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ABSTRACT

Fabrication of nanostructured thin films for numerous functional applications has been
emerging rapidly in recent times due to their excellent mechanical, optical, and magnetic properties.
Nanostructured thin films are rigorously explored in various disciplines such as material science,
engineering applications, physical, chemical and biological fields owing to their multi-functional
properties. Multi-functionality and diverse properties of ZnO thin films have led to continuous
development and renewed interests among researchers. ZnO exhibits wide direct band gap, high
exciton binding energy, high piezoelectric coefficient, easy to fabricate nanostructure, etc. However,
nanostructure of ZnO offers remarkable stability and easily optimized by tailoring microstructure,
defect morphology and crystallinity using synthesis route and thermal treatments. These properties
of ZnO can be exploited for fabrication of piezoelectronics devices, UV-photo detectors, gas sensors,
and dye sensitized solar cells etc. Also, incorporation of different dopants in ZnO thin films could
manipulate its microstructure and crystalline properties, used to tailor the optical, gas sensing and
piezoelectric properties. Commercialization of ZnO based nanostructured devices is heavily
dependent on its structural integrity along with other functional properties.

This thesis is focused to investigate the mechanical and tribological properties of ZnO
nanostructured thin films in a combined framework, using experimental and simulation techniques.
Rare earth ions as the active constituents of ZnO, create distinct crystalline behavior after doping
that could serve in many applications. ZnO thin films are doped with rare earth ions such as Yttrium
and Praseodymium using direct current (DC) sputtering technique and their doping profile was
studied by X-Ray photoelectron spectroscopy and Energy Dispersive X- Ray spectroscopy (EDS).
The influence of deposition parameters on the structural and mechanical properties of thin films has
been explained. The main objective of the present work is to, i) Synthesize pure ZnO thin films on
glass substrate and fused quartz substrate using DC sputtering technique, and further to investigate
the effect of sputtering process parameters on mechanical and tribological properties, ii) Study the
effect of dopants e.g. (Yttrium, Praseodymium) on micro-structure and mechanical properties of
ZnO thin films. iii) Develop a finite element model using nanoindentation parameters and to study
the effect of friction, yield stress, substrate elastic-plastic properties on simulated load-displacement

curve. The key results obtained are described as follows.
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The nano-mechanical properties of pure ZnO thin films deposited at different substrate
temperature such as (RT) 25°C, 100°C, 200°C, and 300°C using DC sputtering on glass substrate
were investigated. The ZnO thin films are found to be predominately c-axis (002) oriented and
sensitive to increasing substrate temperature, new crystal planes become visible at 300°C as thin
films become highly polycrystalline. The presence of (103) crystal plane is more pronounced with
the increasing substrate temperature. High crystallinity and peak intensity ratio loo2)/l103) (counts) is
highest for thin films deposited at 100°C, attributed for high hardness and better adhesive properties
observed for ZnO thin films. No major sudden burst of displacement ‘pop-in’ event in load-
displacement curve of thin films was observed during indentation, indicating the films are dense
with low defects and adhered strongly to the substrate.

Subsequently when underlying substrate has been changed from glass to fused quartz and
ZnO thin films deposited at different sputtering deposition pressures (5, 10, 15, and 20 mTorr) using
DC sputtering. The crystallinity and microstructure revealed a marked influence on the mechanical
properties of ZnO thin films. The structural evolution of the thin films is in (002) crystal plane and
influenced by deposition pressure variations. The intensity of (002) peak of the films rises initially
and decreases with further increasing deposition pressure. The mechanical properties and coefficient
of friction of ZnO thin films were measured using three-sided pyramidal Berkovich nanoindentation.
The strength of thin films was measured by using scratch test under ramp up loading. Load-—
displacement profile of thin films at continuous indentation cycle was observed without any
discontinuity revealed no fracture, cracking event, and defects, which is a consequence of dense
microstructure and good adherence of films to the substrate.

The mechanical properties of Y (yttrium) doped ZnO (YZO) thin films deposited on glass
substrates and fused quartz at different substrate temperature (Room temperature 25°C, 100°C) using
DC sputtering were studied. It is observed that growth of crystalline nature and micro-structural
features of thin films are sensitive to different substrate material and substrate temperature as
indicated by X-Ray diffraction. YZO thin films have emerged in (002) diffraction plane and
improves peak intensity with higher substrate temperature at glass substrate. The doping profile of
Y (yttrium) in ZnO thin films and micro-structural features were characterized by X-Ray
photoelectron spectroscopy (XPS), Atomic force microscopy (AFM) and Field effect scanning
electron microscopy (FESEM). The scratch resistances in terms of lateral and normal force curve,
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hardness, Young’s modulus of the films were measured using Berkovich tip nanoindentation and

nanoscratch. YZO thin films have shown better mechanical properties (hardness 5.06+0.70 GPa,
Young’s modulus 166.81+16.39 GPa) on fused quartz substrate compared to glass substrate. XPS
and EDS mapping of the films confirm Y3* presence as well as uniform distributions throughout thin
films. The mechanical properties of YZO thin films deposited at room temperature observed to be
poor. It is due to the inadequate thermal energy at lower substrate temperature is not able to facilitate
the formation of defect free and crystalline thin films. The denser microstructure and sharp
morphology of the films observed at high substrate temperature have improved strength in terms of
critical load 1210.6 pN of the films required for scratch resistance.

Furthermore, mechanical properties of Pr (Praseodymium) doped ZnO thin films deposited on
glass substrates and fused quartz at different sputtering deposition pressure (5mTorr, 10mTorr) using
DC sputtering were studied. Growth of crystalline phase in Pr doped ZnO thin films particularly in
(002) diffraction plane is more pronounced and it improves with higher peak intensity at 10mTorr
sputtering pressure as observed by X-Ray diffraction. However, the lower sputtering deposition
pressure evoked deposition rates to the formation of poly-crystalline films emerged in several crystal
planes. The presence of Pr ions incorporated ZnO host lattice as well as morphology was examined
by XPS, AFM and FESEM. XPS spectroscopy revealed the presence of Pr3*, Pr** at ZnO top surface
layer and it was in tandem with EDS mapping. The thickness of thin films was found to be varying
from 220 nm to 310 nm with dense morphology and uniform growth throughout on the deposited
area. Nanoindentation prior to scratch testing (ramp up load condition) of Pr doped ZnO thin films
was performed to understand its deformation characteristics. The three sided Berkovich indenter tip
is used for the measurements and the films deposited on glass substrate have shown hardness
(9.89£0.14 GPa), Young’s modulus (112.124+3.45 GPa) as compared to films deposited on fused
quartz substrate, hardness (9.83+0.24 GPa), Young’s modulus 110.9+£3.7 GPa), at similar synthesis
conditions. The Nano-scratch tests yield lower critical load Lci, 2250.5 uN for the crack initiation
and upper critical load Lcz, 2754.5 pN for the complete failure. The crack propagation resistance
parameter (CPRS) of the films was evaluated using initial critical load Lci and upper critical load
Lc. for film failure. The better crack propagation resistance was observed for films deposited at
10mTorr sputtering pressure on both substrates, attributed to better crystalline nature of the films.

Finite element (FE) modeling and simulation of nano-mechanical behavior of ZnO thin films
were performed. Experimental results obtained from nanoindentation, are used to develop the FE
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model. The FE calculation was performed as two dimensional model, assuming Berkovich tip as

rigid material. FE analysis was used to elucidate the phenomenon of force-penetration depth by
independently considering the variations in yield stress, friction coefficient and substrate effect of
the crystalline ZnO thin films. The FE analysis was adopted in such a way to provide a best fit to
experimental load displacement curve and investigated equivalency of force-indentation depth
curves by Berkovich, conical or spherical tip with same radius. However, ZnO films are assumed as
elastic-plastic material and perfectly bonded to substrate, so there is no slippage or delamination at
the interface. The deformation in substrate depends on the difference in mechanical properties with
coating and increase in penetration depth is observed when substrate yields before coating. FE
simulation coupled with experimental process of indentation provides a better insight and

optimization of the mechanical response for predicting the deformation behavior of ZnO thin films
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Chapter 1

INTRODUCTION AND LITERATURE REVIEW

This chapter provides background and scope for the research work presented in the thesis.
Thin film deposition, literature review of the various properties in nanostructured ZnQO thin films,
more specifically the mechanical and tribological properties are discussed in this chapter. In

subsequent section, Finite element based simulation dealing with nano-indentation is discussed.
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Chapter 1. Introduction and Literature Review
1.1 BACKGROUND

Nano-science and nano-technology engineered materials utilized for up-gradation and
enables to further develop innovative materials such as meta-materials, flexible electronic
materials as compared to existing conventional materials [1]. Research in the field of
nanostructured materials are essentially emphasize the improved performance with the benefits
of miniaturization of devices. Objects in day-to-day life (e.g. computer, television, pots and cars)
are surrounded by the miniaturized coated system. The widespread use of functional thin films
in space applications, military applications (e.g. radars, satellites, solar systems and vehicles) has
their own virtues to fulfill the requirements [2]. Also, biomaterial thin films used for blood
contact to reduce the blood cell damages, could be beneficial for civil and military purposes [3].
Thin films growth and its applications is a major area which is explored in various disciplines

e.g. material science, physics, chemistry and biology etc. [4].

Nanomaterials exhibit exceptional multi-functional properties compared to its bulk
counterpart which could be utilized for new potential applications. The enhanced purity from
contamination during the synthesis of nanomaterials preserve its inherent nano-phase properties.
Nanomaterial synthesis from bottom-up approach is a reasonably favorable way for better purity
and precise microstructure and doping. Several coating deposition techniques used high vacuum
for film growth and maintained high purity without any contamination. The coatings have been
in use from ancient times for the decorative and protective purposes; however, recent
developments in functional applications of coatings have emerged due to new deposition
techniques and characterization methods. With the emergence of more sophisticated tools for
coating depositions ensuring to control their dimensions with manipulation of different
microstructures pave a way to several new applications e.g. solar cell, transistors, biomedical

coatings, corrosion resistant coatings etc. [5].

In the nanostructured thin films, the physical and chemical properties are altered due to
size effect at nanoscale level, in which one of the dimensions is confined, leading to quantum
confinement effects, substrate driven properties. The coatings performance and functionalities
are likewise depending to a larger extent on underlying substrate properties, which is more
pronounced when thickness of coating reduces to several nanometers only. The crystalline
orientation of coatings is significantly affected by substrate conditions as well as synthesis
parameters. Consequently, the nano-morphology of coating can be optimized to add several other

functionalities in to existing properties.
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Chapter 1. Introduction and Literature Review
1.2 NANOCRYSTALLINE THIN FILMS

In the surface engineering, thin films are considered when a material is applied onto a
surface using the established techniques of deposition and afterwards growth of the film either
in continuous or discontinuous microstructures take place throughout the substrate. Different
design and manipulation of microstructure is promoted to achieve better properties i.e. optical
properties, magnetic properties, electrical properties, mechanical properties and tribological
properties. In the last decades of coatings development provide remarkable properties in the area

as given below [6];

e Functional properties e.g. solar, optical, magnetic and electrical properties.
e Improved wear and corrosion properties.
e Hard coatings with enhanced fracture toughness.

e Thermal barrier coatings.

The surface of the material always possessing its significant importance in every
application. Likewise, underlying substrate fairly influences the coating growth and interface and
residual stress can be induced with different substrate materials [6]. The epitaxial coating growth
on the substrate of same material or different material (i.e. Homoepitaxy or Heteroepitaxy)
always possesses exceptional properties and technological importance due to its well-ordered
microstructure and fewer defects as compared to its bulk counterpart [7]. The homo-epitaxy
coating offers more access to control and re-engineered intrinsic properties compared to bulk
properties, for instance silicon films deposited on silicon substrate for electronic chips. However,
exciting properties can be achieved using heteroepitaxy where lattice misfit, residual stress in the
films create diversity in lattice constants, crystal orientations, morphology of the thin films,

eventually leads to different band gap and other functional properties [8].
1.2.1 Nucleation and Growth

The initial nucleation density, growth, re-crystallization during the coalescence stage
determines the lateral grain size normal to the substrate. A mono-layer is formed depending upon
the average separation of the initial nuclei, initial nucleation density and number of grains per
unit area. In fact, thin film nucleation as a new phase on substrate is affected by presence of
impurity, which leads to segregation, reconstruction of new abrupt, flat interface as well as crystal

surface giving rise to different types of growth.
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Likewise, film thickness determines the grain size grown normal to the substrate. For

thicker films, incident species falls off at the tip of previously grown grains, and each column of
grains grows multi-granularly with possible directions from normal growth depending upon the
deposition conditions, the thermodynamic equilibrium of the deposited and the substrate surface.
The general mechanism of thin film growth process is given below step by step as emerged from
experimental as well as theoretical studies [7].

e The incident species impact and loses its normal component of velocity to substrate after
striking so that it gets physically adsorbed at substrate surface.

¢ Initially, adsorbed species on substrate not in the equilibrium condition and these species
units move randomly on surface to facilitate self-interaction forming a small size particles
called nuclei.

e Nuclei still thermodynamically unstable state and depend on the deposition parameters in
such a way that cluster collision with each other facilitate to grow in size and attaining a
critical size called as nucleation barrier.

e Subsequently, microstructure forms with several phenomena throughout the substrate
until a condition of super-saturation nucleation density is achieved.

e Energy of the impinging species, activation energies of adsorption, thermal diffusion,
temperature, rate of impingement, nature of the substrate affect the nuclei size and density
of microstructure.

e A nucleus growth and settlement take place either parallel or perpendicular to the
substrate surface by diffusion under the influence of surface energy. Typically, it is
observed that lateral growth is much higher.

e Film formation with the inclusion of small particles leads to formation islands, merging
with each-other to shrink thereby reducing overall surface area. This process results in
bigger islands, characterized as agglomeration and grows in size with higher mobility of
the adsorbed species at the surface. Larger islands growth also leaves some channels and
voids of uncovered substrate.

e The overall microstructure of the films from discontinuous island type to a continuous

film throughout the substrate depends upon these aforementioned conditions.

Different types of growth modes observed discussed as follows;

1.2.1.1 Layer by layer growth or Frank-Vander Merwe (F-V)
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Layer by layer growth are significantly observed in the materials having atoms that are

more strongly bonded to substrate as compared to themselves. They first form the mono-layer
over the substrate, which is most strongly attached to the substrate forming strong interface with
uniform distribution, subsequently succeeding layers less tightly bounded to underlying
substrate. This effect extends with thickness until bulk properties is achieved [9]. This kind of
film growth process is favorable in adsorptions phenomenon and epitaxial growth shown in Fig.
1.1.

Mixed mode growth or Stranski-Krastanov

Layer by layer growth or Frank-Vander Merwe

Figure 1.1. Different growth modes of thin films.
1.2.1.2 Island growth or Volmer-Weber (V-W)

Island growth is achieved when the incident species strike on substrate and preferably
grow at the specific nucleation sites. Initial growth made up as the coalescence of atoms further
constitutes as island kind of structure separated with distance referred as VVolmer-Weber growth.
The bonding between thin film molecules is much stronger as compared to substrate leading to
such growth process. This kind of growth is observed in various metallic films, influenced by the
stress state present in the films. The mechanism responsible for this growth depends upon
deposition process as well as adatoms interaction for specific sites present at grain boundaries
[10].

1.2.1.3 Mixed-Mode growth or Stranski-Krastanov (S-K)

Mixed mode growth is a micro-structural growth featured with dual kinds (e.g. F-V, V-
W) of growth mechanism. In this growth process, the initial interaction of film materials is same
as F-V growth mode and few layer of material cover up the substrate but substantial layer growth
is hindered and formation of island is initiated. The growth of these islands depends upon the
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percolation thresholds. Depending upon the material specific properties, the percolation

threshold lies in between nanometers to several microns.

The interfacial energy is relatively larger in island growth and discrete nuclei grows
separately instead to filling-up a complete layer. In the mixed mode, interface energy is
comparable to island formation energy that engages layer formation with island formation.
However, interfacial energy is relatively less in layer by layer growth [10]. All the classical
growth mechanism depends upon surface energy [9]. In addition, several other growth modes
also considered including columnar growth, step flow, step bunching and screw island growth
mode. These growth-modes depends upon the critical misfit which influence the deposit and
substrate bonding behavior and accounted for deformability generally in oxide or iodide ions
respectively [6].

Columnar growth is accompanied by V-W growth mode where the column as individual
island forms continuous films throughout the substrates. However, presence of high density of

defects is also associated with columnar growth as shown in the Fig. 1.2.

Figure 1.2. Columnar growth observed in cross sectional ZnO thin films.

Step-flow growth is diverse growth mode and induced when substrate mis-orientation
(cut-off angle) is associated with crystal. This mis-cut provides atomic steps and incident species
fall on these steps rather than forming surface islands. However, growth is attributed as change

in the mobility of adatoms when surface terminates at layer from the substrate to the film [11].

Step-bunching growth is usually observed in heteroepitaxy to relieve the induced strain.
When instability of growing crystals exists with large density of steps or terraces bunch together
with significant step velocities over the growth surface, leads to step bunching growth. Macro
steps forms when the higher steps and lower steps interact and exceed thickness of several mono-

steps. The micro-steps exhibit individual growth rate and doping rates of impurities [12].
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Screw island growth mode has high density of screw islands during initial growth depends

upon mis-orientation of substrate; further coalescence of these islands may lead to screw
dislocations with large burger vector responsible for screw-island growth mode. If continuous
growth occurs, these islands form the columnar growth favored by high temperature and low
super saturation [13]. Substrate of low misfit and low super-saturation leads to best structural
perfection achieved by F-V growth mode.

1.2.2 Doping in thin films

Doping is induced in different concentrations for the variation in inherent properties of
thin films. The various dopants can be incorporated in the thin films during the synthesis
procedure and using precursor material. Likewise, different post deposition treatments e.g.
thermal treatments (in vacuum and gas medium), implantation with different ions and chemical
treatment also provide a different crystallinity and induced dopants in the host matrix. There is
ongoing research on doping in thin films by analytical, computational and experimental analysis
to achieve better performance and its real world industrial application. The tribological
performance of several coatings has been improved after doping [14]. The external environment
also causes to unwanted impurity, like oxide layer is deposited e.g. copper oxide are more prone
to shearing than copper films [15]. There are several theoretical and simulations studies to

understand the nano-physical changes after doping.
1.2.3 Defects in thin films

The crystallographic orientations and microstructure formation are entirely depending on
the randomly distributed islands and an interface developed by grain boundaries. During growth
and film formation process, defects gets incorporated in the microstructure, primarily induced by
mismatch of unit cell geometrical configurations as well as crystallographic orientations of
substrate-film. The grains distribution is randomly oriented in polycrystalline type of
microstructure. Even if, the crystalline orientation pertaining to different grains might be same
throughout, a single-crystal film could not be obtained and instead the formation of single-crystal
grains oriented parallel to each other giving rise to low-angle grain boundaries. Likewise, when
the grain size shrinks below a critical size (approximately less than 20 A), it forms amorphous
micro-structures accompanying enhanced disorder as compared to crystalline films [16].
Generally, thin films contain structural defects e.g. grain boundaries, twins and twin boundaries,

dislocation, stacking fault and aggregate point defects etc. Defects e.g. twin boundaries or
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stacking faults are observed less frequently in polycrystalline films. However, major defects such

as dislocations, grain boundaries and lattice misfit are significant in polycrystalline films.
Primary mechanisms inducing dislocations in thin films depends upon lattice misfit, existing

stresses in thin films and weaker adhesion at the interface.

Further, stress relaxation through dislocations movement by active slip system in thin
films and buckling, chipping, delamination etc. could lead to the failure at the interface. The
different types of defects are possible given in Fig. 1.3. The defect concentrations in the thin
films also depends upon the thermal and post deposition treatment. The different thermal
expansion coefficients of substrate and thin films can induce different strain depending upon the

growth temperature.

Precipitates on
film surface

Twin Boundries and
misoriented grains

Planar defects,
stacking faults

Figure 1.3. Schematic diagram showing defects induced in thin film during synthesis.

1.2.4 Roughness of the films

Roughness and topography of the films are affected by nucleation barrier as well as super-
saturation; nucleation density is high while critical nucleus is small enough in initial stage of film
formation. Number of nuclei formed depends upon nucleation barrier as well as the super
saturation. High mobility enhances surface smoothness to fill concavities in the films. Also,
roughness of the films is usually related to different modes of film growth e.g. F-V growth mode,
provides the smooth surface compared to V-W growth mode. The topography including
roughness, grain distributions and grain size can be investigated by atomic force microscopy.

However, different temperature dependent strains generated due to thermal expansion mismatch
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between a film and substrate affects film microstructure and topography. Also, different crystal

planes and their crystalline phases influences the planar density and changes the topography and

microstructure of thin films [17].
1.2.5 Adhesion

Adhesion of thin film is the bonding force to the substrate, which is a significant factor
for stable film structure, depends on chemical and physical state, surface energy minimization
and microstructure of substrate material. This high adhesion is pre-requisite for the film
formation and applications, which is achieved by optimizing the synthesis parameters and type
of substrate used. Incident species falls off with specific kinetic energy and loses the velocity
normal to substrate, and this kinetic energy is transformed as adsorption energy further to initiate
nucleation process. However, impurity at the substrate deteriorates adhesion mechanism and
homogeneous growth is not achieved. Also, pre-coated substrate with suitable materials to
minimize the lattice mismatch as compared to bare substrate provides improved adhesion of a
film. During deposition, vacuum and super saturation affects the density of films; poor vacuum
generally deteriorates films quality with porous, contaminated microstructure. Different material
of film and substrate induce internal stress and lattice misfit energy during growth [18].

1.2.6 Hardness in Nanocrystalline thin films

The hardness i.e. “the resistance of a material to plastic deformation” or materials ability
to sustain under deformation through applied pressure. However, dislocation nucleation and
propagation has an immense impact on mechanical properties of materials, and it is recognized
that dislocation movements can be hindered, beneficial to gain high hardness by either grain
refinement to enhance grain boundaries, or solid solution hardening. The mechanical strength

increases with decrease in grain size by Hall-Petch relationship as given in Eqg. (1.1) [19].

k
0 \/a
Where, o is yield stress of the material, g, is the intrinsic yield stress of the bulk material,
k is the material constant and d is the grain diameter. It is evident from Fig. 1.4, that conventional
bulk materials have the grain size variations beyond 100 nm to several micrometers. So, the
influence of propagation of dislocations is not significant on the overall hardness. The

mechanism responsible for hardness in bulk materials to have less number of grain boundaries
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impose as minor barrier to impede the movement of dislocations through the slip system.

However, as the grain size reduces substantially below 100 nm, significant grain boundary
volume fraction develops within the material. It can significantly obstruct movement of the
dislocations at the grain boundary and increase the hardness as the materials competes against

permanent deformations.

=

ey
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=
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24 — Nanomaterials
1.

=)
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= Materials
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= /

= — Amorphous

Grain size (um)

Figure 1.4. Schematics of hardness vs grain size variations in the material.

However, continuous reduction of grain size particularly less than 10 nm (critical grain
size) has an adverse effect, which suddenly deteriorates hardness of the material due to grain
boundary sliding effect. Grain boundaries cannot effectively impede the dislocation movement
below critical grain size called inverse Hall-Petch effect. Coatings can be categorized on the basis

of their intrinsic hardness as follows [20].

e Hard Coatings (H < 40 GPa)
e Super Hard Coatings (40 < H < 80 GPa)
e Ultra Hard Coatings (H > 80 GPa)

The hard coatings primarily used for tribological applications. Various physical and
chemical synthesis methods are competing to achieve superior performance in actual engineering
applications under dry or high speed machining conditions e.g. protective coatings for turbine
blades, engine parts and cutting tools to improve their durability. The drawback of conventional
hard coatings is higher thickness, which impose a risk of adhesion failure with the substrate.
Also, the conventional hard coating are usually ceramics, however, nanocrystalline coatings can
have better mechanical properties regardless of its bulk counterpart. Furthermore, Nano-
crystalline coatings emerged with superior mechanical properties and considerable higher

strength. The same Eq. (1.1) remains valid with grain size reduction in nanocrystalline coatings.
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In the case of nanocrystalline coatings, increased hardness not only dependent on

obstruction of movement of dislocation but the concentrations of defects can be reduced by

manipulating the microstructure as well as type of substrate used.

However, there are considerable chances for reverse Hell-Petch effect which should be
taken care. Generally, most metals have this critical grain size of ~10 nm. Analysis of critical
grain size effect by several analytical models for the material behavior including
dislocation/diffusion/grain boundary shearing/two phase models has been made in the literature.
In addition, along with the improvement in hardness, ductility can be enhanced with reducing

brittleness even in nano-crystalline ceramic coatings [21].

1.2.7 Toughness in Nanocrystalline thin films

Toughness represents a better combination of ductility and strength in the materials
performance. Toughness broadly entitled to energy required for crack creation and propagation
until fracture occur or, ability of material deformation to absorb energy up to fracture. High
toughness in the coating has ability to pursue high resistance for cracks initiation under stress
and also absorption of high energy deters crack propagation like chipping, flaking or catastrophic
failure. In general, materials observed hard to cut at last has high toughness. In addition to super-
hardness, high toughness of a coating is equally important, especially where to deal with high
shear/normal forces. The protection needed in machining application as sliding contact may not
be delivered by hardness alone. Sometimes, super-hardness is exhibited due to internal stresses
developed within the films, and such conditions may deteriorate wear resistance and fatigue

properties.

The high toughness in the coatings is achieved using ductile phase toughening,
compressive stress toughening and phase transformation toughening, etc. However, recent
studies confirmed that nanostructured and nano-composite coatings possess relatively high
fracture toughness, increasing robust mechanical contact conditions that can drive materials with
a combination of hardness and toughness [22]. For the sliding contact applications; high
toughness is preferable as compared to high hardness. Nano-composite coatings can facilitate to
combine higher hardness along with enhanced toughness for industrial applications [23]. Such
coatings should exhibit low plastic deformation, better elastic, resilient properties. In the surface
engineering, different design and microstructural engineering is promoted to achieve better

properties i.e. mechanical properties and tribological.
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1.2.8 Coatings application as Hard Coatings

Hard coatings are essential for protection of the component in any instrument due to wear
or tear and robust use. Longer life spans along with ability to sustain high loads are few reasons
for hard coatings. However, recent development of hard coatings depends not only upon their
ingredient materials but also their thickness scale. Hard coatings generally are nitride based (e.g.
titanium Nitride, chromium nitride, Zirconium Nitride, silicon nitride etc.), carbide based (e.g.
silicon carbide, Tungsten carbide, Vanadium Carbide, boron carbide etc.) and several other
multi-component [24], Furthermore, hard coatings is divided in two categories such as monolayer
coatings and complex coatings. Monolayer coatings are metals, Al, Cr, Mo, or TiN, TiC, CrN
etc. The complex coating consists of more than one material and extent of distribution is high
Ti(C,N), (Ti, ADN, (Ti, B)N, (Ti, Zr)N, (Ti, Nb)N, (Ti, Al, V)N etc [25]. Likewise, multiphase
coatings in which one phase of material is dispersed in another phase (TiN-TiB.) also give better
results [26]. Apart from that, multi layered coatings is developed which provide good adhesion
as well as better corrosion resistance forming like sandwich type structure [27]. Sandwich
structures with different mechanical properties also provides better crack propagation resistance
due to different interface and however crack nucleation and propagation is detrimental for
monolayer coated system. The nano-composites hard coatings also provide improved hardness

due to its nano-morphology. In hard coatings, fundamental properties are the followings.

e High hardness, toughness, high wear resistance properties
e Low friction coefficient

e Good adhesion

e Chemical inertness and smooth morphology

e Longevity

1.2.9 Functional Coatings applications

The application of functional coating includes electronics transistors at thermal
application [28], piezoelectric device [29], sensors [30], tunable emission [31], biomedical
applications [3], stem cell and tissue engineering applications [32], and corrosion resistant
coatings [20] etc. As far as the actual performance of functional coating based device require the
analysis of mechanical strength in rugged enviourment. Fabricated devices should ensure the
service life as well as devices integrity and durability. The durability is primary concerned of

semi-conducting coatings in electronic industries regarding the data storage manufacturing,
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optical devices and chip manufacturing [33]. The tangential and normal load bearing capacity

should be high, because even minor scratch can deteriorate performance throughout the surface
and lead to stress center where the failure/fracture is most probable to occur. Though functional
applications of coatings are well known but the mechanical properties ought to be investigated.

ZnO is also considered as a multi-functional material used in several applications.
1.3 GENERAL PROPERTIES OF ZnO

ZnO is renowned as wide band gap semiconductor considered as a key technological
material and received huge attention due to pertaining multifold performance in electronics,
sensing, solar cell as well as piezoelectric properties [34]. With the leading edge in advanced
synthesis techniques and characterization methods not only provide the better understanding but
also develop non silicon based miniaturized semiconducting devices. ZnO is white powder in
color which is insoluble in water. It is widely used as an additive in materials preparation and
production of many products such as ceramics, plastics, glass, cement, lubricants, ointments,
adhesives, paints and pigments, batteries, ferrites, fire retardants, medicine and first aid tapes.
ZnO naturally found in as traces of zinc blende and furthermore several techniques developed
for extracting pure ZnO powder. ZnO corresponds to compound semiconductor belongs to 11-VI1

semiconductor group possessing large band gap~3.4 eV.

In addition, ZnO is known for good transparency, high electron mobility and excellent
luminescence at room temperature. The high electromechanical coupling and high exciton
(electron-hole pair) energy ensure consequent use in actuators, piezoelectric devices as well as
efficient excitonic emission even at room temperature [35]. Its optical properties are very much
useful in emerging applications like transparent conducting oxide; electrodes used in liquid
crystal display, energy applications, UV protections, used in thin film transistors etc. ZnO
crystallizes predominantly in thermodynamically stable wurtzite polyhedral structure, with sp®
covalent bonding, where each O? is surrounded by 4 Zn?* and vice versa. Furthermore, bonding
itself having substantial ionic character, resides in between covalent and ionic semiconductors
[29]. The higher stability is determined by equilibrium cohesive energy using Hartree-Fock-
LCAO theory and valued —5.658 eV for wurtzite, —5.606 eV for zinc-blende, and —5.416 eV for
rocksalt phases. Furthermore, DFT- LDA analysis equilibrium cohesive energy, —9.769 eV for
wurtzite, —9.754 eV for zinc-blende, and —9.611 eV rocksalt respectively [29]. Therefore,
wurtzite phase energetically favorable in ambient conditions. Several models have been proposed
for cohesive/lattice energy of nanostructures and often based on surface atoms binds with
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comparatively less number of chemical bonds, so there is less contribution to total energy than

the bulk atoms. Also, with the decreasing size of nanoparticles, the ratio of surface atoms

increases and therefore its cohesive energy also changes [36].

Recently, enormous attention is focused on ZnO nanostructures (particles, wires, thin
films), preparation and characterization with and without doping in host ZnO. Several deposition
techniques e.g. evaporation, pulse laser deposition and sputtering is used to deposit ZnO thin
films [37]. However, solubility of transition metals in ZnO is found to be relatively low, exceeded
the solubility limit leading to the precipitation of accompanying phases, or usually mixed oxides
of zinc and transition metal, or ZnO phase may change either to rock-salt or spinel structure
[36,38].

1.3.1 Crystal structure

Hexagonal ZnO wurtzite structure contain lattice parameter a, ¢ along with ‘c/a’ ratio
~1.60 belongs to the space group of €2, or P6smc shown in Fig. 1.5. In ideal crystal of wurtzite,
hexagonal close packed sub-lattices, relatively displaced to each other along the threefold c-axis
by the amount of u =3/8 (u-length measures by which each atom get displaced along the next to
the c axis)[35]. Each sub-lattice contains 4 atoms/unit cell and every group-11 atom is surrounded

by four group-V1 atoms vice versa, coordinated at the edges of tetrahedron.

In actual ZnO crystal, its wurtzite structure deviates from the perfect arrangement, and
varied ‘c/a’ ratio or u parameter. It is essential to mention that a substantial correlation between
the ‘c/a’ ratio and u parameter exists, when ‘c/a’ ratio reduces u parameter enhanced to stabilize
four tetrahedral distances to approximately constant by distorting of tetrahedral angles depending
on long-range polar interactions. Also, ‘c/a’ ratio associated with relative difference of electro-
negativities between two constituents affects the activated slip system and yield stress in the

hexagonal crystal system [39].

In addition, ZnO exhibit pressure-induced phase transition i.e. rocksalt phase converted
at approximately 10 GPa from wurtzite with an enormous volume reduction about 17% [40]. The
reduction of the lattice parameters triggers interionic coulomb interaction to ionicity significant
over the covalent character. ZnO in zinc-blende crystal structure is metastable, grown by hetero-
epitaxy on cubic substrates provides a topological compatibility to inhibit the intrinsic tendency
to grow a wurtzite phase [35]. All three structures possess no inversion symmetry and ZnO

exhibits crystallographic polarity i.e. depend on the direction of the bonds along the c direction
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and sequential stacking of Zn?* to O% referred either Zn?* terminated surface or O% terminated

surface which give rise to Zn or O polarity.
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Figure 1.5. Crystal Structure of ZnO in the Wurtzite phase [41].

Table 1.1. General Properties of ZnO.

ZnO Property

Scale

Lattice Parameter ‘a’
Lattice Parameter ‘¢’
cla
Density
Bond length
Melting point
Thermal conductivity
Refractive index (Wurtzite)
Energy gap
Exciton binding energy
lonicity
Heat capacity (Cp)
Young's Modulus E (Bulk ZnO)
Bulk Hardness

3.249 A (at 300 K)
5.206 A (at 300 K)
1.602 (<Ideal hcp)
5.606 g cm™
1.93 A
1975 °C
0.6-1W.cmtK?
2.008, 2.029
3.4 eV (direct)
60 meV
0.616
40.3J. Mol K*!
111.2+4.7 GPa
5.0£0.1 GPa
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Lattice parameters of semiconductor generally rely upon the factors including free-

electron concentration, concentration of foreign atoms, defects as well as ionic radii difference
with respect to each other matrix ion, and temperature, residual strains (induced by substrate).
For wurtzite phase in ZnO, lattice constants are determined by experimental and theoretical
analysis, typically varying from 3.247 to 3.250 A for a-parameter and 5.204 to 5.207 A for the

c-parameter.

The ‘c/a’ ratio and u parameter vary from 1.593 to 1.6035 (less than ideal) and from 0.383
to 0.3856, respectively. As indicated by Pauling scale, the ionic bond radii of Zn?*, 0.074 nm and
0%, 0.140 nm, individually [35]. The deviation from perfect wurtzite crystal is due to lattice

stability and ionicity.
1.3.2 Thermal expansion coefficients

Thermal-expansion coefficients such as ‘4a/a’, and ‘Ac/c’ are generally describing lattice
deformations under the influence of temperature. Also, lattice deformations depend on
stoichiometry, defects, and free carrier concentration. The dependence of lattice constants a, and
c on temperature, and thermal-expansion coefficients of hexagonal ZnO determined by the
capacitive method observed, « values at 300 K, a, = 2.49 x 10° K*and a, =4.31 x 10° K
along c-axis and perpendicular to c-axis respectively [35]. Decrease in temperature reduces
thermal expansion coefficients also, negative thermal coefficient from 20 K to 120 K typically

found in tetrahedrally coordinated semiconductors.
1.3.3 Defects and Dislocations in ZnO

Native or intrinsic defects involve merely the constituent elements imperfections
including vacancies (missing Zn?*, or O% from lattice positions), interstitials (extra Zn?*, or 0>
occupying position in the lattice) and antisites (Zn?* lodging O? an lattice position or vice versa).
Zinc oxide affected by point defect show variations in optical and electrical properties. Electronic
states correspond to defects created in the band gap influences optical emission properties,
minority carrier lifetime and luminescence efficiency. The concentrations of defects involved in
the diffusion mechanisms which is associated with growth, processing as well as device failure.
As grown ZnO observed to be n-type. In thermodynamic equilibrium, the defect—defect
interactions are neglected, then the formation energies with electronic structure of intrinsic point
defects in ZnO can be computed by first-principles [29]. A low formation energy suggests
excessive equilibrium concentration of the defect and high formation energy found that defects
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unlikely to form. It has been demonstrated theoretically, zinc interstitial pursue high formation

energies in n-type as compared to oxygen vacancy. There are two likely interstitial positions in
the wurtzite ZnO i.e. tetrahedrally coordinated or octahedrally coordinated. Depending on partial
pressure of Zn, common defects in ZnO likely to be oxygen and zinc vacancies. Specifically,

oxygen vacancies having lower formation energy as compare to zinc interstitials.

Dislocation in ZnO led to relax strains produced by lattice misfit called as a misfit
dislocation along with the film thickness, when misfit dislocations nucleated called the critical
thickness. The strained, pseudomorphic thin film with and without the misfit dislocations to
relaxed film shown in Fig. 1.6. Furthermore, apart from misfit dislocations, threading dislocation
(TD) is also found in the thin films and they spread like thread into the film. The type of TD may
be a perfect dislocation or a partial dislocation. Likewise, TDs may be edge, screw, or mixed
dislocation relying on the Burgers vector and direction of dislocations. The misfit dislocation is
normally the edge or the mixed dislocation. Here, it ought to be noticed that misfit dislocations
exist at the interface while, the TDs are within the film as illustrated in Fig. 1.6. High density of
TD in epitaxial ZnO thin films were observed using transmission electron microscopy on (0001)
sapphire substrate and reduction of TD density is possible to use less mis-matched substrate
[42,43]. However, misfit dislocation core structure in ZnO is found to be locally disrupting the
interface to reduce the strain [44]. There are three sorts of perfect dislocations and three sorts of
partial dislocations in the wurtzite structure. Depending upon the ‘c/a’ ratio, ideally (8/3)*2, the
relative energy of the dislocations is proportional to |b|> where b is called as Burger vector of

dislocation while a, and c are the lattice parameters of hexagonal close packed (hcp) lattice.

(a) ; ; ®) [ | ()

Figure 1.6. (a) misfit dislocations (b) threading dislocations (c) misfit and threading
dislocations.

One out of three partial dislocations is Shockley partial, while remaining two are Frank

partials. It is noted that types of dislocations is decided by the Burger vector and direction of the

17|Page



Chapter 1. Introduction and Literature Review
dislocation line [45]. The slip system in wurtzite structure ZnO and its deformation observed

basal slip is significantly active as compared to prismatic slip at room temperature. Also, it is
having light illumination dependence and less activity in the basal slip compared to prismatic
slip under illumination of light indicates dislocation motion influenced by the thermally activated
Peierls potentials [46]. The perfect dislocations in hcp unit cell with feasible Burger vectors and
line direction is shown in the Fig. 1.7. Assuming, line direction in [0001], furthermore
dislocations either edge, a screw, or a mixed type dislocations are decided by their Burgers vector.
Peierls potential for screw dislocation is considerably lower compared to edge dislocation. Screw
dislocations coupled with cross slip favors to follow a zigzag path on atomic scale in the
directions of low Peierls potential, Peierls stress for edge dislocation is probable on high index

planes and theoretically proportional to exp(27za/b), where a, b are lattice spacing of the slip

plane and strength of Burgers vector, respectively [47].

The basal slip in ZnO has larger critical resolved shear stress at elevated temperature
compared to prismatic slip under the illumination of light. This ratio (3 at 250° C) increases with
increasing temperature. However, numerous non-radiative defects are observed beneath
indentation irrespective of crystal orientations. Different crystal planes, a-plane or m-plane
triggers slip event along (0001) basal planes during nanoindentation in ZnO material, forming
tensile strain along the basal planes as well as bands for defects. Furthermore, c-plane crystal
induce tensile strain indented regions spreading away from indentation along the six-fold a-
directions [48].

\ Line direction

Dislocation: of dislocation

Edge, Screw,
Mixed —>

P i <0001>
<1120>
Burger Vector <1010>

Figure 1.7. Schematic of the perfect dislocations in an hcp unit cell [45].
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1.3.4 Doping in ZnO

ZnO is a crucial material for multi-functional properties e.g. semiconducting as well as
piezoelectric properties. However, key properties of ZnO for many applications can be enhanced
by doping a suitable impurity in specific concentration to manipulating electrical and optical
properties. The intrinsic conductivity found to be n-type and the ZnO crystals grown in oxygen
deficient partial pressure atmosphere significantly enhance the n-type character. ZnO based
dilute magnetic semiconductor for the ferromagnetism and large magnetization could be
achieved by dopant of transition metals (e.g. Co and Mn). However, dopants from rare earth
metals greatly influence the microstructure as well as defects concentrations used as luminescent
centers and their emission properties can be manipulated toward selected wavelength. Several

applications with multi-color emission are used in light emitting devices.

Among donor impurities, it is pertinent to explore influence of impurities as shallow
donors and are frequently seen in as-developed ZnO crystals. For controlling n-type conductivity,
it is additionally applicable to explore impurities that act as shallow donors and can be utilized
to influence n-type ZnO in a stable manner. The interstitial and substitutional forms of hydrogen
with low formation energies appeared that insertion in significant concentrations. Hydrogen is
clearly not only possible donor in ZnO and can be unintentionally incorporated giving rise to n-
type conductivity [49]. Several elements from Group-I11, Al, Ga, In as the substitutional elements
for Zn as well as Group-VII, Cl and | elements as the substitutional elements for O can be used

for n-type conductivity.

Acceptor impurities for Group-I, elements (Li, Na and K) and Group-V, elements (e.g.
N, P, and As) are known for ZnO. Using the first principal approach, for interstitial and
substitutional Li, Na, and K in ZnO, the ionization energies of 0.09 eV, 0.17 eV and 0.32 eV for
substitutional Li, Na and K, respectively are reported in the literature [50]. However, many
elements from these Group-1 do not contribute considerably to p-type conductivity. It has been
reported that most potential dopants are the Group-V elements for p-type conductivity. These
dopants bolstered p-type doping efficiency of column-1A elements is limited by the formation of

compensating interstitials [51].

1.3.4.1 Rare earth ions doping

Rare earth ions emphasize on the innovation in current optical technology and as an active

constituent of ZnO crystal structure after doping. Also new crystal slip activity may be induced
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after doping [52]. Different rare earth ions provide attractive properties in energy-efficient

luminescent materials (e.g. phosphors for fluorescent lamps), electrical varistors, plasma displays
and cathode ray tubes (CRT's)[53]. Rare earth elements are difficult to extract in pure form for
commercially viable concentrations. The lanthanides, incompletely filled 4f shell are generally
trivalent state have a stable emission. In the 4f elements, characterised by an exceptional structure
with partially filled 4f shell shielded from 5s and 5p electrons.

When rare earth (RE = Ce, La, Pr, Er and YD) is incorporated in crystalline/amorphous
ZnO hosts, provide excellent photocatalysis properties [54]. Typically, same rare earths ion can
exist in different oxidation states. However, 3" or 2* is the most common. The 3* ions show
intense narrow band intra 4f luminescence in many hosts and due to shielding by the 5s and 5p
electrons means that rare earth irradiative transitions in solid hosts resembling those of the free
ions and electrons phonon as weak coupling. There are several rare earth ions e.g. Gd doped ZnO
exhibit magnetic properties useful in the spintronics applications. Also, Ce doped ZnO, Dy doped
ZnO and Ho doped ZnO used for their excellent optical properties and photocatalytic activity
[53].

The studies found green luminescence and red luminescence emerged from Tb doped
ZnO and Eu-doped ZnO respectively, suggesting these materials proven their tunablity useful in
optoelectronic applications [53]. The partially occupied 4f shell generate band emission
throughout the visible and infra-red spectra and can be utilized for various applications e.g. such
as lasers, phosphors and solid state optoelectronic devices. Likewise, doping on Rare earth metals
in ZnO manipulate the bandgap of semiconductors used for UV display applications, visible, and
infrared light emission. Wide band gap exhibits less thermal quenching of emissions than narrow

gap semiconductors.

Yttrium doped ZnO contains excellent properties, and proven its ability as sensor coating
materials, optical materials and band gap narrowing [55]. Also incorporation of Y in ZnO
generates gigantic piezoelectric response can be utilized as piezoelectric nanogenerators [56].
There are several methods of doping Y in ZnO including sol-gel [57], spin coatings etc. [58]. In
addition, doping of Yttrium in ZnO thin films (ZnO:Y) can be performed using sputtering
deposition resulted in highly preferred c-axis oriented (002) diffraction peaks [59]. The
mechanical properties of Y doped ZnO nanoparticles are studied by instrumented indentation
technique and reported the maximum hardness of 0.61 GPa and Young’s Modulus of ~ 15 GPa
[60].
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A small concentration of Praseodymium in the ZnO improve the photoelectric and

luminescent properties [61]. Several deposition techniques and post deposition method were
developed to incorporate Prasedymium (Pr) in ZnO (ZnO:Pr) e.g. hot dipping [62], sol-gel [63],
and sputtering [61]. Among all, the incorporation of Prasedymium (Pr) in ZnO deposited using

the sputtering method results in highly c-axis-oriented thin films.
1.3.5 Mechanical properties of ZnO

The mechanical properties include hardness, Young’s modulus, stiffness, and yield
strength of the material. When the external forces are applied on solid, distortion is accompanied
by the strain. The inherent mechanical strength of materials opposes deformation and tends to
restore solid to its un-deformed initial state as depicted by the physical amount stress. Many
attempts have been made for better understanding the mechanical behavior and providing actual
synthesis conditions as well as microstructure to improve the enhanced strength. Nanoindentation
testing emerged as tool to investigate the mechanical properties i.e. indentation hardness and
Young’s modulus at micro and nano scale. The consequence of size effect should be considered
which is more at shallow indentation depths. Nanoindentation made possible to explore
mechanical behavior of coatings without detaching them from substrates in form of load-

displacement curve [64].

Hardness estimations are typically done on the (0001) surface of the ZnO crystal utilizing
the conventional pyramidal, spherical, or on the other hand, with a sharp triangular indenter. The
depth-sensing indentation estimates entire information on the hardness and induced phase
transformation of materials. Theoretical approximations performed are in agreement with
experimental outcomes for bulk material properties. The crystalline properties of ZnO and elastic
constants, both theory and experiments seem efficient of investigations to fit for delivering
information that are very reliable for wurtzite phase ZnO. The deformation mechanism of single
crystals bulk ZnO was estimated by spherical nanoindentation and atomic force microscopy [65].
ZnO has shown plastic deformation at quite low loads (> 4-13 mN), hardness and Young’s
modulus were determined by evaluating loading—unloading data. Hardness of bulk ZnO is found
to be 5.0+0.1 GPa at penetration depth of 300 nm and Young’s modulus remained constant over
the indenter penetration depth E=111.2+4.7 GPa [35].

Earlier indentation reports on nanostructured polycrystalline ZnO have described a broad
range of H ~(1.5-12 GPa) and E ~(40 -120 GPa) [65]. The soft nature with lower hardness for

21|Page



Chapter 1. Introduction and Literature Review
ZnO is expected due to a low melting point (1975 °C) and larger ionicity (0.616) compared to

GaN (2500 °C and 0.500, respectively) [65].

1.3.5.1 Mechanical properties of a-plane ZnO and m-plane ZnO

The indentations were performed on a-plane ZnO, m-plane ZnO crystals and then
illuminated with light to observe the defects response after indentations. It was observed an
enormous nonradiative defects created at the indentation site in a-plane ZnO. However,
preferential slip along the basal planes with the absence of easy-glide mechanisms along +c
directions can take place and defects act as non-radiative centers. Also, component of stress
normal to basal planes (c-direction) cannot be relieved through slip, subsequently develop a

compressive strain in xc-directions along with a tensile strain in £m-directions [48].

Similarly, in the m-plane ZnO indentation produces high density of nonradiative defects
and spread along the basal planes to the a-plane ZnO. Also, compressive strain was observed in
the +c directions to the indentation site and tensile strain in the a-directions. The m-plane and
a-plane ZnO indentation similarly behaves under nanoindentation, with the only difference, that

basal plane slip will be along different directions for the a- and m-plane indentations [48].

1.3.5.2 Mechanical properties of c-plane ZnO

Indentation on c-plane ZnO behaves in a different manner as a-plane and m-plane ZnQO,
containing six-fold instead of two-fold symmetry. The preferential slip along pyramidal plane at
the indentation site generating non-radiative defects [66,67]. Moreover, there is no such
compressive stress was observed, which is significantly different to a-plane and m-plane ZnO.
The compressive stress compensated by tensile stress developed as a result of dislocations loops

introduced by the indenter tip. Tensile-strained lines spreading along the six-fold a-directions.

In fact, in a-plane ZnO, indenter displacement is relatively eased by slip in three a-
directions, so yielding deeper penetration depths in this crystal orientation at specified applied
load. However, m-plane ZnO revealed lower shear stresses prominent to lower depths in
comparison to a-plane. In c-plane ZnO, indentation usually permits lateral displacement along
easy-glide plane and involve secondary slip planes to get same penetration depth as compared to

a-plane and m-plane, thus requiring higher loads [48,52].

For a-axis epi-layers and c-axis epi-layers on sapphire substrate, yields a hardness of

6.6+1.2 GPa, and 5.75t£0.8 GPa, respectively. Threading dislocations, as-grown defects
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significantly inhibited the slip movement and epilayer found to be harder than bulk ZnO [68].

Furthermore, a discontinuity (‘pop-in”) emerged simultaneously in both bulk as well as epitaxial
ZnO thin films, and the most probable indentation displacement to occur ‘pop-in’ for bulk is 12-
20 nm while for thin films between 13-16 nm respectively due to sudden propagation of
dislocations [64].

The physical mechanism related with ‘pop-in’ events in epitaxial films owing to
nucleation, propagation and interaction of glissile threading dislocations subjected to mechanical
deformation. Also, critical depth during Indentation observed to be 4 nm (i.e. residual
impression) at which plastic deformation begins [69]. The induced deformation by Berkovich
nanoindentation in single-crystal ZnO associated with the clear features of multiple ‘pop-ins’ in
the load—displacement curves, arbitrarily in the loading segment. Also, extended
defects/dislocations as a result of deformation appears to be locally distributed at the indentation
site [70]. Induced multiple ‘pop-in’ phenomena observed in c-plane single-crystal ZnO
originated from sudden nucleation, propagation of dislocations through the slip systems along
predominately pyramidal plane suggested by cross-sectional transmission electron microscopy
[71].

Different thickness of ZnO films deposited on flexible polymer substrates i.e.
polyethylene naphthalate (PEN) and polyethylene terephthalate (PET) were subjected to
mechanical characterization. During compression, cracking of ZnO thin films observed,
depending upon relative thickness and ZnO film at lower thickness on PEN exhibit highest crack
onset strains [72]. ZnO thin films deposited on a-sapphire, c-sapphire and (0001) 6H-SiC
substrates and correlated with ratio (H/E), indicates elastic to plastic deformation in
nanoindentation and observed better mechanical properties at ZnO thin films at a- sapphire with
high hardness [73].

The elastic modulus, onset of yielding, hardness and shear strength of as-grown ZnO
wafer quantified by nanoindentation are 140, 12, 7.1 and 3.6 GPa, respectively along the primary
slip with pyramidal plane. Also, thermal annealing effectively reduces the defect concentrations
but residual stresses remains unchanged [74]. Furthermore, the mechanical properties of polar
and non-polar ZnO wafers examined by nanoindentation and analyzed its hardness, elastic
modulus and yield strength of c-plane, a-plane and m-plane are; 7.1, 3.9, and 4.0; 140, 159, and
161; 12.0, 6.7, and 4.5 GPa, respectively [75].
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1.3.5.3 Effect of different dopants on mechanical properties of ZnO thin films

A variation in mechanical properties observed after doping impurities in to ZnO host
matrix as mentioned in the Table 1.2. Different dopants interact with the host matrix and changes
the microstructural features depending upon the amount introduced and their oxidation state in

the deposition procedures.

Table 1.2. Mechanical properties after doping in ZnO.

S. Thin Film Hardness Elastic Modulus Ref.
No. (GPa) (GPa)

1. Mn-doped ZnO 14-18 122-167 [76]
2. B-doped ZnO 9.3-12.1 103.5-114.4 [77]
3 Ga-doped ZnO 8.5-7.4 101.3-138.4 [78]
4 Al-Doped ZnO 4.7-7.0 87.9-92.5 [79]
5 V-doped ZnO 3.3 58.7 [80]
6. Co-Doped ZnO 3945 e [81]
7. C-doped ZnO 8 140 [82]
8 Mo-Doped ZnO 9-14 110-130 [83]

1.3.6 Tribological Properties of ZnO Thin Films

Nano-scratch under ramp up loading in which a progressively increasing normal load is
applied at constant loading rate is gaining popularity to find the critical load for the coatings
failure [84]. The failure of the thin films is a complex phenomenon; however this technique is an
appropriate way by which we can access to find the adhesion of coatings [84]. A ramp up load
in scratch testing can provide the adhesive strength of the coatings. The tribological properties
of annealed ZnO thin films grown on glass and silicon substrates exhibited better wear resistance,
which is further improved by annealing process. Also, the enhanced wear resistance is attributed
to the higher hardness and modulus with annealing temperature [85].

Lower surface roughness with higher hardness observed in ZnO thin films on a-sapphire
provide better lubricating surface properties with reduced friction coefficient as compared to the
films with higher surface roughness [73]. The pile-up of ZnO thin-film on silicon substrates using
nanoscratch technique were observed indicating as plastic deformation and wear volume

decreased with increasing annealing temperature. However, bulging out amongst the groove and
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film attributed to the adhesion discontinuities and/or cohesion failure of the ZnO films [86]. The

failure mechanisms was explored using scratch test and to identify critical normal loads of ZnO
thin films, which is found to be higher 30 mN for ZnO films on polymer PET substrate [87].
Also, in the scratch testing, major scratch failure mechanisms related with the resistance of ZnO
which is influenced by thickness for both PET and PEN substrate. Also, a high scratch loads
applied induces secondary failure mechanism related with impregnation of film debris into the

polymer substrates [72].

Scratches and constant abrasive wear of ZnO and ZnO: Al have shown better adhesion of
films to the substrates. The friction coefficient of pure ZnO film was found to be 0.1 value, higher
than ZnO:Al thin films, 0.08 value [88]. Al-doped ZnO/glass substrate grown in different
microstructures as the sputtering deposition conditions is observed with improved adhesion
energy from 0.49 to 0.79 J/m? and 0.49 to 0.86 J/m?, respectively, depending upon substrate
temperature variations (room temperature-200°C) and higher sputtering power (50W-200W)
respectively [89]. Furthermore, Al-doped ZnO was prepared on quartz substrate and silicon with
substrate temperature variations. Films exhibited maximum adhesion of 32 mN at maximum
substrate temperature (400 °C) [90]. Al-doped ZnO/glass substrates films with different
thicknesses deposited by sputtering and indented in water to study water effect on adhesion and
fracture toughness. Experimental studies have shown that when the films are exposed to the
water, the adhesion energy is reduced and limited crack velocity due to water diffuse in to the
films [91].

1.4 FINITE ELEMENT MODELING

Finite element (FE) analysis is used to investigate the mechanical properties by solving
complex analytical equations. Likewise, FE analysis provide solutions of nanoindentation
measurements with sufficient accuracy. The pioneering work of simulations were performed by
Bhattacharya and Nix, utilized a conical indentations to generate load-displacement curves [92].
Different measurements using FE analysis were performed to generate load displacement curves
and compared with the experimental load-displacement curves. The elastic-plastic deformations
in nanoindentation are highly complex, so simulation becomes major tool to study deformation
mechanism. Different analytical formulas are developed to simulate different nanoindentation
behaviour in metals, composites and polymer. The elastic and plastic deformations can be

analyzed using linear power law or Ramberg-Osgood law [93].
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The materials properties including different elastic modulus, strain hardening exponents,

yield strength and friction coefficients effects can be analyzed on indentation simulations. The
crystal plasticity model is developed to see the effect of tip along with materials pile-up and sink-
in behaviour around the indenter [94]. In addition, FE analysis is widely accepted for failure
analysis of coated solids. FE analysis is performed to analyze elastic deformation and stress field
for a few typical combinations of ceramic coatings and metallic substrates [95] as well as mixed-
mode fracture mechanics to examine onset of cracks in hard coating/soft substrate as a function
of material parameters [96]. Coatings deposited on the base material steel indented by a spherical
indenter for a fixed ratio of indenter radius to coating thickness analyzed the influence of friction
coefficient, substrate yield strength and strain hardening on the surface plastic strain.

The FE analysis was performed using software ABAQUS™ [97]. FE analysis can be
utilized for linear analysis to complex nonlinear simulations. ABAQUS is used in two different
analysis modules i.e. Standard, and Explicit, each module can solve range of problems of linear
and nonlinear problems with accuracy and reliability. ABAQUS-Explicit is preferable for
transient and dynamic finite element formulation. However, nano-indentation is considered as
quasi-static problem without considering time effect on procedure. Hence, ABAQUS-Standard

module is used for present work.

ABAQUS solved problems in three different steps: pre-processing, simulation and post
processing. Non-linearity observed in indentation is predominately because of material
nonlinearity and geometric nonlinearity. Stress-strain abide by Hooke’s law at lower values of
strain but at high strain, material yields and afterwards stress-strain relationship becomes
nonlinear and irreversible described as material non-linearity. In indentation, a large deformation
is observed under the indenter. However, geometric nonlinearity depends upon magnitude of
displacement, which affects the response of the structure. ABAQUS provides final solution for
nonlinear problem using Newton-Raphson method. Indentation loads are applied incrementally
until the solution reaches to final. FE analysis of bulk materials such as pure titanium, pure
copper, and pure iron are made using ABAQUS. It was observed that the results depend greatly
on different mesh size, indenter tip radius and the hardening law used [98]. So, before performing

simulations mesh convergence study ensures reliable results.
1.4.1 Power law work hardening

The elastic deformation perceived in all materials when the applied pressure or force is

low. Materials having isotropic linear elastic properties, obtained deformation directly
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proportional to applied load and a uniaxial tension state in terms of stress-strain can be expressed

as follows in Eq. (1.2);
o=¢E (1.2)

where o is the uni-axial stress, ¢ is the uni-axial strain, and E is the elastic modulus, the
proportional coefficient also known as Young’s modulus. Once the external force is applied on
the material, it gets deformed and beyond its elastic limit, material will experience plastic
deformation. A power law work hardening model is widely accepted by large number of
engineering materials (e.g. metals and alloys), is a material constitutive relation and uniaxial

stress-strain (o-¢) curve of a stress free material can be expressed as follows in Eq. (1.3) [99];

bz
Ee, e<—L

o= E (13)
Keg" £> Oy
E

where o, is the yield stress, E is the Young’s modulus, and nis the work hardening exponent in

Eg. (1.3) and Eq. (1.4)

K=o, {Ej (1.4)

If, nis zero, Eq. (1.3) is used for elastic-perfectly plastic deformation in material. For
completely describing elastic-plastic properties, power-law along with material’s independent
parameters, such as elastic modulus E, yield stress oy, work-hardening exponent n, and Poisson’s
ratio o, are required. One of the objectives of this present work, is to correlate above mentioned
parameters i.e. (E, oy, n, v) with indentation responses. As, the indentation procedure induces
very complex stress and strain field beneath the indenter, FE analysis are beneficial in managing
upcoming experiments. A true stress-strain curve is obtained using the plastic properties of a
material, assuming power law hardening material model in ABAQUS [99]. Using Eq. (1.5), the

plastic strain ¢p is estimated as follows;

_o %y (1.5)
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1.4.2 Simulation of Indentation Deformation

In the indentation, usually three or two-dimensional model is used (refer Fig. 1.8), and
assuming indenter is stiffer than coating-substrate, so the indenter modeled as a perfectly rigid
material. FE analysis need not to calculate stiffness or stresses exhibited in rigid body. So it is
also beneficial for lower computational work, because variables are only related with rigid
surface are rotations and translations on a single node, recognized as rigid body reference node.
A reference point is also allocated on the indenter tip to control the indenter movement. The
specimen (thin films, substrate) was treated as deformable. The mesh elements are chosen in such
a way to provide reliable results. A concentrated force is applied to rigid indenter in incremental

steps to converge the solution. Finally, after simulation results will be obtained

Huge works has been performed on the basis of FE analysis including linear plasticity
models to the viscoelastic and creep behaviour. Nanomechanical behaviour of orthopedic
PMMA-based bone cement were measured. Polymer-like bone cement and its viscoelastic nature
identified using conventional indentation combining with FE analysis. A two-layer
viscoplasticity model was developed to optimized the behaviour of polymer compared to

experimental outcomes [100].

A Indenter

70.3°

Thin Film
“U Substrate

Figure 1.8. Schematic for two dimensional model for indentation.
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A two-dimensional axis-symmetric FE model is used to analyze the effect of elastic

modulus, yield strength and strain hardening on thin films of variable thickness. This study found
greater effect of yield strength and strain hardening of film have on load displacement curve as
compare to elastic modulus [101]. Thin films of tungsten and aluminum on different substrate
e.g. aluminum, silicon, sapphire and glass substrates used to perceive the effects of different
substrates. This study probed that mechanical properties were strongly affected when a hard film
deposited on relatively soft substrate. In addition, large mismatch in the substrate moduli and

film moduli suggested to use King’s analysis for estimation of film modulus [102].

Spherical Indenter also used to examine the plastic properties as well as the failure
analysis of the coatings and an analytical approach has been developed for determining the
critical load and critical displacement. Furthermore, fracture stress is highly depend upon the
indenter tip radius as well as film thickness [103]. In an another study, FE analysis of super hard
coatings on relatively soft substrates was performed. Substrate effect observed to be more severe
and therefore suggested that indentation experiment should be performed within 5% of coating
thickness rather than 10% [104].

Nanoindentation of ZnO nano-dimensional films with different thicknesses i.e. 2.1t0 6.3
nm were investigated both molecular mechanics simulations and continuum analyses. A
significant size effect on the indentation modulus were observed by molecular mechanics
simulations, but such size effect was absents in the continuum studies [105]. The nanoindentation
procedure to detect the elastic parameters of isotropic thin films by combining FE analysis and
nanoindentation test was performed in the forward analysis. Numerical outcomes provide
indentation responses at the adequate ratio of penetration depth to film thickness. As in same
study, FE analysis using reverse analysis approach of experimental indentation curves fitted as
the power function. The maximum indentation load and the loading curve exponent can be

obtained from the experimental indentation curves provide the similar results [106].

FE analysis performed to examine stress distribution in different coating system i.e. single
layer and multi-layered while keeping the overall thickness is same. The study observed a
comparison with reduced stress distribution and stress intensity in multilayered structure. The
quantitive reduction around 50% in tensile stress observed at interface in multi layered structure
[107]. DLC coating for modulus graded multilayer structure i.e. 1, 3 and 5 layers used for
artificial joints was analyzed. For multilayers coatings gradient in modulus is applied using two

dimensional axi symmetric model with spherical indenter. Stress distribution was mapped and
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lowering of stress concentration observed in the multilayer coatings. The quantitive tensile stress

in graded multilayer structure reduced by 32% (for 3 layers) and 40% (5 layers). In addition,
maximum shear stress reduced 18% (for 3 layers) and 20% (for 5 layers). The overall reduction
in the tensile stress or shear stress improve crack resistance and avoid the risk of delamination
[108].

1.5 SCOPE AND OBJECTIVES

In the semiconductor industry, there is an ever increasing demand for miniaturization
along with multifunctional properties. Furthermore, several synthesis methods have been
developed to achieve materials in nano dimension i.e. miniaturized state. Thin films are utmost
significant class of the nanomaterials due to its facile synthesis, controlled microstructure as well
as high repeatability. In addition, the properties of thin films are influenced by the underlying
substrate material. ZnO is a renowned material for its plenty of applications including
piezoelectric, solar and sensing applications. Novel properties of ZnO originated from its crystal
structure, chemical stability, phase stability, defects and doping. Attempts have been made to
miniaturized ZnO thin films also imposes risk of mechanical failure during the synthesis of
material or during handling. So, the mechanical stability of ZnO thin films are essential.
Nanoindentation and nanoscratch are precise techniques to provide the mechanical as well
tribological properties of ZnO thin films and to develop fundamental understanding of thin film
mechanics. The extent of induced damage and failure subjected to the surface properties of
material, and physical and chemical interaction among its constituents and substrate. The
reported literature on the mechanical and tribological properties of pure ZnO and after doping
with rare earth is scarce. Also, through Finite element analysis of indentation properties and its
validation against the experiments are essential to understand the deformation behaviour of ZnO
thin films. The present thesis is focused on investigating mechanical properties as a response of

nano-indentation and nano-scratch tests as well as simulation analysis using FE-Models.

1.5.1 Objectives

In the light of above mentioned literature review, the objectives of research work are as follows;

e Synthesis of nanostructured ZnO thin films on fused quartz and glass substrate, with
doping of rare earth (RE) elements i.e. praseodymium and yttrium in ZnO and pure ZnO

thin films using the sputtering deposition technique.
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e The effect of different sputtering deposition conditions i.e. variations in substrate

temperature, and sputtering pressure on microstructural, and topological properties of
ZnO thin films with and without RE dopants.

o Identification of different crystal phases, crystallite sizes through X-Ray diffraction and
different dopant concentration by X-Ray photoelectron spectroscopy and Energy
Dispersive X Ray mapping.

e Investigation of nanomechanical properties and deformation mechanism of ZnO thin
films with and without RE dopants by Nanoindentation, tribological study of films by
Nanoscratch technique.

¢ Finite element analysis is used to simulate the experimental properties obtained from

nanoindentation and generate the load indentation curve.

1.5.2 Organization of the Thesis

e Chapter 1: Introduction and literature review

This chapter established the theoretical backgrounds of ZnO thin films properties as well as

summarizes the previous work. The FE analysis is also discussed with its applications.

e Chapter 2: Synthesis and characterization techniques

This chapter emphasizes on the synthesis using the sputtering technique as well as different

characterization techniques used to study the behaviour of ZnO thin films.

e Chapter 3: Nanomechanical and nanoscratch properties of ZnO thin films

In this chapter, structural, morphological and mechanical properties of pure ZnO thin films on

fused quartz and glass substrate grown at different sputtering conditions are discussed.

e Chapter 4: Nanomechanical and nanoscratch properties of doped ZnO thin films

In this chapter, structural, morphological, mechanical and doping profile were studied for
yttrium, and praseodymium doping in ZnO host matrix.

e Chapter 5: Finite element analysis of nanoindentation on ZnQO thin films

In this chapter, a finite element model for indentation is developed and simulated based on the
experimental results to obtain a simulated load displacement curve and to validate the

experimental outcomes.
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e Chapter 6: Conclusion

In this chapter, the overall conclusion of the present work and scope for future work has
been provided.
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Chapter 2

SYNTHESIS AND CHARACTERIZATION
TECHNIQUES

In this chapter, fabrication and characterization techniques used for investigating pure
Zn0O and doped ZnO thin films are discussed. Direct Current (DC) sputtering system has been
used for deposition of thin films in the present work. Several characterization technigques such as
XRD, XPS, FESEM, AFM, Nanoindentation and Nanoscratch were used to study the micro-
structural, nano-mechanical and tribological properties of ZnO thin films, with and without

addition of dopants discussed in subsequent sections.
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Chapter 2. Synthesis and Characterization Techniques
2.1 DEPOSITION OF THIN FILMS

Generally, thin films comprise of material layers homogeneously spread on a substrate,
with crystalline phase, or composite structure. The preparation of suitable substrate on which
films are deposited is critical, as it affects the overall properties, crystal structure,
adhesion/cohesion, interface, defect and dislocation in thin films. Atomic deposition process of
a specific material decides microstructure; property of a thin film and depends on following
factors.

e  Substrate surface conditions e.g. microstructure, roughness and modification by
pre-depositions treatments.

o Deposition process parameters and ambient gas.

o Film growth mechanics on substrate surface and interface development.

o Post-deposition process and treatments.

Thin film deposition emerged as stepwise process of atomistic growth, particulate
settlement, coating and surface formation. However, in the atomistic process, atoms collectively
form a layer of material by condensing and further diffusion to suitable nucleation and growth
sites [109]. Ad-atoms occupy lowest energy configurations although may contain micro-
structural imperfections (e.g. dangling bonds, voids formation, defects, lattice mismatch, etc.).
The depositing atoms interact with the substrate material to form an interfacial region. Moreover,
kinetic energy of incident adatoms decides morphology relying upon deposition technique
(Sputtering, Thermal Evaporation, PLD, CVD etc.). Ad-atoms having low kinetic energy make
the depositing species relatively immobile and especially mobility of ad-atoms increases with
increasing kinetic energy. Surface manipulations/modifications involves ion treatment, thermal,
mechanical, or chemical treatments, which can change the surface composition properties [110].
Typically, different deposition processes e.g. physical process and chemical process used for the
deposition of nanocrystalline thin films [111]. Different physical vapor deposition (PVD)
techniques are thermal evaporation, electron beam evaporation, magnetron sputtering, molecular
beam epitaxy (MBE), pulsed laser deposition (PLD), and chemical vapor deposition (CVD)
processes like metal-organic chemical vapor deposition (MOCVD), sol-gel and involve
following main steps [7].

o First step consists of generations of suitable atomic, molecular or ionic species using

the target material.
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o In this step, a mechanism is established for transport of these species onto the substrate.

e  The final step, involved material layer formation after condensing of incident species

on the substrate.

Various CVD and PVD processes have its own unique features. The decision to adopt
specific technique depends on the attributes or properties required for application. If the essential
prerequisite is to deposit uniform thin films with a moderate size distribution, PVD such as
evaporation, magnetron sputtering and laser ablation are extremely proficient. The selection of a
deposition process is to obtain homogeneous, defect free thin films based on: lateral uniformity
of the films on substrate throughout the exposed area, low stress, high adhesion to the substrates,
controlled micro-structure, and roughness distribution to exhibit unique physical and chemical
properties. In PVD, generally deposition of thin films carried out from the same material referred
as target material, and gas present during deposition influences the purity of thin films. The

preferable deposition technigue and their comparative analysis are given in Table 2.1.
2.1.1 Sputtering

Sputter deposition is broadly used for coating on tools and cutting surfaces for wear
protection, automobile parts, semiconductor coatings and reflective coatings [112]. The
deposition process involved irradiation of energetic ions on solid target known as sputtering.
Sputter deposition is widely used technique for the erosion of surfaces to deposit the films.
Bunsen and groves first observed sputtering in a gas discharge tube [113]. The sputtering process
IS a momentum transfer process in which momentum is transferred by bombarding energetic ions
to the target atoms to eject from the target surface. The bombarding ions are usually gaseous ions
(Ar") accelerated by an applied electric field. The sputtered species from the target surface
compromise of highly energetic atoms and reached at the substrate with energy ranges from 1 to
10 eV which is comparatively higher than chemically grown and thermal evaporation. The
disintegration of target during sputtering additionally utilized for several purposes like cleaning

surfaces, depth profiling, micromachining, microscopic erosion etc.

Growth of thin films in sputtering relies on magnetron source, positive ions in the plasma,
and magnetically improved productivity of the entire process of depositions. The target can be
sputtered using either using direct current (DC) or radio frequency (RF) for conductive, non-
conductive targets respectively. Among PVD, DC or RF-magnetron sputtering are extensively

used in lab or industry as well [113]. Nonetheless, DC-magnetron sputtering may suffer a
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limitation from arching at the target surface amid deposition in oxygen/nitrogen as surrounding

gases.

Table 2.1. Different depositions techniques comparison.

Process Material Deposition  Purity Film Uniform  Directional
Rate density
Sputtering Metals, Metal: High Good  Excellent Some
Semiconductor ~ 100A/s degree
Dielectric Dielectric
10A/s
Thermal Materials-low  1-20 A/s Low Poor Poor Yes
Evaporation  melting point
E-beam Metals and 10-100A/s High Poor Poor Yes
Evaporation Dielectrics
PE-CVD Mainly 10-100A/s Excellent  Good Good Some
Dielectric degree
LP-CVD Mainly 10-100A/s Excellent Good Excellent Isotropic
Dielectric

Layer of oxide/nitride at edges of race track (erosion groove) can damage by local
heating, melting, which degrade film quality by increasing the density of particulates or pinholes
in the deposited films. Likewise, arcing can be effectively prevented in RF sputtering utilizing a
capacitivly coupled electrode with alternating positive/negative potentials on the target surface.
The negative voltage in the cycle performed the sputtering of target; and ions bombard the
cathode while positive voltage in the cycle prevents charge build-up on the target. A standard
13.56 MHz, were used for plasma processing as suggested by Federal Communications
Commission. The self-biasing of target and at negative potential, sputtering performed like a DC
sputtering shown in Fig 2.1 [114]. The drawback in the RF power supplies for magnetron
sputtering is being expensive having lower deposition rates as compared to DC-Sputtering.

Sputtering offers several advantages as follows;

e The deposited films have high uniformity throughout the substrate as well as adaptable
for large-scale production with phenomenal reproducibility of deposited films. Facile
deposition of materials having high melting points with good adhesion is attractive
feature of sputtering.

e Large-size targets can be used for sputtered which simplifies deposition of films with

uniform thickness over larger substrates.
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e The microstructure controlled by adjusting the deposition rate and other sputtering

parameters e.g. deposition pressure, sputtering power, target-substrate distance and
substrate temperature variations.
e The deposition of nanocomposites coatings and doping can be accomplished well rather

than other deposition techniques.

2.1.1.1 Description of sputtering process

In the sputtering process as shown in Fig 2.1, sputtering chamber is evacuated up-to base
pressure of ~10® Torr utilizing pumps such as rotary and turbo molecular pumps in conjugation.
An inert gas, usually Argon, at the pressure few to 100 mTorr inserted into sputtering chamber
as the ambient gas to initiate plasma process. When a high electric field build up amongst cathode
and anode, a glow discharge emerges and maintained between these two electrodes. Initially,
very insignificant amount of current flows depending on charge carrier, sooner free electrons

present in the sputtering chamber strike Ar atoms to create Ar* along with more free electrons.

—Magnetic Field
lonized
Target Material —— Argon
Plasma Generated
Sputtered by Neutralization

iy T
2 o
Substrate
Holder * Anode — Substrate

Throttle
Valve

Pump —_—

Figure 2.1. Schematic of the Sputtering Process [114].

These free electrons implement plasma process by creating more Ar™ and accelerated
towards direction of the cathode to strike the target. This bombardment on target creates several
collisions events to eject neutral target (or sputter) atoms through the momentum transfer and
sputtered particles coordinated to get settled on the substrate. Since sputtering was manifested by
momentum transfer for breaking bonds in target materials, so Ar* should contain enough energy

to collide. Generally, sputtered particles are ejected within 1-2 nm of the target surface.
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Efficiency in sputtering deposition is estimated by the sputter yield (S) defined as the

number of sputtered atoms per incident ions. Sputtering yield vary with different material and
depends on the chemical bonding and energy transferred in impact. Sputter yield (S) is defined

as

.- ejected atoms

— : (2.1)
incident ion

The sputter yield depends on the energy of the incident ions, masses of the ions and target
particles, binding energy of atoms and incident angle of ions. Using Sigmund’s theory [115], the

sputter yield is given,
For E< 1 KeV

3z 4AMM, E
47° (M, +M))* E,

(2.2)

where, Ep is the surface binding energy of the target being sputtered, E is the ion
bombardment energy, « refers as efficiency in momentum transfer during collision events, and

M1 and M are the masses of the positive ion of the gas and target material, respectively.

For, E > 1 KeV

2122 I\/IlM2 Sn(E)
ZF+ZF M +M, E

S =3.56c (2.3)

b

where, Z1 and Z» referred as atomic numbers of incident ion and sputtered target particles
respectively and Sn(E) is energy loss/length due to collisions events, and it is significantly
affected by masses, energy, and atomic numbers of the atoms involved [116]. However,
sputtering yields <1 indicates high energy required to eject one sputter particle. When appropriate
voltage is applied at electrodes after optimized deposition pressure, a gaseous breakdown leads
to formation of plasma containing ions and electrons. The continuous process of energy

accelerates electrons to ionizing atoms by electron atom collision [116].

It is mentioned that sputtering yields <1 at bombarding energies of ~100 eV, indicating
the large amount of energy input is necessary to eject one atom [113]. Magnetic fields confine
the plasma region to improve sputtering performance and achieve higher sputtering yield.
Magnetic field trapped secondary electrons to move perpendicular to both electric field and
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magnetic field, Eq. (2.4). The ions experience like dual field environment under Lorentz forces

as follows:
lfzq[E+(\7x§)] (2.4)

Where ‘F’°, ‘E’, 'B' is the force, electric field, and magnetic field respectively while 'q’
represents electric charge, and v’ instantaneous velocity of particle. This Lorentz force causes
drifting of secondary electrons. Moreover, these secondary electrons are trapped nearby the
target. These electrons collide with gas atoms or other electrons and lose their kinetic energy. So,
dense plasma is generated near the target increases the deposition rate due to enhanced ionization
of sputtering gas. The sputtering target is cooled properly to minimize the radiant heat avoiding

thermal evaporation.

2.1.1.2 Deposition rates

The sputtering target should be pure during the sputtering process and for that pure Ar is
necessary for better deposition rates. During sputtering, deposition rates of metal target drop
dramatically when the residual gases react with target and form compound layers on the target
surface. In DC sputtering, high gas pressures and applied sputtering power should be optimized
to sustain continuous sputtering process. Sometimes at too high deposition pressure, sputtering
process could be ceased. The DC/RF reactive-sputtering could be used for high deposition rate
with compound thin films. The variation in the composition and microstructure in reactive
sputtered films depend on process conditions. Reactive sputtering is generally adopted for
depositing compound thin films from pure elements. Flow control of reactive gas and pure argon
affects deposition rates and found to be lower than deposition rate from pure elemental target.
Optimized partial pressure of the reactive gases to deposit films leads to higher deposition rates
with better film properties. Insulating films through reactively to deposit without arcing is

possible depends upon pulsed DC-power or mid-frequency AC power.
2.2 CHARACTERIZATION TECHNIQUES

Nanocrystalline ZnO thin films were deposited by DC-sputtering at different sputtering
parameters e.g. variations in deposition pressure and substrate temperature are subjected to
microstructural and mechanical characterization in the present work. The various

characterization techniques are discussed in the following sections.
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2.2.1 X-Ray diffraction (XRD)

X-ray diffraction (XRD) is used for analyzing the crystalline properties, phase
identification, unit cell characteristic dimensions and micro strain. In fact, XRD identifies
unknown crystalline materials related to the crystal structure, including lattice constants,
crystallite size, phase analysis, crystal defects, strain, etc. XRD is used for analyzing films thicker
than several angstroms on account of the strong penetrating power of the X-rays, however

glancing angle XRD can be used for ultra-thin films [117].

2.2.1.1 Fundamental principles of XRD

The underlying principal of XRD is relying on constructive interference in
monochromatic X-rays from a crystalline sample. X-rays are generated using cathode ray tube
and filtered to get monochromatic radiations. X- ray beam is collimated to concentrate and
directed toward the sample. In Fig. 2.2, a parallel beam of X-rays strikes the crystal where the
atoms are placed on two parallel planes separated by a distance ‘d’ (inter planar space). The
parallel X-ray beams impinge onto the planes at an angle of # and atoms scatter the X-ray beams
in all possible directions. Likewise, detector is placed at an angle of & on the right, and then only
reflected beams having the path difference an integral number of wavelengths could be detected
due to constructive interference. This is expressed mathematically by Bragg's Law

2dsind =nA (2.5)

In Fig. 2.2, d is the spacing between two adjacent atomic planes, 6 refers angle between
the crystal plane and the incident X-rays, n is the order of diffraction maximum, and A is the
wavelength of the X-rays [118]. However, diffraction pattern contains positions and intensities
of the diffraction effects, which is a fundamental property of the material. Positions of the
diffracted peak, intensity and peak shape effect leads to a knowledge of the size, shape and

orientation of the unit cell.

2.2.1.2 XRD instrumentation

X-ray diffractometer assembled with three basic components including X-ray tube for X-
ray generation, a sample holder for irradiating the sample, and X-ray detector to collect the
scattered X-ray [119]. Cathode ray tube has heating filament to generate electrons accelerating
toward the target material to strike with sufficient energy so that dislodge inner shell electrons
and characteristic X-ray spectra produced.
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Crystal mono-chromators are used to filter for monochromatic X-rays. However, K,; and

K. are still present in diffracted pattern; because of sufficiently close wavelength and weighted
average of these two is used. Copper is most widely used as target material for monochromatic
X-ray, with its K, radiation 1.5418 A. Further, X-rays are collimated and used to irradiate the
sample. Reflected X-rays is recorded in rotated detector. When the incident X-rays satisfies the
Bragg’s Eq. (2.5), constructive interference occurs affecting the peak intensity. A detector

records whole processes and convert X-ray signal into a count rate between 26 angles.
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Figure 2.2. Diffraction of X-ray from crystal plane [120].
2.2.1.3 Crystallite Size

The quantitative analysis is accomplished by XRD for measuring crystallite size achieved
from coherent scattering by material. Also, crystallite size can be inferred from the width of
Bragg reflection. The Scherrers Eq. (2.6) used to get crystallite size (D) of the crystalline material
from the XRD is given below.

D kA
pcosé

(2.6)

Here, A is the wavelength of incident radiation, g is the full width half maximum for the peak, k

is the shape factor, and 6 is angle of peak position.

2.2.1.4 Uniform strain

When a poly-crystalline thin film is deformed in such a manner that strain is uniform over
relatively large distances, the lattice plane spacing in crystal planes changes from their stress-

free state to corresponding accumulated stress state in the film.
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However, new spacing being essentially constant from one grains to another for a

particular set of planes [119]. This uniformly distributed strain causes a shift of the diffraction
peaks to new 26 angular position. The shifting in XRD peaks of deformed sample depends on
the nature of residual stress. Compressive residual stress shifts the XRD peaks toward higher
angle and tensile residual stress towards lower angular positions. Measuring this peak shift from
the standard reported values; provide strain in the thin films. The residual stresses are not only
the cause of shifting, change in chemical composition and growth of phases may also shift the

XRD peaks. The accumulated micro strain in the thin films can be calculated as follows [118].

a-a,
a

microstrain =

x 100 2.7)

Where, a is the lattice parameter of the strained film calculated from XRD data and a,

Is the unstrained lattice parameter of film.

2.2.1.5 Non-uniform strain

The strain also depending on the defects, dislocation and stacking faults in the material,
is more pronounced and lattice planes become locally distorted altering the spacing of any
particular (hkl) set from one crystallite to another or may be one part of a crystallite to another.
This non-uniform micro-strain broadens the corresponding XRD peaks. Although, micro-strain
not solely contribute to broadening in XRD peaks but nano-crystallite size and instrument factor
also lead the broadening. In order to calculate micro-strain through peak broadening due to

overall micro deformation is given in Eq. (2.8) [121,122].

E = 'B
4tan @

(2.8)

¢ is the inhomogeneous internal strain, € is the Bragg reflection angle and g is the

measured full width at half maximum (FWHM) of the peak.

2.2.1.6 Applications

There are several new developments in the XRD instruments e.g. Glancing Angle XRD,
High Temperature XRD, X-Ray Reflectivity, High Resolution XRD, Texture Measurement XRD
provide more versatility. XRD can provide, crystalline properties, phase composition, strain,
dislocation density and number of crystallites per unit area [122]. In the present study, XRD has

been performed with Cu-K, radiation using X-ray diffractometer (Bruker AXS, D8 Advance) and
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(Rigaku Smartlab, Japan). The XRD could be used obtaining the structural and microstructural

features of the materials as given below.

Characterization of crystalline materials as well as fine-grained materials, nanomaterials,
different types of clays, nanoparticles, thin films etc.

Diffraction pattern provide angular position and used to determine unit cell dimensions
also phase purity or impurity within the detection limit of instrument.

Diffraction pattern of thin films give information about lattice mismatch and strain to
predict the type of growth on particular substrate along with dislocation density, quality
by rocking curve measurements.

Determining the epitaxial growth, and super-lattices in multilayered structures, density

and thickness by X- ray reflectivity measurements.

2.2.2 Field emission scanning electron microscopy (FESEM)

Scanning Electron Microscopy (SEM) provides plenty of information including phase

distribution, morphology, topographical features, crystal structure, crystal orientation, and

compositional differences. The mechanism of the process attributed in versatile signals

generation, imaging process, high magnification range and depth variations in specimen. In

FESEM, the electron beam is a focused of similar energy and trajectory, accelerated towards the

sample by electromagnetic fields. The energetic electron beam has a series of complex

interactions with the nuclei and electrons of the atoms in the specimen. The interaction occurred

with or without energy loss i.e. inelastic interactions or elastic interactions respectively, of the

incident electron beam [123].

Elastic interactions: When the scattering of the incident electron beam by the specimen
occurs with negligible energy loss during the collision, it is called elastic interaction.
Elastically scattered ‘incident electrons’ through angle of greater than 90°, called back-
scattered electrons (BSE) and it provides the sample information including its atomic
number.

Inelastic interactions: When the scattering occurred with a substantial energy loss in
collision between incident electron and specimen, exhibiting energy exchanges to that
atom, it is called inelastic interaction. Moreover, excitation of specimen could generate

secondary electrons (SE) as a result of the ionization, possessing energies >50 eV and
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used as signal to provide topographic features of the samples. Secondary electrons are

more influenced by surface properties as compared to the atomic number.

e Auger Electron: These electrons are generated through complex mechanism, in which
ionization performed in core shell by incoming electron, then falling an outer shell
electron to fill that inner shell vacancy. So, the excitation energy between these two shells
is released, which is carried away by Auger electron. This characteristic electron can be
used to provide chemical information. Because of their low energies, Auger electrons are
emitted only from near the surface.

e Characteristic X-rays: X-rays are produced when an atom’s inner shell electron is
dislodged by collision with an incident electron, suddenly an outer shell electron occupy
inner shell position to re-establish proper charge/energy balance in its orbital. Thus, an
emission of X-ray photon is observed to attain the ground state. The X-ray generated is
specific to that level called as characteristic X-ray. These characteristic X-rays provide
helpful insight to chemical composition of the specimen.

e Cathodo-luminescence: It occurs when the interaction between specimen and incident
electron beam takes place with the emission of light. The mechanism responsible for it
include incident electron and atomic electron if semiconductor i.e. in the valence band,
which is promoted to the conduction band and accounts for electron hole pair generation.
Upon excitation, electron bounce back to its original positions after radiating the energy.
This whole process, called as recombination, which leads to emission of a photon carrying
the energy [124].

FESEM provides improved spatial resolution up to 1.5 nm compared to conventional
SEM, and with minimized sample charging and damage. The underlying mechanism of FESEM,
a high voltage is applied between a pointed cathode and a plate anode to flow current. The field
emission process depends on work function of the metal, which could be deteriorated by adsorbed

gases. So, maintenance of high vacuum is necessary.

The electron beam is energized by the accelerating potential of few hundred eV to 50 keV
and the divergent beam is focused by two condenser lenses into a beam with a very fine focal
spot size. The first condenser lens is used to working in conjunction with the condenser aperture
to narrow the beam and also limit its current. However, a second condenser lens is used to make
the electron beam more thin and coherent. Specimen is focused by objective lens, and electron

beam is made to deflect over the specimen in the raster form. At each data point, the SE and BSE
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reaching the detector are counted for determining the relative intensity of the pixel representing

that point in the final image.

Limitation associated with the SEM is that the specimen that has to be analyzed should
be conducting. In case of non-metals, it is required to make them conducting by covering the
sample with a thin layer of conductive material like gold or platinum in order to enhance the
imaging. In the present study, field emission scanning electron microscope (Carl Zeiss, Germany,
ULTRA plus model) is used as shown in Fig. 2.3. Elemental composition analysis can also be
performed by using the energy dispersive X-ray spectrometry (EDS) attached with the FE-SEM

system.

Figure 2.3. FESEM instrument in the laboratory.

2.2.3 Energy dispersive X-ray spectrometry (EDS)

EDS study relies on emitted X-ray spectrum by the specimen which is the result of
inelastic scattering beam of electrons and specimen core electrons. These X ray produced are
characteristic to the elements and provide localized chemical analysis. EDS is reliable for the
analysis of atomic number greater than 4 (Be) to 92 (U), though some instruments has limitations
for 'light' elements (atomic number < 10). EDS instrument is assembled with three working
components designed together for collecting optimum results, X-ray detector, pulse processor,
and analyzer. The ED spectrometer unit converts energy of individual X-ray into a voltage signal
of proportional size. Light elements (below carbon) are more prone to Auger electron emission

so, observed K-lines are weaker. In the present study, EDS attached to FE-SEM was used.
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2.2.4 Atomic force microscopy (AFM)

AFM is a versatile tool which provides advantage comparatively to other microscopy
techniques [125]. AFM mechanism is based on the force, between an AFM tip and the specimen,
force used as input to produce the topographic image. AFM is associated a control system is
attached to provide feedback to piezoelectric actuators and display images. A vibration isolation
unit is attached with the AFM to dampen ambient vibrations. The laboratory set up of AFM
instrument manufactured by NTEGRA Russia model from NT-MDT used in the present studies
is shown in Fig. 2.4. AFM cantilevers coated with silicon nitride (SisN4), typically having 10 to
40 pm in width, 100 to 200 um in length, and 0.3 to 2 um in thickness. Cantilever deflects in the
upward direction when it senses a net repulsive force and deflects downward direction under net
attractive force from the specimen. These deflections of tip are associated with topographic

information and are further converted to image formation.
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Computer
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Figure 2.4: AFM instrument in the laboratory.

However, deflection measured through optical lever containing laser diode, is focused at
end of the cantilever. Also, a reflective coating at the back of cantilever allows to reflection of
laser light to position-sensitive photo-diode detector. Net forces from specimen act on AFM tip
produce bending or twisting and so the reflection is occurred at different angles. The difference
in the output generated in photodiodes used as output signal depends on the deflection in
cantilever. Different modes of operation e.g. force control or height control is possible in AFM.
During operation, user defines set points and adjusting the height of the tip on specimen, so that
set a feedback signal to attain better quality images. Also, AFM may be operated different
environments e.g. ambient, vacuum conditions, condensed phase or liquid phase at high or
cryogenic temperatures and variable pressures. Different modes of operations i.e. Non-contact

and Contact depend upon distances between AFM tip and specimen. When the gap is reduced
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between AFM tip and the specimen, the net force changes its nature from attractive to repulsive.

So, AFM can be used under three different imaging modes as follows;

Contact mode, AFM Tip and specimen remain in close proximity during image
acquisition. In this mode, AFM tip scan the specimen either constant height above the
surface or at applied constant force. In constant height operation height of the tip is fixed
during scanning and in force constant mode, deflection of the cantilever operating at
constant force, z-direction motion of the scanner is recorded. A softer cantilever is used
to probe the specimen in contact mode to avoid damages. Deflection is sensed as observed
in cantilever and compared in feedback amplifier to some pre-defined values. Any
changes force feedback amplifier to apply a voltage to piezo-actuator to change the
position of cantilever which determines the height of features on the specimen surface.
Non-contact mode, more separation between AFM tip and specimen surface gives rise to
attractive force by the inter-molecular force. In non-contact, AFM tip is oscillated at some
resonant frequency with 0.1-10 nm separation distance between tip and specimen. The
voltage signal applied to piezoelectric actuator to maintain the resonant frequency is used
to generate a topographic image and attractive VVander Waals forces between AFM tip
and specimen are detected. The attractive forces are substantially weaker than repulsive
force as in contact mode; therefore, the tip is given a small oscillation and AC detection
methods can be used to detect the small forces between the tips.

Tapping mode or Intermitted Mode, AFM tip making an intermittent type of contact with
a tip-specimen separation distance 0.5-2 nm. The cantilever is oscillated at its natural
frequency using piezo-actuator assembly. The oscillating tip brings in close proximity
until it just taps with the specimen and lifted off. The contact time with specimen fairly
small of its oscillation period. The specimen used to scan continuously beneath the tip.
The oscillation amplitude in the tapping period changes accordingly to feedback in such
a way that tip can maintain at constant height or force. This feedback signal is a measure

of the surface features.

2.2.5 X-Ray Photoelectron Spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) is based on photoelectric effect in which

electrons are produced through electromagnetic radiation. In XPS, X-rays are utilized in the

emanation of photoelectrons (PE). The X-rays interact to energize electrons of outer and inner

core shells within the molecule.
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XPS is a surface sensitive, non-destructive technique to probe the first few layers~L0 nm

of the surface [126]. Auger lines, a three electron involved process are likewise recorded amid
XPS measurements. Initially, a core shell vacancy created after ejection of an electron from the
core shell (e.g. in the K-shell) and then an electron from outer shell (e.g. L1) filled this vacancy.
Amid the relaxation process, an amount of energy is released, which is further used to expel
another electron (e.g. L23) having a lower binding energy. Also, XPS provides a better
quantification of the peak areas [127]. XPS also known as electron spectroscopy for chemical

analysis (ESCA) and adaptable to be utilized on extensive assortment of samples [128].

2.2.5.1 Principles of the technique

Every atom/molecule on the surface of a material (aside from hydrogen) comprises of
valence electrons that are associated with chemical bonding alongside core electrons. These core
electrons have an exceptional binding energy which is characteristic to the sort of atoms to which
it is bound. However, binding energies of the electrons along with the peak areas make possible
to quantitative elemental surface analysis [129]. In the furthest 10 nm of a surface, XPS can give;
distinguishing proof of all components (with the exception of H and He) and more noteworthy
when the concentration is more than 0.1 atomic percent. Likewise, information about the sub-
atomic condition (oxidation state, bonding atoms, etc.), recognition of organic groups can be
possible. Nondestructive depth profiles up to 10 nm in the sample and its surface heterogeneity
assessment to measure lateral variations in the surface composition is possible with this

instrument.

Since the electrons can just travel a short separation through the sample without
experiencing inelastic impacts, bringing about an intense loss of energy, XPS is considered to be
very surface delicate [128]. So, the surface investigation by XPS starts by setting the sample in
ultra-high vacuum environment (~ 1071° Torr) and after irradiating the material with a wellspring
of low-energy X-rays. If the excitation energy of X-rays is more as compared to the binding
energies for elements, photoemission would occur [128]. The resulting photoelectrons are
emitted from the surface having a kinetic energy (Ex) measured. Using the known X-ray energy
(hv), the binding energy (Eb) is ascertained utilizing the Einstein relation seen in Eq. (2.9), where

¢ is the work function of the spectrometer [126].

E.=h-E —9¢ (2.9)
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The photoelectrons are isolated according to energy, counts, and related to the atomic and

sub-atomic condition from which they were catapulted. A range of the quantity of ejected
electrons versus binding energy is obtained. Albeit, particular electrons of an atom have specific
binding energies, and the chemical condition of the atoms can make varieties in the qualities.
These variations in the binding energy values, or shifts, represent covalent or ionic bonds
amongst atoms help to conclude the compound structure of the material surface. Binding energy
peak assignments was performed using carbon 1s peak as reference. The core region of XPS
spectrum is the easiest region to interpret since each type of atom has core electrons in a

characteristic region, resulting in instantaneous atomic identification.

Additional information about the chemical conditions and subsequent chemical bonds of
the atoms is then provided by core chemical shifts. The resolved carbon 1s and oxygen 1s regions
peak fitted to show overlapping features corresponding to different chemical functionalities.
Each region is fitted to a number of component peaks, each peak corresponding to a different
surface functionality. All the energy levels involved in chemical interaction, specific to the
species can be seen. Because core chemical shifts are sometimes not unpretentious between
certain subtle chemical differences, the valence band can assume essential part in surface

characterization. In the present study, Omicron ESCA instrument is used for XPS analysis.
2.2.6 Nanoindentation

The indentation peak load Pmax and the contact area Ac, made during nanoindentation is

used to obtain hardness using the equation given below.

H = Toec (2.10)

A

Nanoindentation has a shorter length scale in nanometers of tip radius as compared to
other conventional indentation having scale of mili- or micro-meters. This scaled down length
scale provides higher resolution for estimating nanomechanical properties. The indentation depth
is precisely measured using nano indenter and therefore it is called depth-sensing indentation
[130]. Nanoindentation can be used for measuring hardness as well as plasticity, fracture
toughness, adhesion [84]. The relationship between the parameters derived directly from
indentation test e.g. load and indentation depth, and contact area is established as discussed as

follows.
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Figure 2.5. Load-Indentation depth curve.

A load-displacement curve is obtained from the indentation test as shown in the Fig. 2.5.
Pmax, hmax IS the peak indentation load, maximum indentation depth as provided in Fig. 2.5, while
hs, S is final displacement and stiffness of the test material, respectively. Elastic response could

occur amid unloading. Subsequently, stiffness of the test materials can be found by

dp
S=-" 2.11
dh (2.11)

1 1-0° 1-0°
+
E E E'

(2.12)

The reduced modulus E, is measured using Eq. (2.12), where E, E'are elastic modulus
of test material and indenter tip. The Poisson’s ratio of tested material is referred as v and indenter
tip, it is referred asv 'respectively. Standard diamond probe is used as the indenter tip, thus £’ is
high. Oliver and Pharr has proposed a relationship to evaluate the contact area based on elastic-

plastic response during unloading [131].
P=B(h—h,)" (2.13)

Where, m and B are found by power-law fitting of unloading curve. Using Eq. (2.11) and
(2.13)
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dp m-1
S= (P=P,)=mB(h, —h,) (2.14)

The contact depth he, maximum indentation depth hmax are given by;
P
h=h —e¢- (2.15)
S

Where, € is referred as geometry constant relying upon the shape of indenter tip. The
radius of tip is only reliant on geometry of tip. In general, it is inconceivable that only elastic
response exists and plasticity observed along with process of indentation. In indentation, the most
well-known indenters are sharp indenters, among which two broadly utilized are the four-sided
Vickers indenter and the three-sided Berkovich indenter. Pyramidal indenters and other conical
indenters depend on cone angle that provides area to depth relationship as mentioned in Table
2.2 and Fig. 2.6. [132].

Table 2.2: Contact Area for different indenter geometries [130]

Different Indenter Indenter Intercept Geometry
Indenter Projected Semi-angle Factor Correction
Type Area factor
Berkovich 3v/3 h2tan?6 65.3° 0.75 1.034
Vickers 4hjtan*6 68° 0.75 1.012
Knoop 2h3tan61tan62 61 = 86.25°, 0.75 1.012
6o = 65°
Cube corner 3v/3 h2tan?6 35.26° 0.75 1.034
Sphere 72Rhp N/A 0.75 1
Cone mhitan®a A 0.72 1

For any punch geometry that can be portrayed as a solid of revolution of a smooth

function, Sneddon demonstrated general connections among load and displacement as [29-30];
P=ah" (2.16)

Where ‘P’ is applied load, h, elastic displacement of the indenter, & and m are constants
in Eq. (2.16).
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Figure 2.6. Indentation Parameters for (a) Spherical, (b) Conical, (c) Vickers and (d)

Berkovich Indenter.

In the mid-1970s, Buylchev, Alekhin, Shorshorov performed micro-hardness testing to
obtain a load-displacement plot and develop an equation known as Buylchev-Alekhin-
Shorshorov (BASh) equation [133].

_dp_2BEJA
dh N

In Eq. (2.17), S is the experimentally estimated stiffness from the upper portion of

S (2.17)

unloading data and A is the projected area of the elastic contact which is equivalent to the
optically estimated zone of the hardness impression. Though Eqg. (2.17) was initially determined
for a cone shaped indenter, it was demonstrated that this holds similarly well for circular and tube
shaped indenters and theorized that it should apply to different geometries [134]. In this manner,

Pharr, and Oliver demonstrated that Eq. 2.17 applies to any indenter geometries.

2.2.6.1 Oliver and Pharr Method

In 1992, Oliver and Pharr proposed a strategy based on analytical solutions and curvature
in the unloading data [131,135]. They reported that the direct estimation of the contact zone is
not generally precise and advantageous, and proposed a system to decide contact area based on
the indentation depth and indenter shape function. Such a solution is called “depth-sensing

indentation testing”. During loading, the total displacement h is expressed in Fig. 2.7.
h=h +h (2.18)

Where contact depth, hc is the distance along which contact is actually made. hs is known

as displacement of the surface at the edge of the contact as shown in Fig. 2.7.
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Figure 2.7: Schematic Representation of a Section through an Indenter.

Elastic displacement is recovered and depth hr, indenter completely pulled back is

remaining. The projected contact area, A is measured as a function F of the contact depth;

A = F(h) (2.19)
hC =h-— hS (2.20)
For the conical indenter
h, =(”_2)(h—hf) (2.21)
T
P
(h—hf)=2g (2.22)

From these equations at peak load

P
h,=h, —e—"= 2.23
s (2.23)

S max

6:3(;:—2):0.72 (2.24)
T

S and the contact depth h¢, obtained by intercept of initial unloading slope, which is same

as proposed by Doerner and Nix [134].
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2.2.6.2 Area Function and Load Frame Compliance

It is essential to evaluate both load frame compliance and area function precisely to figure
out elastic properties. Oliver and Pharr demonstrated load frame and the specimen as two springs

in series.
C=C +C, (2.25)

Where, C, Cs, and Cs is total measured compliance, specimen and compliance of the load

frame, respectively. Specimen compliance is inverse of the stiffness S,

C=C, + \/;
2E /A

For a material with consistent modulus, a plot C versus /44 is straight and intercept is

(2.26)

load frame compliance. Estimation of Cs from information of large indents can be made. The
perfect area function for a Berkovich indenter is

A(h.) =3/3h’tan’6 = 24.5h’ (2.27)

To represent flawed indenter geometry, huge indents are made in quartz and corrected

area function is measured using the equation given below

A(h)=24.5h? +Ch! +Ch%"? + Ch" +...+ C,n"* (2.28)

2.2.6.3 Nanoindentation using Hysitron Triboindenter

The Hysitron© Tribo-Indenter T1-950 Nanoindentor was utilized for the experiments
with software interface Triboscan in the present work. The nano-indenter provides capabilities
to measure indentation and load-displacement curve plotting and automatic calculation of
modulus and hardness. These capacities are altogether used all through experimental procedures.
The transducer and piezo assembly are the strength of this instrument. A standard Berkovich tip
with radius of 100 nm was used in present indentation. The trapezoidal load function was used
to apply indentation during a single load cycle indentation. Maximum loading was performed in
8 seconds and maximum load was held constant for 2 seconds (holding period). Finally, the load
was completely released in 8 seconds. The Load versus displacement response during tip inside
sample was recorded during whole indentation process[136].
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Elastic properties were assessed from the final unloading curve using the Oliver and Pharr

method. Before performing indentation on ZnO thin films, the area function was calibrated on a

standard fused silica of known modulus as 69.6 GPa.

2.2.7 Nanoscratch

Adhesion between coating and the substrate could be used for evaluating the tribological
performance of a layered framework. The huge number of various test strategies, such as the
four-point bending, peeling, nanoindentation and nanoscratch tests portraying adhesion effects,
yet none of these systems is "immaculate™ [133,137]. The durability of devices coated with hard
films since an inadequately adhered films to the substrate brings about delamination of the

coating and the devices will then wear rapidly [138].

As one of the delegate techniques estimating attachment, four-point bending, blister test
is generally acknowledged. Crack propagation can be observed by four-point flexure loaded as
sandwiched structure. However, this strategy has a few constraints on the grounds that the
achievement is firmly subject to the planning procedure and testing system [139]. Another
technique for estimating bond quality at the interface is nanoindentation [84,140]. The
nanoindentation permits to quantify load and displacement precisely with an initiation of a crack.
Likewise, pile up and sink in mechanism affected elastic modulus measurement [141]. By
estimating the critical bucking length and interfacial fracture energy can provide the adhesion.
To measure the delamination of the coating, the nano-indentation method depends on the
arrangements of an expansion of plastic zone in the substrate. When a ductile film or a brittle
film deposited to hard substrate, the crack initiation or failure events are different.

The nanoscratch is one of the established methods for adhesion measurements. A
diamond tip is used to initiate the failure mechanism including delamination, peeling etc. as tip
moving in downward and translational motion along the surface. The nanoscratch testing strategy
is thought to be the most ideal way in estimating adhesion, and the indenter tip generates
excessive stresses to get the interfacial strength of a well adhering film [142]. Albeit, relationship
among the critical load and adhesion is complex due to stress distribution at the end of the tip
[143].

Several analytical models developed to measure adhesion and shear strength also with
the energy release rate from a scratch test. The pertinence of these models relies on the failure

mode observed. Benjamin and Weaver proposed a model to evaluate the surface energy of an
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interfacial crack which can be resolved utilizing the Griffith approach [18]. A nanoscratch test

was performed utilizing Hysitron T1-950 Tribo-scan equipped 100 nm radius Berkovich tip in
the present work. A high load transducer performed experiments to induce excessive stress to
delaminate ZnO coating on a glass and fused substrate. The scratch is performed in normal load
in ramped up mode. So, variations of different normal load applied to cause delamination of ZnO
thin films [144]. Load controlled measurements were made to capture the discontinuity at the

event of delamination/failures in lateral force. The scratch length was 10 pm -15 pum.
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Chapter 3

NANOMECHANICAL AND NANOSCRATCH
PROPERTIES OF ZnO THIN FILMS

This chapter divided into two sections. First section, section 3.1 describes the effect of
substrate temperatures variations on the ZnO thin films deposited on glass substrate. Second
section, section 3.2 describes the effect of deposition pressure on the mechanical properties of

crystalline ZnO thin films deposited on fused quartz substrate.
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Chapter 3. Nanomechanical and Nanoscratch Properties of ZnO Thin Films
3.1Zn0O THIN FILMS DEPOSITED ON GLASS SUBSTRATE:

SUBSTRATE TEMPERATURE VARIATIONS

3.1.1 Introduction

ZnO is inherently n-type semiconductor with wurtzite hexagonal structure, extensively
used in wide range of applications due to its unique properties such as direct band gap, high
exciton energy and high piezoelectric coefficients [29]. Also, it is used in solar cell, gas sensor,
and light emitting diodes, etc. [145,146]. ZnO has a low lattice mismatch with GaN and therefore
it could serve as an ideal substrate for the epilayer growth of GaN, desirable for fabrication of
optoelectronic devices [66]. ZnO is found in abundance and therefore cheap, nontoxic, and
promising for the replacement of expensive materials in several functional applications. ZnO
nanowires, nanotubes, and thin films are thermodynamically stable and their properties can be
easily tailored by altering its surface to volume ratio, dimensions and synthesis route [147].

A huge interest in ZnO is also governed by the fact that there are several synthesis routes
available for producing it by physical evaporation methods as well as chemical methods [37].
Also, deposition processes in higher vacuum provide thin films free from unwanted impurities.
The diversity in synthesis route allows manipulating the existing properties of ZnO
nanostructures. Among physical routes, sputtering is a unique class of depositing technique for
large area synthesis, higher adhesion to the substrate and also compatible with the manufacturing
at the industrial scale. The sputtered thin films are generally polycrystalline in nature [148,149].
The sputtered species with high energy yields dense and compact microstructure in thin films.
The grain size, morphology and preferred orientation of the thin films are influenced by
sputtering parameters such as substrate temperature, argon/oxygen partial pressure, and
sputtering power, etc. The stresses induced during the deposition process in thin films affect its

functional properties [150].

The mechanical properties of wide band gap semiconductor ZnO at nanoscale are
important for its structural integrity as MEMS, sensors and solar cell applications [151].
Nanoindentation and nano-scratch have been developed as a key technique to measure the
mechanical properties such as elastic-plastic properties, hardness, Young’s modulus and friction
properties of low dimensional nanostructures. Nanoindentation is performed with high sensitivity
along with continuous measurement of applied load and displacement. Scratch with ramping up

load technique is used to measure failure events and adhesion strength of the thin films [136].
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Mechanical properties of thin films are influenced by the microstructures of films as well

as substrate mechanical properties. The hardness of ZnO thin films has been reported on different
substrates such as Sapphire (5.75-6.6 GPa) [68], Silicon (4-6GPa) [152,153], and Langasite (9.2-
10.4 GPa) [152]. When relatively soft films are deposited on hard substrate, substrate effect
comes in to play after 0.2t (t=thickness of films) indentation depth, beyond that hardness
gradually increases with penetration depth. However, when the hard films are deposited on soft
substrate, the hardness is influenced even at smaller indentation depths below 0.05t [153]. In the
present study, corning glass is used as substrate which exhibits high hardness of ~8 GPa [154].
In previous studies, discontinuity was observed in load-displacement curve during indentation,
referred as the slip band movement during indentation [64]. The literature on adhesive strength
of sputter deposited ZnO thin films using nanoscratch test is limited. Therefore, the present work
has been focused to investigate the mechanical properties such as hardness, Young’s modulus,
and scratch resistance of ZnO thin films and further to correlate with the micro structural
characteristics of films deposited under varying substrate temperature conditions in DC-

sputtering.
3.1.2 Experimental details

The ZnO thin films were deposited on the glass substrate using DC sputtering. The
deposition was performed in a chamber of 12" diameter by using pure ZnO target. The substrates
were cleaned using deionized water and acetone under ultrasonic vibrations for 15 minutes. After
drying substrates in hot air, the target and substrate were fixed in target holder and substrate
holder, respectively. The sputtering chamber was evacuated to 2x10™ Torr pressure to remove
residual gases present in the chamber. Thereafter, high purity Ar/O gas at the flow rate (20:5
sccm) was introduced in to the chamber. The other sputtering parameters such as working
pressure and sputtering power were 10mTorr and 50W, respectively, and maintained constant
during the deposition process. The pre-sputtering was carried out for 10 minutes to eliminate
surface contamination of the target. The substrate temperature varied from RT (25°C) to 100°C,
200°C and 300°C. Structural properties were characterized by the XRD performed with Cu-K,
radiation using X-ray diffractometer with (6—26) geometry. Diffractograms recorded data in the
angular range of 25-70° with a scan speed of 1%min. The grain size ‘D’ of the ZnO thin films
was calculated by Scherrers formula using Eg. (2.6) [122]. However, the line broadening of
XRD peaks is not only related with crystallite size but also the function of internal strain that is
developed in the thin films during the film deposition process.
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The deviation from perfect lattice arrangement is calculated using Stokes Wilson equation

in Eqg. (2.8) [121]. Real crystal is not perfectly arranged as they have some lattice imperfection,
such as dislocation, grain boundaries, stacking faults, etc [155,156]. The length of dislocation
lines/volume called as the dislocation density (5) can be obtained by using Williamson &
Smallman relation in Eq. (3.1) [157,158]. The higher grain size ‘D’ indicate a lower dislocation
lines/volume with better crystallinity.

5= — (3.1)

In Eg. (3.1), ‘D’ is the grain size calculated by Scherrers formula. In this Eq. (3.1),
dislocations are assumed to be isotropically distributed and it lie along the grain boundaries. The
number of crystallites ‘N’ per unit area can be calculated using the following relation Eq. (3.2)

[159], where, t & D stands for the thickness and grain size, respectively.

N=—5 (3.2)

3.1.3 Nanoindentation

Nanoindentation test is performed by using three sided pyramidal Berkovich indenter.
The sharp Berkovich indenter can apply more localized pressure in the region with same load as
compared to spherical indenter. Hardness, Young’s modulus, and coefficient of friction of ZnO
thin films were obtained by Hysitron TI-950 Tribo-Nanoindentor using Berkovich diamond tip
of 100 nm radius. The loading rate is maintained at constant 50 pN/s and holding time of 2
seconds at maximum load. There are several factors like thermal drift, instrument compliance,
indenter geometry, pile up or sinking in effect, indentation size effect, surface roughness, which
can affect the measurement during indentation [130]. Before performing indentation, tip area
function of indenter tip was calibrated on standard fused silica sample. The hardness ‘H’ refers
to the resistance provided by material to the plastic deformation. The indentation hardness and
elastic modulus of the material were determined by Oliver and Pharr method [131] discussed in
Chapter 2, section 2.3.6.

The area under the loading-displacement curve shows the total energy dissipated in whole
indentation process. However, area under unloading curve corresponds to elastic deformation

energy. The scratch test is performed by applying a normal load 0-4000 puN with the loading rate
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of 133.34 puN/s for 30s (8s-38s). The total scratch length was 15 um in each test. The morphology

of thin films was determined by using FE-SEM.

The elemental compositional analysis was carried out by EDS. The RMS roughness and
surface topography of ZnO thin films was characterized by using the AFM with integrated optical
view system.

3.1.4 Result and Discussion

The growth characteristics of thin films deposited by DC sputtering are affected primarily
by two factors, kinetic energy of sputtered species and substrate temperature [160]. Self-heating
of substrate is a special feature in sputtering, which enables the formation of highly crystalline
ZnO thin films even at low temperature. The ZnO thin films were deposited on glass substrate,
which were held at room temperature (25°C) to 100°C, 200°C, 300°C. XRD pattern revealed that
growth of ZnO thin films along peak at 20 =34.028°, 62.22° corresponds to (002) plane and (103)
plane, respectively, which has hexagonal crystal structure (JCPDS card 89-1397) as shown in
Fig. 3.1. XRD pattern confirms that ZnO thin films reveal prominent plane (002), c-axis

orientation of thin films perpendicular to the substrate surface.
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Figure 3.1. The XRD pattern of ZnO thin films at different substrate temperatures.
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It may be mentioned that ZnO nuclei have tendency to grow in (002) (polar plane) in a columnar

fashion even at room temperature to minimize the surface free energy of ZnO films [161]. The
ad-atoms accumulate in such a way that they occupy the minimum energy position by surface
diffusion. The dislocation and defects affect the growth of crystal [155,156]. Other than that, the
density of defects such as stacking faults and threading dislocations are found to be higher in
non-polar ZnO films [162].

Although anisotropy in growth is an inherent property of material, deposition rate and
surface of top most layers also influence the growth rate of ZnO thin film in particular plane
[163]. Drift model of growth, states that crystal reflection with fastest rate of growth is more
predominant [164]. The position and intensity of XRD peaks of the thin films have changed and
shifted towards higher 20 angle at higher substrate temperature. Concomitantly, (103) diffraction
plane emerged with higher intensity with increasing substrate temperature. At substrate
temperature of 300°C, several non-polar crystal planes emerged, forming polycrystalline thin

films.

Table 3.1. X-ray diffraction parameters of ZnO thin films on glass substrate.

films (20) d- ‘D> Lattice Dislocation N Zn/O v
@ spacing(  (nm)  strain Density (nm?2) At % (nm)
(°C) A)/(hkI) (10%) (nm2)
25 34.028 2632/ 116 8.48 0.0074 0.139  31.06/ 218
(002) 68.94
100 34.043 2.631/ 129 7.37 0.0060 0.107  53.74/ 230
(002) 46.26
200 34283 2613/ 194 2.58 0.0026 0.032  51.46/ 240
(002) 48.54
300 34386 2.605/ 205 1.55 0.0023 0.069 52.51/ 600
(002) 47.49

The increment in substrate temperature leads to grain growth as it increased grain size
from 11.6 nm to 20.5 nm. The lattice strain, grain size, dislocation density, and number of
crystallites per unit area calculated from the most predominant crystallographic (002) plane given
in Table 3.1. The lattice spacing (doo2) has decreased with the higher substrate temperature close
to reference set (JCPDS card 89-1397) of crystal structure of ZnO, which suggested reduced
internal strain as well as formation of uniform grains at higher substrate temperature. The XRD

peak profile is closely related with micro-strain as well as grain size.
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The internal strain has also decreased at elevated substrate temperature, which is

attributed to decrease in lattice imperfection. One of the reasons of lattice imperfection is due to
thermal gradients on substrate. The dislocation density has reduced at higher substrate
temperature [165]. Higher crystallinity of the thin films is due to higher mobility of ad-atom,

influenced by substrate temperature.

3.1.1.1 Hardness and Young’s modulus of ZnO thin films

Nanoindentation measurement is performed in load controlled mode to optimized
penetration depth; load is increased continuously at a constant loading rate in the segment ‘QL’
and held for 2s in ‘LC’ segment, followed by unloading started in ‘CP’ segment with the same
rate as shown in Fig 3.2(a). However, in the scratch test, normal load is increased from zero, with
loading rate during the segment ‘SF’ as shown in Fig. 3.2(b). The load-displacement curves of
ZnO thin films deposited at different substrate temperature are shown in Fig. 3.3.
Nanoindentation testing involves an elastic, reversible transition as well as plastic, irreversible
transition of material under applied load with a desired loading rate. The mechanical properties
of ZnO thin films dependent on cohesive strength i.e. bond strength and the fraction of ionic
bonding. The substrate also affects the mechanical properties of thin films. To minimize the
substrate effect, the penetration depth of indenter in to the films is kept below 10% to total

thickness, but this rule holds when the total thickness of films is more than 1 um [79].
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Figure 3.2. Schematic of Loading and unloading using sharp indenter (a) Nanoindentation

segment of loading and unloading (b) Scratch segment for ramp loading.
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In the present work, thickness of the films is less than 1 um (refer-Table. 3.1.), and at the

same time, ZnO thin films are considered relatively soft as compared to glass substrate [154].
So, indentation depth maintained less than 20 percent to total thickness, minimizing the substrate
and tip rounding effect [79,153]. The load displacement curves provide the elastic-plastic
deformation under the applied load at a certain penetration depth, which give the hardness and
Young’s modulus [166]. The non-linear behavior of load-displacement curve depends upon

strain rate/loading rate of indentation and elastic plastic nature of material.
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Figure 3.3: Load displacement curve of ZnO thin films at substrate temperature (a) RT
(25°C) (b) 100°C (c) 200°C (d) 300°C.

There is no major discontinuity in displacement during indentation. The discontinuity in
displacement is considered to be minor if it is spanning (jump) of less than 2 nm at continuous
applied load [167,168]. This kind of displacement discontinuity showing singular events of slip
or dislocation movement in the thin films, ruled out the possibility of major cracking,
delamination or inclusion. It reveals that thin films are defects free, well adhered and dense. The

saw type bands in the load—displacement curve are due to the propagation of discrete slip events.
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For reliable results at least 10 indents were performed on each sample. The value of hardness and

Young’s modulus is analysed after multi curve analysis, which is given in Table 3.2 with standard

deviations.

The substrate temperature affects the quality and crystalline nature of thin films, which
in turn affects hardness and Young’s modulus of thin films. The a-plane oriented bulk ZnO shows
hardness ‘H’ and Young’s modulus ‘E’ of 2.2 £ 0.2 GPa, 163 + 6 GPa value, respectively, as
compared to c-plane oriented bulk ZnO exhibiting H and E value of 4.8 £ 0.2 GPa and 143 + 6
GPa, respectively [68]. Generally the hardness of the ZnO thin films is varied between 6-10 GPa
on different substrates and microstructure [64,152]. In the present study, variation in hardness of
films (6.2-7.72 GPa) is observed by varying the substrate temperature with preferred texture in
(002) diffraction plane coexisted with other diffraction plane. However, hardness did not vary a
much at RT (25°C) to 200° C. The maximum hardness (7.72+0.44 GPa) of thin films is observed
at 100°C, attributed to highest peak intensity ratio looz)/lq10s) (counts) and highly textured c-
diffraction (texture coefficient (002) = 1.735) plane obtained by Harris texture relation [14].
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Figure 3.4: Lateral force curve of ZnO thin films at substrate temperature (a) RT (25°C)
(b) 100°C (c) 200°C (d) 300°C.
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The variation in hardness except film at 300 °C depends on the film quality and grain

size, whereas hardness of the films gets reduced at 300 °C due to the presence of new non polar
crystal planes. It is well established that ZnO has hexagonal crystal structure with different
mechanical behavior depending upon the crystallographic planes [68,169]. The non-polar crystal
planes are emerged at 300°C substrate temperature; which is not close packed plane of ZnO as
compared to c-plane facilitating slip events with ease. So, the hardness of thin films at 300°C

reduced showing in line agreement with bulk a-plane ZnO.

At the same time, Young’s modulus of thin film increases and having highest value at
300°C. The H/E i.e. hardness to Young’s modulus ratio of thin films is an important parameter
for determining the indentation scratch, as well as wear properties. High value of H/E ratio of
thin films is good for the wear resistance properties in materials[170]. The ratio of elastic work
done to the total work is directly proportional to H/E ratio. For the lower value of the H/E ratio,
a large amount of work is consumed in plastic deformation within same deformation. So, the
larger amount of plasticity is assumed in lower H/E ratio [171]. The values of H/E ratio are given
in Table 3.2. The number of serrations in load displacement curve in Fig. 3.3 depends on substrate
temperature, which moves towards lower penetration depth at 300°C. These serrations refer to
shear band nucleation and propagation and it is loading rate dependent [172]. Also, serrations
and load-displacement curve shape altered by varying the substrate temperature in order to get a

different microstructure of films.

Table 3.2. Mechanical properties & roughness of ZnO thin films on glass substrate.

ZnO thin Hardness Young’s H/E  Critical RMS

films (GPa) Modulus Ratio Load Roughness
(substrate (GPa) (UN) (nm)
temperature)

RT (25°C) 7.1+0.74 98.4+5.4 0.072 20134 3.9
100°C 7.72+0.44 127.3+139 0.060 3126.7 6.5
200°C 7.6£0.29 132.9+17.4 0.057 2446.9 7.9
300°C 6.2+0.74  169.5+6.9 0.036 2059.6 135

This step wise plastic deformation is likely to start at lower penetration depth in ZnO thin
films at 300°C substrate temperature. Indentation provides information about indentation

plasticity in the thin films. Plastic deformation refers to stress relaxation with permanent
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deformation in shape within the materials. Easy stress relaxation corresponds to larger the

amount of plasticity present in the material. In the ZnO films deposited at RT to 200° C,
indentation plasticity is suppressed to maximize the hardness, while in thin film at 300 °C,

indentation plasticity has increased [173].

During Nano-scratch, two different forces act on ZnO thin film. Normal force is
employed by the indenter in perpendicular and downward direction on thin film and lateral force,
which acts in tangential direction due to the indenter dynamics. Indenter slides on the material’s
surface with increasing normal load. However, initially, the interaction between the indenter tip
and material surface is elastic in nature but at higher normal load, it acts as plowing force and
induces plastic deformation in the materials. The sudden drop down in the lateral force indicates
an initiation and propagation of crack related with delamination, fracture or fragmentation.
Normal load at which this sudden discontinuity appeared in lateral forces is called as critical load
of the coatings as shown in Fig. 3.4. Also, critical normal load required for the delamination of

thin film and is considered as the adhesive strength of the thin films. [8].

However, it is also reported, that the initial discontinuity in loading curve or lower critical
load is resistance for the crack initiation but not completely the failure of films. There must be
some upper critical load where the film completely peels off. The toughness of the film is also
dependent on the critical load and directly proportional to value of lower critical load, as well as
the difference between higher to lower critical load [174]. High hardness is primary property for
exhibiting good scratch resistance; likewise, high H/E ratio can represent better wear resistance
properties. The critical load has shown a tendency to follow H/E ratio except films at RT (25°C).
It depends not only on hardness or H/E ratio but other parameters like interfacial stress,

microstructure of films and substrate contribute their effect.

The internal stresses are prone to develop during synthesis of films. The phase transition,
unit cell parameters in films can also affect internal stress, and if thin films tend to changes its
volume (e7=6/3), it induces stress in the films, where @ is the volume shrinkage [175]. The
delamination of thin films depends on microstructure, density and defects, which in turn affect
the interfacial strength. It is clear that the adhesion strength is the composite effect of thin film
and substrate with the contact mechanics of indenter. ZnO thin films at room temperature exhibits
highest amount of internal strain and thermal mismatch in the films, due to which its interfacial

strength gets reduced.
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However, the adhesion strength of thin films is maximum (3126.7 uN) at 100°C given in

Table 3.2, which is attributed to highly textured (002) plane, high hardness, and high H/E ratio

[176]. The emerging (103) plane alters the internal stress because atomic density changes with

diffraction plane and slip activity which further influences the mechanical properties.
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Figure 3.5. Coefficient of friction of ZnO thin films on glass substrate.

The coefficient of friction (COF) is ratio between lateral forces and normal forces during
scratch. Frictional forces are dependent on the nature of outermost surface layer of thin film i.e.
adsorbed species, roughness, surface structure and topography. Sliding under high normal load
involved a plastic deformation followed by several events like micro crack formation,
fragmentation of material. The oscillation in friction coefficient provides the information about
pile up, nano scale fracture, wear properties and adhesion. When the hard materials (indenter)
slide on relatively softer material, the friction force arises due to shear component. Initially, COF
of the films is found to be increasing with roughness of the films [177]. The roughness has a
pronounced effect on mechanical properties of films at shallow penetration depth. The COF is
higher for rough surface and its increasing value leads to increasing shear stress at the interface,
resulting in a reduced critical load for adhesion [178]. The coefficient of friction of the ZnO thin
films has varied between 0.1 and 0.5 as shown in Fig. 3.5. During initial phase of scratch segment,
the ZnO thin films at 300°C has highest coefficient of friction ¢0.5)
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3.1.4.1 Surface and Compositional analysis

The high resolution FE-SEM images shows the as grown ZnO thin films are smooth,
uniform and fully covered. The grains are showing columnar type growth and very densely
packed for the films deposited at room temperature. There is no observation of inclusion or voids
in thin film. The initial grain growth and shape of grains depend on the substrate temperature as
well as thickness of films. As compared to X-ray diffraction, the grains are larger in FE-SEM
study, as in the former, grains are those domains in crystal that scatter the X-rays coherently,

while in the latter, the grains are agglomerated to larger grains in size [179].
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Figure 3.6. FE-SEM analysis of ZnO thin films at substrate temperature (a) RT (25°C),
(b)100°C, (c) 200°C, (d) 300°C.

The ZnO thin films deposited at lower substrate temperature have low adatoms mobility
and shadowing effect and therefore the films prefer to grow for minimizing free surface energy,
i.e. c-axis orientation normal to substrate with columnar microstructure [180,181]. At higher
substrate temperature, thin film has the sufficient amount of kinetic energy and mobility to
overcome self-shadowing effect. The observation is in tandem with XRD results, with the change
in crystal orientation, the microstructure features also get altered. The crystallographic
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orientation also affects the grain morphology and the grain becomes faceted, elongated and

wedge like structure at 300 °C substrate temperature [182]. It is evident from Fig. 3.6, and Fig.

3.7 that the ZnO thin films is uniform, smooth, and dense having columnar structure.

Figure 3.7. ZnO films thickness at substrate temperature (a) RT (25°C) (b) 100°C (c) 200°C
(d) 300°C.
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Figure 3.8. AFM images of ZnO thin films at substrate temperature (a) RT (25 °C) (b)
100°C, (c) 200°C, (d) 300 °C.
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The elemental composition of O & Zn pattern of thin film is obtained by EDX analysis,

provided in Table 3.1. The presence of Zn and O is verified in thin films. The surface topography
is investigated by atomic force microscopy in tapping mode, scanning the area 1 pum x 1 um
shown in Fig. 3.8. It is observed that substrate temperature strongly influence shape, size and

distribution of grains of ZnO thin films.

The topography of ZnO thin films are uniform and well-shaped except films deposited at
300°C, where grains start coalescence with each other. The RMS value of the roughness of films
increases with the substrate temperature shown in Table 3.2. Higher substrate temperature
provides higher kinetic energy for mobility to incident sputtered species on substrate, resulting
higher probability to agglomeration that leads to bigger grains in size. When the indenter and
film surface come in contact, the distribution, height and geometry of surface asperities affect
the contact mechanics and deformation behavior as compared to flat surface of films. Due to un-
evenness of surface, indenter cannot sense real hardness value at shallow depth. For the planar
contact and fully developed plastic zone beneath indenter, the film should have minimum surface
asperities. The critical load is found to be decreasing with increasing surface roughness [183].
This result is consistent with X-ray and FE-SEM results confirming the better crystallinity and

bigger grain size with increasing substrate temperature.
3.1.5 Conclusion

The ZnO thin films were deposited on glass substrate at different substrate temperatures
RT (25°C) to 100°C, 200°C, 300°C by DC sputtering. The different texture and micro-structural
features of films observed were used to substantiate the deformation behavior of the films.

e The increment in grain size of ZnO films and reduction of lattice strain were observed at
elevated substrate temperature. The (002) diffraction plane is prominent crystal plane,
concomitantly (103) crystal plane grew with higher substrate temperature. The
anisotropic growth of film in particular crystal plane depends on the thermal mismatch
(substrate-film), surface energy minimization and strain energy. The emergence of non-
polar planes leads to variation in atomic density and tends to change interfacial shear
stress which further deteriorates the mechanical performance of films.

e No major discontinuity in displacement during indentation is observed, ruling out the
possibility of cracking, delaminating, or mechanical failure at the normal applied load.
The hardness (7.7240.44 GPa) and Young’s modulus (127.38+13.96 GPa) of ZnO is
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observed to be higher for the films deposited at 100°C substrate temperature with better

adhesive strength (3126.7 uN).

e The morphology of the films is observed to be columnar to wedge shaped at 300°C
substrate temperature. Higher surface undulation leads to higher friction coefficient and

lower H/E ratio.

3.2Zn0O THIN FILMS DEPOSITED ON FUSED QUARTZ SUBSTRATE:
DEPOSITION PRESSURE VARIATIONS

3.2.1 Introduction

In modern era, multi-functionality in nanostructured thin films paves a way to design and
develop nanotechnologies for promising applications such as in optoelectronics, MEMS devices,
corrosion and heat resistant devices etc. [184,185]. Huge usage of thin films devices generate a
reliability issue and a risk of mechanical failure including fracture, fatigue, damage and
possibility of cracking and delamination during handling of devices [16]. The mechanical
characteristics of thin films significantly affect device fabrication and reliability during service
conditions. Several factors like crystallinity, internal stress, grain size, defects and dislocation
etc. can affect mechanical responses of thin films. However, generation of internal stresses
affects microstructure, which is highly sensitive to the synthesis conditions as well as the
underlying substrate properties. High internal stress itself may cause failure of thin films [186].
The process conditions in synthesis techniques namely physical vapor deposition as well as
chemical deposition techniques can be tailored to engineer the microstructure so as to deposit
thin films with desirable functional properties [187]. However, deposition of high quality thin
films depends on growth mechanisms, uniformity in thickness and better adhesion of films to the

substrate depends on the deposition techniques [188].

The conventional instruments based on visually imprint of the Vickers indenter are not
useful for the precise measurement of mechanical properties of thin films and nanostructures.
Hardness, Young’s modulus as well as adhesion are considered as fundamental mechanical
properties of the thin films and therefore it should be measured precisely for the prediction of
mechanical stability [189]. Adhesion of the film to substrate referred as mechanical interlocking
depending upon interface morphology, thermodynamic state, bond energy and stress etc. [7].
Assessment of adhesion failure using nano-scratch method has recently gained popularity to
evaluate critical load of thin films; however, several methods such as tape peeling. abrasive test

are reported in the literature much earlier [190]. Nano-indentation and scratch under ramp up
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loading are now well established technique to obtain hardness, Young’s modulus and adhesive

strength of thin films [131,136]. The nature of thin films from ductile to brittle character exhibits
different failure mechanisms, which can affect the adhesion of films on substrate. Delamination
of thin films can be observed during indentation, delamination are more prone to occur during
loading segment when the film/substrate interface is relatively weaker as compared to film and
substrate material, however if the film/substrate interface is strongly bonded delamination is most

probable to occur in unloading segment [191].

ZnO nanostructured films exhibits wide direct band gap, high exciton binding energy,
high piezoelectric coefficient, sensing properties, non-toxicity [29,192]. These properties of ZnO
can be exploited for fabrication of piezoelectronics devices, UV-photo detectors, gas sensors,
and dye sensitized solar cells etc. [193]. Dopants such as Ga, Al, In and N could be used to tailor
the optical and piezoelectric properties of ZnO thin films [194]. The commercialization of ZnO
based nanostructured devices is heavily dependent on its structural integrity apart from its
functional properties. Mechanical properties of ZnO thin films are size dependent and superior
as compared to bulk part. The thermal treatment of films could increase its hardness by reducing
its defects [195]. The mechanical deformation of bulk ZnO during indentation has shown a
discontinuity in load versus displacement curves termed as pop-in event as reported [71]. The
pop-in event is also observed in ZnO thin films. The pop-in event is related to the plastic flow in
the material, burst out as collection of dislocation in active slip systems [196]. However,
discontinuity in unloading displacement is called as pop-out.

The present study was focused to investigate mechanical failure, pop-in/pop-out and peel-
off in crystalline ZnO thin films deposited on fused quartz. The influence of sputtering deposition
pressure on ZnO thin films underlying mechanical properties was measured. Fused quartz is a
substrate of commercial interests and it exhibits a hardness ~9.7 GPa [197]. The soft ZnO films
on hard substrate could lead to the effect of pile-up nearby indenter at larger displacements. The
plastic flow of material during indentation is inhibiting by hard substrate, which may ultimately
lead to incorrect estimation of hardness. However, the effect of hard substrate on soft ZnO thin
films is more pronounced when the displacement of indenter is beyond 20 percent of film
thickness. Hence, displacement depth should be less than .2t (t=thickness of films) during
indention [153]. The micro structural features of the ZnO thin films characterized through FE-

SEM and AFM are correlated with the measured mechanical properties.
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3.2.2 Experimental detalil

ZnO as thin films were deposited on the fused quartz substrate by using DC sputtering.
The deposition was performed by using pure ZnO target. Prior to depositions, fused quartz
substrates were cleaned using acetone, deionized water in ultrasonic vibrations for 10 min.
Further, the substrates dried in the hot air; the ZnO target and fused quartz substrate were
mounted in target holder and substrate holder, respectively. The sputtering chamber was
evacuated to 2.0x10° Torr to remove gases present in the chamber. Thereafter, high purity Ar/O;
gas was introduced in to the chamber. The pre-sputtering was carried out for 10 minutes to
eliminate surface contamination of the target. The Argon/Oxygen is introduced at flow rate of
20:5 sccm respectively. The sputtering parameters such as substrate temperature and sputtering
power were 100° C and 50W, respectively, maintained constant during the deposition. The

sputtering deposition pressure is varied from 5mTorr to 10mTorr, 15mTorr and 20 mTorr.
3.2.2.1 Structural study and Roughness measurement

The crystal structure of thin films was analysed by the X-ray diffraction (XRD) carried
out with Cu-K, radiation using X-ray diffractometer. The diffraction data are recorded in the
angular range of 25-70°. Thin films consist of nano-grains and its size is calculated by Scherrers
formula in Eq. (2.6) [198]. However, in Eq. (2.6), the contribution of non-uniform strain in XRD
peak profile is insignificant; the micro strain is developed during synthesis process. It essential
to note that micro strain i.e. deviation from perfect lattice arrangement present in thin films
estimated by X-ray diffraction peak profile using Stokes Wilson equation using Eq. (2.8) [121].
The ideal crystal is considered to be perfectly arranged while crystal structure deviates in thin
film from its perfectly arrangement due to presence of lattice imperfection, vacancies,

dislocation, grain stacking faults, boundaries, etc.

The dislocation density (6) termed as length of dislocation lines/volume and obtained by
using G. K. Williamson & R. E. Smallman relation using Eqg. (3.1) [157]. The theory suggested
that grain boundaries are reduced with higher grain size which could lead to a lower dislocation
density at the grain boundaries were calculated. At the same time, the dislocations per unit
volume supposed to be isotropically distributed in crystal and lie only along the grain boundary.

The volume fraction of the grain boundaries ‘f* is quantified by assuming the crystallites
as spherical form with diameter ‘D’ and surrounded by the shell of thickness ‘t’ regarding it as

the grain boundary [199].
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Where ‘f” is calculated by assuming t=1 nm (grain boundary width) and ‘D’ is crystallite
size calculated using XRD peaks. The surface roughness of the samples is analyzed by using
AFM operated in semi-contact mode with pyramidal-type geometry of tip having silicon nitride
(SisNas) coating. The data is analyzed using software Nova 1.0.26. The surface roughness of the
ZnO thin films is presented as root mean square average (RMS) values. The elemental analysis,

thickness and morphology of thin films are determined by using FE-SEM/EDS.
3.2.2.2 Nanomechanical measurements

Hardness is the primary mechanical property of the materials, which can be correlated
with wear and friction. The Archard’s equation calculates volume loss per sliding distance (Q)

as given below

L
Qo M (3.4)

Where ‘L’ is applied normal load and ‘H’ is hardness, high hardness will contribute in
lower volume loss i.e. good wear resistant properties [171], Although some exceptions to Eq.
(3.4) also exists, nanostructured thin films is influenced by number of other factors such as grain
size, strain, substrate effect, etc. which affect significantly to mechanical strength [200]. The
hardness, effective Young’s modulus, and coefficient of friction of these ZnO thin films are
measured by Nanoindentor using standard Berkovich diamond tip of ~100 nm radius. Load-
displacement profile is a ‘finger print’ of depth sensing mechanical responses of thin films, which
provide hardness and Young’s modulus. Nanoindentation measurements were performed
continuously in a load controlled mode (50 pN/s; loading rate) in which indenter is moved
downward up to maximum load (400 uN). Before performing indentation, parameters like
instrument compliance, thermal drift, indenter geometry and indentation size effect should be of
taken care [130]. So, it is necessary to calibrate the tip area function and machine compliance
which is performed on standard fused quartz (homogenous and isotropic). Before testing of
samples, air calibration is performed on indentation and scratch mode. The indentation hardness
H and Young’s modulus E of materials is calculated by Oliver and Pharr method [131] discussed
in Chapter 2, section 2.3.6.
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The indentation hardness is measured using load-displacement curve. The area under the

loading-displacement curve is related with the total energy consumed during the whole process.
The area under unloading-curve is referred as elastic deformation energy. The scratch test of the
ZnO films is performed to get frictional forces arising due to the sliding of Berkovich indenter
tip on the sample surface. To get the critical load, normal load is applied continuously in a ramp
up mode, until the films gets peeled-off/fractured from the substrate [136]. The normal applied
load corresponding to the critical load is referred as adhesive strength of the thin films. The
scratch test is performed by applying a normal load of 0-4000 uN with the normal loading rate
of 133.34 uN/s for 30 seconds. The scratch length was 10 um (time; 8-38s) in each test. Several
scratch tests are performed to get adhesive strength of the films.

3.2.3 Result and Discussion

The ZnO thin films were deposited on fused quartz substrate at different sputtering
deposition pressure from 5 mTorr to 10 mTorr, 15 mTorr and 20 mTorr and shown in Fig 3.9. It
is evident from the Fig 3.9. that the films are well crystallized in hexagonal crystal structure
(JCPDS Card-891397) with angle 20~33.88° range that corresponds to (002) diffraction plane.
The XRD patterns reveal that ZnO thin films grown in (002) diffraction plane and maintained

(002) peak of thin films throughout all deposition condition used in this work.

The evolution of (002) diffraction plane during deposition are reported in the earlier
literature as outcome of surface energy minimization [201,202]. However, film growth
mechanics is governed by the kinetic energy of incident sputter species to the substrate,
adsorption and ad-atoms surface diffusion. Surface to volume ratio invokes a driving force for
the growing grains in particular diffraction plane to achieve thermodynamical stability. The same
was suggested by Drift model, a plane with higher growth rate is more predominant [203].
Assuming the tetrahedral configuration, Fujimura calculated the surface energies of ZnO planes
and found that the minimum surface energy in (002) plane leads to growth in columnar fashion
[204]. However, evolution of different crystal planes that may be feasible during growth depends
upon deposition conditions, also minimum presence of Zn to ZnO ions in sputter plasma favored
the formation of (002) plane [205]. So, any change in the ratio of Zn to ZnO ions in plasma leads
to further growth of films in different crystallographic orientations. The variation in sputtering
pressure substantially changes kinetic energy of striking of ad-atoms, which influence the growth

mechanics as indicated by Eqg. 3.5.
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Figure 3.9. XRD pattern of ZnO thin films deposited at (a) 5mTorr (b) 10mTorr (c) 15
mTorr (d) 20mTorr.

T
dm = 2.33)(1020(—2 (35)
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Where, dm, 7, P, y are notations used for mean free path, temperature, sputtering pressure
and molecular diameter of the sputtering gas, respectively [206]. According to Eqg. (3.5), higher
sputtering pressure lowers the mean free path facilitating large number of collisions that leads to
thermalization effect, which affects the deposition rate [207]. Materials (films and substrate) with
different thermal properties could contribute to total strain in the films by deforming the lattice
under thermal effect. Thermal expansion coefficient for ZnO is aa=4x 10%/K, ac= 2.49 x10°%/K,
while the fused quartz has thermal expansion coefficient of 0.55x10/K [35]. Overall, the growth
of films is a complex mechanism and emerged crystallinity is a conjugate function of strain,

interface, and surface energy minimization, substrate effect and deposition parameters.

Asin Fig. 3.9, the angular position of (002) peaks shift towards higher 20 side with higher

deposition pressure. Concomitantly, peak (002) intensity in XRD pattern rises initially and then
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falls with higher deposition pressure leads to variation in crystallinity. From the full width half

maximum, grain size is calculated by using Scherrers formula and it varied from 12 nm to 28.9
nm. The peak position, crystal d-spacing, grain size, lattice strain, dislocation density and grain
boundary volume fraction are extracted from (002) diffraction plane and given in Table 3.3. The
grain growth is observed with reducing grain boundary volume fraction at higher sputtering
pressure. The lattice spacing d has varied in the range of 2.64 to 2.60 A (drer =2.606 A, JCPDS
Card-891397). The lattice spacing in thin films has decreased with the higher deposition pressure,
which led to formation of uniform grains. The lattice strain and dislocation density have also

varied with higher sputtering pressure.

Table 3.3. XRD diffraction parameters of ZnO thin films on fused quartz substrate.

ZnO thin  Positions d- (hkl) Crystallite  Grain  Dislocation Lattice

filmsat  of Peak spacing size (nm) boundary  Density strain
deposition (20) (A) volume (nm2) (104

pressure fraction

5mTorr 34.085 2.628 (002) 12.0 0.213 .0069 7.17

10mTorr  33.882  2.643 (002) 12.1 0.211 .0068 10.6

15mTorr  34.166  2.622 (002) 17.0 0.157 .0034 4.24

20mTorr  34.342  2.609 (002) 28.9 0.097 .0011 1.35

3.2.3.1 Hardness and Young’s Modulus of ZnO Thin Films

ZnO thin films show anisotropic mechanical properties, vary from polar (c-plane) to non-
polar planes ( i.e. a-planes & m-planes) [75]. ZnO thin films in polar diffraction plane (002)
enables to investigate the mechanical behavior of films deposited on fused quartz. The loading-
unloading curves of ZnO thin films deposited at different sputtering deposition pressure are
shown in Fig. 3.10. The load-displacement curve directly provides a view of maximum load,
displacement and pop-in events. The load is increasing at constant loading rate; the non-linearity
observed in load-displacement curve depends on Berkovich indenter (shape of tip, material of

tip), response of thin film to applied stress (elastic as well as plastic) and substrate effect.

To achieve the intrinsic properties of thin film material without substrate influence,
displacement of indenter should remain < t/10, where ‘¢’ is film thickness but this is only

effective when film thickness > 1 um [79]. In the present work, thickness variation is below 1
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pum and to preclude the substrate effect, tip rounding effect and the shallow depth of indentation,

indentation was performed below 20 % to total thickness.
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Figure 3.10. Loading-Unloading Curves of ZnO thin films deposited at (a) 5mTorr (b)
10mTorr (c) 15mTorr (d) 20mTorr.

Also, it is visualized from the Fig. 3.10. inset that the load dependent effect on hardness
value i.e., indentation size effect is more pronounced at low load indentation and shallow
indentation depths [208]. The indentation size effect depends upon several factors such as effect
of larger strain gradients, work hardening, geometry necessary dislocations and statistically
stored dislocations etc. [209]. In the present work, the indentation was performed at same loading
rate on different indentation depths. The hardness of the ZnO thin films is increasing up to
indentation depth of~25 nm; it is attributed as transition phase between elastic to plastic contact

and after that developed plastic zone is formed for actual hardness.

Itis evident from Fig. 3.10. that ZnO thin films are adhering to the substrate without any
major discontinuity, and there are no major pop-in event, crack formation, and dislocation burst

[84]. However, previous studies found pop-in event in bulk single crystal ZnO as well as ZnO
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thin films due to pre-existing defects and strain energy of films [64]. A localized stress is

developed beneath the indenter after elastic deformation and the presence of serrations in load
displacement curve depicts shear band nucleation and propagation, which could lead to plastic
deformation. The nature of serration in load-displacement curve is loading rate dependent as it is

pronounced more at low loading rate [172].

If the loading rate is slow, discrete shear bands have enough time to accommodate its
effect at applied strain leading to distinct strain burst. When the loading rate is increased, the
multiple shear bands activated simultaneously might have different deformation with lesser or
no serrations [210]. Even in previous studies on ZnO thin films, the multiple pop-in event occurs
depending upon the loading rate, and threshold value for multiple discontinuity is increased at
higher loading rate in ZnO [65]. Also, the enhanced hardness is reported at higher loading rate
for ZnO thin films [211].

Discontinuity persists in displacement curve is minor if it has a magnitude less than 2 nm
at the same loading environment [167]. This minor discontinuity correlated the existence of a
single event of slip or dislocation movement in the thin films. For the reliability of results, at
least 10 indents on each sample were performed. The indents are performed in 20 pmx 20 um
matrix to configure contour map and provide a view of mechanical response of each indent. The
map can correlate in a comprehensive way to hardness and Young’s modulus analysis at different

microstructure regions in an area of 400 pm? as shown in Fig 3.11 and Fig 3.12.

As observed from atomic force microscopy that each grain is oriented uniquely at surface,
which can be visualized by the interacting force; similarly, each region exhibits a different
mechanical response during indentation as shown by color fill contour map [212]. The hardness
of thin films along with Young’s modulus is given after multi curve analysis in Table 3.4. The
deposition pressure affects microstructure and crystallinity of thin films that can be correlated
with underlying mechanical properties. In this connection, single crystalline a-plane bulk ZnO
and c-plane oriented bulk ZnO having different hardness value and Young’s modulus of 2.2 +
0.2 GPa, 163 + 6 GPa, and 4.8 £ 0.2 GPa and 143 + 6 GPa, respectively [213]. ZnO is soft
material in bulk but thin films have high hardness of 6-10 GPa [75]. The plastic deformation in
crystalline material primarily depends on the slip events and dislocation movements. Bulk oxides
are usually prone to brittle failure but the ductility can be induced by refining grain size to
nanometers in thin films. The increment in hardness is contributed by the morphology,

dislocation mechanisms, strain, and grain size of thin films [213].
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Figure 3.11. Hardness Map of ZnO thin films deposited at (a) 5mTorr (b) 10mTorr (c)
15mTorr (d) 20mTorr.
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Even the strain compensation sites, threading dislocations can impede the slip movement,

which increases hardness of thin films [64]. The maximum hardness achieved for the films
deposited at 10mTorr is attributed to highest crystallinity in polar plane, considered as hard plane
in wurtzite ZnO [75]. With the decrease in crystallinity, the hardness also drops to a lower value.
Young’s modulus (164.03+£18.33 GPa) and high hardness value (7.51+0.60 GPa) are observed
for the films deposited at 20mTorr deposition conditions. Frictional forces are governed by
adhesive and plowing forces during scratch. The adhesive force is experienced during initial
interaction during scratch, while the force needed to deform the material is plowing force. The
adhesion is pronounced when indenter applies interfacial shear stress to a critical value to detach
films from substrate, primarily depending upon bonding between film-substrate, thickness of the
film, tip radius, coefficient of friction, interfacial stress and contact mechanics of indenter to
films [214].

The increment in hardness of substrate increases the critical shear stress required for
delamination of the films [215]. According to the energy balance theory by Laugier, the energy
required to create a new surface must be lower than the released stored elastic energy assuming
that films is relaxed after detaching [214]. During the scratch testing, a prescribed normal force
is applied in perpendicular direction on thin films with transverse motion using Berkovich
indenter; the lateral forces are stored as frictional energy. During ramp scratch mode, plowing
force induce plastic deformation in materials affected by grains, grain boundaries and surface
topography. A sudden discontinuity in the lateral forces indicates that the films are
fractured/peeled-off as shown in Fig. 3.13. Normal load is termed as critical load of the coatings
at which this sudden dropdown in lateral forces occurs. So, normal load needed for delamination
of films is termed as adhesive strength of the thin films. However, it is also reported that crack
initiation starts at lower critical load but it does not indicate complete failure of films. At some
higher value of normal load, the film is completely peeled off, referred as upper critical load.
Fracture toughness exhibited a dependence on the critical load and proportional to lower critical
load, as well as the difference between upper and lower critical load [174]. During the scratch,
buckling and peeling observed. The horizontal force needed for delamination depends on several
factors such as hardness of film/substrate, shear force per unit area and shear stress at interface
microstructure and crystal structure [18]. The smooth lateral force curve indicates high scratch
resistance before delamination and high adhesive strength (3043.9 uN) in the films deposited at
20mTorr, caused by low internal stress, higher grain size and high hardness of ZnO thin films.
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Figure 3.13. Frictional forces of ZnO thin films deposited at (a) 5mTorr (b) 10mTorr (c)
15mTorr (d) 20mTorr.
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Figure 3.14. Coefficient of Friction of ZnO thin films deposited at (a) 5mTorr (b) 10mTorr
(c) 15mTorr (d) 20mTorr.
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Table 3.4. Mechanical Properties of ZnO thin films on fused quartz substrate.

Working  Hardness Elastic Critical Zn @) Roughness
Pressure (GPa) Modulus Load At. % At. % (nm)
(mTorr) (GPa) (UN)
5 5.67+0.90 133+10.8 2685.8 45.78 54.22 8.37
10 7.90+0.14 75+13.37 2680.9 48.83 51.17 6.96
15 6.10+£1.20 121+17.1 2515.2 44.33 55.67 5.22
20 7.51+0.60 164+18.3 3043.9 44.66 55.34 4.83

The variations in adhesive strength in terms of critical load depend upon the surface
topography as well as microstructure. The critical load is given in Table 3.4. The coefficient of
friction is analysed at increasing normal load shown in the Fig. 3.14. It is ratio of lateral forces
and normal forces during scratch [73]. The frictional forces arise by the contact mechanics
between two solid bodies, indenter and thin films. The stress distribution beneath indenter caused
to plastic flow and events like initiation of crack, propagation of cracks and fragmentation of
material could occur and appear as oscillation in Fig. 3.14. The friction coefficient gently
increases at the beginning of scratch under the influence of plowing force and attain a steady
value before any discontinuity.

All the films having low coefficient of friction in the beginning due to lower plowing
force contribute less significantly during scratch. However, discontinuity or bursts can be
observed in coefficient of friction at the critical load of the thin films. The minor discontinuity
can be seen in coefficient of friction, during initial stage of scratch, due the difference in scratch
resistance at grain boundaries [216]. The coefficient of friction lies between 0.2 to 0.4 having
similar result with previous reports [180].

3.2.3.2 Surface and Thickness analysis

The surface topography of thin films was investigated by using atomic force microscopy
in tapping mode, under the scanning area of 2 um x 2 um shown in Fig. 3.15. Surface asperities
of the films affect the contact mechanics between indenter and films. The nano-indentation
process is depth and surface sensitive process and for the precise measurement, plastic zone

should be fully developed. The sputtering deposition pressure strongly influences microstructure
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as well as the topography. At lower sputtering pressure, the grains agglomerated show high RMS

roughness.

With the increasing deposition pressure, surface topography has become smooth and
uniformly distributed with the columnar type topography. The maximum height of surface
particles is also reduced with higher deposition pressure shown in Fig. 3.15. The RMS roughness
of films is given in Table 3.4. The grain size of ZnO thin films observed by AFM and XRD may
vary; actually the grain size in XRD depends on coherency of grains that give a diffracted signal

for measurement. While in AFM, the tip is in direct contact with surface of the sample. .

(b)

Figure 3.15. AFM images of ZnO thin films deposited at (a) 5SmTorr (b) 10mTorr (c)
15mTorr (d) 20mTorr.

The thickness for ZnO thin films is varied between 260 nm to 300 nm as evident from
Fig. 3.16.

The grown films are uniformly distributed throughout the interface and oriented normal
to substrate in columnar fashion. It can be visualized that film grown at 20mTorr sputtering
pressure is densely packed and there is no evidence of voids and crack. As the sputtering pressure
is increased, the lateral grain becomes more elongated and aligns to the normal of substrate. The
surface morphology of ZnO thin films at different deposition pressure is shown in Fig. 3.16.
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The sputtering pressure affects morphology of the films in terms of grains growth as well

as the shape of grains. At low sputtering pressure, bigger grains are observed with a
heterogeneous nature of interfacial properties as shown in Fig. 3.16 (a). However, the
distribution of grains is uniform and homogeneous at higher working pressure. which depends
upon adatoms mobility and surface diffusion [180]. The ZnO thin films have dense morphology
at 20 mTorr resulting in high adhesive strength. The EDS mapping and EDS spectra is performed

to ensure film purity and chemical composition as shown in Fig. 3.17.

Figure 3.16. FESEM images of ZnO thin films deposited at (a) 5mTorr (b) 10mTorr (c)
15mTorr (d) 20mTorr.

The EDS mapping suggests the uniform distribution of Zn and O element in ZnO thin
film area. The presence of peak~1.0 Kev and-0.57 Kev in the EDS spectrum is related Zn and O
elements, respectively. The Zn and O atomic percentage is given in Table 3.4. The ZnO thin
films are oxygen rich; however, the fused quartz substrate can contribute to quantification of O
weight percentage as given in Fig. 3.17. The SEM and XRD results of thin films are in accordance

with each other and found to be crystalline and columnar growth at higher sputtering pressure.
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Figure 3.17. EDS Mapping of ZnO thin films deposited at (a) 5mTorr (b) 10mTorr (c)
15mTorr (d) 20mTorr.

3.2.4 Conclusion

DC sputtering was used to deposit highly crystalline growth ZnO thin films on fused quartz
substrate. The mechanical properties of films are investigated by nanoindentation technique. The

following conclusions are made based on the present work.

e The ZnO thin films were successfully grown on fused quartz substrate at deposition
pressure 5SmTorr to 10mTorr, 15mTorr, 20mTorr using DC sputtering. The grain size and
crystallinity affects the deformation behavior of ZnO thin films.

e The increment in grain size and reduction of lattice strain were observed for the ZnO
films deposited at higher deposition pressure. Also, crystalline quality of films rises
initially and after that, it deteriorates with deposition pressure.

e The surface morphology of the films was observed as densely packed, crack free and the
grains elongated towards the normal of substrate with the increasing deposition pressure.
The RMS roughness of ZnO thin films has reduced to achieve smoother surface with
denser and uniform grains at high deposition pressure.

e There is no evidence for major discontinuity (pop-in/pop-out) persists in the load—
displacement curve, revealed better adherence to substrate and ruled out the possibility
of cracking and rupture of film during indentation.

e ZnO thin films deposited at 20 mTorr exhibited minimum lattice strain (1.35 x10*) and
higher grain size (28.9 nm) leads to better mechanical properties i.e. high value of
hardness (7.51+ 0.60 GPa) with better adhesive strength (3043.9 puN) and maximum
Young’s modulus (164.03+18.33 GPa).
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Chapter 4

NANOMECHANICAL AND NANOSCRATCH
PROPERTIES OF DOPED ZnO THIN FILMS

The mechanical and tribological properties of doped ZnO thin films have been discussed
in detail. This chapter is divided into two sections. First section, section 4.1 describes the effect
of Yttrium doping and substrate temperatures variations on the ZnO thin films. Second section,
section 4.2 describes the effect of deposition pressure on the mechanical properties of

Praseodymium doped ZnO thin films deposited on fused quartz substrate.
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Chapter 4. Nanomechanical and Nanoscratch Properties of Doped ZnO Thin Films

4.1 YTTRIUM (Y) DOPED ZnO THIN FILMS
4.1.1 Introduction

Among oxide semiconducting materials, ZnO has been extensively studied due to its great
technological impact with unique properties such as high chemical stability, gas sensing,
excellent optical, piezoelectric properties and environment friendly with outstanding
applications. Wide direct band gap (~3.4 eV), native n-type doping, high excitonic energy (60
meV) of ZnO makes it promising material for optoelectronics, UV detection, piezoelectric and
chemical sensors based devices [29,217]. ZnO nanostructure offers great flexibility in fabrication
route and allows different morphologies with controlled dimensions. Variations in sizes, shapes
and dimensions at nanostructured level provides different physical and chemical properties
driven by the quantum confinement effect, enhanced surface free energy, higher surface to
volume ratio and growth conditions as compared to bulk ZnO.

Apart from the pure ZnO nanostructure, elements of doping/co-doping in host ZnO are
of immense research interests to tailor the properties of ZnO nanostructures. Both cation doping
Ga*[218], Al ** [219], and anion doping F~[220] in ZnO is feasible. Different dopants in certain
amounts can be induced in ZnO, which can tailor the specific properties of interest such as optical
properties, ferroelectric properties, magnetic properties and piezoelectric properties [29,221].
Moreover, rare earth ions as dopants in host ZnO, provides remarkable properties like reduction
of band gap after Ce doping (red shift) [222], Er doping increases the band gap [223], and La
doping improves photocatalytic performance [224,225] etc. The Y3* doped ZnO has proven its
ability as sensor coating materials, optical materials and band gap narrowing [55,226]. Doping
of cations or anions can affect the microstructure by acquiring substitutional or interstitial
positions in the lattice [227,228]. Also, new defect states generated depending upon growth
mechanism as well as amount of dopants introduced in the matrix compared to pure ZnO thin

films.

Doping in thin films is possible via physical or chemical synthesis methods at different
deposition conditions [7,229]. However, each deposition method has its own merits and demerits,
physical synthesis methods have emerged to develop well adhered with high packing density,
repeatability and better crystallinity and lower defects in thin films. Sputtering is recognized as
the promising technique to develop high quality thin films, also favored by industry with the
advantage of large area synthesis and high yield. The mechanism underlying sputtering is kinetic
movements of high energetic ions under electric and magnetic fields and different substrate

conditions (substrate temperature, substrate angle, substrate surface patterning) provide control
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over nucleation rate, adatoms mobility, and diffusion on the substrates [7]. Doping in ZnO thin

films can be performed using sputtering [230]. Mechanical performance of thin films is foremost
and crucial for design and development of devices. Nanoindentation with scratch testing is
emerged as a tool with wide acceptance for ensuring precise measurement of the mechanical and
tribological properties of nano-sized thin films at low load conditions. The estimation of hardness
and Young’s modulus is possible by Oliver-Pharr calculation method using load-displacement
curve [131]. Moreover, the scratch resistance in terms of lateral force curve of films failure can
be achieved in scratch mode under ramp up loading. It is responsible for good adhesion/cohesion,
determined by stress state, thermodynamics and bond energy [231]. The mechanical properties
of doped ZnO such as Al-doped ZnO thin films [232], Ga-doped ZnO thin films [233], and ZnO-
Ag thin films [234] etc. were reported.

The mechanical behavior of Y doped ZnO thin film is scarce in the literature. Therefore,
the mechanical properties of YZO thin films deposited at different substrate temperature were
investigated in the present work using nano-indentation technique and scratch testing. The
difference in coefficient of friction, hardness and Young’s modulus of YZO thin films on
different substrates were studied. The doping profile of Y*2 incorporated in host compound ZnO,
micro-structural characteristics such as size, shape, roughness and distribution of grains of the
films were analyzed by using XPS, FESEM/EDAX mapping and AFM.

4.1.2 Experimental detail

Y (yttrium) doped ZnO thin films (YZO) were deposited using DC-sputtering
simultaneously on glass substrate and fused quartz substrates at different substrate temperature
(RT25°C and 100° C) using ZnO: Y203 (98:2 at. %) target. Glass and Fused quartz substrates
were cleaned, placed in sputtering chamber. A base pressure of 4x10® Torr was set up to
eliminate the residual gases in the chamber. Thereafter, total gas flow regulated at Ar:O, (20:5
sccm) was introduced in to the chamber. Deposition of YZO thin films was performed at room
temperature (~25°C) and 100°C substrate temperature, while keeping other sputtering parameters
fixed. Other sputtering parameters; working pressure, sputtering power were kept at 10mTorr,
55W, respectively, maintained at same level throughout the process.

4.1.3 Coating characterization

The crystallinity of YZO thin films was determined by X-ray diffraction with Cu-K,
radiation. The crystallite size ‘D’ using FWHM of YZO thin films was measured by Scherrers
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formula using Eqg. (2.6) [235]. The micro strain developed during growth of YZO thin films by

XRD peak profile can be quantified using Stokes Wilson Eq. (2.8) [235]. The surface roughness
analysis was performed using AFM in semi-contact mode by pyramidal shaped tip coated with
silicon nitride (SisN4). The RMS roughness is calculated using standard deviation in peak to

valley difference in height within image area.

1 N

1/2

R =[—Z(hi —<h>)z} (4.1)
N i=1

Where, (h) is mean height distance, h; is the height of i"" pixel and N is the number of

pixels in the image, Nova 1.0.26 software is used to get AFM Images and roughness. The XPS

provides information about stoichiometry and interaction between Y (yttrium) and ZnO. The FE-

SEMJ/EDS is used for characterizing morphology, cross-sectional thickness and elemental

scanning of films.

It is well known that high hardness of coatings improves wear properties and friction
effect in the films. The mechanical strength of nanostructured YZO thin films is affected by
strain, doping, grain size, substrate effect, etc. Nanoindentor with Berkovich tip of radius 100 nm
radius was used in the present work. The load (UN)-displacement (nm) provides the deformation
behavior in continuous applying of normal load, 0 to maximum load 400 uN (loading rate:
50uN/s). Maximum load is achieved by optimizing the maximum penetration of indenter. The
indenter was calibrated for tip area function and air calibration before indentation. The ramp-up
mode scratch testing i.e. progressively increasing normal load was applied from 0 uN to
maximum-4000 pN for 30 seconds over sliding of scratch distance 10 um (time; 8-38s) at normal
loading rate of 133.34 uN/s [231]. A critical normal load in scratch corresponds to fracture events
during sliding of indenter. However, different modes of failure/fracture events are possible
depending upon brittle-ductile nature of films.

4.1.4 Result and Discussion

XRD results of nanostructured yttrium doped ZnO (YZO) thin films on glass substrate
/fused quartz substrate at substrate temperature i.e. RT to 100°C is presented in Fig. 4.1. YZO
films show preferential c-axis orientation, indicating dominantly (002) diffraction plane,
confirming wurtzite hexagonal structure (Ref-JCPDS Card, 891397). There is no other XRD
peak corresponding to yttrium oxide (Y20z3) or yttrium (Y) observed within the detection limit

of XRD instrument. Y is incorporated in ZnO and expected on lattice sites rather than forming
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Y03 phase, which implies the substitution of Y3* on Zn?* ion sites. However, films on fused

quartz substrate exhibited a diffused XRD peak, corresponding to noncrystalline phase as
compared to glass substrate as shown in Fig. 4.1. The distortion of crystalline lattice is more
significant on fused quartz, correlated with thermal expansion coefficients of different materials
provides a different interfacial stress as well as the thermal energy to facilitate surface diffusion.
Also, shifting of XRD peaks may be related to the different ionic radii of Zn®* (0.74 A) and Y**
ions (0.89 A) [236]. However, improved crystallinity at higher temperature is attributed to higher

adatoms mobility with high diffusion on the substrate.

Several crystal planes emerged on fused quartz depending upon different stress state at
interface with incident elements from sputter plasma. Although, preferred orientation in (002)
diffraction plane is the effect of surface energy minimization during growth which has favored
columnar type growth. Growth and crystalline nature of YZO thin films is manifested through
complex mechanism, depending upon the contribution of surface energy minimization, strain,
interface, deposition parameters and substrate effect. The FWHM and peak positions extracted
from preferential (002) diffraction plane is used to obtain grain size, which is varied from 7.4 nm
to 10.2 nm. The lattice strain, grain size, peak position is provided in Table 4.1. There are slight

variations in the grain size.
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Figure 4.1. XRD pattern of YZO thin films deposited on (a) Glass substrate at room
temperature, (b) Glass substrate at 100°C, (c) Fused quartz substrate at room temperature,
(d) Fused quartz substrate at 100°C.
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Table 4.1. Properties of Y doped ZnO thin films.

YZO thin d-spacing (hkl) Crystallite Lattice
films/substrate (20) (A) size (nm) strain
(10%)
Glass 34.111 2.626 (002) 10.2 8.06
at RT
Glass at 34.008 2.634 (002) 8.7 11.8
100°C
Fused quartz 34.422 2.603 (002) 7.4 3.32
at RT
Fused quartz 34.212 2.618 (002) 9.4 6.86
at 100°C

4.1.4.1 Nanomechanical and Scratch resistance of YZO thin films

A variation in mechanical properties observed in ZnO depends on crystalline growth and
orientations [75]. ZnO in bulk possess lower hardness as compared to nanostructured ZnO thin
films, which can sustain higher hardness depending upon the underlying substrate and thickness
[68,75,237]. Considering the bonding effect, bulk oxides usually undergo brittle failure, but grain
size refinement can introduce ductility in nanomaterial [238]. The Y introduced in ZnO lattice
affects mechanical properties because of lattice distortion and new defect state generation. The

applied load-penetration depth of YZO thin films is shown in Fig. 4.2,

Indentation load is applied on the indenter penetrated in material surface up to a
characteristic depth depending upon elastic-plastic nature of materials and substrate effect. It is
established that thin film intrinsic mechanical response can preferably be achieved when indenter
movement in sample is < t/10 (t is film thickness) excluding substrate influence, however,
effective on thin films with thickness > 1 um [79]. YZO thickness variation is less than 1 pm,
and indentation was performed accordingly below 20% to total thickness to preclude the substrate
effect. However, displacement is optimized more than 40 nm in each indentation to overcome

the effect of shallow indentation and indentation size effect.

The interface with different substrate material manifests different growth mechanism in
different crystal planes driven by surface, mis-orientation of grains and grain boundary related
to differently oriented ZnO, which affect overall strength of the films. Hardness of the ZnO thin
films found to be increasing at higher substrate temperature (5.06+0.70 GPa). YZO thin films
were well adhering without fracturing or delamination to the substrate during indentation, no

major discontinuities/pop-in (> 2 nm) in displacement is observed due to defects sites of strain
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consequences. Minor discontinuities predominately related with singular event of slip and

propagation inhibited at grain boundaries or substrate [167].

The mechanism responsible is localized stress accumulation beneath indenter, causing
shear band nucleation and propagation. Further, It leads to a discontinuity, release stored energy
and subsequently particular slip system is activated [167], sometimes as consecutive multiple
pop-in event i.e. more probable at higher loading rate in ZnO [65]. Mechanical properties of
sample are provided in Table 4.2. The enhanced hardness at higher substrate temperature is due

to better crystallinity and crystallite size of thin films.
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Figure 4.2. Loading-Unloading Curves of YZO thin films deposited on (a) Glass substrate
at room temperature, (b) Glass substrate at 100°C, (c) Fused quartz substrate at room
temperature, (d) Fused quartz substrate at 100°C.

Maximum hardness (5.06+0.70 GPa) was attained for the YZO films at 100°C substrate
depositions, associated with better polar plane (002) crystallinity [68,75]. Also, the films showed
high Young’s modulus (166.81£16.39) GPa deposited at 100°C substrate temperature. The ZnO
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films deposited at room temperature showed poor strength. Frictional forces arise from adhesive

and plowing interactions observed during scratch scan.

Initial phase of scratch involved the elastic interaction, while the plastic
deformation/fracture occurs at increasing applied forces. However, after doping of Y in ZnO,
scratch behavior has changed as a consequence of incorporation of Y* on Zn lattice sites, which
can be seen from previous work [237]. The film strength is affected by bonding between film-
substrate as well as constituents of film itself, thickness of the film, stress accumulations and
distributions during contact of indenter to films [214]. The higher hardness of substrate is more

susceptible to higher shear stress accumulation at interface for delamination of the films [215].
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Figure 4.3: Frictional forces of YZO thin films deposited on (a) Glass substrate at room
temperature, (b) Glass substrate at 100°C, (c) Fused quartz substrate at room temperature,
(d) Fused quartz substrate at 100°C.

Progressively increasing normal load induces a sudden breakout in lateral forces causing
damages, is considered as critical load for film failure and usually coating undergoes cracking in
brittle coatings. Several consecutive discontinuities in the lateral force curve could appear and
first discontinuity is assumed as first critical load of coating as given in Fig. 4.3. Films exhibit

sharper and periodic transitions in lateral force causing oscillations under normal ramped load.
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Thin films have fractured without bearing significant plastic deformation and several

discontinuities in lateral force curve is accounted for lower cohesive nature among its

constituents as well as increase in brittle character of coating.

Table 4.2. Mechanical parameter and roughness of Y doped ZnO films.

YZO thin  Hardness Elastic Critical RMS Zn /O Y
films (GPa) Modulus load Lcz  Roughness At. % At. %
/substrate (GPa) (UN) (nm)
Glass 2.37+£0.3 128.86+19.7 1164.4 14.90 46.51/52.3 1.10
atRT
Glass at 4.22+0.4 156.54+10.2 1210.6 8.10 48.04/50.7  1.18
100°C
Fused quartz  2.74+0.1 141.52+6.58 1038.9 15.09 47.72/50.9  1.33
atRT
Fused quartz  5.06+0.7 166.81+16.3 1095.2 10.11 47.47/51.2 1.30
at 100°C
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Figure 4.4. Coefficient of Friction of YZO thin films deposited on (a) Glass substrate at
room temperature, (b) Glass substrate at 100°C, (c) Fused quartz substrate at room

temperature, (d) Fused quartz substrate at 100°C.
During the scratch, observed oscillation is related to buckling and chipping in films. The
smoothness and oscillation in lateral force curve indicate scratch resistance behavior before
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fracture. However, film failure is a complex phenomenon involving crack initiation at initial or

first critical load and the complete failure is pronounced at upper critical load. The difference in
upper and lower critical load significantly affects fracture toughness [174]. Lower cohesive
strength among films constituents itself causes lower scratch resistance, which also deteriorates
overall adhesive strength of thin films. In general, doping of metallic ions in host ZnO could
induce several crystalline defects, which can deteriorate the mechanical performance.

Coefficient of friction (COF) during scratch evaluates the performance of coatings in
tribological applications [239]. The curve of COF provides nature of contact between indenter
and thin films, particularly forces acting on them. The stress distribution has led to plastic flow
and observed as oscillation related with cohesive/adhesive strength of materials as well as crack
mechanism after fragmentation of material., Any discontinuity or bursts is related to the
fracturing/fragmentation in the thin film. The minor discontinuities in initial segment of scratch
are a result of different scratch resistance at grain boundaries. In Fig. 4.4, Oscillations events
consist of the initial part of scratch apparent of plowing force, grain boundaries resistance to

scratch, roughness attains a steady value [216].

4.1.4.2 XPS and Morphological analysis of YZO thin films

XPS provides compositional analysis of upper surface layer (~10 nm) of YZO thin films.
The elemental as well as chemical state of Y and ZnO were analysed as given in Fig. 4.5 and
labeled as Zn, Y and O. Fig. 4.5-(b), (c) and (d) show the spectra of Zn (2p), Y (3d) and O (1s).
The spectra reveal no undesirable impurities nearby surface regions as shown in Fig. 4.5(a). The
selective XPS survey represented here has confirmed better mechanical properties of films

deposited over corning glass and fused quartz substrate at 100°C.

The binding energies of elements are marked using C (1s) photoelectron peak (BE= 284
eV) as reference signal. As shown in Fig. 4.5 (b), the peak emerged at (BE=1020.02 eV) and
(BE=1043.09 eV) is associated with Zn 2pz/2, and Zn 2p12, respectively. These peaks are referred
as regular lattice Zn in ZnO [240]. The spin orbital splitting energy between two lines, 23.07 eV
lies in the nearby range of standard reference value of ZnO [236].The O (1s) peak, is
deconvoluted to peaks having binding energies as 529.2 eV, 530.02 eV and 530.81 eV shown in
Fig. 4.5 (d). Lower peak 529.2 eV is attributed as the O ion presence in the local sites of wurtzite
structure of Zn-O bonds [240].
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The intermediate binding energy of 530.02 eV is the oxygen deficient regions within the

YZO matrix and intensity of this peak may be attributed to the oxygen vacancies [241]. The peak
at binding energy of 530.81 eV indicates the traces of loosely bound oxygen such as adsorbed
H>0 or Oz on the surface of YZO films [241]. Fig. 4.5(c) shows the XPS spectra Y (3d) regions,
and two deconvoluted peaks observed as 157.5 eV and 159.6 eV, which are referred as Y 3ds)2
and Y 3dap, respectively, indicating the oxidation state as trivalent in nature [236]. However,
slight variation is noticed as compared to standard values of Y 3d 52 and Y 3ds2 as a

consequence of variation in Y-O distance in ZnO lattice as compared to pure Y203[236,242].
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Figure 4.5. XPS spectra of YZO thin films (a) Full survey (b) Zn (2p) spectra (c) Y (3d)
spectra (d) O (1s) spectra.
The RMS roughness of the YZO thin films was measured using the AFM operated in
tapping mode in region of 2 um x 2 um as shown in Fig. 4.6. The grain distributions in the films
deposited on corning glass substrate show elongated grains, distinct and length of grains is

reduced at higher substrate temperature, while grains in the films on fused quartz are

9 |Page



Chapter 4. Nanomechanical and Nanoscratch Properties of Doped ZnO Thin Films
agglomerated. Thin films with lower roughness provides flat surface for indentation and

mechanical properties can be evaluated precisely at even low penetration depth. The films
deposited at room temperature show high RMS roughness as compared to films deposited at

100°C substrate temperature as shown in Table 4.2.

Roughness=8.1 nm

(a) (b)

Roughness=14.9nm

Figure 4.6. AFM images of YZO thin films deposited on (a) Glass substrate at room
temperature, (b) Glass substrate at 100°C, (c) Fused quartz substrate at room temperature,
(d) Fused quartz substrate at 100°C.

Moreover, the roughness of films is found to be higher on quartz substrate. The substrate
temperature strongly influences grain growth as well as microstructure and decreased roughness
is attributed to the effect of fine grain size as well as high thermal energy provided to adatoms
for settlement. The high temperature imparts the sufficient energy for structural rearrangements.
The surface topography becomes smooth and uniform with the columnar shape at higher
substrate temperature. Grain size of YZO thin films observed by AFM and XRD vary and grain

size is reduced at high temperature [180].

The same observation is established by FESEM micrographs showing agglomerated
grains without sharp and clear boundaries on quartz substrate. Thickness of YZO thin films is
found to be between 520 nm to 640 nm for different deposition conditions, measured by cross
sectional FESEM analysis of films. However, it can be visualized from Fig. 4.7 inset, YZO films

growth is uniformly and evenly spread throughout composed of small grains and films grown at
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100°C substrate temperature is more densely packed faceted kind of grain boundaries as seen in

Fig. 4.7.

Figure 4.7. FESEM images of YZO thin films deposited on (a) Glass substrate at room
temperature, (b) Glass substrate at 100°C, (c) Fused quartz substrate at room temperature,
(d) Fused quartz substrate at 100°C.

However, the films on fused quartz films morphology show granular shape. The
morphology of sputter deposited YZO films varies with temperature in terms of grains growth
as well as the shape of grains. At room temperature, large grains observed are agglomerated due
the fact that low substrate temperature does not provide enough energy to movement of adatoms
for surface diffusion as compared to adatoms at higher substrate temperature. The transition from
agglomerated morphology to faceted type structures is attributed to higher thermal energy
provided by the substrate. It is observed that films on quartz exhibits more inter-grain connections
on RT depositions due to coarsening of grains. The scratch resistance of thin films depends on
morphology and nanocrystalline grains with more distinguishable and clear boundaries on glass
as compared to fused quartz [243]. The composition of films was measured by EDS mapping
along with EDS spectra to ensure film purity and distribution of elements throughout the

scanning area (Fig. 4.8).
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he\s

Figure 4.8. EDS Mapping of YZO thin films deposited on (a) Glass substrate at room
temperature, (b) Glass substrate at 100°C, (c) Fused quartz substrate at room temperature,
(d) Fused quartz substrate at 100°C.

EDS mapping shows a uniform distribution of elements Y, Zn and O in YZO thin film
exposed area. The atomic percentage of Y, Zn, and O of ZnO films is given in Table 4.2 and it
is found to be oxygen rich. The XRD as well as SEM, AFM results of YZO thin films correlates
with each other, observed crystalline growth at higher substrate temperature with columnar

morphology.

4.1.5 Conclusion

Highly crystalline YZO thin films were successfully deposited using DC sputtering in the
present work. The mechanical properties and tribological behavior of films were investigated and

the following conclusions are drawn.
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e There is no evidence of XRD peaks related to Yttrium or Y203 in YZO films and

therefore, it is expected that Y acquires substitutional positions in ZnO lattice. Doping
profile Y in ZnO thin films were studied by XPS and it has shown the presence of tri-
valent oxidation state of Yttrium (Y3*).

e The FESEM and AFM confirm the formation of nanostructured morphology of grains in
YZO films, which depend on synthesis condition as well as the substrate material. The
inter-grain connections are more pronounced for the films deposited on fused quartz
substrate. The RMS roughness is more prominent for the films deposited at room
temperature.

e Nanoindentation study of YZO films has shown the high hardness (5.06+0.70) GPa,
Young’s modulus (166.81£16.39) GPa and critical load (1210.6) uN, for the films
deposited at (100°C) substrate temperature, indicating better adherence of films.
However, there is a slight difference between hardness, Young’s modulus of the films
on both the substrates but the critical load for coating fracture suggested a good scratch
resistance on corning glass attributed to better crystallinity.

e During the initial phase of oscillation in scratch at lower normal load are more related to
the different scratch resistance behavior at grain boundaries as well as roughness, which
affect the contact mechanics of two surfaces.

e The XPS result provided the surface analysis and confirms the incorporation of Yttrium
in ZnO host. The same is suggested by EDS mapping with uniform presence of Yttrium
throughout the scanning area. Also, presence of oxygen deficient peak at (530.02 eV)

XPS analysis could act as defect center which could lead to fracturing of YZO thin films

4.2 PRASEODYMIUM (Pr) DOPED ZnO THIN FILMS
4.2.1 Introduction

Rare earth ions incorporated in ZnO have shown the enhancement of several properties
including photocatalytic activity, luminescence properties, gas sensing, magnetic properties and
optical properties etc. [53,244]. Moreover, ZnO-Bi203 or addition of MnO>, Bi»O3, and Co304
based ceramics are used in electronic devices as varistors due to their nonlinear current-voltage
characteristics as well as energy handling capabilities and pyroelectric sensors [245]. PreO11-
based ZnO varistors provide substitution for Bi.Oz-based ZnO varistors [246], and thin films of
PreO11 doped ZnO can also be used as varistors applications [62,247]. The nonlinear electrical
behavior is due to the grain boundary effect, leading to non-linear current—voltage behavior
[248].
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Even a small amount of Pr content could improve opto-electrical performance [63,244],

photocatalytic activity [249-251], photoelectric and luminescent properties of ZnO thin films
[61]. In addition, Pr doped ZnO thin films were studied for optical, electrical properties.
Nanoindentation technique can provide local information of mechanical behavior of coated
system in small region without detaching it from substrate. During nanoindentation, load-
indentation depth curve is generated from which hardness and Young’ modulus properties can

be evaluated.

Nanoscratch on the coated system in the load ramp up mode provides the critical load for
coating failure or delamination [84]. In addition, progressively increasing load provides the films
damage mechanics throughout whole range of normal and lateral forces as well as viscoelastic
properties, phase transformation, friction and wear properties [252]. The nanoscratch test can
also probe the cracking, chipping and buckling events observed during the onset of failure in thin
films [253]. The bulk ZnO with hardness value of 5.0+0.1 GPa, at penetration depth-300 nm has
been reported [65], which is prone to damage. However, there is considerable difference in

hardness depending upon morphologies of ZnO nanostructure [254].

Mechanical properties of ZnO thin films are influenced by crystalline orientation [48],
deposition parameters [255], grain size effect [256], different indentation load [211], creep
behavior [211] as well as doping element [77,78]. The evaluation of mechanical properties of
thin films depends upon the type of indenter such as Berkovich, spherical or Knoop [257,258].
The deformation mechanism by indentation loading is primarily depends on slip events through
basal and pyramidal planes in ZnO [66,259]. The literature on mechanical properties of rare earth
doped ZnO thin films is limited. Hence, the present work is focused to study the hardness,
Young’s modulus and scratch behavior of Pr doped ZnO thin films using Nanoindentation

technique.
4.2.2 Experimental details

Pr (Praseodymium) doped ZnO thin films (ZnO: Pr) were deposited using DC sputtering
simultaneously on corning glass and fused quartz substrate at different deposition pressure e.g.
5mTorr and 10mTorr using ZnO:PreO11 (97:3 at.%) target. Corning glass and fused quartz
substrates were ultrasonically cleaned acetone and dried before putting in sputtering chamber.
Afterwards, sputtering chamber is prepared to evacuate residual gases present in the chamber
and a vacuum is established up to base pressure of 4.3x10® Torr. The deposition is carried out at

Ar:O> gas inserted to the chamber and flow regulated at 20:5 sccm.
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Sputtering deposition pressure during deposition of thin films was at 5mTorr and

10mTorr, maintaining other sputtering parameters e.g. substrate temperature at 200°C, sputtering
power 50W, target-substrate distance, 4.5 cm constant. In addition, the pre-sputtering was

performed to get clean target free from surface contamination.

4.2.2.1 Structural and Roughness Analysis

The crystalline structure of ZnO: Pr thin films were examined using characteristic Cu-K,
with wavelength 4 in X-ray diffractometer. The angular spectrum 20’ varies as 25-70°, crystallite
size ‘D’ were calculated by using Debye Scherrers equation as given in Eq. (2.6) [118]. However,
the presence of lattice strain during growth of ZnO:Pr thin films in XRD peak can be quantified
using Stokes Wilson equation using Eq. (2.8) [121,260]. The AFM was operated in semi-contact
mode using pyramidal tip coated with silicon nitride (SisN4) to measure surface roughness
parameters. AFM images were analysed using software Nova 1.0.26. The XPS on the films was
performed to get stoichiometry and chemical state of Pr (Praseodymium) and host matrix ZnO
was analysed. The FE-SEM/EDS is used for morphology, cross-sectional thickness and

elemental scanning.

4.2.3 Nano-mechanical Analysis

Mechanical properties of thin films depend on growth, crystal structure and affected by
doping, strain, grain size, substrate effect etc. [200]. Nanoindentor with Berkovich tip of radius
~100 nm radius was used in the present work. The Berkovich tip considered as sharp tip having
a three sided geometry, which terminates at the end. However, a transition depth for Berkovich
tip beyond that tip act as sharp indenter is 0.09 R, where R is the tip radius i.e. 100 nm [261].
Hence, beyond 9 nm, indenter could be treated as sharp to get elastic-plastic properties. For small
depth, area function calibrations were performed on fused quartz same as in present work, which

can be applied over the range of 20 nm-7000 nm to ensure reliable results [262].

The load (1N)-displacement (nm) curve provides in depth sensing mechanical responses
of spatial location on thin films during loading/unloading segments [131]. However, the
consumed total energy pertained to whole process is correlated with the bound area by curve load
(Pmax)- displacement (hmax), while elastic deformation energy is indicated by area under
unloading-curve [263]. Nanoindentation is performed in continuous operating normal load up to
maximum load (500uN) in a load controlled mode at loading rate 62.5 puN/s. The maximum load

Is chosen by optimizing the average penetration of indenter.
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Several other factors influence accurate measurement in nanoindentation such as machine

compliance, thermal drift, and indentation size effect [130]. The relative mechanical performance
is presented here as a function of different sputtering pressure. The scratch testing of the ZnO:Pr
thin films is performed using the Berkovich tip to get frictional forces and coefficient of friction.
The critical load of film failure i.e. normal load at which a discontinuity in lateral force is
observed indicating film material peel-off, could be observed by scratch ramp up mode [136].
However, failure events could be related to several mechanisms related to film cohesive strength,
film-substrate adhesive strength and also influenced by material brittle-ductile nature, which
overall affect the critical load [264]. The scratch was performed using ramp up normal load of O-
3000 pN with the normal loading rate applied 100 puN/s for 30 seconds. The scratch length was
10 um (time; 8-38s) in each test. Several scratch tests were performed to access critical load and

film failure of the films.

4.2.4 Result and discussion

Nanostructured Pr doped ZnO thin films were deposited on fused quartz/corning glass
substrate at sputtering deposition pressure of SmTorr and 10mTorr as shown in XRD scan (0-
20), Fig 4.9. It is observed at 10mTorr pressure; optimized deposition rate is invoked to grow
ZnO: Pr thin films preferentially in c-axis crystalline orientation with better crystallinity. Films
grown at 5SmTorr pressure appeared with several crystal planes e.g. (100), (002), (101) and (110),
observed as polycrystalline accompanied amorphous in nature. However, crystal structure of thin
films deposited on both substrates is found to be standard wurtzite hexagonal crystal structure
ZnO (Ref-JCPDS Card-891397) [265].

No separate XRD peak corresponding to Pr element or any impurities/residue is appeared
within the detection limit of XRD, as shown in Fig. 4.9. This could be related with low atomic
percentage of Pr in ZnO thin films as mentioned in Table 4.3, as well as Pr ions are dispersed in
ZnO lattice. Since rare earth dopants having a quite dissimilar ionic radii compared to the Zn?*,
so incorporation of Pr ions (Pr3*/Pr*) radius within the host may cause the replacement of Zn
cations or Pr making a separate phase with oxygen change the bonding characteristics within the
lattice [62,265]. The crystallinity and microstructure heavily depend on the Pr content in film,
even a small amount of Pr ions in ZnO affects crystallites and formation of polycrystalline
aggregates as well as the dislocation mechanism along with defect state, which can generate as

tailing effect in overall band gap reported in the literature [249].
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The different sputtering pressure influencing mean free path could lead to variation in

collision frequency, deposition rate and the striking energy of ad-atoms, which affects the
nucleation and growth conditions [206]. The similar response observed and marked a difference
in crystallinity and crystal orientation in XRD spectra as shown in Fig. 4.9. Self-heating feature
in sputtering offers the crystalline films even at low temperature and the crystal orientations could

follow surface energy minimization [201].
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Figure 4.9. XRD pattern of ZnO: Pr thin films deposited on (a) Glass substrate at 5mTorr,
(b) Glass substrate at 10mTorr, (c) Fused quartz substrate at 5mTorr, (d) Fused quartz

substrate at 10mTorr.

The growth of films observed with single XRD diffraction peak on amorphous substrate,
which is without long range crystalline order has special significance for the films deposited at
10mTorr pressure. The full width half maximum extracted from the XRD pattern in Fig. 4.9, as
the (002) is common peak at all deposition parameters and calculated crystallite size using
Scherrers formula, which is varied from 11.1 nm to 15.0 nm. The peak position in 26, crystallite
size, lattice strain, crystal d-spacing were provided in Table 4.3. There are slight variations in the

crystallite size depending upon the sputtering deposition pressure variation and substrate effect.
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Table 4.3. Properties of ZnO: Pr thin films.

ZnO:Prthin  Positions d- (hkl)  Crystallite Lattice Zn /O Pr
films/substrate  of Peak  spacing size (nm)  strain At. % At. %
(20) (A) (10
Glass at 34.353 2.608 (002) 11.1 3.37 24.12/75.71 0.16
5mTorr
Glass at 34.307 2.611 (002) 14.2 3.26 23.66/75.90 0.44
10mTorr
Fused quartz 34.300 2.612 (002) 15.0 3.18 20.43/79.20 0.38
at 5mTorr
Fused quartz 34.200 2.619 (002) 12.3 5.38 33.97/65.79 0.24
at 10mTorr
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Figure 4.10. Loading-Unloading Curves of ZnO: Pr thin films deposited on (a) Glass

substrate at 5mTorr, (b) Glass substrate at 10mTorr, (c) Fused quartz substrate at 5mTorr,

(d) Fused quartz substrate at 10mTorr.
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4.2.4.1 Nanomechanical and Scratch Crack Propagation Resistance of ZnO: Pr Films

ZnO thin films show variations in mechanical properties depending upon the size scale
as well as crystalline growth and orientations of films [68]. Defect free ZnO thin films usually
follow higher hardness than bulk depending upon the microstructure [64]. In addition, the ionic
and covalent bonding in lattice affects the mechanical properties as well as failure in the films is
altered by introducing a foreign element/impurity in the lattice, which leads to the formation of
new defect states [65]. The Pr ion introduced in ZnO lattice could result in similar change and
influence its mechanical properties. The experimental observation during loading-displacement-
unloading segments of ZnO: Pr thin films at different deposition pressures are shown in Fig. 4.10.
Indenter loading is increased from 0- 500 uN and it penetrates in material surface up to optimized
depth depending upon elastic-plastic nature of materials. The penetration depth of indenter
should not exceed in sample beyond < t/10 (t is film thickness) to avoid substrate influence.

However, it is valid to the samples where thickness of the coatings is > 1 um [79].
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Figure 4.11. (a) Uncoated glass substrate loading-unloading curves, (b) Uncoated glass
substrate scratch curves, (¢) Uncoated fused quartz substrate loading-unloading curves, (d)

Uncoated fused quartz substrate scratch curves.
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The thickness of the films lies between 220 nm to 310 nm samples and therefore the

indentation displacement is kept below 20% (t/5) to total thickness ‘t’ to minimize the substrate
effect. However, displacement is optimized around 40 nm in each indentation to overcome the
effect of shallow indentation and indentation size effect, which is more pronounced at shallow
indentation depths [208]. The coating and substrate is a composite system and substrate has a
huge effect on the film mechanical properties, however with the increase of penetration depth,
substrate effect becomes more pronounced due to its closer proximity with the indenter. It is
observed, hard film on soft substrate is more prone to be affected by substrate at lower penetration
depth. In the present work, the indentation was performed at several locations with same
maximum load and same loading rate. Finally, averages were taken with standard deviations to

ensure accuracy.

Uncoated substrates i.e. glass substrate and fused quartz mechanical properties are
measured as shown in Fig. 4.11. The hardness of uncoated glass substrate is 8.1+1.19 GPa and
Young’s modulus, 89.5+10.1 GPa, respectively. The fused quartz exhibited the hardness and
Young’s Modulus, 9.31+£0.35 GPa and 73.6£1.42 GPa, respectively. The scratch curve of normal
forces and lateral forces were found to be free from any discontinuity, and average coefficient of

friction for fused quartz and glass substrate found to be 0.15-0.2 and 0.2-0.24, respectively.

It is clear from Fig. 4.10 that ZnO:Pr thin films having loading/unloading curve without
discontinuities/pop-in (> 2 nm) during the penetration of indenter, indicate better adherence to
the substrate and rules out fracturing or delamination during indentation [84]. Major
discontinuities or sudden jump during penetration of indenter could arise due to incorporated
defects sites but minor discontinuity as collective event of slip and propagation can be inhibited
by grain boundaries or at substrate [64,167]. The plastic deformation and fracture events are
influenced by the dislocation dynamics through active slip system depending upon the stored
energy and localized stress induced by indenter tip in the material [167]. Multiple events of pop-
in were reported in ZnO as a consequence of initiation of slip and dislocation burst [65]

depending upon the loading rate [211].

Average mechanical properties of ZnO: Pr films are given in Table 4.4 after multi curve
analysis. The underlying substrates (glass/fused quartz) were amorphous which affects interface
and growth of films thereby influencing mechanical properties of ZnO: Pr thin films. However,
there is slight variations in the hardness but enhanced hardness at 10mTorr sputtering deposition

pressure is due to better crystallinity and grain size of thin films [213]. The hardness of the ZnO
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thin films is slightly higher at 10mTorr sputtering deposition pressure (9.89+0.14 GPa) at glass

substrate. The highest crystallinity in polar plane accounts for higher hardness observed in ZnO
as compared to a-plane or m-plane depending upon the ease of slip events [48]. Also, the films
showed high Young’s modulus (112.12+3.45) GPa deposited at SmTorr sputtering deposition

pressure.

Scratch scan is recorded as frictional forces indicating elastic-plastic interaction of the
loading and sliding indenter as well as the event of failure. The elastic interaction is observed
during the beginning of the scratch test at lower normal load; however, the increased applied

forces deform materials plastically.
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Figure 4.12. Frictional forces of ZnO: Pr thin films deposited on (a) Glass substrate at
5mTorr, (b) Glass substrate at 10mTorr, (¢) Fused quartz substrate at 5mTorr, (d) Fused
quartz substrate at 10mTorr.

The failure events are correlated with adhesive/cohesive interaction which primarily
depends on the applied shear force per unit area and interfacial shear stress between film and
substrate [18]. However, scratch behavior has changed as a consequence of incorporation of Pr
ions on Zn lattice sites as compared to pure ZnO [237]. Progressively increasing normal force

applied from 0 pN to 3000 pN load exhibiting failure event is responsible for sudden
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discontinuity in the lateral force curve at lower L1 and upper critical force at L2 as given in

Table 4.4, and Fig. 4.12. The Pr doped ZnO thin films has fractured after bearing significant
plastic deformation but the scratch curve is smooth before fracture as shown in Fig. 4.12. The

smooth and oscillation free curve observed in lateral force indicate good scratch resistance.

The initial or lower critical load is a complex phenomenon, which is not considered as
complete failure of films as it depends on the upper critical load. Difference in upper and lower
critical load significantly affects the fracture toughness of the films [174]. Lower cohesive
strength of films causes lower scratch resistance and therefore deteriorates overall strength of
thin films. The scratch crack propagation resistance indicates durability and toughness of ZnO:
Pr films. The initial critical load Lc1 is believed to be initiation for crack event and propagation
and upper critical load L2 as complete failure. The parameter as (Lco-Lc1) represents the scratch
toughness of the ZnO: Pr thin films. The scratch crack propagation resistance parameter (CPRs)
in Eq. (4.2) represents resistance to crack initiation and propagation and qualitative response of

coatings [143] is expressed as,
CPR, = Lcl(Lc2 — Lcl) (4.2)

The CPRs ratio of ZnO: Pr films are given in Table 4.4 and observed higher CPRs for the
films with higher crystallinity at 10mTorr pressure The films strength can be predicted by using
H/E ratio (hardness/Young’s modulus) termed as plasticity index given in Table 4.4, Higher H/E
materials are expected to have better wear resistant properties due to small accumulated strain
energy [171,266]. The higher H/E ratio observed in the present work indicates better wear
resistance properties at 10mTorr pressure depositions in accordance with CPRs parameters.
Lateral forces ratio to normal forces gives friction coefficient during scratch which provides

insight on performance of coatings in tribological applications [64,267].

It can be observed from Fig. 4.13 that friction coefficient has varied from 0.2 to 0.4 and
with film friction coefficient increasing beyond 0.4, a sudden fall or breakdown is observed. The
friction curve provides nature of contact between sliding indenter on thin films and stress
distribution. Initially, scratch section experiences lower contribution of plowing force and more
elastic interaction will occur but as the normal load increases, grain boundaries resistance to
scratch, roughness and several other factors come into play before fracturing the films. Minor
discontinuities or oscillations initially were considered as the effect of different scratch resistance

at grain boundaries which is correlated with different crystalline orientations to grain growth
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[216]. The coefficient of friction lies between 0.2 to 0.4, in accordance with the reported values
in the literature [73].
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Figure 4.13. Coefficient of Friction of ZnO: Pr thin films deposited on (a) Glass substrate

at5mTorr, (b) Glass substrate at 10mTorr, (¢) Fused quartz substrate at 5mTorr, (d) Fused

quartz substrate at 10mTorr.

Table 4.4. Mechanical Properties and Roughness of ZnO: Pr thin films.

ZnO:Pr thin  Hardness Elastic H/E  Critical CPRs Roughness
films (GPa) Modulus ratio load Ratio (10°) (nm)
/substrate (GPa) Lei/Le2
(UN)
Glass at 9.7240.4 112.12+3.4 0.086 1848.4/ 9.15 5.17
5mTorr 2343.8
Glass at 9.89+0.1 103.52+4.6 0.095 2250.5/ 11.34 8.66
10mTorr 2754.5
Fused 9.57+0.3 110.9+3.7 0.086 1587.4/ 8.40 3.54
quartz at 2117.1
5mTorr
Fused 9.83+0.2 101.08+6.0 0.097 1809.3/ 9.60 3.76
quartz at 2340.2
10mTorr
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4.2.4.2 XPS and morphological analysis of ZnO:Pr thin films

XPS spectroscopy technique is widely accepted for surface characterization and ensuring
chemical composition or impurity. However, XPS only provides information about the elements
in the top layer of material, below 10 nm in the samples surface. XPS analysis indicated Zn 2p,
Pr 3d and O 1s peaks in ZnO: Pr thin films as shown in Fig. 4.14, and labeled as Zn, Pr and O.
Fig. 4.14 (b-d) shows the spectra of Zn (2p), Pr (3d) and O (1s).
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Figure 4.14: XPS spectra of ZnO:Pr thin films (a) Full survey (b) Zn (2p) spectra (c) Pr
(3d) spectra (d) O (1s) spectra.

The full spectrum as shown in Fig. 4.14 (a) indicates that Pr is composite with the zinc
oxide films. The energy scale is calibrated using C 1s peak as reference signal of the carbon
contamination (BE= 284 eV). As shown in Fig. 4.14 (b), two peaks of Zn 2p are detected. The
peak located at 1020.6 eV and 1043.57 eV can be attributed to the binding energy of Zn—-O bond
associated with Zn 2psp, and Zn 2p1/2, respectively. These peaks are referred as regular lattice of
Zn in ZnO [240]. The spin orbit splitting energy between two lines, 22.97 eV lying in the nearby
range of standard reference value of ZnO [268]. The ‘O’ deconvoluted first peak has a binding

energy of 528.6 eV, which can be attributed to the oxygen atoms in ZnO or PreO11 [62].
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The peak with higher binding energy of 530.3 eV indicates the traces of loosely bound

oxygen such as adsorbed O on the surface ZnO:Pr [241]. The asymmetric Pr 3dz; narrow
spectrum can be deconvoluted in to two peaks. The strong peak located at 975.8 eV corresponds
to Pr** oxidation state, while the weak peak at 972.04 eV can be assigned to Pr3* oxidation state
[62]. Pr¥* and Pr** can coexist in the PreO11 crystal structure; however, the difference of spin

orbit splitting of energy could lead to Pr ions also incorporated in to ZnO lattice.

b U
t=220 nm

Figure 4.15. FESEM images of ZnO: Pr thin films deposited on (a) Glass substrate at
5mTorr, (b) Glass substrate at 10mTorr, (¢) Fused quartz substrate at 5mTorr, (d) Fused

quartz substrate at 10mTorr.

Thickness of ZnO: Pr thin films is found to be between 220 nm to 310 nm at different
deposition conditions, measured by cross sectional FESEM analysis of films shown in Fig. 4.15
inset. ZnO: Pr thin films uniformly spread throughout the substrate, composed of small elongated
grains and films are densely packed faceted kind of grain boundaries as seen in Fig. 4.15.
However, the films morphology has shown granular shapes with clear boundaries except for Fig
4.15 (a). The morphology of sputter deposited ZnO: Pr films vary with sputtering deposition
pressure and underlying substrate in terms of grains growth as well as the shape of grains. Large
grains size is observed due to the fact that the kinetic energy is changed at high sputtering
pressure and deposition rate could lead to more agglomeration of particles. The coarsening of

grains, inter-grain connections are more significant in Fig 4.15 (d).
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The composition of films was measured by EDS. EDS mapping along with EDS spectra

Is shown to ensure film purity and distribution of elements throughout the scanning area (Fig.
4.16). EDS mapping shows a uniform distribution of elements Pr, Zn and O in the scanned area
of films. The atomic percentage of Pr, Zn and O of ZnO films is given in Table 4.3 and thin films
are found to be oxygen rich. The SEM and XRD results of thin films are in accordance with each

other and found to be crystalline and columnar growth at high sputtering pressure.

Figure 4.16: EDS Mapping of ZnO: Pr thin films deposited on (a) Glass substrate at
5mTorr, (b) Glass substrate at 10mTorr, (¢) Fused quartz substrate at 5mTorr, (d) Fused

quartz substrate at 10mTorr

The root mean square roughness of the ZnO: Pr thin films was measured AFM in semi

contact mode of region 2 um x 2 um as shown in Fig. 4.17.
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Figure 4.17. AFM images of ZnO:Pr thin films deposited on (a) Glass substrate at 5mTorr,
(b) Glass substrate at 10mTorr, (c) Fused quartz substrate at 5mTorr, (d) Fused quartz

substrate at 10mTorr.

The distributions of grains are distinct, elongated particles and length of grains increased
at 10mTorr on glass substrate and fused quartz substrate. The grains are elongated and thicker in
size at 10mTorr sputtering deposition pressure and showed higher RMS roughness as seen from
Table 4.4. The same kind of observation is established by FESEM micrographs where grains size
increases at 10mTorr sputtering depositions. Sputtering deposition conditions strongly influence
in terms of kinetic energy of ad-atoms and the deposition rate, showing higher roughness of films

at high sputtering pressure.

4.2.5 Conclusion

Highly crystalline Pr doped ZnO thin films were successfully deposited using DC sputtering
in the present work. The mechanical properties and tribological behavior of films were

investigated and the following conclusions are drawn.

e There is no evidence of XRD peaks related to Pr or PrgO11 in thin films and therefore, it
is expected that Pr acquires substitutional positions in ZnO lattice.

e The FESEM and AFM confirm the formation of nanostructured morphology of grains in
ZnO: Pr films, which depend on synthesis condition as well as the substrate material.
The RMS roughness and inter-grain connections are more pronounced for the films
deposited on at 10mTorr sputtering pressure.
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e Nanoindentation study of ZnO: Pr films has shown the high hardness (9.89+0.14) GPa,

Young’s modulus (112.12+3.45) GPa, highest initial critical load 2250.5 uN and CPRs

ratio 11.34x10°, for the films deposited indicating good adherence of films. However,
there is a slight difference between hardness, Young’s modulus of the films on both the
substrates but the critical load for coating fracture suggested a good scratch resistance on
glass substrate attributed to better crystallinity.

e The XPS result provided the surface analysis and confirms the presence of Prions and it
is in accordance with EDS mapping with uniform presence of Pr ions throughout the
scanning area. Also, Pr 3d in thin films with XPS peak were deconvoluted located at
975.8 eV corresponding to Pr#* oxidation state, while the weak peak at 972.04 eV can be
assigned to Pr3* oxidation state, which is also relevant to Pr ions being composite with

the zinc oxide films.
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Chapter 5. Finite element analysis of nanoindentation on ZnO thin films
5.1 INTRODUCTION

The innovation of semiconductor devices has been progressed extremely fast alongside
the assembling and manufacturing techniques prompting miniaturization of electronics micro-
electro-mechanical system (MEMS) and nano-electro-mechanical system (NEMS) devices. The
diversity in the functional properties of thin films at nanoscale allowed to manipulate the existing
properties can be treated due to the size effect as a result of nano-size confinement [16]. These
fairly small sized components for electronics have their unique mechanics of strength [269]. ZnO
thin films is renowned semiconductor pursuing attractive properties like wide band gap, large
exciton (electron-hole pair) binding energy, high thermal and chemical stability that make ZnO
thin films a phenomenal candidate in sensing, solar cell, MEMS device and transparent
conducting oxide etc. [34,270]. Likewise, ZnO can also be used as optoelectronics application,
but the soft nature (compare to GaN) of bulk ZnO, including indentation, pop-in events, wear
properties, and cracking event during contact is of superior interests [65]. Nanoscale ZnO thin
films can alter their bulk properties by variations in grain size, crystalline properties and existing

residual strain.

The sputtering has been outstanding synthesis technique for depositing thin films with
high crystallinity, dense microstructure and better adhesion even at low temperature. Other than
this, sputtering is commercially viable for large area synthesis and unique microstructure
depending on the deposition conditions e.g. sputtering pressure, substrate temperature, sputtering
power and Ar/O> ratio etc. which can substantially affect mechanical response of thin films
[37,271]. Amid processing or utilization of thin films are subjected to sustain elastic-plastic
deformation, additionally miniaturization of materials e.g., thin film, nanostructures etc. as a
device application is also imposed a risk of mechanical failure and complexity. To accomplish
these issues, it is better to insight the mechanical reliability along with miniaturization of material
[272].

The elastic-plastic properties and crystallinity of thin films provide overall mechanical
strength and deformation mechanism in uniaxial tension/compression significantly depends upon
the microstructure of thin films. The mechanical properties of thin films at nanoscale cannot
precisely accessed by utilizing a conventional hardness tester with visual imprint method. With
the advent of Nanoindentation technique to characterize the mechanical properties over a smaller
probe area, gains popularity for precise and continuous measurement the mechanical response

from extracting the information about, hardness, Young’s modulus [131,197] .
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Nanoindentation is straightforward to execute with a fast response without delaminating

thin film from substrate. Nanoindentor measure force and displacement simultaneously; and the
load-displacement curve observed with non-linearity, or discontinuity and serrations depends
upon thin films as well as substrate effect. It is accounted to maintain a separation from substrate
to avoid its influence; indenter displacement ought to be under 10 % of aggregate film thickness
for substantially thick films (> 1 pm). In present case, thickness of films is less than 1 um, so

varied displacement upto 20% of the film thickness to minimize the substrate influence [79].

Finite element (FE) analysis provides a way to anticipate the mechanical properties along
with failures during service or processing. Several FE models developed to extract the load-
indentation curve from nanoindentation experiments [273,274]. The actual problem of
indentation using Berkovich tip can be analyzed by three dimensional FE-model [275]. Likewise,
the two dimensional model developed for indentation process preferred because it does not
require large computing efficiency and obtained approximately equivalent outcomes [273,276].
The FE analysis provides an in-depth overview of mechanical properties and extend their

correlation with substrate effect (elastic-plastic properties) [277].

It is noteworthy to study the intrinsic mechanical behavior of ZnO thin films as well as
substrate effect by independently configuring different yield stresses as plastic properties. The
nanoindentation combined with finite element analysis on ZnO thin films are scarce in literature.
The present study was involved to get the film mechanical properties by nanoindentation and
generalized by FE method to insight the contact interaction by extremely sharp Berkovich
indenter to load-indentation response as a function of tip shape from cubic geometry to spherical

geometry.

5.2 EXPERIMENTAL DETAILS

ZnO thin films were deposited on the fused quartz substrate by pure ZnO target using
Direct Current Sputtering. The fused quartz substrate was ultrasonically cleaned to get
homogeneous and uniform depositions. The dried substrates and target fitted in their respective
position in sputtering chamber. The deposition chamber was evacuated to 4x10® Torr to remove
residual gases from the chamber. Thereafter, high purity Ar/O2 gas (20:5 sccm) inserted in to the
chamber. The sputtering parameters such as working pressure, substrate temperature and
sputtering power were 10mTorr, 200°C and 50W, respectively are maintained constant during
the deposition process. The pre-sputtering was carried out for 10 minutes to eliminate surface
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contamination of the target. Crystalline properties were analyzed using X-ray diffraction (XRD)

performed with Cu-K, radiation recorded in the angular range of 25-70°.

5.2.1 Nanoindentation

Nanoindentation was performed applying load as a function of displacement by
pyramidal shaped Berkovich indenter at room temperature, in the one complete course of loading
and unloading. Hardness and Young’s modulus of ZnO thin films were obtained by auto-
evaluation using Hysitron TI-950 nano-indenter with standard Berkovich of 100 nm tip radius
and analytical approach developed by Oliver and Pharr [131]. However, it is assumed that tip has
finite roughness, and after some cycle of operations tip radius may vary up to 100-200 nm. For
the precise measurement of mechanical properties, factors like thermal drift, instrument

compliance, and tip area calibrations should be performed before indentation [130].

Nanoindentation directly provides non-linear load-displacement curve; and several
approaches have been developed to extract the hardness and Young’s modulus. Among all,
Oliver and Pharr is widely accepted [131,278] as a development of Doerner and Nix approach
[279]. After initiation of plastic deformation in material, loading curve contain both elastic and
plastic deformation and their relative contribution is complex. However, unloading part regarded
as purely elastic and main source of data analysis. The hardness and elastic modulus is measured
at maximum load and upper portion of unloading curve respectively. The hardness ‘ H ’ refers to
the resistance provided by material to the plastic deformation. The indentation hardness and
elastic modulus calculated by Oliver and Pharr method discussed in Chapter 2, section 2.3.6
[131]; Poisson’s ratio of a thin film is complicated to measure because the standard tension test
for Poisson’s ratio is not appropriate for thin films. Furthermore, the absolute value of Poisson’s
ratio of thin films is generally far less than one and has an insignificant effect on the
nanoindentation outcomes [280].

5.2.2 Finite Element Analysis

It is acknowledged that in continuum mechanics, two dimensional FE models has the
capability to provide mechanical properties of thin film by sufficient accuracy, depend upon
mesh width and computational efficiency [277]. The continuum mechanics effective even at
smaller indentation depth ~10 nm however below this depth atomistic approach would be more
appropriate [281]. A two dimensional (2D) axi-symmetric model with Berkovich indenter

containing deformable thin film and substrate was created using standard FE software [97]. The
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sharp indenter modeled as an undeformable rigid surface pertaining cone angle of 70.3° and a

radius 150 nm.

The Tip shape is considered extreme sharp at the contact area, however complexities exist
in the real case of a non-ideal indenter shape (tip rounding) [282]. The non-ideal shape of an
indenter attributes in difficult contact area calculations. Specifically, the contact area did not
actually increase in a consistent manner with increasing penetration depth like it would with an
ideally sharp indenter shape. This arise with non-ideal indenter geometries which overall affect
hardness and Young’s modulus [282,283]. The rigid cone i.e. Berkovich and cubic corner tip is
easy to fabricate as well as simulation by changing the half angle of rigid cone FE simulations
can be performed [284].

The FE analysis is performed in load controlled mode by applying load and optimizing
the penetration depth of Indenter as in experimental study; with similar loading rate is
maintained. The best fit calculations of load displacement curve depend upon the input properties
of thin films as well as mesh element size. The coating and substrate were modeled with thickness
of 250 nm and 4.5 um respectively. The interface between the coating and substrate is perfectly
bonded. So there is no slippage or debonding on the interface. The interaction between the free
surface of coating and indenter was defined as sliding which stand for frictionless or friction
(depending upon the coefficient of friction) contact. The coating was modeled as isotropic,
elastic-plastic solids using the classical plasticity model [97].

The plasticity model uses the Mises Yield surface model with plasticity flow rule. The
contact region of indenter and coatings were meshed finer as compare to other region to record
deformation beneath the indenter. So denser mesh is applied in the vicinity of contact where high
stress is expected [285]. The mesh element is CAX4R (4-node bi-linear axi-symmetric
quadrilateral with reduced integration) used same as previous work performed on
nanoindentation simulations [281,286] and reduced integration used to lower computational time
as well as avoiding for stiffness locking [287]. The selection of element’s size is to save
computational time with sufficient accuracy. For that, the mesh convergence analysis is finds out
for different mesh width. The higher mesh density in the region ‘I’ (refer Fig. 5.1) is used just
beneath the indenter to capture deformation effects as shown in Fig 5.1 (a), therefore the width
and height of each mesh element is 2.5 nm while the other region of mesh size varies between
2.5-25 nm.

The total number of mesh elements used in the simulation in this conditions were ~39000.

However, reducing mesh size below 2.5 nm would not generate significant affect.
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The mesh convergence study with respect to the von Mises stress generated provided in

the Fig. 5.1 (b). In the schematic diagram of two dimensional assembly shown in the Fig. 5.1 (a),
the bottom of the substrate was fixed and constraint all the motions and rotations; however, nodes
lying on the symmetry axis of the mesh were only free to move in the indentation direction i.e.

y-direction, subsequently indenter can move in this direction.

(a) 4 Axis of symmetry (b)
Indenter Thin Film
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Figure 5.1. (a) Schematic diagram of two-dimensional model (b) Mesh Convergence

Analysis.

Additionally, indenter is modeled as master surface moved to normal downward to slave
surface i.e. thin film, only master surface penetrate into slave surface and generate deformations.
Furthermore, boundary conditions applied to the tip that placed close to the indentation
interaction volume also influence the load—displacement curve [288]. During the loading,
indented material experiences elastic and plastic deformation after yielding, while the unloading
procedure pertaining purely elastic behavior. The rigid indenter was statically displaced
downward in steps up to a maximum applied load 300 uUN as the same in experimental set-up.
The contact behavior at the coating—substrate interface was modeled utilizing frictionless
condition and perfectly bonded interface. So during loading or unloading there is no slippage or
delamination occurred at the interface. The two homogeneous region i.e. substrate and coating
assumed to be free from defects were containing isotropic properties maintaining same elastic—
plastic behavior throughout, and power law of hardening used to substantiate plasticity behavior.

The vyield stress used for the simulation was determined by fitting the simulated
nanoindentation curve to the experimental data (refer Fig 5.2) with least possible dissimilarity. It

was assuming that the substrate was fully homogeneous and elastic and the plastic deformation
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occurred only in the thin films. However, much interest exists in the possibility that further

characterization of the elastic-plastic properties of coatings explored from different yields stress,
contact friction effect and substrate elastic-perfectly plastic properties would generate load—
displacement curves by means of simulations. Further characterization, in theory, would allow
the properties extracted from a small volume of material to be assumed representative of the
material in bulk. Ultimately, one’s goal is to be able to develop a full characterization of the true.
However several methods has been developed microscopic and macroscopic stress/strain
character [285]. Amid nanoindentation, plasticity properties can be inserted decided by hardening
law, uniaxial stress—strain relationship of a material was experience deformation by way of its
load-displacement indentation curve and modeled as power law of hardening as discussed in the
chapter 1, section 1.4.1 [277].

The work-hardening exponent n, lies between 0.1 and 0.5 for most of the metals
[289,290]. However, for completely characterize a material needs four independent parameters,

Elastic modulus E, yield stress o, work-hardening exponent n and Poisson’s ratio v. For ‘n’ is

zero is the applied for an elastic—perfectly plastic solid used for substrate [289]. According to Eq.
5.1, the relationship between indentation hardness and yield stress of metal material can be
expressed as the following equation [291].
H=Co (5.1)

Where, o is the uniaxial yield stress and H is the indentation hardness. The factor C is
termed as elastic constraint factor and approximately 3 for metals. The yield stress value in Eq.
(1.3) corresponds to the plastic strain also depends on the geometry of the indenter tip from
Berkovich, Cube-corner indenters to Vickers [291]. Also, for most metals (E/oy)>100 constraint
factor is approximately equal to 3 (C ~3) and For polymers, the ratio of (E/oy)<10, and the
constraint factor is less than 3 [292]. Three-dimensional model yields nearly identical results as
the two-dimensional simulation thereby making the latter a more practical approach [293]. In
simulation, the standard fused quartz substrate is modeled as an elastic solid with Young’s
modulus 73 GPa and poisson’s ratio 0.17 [294]. However, variations in the coating and substrate

properties were discussed in the present work.

A variation in yield stress of ZnO coatings was tested for best fit approximations for
the experimental load—displacement curve and the yield stress found in compression which is in
the range of 2.0-3.0 GPa based on the slip system and crystal orientation with respect to the
loading direction. However, the Young’s modulus of ZnO coatings is always kept constant as

received by experimental analysis. The fact that the simulated curve is not perfectly similar can
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be attributed to the small discrepancy in geometry between simulated and indentation tips and,

specifically at the beginning of load the tip radius for shallow nanoindentation in experimental
analysis as shown in Fig. 5.2. The top side of the coating surface was exposed as the free surface
in order to enable direct contact between the tip of the indenter during penetration. The coating
has the crystalline phase had a preferential texture (002) plane and cross sectional area (~250

nm).

The shape of the coatings was chosen to enable the two-dimensional model, which greatly
reduced the computational requirements. Local variations in friction and yield stress caused by
the mechanical anisotropy of the coating were separately considered. During FE analysis,
nanoindentation of ZnO thin films was simulated in applying maximum load and load is applied
continuously up to maximum load (0-300 uN) in a fixed time (8s) and followed by unloading
segment (8s) indenter come out to its prefix position. For each segment, FE analysis was
performed several iterations to achieve convergence. In Fig 5.2, ZnO thin film simulated curve
from, the Berkovich tip radius 150 nm, tip half angle 70.3°, hardness (4.72+1.22 GPa), elastic
modulus (86.6+6.36 GPa), Yield stress 2.5 GPa, n= 0.25 were used respectively and keeping

Poisson’s ratio 0.3 compared with its experimental counterpart.
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Figure 5.2. Experimental and simulated Load-displacement curve of ZnO thin films.

The indentation testing involves the depth dependent mechanical behaviors up to a certain

depth called as shallow indentation depth. So at a shallow indentation depth the mechanical
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behavior is bit different as compare to the actual properties. For higher accuracy it is believed

that real mechanical behavior can be analyzed after 10-15 nm [295]. So indentation is performed
at a depth around 50 nm. However, the mismatch between experimental load-displacement
curves with simulation curve even at best fit depends upon several parameters e.g., surface
roughness effect, indentation size effect, the bonding between film and substrate may not be

perfect etc.

5.3 RESULT AND DISCUSSION

ZnO thin films were deposited on fused quartz substrate shown in XRD pattern ensures
ZnO films are well crystallized as shown in Fig. 5.3. ZnO film exhibit hexagonal crystal structure
(JCPDS Card-891397) angle 20 =34.27° corresponds to (002) diffraction plane. Evolution of
different crystal planes that may be feasible during growth depends upon the variations in the
deposition condition [296]. From the full width half maximum, crystallite size is calculated by
using Scherrers formula (Eg. 2.6) was 19 nm [118]. ZnO have anisotropic mechanical properties;
vary from polar (c-plane) to non-polar (a-planes & m-planes) planes [68,75,297]. A highly
crystalline ZnO thin film grown in polar diffraction plane (002) enables to investigate the
mechanical response. The experimental loading-unloading curves of ZnO thin films are shown
in Fig. 5.2. The load-displacement curve provides materials behavior at increasing load,
displacement and pop-in events. The non-linearity observed at constant loading rate in load-
displacement curve depends on indenter shape, material of tip along elastic-plastic response of
thin film and substrate effect [130].

Intensity (a.u)

—_—————— - s -
25 30 35 40 45 50 55 60 65 70
Angle (20)

Figure 5.3: XRD pattern of ZnO thin films.
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ZnO coatings stick to the substrate so when the indenter comes in the contact of thin film

and record mechanical response, a significant substrate effect also comes into play. A
deformation zone is developed under the indenter tip which is fully reversible for perfectly elastic
materials however as plasticity induced in materials after initial yield point and material
permanently changes its shape. And shape of plastic zone contains information about the plastic
flow in material [298].

It is evident from Fig. 5.2 that ZnO thin films are adhering to the substrate without any
major discontinuity to induce crack formation [84,299]. Discontinuity in loading cycle is
considered as existence of an event of slip or dislocation movement in the thin films [167]. The
distribution of localized stress beneath the indenter after elastic deformation observed in load
displacement curve depicting shear band nucleation and propagation as consequence of plastic
deformation. Synthesis condition affects microstructure correlated with underlying mechanical
properties as shown in Fig. 5.3 inset. Single crystalline a-plane bulk ZnO and c-plane oriented
bulk ZnO having different hardness value and Young’s modulus of 2.2 +£ 0.2 GPa, 163 + 6 GPa,
and 4.8 £ 0.2 GPa and 143 + 6 GPa, respectively [68]. Bulk oxides are usually prone to brittle
failure but the ductility can be induced by refining grain size to nanometers in thin film. The
increment in hardness is contributed by the dislocation mechanism, micro strain, and the grain
size of thin films and threading dislocations is created to impede the slip movement increases
hardness of thin films [64].

5.3.1 Effect of different yield stress

In this section, examined the situation where the nanoindentation tip would encounter
coating oriented along the direction that yields to the largest slip resistance. The simulated load—
displacement curves on ZnO coatings with uniform elastic and friction properties, but a
difference of yield stress between the indenter and the coating free surface is shown in Fig. 5.4.
During the variations in the coating yield stress the other properties including substrate properties
were fixed same as in Fig. 5.2. It is worth noting that the plastic yield phenomenon was
considered at coating homogeneous scale using an isotropic yielding. The penetration depth of
indenter in the nanoindentation curves decreased gradually as the yield stress of the coatings was
varied from the yield stress (Y1 = 2.0 GPa) to (Y2 = 2.5 GPa, Y3=3.0 GPa) as shown in Fig. 5.4.
The change was observed when the first portion of the tip was brought into contact and slope of
the curves varies with different yield stress. It is expected that difference in pile-up morphology

around the indent between a coating and indenter would affect at lower yield stress.
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Figure 5.4. Simulated load—displacement curves of ZnO coatings with uniform elastic

Properties and local variations in yield stress.

5.3.2 Effect of interface friction

Furthermore, friction effects at the indenter tip—coating interface become significant
when the tip geometry is sharp. Therefore, we used our FE model to vary only the coefficient of
friction along the free surface of the coating while keeping all other properties (substrate)
constant as in the Fig. 5.2. The coefficient of friction of ZnO thin films could significantly
increase to a value of 0.6 [300]. So the effect of local variations in friction force at the tip—coating
interface was simulated as shown Fig. 5.5. In the simulated curve ruled out any significant change
in the nanoindentation curve with friction coefficient variations. This may be expected due the
small sliding on free surface during indentation. It is suggested that friction effect between tip
and thin film not much effective and can be ignored due to the small scale [277,301]. Additionally

the curvature of loading curve is usually unaffected by friction [302].

5.3.3 Effect of substrate deformation

In this section, we input different substrate properties while the other properties were
same as in Fig. 5.2. The simulation of substrate effect was modeled with elastic properties as
Young’s modulus 73 GPa and Poisson’s ratio equal to 0.17 of standard fused quartz substrate

[294]. However, the substrate was modeled for different conditions assuming elastic-perfectly
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plastic properties. The influence of substrate mechanical properties on film performance can be

correlated with load-displacement curve seen in Fig. 5.6.
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Figure 5.5. Simulated load—-displacement curves on ZnO coatings with different coefficient
of friction.
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Figure 5.6. Simulated load—displacement curves on ZnO coatings with different substrate

plastic properties and yield stress.
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It is based on an understanding that subsurface deformation by sharp indenter is heavily

depending upon substrate plastic properties. The curve has same penetration depth when the
substrate was elastic or yielding at stress Ys, 10 GPa, 25 GPa which is considerable higher as
compare to coatings yielding stress 2.5 GPa. However, when the substrate yield stress Ys lower
as compare to the coatings as a result penetration depth of indenter suddenly increases as an
indication of sink-in effect showing major plastic deformation occurred in substrate. This
outcomes suggest that hard film on soft substrate were usually affected significantly at the same
loading conditions as compare to soft films on hard substrates [274]. In this study, the analogy
remains valid so long as the plastic zone remains confined to the region underneath the tip within
a deforming solid.
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Figure 5.7. Berkovich and Spherical tip interaction with free surface of coating at the same

input properties.

5.3.4 Effect of tip shape

It is worth noting that stress distribution under different indenter is different as the tip
geometry is changed due to the contact mechanics as well as interacting depth to area of the tip
is changed. Which can be seen by Fig. 5.7, a pointed indenter tip with conical tip with lower half
angle 65.3° can penetrate larger depth at same load and yield stress with more sharp impact.
Although most of studies have been performed using sharp indenter but spherical indenter has
also its importance. Shape of load-displacement curve is different for spherical indenter and
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follows a different trend as compare to pointed conical tip which is observed less curvature in

loading curve as shown in Fig. 5.7. In case of pointed indenter, by change the tip angle
penetration displacement is changed due to higher stress generated in the sharp indenter, however
the shape of load-displacement curve is similar. The indentation depth is more at same load when
the indenter tip half angle is changed 70.3 to 65.3. The former tip has more flat in nature while
the indenter tip with 65.3 half angle is more sharp can go to higher displacement with the same
set of film properties at 300 uN load.

5.4 CONCLUSION

The simulations were intended to produce load—displacement curves directly comparable to
obtained experimental outcomes. The experimentally findings of ZnO thin films have hardness
and the Young’s modulus is 4.72+1.22 GPa and 86.6+6.36 GPa. The materials properties from
experiments and requires a few additional considerations including elastic and plastic properties
of coating and substrate to get simulated curve.

e The best-fit simulation to load-displacement curve generated from mechanical properties
of the ZnO thin film with Young’s modulus, 86.6 GPa, Yield stress, 2.5 GPa; Poisson’s
ratio, 0.3 and work hardening exponent n=0.25.

e The simulated curve similar to the experimental curve however still some discrepancies
exists depends upon several parameters, e.g. tip approximated as a perfectly sharp and
rigid body. Furthermore, boundary conditions applied to the tip that are placed too close
to the indentation interaction volume also influence the load—displacement curve.

e The indenter shape i.e. tip rounding effect, tip angle has a huge impact over stress
distribution under the indenter which in turn reflects different mechanical behaviors
indicating in load-displacement curve at the same load and yield stress.

e The substrate-coating plastic properties would affect the pile-up or sink-in morphology
around the indenter depend upon the nature of materials and major plastic deformation is
likely to be occurring in substrate if the substrate yields before coatings during
nanoindentation. So the hard film on soft substrate significantly affected as compare soft

film on hard substrate during indentation process.
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CONCLUSION

The primary focus of the thesis presented is to explore micro-structural and mechanical
properties of pure ZnO thin films and study its deformation mechanism after incorporation of
dopants in ZnO thin films. The microstructural characterization of ZnO thin films are carried out
by XRD, FESEM and AFM. Similarly, dopant distribution i.e. Yttrium and Praseodymium ions
and their concentrations in the ZnO thin films was measured by XPS and EDS Mapping along
with the mechanical properties using Nanoindentation and Nanoscratch. The mechanical
properties of thin films in each study has been provided in the Table 6.1. In addition to the
experimental results, FE analysis is performed for ZnO thin films to obtain simulated load-
indentation curve, which is best fit to the experimental curve. The following conclusions are
made based on the results obtained on the ZnO thin films. The suggestions for the future work

are proposed at the end.

Table 6.1. Mechanical properties of ZnO thin films with and without dopants.

S.No Hardness Young’s First Critical Load
(GPa) Modulus (GPa) (uUN)
ZnO/Glass 7.72+0.44 169.5+6.9 3126.7
Substrate
ZnO/Fused 7.90+0.14 164.0+18.3 3043.9
Quartz
Zn0: Y/ Glass 4.22+0.40 156.5+10.2 1210.6
Substrate
Zn0: Y/ Fused 5.06+0.70 166.8+16.3 1095.2
Quartz
ZnO: Pr/ Glass 9.89+0.14 103.5+4.6 2250.5
Substrate
ZnO: Pr/ Fused 9.83+0.24 101.0£6.0 1809.3
Quartz

1. Undoped ZnO thin films were deposited on glass substrate at different substrate
temperatures variations using DC sputtering. Higher thermal energy provided to substrate
used for the increment in grain size of ZnO films and reduction of lattice strain. The
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anisotropic growth of film in crystal (002) diffraction plane is prominent, while (103)

crystal plane also grew with higher substrate temperature. ZnO thin films mechanical
properties greatly influenced with the emergence of non-polar planes leads to variations
in active slip system and interfacial shear stress. The mechanical properties achieved for
these sputtering conditions are given in Table 6.1 There is no major discontinuity in
displacement during indentation is observed, ruling out the possibility of cracking,
delaminating, or mechanical failure at the normal applied load. The morphology of the
films is observed to be columnar to wedge shaped at 300°C substrate temperature.

2. Crystalline ZnO thin films were successfully grown on fused quartz substrate at different
deposition pressure variations using DC-sputtering. The grain size and crystallinity
affects the deformation behavior of ZnO thin films. The increment in grain size and
reduction of lattice strain were observed for the ZnO films deposited at higher deposition
pressure. Also, crystalline quality of films rises initially and after that, it deteriorates with
deposition pressure. The surface morphology of the films was observed as densely
packed, crack free and the grains elongated towards the normal of substrate with the
increasing deposition pressure. There is no evidence for major discontinuity (pop-in/pop-
out) persists in the load—displacement curve, revealed better adherence to substrate and
ruled out the possibility of cracking and rupture of film during indentation. The
mechanical properties obtained from this study, are given in Table 6.1.

3. Crystalline Y doped ZnO thin films were successfully deposited using DC-sputtering.
The mechanical properties and tribological behavior of films were investigated. There is
no evidence of XRD peaks related to Yttrium or Y203 in YZO films; however, XPS
confirm the presence of tri-valent oxidation state of Yttrium (Y**). The FESEM and AFM
confirm the formation of nanostructured morphology of grains in YZO films, which
depend on synthesis condition as well as the substrate material. The inter-grain
connections are more pronounced for the films deposited on fused quartz substrate.
However, there is a slight difference between hardness, Young’s modulus of the films on
both the substrates but the critical load for coating fracture suggested a good scratch
resistance on glass substrate attributed to better crystallinity given in Table 6.1.

4. Highly crystalline Pr doped ZnO thin films were successfully deposited using DC-
sputtering and its mechanical and tribological properties are given in Table 6.1. There is
no evidence of XRD peaks related to Pr or PrsO11 in thin films and therefore, it is expected
that Pr acquires substitutional positions in ZnO lattice. The FESEM and AFM confirm

the formation of nanostructured morphology of grains in ZnO: Pr films, which depend on
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synthesis condition as well as the substrate material. A difference in the critical load for

coating fracture suggested a good scratch resistance on glass substrate attributed to better
crystallinity. The XPS result provided the surface analysis and confirms the presence of
Pr ions and it is in accordance with EDS mapping with uniform presence of Pr ions
throughout the scanning area.

5. The FE analysis were intended to produce simulated load—displacement curves directly
comparable to obtained experimental outcomes with few additional considerations
including elastic and plastic properties of coating and substrate. The indenter shape i.e.
tip rounding effect, tip angle has a huge impact over stress distribution under the indenter,
which in turn reflects different deformation behaviors indicating in load-displacement
curve at the same load and yield stress. The relative substrate-coating plastic properties
would affect the pile-up or sink-in morphology around the indenter depend upon the
nature of materials. The major plastic deformation is likely to be occurring in substrate if
the substrate yields before coatings during nanoindentation. So, a hard film on soft
substrate is significantly affected as compared to soft film on hard substrate during

indentation process.

Suggestions for Future Work

Based on the present work carried out on the investigation of ZnO and rare earth element doped
ZnO thin films, the following studies could form a scope for the future work

1. ZnO thin films with and without rare earth dopants can also be prepared using the
chemical techniques, which could affect grown microstructure and mechanical
performance as compared to sputter grown films.

2. The variation in rare earth dopant concentration can induce different nucleation and
growth kinetics of nanostructured ZnO thin films. Therefore, different concentration of
dopants as the active constituents of ZnO deposited ought to be investigated for
understanding the various growth morphologies of ZnO thin films.

3. FE analysis can be performed for scratch simulations to determine the critical load of

pure and doped ZnO thin films for assessing its damage and failure mechanisms.
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