J Appl Phy2003 94:6697.
[77] M.W.Lane, J.M. Snodgrass, R.H. Dauska?)1, 41(9-10): p. 1615-1624.

[78] P.Y. Mabboux, K.K. Gleasod, Electrochem Sa2005152:F7.
[79] Y. Lin, T.Y. Tsui, J.J. Vlassak] Electrochem Sa2006153
[80] R.H. Doremus) Mater Re€.99510:2379.

108



[81] J.V. Overgaard:xperimental results of the influence of ionic sgh in liquid
environment on fibre lifan Optical Network Engineering and Integrity.H. Yuce,
D.K. Paul, and R.A. Greenwell, Editod996 Spie - Int Soc Optical Engineering:
Bellingham. p. 64-71.

[82] E. Kooi, M.V. WhelanAppl. Phys. Left1966 9(8): p. 314-317.
[83] A.E. GershinskiiThin Solid Films198Q 70(2): p. 341-349.

[84] T.H. Distefano, J.E. Lewid, Vac. Sci Tech1974 11(6): p. 1020-1024

[85] A.l. Fedorchenko, I. Stachiv, An-Bang Wangens. Actuators. ,B2009 142:
p.111-117

[86] S. Itoh, K. Fukuzawa, Y. Hamamoto, H. Zha¥igMitsuya, Tribol Lett 2008 30:

p.177-189

[87] A. A. Svintsov, O. V. Trofimov, S. |. Zaitsey¥, Vac. Sci. Technol.,2007, 25 (6)

109



Appendix 1 — Details of Finite Element Simulation

Most of the FEM simulations were conducted in Alm@.11-2 environment.
All simulations were done in 3D mode. For every daions 20-node hexahedral
elements with reduced integration (C3D20R) wereduséhe mesh was design to
investigate with high accuracy the current intengstproblem. Therefore, for the
determination of the SFM tip indentation depth itananopillar, denser mesh was

applied around the point load (Fig. A1.1).

Figure Al.1 A scheme of a

nanopillar used in the FEM model
(view of a pillar from top). Mesh is

more dense in the contact point with
an SFM tip.

Material models used in the simulations:

- silicon — elastic, anisotropic (the componentshef $tiffness tensor are
givenin 84.4.1)

- silicon dioxide — elastic, isotropic (Young moduld? GPa, Poisson’s
ratio: 0.17)

Investigated parameters: displacements and stresses
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Appendix 2 — SFM indentation test

The SFM indentation test was used in this thesis @eference method of Young
modulus determination of polymers. To get propeults, firstly, the proper contact
model must be assumed. One of the simplest bupstiber in this case is Hertz contact
model. It works only in an elastic regime, therefoonly small forces at the beginning
of the indentation should be taken into considematiAccording to Hertz model, the
relation between displacemehnof the indenter and the applied fof€avhile spherical

indenter is in contact with a flat surface is déssxut by the following equation:

9F2 13 (Eq A3.1
E _
16RE

whereR is the radius of the indenter ahka is reduced Young modulus, which is
described by the relation:

£ E | E

andE;, E; are Young moduli and;,v, are Poisson’s ratios associated with the indenter
and the surface, respectively. The radius of tldenter was evaluated from the SEM
pictures of used SFM tip. It varied from 40 to 1080.

During the experiment, force-distance curves fritv@ SFM are obtained. An
example of such curve is shown in Fig. A2.1. Daften of the cantilever is measured
while the sample is moved up by the piezotubehdfdalibration is done properly, it is
possible to determine the indentation force from deflection of the cantilever. The
indentation depth is the difference between theqiidbe displacement and cantilever’s
deflection. After proper data evaluation, the curwdich is shown in Fig. A3.2. is
obtained. The red line is a fit of eq. A2.1. Frohe tfitting parameter, the Young

modulus is then evaluated.

It is important, especially in case of soft matks; that only the beginning of
force-distance curve should be investigated. Otlserwthe effects connected to

plasticity may influence the value of evaluated niod of elasticity.
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Appendix 3 — The theory of diffusion

Diffusion is the process by which matter is tranggd from one part of a
system to another as a result of random moleculatiom Due to the fact that
structural defect, which originate from the differecharacteristics of the single
crystalline Si and the amorphous Si@re distributed all over the Si/Siinterface,

different particles and ions may diffuse into itdastrongly influence its properties.

The mathematical theory of diffusion in isotropugbstances is based on the
assumption that the rate of transfer of diffusingstance through unit area of a section
is proportional to the concentration gradient meagumormal to the section:

F=_p% (Eq. A3.1)
0X
whereF is the rate of transfer per unit area of sectidthe concentration of diffusing
substancex the space coordinate measured normal to the seeti@D is called the
diffusion coefficient. In the case of experimenesctibed in this thesis, where the
solutions are dilute, it is reasonable to assuraeRhs constant. The negative sign in
eq. 6.1 arises because diffusion occurs in thectine opposite to that of increasing

concentration.

The concentratio in the section changes in time. It can be caledldtome

the following equation:

a_C b 902C (Eq. A3.2)
ot ox*

wheret is time. Expression®A@.1) and A3.2) are usually referred to as Fick’s laws of
diffusion, because they where firstly formulatedfgk (1855) by direct analogy with
the equations of heat conduction.

Nanopillars can be modeled as small cylinders. dderby considering an
element of volume of a cylinder of sidés, rdd, dz from eq. 6.1, we obtain the

equation for diffusion in a cylinder,
oC _1 a( acj ) [DOC) a( acj (Eq. A3.3)
—=—|—|ID—|+—| —— |+—| ID—
ot rj|or or 00\ r 060) o0z 0z
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in terms of the cylindrical coordinatesé, z.For a circular cylinder in which diffusion

is everywhere radial, equation 6.3 simplifies to:

O_C —li(rD a_Cj (Eq. A3.4)
ot ror or

According to [88], for the cylinder of radias on which edge the concentration
is constant in time and equal @ and initial concentration throughout the cylinder

0, the solution oEq A3.4is:

exd— Da’t),(ra,) (Eq. A3.5)
C=C, 1——2
atm  a,(aa,)
where J;(X) is the Bessel function of the first order amds a root of the following
equation:
Jo(aan) =0 (Eg. A3.6)

where Jo(X) is the Bessel function of the first kind of ordmsro. Roots of (A3.6) are

tabulated in tables of Bessel functions.

If M; denotes the quantity of diffusing substance wihniak entered the cylinder
in timet andM,, the corresponding quantity after infinite timegnihfrom (A3.5):

M, :1—51 4 exr(—Dazt) (Bq. A37)

2
n=1 & 0’
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