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ABSTRACT

The doctoral thesis deals with the study of surfa@perties of single-layer and multilayer thin
films deposited from of vinyltriethoxysilane andrevinylsilane monomers. It also deals with
adhesion characterization of single layer tetradgifgne films.

The plasma polymerized thin films were preparedeursteady-state deposition conditions on
polished silicon wafers using plasma-enhanced otemapor deposition. The surface properties
of the films were been characterized by differecanming probe microscopy methods and
nanoindentation techniques such as conventiondaheésmsing nanoindentation and load-partial-
unload (cyclic) nanoindentation. While, the nanastdn test was used to characterize the film
adhesion properties.

Single layer films prepared at different depositcmmditions were characterized with respect to
surface morphology and mechanical properties (Yaungdulus and hardness). The results of
surface morphology, grain analysis, nanoindentatiomite elemental analysis and modulus
mapping helped to know the hybrid nature of sirglger films that were deposited at higher
powers of RF-discharge. A novel approach was usesuiface characterization of multilayer
film by scanning probe microscopy and nanoindeomatiThe adhesion behavior of plasma
polymer films of different mechanical propertiesiditm thickness were analyzed by normal and
lateral forces, friction coefficient, and scratamaiges obtained by atomic force microscopy.

ABSTRAKT

Disert&ni prace se zabyva studiem povrchovych vlastnosting a vicevrstvych filin
deponovanych z vinyltriethoxysilanovych a tetral&ignovych monomeér Zabyva se také
charakterizaci adheze jednovrstvych filmtetravinylsilanu.

Plazmaticky polymerizované tenke vrstvy bykyppaveny na leghych kemikovych substratech
pomoci plazmové depozice z plynné faze za ustaleppcdminek. Povrchové vlastnosti vrstev
byly charakterizovany pomoci utznych metod rastrovaci sondoveé mikroskopie a
nanoindenténich technik jako je konveéni a cyklickd nanoindentace. Vrypovy test byl gouz
pro charakterizaci vlastnosti adheze vrstev.

Jednovrstvé filmy ppravené zadznych depozinich podminek byly charakterizovany s ohledem
na povrchové morfologie a mechanické vlastnosti dighopruznosti, tvrdost). Vysledky
morfologie povrchu, analyzy zrn, nanoindentace)yayakon&nych prvki a moduli mapovani
pomohly rozliSit hybridni charakter filin které byly deponovanyipvyssich vykonech RF-
vyboje. Novy gistup byl pouZit v povrchové charakterizaci vicéwého filmu pomoci rastrovaci
sondové mikroskopie a nanoindentace. Adhezivni &hioplazmaticky polymerizovanych vrstev
raiznych mechanickych vlastnosti a tléek bylo analyzovano pomoci normalnich a lateralnich
sil, koeficientuiteni, a snimk vrypt ziskanych pomoci mikroskopie atomarnich sil.
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1 INTRODUCTION

Tailoring surfaces by plasma modification and payization has proven to be a powerful
technology that has revolutionized surface modiicaand thin film formation. Plasma polymer
films have been a key material in many areas, dioty electronics, magnetic recording media,
optical devices, MEMS, protective coatings, etcslich developments, a good understanding of
the surface properties such as the surface morghotmd mechanical properties is very
important. Recently, scanning probe microscopy (PRNI nanoindentation have become the
most important methods to measure the surface grepef thin films and coatings.

The doctoral thesis is aimed at the applicationSeanning Probe Microscopy (SPM) and
nanoindentation method on the study of thin filmgaces. The thin films were been prepared by
plasma polymerization technique from tetravinylsdaTVS) and vinyltriethoxysilane (VTES)
monomers at the Institute of Materials Chemistrsnd@University of Technology. The prepared
films were been characterized by SPM (NT-MDT, Rajsand nanoindentation (Hysitron, USA).
Important surface properties such as the surfaoghmess, surface analysis and mechanical
properties were characterized.

In the chapter 2, the theoretical basics are inited. The text deals with the basic information
about plasma, plasma polymerization, Scanning prolseoscopy and nanoindentation. Shortly
we have discussed about the scanning probe miggsmmnstruction, many methods developed
under the SPM principle, nanoindentation equipmehtoretical background of nanoindentation
method, and nanoscratch test. Chapter 3 dealsthétexperimental sets-up of plasma deposition
chambers and process, NT-DMT NTegra Prima Scanfrgbe Microscopy and Hysitron
Triboscope. The obtained results are presentedtaildn chapter 4.



2 THEORETICAL BACKGROUND
2.1 Plasma polymer films

2.1.1 Introduction

Plasma

Generally, there are three states of matter,sdadid, liquid or gas. The plasma is considered as
being a fourth state of materials, and it is maghly activated than other three states. Plasma is
a mixture of electrons, negatively charged parsicl@ositively charged particles, neutral atoms
and molecules. To achieve a plasma state, a tempemaore than a few thousand centigrade is
applied which brings the collision to the leveliofization of atoms. Thus, the plasma state is in
an extremely high energy level compared with sdigpiid and gas state.

The processes whereby an atom or a molecule gamgye are mainly particle collision and
photon energy absorption. Both are essential fozaion. The magnitude of the energy required
for ionization is equivalent to that of carrying @agan electron in an atomic nucleus towards an
infinite distance. The energy for the ionizationghbe input into atoms and the molecules from
an external energy source. Normally the electrergyis a convenient source of energy, which
helps to bring the ionization of atoms and molesuléor that purpose, a pair of electrodes
working in a capacitive coupling manner or induetsoupling manner is placed in the reaction
chamber to supply the electric energy in reactivemnaber.

The controlled plasma state is very helpful to yamt the plasma polymerization reaction of
gaseous monomer or surface treatment. There ae #ssential terms for plasma generation for
plasma polymerization: (1) an energy source for ithw@zation, (2) a vacuum system for
maintaining a plasma state, and (3) a reaction bkeam Further history and discussion about
plasma polymerization is mentioned in next chapt&r2.

Low-temperature plasma

Plasmas are, generally divided into two groups @icg to the temperature of the plasma
species [1],

(a) High temperature plasmas (HPT) are having éneperature in the range of®10 16 K.
These kinds of plasmas are mostly present in staifeermonuclear reactors.

(b) Low temperature plasmas (LTP), which are preseteriperature range below tharf 100w
temperature plasmas are further divided into tweesy (1) thermal plasmas and (2) non-thermal
plasma.

The thermal plasma is characterized by the samperature of the plasma particl@g= Ti= T

< 2 x 10 K and mostly present in arc discharge at the gpimexic pressure. The non-thermal
plasma of electric gas discharge is weakly ioniaed is characterized by a significant non-
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equilibrium state. In which, the electron temperatis much higher than the ion and neutral gas
temperature, i.€T; ~ T = 300 K <<T, < 10’ K. The non-thermal plasma is also known as cold
plasma. They are mostly present in various glowltdisges at low pressures. Here, the power
supplies that can be used to ignite and sustaiplésena are direct current (DC), radio frequency
(RF) or microwave (MW). The power may be delivet®d means of an electric field (using
electrodes) or electromagnetic (using a coil or MWje electrodes may be placed either within
plasma vessel (direct coupling) or within extertalit (indirect coupling). This cold plasma
technique that is having low temperature and loespure deposition conditions are widely used
for commercially plasma deposition techniques agfPECVD etc. The detail description about
PECVD is mentioned in next chapter 1.1.2.

2.1.2 Plasma polymerization

In the early 18 century, some researcher observed the formatioilyobr polymer like products

at the surface of electrodes and at the wall cdggtabes because of electric discharge process.
During that time, they considered it as the byghaducts or unwanted product of the experiment
[2]. In the beginning of 1960s, some researcheewdattention to it. They understood that
electric discharge could initiate the monomer’sypwrization and gives the polymer product in
the form of pinhole-free thin films which is cherally & thermally stable as well as insoluble in
organic solvents [2]. For them, it was a questidmtis the mechanism behind this kind of
polymerization. With time, some of typical mechamsswere proposed (1) ionic mechanism (2)
radical mechanism and (3) atomic polymerization.weeer, ionic mechanism and radical
mechanism were not able to explain the whole caroelpind this kind polymerization.

Yasuda [3] gave the new aspect of atomic polymgamafrom his experience to explain the

mechanism. According to Yasuda, in presence ofnmashe monomer molecules gain high

energy from electrons, ions and radicals and agniented into activated small fragments, in
some cases into atoms, These activated fragmeetsegombined, sometimes carried out
rearrangement, and the molecules grow to largecutae weight ones in a gas phase or at the
surface of substrates. The repetition of activatilagmentation, and recombination (or

rearrangement) leads to polymer formation. Thestic of plasma polymerization reaction is

mentioned in Fig. 1. Many researchers believedl@nic polymerization is a reasonable concept
to explain the mechanism of plasma polymerizatiod the chemical and physical properties of
the formed polymers. This concept is quite differéem the polymerization mechanism of

conventional polymers.

Yasuda [3]concept explains if the same monomer was useddsnga polymerization, then also
it is not possible to predict the chemical struetwf formed polymers. This is due to the
fragmentation and rearrangement of the monomengakiace during the polymerization. In
some cases, hydrogen, nitrogen, oxygen or some pénecles preserih reaction chamber can

also become activated and are incorporated intéotineed polymers.
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Fig. 1 Schematic presentation of plasma polymedondtl 3]

By this way, the era of plasma polymerization asdproducts thin films was started. In simple
word, plasma polymerization is a thin film formingrocess on a substrate without any
fabrication. In this process, the thin film fornmatiis carried out from low molecular weight
molecules (monomers) with assistance of the plasmeagy, which involves activated electrons,
ions, and radicals.

Plasma-Enhanced Chemical Vapor Deposition (PECVD)

In terms of reaction, the PECVD is a kind of cheahicapor deposition (CVD) technique. The
chemical vapor deposition (CVD) is a chemical rescprocess, which takes place between the
gaseous monomer inside a chamber to form solidsfilithe energy required to drive the
chemical reactions can be supplied in a numberiérdnt forms such as heat, electrical
discharge (also known as plasma enhanced or adiva¥D), photons and even sound.

In PECVD, the plasma polymerization takes plackattemperature and low-pressure plasma
conditions. It uses the electrical energy to geeeea glow discharge (plasma) in which the

energy is transferred into a gas mixture. Thisdi@ms the gas mixture into reactive radicals,

ions, neutral atoms and molecules, and other highlyited species. Either these atomic and
molecular fragments interact with a substrate aegending on the nature of these interactions,
etching or deposition processes occur at the saibstBince the formation of the reactive and

energetic species in the gas phase occurs byioollia the gas phase, the substrate can be
maintained at a low temperature. Hence, film foramatcan occur on substrates at a lower

temperature than is possible in the conventionaDGWocess, which is a major advantage of

PECVD.

As mentioned previously, the two most common megtfod coupling the electrical energy into a
gas discharge in PECVD are capacitive couplingm#&gCCP) or induction as is done with
inductively coupled plasma (ICP). Inherently difiet plasma conditions are created with CCP
and ICP discharges and the choice of ICP or CCEhdige depends on the application. The

12



design of PECVD chamber is based on type of ensogyply is used. For example, capacitive
coupling type of PECVD reactors is mentioned in. Rig

Figure 2 shows a schematic diagram of a parallelepPECVD reactor [4], which is using
capacitive coupling system for supply electricagérgy to the gas mixture in reaction chamber. It
is a cold wall parallel-plate reactor inside a wgllical aluminum chamber. The chamber is
maintained at low pressure using vacuum pumps,péxeben loading and unloading wafers.
The top plate or electrode is a showerhead threugbh gases are injected. The wafers are being
placed on the bottom of electrode platke high side of the RF power supply is conneabeithe

top electrode. The bottom electrode is grounded.

Gas inlet RF power supply
l e (13,56 MHZ)
+ matching network
Upper electrode
{(powered) ]
T T T
- 1 Plasma
Lower slectrode I_....__i_l Substrate
{grounded)

Pump _

Fig. 2 Schematic diagram of a parallel-plate PEC¥é4actor [4]

The plasma polymerization in PECVD mostly depemdsmmnomer flow rates, system pressure
and discharge power. Some of the desirable preseai PECVD films are having good
adhesion, low pinhole density, good step coverage,uniformity.

2.1.3 Organosilicon monomer

Organosilicon monomers are molecules consistirgt &dast a single atom of silicon and organic
groups where one can find the atoms of carbon, exygitrogen and hydrogen. This class of
materials possesses a special characteristic, vdmstinguishes it from other plasma polymers —
the ability to vary and control the degree of thiiganic/inorganic choice of fabrication variables
[5]. This allows one to control many physicocherhm@perties over wide ranges, resulting in an
extraordinary potential for useful applications,iegthare only now beginning to be tapped. The
organosilicon plasma polymers are widely recognifmedheir potential in optical, mechanical,

and electric applications. Most used monomers iis tfamily of compounds include
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tetramethylsilane, vinyltriethoxysilane, vinyltritiglsilane, HMDSO and hexamethyldisilazane
containing Si, H, C, O or N atoms [6].

The field of research covered by organosilicon dsamis very broad from biochemical aspects
to electronic going through out all the aspectsloémistry. Some organosilicones are used as
monomers in low pressure plasma deposition ofasikelike and silicon oxide thin films, due to
their availability, liquid state, volatility at roo temperature, safe handling, and low cost. By
choosing a suitable monomer and/or by changingféled oxygen content, a wide range of
materials can be obtained, which matches perforesanmequired in different technological
arenas. The chemistry of the deposits can becin tianed from silicone like, where the organic
moiety (C, H content) of the film is of relevande,SiOy-like inorganic coatings of completely
different chemistry and properties. Many potentagplications exist for these films in
microelectronics (dielectric layers), optics (haransparent coatings), food packaging and fuel
transport (gas, vapor, and liquid diffusion barfitns), biomedical engineering (inert coatings,
low-energy surfaces), and corrosion-weatheringgatain (passivating layers) [7].

HMDSO is a choice of industries because it is a-tooiic material and no harmful materials are
produced during processing. It can be used in mt@u environment without any special safety
considerations. While, vinyltriethoxysilane (VTE&)onomer is one of the organofunctional
silane coupling agent recommended for surface noadibn of glass fibers used as
reinforcement as unsaturated polymer resin [8].

2.1.4 Factor affecting the plasma polymerization

There are some important factors, which are neealeéd kept in consideration because it affects
the way of plasma polymerization reaction. Such as
» The hydrodynamic factor [2] has influences on plagpolymerization reaction and is
very important for plasma polymerization of thitnficoatings. The hydrodynamic factor
can be determined with the help of a descriptionhef shape and scale of the reaction
chamber and the relative position of the plasmaztmre monomer inlet and the plasma
polymer collecting location. By using same monomed same experimental conditions,
the two plasma polymers formed in two reaction dhers are never identical because of
the difference in hydrodynamic factor. Hence, thi@sma polymerization is a reactor
dependence process
* Yasuda [3] proposed a controlling parameter W/FVhere W is RF power in
Joules/second, F is the monomer flow rate in meées/and M is the molecular weight of
the monomer in kg/mole. This parameter describesirtput energy per unit monomer
molecule in J/Kg. It is proportional to the congatibn of activated species in the plasma
and is very useful for understanding the plasmamelization phenomenon. Fig. 3
shows the deposition-rate dependence on W/FM paeame
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Fig. 3 The domain of plasma polymer deposition

The rate of polymer deposition increases at low M/parameter, reaches a
maximum value, and then decreases at high W/FMevdlhis trend is explains nicely by
the competitive process that exists in the reaatdhese different power levels. It should
be pointed out that in monomer sufficient regionpnmmers subjected to less
fragmentation and polymerize with less rearrangeniarthe monomer deficient regions,
monomer molecules are subjected to heavy fragmentand plasma polymerization
takes place with great rearrangements.

» The magnitude of RF-power has a strong influencehmmical composition as well as on
physical properties of plasma polymerized thin §lf8].

* Plasma polymerization is also influencbg monomer flow rate, system pressure and
discharge power among other variable parameteis asiche reactivity of the starting
monomer, the frequency of the excitation signal #xedtemperature of the substrate.

2.1.5 Multilayer film

There has been a worldwide intensive researchshygars in the development of nanostructured
multilayer in which the dimensions of the individlayers are in the range of few nanometers.
They represent a new class of engineering materisusing the different types of control
chemical vapor deposition (CVD) system, it is pbkesto produce the multilayer thin films. They
are mostly used to changed surface charactermtipared to the bulk materials.

Multilayer structures have been used for many yeatle coating technology for improving the
performance of hard coating for various machinipgliaation [10,11]. Due to the complex
requirements for the materials used as protectatirngs such as high hardness, good adhesion
at the substrate, low reactivity and friction witie materials in contact, an optimum solution
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seems to be a multilayer coating. An ideal coasingcture consists of an inner layer with a good
adhesion, one or more intermediate layers havigh hardness, strength and toughness and an
outer layer with a low reactivity and friction cdiefent [12]. In recent years, some multilayer
show attractive features for wear-corrosion praperiof materials are TiN/AIN, TiN/NbN,
TiN/VN, TiN/CrN etc.

Some optical multilayer thin-film coatings such lzand-pass filter, edge filter, anti reflective
coating are key components of consumer electrgrmgucts [13]. Some dielectric multilayer of
SiOy depositions at low frequency PECVD are used aseodilms for lithium micro batteries
[14]. These multilayer are exhibiting very low peration rates for water vapor and oxygen to
protect the lithium micro batteries from degradatio

To improve the adhesion between the fibers andnpetymatrix in Fiber-Reinforced Plastics
(FRP), the complex multilayered structures of colfed properties are able to fulfill the
demesnes of chemical composition and structurethiegewith mechanical and interfacial
properties [15]. These multilayer films are haviagwide range of other industrial and
engineering applications, such as high-strength/mnductivity materialsdielectric barrier in
semiconductor devices, tribological coatings faoaautical applications [16], protective coating
against wear, corrosion and oxidation, cutting gomhd micro-electromechanical systems [17]
etc. Thus one can say that, multilayer films an& peospects of surface engineering technology.

2.1.6 Application of plasma thin films

Various applications [6] of plasma polymer filmsclude anticorrosive surfaces, humidity
sensors, electrical resistors, scratch resistammaings, optical filters, protective coatings,
chemical barrier coatings, etc. Metalized surfaafesynthetic materials can be protected against
corrosion with a thin polymer layer deposited bggpha polymerization. The processes can be
customized to produce hydrophobic or hydrophiliatifagging effect) coatings. Scratch resistant
coatings have been successfully applied on oplgceles but three-dimensional objects, such as
reflectors for the motor car and lighting industreze complicated by the fact that power input
may not be uniform over the entire substrate serthaing the polymerization process [18].
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2.2 Scanning Probe Microscopy
2.2.1 Introduction

Many crucial material properties like adhesion,ctfan, lubrication, biocompatibility,
hydrophobicity etc. are governed by the moleculatesof their topmost surface [19]. Tailoring
the surface by the use of plasma modification aolgnperization is proved to be a powerful
technology that has revolutionized surface modifocaand thin film formation. Many important
applications are developed by this technology. Sofiike classic microscopy techniques such as
optical microscopy, Scanning Electron MicroscopyENG have been used for the
characterization of the film from long time but yheave some limitations.

The revolution in surface analysis was carried when the scanning tunneling microscope
(STM) technigue was invented by Dr. Gerd Binningl dns colleagues in 1981 at the IBM
Zurich Research Laboratory, Switzerland. It wasfttet instrument capable of direct obtaining
three-dimensional (3-D) images of solid surfaceshwatomic resolution [20]. Further, Dr.
Binning and his team received a Noble Prize in Risy®r their extraordinary invention in 1986.
However, STM technigue got some limitations likedé that it can be used only for analysis of
eclectically conducting surfaces. This limitatiohS¥M, further in 1985 motivated Dr. Binning
et al. to develop the Atomic force microscope (AR )measure ultra small forces (less than 1
nN) present between the AFM tip surface and samsytace [21]. It was a major breakthrough
in the developments of Scanning probe microsco@®MBmethods, which has given a new
vision to the world for studying the surface topaggties and normal forces on the micro to
nanoscale [22]. With further developments, AFMsehbeen used for measurements of friction,
scratching, wear and adhesion properties [22, 23,ahd also for the measurement of the
elastic/plastic mechanical properties [22, 25 - 27]

These methods are used at extreme magnificatioggng from 16 to 10 in x, y andz directions
for imaging micro to atomic dimensions with highsotution and for spectroscopy. These
instruments can be used for analysis of sampleminenvironment such as ambient air [21],
various gases [23], liquid [28, 29], vacuum [20],36w temperatures (lower than about 100 K)
[31] and high temperatures [32, 33].

The STMs and AFMs belong to the Scanning Probe ddmwpes (SPMs) family. There are many
more methods developed with time under SPMs fafoilyarious applications of scientific and
industrial interest. This includes — Friction Forddicroscopy (FFM) (or Lateral Force
Microscopy (LFM)) [34], Scanning Forces Acoustic dwiscopy (SFAM) (or Atomic Force
Acoustic Microscopy (AFAM)) [35], Scanning Magnetorce Microscopy (SMM) (or Magnetic
Force Microscopy (MFM)) [36], Scanning Near Fieldot@al Microscopy (SNOM) [37],
Scanning Thermal Microscopy (SThM) [38], Scanninglvih Probe microscopy (SKPM) [39]
and many more.

Commercial production of SPMs started with STM BBZ and the AFM in 1989 by Digital
Instruments Inc [21]. With time, there are manlyastcompanies such as Veeco Instruments Inc.,
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NT-MDT Inc., etc have introduced the SPM instrunsent is clear that research and industrial
applications of SPMs are rapidly increasing.

2.2.2 Basic concept of Scanning Probe Microscope

In Scanning Probe Microscope (SPM), research afrtase structure and its local properties is
performed by measuring highly localized tip-sampiteractions. The characteristic distance
between a tip and a surface of samples in probeostopes makes about 0.1 — 10 nanometer
[40]. Various kinds of tip-sample interactions daél in the basis of probe microscopy work.
Some of them are, Scanning Tunneling MicroscopyMBTwhich measures an electronic
tunneling current between a metallic tip and comglacsurface; Atomic Force Microscopy,
which measures the force interaction between tippda surfaces; and near field Scanning
Optical Microscopy (NSOM), which measures localicgdt properties by exploiting near-field
effects [41].

Another important parameter in SPM constructiofe&lback system (FS). The Feedback system
is supervising the distance between a tip and glkeariihe feedback systems try to keep the
constant interactions force between a tip and #repée hence it can approach the tip to the
surface or retracting it to keep a constant intavacforce. In existing probe microscopes, the

accuracy of keeping the tip-surface distance resattieevalue of ~ 0.01 A [40].

2.2.3 Atomic Force Microscopy

The Atomic Force Microscopy (AFM) is also knowntas Scanning Force Microscopy (SFM).
The AFM is the most widely used technique of SPMifes because of its experimental
flexibility and broad applicability. The AFM can qauce very high resolution, 3 D images of
sample surfaces. The main working principle in Avthe measurement of ultrasmall forces
(less than 1 nN) present between an AFM tip andrapte surface. AFMs are capable of
investigating the surfaces of both conductive asaliating sample at an atomic scale.

On the base of construction, there are two diffekamd of AFMs are available commercially —
(1) small sample AFMs and (2) large sample AFMsthie case of small sample AFMs, during
analysis of sample surface, the sample is genesadlgned instead of the tip (i.e. tip is remains in
stationary position and sample is moving undertiflebecause the AFM measures the relative
displacement between the AFM tip surface and reteresurface and any cantilever movement
would add vibrations [21]. Hence, it can be praguery high-resolution surface images. While
in the case of measurement of large samples, ARMsawailable, where the tip is scanner
(moving) and the sample is stationary. Becauseilmfatrons added by tip movement, lateral
resolutions are poor compare to the previous case.

In our present research work, the analyses of ssaatbles were carried out. Hence, we have the

AFMs system for small sample. The principle of @ben of commercially small sample AFM is
shown in Fig. 4. The sample is generally smallanthO mm x 10 mm. It is mounted on a PZT
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tube scanner, which controls the movement of samptey plane in a raster pattern and to move
the sample irz direction. A sharp tip at the free end of the dewmer is brought in contact with
the sample. The features on the sample surface ¢hadip and its cantilever to deflect vertical
and lateral directions as the sample is scannedruhd tip. A laser beam from a diode is focused
on the backside of the cantilever at an angle afHénce, the reflected beam is captured by the
photo diode. The photo diode is connected withféleelback systems. According to the twist and
movement of tip cantilever captured by photodidtie,feedback system is used to modulate the
voltage applied to the PZT scanner to adjust thghhef PZT.

Photo diode Laser

Alz

Optical deflection
system

AFM probe or tip

Piezoelectric
ceramic
scanner

>l

Fig. 4 Schematic diagram of an atomic force micopse

In the AFM microscope construction, there are thmeén parts:

(a) AFM probe or tip,

(b) Sample stage and piezoelectric ceramic scaandr,

(c) Optical deflection system consisting of a ladiede and photo detector (or photo diode).
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AFM probe or tip

In AFMs, the images are generated by tip-sampleractions during the raster scanning of a
sharp probe over a sample. A well-characterizedstifne key element in AFMs for good data
interpretation and it is typically the limiting fimc.

Commercially available AFM probes are made fromcail and silicon nitride. They are
microfabricated by lithographic and anisotropic hetg techniques. The qualities of newly
produced AFM probes can be characterized by imati@egnanometer scale standard materials of
know geometry and dimensions. For AFM tips, thensogage resolution roughly corresponds to
the radius of curvature of the tip, the tip aspatib and the sample height. The schematic image
of AFM probe and its electron microscope image &htion in Fig. 5.

Radius of
curvature

Si

AZ I'v .

10 um

(@) (b)

Fig. 5 AFM probe — (a) Schematic image of the ARbbp and (b) Electron microscope image
of AFM tip

Commercially available silicon and silicon nitridips are micro-scale in dimensions, having
spring constants range from 0.01 to 100 N/m, asdnant frequencies ranging from 5 kHz to
over 300 kHz [40]. These AFM probes are havingewhat larger radius of curvature (Fig 2.2),
low aspect ratio and limited lifetime due to weafraction but still they are most widely used for
AFM analysis because of their broad availability.

Some newly developed and advanced AFM probes aceaafailable in market. They are made
entirely of diamonds — both the tip and the cawméitein a monolithic process. This kind of

diamonds probes are having smaller radius of curgabetter resolution and longer durability
compared to the silicon and silicon nitride probdajor drawback of this kind of probes is very

high price compared to normal AFM probes.

Several strategies have been developed to improWM Aip performance such as oxide

sharpening, focused ion beam (FIB) milling and tetetbeam deposition (EDB). By using these
methods, it is possible to improve the tip sharpnép asperities, high aspect ratio. However,
they have also limitation with high cost and diffiites of process. Finally, carbon nanotubes
have also been employed as AFM tips because af tlagiometer-scale diameter, long length,

20



high stiffness and elastic buckling properties. dtabes can manually attach to silicon or silicon
nitride AFM probes or grown on to the tips by cheahivapor deposition (CVD) methods, which
should soon make them widely available.

Piezoelectric ceramic scanner

A high-resolution surface image is obtained by SRithod, by monitoring the tip-sample
distance with high accuracy (at a level of Angstroattions). The position between tip-sample
distances is monitor by scanners. The scanningezies of probe microscopy are made of
piezoelectric materials — the materials having @aébzctric properties (i.e. materials change their
sizes in external electric field). The scanner nsothe sample relatives to the cantilever in three
dimensions.

There are many different kinds of scanner desigraglable. In which, the piezo tripod is one
way to achieved three-dimensional movement of atiiached to its center. However, the tripod
needs large area (~ 50 mm) for its constructiomdde its large size and asymmetric shape
makes it susceptible to thermal drift error. Thar8ers made based on one tubular element are
most widely used in the scanning probe microscdpgses scanner prove ample scanning range
with small size. Control electronics systems forMd~can use either analog or digital feedback.
It is suitable for ultra low noise operation. Thengral view of a tubular scanner and arrangement
of electrodes are presented on Fig. 6.

+Y

+X Z -X

Fig. 6 Tubular piezo-scanner

Optical deflection system

The key component in AFM design is the sensor feasaring the tip movement because of the
tip — sample interactions. The force on the tip tluéts interaction is sensed by detecting the
deflection of the complaint lever with a known sgriconstant. There are number methods used
to measure the cantilever deflection. Compare teeromethods, the optical techniques are
believed to be more sensitive, reliable and easilylemented than others [41, 42]. The optical
beam deflection method (Fig. 7) has the largestkingrdistance and capable of measuring
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angular changes (because of friction forces). Heitcés the most commonly used in the
commercial AFMs (i.e. SPMs).

Laser Photo diode y Photo diode

> (1)
(2)

(3)

> (4)

Fig. 7 Schematics of optical deflection system us&PM

The schematic diagram of optical system used tcureaa probe deflection is described in Fig 4.
The laser diode stage is a tilt stage used to athesposition of a laser beam on the backside of
the cantilever. It consists of the laser diodeljimaitor, focusing lens, photodiode. The laser beam
is reflected off the backside of the cantileverfoir quadrant photodetector gives the opportunity
to measure both normal bending (1-2) and torsio)(®f the cantilever, corresponding to
normal and lateral forces.

AFM modes

The AFM can be used either in static or dynamic endd the static mode, also referred to
repulsive mode or contact mode [21], the tip atftBe end of the cantilever is brought in contact
with the sample surface. During initial contact titoms at the end of tips experience a very
weak repulsive force due to the electronic ortmtadrlap with the atoms of the sample surface, as
mentioned in Fig 8. The force acting on the tipsemuthe cantilever deflection, which is detected
by the optical deflection system. The up and dovation of the sample is therefore a record of
the sample topography. The dragging motion of ijpehtowever, combined with adhesive and
lateral forces, can cause substantial damage totbettip and sample.
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Fig. 8 The diagram of tip-sample interaction

To alleviate this problem, the dynamic mode operatf the AFM, also referred as tapping or
intermittent contact mode (Fig 8). In this modes tantilever is oscillating at or near its resdanan
frequency using a piezoelectric actuator. The lagimih amplitude of the cantilever in air can be
greater than 20 nm when tip is out of the contddhe sample. When tip is approaching the
sample, and when it begins to lightly touch or tiag sample surface. The oscillation amplitude
of the tips is reduced. This reduction in oscilatiamplitude is now becomes the feedback
control signal which can be used to produce thdasartopography. Here, the oscillating

amplitude is kept large enough so that the tip du#sstick to the sample. The mode is used in
topography measurements to minimize effect ofibictand other lateral forces to measure the
topography of soft surfaces.

2.2.4 Scanning tunneling microscopy

Giaever [21] proposed the principle of electronniing. Further, it was used to develop
scanning tunneling microscopy technique. Scanningnéling Microscopy is the first invented
microscopy method of SPM family. The working prplei of scanning tunneling microscopy is
electrons tunneling thorough a narrow potentiakibabetween a metal tip and a conducting
surface in an external electric field. STM can el the highest resolution images, routinely

achieving atomic resolution [43] on flat, conduetisurfaces. The schematic of STM is
mentioned in Fig. 9.
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Fig. 9 Schematic diagram of scanning tunnel micopsc

In STM, the sample is positioned on sample holdEhe STM tip consists of sharpened metal
wire that is held 0.3 to 1 nm away from the samplee PZT tube scanner is attached with tip to
maintainx, y andz movement of it. A potential difference of 0.1 V1d/ between the tip and the
sample leads the tunneling currents ranging frant®.1 nA. The tip, which is mounted on tube
scanner, moves in raster fashion above the samplke.feedback system (FS) calculates the
desired separation of the tip from the sample mgisg the tunneling current flowing between
the sample and the tip. The FS is adjusting thesttipn of the sample under tip to maintain
tunneling current constant. The Z — position defaesents the topography of the sample surface.
The tip properties and its structure is the impdrtsmrameter for resolution of the image.

It is very difficult to prepare a tip with a knowatomic structure. STM tips are fabricated by
simple mechanical procedures such as grinding thnguhe metal wires. Tungsten is a common
tip material because of its high hardness andtesgiso damage but its application is limited to
ultrahigh vacuum conditions since it readily oxeliz For ambient conditions experiment, an
inert tip material such as platinum and gold isfgmred. Platinum is typically alloyed with
iridium to increase its stiffness.

2.2.5 Lateral Force (LF) measurement

The Lateral Force (LF) Microscopy is a standardtacinmode Atomic Force Microscopy (AFM)
method that identifies and maps relative differsnize surface frictional characteristics. In LF
measurement, the probe is scanned over the sydatee sample is scanned under the probe) in
an x-y raster pattern as mention in Fig. 10. Addssam is focused on the cantilever and reflects
onto a segmented photodiode detector to monitod#ikection of the cantilever during raster-
scanning. A feedback loop maintains a constaneforcthe sample by adjusting the height of the
cantilever to compensate for topographical featoféke surface resulting in a three-dimensional
map of the sample. The torsion, or twisting, & dantilever supporting the probe will increase
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or decrease depending on the frictional charatiesisf the surface (greater torsion results from
increased friction). The laser quadrant has foades, it can simultaneously measure and record
topographic data and lateral force data.

Fig. 10 Principle of Lateral force microscopy
2.2.6 Atomic Force Acoustic Measurement (AFAM)

Atomic Force Acoustic Microscopy is a new SPM meiagumode developed at the Fraunhofer
Institute of Nanodestructive Testing, Saarbrueck&ermany [35, 44]. This technique, licensed
to NT-MDT, allows measuring the qualitative and wjutative local properties of different
materials. AFAM is a non-destructive technique, ahhénables to measure elastic properties of
thin films and structure that cannot be measurei thie help of other techniques.

Cantilever beam, spring constant

sample

Transducer

Fig. 11 working principle of AFAM method
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In the AFAM setup, the sample is coupled to a peézdric transducer as mentioned in Fig. 11.
It emits longitudinal acoustic waves into the sasnpvhich cause out-of-plane vibrations of the
sample surface. The surface vibrations are trateminto the cantilever via the sensor tip. The
cantilever vibrations are measured by a 4-sectigieoto-diode and evaluated by a lock-in
amplifier. Thissetup can be used either to acquire cantileveatithr spectra or to take acoustic
images. The latter are maps of the resonant frexyueh the tip-sample system. The varying
frequency keeps the resonance of the system in g@ich This is established by the constant
phase shit of the vibrations. The contact-mode doggghy image is acquired simultaneously with
the acoustic one. The frequency range employedrsdkie flexural modes of the cantilever from
10 kHz up to 2 MHz.

2.2.7 Electric force microscopy

Improved understanding of the surface propertiesoofducting polymers as well as the factor
affecting the morphology and electric propertieshof films kind of materials may be achieved
by Scanning Probe Microscopy (SPM) instrument usiveg Electric force microscopy method.
[45]. Electric Force Microscopy (EFM) is an effintetechnique for imaging of electric fields and
electric charge distributions on the sample surfaié sub-micron resolution [40]. Images
obtained by means of this technique are interpratespatial distribution of the Z-component of
the electric filed gradient on the sample surfadee technique has been found to be especially
useful for study of semiconductor devices [46, £HM is basically two-pass technique. Surface
topography of the scanning line is determined tist fpass in the semicontact mode of operation.
During the second pass, the cantilever is piezedriat resonant frequency and cantilever is
grounded or biased by dc voltage V, which is memtbin Fig. 12.

Conducting
coating

7 -Lﬂ a.r.'-*

Fig. 12 Electric Force Microscopy
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Capacitive tip-sample electric force leads to resme frequency shift. Accordingly, amplitude of
the cantilever oscillation decreases and phassailiation changes [48]. Both amplitude and (or)
phase of oscillation deviations can be measurecebatric potential distribution over the sample
surface can be imaged.

2.2.8 Other SPM methods

Magnetic Force Microscopy(MFM) is a technique for imaging of magnetic fiefgpatial
distributions on the sample surface. MFM is usedHte study of magnetic data storage devices
properties, magnetic structure of magnetic with-sutron resolution etc. This method is also
used in two-pass measurement scheme. For MFM,ighis toated with a ferromagnetic thin
film. The system operates in non-contact mode,atietg changes in the resonant frequency of
the cantilever induced by the magnetic field's deleace on tip-to-sample separation. MFM can
be used to image naturally occurring and delibgratgitten domain structures in magnetic
materials.

Scanning Thermal MicroscopdsThM) is a type of scanning probe microscopy thafps the
local temperature and thermal conductivity of aterface. The probe in a scanning thermal
microscope is sensitive to local temperatures vidnog a nanoscale thermometer. Thermal
measurements at the nanometer scale are of betftificiand industrial interest.

The Scanning Near-Field Optical Microscopallows optical imaging of samples with a
resolution below the diffraction limit. This is aeled by scanning the sample surface with an
aluminum-coated fiber tip having a sub-wavelengibrture at its end. Instead of measuring the
tunneling current, a shear force detection is cadipd the STM electronics. With its small size of
only about 4 cm the scanner is almost unaffecteé@tgrnal mechanical vibrations. Samples
under examination at the Institute include ferromeg thin films with perpendicular
magnetization. Utilizing the Faraday effect, thedlomagnetization of samples can be measured
with high resolution at the Nanometer scale.

Kelvin Probe Force MicroscopyKPFM), also known as surface potential microscopy, is a
noncontact variant of atomic force microscopy (AFMat was invented in 1991. With KPFM,
the work function of surfaces can be observedahiat or molecular scales. KPFM is a scanning
probe method where the potential offset betweerobeptip and a surface can be measured using
the same principle as a macroscopic Kelvin probe.

2.2.9 Applications

These technigues have the ability to operate aale rom microns down to nanometers and can
image clusters of individual atoms and moleculéBMSelies on the electrical conductivity of
the sample, so at least some features on the saughkece must be electrically conductive to
some degree. AFM is used for studies of non-comisicnd is the technique more commonly
used for studies of macromolecules and biologiga#csnens. AFM has been used for
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measurements on a wide variety of sample typedudmyg surfaces of metals, polymers,

ceramics, natural surface topography, surface gdtgmsilicon wafers and data storage media. It
is also used to study the nanostructures of carmotubes, diffraction gratings, integrated
circuits etc.

They have very wide applications in biological metls. They are widely used to study the
muscle proteins, DNA, plant cell walls, bacterialgella, cell and membrane surfaces etc.

2.2.10 Limitation of scanning probe microscopy

» The detailed shape of the scanning tip is sometatifésult to determine. Its effect on the
resulting data is particularly noticeable if thesimen varies greatly in height over lateral
distances of 10 nm or less.

» The scanning techniques are generally slower imidog images, due to the scanning
process. As a result, efforts are being made tatigrenprove the scanning rate. Like all
scanning techniques, the embedding of spatial amétion into a time sequence opens the
door to uncertainties in metrology, say of latesphcing and angles, which arise due to
time-domain effects like specimen drift, feedbadod oscillation, and mechanical
vibration.

* The maximum image size is generally smaller.

» Scanning probe microscopy is often not useful f@neining buried solid-solid or liquid-
liquid interfaces.

2.3 Nanoindentation
2.3.1 Importance of nanoindentation

Tailoring surfaces by plasma modification and payization has proven to be a powerful
technology that has revolutionized surface modiicaand thin film formation. Plasma polymer
films have been a key material in many areas, dioly electronics, magnetic recording media,
optical devices, MEMS, and chemical and mechanpcatection of engineering components
[49].

In such developments, a good understanding of #hamical properties of thin film is essential.
It is, however, not a simple undertaking to evauhaie mechanical properties of a thin structure
unit at submicron level using conventional testmgthods. However, recent years, several
techniques have been developed to study the namamieal properties of thin films. Among
these, nanoindentation is a widely used techniquevaluating nanomechanical properties such
as elastic modulus, hardness, and stiffness [5BhoAgh nanoindentation is an excellent tool,
good interpretation of the indentation data is intgxat in order to achieve reliable and repeatable
results regarding the mechanical behavior of theftims.
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2.3.2 Equipment for nanoindentation

The goal of majority nanoindentation tests is tdraot elastic modulus and hardness of the
specimen material from load-displacement measuresm&he idea of nanoindentation test came
from the traditional indentation test (macro or miidentation), which is an excellent way to
measure mechanical properties of thick coatinge ffaditional indentation test involves the
measurement of the size of a residual plastic isgio@ in the specimen as a function of the
indentation load, which provides a measure of theact area for that particular indenter load.

The same concept is applied for the nanoindentatsh but the problem is determining the
indentation contact area, which is very small. dnh doe difficult to see without a powerful
microscope. To solve this problem depth sensingntation methods were developed. In this
method, the load and displacement of the indestescorded during the indentation process and
these data are analyzed to obtain the contact arehthereby mechanical properties, without
having to see the indentations.

In simple word, nanoindentation refers to a depthsgg testing in the submicrometer range. It
has been made possible by the development of (&himes that can make such tiny indentations
while recording load and displacement with veryhhagcuracy and precision, and (2) analysis
models by which the load displacement data camtegpreted to obtain hardness, modulus, and
other mechanical properties.

From early 1980s to till date, because of a spenigrest in nanoindentation has spawned a
number of nanoindentation instruments manufactureese instruments are very interesting for
universities, private and government research azgtans, and quality control laboratories.
They have shown a particular interest within theisenductor industry that is concerned with
the mechanical properties of a wide range of thinst The instruments typically measure depth
of penetration using either a changing inductanceapacitance displacement sensor. A typical
nanoindentation test instrument has a depth resolaff less than a tenth of a nanometer and a
force resolution of less than a nanonewton. The lcan be applied by the expansion of the
piezoelectric element, the movement of a coil magnetic field, or electro statically. Maximum
loads are usually limited to the millinewton ran@eetail description about some of the widely
used instruments is given below.

(1) “Nano Indente?”, MTS systems Corporation

The Nano Indenter indentation instrument is widgbed in this field and has a development
history dating back to about 1981 [51]. This instant applied a load via a calibrated
electromagnetic coil and displacement of the inglem$ measured using a capacitive plate
transducer. The load and displacement resolutionrsra@ported to be 50nN and 0.04 nm
respectively [52]. The patented [53] continuoudfregss measurement (CSM) option is of
particular interest in this instrument. Furtheradlaiegarding CSM is given in chapter 3.8.
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(2) “NanoTesP,” Micro Materials Ltd.

The Micro Materials NanoTeStplatform has been designer to support three medu)
nanoindentation, (b) scanning for scratch testargl (c) impact (for thin film adhesion failure,
erosive wear and contact fatigue). In this instminthe load is applied by means of a coil and a
magnet idocated at the top of the pendulum. The pendukisupported by a frictionless spring
flexure. The resultant displacement of the prolie the surface is monitored with a sensitive
capacitive transducer and displayed in real tima @asction of load.

(3) “Tribolndentef,” Hysitron Inc.

The Hysitron Tribolndent&r is a low load indentation system designed for meag the
hardness and elastic modulus of thin films, coatirand bulk materials. The Tribolnderfter
provides quantitative testing capabilities withlbabrmal and lateral force (nanoscratch) loading
configurations. It can operate in static or dynar@ding modes. The patented transducer
technology [54-55] used within the instrument usesapacitive displacement measurement
technique combined with electrostatic force gemamatThe transducer and the indenter tip are
both fixed to a piezoelectric scanner the Tribohtde® is capable of in situ SPM (scanning
probe microscopy) imaging.

Nanoindentation Tip (Nano indenter)

To run a successful nanoindentation test, a wdihdd geometrical indenter tip is very
important. There are numerous geometaeailable for the nano indenter such as three sided
pyramids, four sided pyramids, wedges, cones, dghs or spheres. The tip end of the indenter
can be made sharp or flat or rounded to a cyliatioc spherical shape.

The nano indenter imostly made up from diamond and sapphire matetialsome cases, other
hard materials can also be used to make a nanderdsuch as quartz, silicone, tungsten, steel,
tungsten carbide and almost any other hard meteé@mic. Some widely used nano indenters
are known as Berkovich, cube corner, Vickers, cphescal, knoop etc. Nano indenters are
mounted on holdersyhich could be the standard design from a manufactf nano indenting
equipment, or a custom design. The holder mateaal be steel, titanium, ceramic or other
suitable material.

The Berkovich tip is the standard nanoindentatigm twvhich is widely used for the
nanoindentation experiments of thin films. The getsnof a Berkovich tip can be described as a
three-sided pyramidal tip with a total included lengf 142.35 degrees and a half-angle of 65.35
degrees mentioned in Fig. 13. The standard Berkayicis available with radius of curvature of
150 nm while the sharper ones are with a radiusuofature of 50 nm. Such pyramidal tips are
commonly used in nanoindentation of ceramics, glassals, hard polymers, hard & smoothed
biomaterial and thin films.
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Fig. 13 Optical microscopy image of Berkovich diath@robe

Cube corner tips are also three-sided pyramidalTiiye total included angle of the cube corner
tip is 9¢. The tip is available with radius of curvaturesléban 30 nm. The main advantage of
this tip is the sharpness. It is widely used fateintation study of rough samples. Vickers tip is a
four-sided pyramidal tip. It has depth to areaoraind area function is same as Berkovich tip. It
has a radius of curvature larger than 500 nm. Kimid of tip is used for special purpose like to
find scale connectivity between the nanoindentadiot microindentation worlds.

However, with longer usage, it is expected to clatige shape of tips because of wear and
deformation. Therefore, regally tip area calibmatis a very important procedure for correct
nanoindentation measurements of thin films andiicgst The detailed description about tip area
calibration is given in chapter 2.3.5.

2.3.3 Theoretical analysis

Oliver-Pharr method

The two mechanical properties are measured moguérgly using load and depth sensing
indentation techniques are the elastic moduijsand the hardnesbl. The data are obtained
from one complete cycle of loading and unloadinga@hmonly used indentation method [56].

The analysis performed in nanoindentation relieavity on the pioneering work in elastic
contact theory performed by Boussinesq, Hertz areti§on [50]. Boussinesq developed a theory
based on computing the stresses and displacemeah ielastic body loaded by a rigid,
axisymmetric indenter. This theory was successfapiplicable for indenter geometries such as
cylindrical and conical indenter. Hertz generalizbi$ theory by considering an elastic contact
between two spherical surfaces. Sneddon made furtegor contribution in this work, which
considered elastic indenter of different geometragsd suggested the load-displacement
relationships for many simple punch geometrieshmawritten as

P=ah" 1)
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WhereP is the indentation loady is the elastic displacement of the indenter, arethd m are
constant.

This pioneer work was further developed by manyepttesearchers and used by Oliver-Pharr
also [50] to suggest a simple method to measurendwhanical properties of thin films using the
indentation technique. From indentation experimenttypical load vs. displacement curve
obtained is mention in Fig. 14. The curve can bpressed in three parts: a loading portion
during which the load is increased monotonicallytsomaximum value; a constant load portion
during which the load is remained unchanged alsmvknas hold time or dwell time; and the
unloading portion during which the indenter is graltly withdrawn from the specimen. During
unloading process, the behavior of upper portionrdbading part is due to the elastic recovery
of sample. While the final value of the unloadirigptcement is due to the residual imprint of
the indent that is created in the specimen. Theethkey parameters obtained from the load vs.
displacement curve are the Peak loBda.f), the maximum indentation depth.(y), and the
initial unloading contact stiffnes$)

S(hmax)

» displacement

Pimax
Fig. 14 a typical load vs. displacement curve
In load vs. displacement curve, the upper portibarndoading curve is analyzed by applying the

power law relation. Hence, the value of constaifiiness obtained from the slope of unloading
curve. It is described as,

_ dp
e (2)
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The area of contagt at the maximum load is determined by geometrjhefihdenter and depth
of contact,h.. We are using the Berkovich indenter tip of knaygometry. So we can described
the projected contact area at maximum load asutheibn of contact depth,

A=F (h) 3)

The obtained value of contact stiffn€sand projected contact aréah,) are helpful to calculate
the reduced modulus of sample by the help of ateudescribed by Sneddon. The expression
related to the contact stiffness and reduced madwhs used by Bulychev et al. in early 1970’s
to determined the modulus is rewritten by OliveafRj50] as

N

r= T(hc) 4)

where, S = contact stiffness, and,
A (h) = projected contact area.

The reduced modulus is itself a function of the ¥gs modulusE, and Poisson’s ratia, of
both the test specimen and the diamond indentés.rélationship is given as

1 )
- = s 4+ i 5
E, E E ®)

where,Es andos are the Young’s modulus and Poisson’s ratio efstimple, and,
E; ando; are the Young’s modulus and Poisson’s ratio ofridenter.

Therefore, by selecting an indenter with known prtips, and estimating the Poisson’s ratio of
the specimen, it is possible to obtain the valug¢hef Young’'s modulus of the specimen from
nanoindentation load-displacement curves.

In addition to Young’s modulus, the hardnells,of the specimen can also be obtained from
nanoindentation load-displacement curves. This tyda given simply by:

") ©

Equations (1) to (6) form the basic framework folysis of nanoindentation response. This
framework was developed over several years withritutions from numerous researchers, and
was formalized in landmark papers by Oliver andrPma1992 [50]. Therefore, this method of
analyzing nanoindentation results is now, commaealied theOliver-Pharr method.
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However, this method is widely used and acceptadt nas some limitations. First, the specimen

is assumed to be an isotropic, homogeneous, mbiwokind elastic in nature. Second, this

method is not applicable for creep study or whbey tsamples show the pile-up phenomena [57,
58]. Therefore, this method must be refined anérekd to solve its limitations.

Field and Swain method

The Field and Swain [59] method of analysis featusingle partial unload rather than a series of
unload data points from maximum load. The advantagthis is speed and convenience. By

using the curve fitting, multiple data points obd from partial unloaded. However, the degree
of partial unload must be chosen so that the umgad elastic and no reverse plasticity is

involved. In this method, there is more possibitifyerrors which introduced by thermal drift.

Both the Field and Swain and the Oliver and theriPin@thods have their own foundation. These
both methods are using the Hertz's theory abouitielacontact as their pioneer. The main
difference between the two methods is that thedFaeld Swain methods fits a single pair of data
points (maximum load and some percentage unloathetdlertz equation, while the Oliver and

Pharr method is using a series of data points @adHhe slope of the initial unloading to the

derivative of Hertz equation. The Oliver-Pharr noeths time consuming and long but there is
very less possibility of errors in that data. Whilee Field-Swain method is appropriate where
the experiment is running under undesirable mechhand thermal influences.

2.3.4 The Rule of Thumb (The 10 % rule)

The 10 % rule was first recommended by buckle [0, microindentation of thicker films.
Further, it was used as the extension of OliveharP(o-p) method for thin films. According to
the rule, the substrate will not influence the nadentation experimental data as long as the total
indentation depth is less than 10 % of the filnckhess.

However, in films of nanometer scale thicknessijtliing the indent depth to 10 % of the films
results in data reduction errors, as the indengg@metrical features are comparable in size to
the indent depth [60]. Thus, a more precise andremsal methods were sought to better
determine the true film mechanical properties.

2.3.5 Tip area calibration

The ideal geometry of Berkovich tip can be expldibg the following equation

A=245R (")

Where,A = projected contact area
h = indentation depth
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Because of longer usage or indentation of very haaterials, the ideal geometry of the
Berkovich is expected to deviate because of theefradius of curvature of the indenter tip. The
radius of curvature is increased or changed dubdovear and contact damage during usage.
Therefore, very often the tip area calibration ésessary to get the correct contact area between
the film and tip.

For the tip area calibration, install the standsathple fused quartz, which was provided with the
instrument. The known hardness (9.25 GPa) and esllomdulus (69.6 GPa) values of standard
fused silica were used as a reference. Severahisidee performed in the standard fused quartz
materials. Typically, indentation loads were varfemm 100 uN to 10000 uN for a set of 20 to
40 indents. The area function of the indenter entdetermined by comparing the indentation
depths with the respective projected area. Thedatdnpractice in nanoindentation is to fit the
area function to a fifth order polynomial of therfa
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Fig. 15 Contact area vs. contact depth curve repnéisag the tip area calibrations

A= C0h2 + C]_h + C2h1/2+ C3h1/4+ C4h1/8+ C5h1/16, (8)
Where, G, K=0, 1, 2, 3, 4, 5 are the constants of theigoap fit.

Fig. 15 shows a representative example in which piegected contact area is plotted as a
function of the indentation depth. The constantsioled from the polynomial fit of this data
using the Hysitron software are:

Co= 24.5,

C:=9.5197 x 1§
C,=-3.9692 x 10,
C3=3.1290 x 16,
Cs=-6.9240 x 18 and,
Cs=4.1874 x 18
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2.3.6 Drift

Drift can be due to the vibration or thermal hegt{which referred as thermal drift). Thermal
drift is caused by the different thermal expansionthe machine or heat generation in the
electronic device. Drift can also be referred as timintentional and unwanted motion to the
specimen relative to the indenter, and any unwawtemhges in control electronics, during
measurement. Drift is especially important whiledsing time varying phenomenon like creep
property of material. Further explanation to cresegiven in next paragraph 2.3.7.

Two types of drift behavior might be observed imaiadentation testing [61]. First, one is

observed during the holding phase, where the imadient depth is decreased with time,

suggesting that the specimen is expelling the itateihis kind of response has not been known
for the mechanical behavior of that particular slEemjgt can lead to large errors in estimating
mechanical properties of specimen. Another kindbehavior is, during hold phase, here the
displacement or depth reading increases as thaterdsinks into the specimen. This might be
due to the thermal expansion or contraction ofjgaratus.

We have the Hysitron Triboscope instrument withrofmop function (i.e. loading without any
feedback control) [62], hence, there are more pddgs of introducing the drift errors in
indentation experiments. Therefore, it is very imi@ot to remove or minimize the drift effect in
real indentation experiment. Hence, before evedgmbation experiment, the drift was monitored
and analyzed for preset timg.(This measured drift rate is used to correctidhe-displacement
data.

To correct the thermal drift errors during indeitlatexperiments by Hysitron Triboscope, many
scans of the same place before indentation expetinveere, carried out. Hence, the tip remains
more time in contact with the sample. In additi@oustic covers to avoid the external
vibrations and temperature changes covered theimstit.

2.3.7 Creep experiment

Plastic deformation in all materials is time andperature dependent which is due to creep
effect. The Creep is the tendency of a solid maitéi slowly move or deform permanently under
the influence of stresses. The mechanical progedienanocrystalline materials, which exhibit
essential strain rate sensitive, have been repodeedntly [63, 64]. Several time-dependent
deformation studies were carried out during ind@émtatesting of Zr-based metallic glass
coatings [65], Pd-based metallic glasses [66], gghtalline thin films [67], and polycarbonate
polymer films [68].

For bulk materials, the creep study mostly carrmd by the help of tensile testing or
compression testing. However, Nanoindentation caralbo used to obtain creep data in cases
where there in not enough material available tommectensile or compression creep specimens
or in case where the creep properties of small awsoaf materials need to be locally assessed.
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Creep behavior has a remarkable influence on mezdigoroperties such as the modulus and
hardness of the thin films. The Creep study of tliims was carried out by nanoindentation
technique under following experimental conditions.

(a) different loading/unloading rate

(b) different dwell time or hold time at highest load

(c) constant strain rate

2.3.8 Continuous Stiffness Measurement (CSM)

A newly developed technique, continuous stiffnessasarement (CSM), offers a significant
improvement in nanoindentation testing. The CSMhmégues provided in nanoindenter XP
instrument. The CSM is accomplished by imposingnalk sinusoidally varying signal on top of
a DC signal that drives the motion of the inderj&®, 70]. By analyzing the response of the
system by means of a frequency specific amplifiatadare obtained. This allows the
measurements of contact stiffness at any pointgatbe loading curve and not just at the point of
unloading as in the conventional measurements. Tachnique makes the continuous
measurement of mechanical properties of materiassiple in one sample experiment without
the need for discrete unloading cycles, and withm& constant that is at least three orders of
magnitude smaller than the time constant of theemmnventional method of determining
stiffness from the slope of an unlading curve. Tireasurements can be made at exceedingly
small penetration depths.

2.3.9 Scratch test

The scratch resistant of thin films and protecteatings is usually expressed in terofigheir
ability to withstand abrasion with fracturing [6T]he scratch test is helpful to study the surface
mechanical properties of thin films and coatingshsas adhesion, fracture and deformation. The
scratch tester's ability to characterize the fillbstrate system and to quantify parameters such as
friction and adhesive strength, using a varietga@hplementary methods, makes it an invaluable
tool for research, development and quality control.

Although the scratch test has been widely usednaisidicator of film adhesion strength [71],
until recently it was difficult to perform such ast on films less than 1 um thickness. However,
the development of nanoindentation technique makasssible to perform such a scratch test on
films less than 1 um thickness. In order to perfarsuccessful scratch test in sub-micron films
the scratching apparatus has to satisfy two reouengs: to apply controlled very low loads (nN)
to the tip, and the precise movement of the tiatiet to the film at controlled loads [72].
Another important requirement is the use of a pdace, which can offer in situ monitoring of
the induced scratch damage. The schematic of nd@wftation scratch test is shown in Fig. 16. In
this mode of operation, a normal forcg iB applied to the indenter, while at the same tithe
specimen is moved sideways. In some instrumentgpéonal force transducer can be used to
measure the friction, or tangential force A some case, a lateral forcg Rormal to frcan also

be applied.
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Fig. 16 Configuration of indentation scratch test

This technique involves generating a controllechstr with a sharp tip on a selected area. The
tip is commonly made up of diamond or hard metaCjWwhaterials. There are two types of tip
with different geometry are widely used for scratiest.

(1) Three-sided pyramidal tips

Bekovich is mostly widely used three-sided pyrariila for nanoindentation purpose. It can
also be used for scratch and wear testing. Andgyper of three-sided pyramidal tip, which is
used for scratch test, is conospherical tip. Theospherical tips are not short enough to provide
the sensitivity needed of thinner films. Howevére tBerkovich tip, which is available with
radius of curvature from 50-150 nm, is better te @isr scratch testing of thinner film than
conospherical ones.

(2) 90 degree (cube corner) tips

Cube corner tip can be used for similar scratchvaear applications as the Berkovich. The cube
corner tips are sharper than other tips, so theybast for testing scratch resistance of ultra thin
films and coating (typically less than 20 nm). #ncproduce the images of the scratches will
more resolution than other tips. The major drawhafcthis kind of tip is they can easily blunted
or damaged.
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3 Experiment
3.1 Plasma polymer film

The plasma polymer films used for analyses in tHissertation were deposited from
organosilicon monomer with the help of plasma eckdnchemical vapor deposition (PECVD)
method. This part of the chapter introduces theamogilicon monomers, thin film deposition
systems and plasma polymerization.

3.1.1 Organosilicon monomer

There were two types of organosilicon monomers ueeglasma-polymerized thin film. The
monomers are (1) tetravinylsilane (TVS) and (2)ytnethoxysilane (VTES).

(1) Tetravinylsilane

The chemical structure of tetravinyl silane is —=§[CH = CH),. Sigma Aldrich supplied it
with purity of 97%.

(2) Vinyltriethoxysilane

The chemical structure of Vinyltriethoxysilane isiC- CH — Si (— O — ChH- CHg)s. Fluka
supplied it with purity> 98%.

The VTES is oneof the organofunctional silane coupling agents meo@nded for surface
modification of glass fibers. This monomer molecgl@ multifunction one, which reacts at one
end with the glass surface and at the other ertdtivet polymer matrix.

3.1.2 Thin film deposition systems

There are two types of thin film deposition systemBrno University of Technology.

(1) Parallel plate (capacitive coupling) depositiontegs and
(2) Helical (capacitive coupling) deposition system.

Parallel plate (capacitive coupling) deposition sygm

It is a novel plasma reactor, that has been deedl@s a part of the joint Czech-Japan project
(2002 — 2004) supported by the Czech and Japarnstindf Education under the guidance of
Prof. VladimirCech. The plasma system is mentioned in Fig. 17¢hvisi used in preparation of
functionally nanostructured thin films of high repucibility. The deposition system is a new
creative design equipped with many non-standardpom@nts. It mainly consists of deposition
chamber, using plan-paralleled electrodes [73)kas$ derived from a typical capacitive coupling
system. The bottom rotary electrode enabled tk stitout samples from the chamber under
vacuum hence without reactor contamination. It barheated or cooled ranging from -100 to
300 °C. The upper electrode is made up with shayes-facility and it can be positioned in a
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distance of 20 — 60 mm from the bottom one. An RReagator was connected to the system
using an automatic matching network. With appatatuss possible to achieve a range of
effective power density from 1 x o 4 x 10 W cmi® (1 x 10° to 4 x 10 W cm®) using pulsed
(continuous) plasma regime.

Fig. 17 Schematic diagram of film deposition appasa

This apparatus is equipped with mass spectromatsitu spectroscopic ellipsometer (UVISEL,
Jobin-Yvon), and optical emission spectrometer tmitor the plasma process and film growth.

Helical (capacitive coupling) deposition system

The plasma chamber is made up from Pyrex-glass tubeh is 400 mm long, and its inner

diameter is 40 nm. The inductive coil wrapped atbtime outside of the Pyrex tube (plasma
chamber) is connected to a RF generator, operatirsgfrequency of 13.56 MHz, through the
matching network. The system is able to work withwpr up to 500 W. The system enables a
thin film deposition on planar substrate, singlarfient and continuously rewound bundle of
fibers. Schematic diagram of the deposition sysgeshown below in Fig 18. The details of the
apparatus for the same were describeBiikryl et al. [74].
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Fig. 18 Schematic diagram of film deposition appasa

3.1.3 Plasma Polymerization

The plasma polymerizeithin films were deposited on polished silicon (10@fers (Terosil) by
PECVD using an RF (13.56 MHz) capacitive couplitasma system working in the pulse mode
or continuous mode with the help of deposition agps. The main variable parameters in
deposition method are the effective powak), basic pressurd?}, monomer flow rateR) and
deposition time. The effective powahg) of pulsed plasma was controlled by changing &tie r
of the time when plasma was switched tg) (o the time when plasma was switched &ff)(
Wett =ton/ T X Wigtay, in Which the period was defined &s ton + tor andWigig = 50 W [75].

The general procedure steps for plasma thin fileparation by Helical coupling system are
mentioned below:

V1.

First, load the sample inside the reaction chamber.

Then, reactor chamber is evacuated to the basssyre.

The silicon wafer is pre-treated with, @lasma for few min and then stored in a load lock
separately. Put the Ar plasma with the same effegdower and time like Oplasma to
clean the chamber.

Desired monomer flow rate is set and after thequmesis stabilize, the plasma is igniting.
Employing a mechanical manipulator, the pre-treatkcbn wafer is placed into the plasma
zone after the plasma has reached a steady s&tectdrized by a constant pressure. The
films were deposited of desired thickness by vayyihe deposition time or deposition
effective power.

Switch off plasma and switch off monomer.
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VILI.

The

Finally, the deposited sample is stored in the loall, flushed with argon gas for one hour,
and then flushed with air up to atmospheric pressilihe sample was removed from the
load lock and stored in desiccators until the megsurements.

general procedure steps for plasma thin filmparation by Parallel plate (capacitive

coupling) system are mentioned below:

VI.

VII.

VIIL.

Load the sample into the bottom electrode in tlaetien chamber with the help of load-
lock chamber.

The reactor chamber is evacuated to the basicuyeesadjust the pumping flow rate by
butterfly valve.

The silicon wafer is pre-treated with argon plassh® W for 10 min. Thus, the silicon
surface is activated by argon plasma.

After pre-treatment, the reactor is evacuatingniaximum time of 10 minutes. For that
purpose, glow discharge is switched off, argon flate is stopped, reactor is evacuated
to the basic pressure.

Set up the monomer flow rate at 3.8 sccm.

For plasma polymer deposition, set the requireceiggar power and generator regime:
continual or pulse (in this regime also pulse dcygle). Switch on the plasma glow

discharge for required deposition time. The filmsrevdeposited of desired thickness by
varying the deposition time or effective power.

The plasma is monitored by mass spectroscopy aar@cierized by a constant pressure.

After plasma deposition, 10 sccm of argon gas tisnldo reactor for 1 hour. After an
hour, the argon gas is switched off, the react@mdter is evacuated and samples are
measured by spectroscopic ellipsometry to obtagir thptical properties and thickness
after deposition. Samples are kept in the reactthe next day to get rid of free radicals.
Finally, the samples are taken out from the redctofurther analysis.

3.2 The Scanning Probe Microscope

All the scanning probe microscopy experiments dised in this dissertation were done in a NT-
MDT NTegra Prima scanning probe microscope withicapt viewing system (Optical
microscope). This part of the chapter introduces basic design of NT-MDT scanning
microscope, microscope head, scanner, specificaifoTegra Prima instrument and SPM
probe. Finally, the characterization steps and Nesavare of NTegra Prima Scanning Probe
Microscope is discussed.
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3.2.1 Scanning Probe Microscope basic setup

The NTegra Prima Scanning Probe Microscope congptige following basic systems and set up

Base unit, which supports the completely scannimo@g microscope operating system.
Measuring module, which is made up of measuringlhe&changeable mount, scanner
and heating stages, liquid cells etc.

Protective hood — to protect the scanning probeascope from external vibration.
Optical viewing system, and

Vibration isolation system, which is manufacturegl Bable stable Ltd., Switzerland
under brand name of TS-150. It is a vibration damg@ystem, which is protecting the
SPM system from vibration coming through ground.

The schematic illustration of basic modes of theebfd Prima SPM is mentioned in Fig. 19 (a)
and the NT-MDT SPM mentioned in Fig. 19 (b). By nmakchanges in measuring modules, it is
possible to operate different scanning probe meopg methods such as Atomic Force
Microscopy, Scanning Tunneling Microscopy, Latdfatce Microscopy, Atomic Force Acoustic
Microscopy, Magnetic Force Microscopy, Electricalorée Microscopy, Kelvin Probe
Microscopy, Lithography etc. The detail discussarout some of the main method is mentioned
in the following part the chapter.

Videomicroscope

Protective hood

_| —Sample

Scanner
or sample holder

Fig. 19 NT-MDT NTEGRA Prima scanning probe micrggcda) Schematic illustration of basic

modes of the system, (b) photo of SPM system.
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SPM Measuring heads

There are three types of measuring head availalile Mtegra Prima system (a) Universal
measuring head, (b) Scanning measuring head a8 {d)head.

(a) Universal measuring head
The universal measuring head can be used to eedlhzost all SPM techniques both in air and in
liquid. A broad range of measurement techniquagasized by using a set of adjustment units,
which are specially designed for particular teches and for measurements of certain
parameters. An overview of the universal measunigagd with the adjustment unit connected to it
Is presented in Fig. 20.

The universal measuring head is widely used in Issmahple AFM analysis. It consists of diode
laser & lens, mirrored prism, mirror and a quad tpbetector. (Split photodetector with four
guadrants). By the help of adjustment screw, omesed the laser beam at the back side of the
cantilever and also the reflected beam from thé lsate of cantilever strikes to the center of the
photodiode. The adjustment unit accomodates theepnolder.

Fig. 20 SPM measuring head (1) Universal measuhiegd; (2) adjustment unit.

(b) Scanning measuring head
It is also called as the large sample AFM heads tonsist of both force sensors using optical
deflection system (laser diode, mirroed prism, atriand quad photodetector) and scanning unit.
Because of the vibration added by cantilever moventae lateral resolution of this design is
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some what poorer than the univeral measuring hiead.also used for AFAM measurement,
where sample is mounted on piezoelectric transducer

(c) STM head
This head is specially used for Scanning Tunneliigroscopy (STM) measurement. The head
consists of probe holder part which can hold stégzet of a Ptir or W wire of 8 — 10 mm length
and of 0.25 — 0.5 mm diameter. This wire is usedraSTM probe.

Scanners

The piezo-electric tube (PZT) scanner is widelyduse SPM method. It is consists of separated
electrodes to scan precisely the sample in theyxplane in a raster pattern and to move the
sample in the vertical (z) direction. There are tymes of scanners are available with NTEGRA
Prima instrument.
(1) Scanner without capacitance sensors. This scaar@mnected to the base unit through
the connected Scanner.
(2) Scanner with capacitance sensors. This scannenigected to the base unit through the
connector Scan+Sensor.
A piezo ceramic tube, which is enclosed within aahbkousing (Fig. 21) is the basic component
of the exchangeable scanner. Carriage mention2dreBig 21 is fastened to the housing.

Fig. 21 PZT scanner design and arrangement for M &gima SPM instrument 1 — piezo
ceramic tube for the scanner; 2 — carriage; 3 — plastage

3.2.2 NTEGRA Prima specification
The NTegra Prima SPM instrument is able to opefdi® (contact + semi-contact + non-

contact), Lateral Force Microscopy (LFM), Phase ging, force modulation, adhesion force
imaging and lithography (AFM force) techniques inand also in liquid medium. While, some
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other methods such as STM, Magnetic Force Microgcdpectrostatic Force Microscopy,
Scanning Capacitance Microscopy, Kelvin Probe Micopy, spreading resistance imaging,
AFAM, lithography (AFM current) are only possible bperate in air. The specification of
NTEGRA Prima is mentioned in the following table 1.

Specification

Scan type

Scanning by sample

Scanning by Probe

Sample Size

Up to 40 mm in
diameter,

to 15 mm in height

Up to 100 mm in
diameter,

up to 15 mm in

height
Sample weight Upto 100 g Upto300g
XY sample positioning range, 5x5mm, S um
resolution
Positioning sensitivity 2 pm
Scan range 100x100x10 pm 100x100x10 pm

3x3x2.6 pm

Less than 1x1x1 pm

50x50x5 pm

Noise level, Z
(RMS in bandwidth
1000Hz)

With sensors 0.04 nm (typically), 0.06 nm (typically),
=0.06 nm =0.07 nmm
Without 0.03 nm 0.05 nm
Sensors

Noise level, XY
(RMS in bandwidth
200Hz)

With sensors

0.2 nm (typically),
20.3 nm (XY 100 pm)

0.1 nm (typically),
=0.2 nm (XY 50

pm)

Without

SENSOIS

0.02 nm (XY 100 pm),

0.001 nm (XY 3 pm)

0.01 nm (XY 50

i),

Table 1 NTEGRA Prima Specification
3.2.3 SPM probes
In scanning probe microscopy analysis, the tip-damptercation is the most important

parameter to produce the images. For that purgoge|l-characterized tip is the key element in
data interpretation. The schematic diagram of tage@r cantilever is mentioned in Fig. 22. The

46



probe has the form of an elastic girder called titewer” (mentioned as 2, in Fig 22), which is
fixed to the silicon base, called chip, of the grolbhe probe tip which is in the form of a sharp
pin, is located on the free end of the cantilever.

Fig. 22 Probe design for SPM measurements 1 — éhipgantilever; 3 — probe tip

The probes used for SPM analysis are from NT-MDmjgany. The detailed description about
the cantilever’s shape, size and their propertiesreentioned in table 2.

Cantilever Properties Applications
Cantilever | Cantilever | Cantilever | Resonant Force
Length, width, Thickness, | Frequency, | Constant,
L+5um | W=5 pm pm kHz N/m
NSG10/Au 100 35 1.7-23 190 - 325 55— AFM (non-
22,5 contact)
NSGlo/W2C SKM, SCM
NSGO03/Aun 100 35 09-15 62-123 | 04-2.7 | AFM (non-
contact)
NSGO03/Co MFM
CSG10/Au 250 35 07-123 14 -28 0.03 - AFM
0.2 Contact
mdoe, LFM,
AFAM,
CSG10/Pt SRI

Table 2 Scanning porbe microscope Probes
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Characteristics of NT-MDT probes are:

- have Au (Silver) high reflectivity coating on batdes of the cantilerver (reflectivity
property is increased by 3 times in comparison withoated cantilevers);

- tip side of the conductive chip NSG10/W2C seriesoated by W2C (tungsten Carbide),
CSG10/Pt is coated by Pt (pletinum), thickness @0OAPt film is 20-30 nm;

- tip NSGO03/Co series is coated by Co (Cobalt) foghtic force microscopy (MFM).

- high aspect ratio conical tips (cone angle isss kan 22);

- typical curvaure radious of the uncoated tip is i of the coated tip is 35 nm

3.2.4 Nova software and chatacterisation steps fddtegra Prima SPM

Ntegra Prima SPM insturment is operated by Novasefavare. It is a very friendly user and
informative software. The general steps for theparation of scanning probe microscope
analysis are:

(1) Installing the probe i.e. install the probe to #Hwustment unit (mentioned as 2, in Fig
20).

(2) Adjusting the systems for detecting the cantilededftections i.e. adjust the laser beam to
the reflective back side of the probe tip (menttbas 3, in Fig 22).

(3) Centeringthe scanner i.e. put the scanner in the centeheofekchangeable mount unit
(mentioned in Fig 19 (a)).

(4) Preparing and mounting the sample. For SPM, thepkais stick on sapphire plate or on
still ring with the help of scotch tape (adhesimenature on the both side of tape). After
preparing the sample, put it on the sample stagheokcanner (mentioned as 3, in Fig
21).

(5) Installing the measuing head on exchangeable mamuntentioned in Fig 19 (a).

(6) Initial approach. Manually approach the sample nedhe probe with the help of height
adjustment screw.

(7) Installing of a protective hood as mentioned in Fy(a).

(8) Final approach. Final approach of sample to thégis applied with the help of nova.exe
software. Hence, the sample comes in contact Wwélptobe for analysis.

(9) Set the scanning parameter in the nova.exe softavateun the scan for anlaysis.

There are many different methods developed undmnscg probe microscopy for different

purpose. Every method is developing the surfaceg@amaith the help of some singals. The
details about methods, their purposes and usefgals are mentioned in table 3.
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SPM Mode Singal Purpose Scan image
Method
AFM Contact DFL Contact topography and Height
surface morphology
Non contact Mag Semicontact topography | Height, Phase,
/ semicontact and surface morphology Mag
study
LF Contact DFL Friction behaviour of Height, LF
surface and tribology
characteristics
AFAM Contact Mag Contact topography and | Height, Mag or
Phase modulus mapping Phase
EFM Non-Contact | Amplitude | Non-contact topography | Height, phase or
or phase and surface potential amplitude
KPM Semicontact | Voltage | Semicontact topography | Height, surface
mode signal and surface potential potential

Table 3 Scanning probe microscopy methods

3.3 Nanoindentation Techniques

The nanoindentation experiment discussed in thssediation was carried out on Triboscope
system from Hysitron, Minneapolis, USA. This instrent can be attached to any commercially
available Scanning Probe Microscopy system to peduhe qualitative depth-sensing

nanoindentation experiment with in-situ imagingisTpart of the chapter introduces the design
of Hysitron Triboscope equipment, different nan@nthtion methods and scratch testing.

3.3.1 Introduction of Hysitron equipment

We have the 2D Triboscope (Hysitron) system attddioean NTegra Prima Scanning Probe
Microscope (NM-MDT, Russia). The displacement aoddl resolutions of the Triboscope

(Hysitron) instrument are 0.0004 nm and <1 nN, eefipely. While, the noise floor for
displacement and load are 0.2 nm and 100nN, regpbct
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The detailed description about Hysitron Triboscepstem is mentioned in diagrafig. 23.The
Triboscope nanoindenter is attached to NTegra P8R via a cord, which could be seen in Fig
23 (a). The complete system is placed on the vdaisolation system (table Stable Ltd,
Switzerland) which can act as vibration dumpingesysduring the experiment and protects the
instrument and experiment from error. The closdagk of Triboscope head is mentioned in
Fig. 23 (b), which is consists of a three-plate azdive force/displacement transducer. It
maintains the movement of tip. The detailed desiorpof Triboscope transducer is discussed in
next part of the chapter. To protect the whole eaysand experiment from external acoustic
noise, a protective hood as described in Fig. 28deers the instrument.

Fig. 23 Hysitron Triboscope system:
(a) Triboscope arrangement with the NT-MDT SPMesyst(b) close up look
of triboscope head; (c) protective hood
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Triboscope transducer

The three-plate capacitive force/displacement ttaosr could be referred as the heart of the
testing instrument. It is a pattern technology frétysitron Company, USA. This transducer

provides high sensitivity, large dynamic range, anithear force or displacement output signal
[76]. The schematic of Triboscope transducer istrorad in Fig. 24. The center plate of the

transducer has a lower mass (200 mg) which fatghtéo minimize the instrument’s sensitivity to

external vibrations and also allows light load glésan 25 pN) indentations to be made.

Piezoelectric scanner

-
=== ==

Fig. 24 Schematic diagram of Triboscope Transducer

The sensor also consists of two fixed outer eldetso(drive plates). They are driven by AC
signal 188 out of phase with each other. At any instancestgeals applied to drive plates are
equal in magnitude but with different polarity. Theput impedance of the synchronous
demodulator is larger than the output impedanags the pickup electrode will assume the same
potential present at its position between the dpieges.

A large DC charge is applied to the lower platehaf transducer, which thereby applies force to
the tip. Varying the amount of charge will vary thpplied force. According, to the Hysitron
manual maximum load force available from a standamsducer is approximately 10 mN, while
it would be increased to 30 mN with an optionakexted force transducer.

Berkovich tip

Berkovich tip is a three-sided pyramidal tip witto#al included angle of 142.38nd a half-angle

of 65.35. Some details and an optical microscope image. (E& of it are mentioned in
theoretical background chapter. In our nanoindentattudy, the Berkovich tip with a radius of
curvature of about 150 nm or50 nm were used forathmaysis of thin films, multilayer films,
gradient films and for scratch study of thin filma silicon substrate. The Berkovich tip with
known tip area function is important for correctdémtation and scratch experiment. Hence, at
proper interval of time, the tip area calibratisrcarried out. The procedure of tip area calibratio
is mentioned in theoretical background chapter.
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Sample preparation

The sample preparation is necessary to be cardedith care. For nanoindentation and scratch
test, special cyanoacrylate adhesive glue (Lod@®) is used to stick the sample on steel ring
sample holder or sapphire plate sample holder.dstraf the cases, the steel ring sample holder
Is used because it is cheaper.

3.3.2 Nanoindentation measurements

Two types of nanoindentation experiments were edrout with this instrument:
(a) Conventional nanoindentation test,
(b) Cyclic nanoindentation test.

The drift measurement is very important parametandentation test. The drift measurement is
performed immediately before the testing. The dispinent versus time of linear character was
measured at 40 (default) or 120 (suggested) s landirift rate was evaluated using the linear
regression for last 20 (default) or 100 (suggested)espectively. The drift rate was used to
correct the acquired data from the real indentatesting. The drift rate was maintained in a
range of 0.05 nm/s to 0.5 nm/s during indentatiqmeeiment.

Conventional Nanoindentation test

Conventional indentation test consist of three sagm (1) loading, (2) dwell time or hold time
and (3) unloading. Here, the loading segment isviedd by a dwell time at maximum load, and
followed by an unloading segment. The graphicakentation of conventional nanoindentation
test is mentioned in Fig. 25.

Dwell time or holding time
1000

800 |

| i Unloading
600 |- Loading i i

Load [UN]

400 | ' i

200

0 1 1 1 1 1 1 1 1 1 1 1

| I I
01 2 3 456 7 8 9 1 1 12 13 14 15
Time [s]

Fig. 25 Graphical presentation of conventional nenalentation test
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The main variable parameters for conventionaldesthe different loads (LN) and measurement
time (s) of experiment. One can change the loasn ft uN to 10 mN and also experiment time
from minimum 3 sec to minutes. The load/unloaddisplacement curve (Fig. 26) is obtained by
indentation experiment. In general, the loadingseaboth elastic and plastic deformation under
the indenter, while unloading is dominated by rexg\wf elastic deformation. The upper portion
of the unloading curve can be used to calculatertbehanical properties at a given contact depth
of the indenter according to the Oliver-Pharr mdtlie0]. The detailed description of Oliver-
Pharr method is mentioned in previous chapter. Aveational indentation experiment gives
only a single value of mechanical properties aariqular load at a time. Hence, one needs to do
many conventional indentation experiments at diffiérloads to produce a depth profile of
mechanical properties.

1000

800

600 |

Load [UN]

400 |

200

l] i [ M [ i [ i [ i 1
20 40 60 80 100 120 140

Displacement [nm]

Fig.26 load/unload vs. displacement curves obtaimgdonventional indentation test
For creep behavior or strain sensitivity experimelwell time is the important parameter. The
variation of dwell time from few second to minuteslps to study the creep behavior or strain
sensitivity of materials.

Cyclic Nanoindentation test

A new variation of the conventional test is thelmynanoindentation test, where the sample is
reloaded immediately to higher loads/depths thawipes loading cycle. The important variable
parameters in cyclic test are number of cycles,imam load, displacement exponent, unloading
fraction and segments (loading/hold/unloading) tiffilke number of cycles can vary from 2 to
650. Here, the maximum load can change from 1 pN.@omN. One can change the rest
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parameters like displacement exponent, unloadiagtibn and segments time to create the
desired experiment conditions. For better undedstay) the graphical presentation of seven-
cycle indentation test is mentioned in Fig. 27 (a).

10000
9000
8000
7000
6000
5000
4000

Load [uN]

3000
2000
1000

0

10000 |
9000 |
8000
7000
6000
5000

Load [uN]

4000 |
3000
2000
1000

0 M 1 r 1 M 1 M
0 100 200 300 400 500

Displacement [nm]
(b)
Fig. 27 Graphical presentation of seven-cycle irtdgan: (a) indentation cycle, (b) load/unload
vs. displacement curves obtained by indentation.

The multiple load/unload vs. displacement curvebgined by cyclic indentation experiment,
mentioned in Fig. 27 (b). The Oliver-Pharr methedused in a similar way like conventional
method to calculate the mechanical parameters lloadiunload vs. displacement curve.
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3.3.3 Scratch test

The scratch test was used to study the adhesituresiof thin films on silicon substrate. The

Berkovich tip with radius of curvature of 150 nmsmased for all the scratch testing. The proper
tip area calibration was carried out before theeexpent and obtained calibrated curve was used
to correct the experimental data. The drift rates waeasured immediately before every
experiment like mentioned in indentation experimandl resulted drift rate (nm/s) was used to

correct the experimental data. The X-axis and Zs adlibration was also carried out for
Triboscope transducer calibration.

For scratch testing, the ramp force scratch p@sdivection experimental condition was used, as
mentioned in Fig 28. The variable parameters inpréonce experiment are the peak force (UN),
time (s) of experiment, segment time (s), displamenfum) and lateral displacement (um). The

Fig. 28 shows that the plots of normal force (uN) tme (s) and x displacement (um) vs. time
(s) are used for scratch test.
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Fig. 28 Ramp Force scratch test in positive directi

The data obtained from scratch experiment wasrmgeof plots of normal force (LN) vs. time
(s), normal displacement (nm) vs. time (s), latévade(uN) vs. time (s) and lateral displacement
(um) vs. time (s) as shown in Fig. 29. It giveomiation about the adhesion failure of thin films

on substrate. The friction coefficient informatisas available from friction coefficient vs. time
plot.
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Fig 29 Scratch test analysis data
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4 RESULTS AND DISCUSSIONS

4.1 Single layer film

In this part of the chapter, the Atomic Force Maggopy (AFM) and nanoindentation (NI) was
used for the analysis of plasma polymer thin filfilse various deposition conditions have some
effect on the surface morphology and mechanicapgntees of plasma thin films, which were
confirmed by AFM and NI analysis.

4.1.1 Surface analysis by AFM

The films were prepared for this analysis from twvfferent types of monomer under following
deposition conditions.

Thin film preparation

The plasma-polymerized vinyltriethoxysilane (pp-\3)Hilms were prepared on polished silicon
wafers by PECVD using an RF (13.56 MHz) helicalglmg plasma [75] system working in the
pulse mode. The deposition chamber was evacuattt tbasic pressure of 1 x 1®a and the
pretreatment of silicon wafers was carried out blg@ plasma (1:1 ms) in the presence of Argon
plasma (10 sccm, 10 Pa, 25 W) for 10 min. The mardiow rate was set at 0.45 sccm and the
pressure maintain in the deposition chamber wasnar@.5 Pa. The film deposition was operated
at pulsed plasmdq/torr =1 ms : 9 ms) and 5 W by applying plasma dischasgegle films were
deposited during deposition times ranging from 54800 s, which corresponded to film
thickness varying from 13 nm to 8uén. A phase-modulated spectroscopic ellipsometrySRll
(Jobin-Yvon) was used to determine the film thicdae

As well as, a series of plasma-polymerized tetgsilane (pp-TVS) films were also prepared on
polished silicon wafer by PECVD employing RF (1381z) working in continuous plasma

mode. The vaccum system was evacuated to a basisyse of 1 x I0Pa. The substrates were
pretreated with argon plasma (10 sccm, 5.0 Pa, 50wW)10 min. The mass flow rate of TVS

monomer is 29 sccm. The set of samples was prepatiedhe film thickness of about 100 nm at
different rf power of 10, 25, 50 and 70 W.

The surface morphology of pp-VTES and pp-TVS filmwere observed by Atomic Force
Microscopy, NTegra Prima/Aura (NT-MDT, Russia), ahé RMS roughness was determined
from scanned area.

4.1.2 Surface analysis results

The single layer pp-VTES films with thickness ramgifrom 13 nm to 8.um were prepared at
constant deposition conditions mentioned in theeerpental details. The film thickness
increased [77] as the deposition time increaseghas in Fig. 30. The mean deposition rate was
determined from the ratio of the film thicknessdeposition time. The mean deposition rate
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decreased slowly from 250 to 100 nm thisith the increase in deposition time as shown i Fi
30. It means that the growth kinetics varied dudegosition and dominated the film properties
[75].
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Fig. 30 Film thickness of pp-VTES film and mean Fig. 31 Evolution of RMS roughness vs. film

deposition rate as a function of deposition time thickness for pp-VTES films
~ 8.6um/15.46 nm 915 nm/0.42 nm 420 nm/0.28 nm
(Z scale =91 nm) (Z scale = 10 nm) (Z scale =9 nm
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Fig. 32 Surface morphology of pp-VTES film obsetwed
AFM (scan area: xm x 5um); film thickness/RMS roughness is indicated.
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The information about the surface morphology arel shrface roughness for pp-VTES films
were obtained from AFM analysis. The scan area|six6was used for this purpose. The RMS
roughness increased from 0.041 nm to 15.46 nm thi@hncrease of film thickness as shown in
Fig. 31. The surface morphology of pp-VTES filmsalkhanged as film thickness decreases
from 8.6um to 15 nm and it is evident from the images in. B@ The film thickness and RMS
roughness were indicated for each image, in FigA3@auliflower structure on the film surface is
apparent for films with thickness2 pm.

In another experiment, the RMS roughness of pp-TiM& were increased with increasing RF
power, as mentioned in Fig. 33. It could be exm@diby the slight ablation of the film surface in
the glow discharge. It may disrupt the overlayethef material and increase roughness [75].

RMS roughness (nm)
w

Fig. 33 Comparison of RMS roughness with
different RF power used for deposition of pp-

IO,l 1 - 10 TVS film:
Effective Power (W)

N
L B e e e L

4.1.3 Mechanical Properties

The mechanical properties of single layer films evdetermined by nanoindentation technique.
The Hysitron Triboscope nanoindenter allows thehmewal properties analysis by conventional
indentation as well as by cyclic indentation tecfug. The controlled drift correction and proper
tip area calibration are important procedure toaiiad correct mechanical properties of thin
films or coatings. This part of the chapter inclsidee information about thin film preparation,

effect of controlled drift, mechanical propertidsaashallow depth and a limited applicability of

the 10 % rule.

Thin film preparation

Plasma-polymerized films of tetravinylsilane weregared by plasma-enhanced chemical vapor
deposition (PECVD) method by employing RF (13.56 NHhelical coupling plasma system
working in the pulsed mode. The film was deposited double-side polished silicon wafer,
which was pretreated with oxygen plasma (5 sccri®ad 25 W) for 10 min. The deposition
chamber was cleaned by Ar plasma (10 sccm, 10d?a)f min to remove remaining oxygen.
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The effective powerWes) of the pulsed plasma was controlled by changmegratio of the time
when the plasma was switched &g)(to the time when it was switched o), West = ton/ T x
Wiota, iN Which the period was defined &s= to, + tosr andWiotes = 50 W. The pp-TVS film was
deposited at a flow rate of 0.50 sccm and a cooradipg pressure of 1.3 Pa using TVS plasma
under selected effective power. The depositediiils held for 1 hour in argon gas (10 sccm, 10
Pa) and then moved to the load lock and flushe#l wit to atmospheric pressure. Hence, the
plasma polymer films weréeposited by PECVD method from tetravinylsilane ormoer at
different effective power of 0.1, 2.5, and 10 Wrthuence polymer cross-linking.

Thin film nature

The film thickness was measured by spectroscogigsemetry and it was 1268 nm (0.1 W),

1035nm (2.5 W), and 960 nm (10 W). All the pp-TVBn§ were deposited under steady-state
plasma conditions, which were monitored by masstspgcopy. The ellipsometric spectra and
their analysis as well as the elemental compostioalysis of the films by X-ray photoelectron

spectroscopy (XPS) and Rutherford backscatteringctepmetry (RBS) confirmed that the

deposited films were homogeneous in nature andoisict materials, with an invariable depth

profile [78]. Therefore, we expect that the mechahproperties of pp-TVS film are also depth-
independent. The nanoindentation measurement opgREVS films were carried out at room

temperature. The experiments carried out in 2 sets.

4.1.4 Mechanical Properties Results

The mechanical properties measurement of pp-TM8sfilvere carried out at two different
experimental conditions (a) drift rate0.5 nm/s and (b) drift rate 0.05 nm/s. The main purpose
of this experiments to check the influence of ddfg drift rate on mechanical properties

measurement of pp-TVS film.

Set 1 (drift rate < 0.5 nm/s)

Set 1 Experiment

The mechanical properties of pp-TVS film deposaed0 W were evaluated in set 1 experiment.
A Berkovich tip with a radius of curvature of abolb0 nm was used. The drift rate was
measured for 40 s and evaluated from the last ZWes drift rate was 0.5 nm/s. Two types of
indentation tests were conducted: (i) conventiamantation and (ii) cyclic indentation.

(i) Conventional indentation
Conventional indentation of the pp-TVS film wasrezdt out at 200, 400, 1000, 2000, 3500, 6000

and 10,000 uN loads. The loading, unloading andldimge were kept constant at 5 s for all the
measurements. The experiment for each load wastespen times.
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Variation in dwell time affects the mechanical pedy measurement. This effect was studied at
a 200 pN/s loading rate with dwell times of 1, B, And 20 s. In addition, the mechanical
properties of the film were studied at a 1000 padlevith different loading/unloading rates (50,
100, 200, 500 uN/s) and a constant dwell time &f 5

(i) Cyclic indentation

The seven-cycle indentation the test was carrigdab00, 400, 1000, 2000, 3500, 6000, and
10,000 pN loads, with the same experimental camtbtas the conventional experiment.

Set 1 Results and discussion

The conventional indentation experiments on th@yg-film were performed at 200, 400, 1000,
2000, 3500, 6000, and 10,000 uN loads using loadgihgading and dwell times of 5 s as plotted
in Fig 25. The load/unload vs. displacement curkeg.(26) was obtained by indentation
experiment and the shape gave evidence of an eelastiavior of the plasma polymer. The
Oliver-Pharr method [50] was used to calculate raaatal properties, such as the reduced
modulus and hardness, using the upper portioneotititoading curveThe resulted mechanical
parameters and the corresponding contact depthig@edistance along which contact is made)
are given in Table 4. A mean value of ten measunésrend the standard deviation (SD) are used
for the reduced modulus and hardness. The 10% mealens that the mechanical parameters
evaluated from the unload-displacement curve aténflaenced by the substrate significantly up
to 10% of the film thickness [79]. The contact depbrresponding to a loading of 1000 uN was
102 nm, which is 11% of the film thickness. Henwe, can expect that the reduced modulus and
hardness data up to the 1000 puN load charactemdethe film properties. An increase of the
reduced modulus and hardness with enhancing caeath, due to the load increased from 1000
KN to 10,000 uN, can be explained by substrataenfte of which elastic modulus and hardness
is 150 GPa, 10 GPa, respectively.

An influence of both the dwell time and loadinghending rate on evaluated mechanical
parameters was observed using conventional indentdtig. 34 shows the relationships between
the dwell time, which was varied from 1 to 20 sd &ine reduced modulus, hardness, and contact
depth at an applied load of 1000 uN with a 200 pb#sling/unloading rate (loading/unloading
time was 5 s). The mechanical parameters and tht@aodepth did not show noticeable changes
when a shorter dwell time from 1 to 5 s was usealvéler, when the dwell time was increased
above 5 sec to 20 s, mechanical parameters sutie asduced modulus and hardness decreased
by 12% and 22%, respectively, while the contacttliépcreased by 14%. Creep or relaxation
effects, which have the opposite trend, cannotan@ progressive increase of the contact depth
with prolonged dwell time [80]. Besides, the plaspodymer is of elastic behavior at least up to
an applied load of 1000 uN (Fig. 26) and thus tleeg behavior cannot be expected. However,
the progressive increase of the contact depth caddlt from time-variable system drift. The
time-dependent displacement of the tip is notreédr behavior for longer times and thus the drift
rate evaluated before the measuring cycle is nde caccurate to correct acquired data at
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prolonged measuring time. The reduction of meclaemarameters with prolonged dwell time is
related with the enhanced contact depth that deededhe unloading slope (stiffness) and
increased the contact area.

Load Contact depth | Reduced modulus SD Hardness SD

[uUN] [nm] [GPa] [GPa] [GPa] [GPa]
200 47.0 33.8 1.5 3.54 0.24
400 66.3 32.5 1.0 3.69 0.29
1000 102 35.8 0.8 3.92 0.19
2000 139 38.6 1.6 4.22 0.10
3500 184 414 1.5 4.27 0.06
6000 236 473 1.3 4.50 0.30
10000 293 55.6 1.5 4.87 0.13

Table 4 Mechanical properties of pp-TVS film evedaby conventional nanoindentation.

The relationship between the loading/unloading &atd the reduced modulus, hardness, and
contact depth at an applied load of 1000 uN withdwell time is plotted in Fig 35. The results
show that the reduced modulus and hardness incrdas2% and 25%, respectively, when the
contact depth increased by 11% as the loadingmateased from 50 uN/s (loading time 20 s) to
200 uN/s (loading time 5 s). However, the mechdrpesameters and the contact depths did not
change significantly if the loading rate enhanceaimf 200 to 500 uN/s (loading time 2 s).
Therefore, the increase of the loading time froro 20 s resulted in a progressive rise in the
contact depth related with a descent of mechampaemeters. This trend is the same as in the
case of prolonged dwell time over 5 s (Fig. 34). @basis of the above results, we suggest the
loading, unloading, and dwell time to be 3 — 5 d #us one complete measuring cycle should
not be longer than 15 s [80].
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The seven-cycle indentation was carried out toysthd mechanical parameters of pp-TVS film
with respect to the depth profile. The load vspldisement curves obtained from the seven-cycle
indentation (Fig 27(a)) is shown in Fig 27(b). Tdés only a small overlap between the reloading
path and the unloading path of the new loadinge;yat evident from Fig. 27(b). The Oliver-
Pharr method was used in a similar way to the cotmeal method to calculate the mechanical
parameters from the load vs. the displacement clmitbe experiment, the contact depths 45, 69,
115, 164, 217, 280, and 351 nm were obtained for 200, 1000, 2000, 3500, 6000, and 10,000
KN loads, respectively. The reduced modulus amdniegs vs. contact depth, obtained from the
seven-cycle experiment (square) and conventionaindentation (circle), are plotted in Figures
36 (a) and 36 (b). Both the sets of data follow $hee increasing trend with enhanced contact
depth showing the substrate effect for data ovét b the film thickness. As evident from the
figures, some shift of contact depth into a bulkh# film and reduced values of the mechanical
parameters were observed for cyclic nanoindentatdata compared to conventional
nanoindentation. This might be due to the reloadolppwed by partial unloading in cyclic
indentation, when only an incomplete recovery effilm was observed at higher loading values.
An increasing difference in the reduced modulustai7% and hardness up to 34% at about
30% of the film thickness indicates an influencepoblonged measuring time and thus not
properly corrected effect of the system drift [80].
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Fig. 36 Comparison of mechanical properties betwaamventional indentation and seven-cycle
indentation: (a) reduced modulus vs. Contact defithhardness vs. contact depth.
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Set 2 (drift rate < 0.05 nm/s)

Set 2 Experiment

In set 2, the mechanical properties of pp-TVS fildeposited at 0.1, 2.5 and 10 W were
evaluated. A Berkovich diamond indenter with a wadvf curvature of 50 nm was used. The drift
rate was measured for 120 s and evaluated fronagtel00 s. Hence, the drift rate wa$.05
nm/s for all the measurements. Two types of naraitation test were done:

(i) Conventional indentation experiment was carried for pp-TVS films to obtain the depth
profile of mechanical constants such as Young’suhadand hardness until 15-20% of the film
thickness. The depth profile was constructed usesylts of single indentations performed at
increased loading (indenter displacement) chanigidgntation position. The loading, unloading,
and dwell time was kept constant at 5 s for allrtreasurements.

(i) Cyclic indentation experiment was also carr@a to obtain the depth profile of mechanical
constants until 15-20% of the film thickness buplgmg many loading cycles in one single
indentation, while the unloading fraction was kephstant at 0.8. Further, the depth profile of
mechanical properties of all the pp-TVS films wamlgzed by cyclic indentation method at
decreasing unloading fraction of 0.5 and 0.3.

Set 2 Results and discussion

In this study, we reduced the system drift sigaffity (<0.05 nm/s) due to prolonged (3 min)
contact of the indenter with the sample surfaceteehanoindentation measurement. The longer
the probe is on the sample surface the lower tifewditl be [81]. Typical values of drift rate
were ranging from 0.01 to 0.05 nm/min for both ttwnventional depth-sensing and cyclic
nanoindentation methods.

First, the pp-TVS films deposited at an RF powerOdf, 2.5, and 10 W were analyzed by
conventional depth sensing technique. The 20 singlentations were performed on all the films
at different loads to study the depth profile ofcmenical properties until 15-20% of the film
thickness. The Oliver-Pharr method [50] was useelv@luate mechanical properties, such as the
Young’'s modulus and hardness. The indentationsimteasing indenter displacement enabled
us to construct dependences of the Young's modaidshardness on the contact depth (vertical
distance along which contact is made).

Next, all the pp-TVS films were analyzed by cychanoindentation method under similar
experimental conditions like the conventional methee., loading/unloading and dwell time of 5
s. The cyclic nanoindentation experiment consiste20 loading-partially unloading cycles with
unloading fraction of 0.8 and the loading increasezing displacement exponent of 2
(exponential function); an example is plotted ig.R37(a). The single indentation consisting of
20 cycles lasted for 300 s. The corresponding loddAd vs. displacement curve was obtained
during nanoindentation measurements and is shomtiéopp-TVS film deposited at a power of
10 W in Fig. 37(b). The shape of measured curves gaidence about dominant elastic behavior
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of all the pp-TVS thin films. A detail is used tbasv that loading and unloading segments are
slightly overlapped. The Oliver-Pharr method wasduto evaluate the mechanical parameters
from all the unloading segments at the correspandontact depth. The Young’s modulus and

hardness as a function of the contact depth arepawmed in Fig. 38 for both the methods -

conventional (full symbol) and cyclic (empty sympabnoindentation. Only two examples are

presented corresponding to the pp-TVS film depdsatelower (0.1 W, Fig. 38 a) and higher (10

W, Fig. 38 b) power as character of plotted depeoee is the same for the film deposited at 2.5
W. It can be seen that both the methods gavesiemar results in case of a softer (0.1 W) and a
stiffer (10 W) film as well except for region of sthcontact depth (5-30 nm); the discrepancy is
discussed in later text. Thus, a reduced systefnalrabled us to not only obtain more precise
data and similar results for both the methods Iet accelerate depth analysis of mechanical
properties using cyclic nanoindentation.
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Fig. 37 Graphical presentation of cyclic nanoindaian method (20 Cycles), (a) load vs. time,
(b) load/unload vs. displacement curves obtainethtgntation.
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Fig. 38 Comparison of Young’s modulus and hardwessontact depth using conventional
(empty symbol) and cyclic (full symbol) nanoindéatafor pp-TVS films deposited at (a) 0.1 W,
(b) 10 W.

Furthermore, the cyclic indentation method weaed to study the depth profile of mechanical
properties for pp-TVS films deposited at differeppwers in more details. Five cyclic
nanoindentation experiments, each for 20 cyclessewssed for each sample to estimate
reproducibility of measurements. Therefore, the mealue and standard deviation were
determined for the Young’'s modulus, and hardnesg${, as given in Fig. 39 for all the films.
The modulus increased abruptly accompanied by higfa@dard deviation decreasing the contact
depth in range 5-30 nm from the film surface and gfhenomenon will be discussed in next
paragraph. The Young’s modulus was reproducible inokased gradually for higher contact
depth due to an influence of stiffer substrateidq@il wafer:E = 170 GPaH = 11 GPa).
Extrapolation (red dashed line) of the bottom portof modulus curve (low standard deviation)
to zero contact depth should result in a valuehefYoung’s modulus for the pp-TVS film only
(without substrate influence) [79]. The extrapadat@lues are given in Table 5. The trend of the
hardness characteristics is similar for all theméiland the hardness is approximately constant for
higher contact depth used to evaluate (red dashejylthe mean value (Table 5). The contact
depth (vertical blue dotted line) correspondingthie 10% rule is marked in Fig. 39 and the
corresponding values of Young’'s modulus and haireee given in Table 5. There is no
difference in hardness data due to the horizontaracter of hardness plot. However, an
increasing difference between the extrapolatedl®dd-rule values can be found for the Young’s
modulus with enhanced film stiffness and a differenf 29% due to the substrate influence was
determined for the film deposited at a power ofV¥0It means that there is no so-called “flat
region” for stiffer films, where the substrate irdhce is negligible, and an application of 10%
rule results in wrong data. It is clearly sdeom Table 5 that the enhanced power resulted in
higher mechanical properties of deposited film. Th@ease of mechanical properties could be
related to a higher cross-linking and/or an alterabf chemical structure with increasing organic
character of plasma polymer, when the effectivegromas enhanced [82].
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RF power Extrapolation 10% rule Difference

[W]

E[GPa] | H[GPa] | E[GPa] | HI[GPa] | 4E[%] AH [%]

0.1 7.9 0.69 8.2 0.69 4 0
2.5 14 2.0 15 2.0 7 0
10 17 3.0 22 3.0 29 0

Table 5 Mechanical properties of pp-TVS films deiaed by extrapolation to zero contact
depth, using the 10% rule, and their differences.

The mechanical properties of thin films can be me= at a shallow depth, i.e., near to the thin
film surface, if several conditions are fulfille83]: (i) sharp indenter, (ii) careful calibratioh o
the indenter area function, (iii) minimal systemftdand using drift correction, (iv) smooth
sample [84]. Our measurements fulfil the conditjaghse area function was calibrated for indenter
displacement starting from 5 nm and the RMS rougsiré films varied with power from 2.0 nm
(0.1 W) to 5.8 nm (10 W) as measured in scannieg &um x 5um by AFM. Moreover, the
mechanical parameters could be influenced by tleeyp phenomenon, [85] i.e., where material
Is pushed upwards and piles up around the edgim ahdentations. This would mean that more
material is supporting the indenter load than isudated for the area function. As a result, the
film appears stiffer (higher modulus) and hardemtlt actually is. However, for pp-TVS films
pile-up was not confirmed by AFM observations. Dwspfavorable condition for
nanoindentation measurements, an increase of thmg® modulus with diminished contact
depth in surface region 5-30 nm can be found in Bfyaccompanied by increased standard
deviation marked by the error bar. Detailed analysi unloading curves revealed increasing
noise of measured data close to the film surfaspe@ally for softer film due to a low contact
stiffness at low indenter-film contact area resigtin non-reproducible modulus data and thus
increasing standard deviation (error bar). Theesfthe modulus data are incorrect in surface
region up to ~30 nm (0.1 W), 20 nm (2.5 W), andni® (10 W) with respect to the stiffness of
pp-TVS film. The hardness data seemed to be moredeacible in the surface region.

The important variable parameter in cyclic indentatest is the displacement exponent as the
parameter could influence the dynamic behavioresfed material. For that reason, all the pp-
TVS films were tested at different displacementagnt set as 0.3, 0.5, and 0.8 to estimate its
influence on determined mechanical parameters. Yoeng’'s modulus and hardness as a
function of the contact depth are plotted for seddasalues of displacement exponent in Fig. 40.
No noticeable influence of displacement exponenth@n Young’'s modulus and hardness was
found for all the pp-TVS films due to elastic betwaof films.
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Fig. 40 Depth profile of mechanical properties fip-TVS films deposited at 10 W analyzed at
different unloading fraction (0.3, 0.5 and 0.8).

4.2 Hybrid film

Thin films in a form of hydrogenated amorphous oarilicon (a-SiC:H) alloy were deposited
on polished silicon wafers (100) from tetravinydsie monomer using PECVD (13.56 MHz). The
surface morphology and mechanical properties of finms were analyzed by AFM,
nanoindentation, finite element analysis (FEA) datian and AFAM techniques. The current
chapter of the thesis includes information aboattttin film deposition, surface morphology and
image analysis, mechanical properties analysisulation data, AFAM analysis and surface
modification by UV irradiation.

4.2.1 Thin film preparation

Plasma polymer films of tetravinylsilane monomei§l) were deposited on polished silicon
wafers by PECVD employing an RF (13.56 MHz) capeeitoupling system with plan-parallel
electrodes [73]. The vacuum system was evacuaten iasic pressure of 1 x I0Pa. The

substrates were pretreated with argon plasma @@,sg Pa, 5 W, continual mode) for 10 min to
improve the film adhesion. The plasma polymerizettavinylsilane (pp-TVS) films were

deposited at a mass flow rate of 3.7 sccm andffeetee power was in a range of 10 — 70 W.
The deposition rate was ranging from 140-173 nm/asim function of the deposition conditions.
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Uniform plasma polymer films were deposited atlm fthickness of about 1 um. Deposition
conditions (power and pressure) are given in Téble

P [W] Paep[Pal] Film thickness [nm]
10 1.6 1004
20 14 1010
25 1.3 1124
50 1.2 1030
70 1.0 1010

Table 6 Deposition conditions for pp-TVS films.

The surface morphology of pp-TVS films were chagdzed in semi-contact mode by AFM
technique using NTegra Prima Scanning Probe MiopscThe single crystal silicon probe of
typical 10 nm tip radius of curvature was usedthis purpose. The scan area was 5 x 5.{iine
mechanical properties of the pp-TVS films were ebtarized by nanoindentation technique by
Hysitron Triboscope. The Berkovich diamond indemath radius of curvature of 50 nm was
used for it. Further, mechanical properties of fiims were analyzed by finite elemental
simulation and it was compared with nanoindentatiata.

4.2.2 Surface morphology analysis by atomic forceigroscopy

The surface morphology of all pp-TVS films werediad by the help of height and magnitude
imaging modes obtained simultaneously by semi-abrigomic Force Microscopy (AFM). The
height imaging mode gives the information aboutzlsgze distribution in nanometer (nm) scale.
While, the magnitude mode imaging is an error digo& it helps to see the boundaries of grains
or particles very clearly. RMS roughness value pfTj¥S films were obtained from the surface
morphology analysis. The grain structure of all ti@s was extensively investigated by image
analysis with the help of Nova software (NT-MDT, dRia). It helped to produce the histogram
of grain size distribution for pp-TVS films. The aregrain size value for particular pp-TVS film
was obtained from it. The detailed surface morpgplof each pp-TVS samples are discussed in
next paragraphs.

The surface morphology of pp-TVS film deposited @tW was observed from the height image
and magnitude image mentioned in Fig. 41 (a) & [)s clearly seen that there are number of
densely packed small grains. The grain’s heighhftbe surface profile mentioned in Fig. 41 (C)
is in the range of 3 to 9 nm. The average RMS roagh that is the mean value of 5 different
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RMS roughness measurements of the film was 3.4Tin@.average grain size for this film was
29 nm; this information was obtained from the hiistan mentioned in Fig. 41 (d).
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Fig. 41 Surface morphology of pp-TVS films depdsatel0 W: (a) height mode; (b) magnitude
mode; (c) surface profile and (d) histogram
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Similar way, the surface morphology of pp-TVS filfR5 W) was observed in Fig. 42. The
number of bigger grains was increased slighthytiigs film compared to the film deposited at 10
W. Hence, the average RMS roughness of this filma imareased to 4.0 nm. The grain’s height
and average grain size was from 6-20 nm (Fig. 42@nd) 48 nm (Fig. 42 d), respectively. The
film deposited at 20 W was having the similar kofdlata hence they are not mentioned here.

The number of bigger grains was increased for p&Tim (50 W) which is clearly observed
from the height and mag mode images mentionedgn4d (a) and (b). The height of grains was
increased to 70 — 80 nm, which could be seen in #3g(c). The big grains were distributed
through the film and hence the RMS roughness ofiithewas increased to 8.5 nm. When the
surface morphology of plane area (area betweeratije grains) was characterized, the average
RMS roughness of it was only 0.57 nm. The averagéngsize distribution for this film was
increased to 500 nm because of large number ajraigs.

In case of pp-TVS film (70 W)he big grains were found in huge numbers and ttasted to
agglomerate i.e. fused in each other, mentiondeign44. The height distribution of big grains
was from 40 nm to 120 nm, mentioned in Fig 44 Tt)e average grain size and RMS roughness
of this film was 241 nm and 21.7 nm, respectivé&lye average grain size for this film was lower
than the film (50 W) because of application of gthreshold value for film analysis. The main
reason behind higher threshold value was the agglates nature of big grains. The average
RMS roughness of plane area (area between theraigsy was only 0.4 nm. The intensity of
smaller grains was decreased ever further compgrp-TVS film (50 W).

In simple words, the surface morphology i.e. siefamughness was increased from 3.4 nm to
21.7 nm for pp-TVS films as the deposition condiscchanged from 10 to 70 W. The grains

height and size distribution was also increasetl RiE-power. The surface morphology observed
in AFM analysis for pp-TVS film (70 W) could be damed by Messier model [86] proposed for

silicon film, mentioned in Fig. 45. According tqg the grains and the plane area were grown
together as a crystal structure from the pointusdi@ation.
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Fig. 45 The cone growth model by Messier [86]
4.2.3 Mechanical Properties

The mechanical properties such as the Young's nusdahd hardness of pp-TVS films were
characterized by nanoindentation method. The naeoitation experiment was carried out in the
plane area of the film, i.e., the area betweergtiés for comparison purpose. The mechanical
properties were studied out at the 10 % of filntkhess to avoid the substrate effect. The proper
tip area calibration and control drift rate @.05 nm/s) were used to obtain the correct data. A
least five nanoindentation experiments were use@dch sample to estimate the reproducibility
of the measurements. Therefore, the mean valustandard deviation of the Young’'s modulus,
E, and hardness$], were given in the Table 7.

It is clearly seen from the Table 7 that the enkdnpower resulted in higher mechanical
properties. The increase of mechanical properbesdde related to a higher cross-linking and/or
alteration of chemical structure with increasingaoiic character of plasma polymer, when the
effective power was enhanced [82].

Further, the detailed analysis of mechanical prigeeof plane area as well as big grains in all
pp-TVS films were carried out. The analysis wasiedrout for the more than 5 different places
to obtain the average value of the mechanical ptiegewith control standard deviation. The
obtained mechanical properties such as the Youngdulus,E, and hardnes$], for plane area
as well as central area of grains for selected ¥g-Tilms (25, 50 and 70 W) are mentioned in
Table 8. There is difference in mechanical constémtplane area and grains. It is observed from
the Table 8 that the enhanced power resulted ihehidifferences in mechanical properties of
plane and grain. For the pp-TVS film (70 W), th&eatience in mechanical properties is almost
50 %. This data leads to a possibility of hybradume of pp-TVS film being deposited at higher
RF power.
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RF power Contact Young’s modulus Hardness
[W] depth [nm] E [GPa] Std. Dev. H [GPa] Std. Dev.
10 99.6 11.8 3.5 0.84 0.05
20 97.5 244 0.9 2.88 0.19
25 112.7 32.7 0.7 4.62 0.14
50 96.7 63.0 1.8 7.40 0.19
70 92.1 81.4 0.7 8.84 0.13
Table 7 Mechanical properties of pp-TVS films
RF power Position Young’s modulus Hardness
[W] E [GPa] Std. Dev H [GPa] Std. Dev
25 Plane 32.7 0.7 4.62 0.14
Grain 27.8 1.1 344 0.26
50 Plane 63.0 1.8 7.40 0.19
Grain 35.7 3.1 3.21 0.23
70 Plane 81.4 0.7 8.84 0.13
Grain 41.8 3.8 3.48 0.67

Table 8 Detailed mechanical properties of plane grain of pp-TVS film deposited at 25, 50
and 70 W
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As mentioned previously, the nanoindentation daticates the possibility of two different kind
of material with different mechanical propertiesot present in pp-TVS film deposited at higher
RF-power. The difference in measured data of pkmea and grains can be explained by two
possibilities:

(1) Effect of different geometry, i.e., different gednyeof plane area and grains may lead to
different deformations under indentation load,

(2) Difference in mechanical properties of plane arghgrains.

To check the 1st possibility, the depth profilentéchanical properties was analyzed for pp-TVS
film (70 W). The selected big grains were used vehosight were around 120 nifhe obtained
data such as the Young’s modulus vs. contact depdrhardness vs. contact depth are mentioned
in Fig. 46. It is clearly seen from Fig. 46 thaerh is a difference in mechanical properties of
plane area and the grains. The linear extrapolati&as used to obtain the true Young’s modulus
and hardness for plane area of pp-TVS (70 W) fildnich were found out to be 73 GPa and 8.7
GPa respectively. The values of Young’'s modulus lzandiness obtained by linear extrapolation
were little higher than the value obtained by 10ué (mentioned in Table 8). The influence of
hard silicon substrate (which is having the elastaxulus and hardness of 150 GPa and 10 GPa,
respectively) on mechanical properties was cleselgn around 10 % of the film thickness i.e.
around 100 nm of the film thickness.
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Fig. 46 Depth profile of mechanical properties tdne and grain area for pp-TVS film (70 W)
The data obtained from the depth profile study wssat for finite elemental analysis. The

obtained simulated data can be seen in Fig. 4& difference in mechanical properties for plane
area and grain was also observed in simulated data.

79



120 T T T T T T T T T 15 T T - T T

100 f
— Plane
©
5 Pl
O, 8of = 10} ane
) - o f
2 - S K
B i AREYSN __--"" Grain 2 AN
e r TrTmmmmmT Q S
LT 8 ke o Grain
2 s 5t Sl BEE
c - -
S T }  Ttee L _-- -
(=]
> 20}

0 4 4 L 4 O 1 1 1 1
0 100 200 300 400 500 0 100 200 300 200 500

Contact depth [nm] Contact depth [nm]

Fig. 47 Finite elemental analysis data

For better understanding, the simulated data (rex) Were compared with depth profile data
(black point) mentioned in Fig. 48. It is clearlgen that the mechanical properties (Young'’s
modulus, hardness) obtained for the plane area fbmtth methods (nanoindentation and
simulation) were having the same trend and harmony.
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Fig. 48 Comparison of FEA simulated data with nawleintation data for pp-TVS film [70 W]

In a similar fashion, the hardness data obtainech fboth methods for grains were having the
same trend and within the error margin. Howeveg, Yloung’s modulus of grain was showing
some difference. This difference helped to undadsthat at some extent there is a possibility of
effect of different geometry of plane area and mran nanoindentation data because of their
different deformation under the loading conditions.

4.2.4 Surface analysis by Atomic Force Acoustic Mioscopy
Atomic Force Acoustic Microscopy (AFAM) is a newbevelop SPM method. It is a non

destructive method and used for the mechanicalgptigs analysis of surfaces of thin films or
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polymers. The AFAM experiment was carried out oATMS film deposited at 70 W RF power.

It was used to measure the magnitude change oflesaant vibrating near to its resonance
frequency. The obtained data such as the (a) tapbgrand (b) mag AFAM image were

mentioned in Fig. 49. The topography is a contastientopography produced simultaneously
with mag AFAM image. In mag AFAM image, the darktpaf the scale represents the material,
which is softer in nature. On the contrast, theghtripart of the scale represents the stiffer
material. So it was concluded from the AFAM imadmttthe grains were softer in nature
compared to the plane area i.e. the grains wermdpdlre lower mechanical properties than the
plane area. This result indicated the possibilitganocomposite nature of this film.
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Fig. 49 Images of the surface of pp-TVS film deépdsat 70 [W]: (a) topography map; (b)
AFAM mag contrast

4.2.5 Film modification by UV irradiation
Sample preparation

The pp-TVS films were prepared for this study wathva similar procedure like the hybrid
films. Only some changes in film preparation stepesthe Pp-TVS films were prepared at a mass
flow rate of 3.8 sccm (3.0 Pa), a power of 10 Wf(ses 100 V), and two deposition times in
order to deposit two sets of six samples with fiitkness of 0.1 and 0.5 um, respectively. A
batch of six samples was deposited simultaneousitygua special bottom electrode enabling
loading of up to six substrates under vacuum. Wthendeposition process was completed, the
whole apparatus was flushed with argon gas (10 sédinPa); after 60 min, the chamber was
evacuated to a basic pressure of 1 X B8, and after a further 24 h, the prepared spesimwene
removed from the chamber and exposed to UV irraxtiat
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UV irradiation exposure

Five pp-TVS films from each set were irradiateduityaviolet (UV) light at ambient conditions
using a medium-pressure mercury UV lamp with aattaristic wavelength of 365 nm [87]. The
time of UV exposition was set at 10 (sample A)(BR 100 (C), 333 (D), and 1000 min (E). The
sixth film (sample F) of each set was used as ereate sample and was not UV irradiated. All
the samples were stored at room temperature (&20U€, 30% humidity) and observed over 134
days to investigate aging effects.

The near-surface mechanical properties of the pB-TNms were investigated using a 2D
Triboscope (Hysitron) attached to an NTegra Princan8ing Probe Microscope (NT-MDT)

enabling in situ topography analysis. A Berkovighwith a radius of curvature of about 50 nm
was used. The Young's modulus and hardness of filere determined using the Oliver—Pharr
method [50]. Atomic Force Microscopy (AFM) imagefstioe 5x5um? scanning area were used
to determine the RMS roughness of the observeddiirfaces.

Some researchers were able to analyze a decreé#ise fufn thickness due to UV-induced chain
scission and bond breakage producing volatile acganThe surface roughness of the
polyethylene films increased as a result of the bdbne treatment because of the etching effect
of the ozone. However, the RMS roughness of pp-Tiffis decreased after 100 min of UV
irradiation (Table 9), as no ozone was producednduour UV treatments (the wavelength
threshold for ozone production is 181 nm). The aefmorphology of sample E (UV exposed
for 1000 min) and sample F (reference) were meatian Fig. 50 and Fig. 51 respectively.

Fig. 50 AFM surface topography of sample E havesgd to UV for 1000 min
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Fig. 51 AFM surface topography of sample F used esference one

UV-induced cross-linking of plasma polymer togethgéth a stronger polymer network (Si—O—
C) and the reduction of the film thickness coulddifypthe mechanical properties and density of
the material. For this reason, nanoindentation oreasents were used to investigate selected

mechanical properties (Young's modulus and hardineisep-TVS films after 134 days. An

increase of the Young's modulus by 21% and hardhgs®4% compared with the reference

sample was found only for the film UV-irradiated D00 min (Table 9).

Sample uv Film RMS Young’s Hardness
exposition thickness roughness modulus [GPa]
[min] [nm] [nm] [GPa]

F 0 463 + 46 041003 | 11.7+05 | 0.82+0.05
(reference)

A 10 532+53 041+0.01 | 10.0£0.5 | 0.80+£0.04

B 33 593 £59 041+0.01 | 11.1+0.6 | 0.91+£0.05

C 100 560 + 56 038+0.03 | 106+0.8 | 0.75+0.07

D 333 464 +£46 021+0.04 | 102+0.2 | 0.72+£0.02

E 1000 228 +23 0.12+0.01 141+04 | 1.02+0.01

Table 9 Comparison of film thickness, surface aedhanical properties of films exposed to UV

irradiation.
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4.3 Adhesion test

The adhesion test for series of samples were daaig by nanoscratch test with the help of
Hysitron triboscope instrument. The scratch teswag possible to perform in y direction only,
because of 2 dimensional transducer of triboscog&rument. There were four experiments
carried out to study the adhesion failurity of phaspolymerised thin films on silicon substrate:

(1) Study of effect of different scratch speed (uNfsheeasured data

(2) Reproducibility of the adhesion data for thin fdmrepared under the same deposition
conditions

(3) Effect of different film thickness on adhesion taés

(4) Effect of different mechanical properties of thilmis on adhesion behaviour

4.3.1 Thin film deposition

Plasma-polymerised tetravinylsilane (pp-TVS) filmere deposited on polished silicon wafers
by PECVD empolying an RF (13.56 MHz) working in taoous plasma mode. The vaccum

system was evacuated to a basic pressure of I°¥P40The substrates were pretreated with
argon plasma (10 sccm, 5.0 Pa, 5 W) for 10 min. Miass flow rate of TVS monomer is 3.8

sccm. Pp-TVS samples were prepared in 3 sets farsamh failurity experiment:

(i) There are three samples A, B and C prepared@e deposition conditions of 10 W and
similar in film thickness of 100 nm. These samplese used for checking the reproducibility
of adhesion behaviour and for influence of sampgle@ While, the sample A was used for
scratch experiments with different scratch speed.

(ii) A set of samples was prepared at the same JdWer but difference in film thickness by
varying their deposition time. The films were pregghof different thickness of 25, 54, 99,
197, 334 and 468 nm. These samples were useddy tte effect of different film thickness
on adhesion failurity.

(iif) Another set of samples were prepared withgmmailar film thickness of about 100 nm but
at different RF power of 10, 25, 50 and 70 W. Duelifferece in deposition condition, these
films were having different mechanical propertiEarther, scratch tests were carried out to
correlate the effect of different mechanical projpsr of thin films and their scratch
behaviour.

Nano-scratch tests were performed with a Berkod@mond indenter of 150 nm tip radius
curvature. The outcome of the experiment were nbmiieplacement, normal critical force,
lateral critical force and coefficient of frictiomhis parameters helped to understand the adhesion

84



failurity of pp-TVS films on silicon substrate. Tidata were normally ploted between lateral
force (UN) vs. normal force (LN) and coefficientfo€tion vs. normal force (LN) as mentioned
in Fig. 66 for pp-TVS film of 99 nm deposited at W\ It is clearly seen from the Fig. 66 that the
normal force is increasing smoothly with lateratc® till the tip is going through the film
thickness. The disturbance (failure) was obsermatbrmal force as well as in lateral force when
delamination of film was started. The same behaweas also observed in coefficient of friction
vs. normal force plot. Similar kind of adhesionldaty behavior were observed for all the pp-
TVS films except the pp-TVS film, which was havitige thickness of 25 nm. The adhesion
failurity for pp-TVS film of 25 nm will be discusdein chapter 3.3.3. The selected scratches of
pp-TVS films were further analysed with non-contaxctde AFM to understand the delamination
behaviour as well as to corelate it with scratctada

4.3.2 Study of effect of different scratch speed ameasured data

This experiment was carried out on sample depositetD W and having the thickness of 99

nm. The mechanical constant such as the Young'sims@nd hardness of this film was 12 GPa
and 0.8 GPa, respectively. By varying the scrétok from 120 to 7 s, the loading rate was also
changed from 16.7 uN/s to 285.7 puN/s. Hence, tregdt speed was also changing from slowest
to fastest. The data were summarized in Fig 52.

It was observed from the Fig. 52 that the criticatmal force was slightly higher for increased
scratch speed due to stress. The fracture occuniglar or lower of the scratch speed of about
100 (uN/s) were considered consistent and it waslapping in the range of measurement error
(see in Fig. 52).

The increase in strength at the higher speed doeildxplained by the reason that the material
would have got less time to response or deformg¢da¢ne measured critical power was higher
than that would have been at a lower spé&éds feature is characteristic of polymeric materia
and it was observed for the organosilicon film, ethis also polymeric in nature.

The present experiment indicated that the chanigisgratch speed has a little effect on obtained
adhesion failure data. Hence, now on words thecteglescratch time used for further
experiments was 30 seconds with a length of 10 jomeSponding to a scratch speed of 66.7
HUN/s.
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Fig. 52 Critical normal load (uN) vs. scratch spdgdN/s) for pp-TVS film deposited at 10 W

4.3.3 Reproducibility of the adhesion data

The samples used for this experiment were prepatet0 W, having the same mechanical
properties (Young’s modulus of 12 GPa, Hardnes8.8fGPa) and about 100 nm in thickness.
The samples A, B and C were prepared at differeng¢ tinterval of 06/2008, 10/2009 and
11/2009, respectively. The aim of the expeiment wasvaluate the reliability of the plasma
deposition of reproducible thin layers and to réaepossible aging effect. 10 sets of exepriments
were carried out for each sample to produce theageevalue of critical normal force with std.

dev, mentioned in Table 10.

Samples Average Critical Normal Std. Dev. (LN)
Force (LN)
A 811 44
B 948 19
C 893 41

Table 10 Scratch data of sample A, B and C prepatetifferent time interval

The mean critical normal force of these three samd approximately 884. The mean value
obtained from the experiments do not exceed thepable range of measurement errors of 10
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%. The obtained data indicate that the plasma depogquipment is capable to reproduce the
organosilicon thin films with similar adhesion cheteristics.

4.3.4 Effect of different film thickness on adhesio failures

As mentioned previously in film preparation, a ssrbf pp-TVS films deposited at 10 W rf-
power discharge with variable film thickness of 28, 99, 197, 334 and 468 nm were used for
this experiment. Ten scratch experiments were fedach sample to estimate reproducibility
of measurements. The scratch behaviour of eachlsangre scanned in height mode and mag
mode image by the help of AFM. The selected AFMadegre explained in next paragraphs.

The scratch experimental data such as the criticahal load and critical lateral load with std.

dev. mentioned in Table 11 for different film thndss. It is clearly seen from Table 11 that
enhanced film thickness from 25 nm to 468 nm resuib higher critical normal load from 212

KN to 8864 uN and higher critical lateral load fr@muN to 2049 uN for adhesion failurity. The
obtained critical normal load plotted against filnckness, metnioned in Fig. 53.

The results show (Fig 53) that the critical norhoald increases approximately linearly with film
thickness upto a thickness of 334 nm. In gendralgiassume that the adhesion is the same and
critical load is determined by the extent of théodmation, an increased film thickness requires
an increased indenting load to obtain the samerhafiion so that the critical normal load
increases with the film thickness [88].

Film thickness| Ciritical Normal Std. Dev. Critical Latera] Std. Dev.

(nm) load (UN) load (UN)

25 212 17 29

54 414 25 71 3
99 893 41 206 10
197 2181 122 455 24
334 3936 117 849 49
468 8864 650 2049 184

Table 11 Influence of different film thickness pfTVS films on scratch data
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Fig. 53 Critical normal load vs. film thicknesdopfor pp-TVS film

The correalation of scanned AFM images with scratgasurement data was really helpful to
understand the mechanism of adhesion failuritymf 'S films as thickness increased from 25
nm to 468 nm. The pp-TVS film of 25 nm was deformeudier the normal critical load of 212
UN and normal lateral load of 29 puN, mentioned @bl€ 11. Scanned height mode and
magnitude mode images for this film are mentiorreérig. 54. It was clearly observed that it is
really difficult to see the delamination point this film becuae of elastic recovery. Only a small
amout of deformation was observed. Simlar kindrobfem was observed for the scratch data of
this film mentioned in Fig. 55. For this film, tleewas no disturbance in normal force vs. lateral
force plot observed. But a small transition repe¢ain normal force and lateral force was seen.
As the film thickness was increased from 54 nm@8 Am, the delamination point of each film
was clearly observed from normal force vs. latévade plots mentioned in Fig. 55 and Fig. 57.
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Fig. 54 AFM images of the scratch of pp-TVS filR®hm. top: height mode; bottom:
magnitude mode
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Fig. 55 Comparison of Lateal force (uUN) vs. norricate (LLN) data of pp-TVS films having
thickness of 25 nm and 100 nm
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The height mode and magnitude mode scan image$ick pp-TVS film of 468 nm are
mentioned in Fig. 56. The critical normal load amtiical lateral load for this film was 8864 uN
and 2049 uN, respectively. In comparison with titra bf 25 nm (Fig. 54), this film showed a
clear delamination point on scratch track. It shdwelarge area of the film around the second
half of the scratches were completely delaminaldek delaminated and removed large part of
the film was also clearly observed by a huge decimlateral force vs. normal froce curve as
mentioned in Fig. 57. Similar kind of behaviour waso observed in scratch data and in AFM
images for pp-TVS film deposited at 50 W and 70f\\gawer discharge mentioned in next part
of the chapter. Pp-TVS film of 468 nm, the larget jwéd the film was delaminated and removed it
might be due to the higher internal stress in time €aused by higher normal force. Thus, one
can conclude that the thicker film has better adimeto the substrate.

Fig. 56 Images of the scratch of pp-TVS film of 468. left: height mode; right: magnitude
mode
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Fig. 57 Comparison of Lateal force vs. normal fodaga of pp-TVS films having thickness of 197
nm and 468 nm

The critical normal force and critical lateral feraas clearly observed for all the pp-TVS films
of thickness 25, 99 and 197 nm as mentioned inF5gand Fig. 57. One interesting point came
in focus when the lateral foce vs. normal forcet plas observed carefully for the pp-TVS film
of thickness 468 nm, stated as Fig. 58. It is demm Fig. 58 that there is a possibility of two
normal critical force (N1 Nc) and two lateral critcal force @, Lcy) for this film. The f point
(Nc1, Ley) was observed with a very small changes on scteack and plot. While, the"2point
was clearly visible and hence it was used as the idacurrent study. Similar kind of behavior
also observed for the pp-TVS film of 334 nm thickseOn the basis of the scratch test and the
scanned AFM images conclude that the film thickriess a significant impact on the adhesion
failurity data.
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Fig. 58 Lateal force vs. normal force plot for pp’S film of 468 nm

4.3.5 Effect of different mechanical properties othin films on adhesion behavior

A series of films were prapared at different rf govef 10, 25, 50 and 70 W with similar film
thickness of about 100 nm for comparing the scraighesion data. The enhanced RF power
resulted in higher mechancial properties of depddilm i.e. the pp-TVS films of 10, 25, 50 and
70 W were having the Young's modulus of 12, 33a68 81 GPa, respectively and hardness of
0.8, 4.6, 7.4 and 8.8 GPa, respectively. The irseed mechanical properties could be related to
higher cross-linking of plasma polymer, when tffeatve power was enahnced [82].

The scratch experiment were performed on each safopll0 times to obtain the mean value
and standard deviation of critical normal load aritical lateral load, as given in Table 12 for all

the films. The obtained critical normal load wastptl against the RF-power, which is mentioned
in Fig. 68. The atomic force microscopy (AFM) wased in semi-contact mode to study the
scratch behavior of pp-TVS films in height modep¢igraphy) and magnitude mode (error
signal) imaging, which are mentioned in Fig. 592- 6
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Fig. 60 AFM scratch image of pp-TVS film (25 Wj,: teeight mode; bottom: magnitude mode.
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Deposition | Critical normal Std. Dev. Critical Latera] ~ Std. Dev.
conditions (W)| load @N) Load @N)
10 893 41 206 10
25 1473 129 280 35
50 7456 1147 1649 257
70 2396 235 527 57

Table 12 Scratch data such as the critical normaté and critical lateral force of pp-TVS films
deposited at different RF-power

The AFM scratch images (Fig. 59 — 62) helped talystine visible point of adhesion failure on
thin films i.e. the place where the tip broke tlahpof the scratch in the thin films to touch the
substrate. The initial phase of scratches, as wesdiin Fig. 59 — 62, was not seen clearly due to
a very small amount of force and elastic recovdryhe film at low amount of deformation.
Further, the middle section of scratches was cfeasible due to higher amount of deformation
taking place at high forces. It could be seen thatscratch track of pp-TVS film deposited at 10
W and having the modulus of 12 GPa was distinainftbe rest of the samples, which were
having higher modulus. This information leads te@amclusion that the scratches were more
clearly visible in softer films compared to thdfsti films.

Furthermore, the image analysis was used to shalgépth profile of scratches on pp-TVS films
of 10 and 50 W. Three horizontal depth profiles evereated for each of them to understand the
progress of the scratches, mentioned in Fig. 63 &hd The depth profile for pp-TVS film
deposited at 10 W (fig 63 A) at the beginning pdrthe scratch was only 20 nm and it was not
clearly visible also. Further, the'point of delamination was mentioned at point BFig 63,
where the depth profile reached almost to 100 nimdfwis film thickness). From point B to C,
completely delaminated film was observed. There fnage pile-up behavior as well as debris of
broken film was observed surrounding the scratatkir

In case of pp-TVS film deposited at 50 W, the deptbfiles were completely different as
mentioned in Fig 64. Due to high modulus and hagsdnthis film has higher resistance to scratch
deformation and delamination compare to the filmloster mechanical properties. The highest
depth profile was measured for this film was 65atrpoint B and C, seen in Fig 64.
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Fig. 63 Study of horizontal depth profiles of scrator pp-TVS film deposited at 10 W at 3
different places: (A) starting of scratch track;)(@dhesion failure point; and (C) ending of the
scratch
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Fig. 64 Study of horizontal depth profiles of scrator pp-TVS film deposited at 50 W at 3
different places: (A) starting of scratch track;)(@dhesion failure point; and (C) ending of the
scratch
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For comparison purpose, the lateral forces werdgquagainst normal forces for all the films as
seen in Fig. 65. It was seen that as the RF pomaeases from 10 to 70 W, the lateral force
value (friction coefficient) decreases for the samemal force due to increased stiffness.
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Fig. 65 Lateral force vs. normal force data of pgSfilms deposited at 10, 25, 50 and 70 W

Further, the scratch data such as the lateral fesc@ormal force and coefficient of friction vs.
normal force were correlated to scratch track TS film deposited at 10 W and 50 W, as
mentioned in Fig. 66 and 67. Only two examplespresented corresponding to the pp-TVS film
deposited at 10 W (Fig. 66) and 50 W (Fig 67) amratter of plotted dependences is the same
for the film deposited at 25 W and 70 W. The sdratata were in harmony with scanned scratch
track as mentioned in fig. 66 and 67. There isgehdisturbance in lateral force vs. normal force
(LN) as well as in coefficient of friction vs. noahforce plot was observed for the pp-TVS film
deposited at 50 W compare to the pp-TVS film depdsat 10 W. It was due to the delaminating
of huge part of films around that disturbance point
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Fig. 66 Approximate highlight the point of adhesfaiture of the film with an indication of the

critical points on the curve of the lateral force wormal force and coefficient of friction vs.
normal force for pp-TVS film (10 W, 12 GPa)
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Fig. 67 Approximate highlight the point of adhesfaiture of the film with an indication of the
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Fig. 68 Behavior of Critical normal load vs. RF-pemfor pp-TVS films

It is clearly visible from Table 12 and Fig. 68 thhe increased RF power from 10 to 50 W
resulted in higher critical normal force and highetical lateral force. Hence, the better adhesion
at higher RF power can be explained by the enhaeaeat cross-linking nature of the films. The
pp-TVS film deposited at 70 W was having the losenmatch data compared to the film deposited
at 50 W, despite this film has better mechanicalstants than 50 W film. This behavior lead to
an explanation that this film was having the straegvork in the film but week linkage between
the film and the silicon substrate. This behavimuld be explained by more internal stress in the

film.
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4.4 Multilayer film

This part of the chapter deals with characteriratibthe well-defined single layer and multilayer
film. A novel way was used to intensively charaizterthe multilayer structure of the film by
scanning probe microscopy and nanoindentation rdetiide objective of this study is to
evaluate the surface morphology and the mechaproglerties of individual layers in multilayer
film system.

4.4.1 Thin film deposition

Plasma-polymerized tetravinylsilane films were defmal on single-side polished silicon wafers
using PECVD (13.56 MHz) working in a pulsed reginide effective power of the pulsed
plasma was controlled by changing the ratio oftilme when the plasma was switched on (1 ms)
to the time when it was switched off (4 — 499 mispdotal power of 50 W and therefore, the
effective power was varied from 0.1 to 10 W. Thiecen wafer was pretreated by, @lasma

(5 sccm, 4 Pa, 25 W) for 10 min. Single layers andtilayer of a-SiC:H were deposited at a
flow rate of 0.50 sccm and a corresponding pressuite3 Pa using TVS plasma. The multilayer
was hidden in the load lock, while the differentweo was set up to deposit the subsequent
individual layer. Deposited films were held for dun in argon gas (10sccm, 10 Pa) and then
moved to the load lock and flushed with air to adpiweric pressure. During deposition process,
the evaluation of single layer or multilayered filmas employed by in-situ spectroscopic
ellipsometry. The technique allows investigation tbickness of individual layers and their
optical parameters, such as refractive index atidaion coefficient.

The single layer tetravinylsilane film (A) of thickss 1217 nm was prepared at an RF-power of
10 W. The film (B) of thickness 748 nm was depabitdg an RF-power of 0.1 W. The
multilayered a-SiC:H film consisted of 10 individdayers of film — A and film — B type with a
buffer layer in the bottom. The total thicknesswafltilayer film was around 2 pm. In which, the
buffer layer was having thickness of 1 pm and thekhess of individual layers of multilayer
film was around 100 nm, which was measured by uspggtroscopic ellipsometry (SE).

Atomic Force Microscopy (AFM) (NT-MDT, Russia) wased to study the surface morphology
of the single layer and multilayered films. AFM ig&s were performed in tapping mode, under
ambient conditions using triangularsiSi cantilevers (NT-MDT) with a nominal sprint constan
of 3 N m*. The mechanical properties such as the young'sutuedand the hardness of single
layer and multilayer films were measured using dsitope (Hysitron Inc., Minneapolis, MN).
Several indents were performed to obtain the meduevand standard deviation of mechanical
properties. The Berkovich diamond tip with 50 nnrmmal radius was used as the indenter.
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4.4.2 Surface analysis of thin films in normal diretion

The surface morphology of single layers (A & B) ahd multilayer film had studied out by the
help of semi-contact mode AFM technique. The ro@am square (RMS) roughness was
calculated from the surface morphology. The RMShmess of individual films A and B was

2.4 nm and 1.4 nm, respectively. While, the RMSgtmess of multilayer a-SiC:H film was 4.0

nm. The multilayer film was having such a high rbogss because of the contribution of
roughness of individual layers in it.

The mechanical properties such as the hardnesthandoung’s modulus of single layer film A
and film B have been studied out by nanoindentatahnique are mentioned in Taldld. The
mechanical properties were measured until 10 %effitm thickness to avoid the influence of
substrate in measurement. The standard deviatioesaere within the error bar (10 %); hence,
they were not mentioned here.

Individual | Deposition Film Contact Mechanical properties
film conditions thickness Depth (nm) Young’s Hardness
(W) (nm) Modulus (GPa)
(GPa)

A 10 1217 106.3 221 2.72
30.2 15.4 1.69

B 0.1 748 65.8 9.78 1.08

47 9.63 0.94

Table 13 Mechanical properties of Single layer &lm

Further, the nanoindentation method was used ttyshe depth profile of mechanical properties

for multilayer a-SiC:H film in normal direction . direction perpendicular to the surface). The
Young’'s modulus and hardness as a function of tmeact depth are mentioned in Fig 69. Here,

the influence of bottom layers and the substrat@@asurement of mechanical properties can be
observed from the progressive increased of theesurMence, the mechanical constant of the
individual layers cannot be determined by nanoital@&n measurements in normal direction to

the surface of multilayered film.
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Fig. 69 Young’s modulus and Hardness vs. Contaptib®r a-SiC:H multilayer film in normal
direction.

4.4.3 Multilayer film analysis by Atomic Force Microscopy and nanoindentation

Normally, the multilayer structure of thin films waobserved with the help of transmission
electron microscopy (TEM) or high-resolution trdimsi electron microscopy (HRTEM) after
making the cross section of that particular film tye help of ultramicrotomy or ion beam
thinning method [89]. As well as, the mechanicalparties of multilayer films were evaluated
by many researchers in normal direction only asas mentioned in Fig 69. However, in our
present study, a novel approach was used to ckawmectthe structure, morphology and
mechanical properties of individual layers in thelltitayer a-SiC:H system by sectioning
method. The 10-layered a-SiC:H film was sectioned amall angle of 4y a Leica EM UC6
ultramicrotome as mentioned in Fig 70. Theut-thick buffer layer was used to protect the
diamond knife from damage during sectioning process
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Fig. 70 Schematic diagram of sectioning of may#r film.

After sectioning, the individual layers of multikxy film were analyzed in details by Atomic
Force Microscopy (AFM), nanoindentation, Lateralrde Microscopy (LF) and Atomic Force
Acoustic Microscopy (AFAM). The AFAM and LF measmrent were conducted by using a
gold-coated silicon cantilever with a spring constaf 1.8 N/m and a resonance frequency of 23-
25 kHz.

First, the surface morphology of uncovered mulel®g a-SiC:H film was examined by non-
contact mode AFM. This enabled us to recognizantiwidual layers as mentioned in Fig 71. It
can be seen from Fig. 71 (a) that the non-contadartopography of eight individual layers,
which mentioned from right to the left with the topst layer at the extreme right side corner.
The magnitude mode image (Fig 71 b) helped to stivesharp boundaries between the layers as
well as some particles. The 3D view of individuaydrs shown in Fig. 72 gives the clear idea
about the multilayer structure. The alternativeelayl, 3, 5, 7, 9 and the buffer layer were
prepared at higher RF-power (10 W) and having tgkedr mechanical properties, were squeezed
up. The layers of lower mechanical properties |agh, 4, 6, 8, and 10 were, squeezed down.
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Fig. 71 Non-contact mode AFM surface morphologyeationed 10-layered a-SiC:H film (a)
Topography height image, (b) Magnitude image.

% 5 10 15 20

Fig. 72 3-Dimension view of Multilayer film strucéu

The dispersion of the refractive index of eachvittial layers in multilayer (a-SiC:H) films was
well corresponds to particular single layer filmdatus, It was expected that the mechanical
constants of individual layer were similar to pautar single layer films.

The mechanical properties of each individual layeexe characterized by nanoindentation
method. The mean value of Young’'s modulus and lemslof individual layers are mentioned in
Table 14. As mentioned previously, the individumldrs in multilayered film were deposited of
thickness of 100 nm and, hence the mechanical pgrepeof them were measured until the
contact depth of 30 to 40 nm, only. The obtaineth deere found to be similar to particular
single layer films (A & B) as mentioned in Table.13
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The F'individual layer was not possible to characteribgchanoindentation technique due to the
sharp cut was produced by sectioning method. THeeimce of substrate was observed on
mechanical properties measurement, as the nanaataen experiment was carried out from
layer -2 to towards buffer layer.

Layers Contact Depth | Young’s modulus | Hardness

(nm) (GPa) (GPa)

Layer—2 42.53 12.7 1.12
Layer — 3 32.85 16.7 1.56
Layer—4 38.74 13.1 1.28
Layer—35 34.14 17.7 1.51
Layer — 6 38.26 14.8 1.32
Layer—7 31.18 19.7 1.66
Layer— 8 37.43 15.8 1.365
Layer —9 29.13 21.9 1.76
Layer — 10 33.15 17.9 1.56
Buffer layer 27.72 258 1.82

Table 14 Mechanical properties of individual layefsa-SiC:H multilayer film
4.4.4Multilayer film analysis by Lateral Force Microscopy (LFM)

The friction characteristic of uncovered layershad multilayer a-SiC:H film was analyzed by the
help of the Lateral Force (LF) Microscopy. The Fi@ (a) depicts the topographic image in
contact mode and 73 (b) shows the LF image. Theeestrong correlation between the surface
slopes and frictional forces [21] that could beeaslied from the LF image (Fig 73 b). It was seen
that the frictional force is high, locally at thdges of the grids and pits with a positive slope an
is low at the edges with a negative slope. It was abserved from the LF image (Fig 73 b) that
there is no friction coefficient difference betwed#re layers, in spite of having different
mechanical properties. This is due to the multitaaSiC:H film was deposited from the same
monomer composition with only the changes of RF-@owilence, the layers were having same
friction coefficient.
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Fig. 73 Lateral Force Microscopy images of the ssed a-SiC:H multilayer film (a)
topography (height) image and (b) lateral force map

4.4 5Multilayer film analysis by Atomic Force Acoustic Microscopy (AFAM)

Further, the modulus mapping of multilayer a-Si@ikh was carried out by AFAM method. The
AFAM is a newly developed non-destructive technjqused for the modulus mapping of thin
films or polymers. The topographic image of mujtdastructure in contact mode is mentioned in
Fig 74 (a), while the AFAM image was produced anstant resonant phase (90fdr the a-
SiC:H multilayer film) is mentioned in Fig 74 (blhe frequency variation of the vibrated surface
was scanned via phase modulation. In the AFAM imd#ge regions of the sample with lower
stiffness are darker [35]. We observed that theiapaariation in the AFAM and conventional
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AFM images are identical, hence surface morpholofjyayer structure has no influence on
mechanical property mapping.

Fig. 74 AFAM images of the sectioned a-SiC:H raylér film. (a) topography, (b) AFAM
frequency contrast.
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5 CONCLUSION

Plasma-polymerized single and multilayer organoailifilms were deposited on silicon wafers
using plasma-enhanced chemical vapor depositioa.stidy of surface properties and adhesion
characteristics of these films were analyzed swfoltyg by scanning probe microscopy,
nanoindentation and nanoscratch tests.

The surface morphology and RMS roughness of silagler pp-VTES and pp-TVS films were
successfully characterized by atomic force micrpgcdhe single layer pp-VTES films with
thickness ranging from 15 nm to 8.6 um were depdsit an effective power of 5 W. The RMS
roughness was increased from 0.04 to 15.5 nmasciidn of film thickness for pp-VTES films.
In another experiment, single layer pp-TVS filmgevdeposited at different RF-power of 10, 25,
50 and 70 W with the similar film thickness of abdupm. The RMS roughness was also
increased from 1.90 to 4.0 nm for pp-TVS films daraction of different deposition power.

Mechanical properties of single layer pp-TVS filmgre measured using nanoindentation
technique in 2 experimental set-ups. The 1st emperial set up was carried out at drift ratecof
0.5 nm/s, while the 2nd set was carried out atetdlrift rate o< 0.05 nm/s.

In the 1st experimental set up, the mechanical etmgs of the single layer pp-TVS film
deposited at 10 W was used for analysis. We poiotgdan influence of the dwell time and
loading/unloading time >5 s that produced a pragivesincrease of the tip displacement due to
the system drift not correctly subtracted at prgkmh measuring time. The experiment was
carried out using an open-loop load function astioead above. The open-loop load function
means that the measurement is performed withoutf@agback control and the drift rate is
determined before the measuring cycle. The incok@ipedisplacement at prolonged measuring
time resulted in underestimated reduced modulus badiness. Further, the mechanical
properties of pp-TVS film was studied using boté tonventional indentation method and cyclic
indentation method accelerating depth-profile asialyThe mechanical parameters obtained from
both the methods were similar and followed the stera. However, prolonged time used at the
cyclic indentation method resulted in diminisheduea of the reduced modulus by 27% and
hardness by 34%. The close-loop load function aft date < 0.05 nm/s could reduce the
differences.

The 2nd experimental set up was carried out fof¥f- films deposited on silicon wafers by
PECVD at three different powers (0.1, 2.5, and 1puaing pulsed plasma for the purpose to
prepare films of different mechanical propertief.the flms were characterized by conventional
and cyclic nanoindentation methods under the dat#<0.05 nm/s to construct the depth profile
of mechanical properties. We found out that bothrttethods gave similar results but the cyclic
nanoindentation accelerates depth analysis of méddaproperties significantly from hours
using conventional method to minutes. The filmshatkness about km were characterized for
contact depth ranging from 5 to almost 200 nm. Ybang’s modulus and hardness data were
reproducible, except for surface region up to 30 from the film surface, depending on film
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stiffness. Bulk reproducible data enabled to euvaluhe Young's modulus and hardness of pp-
TVS film deposited at different powde=7.9 GPaH=0.69 GPa (0.1 WE=14 GPaH=2.0 GPa
(2.5 W), ande=17 GPa,H=3.0 GPa (10 W). The depth profiles of mechanigalpprties for
films of different stiffness revealed that the 108te can be applied reliably to evaluate the
hardness of film, but in case of Young’'s moduliig tule cannot be used for stiffer filleX14
GPa) deposited on silicon wafer. Based on thisystwa can complete conditions necessary for
successful analysis of mechanical properties atadlasv depth: (i) sharp indenter, (ii) careful
calibration of the indenter area function, (iii)mmal system drift and using drift correction, (iv)
smooth sample, (v) no pile-up, and (vi) stiffer gden

Further, hybrid nature of single layer pp-TVS filmgas investigated. The pp-TVS films
deposited by PECVD with film thickness of 1 yum Htedent effective power, ranging from 10 —
70 W. Surface analysis (AFM) revealed grain strieetaf pp-TVS films deposited at different RF
power. The RMS roughness and average grain size wereased from 3.4 nm to 21 nm and 29
nm to 241 nm, respectively with enhanced power.diatentation measurements into the plane
area and grains resulted in different depth pradflenechanical parameters. The difference was
explained by influence of grain geometry and bydownechanical parameters of grains with
respect to the smooth area as confirmed by FEAlation and AFAM measurements.

The UV irradiation can modify the surface of singdger film (pp-TVS). For that purpose, two
batches (each of six pp-TVS) with a film thickness0.1 and 0.5 um, respectively, were
deposited using the same deposition conditions. @deposited films were subjected to UV
irradiation at ambient conditions for different &m ranging from 10 to 100 min. The
modification of the surface morphology (RMS rougbs)eand mechanical properties of the
irradiated films were successfully investigatedabymic force microscopy and nanoindentation.
The RMS roughness of the irradiated films decredised 0.41 to 0.12 nm with prolonged UV
exposed time and the mechanical constants (Youngtulus, hardness) increased for prolonged
UV exposed time due to the UV-induced-cross linking

The adhesion behavior of single layer pp-TVS films silicon substrates were tested by
nanoscratch test and the surface morphology ofcdea was examined by AFM. The correlation
of both methods was informative. The different &draspeed experiment indicated that critical
normal load was almost remained constant at diftespeed. The PECVD apparatus can
reproducibly prepare the thin films with same adbmescharacteristic. The different film
thickness (thickness varying from 25 to 468 nm) &apgeat impact on adhesion behavior of the
films. For thinner film like 25 nm, it was very @ifult to see the adhesion failure point on critica
normal load data as well as in AFM images. White thicker film of 468 nm has shown an
extensive damage in scratch data as well in AFMgesa Similar way, the film of different
mechanical properties (deposited from 10 — 70 W) diéerent adhesion behavior. The critical
normal load and lateral normal load was increasid wcreased RF power from 10 to 50 W.
However, the subsequent decline in scratch dattcédrnormal load, critical lateral load) was
observed for film deposited at 70 W, probably doe¢hie high internal stress and fragility. One
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can successfully use the nanoscratch test witlkedheination of atomic force microscopy in the
evaluation of adhesion behavior of organosilican ftims on silicon substrate.

Furthermore, a novel approached was discussehéosurface analysis of multilayer film. For
that purpose, single layer and multilayered a-Si@liHs were deposited on silicon substrate
from tetravinylsilane using PECVD. The 10-layeredltitayer film was constructed as a, Si-
SiO,/BABABABABA, where Si-SiQ means a substrate of the silicon together withlieosi
oxide layer. Layer A was deposited at an effecpesver of 10 W and layer B at 0.1 W. The
multilayer film was sectioned using ultramicrotoray an angle of ‘4to reveal the individual
layers. The individual layers were observed by atoforce microscopy and the surface
morphology influenced by layer structure was naticeThere was no difference in friction
characteristic of individual layers observed byetat force microscopy. The mechanical
properties of distinguished individual layers warecessfully investigated by nanoindentation
and atomic force acoustic microscopy. The analysiicated that mechanical properties of
individual layers A and B were the same in singlgel and multilayer films. The results enable
us construction of functional multilayered films @dntrolled mechanical properties applicable in
polymer composites with controlled interphases.
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LIST OF USED SYMBOLS

A = Projected contact area

CwK=0,1, 2, 3, 4,5 are the constants of theigogp fit.

E = Young’s modulus
E; = Reduced modulus
F = Flow rate
F. = Lateral force
Fn= Normal force
Fr= Tangential force
H = Hardness
h.= Contact depth
max = Maximum indentation depth
M = Molecular weight
P = Indentation load
Pmax= Peak load or maximum load
RMS = Root mean square
S= Contact stiffness
T = Temperature
Te = Electron temperature
Ti = lon temperature
W = tungston
Wett = Effective power
w = friction coefficient
vs= Poisson's ratio of the substrate
vj = Poisson's ratio of the indenter
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LIST OF USED ABBREVIATIONS

AFM = Atomic force microscopy

AFAM (or SFAM) = Atomic force acoustic microscopgr(scanning force acoustic microscopy)
CCP = Capacitive coupling plasma

Co = Cobalt

CSM = Continuous stiffness measurement

CVD = Chemical vapor deposition

EFM = Electric force microscopy

FIB = focused ion beam

FRP = Fiber-reinforced plastics

HMDSO = Hexamethyldisiloxane

ICP = Inductivly coupled plasma

LFM (or FFM) = Lateral froce microscopy (or Friatidorce microscpy)

Mag = Magnitude

MFM (or SMM) = Magnetic force microscopy (or scamgimagnetic force microscopy)
NI = nanoindentation

PECVD = Plasma-enhanced chemical vapor deposition

Pt = Platinum

PZT = Piezo electric tube

RBS = Rutherford backscattering spectroscopy

RF = Radio Frequency

sccm = Standard Cubic Centimeters per Minute

SEM = Scanning electron microscopy

SKPM (or KPM) = Scanning Kelvin probe microscopy Kevlin probe microscopy)
SNOM = Scanning near field optical microscopy

STM = Scanning tunneling microscopy

SThM = Scanning thermal microscopy

TVS = Tetravinylsilane

VTES = Vinyltriethoxysilane

W2C = Tungsten Carbide

XPS = X-ray photoelectron spectroscpy
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