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ABSTRACT

Hard coatings have been successfully used for protection of materials and
particularly to enhance the life of cutting tools since the 1970°s and it is defined by its
hardness which is the measure of resistance to plastic deformation. Hard coatings are
extensively used for tribological applications and their development by various physical
and chemical deposition techniques are ever growing to achieve their superior
performance in the actual engineering applications such as to increase the lifetime of
cutting and forming tools under dry and high speed machining conditions and the
protective coatings for turbine blades and engine parts to improve their durability.
Therefore, by properly selecting the coating techniques and materials, we can protect
not only the substrate materials to prolong their service life, but also increase
commercial value of the products.

Hard coatings of binary and ternary metal nitride materials are used in various
engineering applications due to their remarkable pﬁysical and mechanical properties
including high hardness, high melting point, chemical inertneés, and good
thermodynamic stability. The control of the microstructural characteristics in terms of
grain size, crystallographic orientation, lattice defects, texture and surface morphology
as well as phase composition and surface morphological evolution of transition metal
nitride films are very important in realizing the aforementioned properties so as to
extend the performance and life time of the coated products. The literature on the
optimized process variables using sputtering techniques for the deposition of transition

metal nitride films with the desirable microstructural characteristics is very limited.
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Therefore, it is desirable to establish the process for producing high quality film
these transition metal nitrides.

Thé rhain objectives of present work were to synthesize nanocrystalline thin film
titanium based nitrides such as Titanium Nitride (TiN), Titanium Silicon Nitride (Ti
N), and»Titanium Nitride/Silicon Nitride (TiN/SiNy) multilayer on various substr
by DC/RF magnetron sputtering technique and to investigate the..effect of sputte
process parameters on structural and mechanical properties of these materials
obtaining high quality thin films. In addition, Titanium (Ti) nanocry.stalline thin ﬁ
were prepared and the effect of sputtering process parameters on structural proper
of'these ﬁlms was investigated. A chapter - wise summary of the thesis is given belc

Chapter. 1 gives an overview of hard coatings in which background, synth
techniques and applicétions are discussed. The structural and mechanical propertie:
Ti based nitrides TiN, Ti-Si-N and TiN/SiNx multilayer films and their applications
discussed in this chapter.

Chapter 2 presents the details of synthesis and - characterization techniq
emﬁloyeci for the present research work. Section 2.1 - A brief descri_ption as to the 1
film growth r;lodes, influenced by the interaction energies of substrate a}nd film atc
is included in this section. Section 2.2 - The process description and mechani
details of DC/RF magnetron sputtering technique used for the deposition of thin fi
in the present work is discussed in this section. Sectioh 2.3 - The methodology for
characteriéation of deposited films by different techniques such as X-Ray Diffract
(XRD) for the phase i'dentiﬁcatiqn and textures, grain and surface morphology of
films by using techniques such as Field -Emission rScanning Electron Microscopy (1

SEM), Atomic Force Microscopy (AFM), and Transmission Electron Microscc
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(TEM) are discussed. The mechanical properties of deposited ﬁims were measured by
nanoindentation technique. ANSYS Finite Element Analysis software was used for
simulating the thermal stress in the sputter deposited thin films in the present work.
Chapter 3 describes the synthesis and characterization of magnetron sputtered
titanium films. This chapter is divided into three sections. The first section (Section 3.1)
mainly describes the effect of substrate temperature on the microstructural
morphologies of the films deposited on Silicon substrate. XRD results show that Ti
ﬁ'lms grow with a (002) preferred orientation and its intensity increases with increase in
substrate temperature from room temperature to 200°C and changes to (101) at above
300°C. The grain size of Ti films increases with increase in substrate temperature due -
to enhanced mobility of adatoms in the film surface and showed two- and three-
dimensional hexagonal structure of the grains at 200°C and > 200°C, respectively, as
evident from the FE-SEM, AFM and EBSD results. Section 3.2 discussés the
deposition of Ti films on glass substrates under varying deposition parameters and XRD
characterizatiop revealed the initial (100) preferred orientation but it transformed into
(002) and (101) orientation with increase in sputtering power and substrate temperature, -
_fespectively. It is due to the relaxation of compressive stress to tensile mode at higher
thickness,- which favors the (002) preferred orientation but the higher substrate
temperature could facilitate the enhanced mobility of adatoms in the film surface
leading to the formation of (101) orientation of grains. The preferred orientations of
(002) and (101) were observed for the films deposited with the sputtering pressure of 5
rﬁTon and 20 mTorr, respectively. due to the competition between strain energy and
surface free energy affecting the textures of th;: grains. The average surface roughness

_of the Ti films showed an increasing trend with power, pressure and temperature from

-
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the AFM ‘ane_tlysis‘a'ndv the dense film morpﬁology was observed in the SEM images of
Ti films deposited with substrate temperature (500°C). In th¢ last Sectiﬁn 3.3, a thermal
stress in Ti films deposited on glass and silicon subsi:rétes by finite element analysis
(ANSYS) was discussed. It is found that the thermal stress 6f Ti coating exhibits a
- linear relationship with deposition temperature and Young’s modulus, but it 'exhjbit an
inverse rélationshiﬁ with the coating thickness, the résults are in accordance with the
analytical method. Also, the radial and shear stress distribution of the coating-substrate
combination are calculated and it is observed that high tensile shear stress of Ti coating
on glass substrate reduces its adhesive strength but high-compressive shear stress of Ti .
on Si substrate improves its adhesive strength.

"Chgpter' 4. discusses the synthesis and. charactefization of magnetron- sputtered
~ titanjum- nitride films. This chapter is dividéd into three sections.-The first section -
(Section 4.1). describes the effect of atmosphere and deposition time on the
microstructural rﬁoi‘pho]ogies of the TiN films. The films depbsited under an Ar+Nj
atmosphere in_itially"exhibited a (200) preferred orientation but the film deposited under
a ISuie*Nz atmosphere showed an initial (111) preferred orientation, which subsequently
changed-fo a mixéd (111)-(200) orientation with increase in' deposition time in both -
atmospheres. The competition between surface energy and strain energy during film -
grthh might contribute to the changes in préférred orientation. With an increase in
deﬁositidﬁ time and at some critical thickness, stress relaxation may reduce strain
energy to a greater extent than the increase in surface energy due to the texture changes.
A pyramidal shapé and columnar grain morphology - were observed for TiN films
deposited in Ar+N, and.pure‘Nz atmosphere, respectively, as seen from the FE;SEM

and AFM analysis. It is observed from the nanoindentation study that hardness (H) and

A%



Young’s modulus (E) value of TiN films decreases with increasing deposition time in
both atmospheres. However, in pure N, atmosphere, high H and E values. of TiN ﬁlmé
are observed due to columnar morphology and less roughness, the maximum H and E
values are 25.2 GPa and 395.4 GPa, respectively, when the deposition time is 60 min.
Section 4.2 discusses about the microstructural and mechanical properties of magnetron
sputtered TilN films on glass substrate with increase in thickness of the film. XRD
analysis showed the (200) prefefred orientation up to 1.26 um thick films due to the
lbwest surface free energy during film grthh in comparison to strain energy but as the:
film thickness increases above 1.26 um, competition between surface e;lergy and strain
energy increases and hence (220) peak develops to minimize the total energy. The
deposited films were found to be very dense nanocrystalline film Witi‘l less péfié)sity as
evid_ent from their FE-SEM and AFM imageé. The hardness of TiN film was found to
be thickness dependent and observed to be 23.2 GPa hardness value for the films having-
less positive micro strain. It is attributed to very fine grain size (18.5 hm) withvits less
active slip system. In the last Section 4.3, analysis of thermal stress in magnetron
sputtered TiN coating on glass and silicon substrates by ﬁ.nite element method
(ANSYS) is included. It is found that tli¢:thermal stress in TiN coating, for the planar.
substrate,. exhibits a linear relationship with substrate temperature, substrate thickness :
and Young’s modulus of the coating, but showed an inverse relationship with-the
coating thickness and all the results were in tandem with the analytical method. .The
thermal stress induced in the coatings for the rough substraté is higher as compared to
that of the planar substrate. The radial and shear stress distribution of the coating-

substrate combination were also calculated. The low.and high compressive sh’ear
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stresses observed in the TiN coating on glass and Si substrate, respectively, indicate a
low adhesive strength of the coating on the former than that of the latter.

| Chapter S deécribes the work on synthesis and characterization of magnetron -
sputtered titanium silicon nitride films. This chapter is divided into two sections. The
first section (Section 5.1) describes the effect of varyiﬂg Si content on the structural and
mechanical properties of Ti-Si-N films deposited on Si (100) and Stainless Steel (type
304) substrates by DC/RF magnetron sputtering. XRD analysis revealed the (111)
orientation up to 12.8 at.% Si content and above 12.8 at.% Si, intensities of (200) and
(220) peaks grow up but above 15.6 at.% Si, no peak could be observed as thé film
becomes amorphous: Microstructural analysis by FE-SEM and AFM showed that with
varying Si contents; .grain size and surface roughness decreases and. forms a pyramidal. .
shape, WMch- transformed ‘into columnar andA finally to amorphous' structure:. The
hardness and Young’s médulus of the films wefe 34 GPa and 275 GPa, respectively,
with 15.6 at.% Si contents due to the nanocrystalline TiN surrounded- by a matrix- of
amorphéus Si3Ny, _.which assist the relaxation of stresses and reduces-grain boundary
sliding under stress, and thus hardness iﬁcrééses. ‘The reduction in hardness value of the
films with further increase in Si conterits is due té poor properties of amorphous phase.
Section 5.2 describes fhe effect of varying sputtering i)r‘essure on the structufal and
mechémilcal properties of Ti-Si-N films deposited on Si (100) substrate by DC/RF |
magnetron spuftering. XRD results of the films shows the formation of (111), (200) and
(220) peaks but with increase in sputtering pressure, (111) orientation dominates owing
to increése in grain size and the films become crystalline. The dense blurred grains
transform into -uniform grains with increase in porosity, grains size and surface

roughness as revealed by FE-SEM and AFM -analysis. The hardness and Young’s
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modulus of the films are 33.7 GPa and 278.6 GPa with 5 mTorr sputtering pressure but
it decreases afterwards with increasing sputtering pressure due to porosity in the films.

Chapfer 6 discusses the synthesis and characterization of magnetron sputtered
titanium nitride/silicon nitride multilayer films. Section 6.1 describes the effect of
varying layer deposition time on the structural and mechanical properties of TiN/‘SiNx
multilayer films deposited on Si (100) substrate by DC/RF magnetron sputtering. XRD
analysis of fhe films, with varying SiNy layer.depositidn time from 5-30 seconds while
keeping the TiN layer deposition time at 15 seconds, revealed the (111), (200) and (220)
orientation and with variation of TiN layer deposition time from 5-30 seconds _whﬂe
keeping the SiNy layer deposition time at 15 seconds, same orientationé were observed
-initially but (200) orientation has increased with increase of deposition time. It is
because of the stable (200) orientation with the lowest surface free energy is favored
thermodynamically. The grain size of the multilayer was around 7.0 nm in varying SiNy
layer deposition time and it varied from 2.7 to 11.3 nm when TiN layer depositi'on' timé
| was increased. The surface roughness of the Ti-Si-N films was calculated from ifs AFM
images and it remains constant with varying SiNy layer deposition time but increases in
the other cases,- with varying TiN layef:"‘deposition time. The hardness and Young’s
modulus values of TiN/SiNy multilayer films have increased up to 31.4 GPa and 365.8
GPa, respectively, with varying SiNy layer deposition time initially but it décreased
beyond the SiNj layer deposition time of 10 seconds as it is used only to interrupt the
TiN growth and facilitate its renucleation through the introduction of nanolayers of a .
different material. In other case, with variation of TiN layer 'dei)osition time, the H and
E values of TiN/SiNy multilayer films have increased initially, with increase in

depdsition time for. TiN layer up to 10 seconds, followed by uniform decrease and then
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finally it has increased sharply up to 33.4 GPa and 370.5 GPa, respectively for 30
seconds TiN layer deposition time. The smaller grain size of TiN nanocrystals and very
thin layer of SiNy contribute for the higher hardness of TiN/SiNy multilayef. The
' increasé in hardness of multilayer may be due to the one or combination of the .factors
such as cdherency stress hardening, epitaxial stébilizati’ori of meta stable structure. of
crystalline SiNy layer, Orowan-like strengthening and Hall-Petch strengthening.
Ch'apter 7 presents the summary and conclusion of the entire work presented in the

thesis and also proposes the future directions in which these studies can be extended.

X



ACKNOWLEDGEMENTS

Itisa pleaswe to thank all people who have helped and inspired me during my doctoral
study. |

In the first place, I would like to express my deep and sincere gratitude to my
supervisors, Dr. R. J ayagahthan and Dr. Ramesh Chandra for their supervision, advice
and guidance from the very early stage of this research as well as giving. me
e;(traordinary ‘experienées throughout the work. Above all and the most needed, they B
provided me unflinching encouragement andlsupport in various ways. Their scientific
intuitions have made them as a constant oasis of ideas and passions in science, which
inspired and enriched my growth as a student, a researcher and to becorﬁe a scientist. I
am indebted to them for their valuable guidance.

I wish to express my warm and sincere thanks to Prof. S. K. Nath, Head of the
Department of Metallurgical and Materials Engineering and all other faculty members
of the Départment for their keen interest in this work. I would like thank, especially, Dr.
Vivek Pancholi for having enabled me to understand FE-SEM/EBSD and use it
effectively for my research work. I amalso thankful to the members of my SRC
committee, Prof. S. K. Nath (Chairman), Dr. Surendra Singh (Internal member),
Department of Metallurgical and Materials Engineering and Dr. Davinder Kaur
(External Member), Department of Physics, IIT Roorkee for their invaluable
suggestions and encouragement to carry out this work. |

I am thankful to Prof. A. K. Choudhary, Head of the Institute Instrumentation Centre

for extending the characterization facilities for my work.



I am highly -obliged and express my sincere thanks to the official & technical staff of
the Department of .Metallurgical and Materials Engineering énd Institute
Instrumentation Centre, IIT Roorkee. Also, special thanks go to Mr. S. D. Shérrna, Mr.
| Birendra Dutt, Mr. Anil Kumar Saini and Mr. Yashpal Singh for their kind support
during my research. |

I owe my most sincere gratitude to Prof. A. C. Pandey, Department of ‘Physics,
Aliahabad University, Dr. Ravi C. Gundakaram, ARCI, Hyderabad and Dr. S. Dash,
IGCAR, Kalpakkam who rendered me an opportunity for performing the |
nanoindentation measurements in their lab. I am thankful to Dr. Manavendra Kumar
and Mr. Réghvendra Yadav fpr their help during the experimental work in Allahabad
Univérsity.

All my lab buddiés, Dr. Preetam Singh, Ashvani Kumar, Ashish Kumar P;ndey,
Deepak, Ajay Kgushal, Hetal Shah, Yogendra ‘Kumaf Gautam, Archana Mishra, R.
Kathir‘avan, Sonal Siﬁghal, Ritu Vishnoi, Rahul Singhal, Mukesh Kumar, Rajan Walia,
Df. Sanjeev Kumar, Shivendra Pratap Singh, Nitin and Sushant Rawal at the Nano |
Science Laboratory,_lnstitute Instrumentation Centre made it a convivial place to work
and I greatly enjoyed working with them during my research. I thaﬁk them all for their
help, support, interest and valuable hints during the long hours in the léb and also for
~ the entertainment in the form of cricket.

I am especially g?ateful to my many student colleagues, Amit Kumar, Atikur
Rehman, Sushanta Kumar Paﬁigfahi, Dr. Mahesh Anuwar, Subhash Kamai, Kuntal
Maiti, Vikas Chawla and Vikas Babu for giving wise advice and help with various

applications during my research.

Xi



I wish.to thank my friends Navneet Kumar, Harish Kumar Sharma, Gautam Roy,
Priti Kadam, Hariom Gupta and Hitender Kumar, for their kind gesturés/help through
my difficult times, and for all the emotional support and caring they provided.

I warmly thank Prof. G. S. Agrawal, Chief Warden, Govind Bhawan for giving me
an opportunity to serve as the Residential Warden of Govind Bhawan, whichv is very
wonderful and fruitful experience as a part of administration.

The Fina}r}cial -support from DST and CSIR, New Delhi for this investigation is
gratefully acknowledged and also the travel fund provided 1le DST, New Delhi for
attending international conference in Singapore during my researc;h.

Where would I be without my family? My family deserves special mention for their
unflagging love and support throughout my life; this work is simply impossible without
them. I am indebted to my father, Shri G. D. Chawla, for his care and love. I cannot ask
for more from my mother, Smt. Saroj Chawla, as she is simply perfect. I have no
suitable word that can fully describe her everlasting love to me and I remember, most of
all, her delicious .dishes. I feel proud of my elder brother, Dr. Amit Kumar Chawla, for
his talent. He is a role model for me to follow unconsciously and my inspiration for
doctoral study which is impossible without his support.

I would like to thank everybody who ;Ias important to the successful realization of
thesis, as well as expressing my apology that I could not mention personally one by one.

Last but not least, thanks to God for granting me the faith and will to obtain this

academic achievement that has culminated in this thesis.

A
g (ks

(VIPIN CHAWLA)

X1i



LIST OF FIGURES

1.1 Hardness Vs grain size

1.2 Titanium crystal structures: (a) Hexagonal close-packed below 900°C

1.3

21

2.2

23

2.4
2.5
2.6

2.7

2.8

and (b) Body centered cubic above 900°C
The crystal structure of Titanium Nitride

Schematic diagram of surface energy of substrate (¥ ), thin film material

(¥ F') and interface energy of film-substrate ()

Processes generated by the impact of highly energetic particle on a target

surface. The collision may terminate at the target or cause particle sputtering.

Electric and magnetic field lines in a magnetron gun

(a) Magnetron sputtering process

(b) Collisions in the sputtering process near the target

(a) DC/RF magnetron sputtering unit set up in our Nano Science LaB

(b) New & used sputtering target

~ () Substrate holder/heater

Schematic diagram of beam path
X-ray diffraction (Bruker AXS, D8 Advance)
Schematic diagram of the Field Emission Scanning Electron Microscope

(FE-SEM)

2.9 Field Emission Scanning Electron Microscope (FEI, Quanta 200F)

2.10 Schematic setup of Atomic Force Microscope (AFM)

2.11 Atomic Force Microscope. (NT-MDT, Ntegra)

X1

12

15

24

28
30
31
31
32
32
32

35

36

38

40

42

43



2.12

2.13
2.14
2.15
2.16

2.17

3.1

Graph betweén van der Wéals force Vé_ distance

Schemaj:ic diagram of a Transmission EleCtrén Microscope (TEM)
Transmission Electron Microscope (FEI, Tecnai 20)

(a) Bright Field (BF) imaging and (b) Dark Field (DF) imaging
Naﬁoindentation tester (CSM+)

(a) Loading and unloading of the indenter dn the sarhplc .

(b) Load is-plotted against the Displacemeht

(2) XRD peaks of Ti films deposited on Si substrate as a function of substrate

temperature

- (b) Texture coefficients of Ti films deposited on Si substrate as a function of

3.2

33

34

3.5

3.6

- 3.7

substrate temperature-
Cross sectional view of Ti films on Si substrate deposited at substrate
temperature (a) 200°C, (b) 400°C and (c) 600°C

AFM images of Ti films on Si deposited at substrate temperature {(a) 100°C,

() 200°C, (c) 300°C, (d) 400°C, (€) 500°C and (f) 600°C

FE—SEM imgges of Ti films on St deposited‘ at subétrate temperature -

(a) 100°C, (b) 200°C, (c) 300°C, (d) 400°C, (e) 500°C and (f) 600°C

Tiltéd FE-SEM images of Ti films on Si deposited at substrate temperature
600°C () HV =3 kV and (b) HV =20 kV

Orientation map of the measurement area and grain size variation as a
function of area fraction of Ti films deposited on Si at substrate temperature

(a-b) at 200°C, (c-d) at 400°C and (e-f) 600°C

- XRD graphs of Ti films on glass substrates as a function of (a) sputtering

power, (b) substrate temperature and (c) sputtering pressure

X1V

44
47
48
49
52
54

54

67

. 68

69

71

72

73

74

"~ 79



3.8

3.9

3.10

Texture coefﬁcie_nts of Ti films on glass substrates as a function of

(a) sputtering power, (bj substrate te;mperature and (c) sputtering pressure
AFM images of Ti films on glass substrates as a function of different
parameters:

I) Sputtering Power (a) at 50 Watt, (b) at 100 Watt and (c) at 150 Watt

IT) Substrate Temperature (a) at 100°C, (d) at 300°C and (e) at 500°C

III) Sputtering Pressure (f) at 5 mTorr, (a) at 10 mTorr and (g) at 20 mTorr
FE-SEM images of Ti films on glass substrates as a function of different -

parameters:

I) Sputtering Power (a) at 50 Watt, (b) at 100 Watt and (c) at 150 Waft

3.11
3.12

3.13

3.14

315

3.16

IT) Substrate Temperature (a) at 100°C, (d) at 300°C and (e) at 500°C
IIT) Sputtering Pressure (f) at 5 mTorr, (a) at 10 mTorr and (g) at 20 rnTorr-‘»"
Cross section FE-SEM image of Ti film on glass substrate

Schematic diagram of axisymmetric 2D solid model

Thermal stress variation as a function of substrate temperature on (a) Glass®

and (b) Si substrate

Thermal stress variation as a function of coating thickness on (a) Glass and
(b) Si substrate

Thermal stress variation on Si substrate as a function of (a) substrate
temi)erature, (b) young’s modulus and (c) coating thickness

Comparison of thermal stress variation as a function of thickness on Glass
and Si substrate (a) 1.0-3.0 mm substraté thickness (b) 0.1-0.5 mm substrate

thickness

3.17 Thermal stress variation as a function of young’s modulus on (é) Glass and

XV

82

84

87

88

95

96

97

98

99



- 3.18

3.19

(b) Si substrate

Radial stress (o, ) distribution through the thickness of coating and
substrate at different position from the edge to thé: center on (a) Glass
and tb) Si substrate

Shear stress (o, ) distribution through the thickness of coating and

* substrate at different position from the edge to the center on (a) Glass

4.1

42

4.3

4.4

4.5

4.6

4.6

4.7

4.8

and (b) Si substrate

' XRD peaks and texture coefficients of TiN films deposited on Si substrate

as a function of deposition time (a & ¢) in Ar+N, atmosphere and (b & d)
in N, atmosphere

Top surface view,.60° tilt view and cross section FE-SEM images of TiN

thin films deposited (a, ¢ & e) in Ar+N, atmosphere and (b, d & f) in N,

atmosphere

2D and 3D AFM images of TiN films deposited (a & ¢) in Ar+N,

-atmosphere and (b & d) in N, atmosphere

AF M in-situ imagé of the indent on the sample

(a) Hardness of TiN films deposited in Ar+N2 and N> atmosphere
(b) Young’s Modulus of same films

(»a) XRD peaks of TiN films deposited on glass substrate

(b) Texture cbefﬁcients of TiN films deposited on glass substrate
2D & 3D AFM images of TiN films deposited on glass substrate at
thickness (a-b) 0.63 pm, (c-d) 1.26 pm and (e-f) 1.89 pm

FE-SEM images of TiN films deposited on glass substrate at thickness

Xvi

100

101

102

112

' 1'15_

116

117

118

118

122

123

124



4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

5.1

(2) 0.63 um, (b) 1.26 pm and (c) 1.89 um

Load-Displacement curve of TiN thin films deposited on glass substrate

(a) Hardness of TiN thin film as a function of film thickness on glass

substrate

(b) Young’s Modulus of TiN thin film as a function of film thickness on
glass substrate . ' v

A Schematic of axisymmetric 2D solid model of plane and rough substrates
Thermal stress variation as a function of substrate temperature on (a) glass
and (b) silicon substrate | |

Thermal stress variation as a function of coating thickness on (a) glass
and (b) silicon substrate

Thermal stress variation as a function of substrate thickness on (a) glass
and (b) silicon substrate

Thermal stress variation as a function of Youx_lg’s Modulus on (a) glass
and'(b) silicon substrate

Radial stress (o, ) distribution through the thickness of coating and
substrate at different position from the edge to the center on (a) glass

and (b) silicon substrate

Shear stress (o, ) distribution through the thickness of coating and
substrate at different position from the edge to the center on (a) glass

and (b) silicon substrate

XRD peaks of Ti-Si-N films deposited with variation of Si content on

" (a) Si substrate and (b) Stainless Steel

5.2

Texture coefficients of Ti-Si-N films with variation of Si content

XVvii

125

126

127

127
136

137

138

139

140

141

142

152

153



5.3

5.4

FE-SEM images of Ti-Si-N films deposited with variation of Si content
(a) 3.0 at.%, (b) 9.4 at.%, (c) 15.6 at.% and (d) 21.4 at.%

3D AFM images of Ti-Si-N films deposited with variation of Si content

" (a) 3.0 at.%, (b) 9.4 at.%, (c) 15.6 at.% and (d) 21.4 at.%

5.5

5.6

5.7

5.8

5.9

5.10

-5.11

6.1

Cross section FE-SEM images of Ti-Si-N films deposited on Si substrate
at varying Si content (a) 3.0 at.%, (b) 9.4 at.%, (c) 15.6 at.% and
(d)21.4 at% |

Bright field image and SAD patterns by TEM of Ti-Si-N films deposited |

on‘Si substrate at varying Si content (a-b) at 6.5 at % and (c-d) at 21.4 at %

(a2) AFM in-situ image of the indent on the sample

(b) Hardness and Young’s Modulus of Ti-Si-N films deposited-with
“variation of Si content |

(a) XRD peaks of Ti-Si-N films deposited on Si substrate with variation
bf sputtering-pressure

(b) Texture coefficients of the -same films

FE-SEM topographical and cross sectional view of Ti—SilN films

depésited on Si substrate at varying sputtering pressure (a-b) at 5 mTorr,

(c-d) at 20 mTorr and (e-f) at 50 mTorr

2D and 3D AFM images of Ti-Si-N films depositéd on Si substrate at

'varying sputtering pressure (a-b) at 5 mTorr, (c-d) at 20 mTorr and

(e-f) at 50 mTorr

Hardness and Young’s Modulus of Ti-Si-N films deposited on Si

“substrate with variation of sputtering pressure

(a) XRD peaks of TiN/SiNy multilayer films deposited on Si(100)

Xviil

156

157

- 158

159

160

160

165

165

167

169

- 170



6.2

6.3

6.4

6.5

6.6

6.7

6.8

substrate with variation of SiNy layer deposition time
(b) Texture coefficients of same films
(a) XRD peaks of TiN/SiNy multilayer films deposited on Si(100)
substrate with variation of TiN layer .deposition time
(b) Texture coefficients of same films
FE-SEM topographical and cross sectional view of TiN/SiNy multilayer
films deposited on Si(100) substrate with variation of SiNy layer
deposition time (a-b) 5 seé and (c-d) 30 sec

FE-SEM topographical and cross sectional view of TiN/SiNy multilayer

‘ ﬁlrris deposited on Si(100) substrate with variation of TiN layer

deposition time (a-b) 5 sec and (c-d) 30 sec

2D & 3D AFM images of TiN/SiN,; mul’;ilayer films deposited on Si(100)

substrate with variation of SiNy layer deposition time (a-b) 5 sec and

(c-d) 30 sec

2D & 3D AFM images of TiN/SiNy multilayer films deposited on Si(100)

substrate With variation of TiN layer deposition time (a-b) 5 sec and

(c-d) 30 sec |

(a) TEM cr'oss sectional view of TiN/SiNy multilayer films showing TiN
layer and SiNy layer

(b) TEM topographical view of TiN/SiNy multilayer film -

(c) SAD pattern

Hardness and Young’s Modulus of TiN/SiNx multilayer films deposited

on Si(100) substrate with variation of (a) SiNy layer deposition time and

(b) TiN layer deposition Time

Xix

178

178

180

180

182

483

184

186

188 -

188

188

189



1.1
1.2
3.1

3.2

33

34

4.1

4.2
4.3
4.4
5.1
5.2

53
5.4
6.1

6.2

6.3

LIST OF TABLES

Propertie;s of Titanium at room temperature

Properties of Titanium Nitride at room temperature

Sputtering paramefers for Ti films with variation of substrate temperature
Sputtering parameters for Ti films with variation of sputtering power,
substrate temperature and sputtering pressure

The variation of different values of Ti thin films with varying deposition
parametérs |

Properties of coating and substrates materials

Sputtering parameters for TiN films with variation of deposition time in
different atmospheres

Sputtering parameters for TiN films with variation of film thickness
Different properties of TiN thin films With varying film thickness
Properties of coating and substrates Vmaterials

Sputtering parameters for Ti-Si-N films with varying Si content
Properties of Ti-Si-N films with varie_ltion of Si content o

Sputtering parameters for Ti-Si-N films with variation of sputtering
pressure

Properties of Ti-Si-N films with variation of sputtering pressure

‘Sputtering parameters for TiN/SiN, multilayer films

Properties of TiN/SiN, multilayer films with variation of SiNy layer
deposition time and keeping TiN layer déposition time constant
Properties of TiN/SiNy multilayer films wifh variation of TiN layer
deposition time and i(eeping SiNy layer deposition time constant

XX

13

16

66

78

88

93

110
121

129

134

150

155

164
168

176

185

187



LIST OF PUBLICATIONS

Paper published in journals

1) Vipin Chawla, R. Jayaganthan, A. K. Chawla and Ramesh Chandra,
' “Morphological study of Magﬁetron Sputtered Ti thin films on Silicon substrate”,
Materials Chemistry and Physics, 111, 414-418 (2008)

2) Vipin Chawla, R. Jayaganthan and Ramesh Chandra,
“FEM Analysis of Thermal Stress in Magnetron Sputtered Ti coating”,
Journal of Materials Processing Technology, 200, 205-211 (2008)

3) Vipin Chawla, R. Jayaganthan and Ramesh Chandra,
“A Study on Microstructural Evolution in Nanocrystalline TiN thin films”,
Materials Characterization, 59, 1015-1020 (2008)

4) Vipin Chawla, R. Jayaganthan, A. K. Chawla and Ramesh Chandra,-
“Microstructural Characterizations of Magnetron Sputtered Ti films on glass
: Substrate”,
Journal of Materials Processing Technology, Article in press (2008)
doi:10.1016/j.jmatprotec.2008.08.004

5) Vipin Chawla, R. Jayaganthan and Ramesh Chandra,
~ “FEM Analysis of Thermal Stress in Magnetron Sputtered TiN coating”,
Materials Chemistry and Physics, Article in Press (2008)
doi:10.1016/j.matchemphys.2008.09.023

6) Vipin Chawla, R.J ayaganthan' and Ramesh Chandra,
“Microstructural Characteristics and Mechanical Properties of Magnetron
Sputtered Nanocrystalliné TiN films on Glass substrate”,

Bulletin of Materials Science, Accepted (2008)

xXXi



7) Vipin Chawla, R. Jayaganthan and Ramesh Chandra,

“A Study of Structural and Mechanical Properties of Sputter Deposited
Nanocomposite Ti-Si-N thin films”,

- Journal of Alloys and Compounds, Under Review (2008)

8) Vipin Chawla, R. Jayaganthan and Rarpesh Chandra,
“Structural and Mechanical Properties of nanocomposite Ti-Si-N thin films”,
Surface and Coating Technology, Submitted (2008)

9). Vipin Chawla, R. Jayaganthan and Ramesh Chandra,

“Mechanical and Microstructural Properties of multilayer TiN/SiN, thin films”,
Thin Solid Films, Submitted (2008)

Paper presented in conferences

1) Vipin Chawla; R. Jayaganthan and Ramesh Chandra,

“A Study on Characterisation of Mechanically stable Nanocrystalline TiN films on
Glass Substrate™,

Nano Science and Nano Technology, NS & NT 2007, Hyderabad, India, Feb. 19
22“‘ 2007, G1-6, 114

2) Vipin Chawla, R. J ayaganthan and Ramesh Chandra,
“Nanoindentation Study of Nanocrystalline TiN thin films”,

International Conference on Metallurgical Coatings and Thin Films, ICMCTF
2007, San Diego, CA, USA, April 23" -17™ 2007, 49

3) Vipin Chawla, R. Jayaganthan and Ramesh Chandra,
“A Study on Microstructural Evolution in Nanocrystalline TiN thin films”,

International Conference on Metallurgical Coatings and Thin Films, ICMCTF
2007, San Diego, CA, USA, April 23" -17", 2007, 12

xXXii



4)

5)

6)

7

8)

Vipin Chawla, R. Jayaganthan and Ramesh Chandra,
“AFM study of nanocrystalline TiN thin films”,

International Conference on Materials for Advanced Technologies, ICMAT 2007,

Singapore, July 1™ -6™, 2007

Vipin Chawla, R. Jayaganthan and Ramesh Chandra,
“Microstructural Characterization of Sputter Deposited Ti-Si-N thin films”,

Thin Films 2008, Singapore, July 13" -16"™, 2008, 303

Vipin Chawla, R. Jayaganthan and Ramesh Chandra,
“Nanoindentation Study of Nanocrystalline Ti-Si-N thin films”,
Thin Films 2008, Singapore, July 13" -16™, 2008, 114

Vipin Chawla, R. Jayaganthan and Ramesh Chandra,
" “Microstructural Characterization of Sputter Deposited TiN/SiNy multilayer.

coatings on Si substrate”,
Processing and Fabrication of Advance Materials, PFAM XVII,

New Delhi, India, Dec. 15™ -17%, 2008

Vipin Chawla, R. Jayaganthan and Ramesh Chandra,
“Microstructural and Mechanical Properties of Sputter Deposited TiN/SiNx‘:,‘

Multilayer Coatings on 'Si Substrate”,
International Conference on Metallurgical Coatings and Thin Films, ICMCTF

2009, San Diego, CA, USA, (Accepted)

xxiil



CONTENTS

ABSTRACT
ACKNOWLEDGEMENTS
LIST OF FICURES

LIST OF TABLES

LIST OF PUBLICATIONS

Chapter 1: Introduction

1.1 Introduction to Nanostructured coafings
1.2 Hard Coatings
1.3 Overview of Titanium based hard coatings
1.3.1 . Titanium (Ti)
1.3.2 Titanium Nitride (TiN)
1.3.3  Titanium Silicon Nitride (Ti-Si-N)
1.3.4 Titanium Nitride/Silicon Nitride (TiN/SiN)

Chapter 2: Synthesis and Characterization Techniques

2.1 Thin films growth
2.2 Synthesis of thin films
2.2.1 Sputtering
2.2.2 Magnetron Sputtering
2.3 Charﬁcterization Techniques
231  X-Ray Diffraction (XRD) |
2.3.2 | Field Emission Scanning Electron Microscope (FE-SEM)

ii

xili

XX

xxi

11
11
14
17
19



233 Atomic Force Microscope (AFM)

234 Transmission Electron Microscope (TEM)
- 23.5 Nanoindentation
2.3.6 ANSYS

N

Chlapter 3: Synt_hesis and Characterization of Titanium Films

30

3.2-

33

Magnetron sputtered Ti films on Silicon substrate
3.1.1 Introduction )
3.1.2 Experimental Details

3.1.2.1 Synthesis of Ti films

3.1.2.2 Characterization details

3.‘1'.'3 Results and Discussion

314 Conclusion

Magnetron Sputtered Ti films on Glass substrate

" 3.2.1 Introduction

322  Synthesis of Ti films
323 Results and Discussion
3.2.4 Conclusion _
FEM Analysis of Thermal Stress in Magnetron Sputtered Ti
thin films _ '
3.3.1 Introduction
332 queling _
| 3.3.2.1 Analytical model for thermal stress
3322 Finite Element Analysis

333 - Results and discussion

3'.3 4 - Conclusion

.41

46
51
57

61
61
65
65
66
67
75

77

77
77
78
88

90
90
92

92 -

93
95
103



Chapter 4: Synthesis and Characterization of Titanium Nitride

4.1

4.2

43

Films

- Structural and Mechanical Characterizations of Magnetron

Sputtered nanocrystalline TiN thin films
4.1.1 Introduction .
4.1.2 Experimental Details
4.1.2.1 Synthesis of TiN films
4.1.2.2 Characterization details
4.1.3  Results and Discussion
414 Conclusion
Microstructural Characteristics and Mechanical Properties of
Magnetron Sputtered nanocrystalline TiN films on Glass
substrate '
4.2.1 Introduction
4.2.2 Experimental Details
4221 Synthesis of TiN films
42.2.2 Characterization details
4.2.3 - Results and Discussion
424 Conclusion
Analysis of Thermal Stress in Magnetron Sputtered TiN coating
by Finite Element Method
4.3.1 Introduction
4.3.2 Modeling
43.2.1 Analytical model for thermal stress
4322  Finite Element Analysis
4.3.3 Results and Discussion

4.3.4 Conclusion

105
105
109
109
110
111
118

120
120

121

121

121

122
129

131
131
133
133
134

136

142



Chapter 5: Synthesis and Characterization of Titanium Silicon

Nitride Films

51 Study of Structural and Mechanical Properties of Sputtef

Deposited nanoéomposite Ti-Si-N thin films 145
5.1.1 Introduction ‘ 145
5.1.2  Experimental Details 149
512.1  Synthesis of Ti-Si-N films 149

5122 Characterization details 150

5.1.3 Results and Discussion 151
5.1.4  Conclusion ' | 161

5.2 Influence of Deposition Parameters on the Structural and |

Mechanical Properties of nanocomposite Ti-Si-N thin films 163
52.1  Introduction . 163
5.2.2  Experimental Details ' 163
5.2.2.1 Synthesis of Ti-Si-N films A : 163

5222 Characterization details 164

5.2.3  Results and Discussion | ' 164
5.2.4 Conclusion _ 171

Chapter 6: Synthesis and Characterization of Titanium Nitride/ -
Silicon Nitride Multilayer Films

6.1 Microstructural and Mechanical Properties of Sputter Deposited

TiN/SiNy Multilayer thin films ‘ 173
6.1.1 Introduction | 173
6.12 Experimental Details ' 175
6.1.2.1 Synthesis of TiN/SiN,; mu_ltilayef films . 175

6.1.2.2 Characterization details | 177 -

6.1.3 Results and Discussion ' - 178



6.1.4 Conclusion

Chapter 7: Conclusion

7.1
7.2
73
7.4
75

7.6

7.7

7.8

7.9

Magnetron sputtered Ti films on Silicon substrate

Magnetron Sputtered Ti films on Glass sﬁbstrate

FEM Analysis of Thermal Stress in Magnetron _Sputte;:ed Ti thin films
Structural and Mechanical Characterizations of Magnetron Sputtered
nanocrystalline TiN thin films |

Microstructural Characteristics and Mechanical Properties of
Magnetron Sputtered nanocrystalline TiN films on Glass substrate
Analysis of Thermal Stress in Magnetron Sputtered TiN coating by
Finite Element Method .

Study of Structural and Mechanical Properties of Sputter Deposited
nanocomposite Ti-Si-N thin films

Influence of Deposition Parameters on the Structural and Mechahical
Properties of nanocomposite Ti-Si-N thin films

Microstructural and Mechanical Properties of Sputter Deposited

TiN/SiNy Multilayer thin films

REFERENCES

190

193
194
195

196

197

197

198

199

200

203



Chapter 1

Introduction




CHAPTER 1 _ INTRODUCTION

1.1 Introduction to Nanostructured coatings

Nar_lostructuréd coatings and nanocdmposite coatings represent a new generation of
materials, which exhibit superior structural and functional properties as compared to
that of its microcrystalline ;:oatings. Nanocomposite films '. consist either of two
‘nanocrystalline phases, or a combination of both a nanocrystalline and an amorphous
phase. The nanostructured coatings due to (i) very small (10 nm) grains from which
they are composed and (i1) a significant role of boundary regions surrounding individual
grains behave in a different manner compared to that of conventional materials with
grains greater than 100 nm and therefore exhibit superior properties such as high
méchanjcal strength, high temperature stability, high wear and erosion resistance. The
_superiér properties are manifesfed in the nanostructured coatings due to size effect and
higher volume fraction of grain boundaries and interfaces between different phases. For
example, ultrahigh hardness is achieved in the nanostructured coatings due to presence
of nanometer scale grains, which hinders the .generation and movement of dislocations,
sﬁppression of crack propagation occurs owing to the randomn network of grain
boundaries with its large misorientation. Among various nanostructured coatings, hard
coatings with nanoscale features are being developed worldwide due to its promising
applications in surface engineering, especially to provide very high strength and wear
resistaﬁce to the surface of materials over wflich they are coated. A brief overview of

hard coatings is discussed in the next section.



+

CHAPTERI-- - | | 3 INTRODUCTION

1.2 Hard Co’atings

Hard coatings‘ have been successfully used for protection of materials and
particularly to efnhance the life of cutting tools since the 1970’s and it is defined by its
hardhess Which is the measure of resistance to plé.stic deformation and 1t increases with

decrea's“e'in grain size by Hall-Petch relationship as

o =0, +2 ' | (1.1)

y Ja

where, o, is the yield stress of the material, o, is the intrinsic yield stress of the bulk

material, K is the material constant and d is the grain diameter.

- L~ Nano-materials -

Hardness

Conventional grain
- .size materials .

MR ERE 31§ RO Wi

70001 001 01 1 .10 100
S - Grain size (pm) -

| ™Amorphous

Figure 1.1: Hardness Vs grain size

It is cviZl_enf from Figl;re 1.1 that fér conventional materials in which gfain size is more
the_lri -100 nm, thé ‘hardness is Very less due to the free movement of dislocation
unz-xffecte'd By less number of grain boundaries. However, when the grain 'siZe décreasés
and vbel'oiv'-I'OO nm, the graiﬁ boundary voluﬁle fraction increases Which obé;tt-"uctlthel

movement of the dislocations and therefore hardness increases. Again, when the grain
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size reduces to less than 10 nm, hardness of the material decreases due to the grain
boundary sliding and this is known as inverse Hall- Petch effect.
The hard coatings can be divided into three groups according to their hardness:

a) The hard coatings with hardness H< 40~ GPa;

b) The superhard coatings with 40 <H < 80 GPa;

¢) The ultrahard coating with H> 80 GPa
The hardness, wear resistance, oxidation resistance, corrosion resistance, thermal
| stability of the coatings is continuously being improved (Musil 2000, Shtansky et al.
2004). The hard coatings are extensively used for tribological applications and thei_r
developﬁent by various physical and chemical routes are competing with each other to
achieve their superior -performance in the actual engineering applications such as
'coatinés for cutting tools under dry and high speed machining conditions and protective
coatings for turbine blades and engine parts to improve their durability (Chandra ef al.
2006a). By properly selecting the coating method émd materials, we can protect r_:1_ot only
the substrate materials to prolong their service life, but also incréase com_rnercjél:-'l value
of the products (Chou et al. 2001). For the development of coatings, déperiding on its
applicability, few areas ought to given utmost importance, for exampl_é, the properties
such as hardness, oxidation resistance, thermal stability, and adhesion, cOrrosion
resistance of the coatings need to be improved significantly. The oxidatiop resistance of
‘coatings has to Be increased even further to a high temperature of 1000°C, because
-during high-speed machining, temperature of the tool tip would rise to 1000°C and
therefore, coatings should be stable to sustain such a high. temperamre (Musil 2000)._

As regards hardness, large number of materials is hard bﬁt' relatively less nufnber of

materials is superhard such as cubic Boron Nitride (c-BN), amorphous diamond-like

4
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carbon l.(‘.DlLC.), arr'mfphous Carbon Nitri_de (a—CN)., and polycrystalline diamond.
Moreover; these superhard materials are thermodynamically unstable, which limits their

utilization in some applications. For instance, the high chemical affinity of carbon to

iron limits the applicability of diamond coated cutting tools for the machining of
aluminum, their alloys and wood only. The similar problems are expected when th¢ c-
BN coating is used in cutting of steels due to the chemical dissolution of boron in iron.
These prqble.ms. stimulated intensive research in this field, and recently new superhard
. materials based on superlattices and nanocomposites are developed (Musil 2000): |

“In recent years, bAinary and ternary transition_metai nitride materials have played a
~ crucial r_oie and used in varioué engineerihg applicaﬁons due to their remarkable
pl'lysical"f'and‘ mechanical -properties including high hardness, high -melting” point, -
ch'er_nical‘ »inertllesé,-and- good thermodynamic stability and have been studied: in-detail
(Jiang et al- 2004). A control of the microstructural and surface morphological-

evolufio_n of “polycrystalline " transition metal nitride films are. 'very important:in -

determining the performance and life time of the coated tools. This.fact has spurred - - -

interqst in modeling'- the growth of polycrystalline tr_ansition metal nitride -thin-films
apart 'fror_r.1-the experimental studies (Thornton 1978). For example, Titanium nitride
(TiN)'coating improves the wear resistance and durability of machining tools bécaﬁse of
1ts hardness of ~ 20 GPa (Shimazaki et al. 1987, Habig 1989, Wallen et al. 1989, Habig
et al.”1992, Kato i995, Sarwar ef al. '1997). TiN baéed coatings are used to increase the -
cutting - efficiency and operational life of cutting tqols as well as to maintain the
dimensional tolerances of components used in abplications where wear is an important
issue. Al'so, it. can-act as a diffusion barrier in microelectronic device fabfications, where

- the reliability is of utmost concern to ensure the fault free function of-the devices.

5
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However, one of the drawbacks.of TiN coatings‘is due-its limited oxidation resistance at
high temperatures that can be reached duﬁng the process application. Therefore, a lot of
research activities are devoted to develop new hard coating materials in order tc further -
improve theirv mechanical and 'high-tempcrature properties; Ternary systems of Ti- X-
.N, where X =»B, C, Al Si, Cr etc. havc been attractive for advanced hard coating
materials because of their superior properties, in particular, higher hardness and
improved oxidation resistance .c‘o_mparéd to TiN coatings (Kim et al. 2002a). The
addition of the second phase not only pfevents grain growth but also suppresses grain
 boundary sliding (for grain size < 10nm), and hence improve the mechanical prcperties
(Web link 1).

-An adhesion of the hard coatings with substrate is also an importént property not .
- only for microelectronics and magnetic recording industfies,' but also for emerging,
technologies such as data transmission through optical switchcs, -which are depcndent_
~on micro electro-mechanical system (Vaz ef al. 2002). It is possible that the films with
high residuai stress will spontaneously strip’ off. Thus, it has become esﬁgntial to
develop improved and new hard coatings for tools and engineering components. In
pursuit of this goal, researchers are constantly focusing on the improvement of the
.i)resently' applied hard coatings by utilization of strengthening mechanisms, .
development of new hard coatings with functional propertjes like self-hardening, self-
lubrication, self-adaptation to the existing theﬁno-mechanical loads, self-repair and self-
heaiing, establishment of design rules for tailoring the coating-substrate interface; the
‘coating micro- and nanostructure and the coating topogréphy? and development and
optimization of analyticall methods -for the cha.racteriz’ation’of hard coatings and thin

reaction layers. Special emphasis is also- laid on in-sitt methods allowing
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ché.ractefization at elevafed temperatures, dévelopment of new target materials for thin'
ﬁlr'n' abpiications, establishment of a complete process. chain: target structure and
composiﬁoh - coating structure - coating ‘propertie's - cOating performance (W eb link 2).
© An incfrease in fétigue life and fatigué limit observed in hard coétings has been
attril.)utedv mainly to thrée different aspects: the( existence of very high compressive
.res.idual}étresses in the coatings, in the range of 1-4 GPa,-the elevated'.me.chanical
strength of such materials (substrate) and their excellent adhesion to the substrate onto
Which. these coatings are deposited (Puchi-Cabrera et al. 2008), éll of which are an
important area of concern in tool coatings industries. |
Nowadays, thin wear-resistant ‘hard coatings are widely applied to -increase the

1ifetifn_e of cqﬁing and forming tools and in order to enﬁ_ble new machining applications,:*

these coaﬁngs are prepared by various deposition techniques-and conditions so-as.to <~

tailor the microstructures in terms of grain size, crystallographic orientation,. lattice .-

defects, texture and surface morphology as well as phase composition (Dr‘exler-.198l )Tt

~ is worthwhile-to note ‘that superhard: coatings in the form of superlattices represent.a . -

very: impoftant ‘milestone -in the development o:'f ASUpérhE‘le materials. The _d‘éposition'
techniques used for superhard coating should biovide inténse particle bombardment of
| . substrate, _sufﬁcient sqrface mobility, high and unifor_m deposition rate and cleaning of
éubé_t‘rate' from -impurities. Numerous techniqﬁes are ﬁow availéble for the preparation -
of éonverﬁional nitride coatings and among them, vacuum-based def)ositioh téChniqUes -
fall intc; two basic catégories: chemical -vaﬁor' dep_ositioh (CVD) and physical vapor
deposition (PVD). - -

v -Chefhical ‘vapor ‘deposition (CVD) is a process where ‘one or. more - gaseous .

adsorption species react. or decompose on a‘hot surface to form stable solid products;

7
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The main steps that occur in the CVD process can be summarized as (Hitchman et al.
1993):

a) - Transport of reacting gaseous species to the surface

b) - Adsorption of the species on to the surface

¢) Heterogeneous surface reaction cataIy;ed by the surface

d). Sﬁrfacg diffusion of the species to growth sites

S e) Nuclé;iisﬁ and groufth of the films
- 1) - Desorption of gaseous products and transport of reaction products away from the
surface

Plasma-assisted chemical vapor deposition (PVCVD) technique was used to synthesize
such supérhard nanocomposite films at the beginning. However, in CVD techniques,
molecular species in the gas phase chemically react at a film surface, leading to the
formation ,c_)f a condensed ﬁlm as well as the emission of volatile by-products. It also
makes use of aggressive chemicals as metal sources for the depbsition of coatings. Due
‘to the undesirable characteristics of chemicals emanating from CVD, physical vapor
deposition (PVD) technique is considered to be more suitable for industrial-scale
synthesis of .these films (Li ef al. 2005). It may be mentioned that C.VDV,,iS' a more -
complex method of forming thin films and coatings than PVD.. There are other-
potential routes such as wire explosion technique and surface nitridation to pljepére the -
nitrides suchas AIN, CrN and TiN, respectively (Ajikumar et al. 2004, Sarathi ef al.
2007).-

The devélopment of new materials, particﬁlarly in the field of refractory hard
compounds,v. is limited by various metailurgical interrelationships.. As a consequence,

new materials can only be produced by means of sophisticated and thercfore less .
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epdnomical:production methods. The deposition of solids from the vapor phase enables
the pfodﬁction of a wide range of new materials without resorting to the problems of
iiquid phases (Knotek é.t al. 1987). Therefore, physical vapor deposition (PVD) is a
versatile synthesis ‘method and it is gaining more prominence in semiconductor and
"coating technology. PVD is capable of depositing thin film materials with structural
confrc}l ‘over atomic or nanometer scale- by careful monitoring of the processing
.condifions.'~Materials with high melting points and high reactivity can be deposited
éasily by PVD processes. Also, homogenéous multicomponent phases as well as
mulfiiayef coatings can be easily produced with cqmpletely new material properties. In
réacti\fé modé, the stoichiometry of hard phasés can be varied easily.. By controlling fhe
';svlibstrate' fempera’;ure, ;;iaterials can be deposited in different struc-tures,j such as
g amorph(;us; microéfyswlline and thé nénocryétalline structures (Knotek et al. 1987).

5 PVD iﬁvolves .thé generation of vapor‘ phase species either via evapora_tion, _
sputt‘ering,. laser a_b-laﬁon or ion beam. In evapération; atoms are remoVed_'from the
source by therrnal_ or electron meaﬁs; in sputfe'ring,- atoms are ejected‘fr_om‘the target
éurface By the fmp'éct of energetic ions. In the former case, the- vapor phase species that '
experiencg collisions and ionization are condensed onto a substrate following nuéleation
and -growth phenomena. Thermal evaporation has - a. limitation in multi component
ﬁaterials_ since one of the metallic élements typically evaporates before the other due to
the differencés in vapor pressures of the evaporating species. On. the contrary, sputtering
ibs‘:»cai)able of depositing high melting point 'mater_ial's such as refractory metals aﬁd :
ceramics, 'which' are difﬁcuit to ffétbricate ﬁsing evaporation. Since the spﬁtteréd atoms
: can-y ﬁqye energy than the evaporated atoms, the splittér—grown films usually have

'hig_her density. In general, sputtering seems to be the most appropriate- technique to .

9-
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deposit ternary compounds because the transformation of the original materials into a
gaseoué state does not involve an intermediate liquid phase, but instead occurs directly
as a result of an atomic momentum transfer at the target (Huang et al. 2005a).

Magnetron sputtering is of particular importance due to its easy handling, high
reproducibility and high flexibility of large-scale as. }gve;ll as complex geometry shape
productioh (Shum et al. 2004) and also the configuration of the magnetic field confines
the electrons and gives a high degree of ionization near the target. The indirect result of
this process is that the vapor flux ejection from the target is higher and, consequently,
the deposition rate is increased; recent devélopments, such as an unbalé.nced magnetron,
give further benefits in this respect. Another advantage in magnetron sputter depositioﬁ
lies in the fact that such éystems can be made to work at lower pressure than dcglow
“and r.f. discharges to obtain a high-quality, low impurity films at a reasc;;lable
deposition rate (Brizoual ef al. 1999). Also the importance of sputtering methods is that
it involveé a number of parameters such as sputtering pressure, sputtering ';(')wer,
éubstrate-farget distance and substrate temperature etc. whereby a number of
combination of these parameters may be used to obtain high quality films with requiredA
properties. |

The Ti based nitrides such as TiN, Ti-Si-N, and TiN/SiN, multilayers have Been
chosen for the present investigation due to their excellent properties such as high
hardness, wear and erosion resistance, non-toxicity, chemical inertness, etc. The
properties of these nitrides coatings can be enhanced fuﬁher by tailoring their
microstructural characteristics such as grain size, textures, Sorosity, impurities, and
r.esidual étress by using the physical vapor- deposifion techhique, especially, ;che

magnetron sputtering.
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1.3 Overview of Titanium based hard coatings

1.3.1 Titanium (Ti)

Titanium (T1) is a light, strong, lustrous with a grayish color and due to its interesting
properties such as high mechanical strength, excellent thermal stability, good corrosion
resistance in extreme conditions and intrinsic biocompatibility i.e. reliéble for the
design of medical instruments or implants in the human body. Hence, -titanium is a
promising material used as bulk or coatings in biomedical, aerospace and other
industrial E;pplications [Boyer 1996, Shoesmith et al. 1997(a, b), Straumal et al. 2000,
Textor et al 2001, Choubey et al. 2004]. The detailed investigation on them could
‘extend its applicaﬁon in various fields, such as metallization of insulator and surface
modification of some materials.

Furthermore, titanium coatings are employed for microelectronics applications in
very large scale integration (VLSI) technology and microelectromechanical system
(MEMS) based devices (Ogawal et-al. 1991, Fujitsuka ef al. 1998, Yu er al.. 1998,
Ramakrishna ef al. 2QOO, Mahony et al. 2002). They-are used as bolometers in infrared
senéors (Ramakrishna et al. 2000), electrical connectors in thermal insulating structures
(Fujitsuka et al. 1998, Wang er al 2001), superconducting edge sensors in
‘microcalo.rimeters and light detectors (Lee Iet al. 1991, Gandini et al. 2003), and in
single electron transistors (Averin et al. 1991, Hofmann ef al. 2003). The unique
properties and various applications of titanium coatings mostly depended on two
important material factors, the chemical nature and structure. Therefore, a detatiled
investigation of chemical and structural characteristics of titanium coatings were gi;/en

due attention in the literature so far [lida et al. 1990, Ogawa et al. 1991, Checchetto
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1997, Huth et al. 1997, Basame ef.al. 2000, Passeggi et al. 2002, Yoshinari et al. 2002,
Batista et al. (2003, 2004a), Boxley et al. 2003, Cai et al. 2005, Tsuchiya et al. 2005,
Jeyachandran et al. 2006]. Titanium exhibits two crystal structures, i.e. hexagonal close-

packed (hep) type o phase and body centered cubic (bce) type S phase as shown in

 Figure 1.2 (Web link 3).

.
o
B

(@) ‘ (b)

Figure 1.2: Titanium crystal structures: (a) Hexagonal close-packed below 900°6 and

4N

(b) Body centered cubic above 900°C 7 ‘

The lattice parameters of Ti hexagonal unit cell are a = 2.95 12.A and ¢ = 4.6845 A and
the c/a ratio for Ti hep unit cell is 1.5 87 and the lattice pararrieter'of Ti- body centered
unit cell is 3.3066 A (Cullity ef al. 2001). The various properties of Titanium are

summarized in Table 1.1. |
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Table 1.1: Properties of Titanium at room temperature

Atomic Number - 22
Chemical series Transition metals
| :Eleétron co;nfiguration 1 522322p63 s°3 p°3 d*4s”
Crystal structure Hexagonal < 900°C < Body centered
[ Melting point (°C) 1668
Boiling point (°C) 3287
[Density (gm.cm™). 4.506
[ Tonization energies (KJ.mol") I 6588
o | 2" : 1309.8
3" :2652.5
Electical resisitivity (nQ.m) 0.420 o
Thefmal conductivity (W.m™'. °C™) 21.9 PR
Cﬁéfﬁéient of Tﬁérmal expansion (°C") |[8.4x10° |
'Young;s modulus (GPa) 120
Shear modulus (GPa) 44
Bulk modulus (GPa) 110
l_’_oi's‘>son.»1_'ati(.) = 1031
Vickers hardness 970 MPa
Brinéil hai‘dness , | | 716 MPa

The deposition of titanium thin films has been the subject of intense research for the last

few Ad‘ecades, especially for the metallization of surfaces, for electrical contacts and in

the pfepération.of cénducting coatiﬁgs (Vijaya et al. 1996). Physical vapor deposition

processes such as electron beam evaporation and sputtering methods were extensively

used to prepare Ti thin films (BatiSta et al. 2004b, Tsuchiya ef al. 2005). Due to the

high chemical reactivity of: Ti, usually high vacuum is preferred for depdsiiing Ti-films.

- Under high vacuum conditions, the major impurity factor is the water vapdr and it has
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been shown that the composition and structural quality of the titanium films are strongly

affected by water impurity [Poppeller et al. 1997(a, b)].-

1.3.2 Titanium Nitride (TiN)

Titanium Nitride (sometimes known as Tinite or TiNite) is an 'extremely hard
ceramic material, harder than carbide. TiN coatings show high hardness, high wear
resistance,' low" friction coefficient, low chemical reactivity, low electric resistivity, .
excellent 'non—sticking surface against other materials, lubricity nature,' good diffusion
barrier characteristics, bioinertness and golden color. The (TiN,;) compounds are unique
materials exhibiting both metallic (Ti-Ti) and covalent (Ti-N) bonding characteristics.
The metallic properties are electrical conductiyity and metallic reflectance; and the
cove;lent bonding properties are high melting point, extreme hardness and bﬁ%tlenesé,

and excellent thermal and chemical stability. Due to these properties, TiN coétings are

being used in a wide range of applications such as wear resistant coatings to protect. -

cutting tools, dies, tools, sliding surfaces of bearings and gears from ag:gressivé
environments due to its good wear resistanée and inertness to steels. They are-;iso used
in microelectronics devices, solar cells, _(}i,_:c.:,g.orative purposés on tableware, clocks etc. of
as a non-toxic eﬁterior for human implz;nis (Smith et cﬂ. ?.0('),1, Tao et al. 2004, Vag et
al. 2004, Jeyéchandran et al. 2007).

TiN film gives gold-like appearance- and it is due to the high reflectance at the red
end of the visible spectrum similar to elementél gold with low reﬂectance'”near- the
ultraviolet region and this gold-like color observed at the specific composition of |
Titanium and Nitrégen (Chandra et a(. 2005). TiN shqws intrinsic _biogompatibility and

hemocompatibility and therefore used as surface layers and electrical interconnects in
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orthopedic pfostheses, cardiac valves and other biomedical devices (Chu'ng et al. 2004,
Franks et al. 2005). It provides low friction against steels, carbides,. ceramics, and
platir}gs. The unlubricated tribological tests on TiN films tend to result in coefficients of
friction in the range 0.3-0.9, depending on test geometry, mating face material, etc. -
(Efeogluv et al. 1993). It is also used as a difﬁlsion barrier for copper metallization as
well as Al-based alloy due to its high thermal stability and low bulk electrical resistivity
(Uhm et al. 2001).

The hardness of TiN is approximately ~ 2500 kg/mm? Knoop or Vicker Hardness
(~85 Rockwell C Hard_néss or 24.5 GPa) (Web link 4). The adhesion of TiN is very
good as it forms a metallurgical bond to the substrate that will not ﬂaice, blister, chip or
peel. In fact, the coating is actually implanted slightly into the sutface layer of the
substrate. It exhibits rocksalt structure (FCC bravais lattice) or NaCl-type crystal
structure with a roughly 1:1 stoichiometry; .however TiNy compounds with x rﬁnging
from 0j6 to 1.2 are ihermodynamically stable. The crystal structure of TiN is shown in
Figure 13 (Barsoum 1997), where each atom is surrounded by‘ six nearest neighb(;urs

with octahedral geometry.

Figure 1.3: The crystal structure of Titanium Nitride
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The lattice parameter of TiN is equal to 4.240 A. It oxidizes at 600°C at normal
atmosphere but more resistant in.an inert atmosphere and has a melting point of 2930°C.

Different properties of TiN are summarized in Table 1.2.

Table 1.2: Properties of Titanium Nitride at room temperature

Crystal Structure : Face Centered Cubic
Melting point (°C) 2930 .
Electrical Resistivity (u{2-m) 0.25

Thermal Expansion Coefficient (°C'l) 9.4x10°
Thermal Conductivity (W.m™.°C?) | 19.32

Density (gm. cm™) 5.22

Young's Modulus (GPa) 600

Poisson's Ratio 0.25

Heat of Formation (Cal.mole™) 80,750 (3.5 eV/molecule)
Band Gap (eV) 3.35-345 ‘

Various methods have been employed for TiN deposition andramong them sputtering
.'techniques (dc and rf) are considered as most suitabl;’: methods and are being
extensively used to obtain high quality films with required properties. Spuitering
technique involves a huge amount of deposition parameters, which can influence the
final film prqperties of TiN films such as hardness and strength. qu example, the
nitrogen partial pressure has intense effect on the properties of TiN films, as under low
Ny concentration, golden colored stoichiometric TiN films were obtained and af higher
N, concentrations, nitrogen over saturation o_écurred in the films sometimes leading to

unusual effects such as nitrogen precipitation at grain boundaries or as gas bubbles,
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superstructure tormation and partial crystallization were observed (Hultman et al..1989,

Tarniowy et al. 1997, Zerkout et al. 2003).

1.3.3 Titanium Silicon Nitride (Ti-Si-N)

' Thé-thqoretical concept .for the désign of the superhard nanocrystalline compo‘s'ites is
aségciatec.l with the preparation of a composite méterial consisting of nanocrystallites
embeflded_ within a very thin amorphous matrix (Gleiter 1993, Veprek et al. 1995a). .
Such IﬁultiphaS’e materials often display higher hardness and toughness values than for
sing}e_ phase rﬁaterials. Ti-Si-N is a composite'mate-rial developed during the early
1980s (Hirai er al. 1953, Park et al. 2006). Ti-Si-N coatings have become very attractive .

: in req¢nt years due to their excellent physical and chemical properties, most notably
their ultra high hardness, increased wear resistance, good oxidation resistance and
imperg:d thermal stability compared to TiN (Cairney et al. 2005). It constitﬁtes FCC
crystai $t_ruc_ture with a lattice parameter of about 4.29 A (phase 1) due to the high
mobil.i_ty. of speciés at the growing film in order to ensuré phase segregation and the -
chsgquen’F fonhqtion of polycrystalline grains _and the amorphous matrix, and the other
systérfl with a Iéttiqe parameter of about 4.18 A (phase 2) where Si atoms replaced some
of fche' Ti atoms, which might be called sQlid solution due to the absence off ion
‘ bombardment and low mobility of species. TEM cxperirﬁeﬁts confirmed the FCC
crystal structure. The phase 2 exhibit low value of the lattice pérameter in comparisoﬁ |
to .pha-ls.e 1 due to the re_tﬁlacement of some Ti atoms by the Si atoms [Vaﬁ et al. (1599,
2000)). |

_-Thesypr(')ce;ssi,ng, structure, and property of Ti-Si-N nanocomp_osite coating were

investigated in detail by Veprek et al. (1995a, 2005) and Prochazka er al. (2004). An
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‘enhancement of hardness and refractory properties produced by thé nanocomposite Ti-
Si-N was elucidated with the size effect of TiN nanocrystals embedded in the_Si3N4
_amorphous matrix, which act as an effective barrier for dislocation motion as reported
in their studies. Silicon content affects the physical properties of the films such as
’elect'ricalvresistivity, oxidation stability, and diffusivity. For example, amorphous thin
films, SizNg, serve as an effective diffusion barrier than its polycrystalline films because
it does not poéééSs grain boundaries and exte;nded defects. Si content also reduces the
'gréin size of the TiN and especially the incorporation of amorphous SiNy between
grains or total absence of distinguishable crystalline phases, which reduce the defects,
éontributing to increased resistivity and barrier strength [Juo et al. 1981, Doyle e‘t ai.
1982, Nicolet‘(1983, 1995), Sun et al. 1997(a, b, ¢), Kacsich et al. {(1999a, b), (2000)},
| Varesi_et ;11. 2067]. ' |
The Ti-Si-N coatings with Si content of approximately 10 at.% show very-high
hardne;s values, i.e. superhardness (= 40 GPa).The grain bouhdary hardéniﬁg may ’faléy o
a crucial role in the hardening of Ti—Si-N coatings (Kim ef al. 2002a, Jiang ef al. 2&06).
The superhardness of the coatings was due to the thin SizN4 afnofphous matrix
interpbsed_ between the TiN crystallite‘%;""' hinders the generatio'n and movement of
dislécations as well as prevents grain gro‘wth.A Also, the suppression .o'f crack
propagation occurs due to the presence of high volume fraction of grain boundaries
(Grain size < 10nm) (Kim ef al. 2002b, Xﬁ et al. 2007).
| Nanocomposite Ti-Si-N coatings are prepared by variety of techniques, such as
| chemical vapor deposition (CVD), pllasma enhanced chemical vapor deposition
'(PECVD) or by reactive magnetron sputtering: (Jiang et al. 2004). In sputtér'ing method,

~ Si and Ti atoms éjected from Si and Ti targets, respectively, and react with N; and get
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deposited a‘s.Ti—SVi-N nanocomposite films on the substrate (Mei et al. 2005). The -
deposition conditions significantly affect the microstructure and mechanical properties
of the Ti-Si-N coatirig'si For example, deposiﬁon temperatures and substrate bias
voltages are related to the surface mobility and bombardment of ions, which leads to the
changes in' the microstructural characteristics‘ of the ﬁlmé and thereby affect their
mechanical properties such as indentation elastic:-modulus, Hardness, wear behavior, etc

(Rother et al. 2001, Vaz et al. 2001).

1.3.4 ,T-ii;anium Nitride/Silicon Nitride (TiN/SiN,)

- Titanium Nitride (TiN) has been Widelyv gsed as protective coatings for bearings_, _
gears and cuttiﬂg tools due to.its extreme haf_d_ne;s's, high thermal and chqmigal_stgp@l:\i?.j.‘__ .
Many studies have ‘been focused-to enhance further the ‘properties of TiN such as
hardness, .adhesion to the substrate, Aand high temperature oxidation resistz_m(;e by
sy-_njches_ivzmiv_ng multilayer coatings in which the TiN layers alternatg with metal or ‘cerarunic
layers- (Mariano et al. 2006). An interesting combination of gffgcts has.beendesc‘:_ribed'
in ;mpljtilayqr coatings: the blocking of dislocation movenﬁen_t at the peri()dipal interfaces
results 1n avhérdness increase (Hall-Petch effect); cfack p-ropagation through the coating
is limited dué to deflection of cracks at the interfaces (Veprek er al.- 1995a, Bull 2001).
Mulﬁlayers are also usefﬁl_ as model systems sin;:e they aliow thevdesign and study of
int'c'rfaces not readily accessible in a three-dimensional nanocomposite (Soderberg et al.
' 2006).

TiN (;oatings predominantly grow with a columnar grain structure. These columnar
grqin.boundafies become the crack initiation, resulting in prematuré failure Of "TiN

' coa_tings.’Therefore, its columnar structure should be eliminated and formation of fine
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equiaxed microstructure throughout the coating thickness ought to be facilitated to
enhance its tribological performance. A strategy to produce a fine, equiaxed grain
microstructure, in TiN coatings, is by periodically interrupting its growth through the
introduction of nanolayers of a different material such as amorphous SiN, and force
TiN'to renucleate (Lacerda et al. 1999). These interlayers .reduce the porosity, cutting
off the paths for the corrosive solution to the substrate, increasing the pro.tectic;n. against
corrosion. | .

For producing multilayer coatings with high hardness, certain factors should be
fulﬁllea as reported by, Veprek et al. (1995a) and Veprek (1999), such as the materialls
should be immiscible, preferably even at high- temperatures, and one component éhouid
be A'amorphous, possessing high structural flexibility, i.e., its ability to acgéfnmodate :
coherency strain without forming dangling bonds (Ve_prek 1999, Soderberg et al. 2005).
These factors are fulfilled for crystalline TiN and amorphous SiNy, hence, amorphods
SiNy has been used for this purpose to produce TiN/SiNy multilayer qoatingsi"&lt shows
very high hardness and good wear resistance (Chen ef al. 2002). -

SiNy has been chosen for two reasons; first, SiNy has an ‘ambrphoUs struchure, stabl¢
ﬁp’ to 1100°C. TiN is forced to renuclédte each time a thin SiNjy layer (amorphous
structure) is. deposited. Second, a nanocomposite coating made of a mixture of
nanocrystalline TiN and amorphous Si:;N4 attéins hardness value of > 50 GPa and is -
resistant against oxidation in air up to 800°C (Veprek ef al. 1995b). Silicon nitride
(SisN4 or SiNj33) is one of the very important cefamic materials due to its excellént
chemical, mechanical -and electronic properties (Katz 1980, Liu ef al. 1990). It is
ipolymorphic and therefore exists in several phases; the d and  phases are the most

common forms and can be preduced under normal pressure condition, but the y phase
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can only be synthesized under high pressures and temperatures. It is chemically inert
and exhibits high dielectric constant and large electronic gap,. therefore used in
microelectronics cievices (Powell er al. 1981). SiNx- has excellent thermal resistance due -
to its low thermal expansion coefficient and also_ used as diffusion barriers in
semicenductors. The meiting temperature of SiNx is 1900°C and its density is 3.44
gm/cm3 (Barsoum 1997). | | |
Veprek et al. (1995a) have shown that multilayer of TiN/SiNy attains a hardness
value of > 50 GPa and this ultra high hardness is due to the small crystalline size (which |
suppresses disloeation fnotion and multiplication) and amorphous SiNy bouﬁdaries
(which pin- dislocetioﬁs). It is 'very important to control fhe Si eontent and TiN .crystal
size to obtain the high hardness and purity is also important as oxygen and other -
contaminants of about 1-2 at. % level ‘act detrimentally on film properties, lowering its
h'ardriesrs‘ (Veprek et al. 2004). Plasma enhanced chemical vapor deposition, CVD and
PVD," are ‘the" most- Apromising techniques for depositing TiN/SiNx multilayers. A
contrelled ion bombardment at low energies allows one to adjust the desirable
crystallite size, mechanical stres-s, and avoid columnar structure in the ﬁlm’s as reported

in the literature (Veprek ef al. 1987, Sambasivan ef al, 1994),
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CHAPTER 2 SYNTHESIS AND CHARACTERIZATION TECHNIQUES

2.1 Thin films growth

Thin films are thin material layers ranging from fractions of a nanometer to several
micrometers in thickness and its formation starts with nucleation followed by
coalescence and subsequent thickness growth, all stages of which can be influenced by
deposition parameters in all the physical vapor deposition technique (PVD). The
properties of thin films of a given material depend on microstructure of the films, which
depends on deposition parameters and the substrate material. Depending on the
interaction energies of substrate and film atoms, any of following three growth modes
can occur:

a) Layer by layer mode or Frank-Vander Merwe mode:

Frank- Van der Merwe: (layer growth; ideal epitaxy )
In this two-dimensional mode, the interaction between the substrate and the layer

atoms is stronger than the interaction between neighbouring atoms. Each new layer

starts to grow on top of another layer, only when the last one is completed.

b) Island growth mode or Volmer-Weber mode:

N -

Volmer-Weber: (island growth)
In this mode, the interaction between neighbouring atoms is stronger than the

overlayer-substrate interaction, the particles would rather form separate aggregates

over the surface that grow in size and eventually coalesce (three-dimensional islands)

during film growth.
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¢) Layer-plus-island growth mode or Stranski-Krastanov mode:

Stranski-Krastanov: (layertislands)

In this mode, the film starts to grow layer by layer in a first stage followed by the

formation of island agglomerates occurs.

¥y _
¥s

¥rs

Figure 2.1: Schematic diagram of surface energy of substrate (7 ), thin film material
(7,) and interface energy of film-substrate (¥ ) o

Growth modes can be systematically classified in terms of surface energies with
Young’s equation (Figure 2.1)

Vs =Vps T ¥pcosO o (2.1)
where, 6 is the wetting angle of a liquid nucleus on a substrate, y; is the surface
energy of substrate, y, is the surface energy of thin film material, and 7. is the

interfacial energy of film-substrate. The three modes of film growth can be
distinguished on the basis of Equation 2.1. |
For layer gro_wtia, 0 =0and thefefore, |

Vs =Ves t 75 (2.2)
For island growth, 8> 0 and so,

Vs <Vrs t¥r (2.3)
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Lastly, for layer—élus—island growth,

Vs >Vrs t7r @.4)
It occurs because the interface energy increases with film thickness; typically the layer
on top of the substrate is strained to fit the substrate. The growth mode is controlled not
only by interface energies but also by supersaturation. Generally, growth tends to shift

from island to layer as supersaturation increases (Chopra 1969, Ohring 2002).

2.2 Synthesis of thin films

The choice of a deposition technidue to deposit thin films usually depends on the
specific characteristics of film required for a study or application of interest. Also, it is
necessary to get highly uniform, nanocrystalline thin films with a mean grain size
distribution. Physical vapor deposition (PVD) techniques such as thermal evaporation,
laser ablation, and magnetron sputtering are found to be very effective for depositing
tiﬁn films with the aforementioned microstructural characteristics. In PVD, the
synthesis of thin films is usually carried out from the same rﬁaterial whose nanoparticles
are to be synthesized, its purity is decided by purity of the starting materials, base
vacuum and purity of the ambient gas atmosphere (Taneja et al. 2001, Xue et al. 2002,
Chandra et al. 2006b, Du erf al. 2066, Gohil et al. 2008). In contrast, in chemical vapor
deposition (CVD) technique, some un-reacted chemicals and products other than the
desired one are often left behind with the nanoparticles. Among 'various PVD
techniques, sputtering process exhibits several advantages; any material can be
volatilised, compounds are volatilAised stochiometrically and film deposition rates can be

made uniform over large areas. Furthermore, the kinetic energy of sputtered atoms falls
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largely within the energy range for displacing of surface atoms without causing

‘subsurface damage.

2.2.1 Sputtering

Sputter deposition is one of the physical vapor deposition processes .for depositing
thin films by sputtering, i.e. removal of atoms from a "target"(source), which then
deposits onto a substrate. In other words, it is the ejection of atoms from the surface of
material (the target) by bombardment with energetic particles, the process called
‘sputtering’. The ejected or sputtered atoms get condensed on a substrate and form thin
films. Splittering ié largely driven by momentum exchange between the ions and atoms
in the material, due to collisions. The process can be thought of as atomic billiards, with
the jon (cue ball) striking a large cluster of close-packed atoms (billiard balls). Although
the first collision pushes atoms deeper into the cluster, subsequent collisions between
the atoms can result in some of the atoms near the surface being ejected away from the
cluster.

Sputtering process begins when inert gas atoms gets ionized due to the applied
negaﬁve DC potential to the target material and these positive ions of inert gas hits the
‘target atoﬁs, the latter gains part of the momentum and transfer it to other atoms
through further collisions, leading to a cascade which results in some of the target
atoms to ‘sputter’ out of the target with secondary electrons. The sputtered atoms, those
cjected into the gas Iihase, are not in their equilibrium state, therefore, they tend to
condense back into the solid phase upon colliding with- any surface in the sputtering
chamber with maximum deposition taking place on the sﬁbstrate, which is in the line of

sight of the target to form a thin film. It subtends the maximum area perpendicular to
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the momentum of ejected target atoms and clusters. These secondary electrons collide
and ionize the inert gas atoms and plasma is generated. The initial positive ions needed
to trigger the generation of secondary electrons are thought to be either the stray ions
-always present in the atmosphere or the ions produced by field ionization of the inert
gas atoms.
Other- processes associated with the bombardment of a target by highly energetic ions
include:
a) Generation of secondary electrons,
b) Ion reflection at the target surface,
c) Ion implantation with the ion permanently buried into the target surface,
d) Radiation damage in the structural rearrangement varying from simple vacancies
and interstitial to gross lattice defects, and
e) Emission of X-rays and phdtons_
These processes can be summarized as illustrated in Figure 2.2.
To use sputtering as a useful thin film deposition process, some criteria have to be
met. First, ions of sufficient energy must be created and directed towards the surface of
a target to eject atoms from the surface of‘the material. To achieve this, an argon gas of
iénization cnergj' 15.76 eV, for examﬁle, can be used in a chamber and by application
.of a sufficiently large voltage between the target énd the substrate; a glow discharge is |
set up in a way to accelel;ate the positive iéns towards the target to cause sputtering.

Secondly, the ejected materials must be able to get to the substrate with little impedance

to their movefnent. The pressure P determines the mean free path of the sputtered

particles which according to the Paschen’s relation is proportional to 1/P. »
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Flgure 2.2: Processes generated by the impact of highly energetic particle on a target

surface. The collision may terminate at the target or cause particle

sputtering.

In addition to pressure, the target-substrate distance determines the scattering of the

sputtered particles on their way to the substrate and also the amount of energy with

which they deposit on the substrate. Genera.lly,vthe average energy of sputtered atom is

10-40 eV.

| Sputtering is characterized by the sputte'r yield S, which is the ratio of the ejected

atoms to the number of incoming energetic particles, which are predominantly ions.

Sputter 'y.ield dependsvon the energy and direction of the incident (bombarding) ions,

masses of the 1ons and target atoms and the binding energy of atoms in the solid. By -

Sigmund’s theory, the sputter yield is given as

For E <1 KeV,

3a 4MM E
" 4x® (M, +M,)’ E,

2.5)
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where, E, is the surface binding energy of the target atom being sputtered, E is the ion
bombardmenf energy, « is a measure of the efficiency of momentum transfer in
collisions, and M, and M, are the masses of the positive ion of the gas and target

material, respectively.

But for £> 1 KeV,

ATZ,Z M, ) S, (E)

S =3.56
zP vz (M +M," E,

. (2:6)

where, Z, and Z, are the atomic numbers of the incident ion and sputtered target atom
‘respectively and S, (E)is a measure of the energy loss per unit length due to nuclear

collisions, and also it is a function of the energy as well as masses and atomic numbers

of the atoms involved (Ohring 2002).

2.2.2 Magnetron Sputtering

Magnetron sputtering is a thin film deposition technique based on the Egysical
sputtering effects caused by the bombardment of a target rrraterial with accelerated ions
produced in glow discharge plasma. A wide variety of thin ﬁlrr1 rnaterials, from metals
to insulators, may be produced using '[hlS technique. In sputtermg, not all of the
electrons escaphlng the target contrlbute to the ionized plasma glow area. The wasted
- electrons ﬂy around the chamber causing radiation and other problems, for exam_ple, rhe
heating of the target.‘ A magnetron sputtering source addresses the electron problem by
placing a set of strong permanent magnets in the gurr arranged in a circular geometry
giving rise to a radial magnetic field parallel to the target surface as shown in Figure

2.3.
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Figure 2.3: Electric and magnetic field lines in a magnetron gun

A plate of a highly permeable material (such as iron) located behind the magnets,
preven;ts the -magnetic field flux from spreading into regions other than in front of the
target surface. Thus the electrons are forced to follow a closed driﬁ path caused by the
crossed electric and magnetic fields, i.e.-the electrons are trapped in a channel as shown
in Figure 2.4(a) of magnetron éputtering process (Ohring 2002). The effect _Of this is
two fold:
a) The probability of ionizing the inert gas atoms will increase significantly and
make the plaéma more intense and sustainable at low pressure

b) Anincrease of the mean free path, which is inversely proportional to the pressure
Due to the confinement of secondary electrons, the larger number of sputtered atoms
gets deposited as thin film on the substrate. Figure 2.4(b) shows the collisions involved
in a magnetron sputtering process near the target.

DC magnetron sputtering is used for conducting targets such as metals or doped
semiconductors but not for non-conducting targets (non metals or insulators) because of
its non—f:onducting nature, positive ions would lead to a charging of the surface and
subsequently to a shielding of the electric field. Subsequently, the ion current would die
off. Therefore, RF magnetron sputtering (radio frequency of 13.56 MHz) is used for

non-conducting and semiconductor targets in which an AC-voltage is applied to the
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target. In one phase,‘ions are accelerated towards the target surface to sputter material.

In the other phase, charge neutrality is achieved.
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Figure 2.4: (a) Magnetron sputtering process

1,

(b) Collisions in the sputtering process near the target

In reactive magnetron sputtefing, the deposited film is formed by chemical reaction
between the target material and gases like oxygen or nitrogen fed into the sputter
chamber additionally to the argon, to produce oxidic or nitridic films and the reaction is
usually occurs éithef on the substrate surface dr on the target itself. The composition of
the films can be controlled by varying the relative pressures of the inert and reactive
gases. The Titanium Nitride (TiN) films used as'wear resistant coatings for tools and
engineering components and decorative purposes are depos.ited by reactive magnetron
sputtering. The magnetron sputtering set up used for the present work is shown in

Figure 2.5(a).
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Figure 2.5: (a) DC/RF magnetron sputtering unit set up in our Nano Science Lab

owen SFPLY

(b) New & used sputtering target
_ (¢) Substrate holder/heater

A circular disc of diameter 2 inch and thickness 3-5 mm of pure material used as a
target is shown in Figure 2.5(b), which .is mounted on the magnetron gun for
sputtering. Th-e' target is eroded in a circular pattern due to the use of a set of strong
p¢rinan'eht magnets in the gun arranged in a circular geometry behind th\e tafget. The
substrate is fixed on a heater [Figure 2.5(¢c)] with the help of clips as wéll as with the
help of silver paste for the preparation of nanocrystallin; thin films. The temperature of
the substrate is controlled via the temperaﬁré c;)ntfoller of heater. After ﬁl-oﬁnting the
substrates, the chamber is evacuated using a turbo molecular puﬁp, backed by rotary
pump up té high vacuum (>2 x 10° Torr). After evacuation, an inert géé such as Argon
(99.999% purity) is fed into the chamber via gas inlet valve. Simultaneously, the gate
valve is brought into almost closed state (thjrottlui‘rig) 50 as to match the gas influx and

pumping-out rate. With proper throttling, the inert gas pressure and flow rate inside the

—
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chamber can be made very stable and then the process of sputtering is the same as
discussed in the Section 2.2.1.

The advantages of sputtering as deposition technique are as follows: The deposited
films have high uniformity at large aréa, better reproducibility of deposited films, good-
adhesion of film with substrate, high flexibility of large-scale as well as complex
geometry shape production, easy deposiﬁon of materials with high melting points and
high reactivity. A homogeneous multicompohent phases as well as multilayer coatings
can be produced With completely new material properties and the deposited films show
the same concentration as that of the target material (Ohring 2002). This might be
surprising since the sputter yield depends on the atomic weight of thc; atoms to be
sputtered as discussed earlier. It may result in one component of an alloy or mixture to
sputter faster than the other components, leading to a higher concentration of that
component in the deposited film. Although the components are sputtered at different
rates, however, since only surface atoms are sputtered, the faster sputtering of one
clement leaves the surface enriched with the other element, which effectively
counteracts the difference in sputter rates resulting in deposited films with the same

composition as the target.

2.3 Characterization Techniques
2.3.1 X-ray Diffraction (XRD)

X-ray diffractton (XRID) i1s a versatile, non-destructive technique that reveals
detailed information about the chemical composition and crystallographic structure of a

crystalline material. It is most widely used for the identification of unknown crystalline

materials and also information related to the crystal structure of the films, including

LI
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lattice constants, crystallite size, phase analysis, _érystal defects, stress, etc. The XRD
methods are generally applied to films thicker than several angstroms on account of the
strong penetrating power of the X-rays. X-rays are 'elecfromagnetic radiation of exactly
the same nature as light, but of very much shorter wavelength. X-rays used in
diffraction have wavelengths lying in the range of 0.5-2.5 A where as visible light is of
the order of 6000 A. X-ray diffraction is based on constructive interferenoe of
monochromatic X-rays and a crystalline sample. When a monochromatic X-ray beam
with wavelength A is projected onto a crystalline material at an angle @, X-rays are
scattered by the electrons of the atoms without change in wavelength. As the
wavelength of X-rays is close to atomic size (~ 1.5 A), they get diffracted by atoms and
ions. If, as in the case of crystals, the atoms or ions are arraﬁged‘ in a particular fashion,
then the diffracted X-rays interfere constructively or destructively with each other
depending on the path difference. W.L. Bragg formulated the condition for constructive
interference as (Cullity et al. 2001),
2dsin@ = ni 2.7

where, d is the spacing between two adjacent atomic planes, 6 is the angle between the
atomic plane and the X-rays, n is the order of diffraction maximum, and A is the
wavelength of the X-rays. " The resulting diffraction pattern comprising both the
positions and intensities of the diffraction effects is a fundamental physical property of
the substance. Analysis of the positions of the diffraction effect leads immediately to a
knowledge of the size, shape and orientation of the unit celi. The crystallite size is an
important parameter, which can be determined from the width of the Bragg reflection

and is given by the Scherrer’s formula (Cullity et al. 2001),
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;=094 , 2.8)
B cos &

where, 7 is the crystallite size, A is the wavelength of the target material, B is the full
width at half maximum (FWHM) of the Bragg reflection in the radians on the 20 scale

and 0 is the Bragg reflection angle. It is important to subtract the instrumental line

width from the observed line width to get a correct estimate of broadening due to small
particle size. Therefore, by the Scherrer’s formula, crystallite size is inversely
proportional to full width at half maximum (FWHM), hence, small crystallites give rise
to broad diffraction peak while large crystallites result in sharp pea_ks. X-ray
diffractometer consist of three basic elements: an X-ray tube, a sample holder, and an
X-ray detector as shown in Figure 2.6. X-rays are generated in a cathode ray tubg._;by
heating a filament to produce electrons, accelerating the electrons toward a target by

applying a voltage, and bombarding the target material with electrons.
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Figure 2.6: Schematic diagram of beam path

When electrons with sufficient energy dislodge the inner shell electrons of the target

material, characteristic X-ray spectra are produced. Most of the kinetic energy of the
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electrons striking the target is converted into heat, less than 1% being transformed into
X-rays. These spectra consist of several components, the most common being K, and
Kp. The Kz line which is always present with K, at a slightly shorter wavelength, is

filtered out using an absorbing film. K, consists, in part, of X,, and K_,. K, hasa .
slightly shorter wavelength and twice the intensity as X_,. K, and K, are sufficiently

close in wavelength such that a weighted average of the two is used. The specific
Wavelongths are characteris_tic of the target material (Cu, Fe, Mo, Cr). Filtering by foils
of atomic number one or two less than the targef material or crystal monochrometers, is
required to produoe monochromatic X-rays needed for diffraction.

Copper is the most common target material for X-ray diffraction, with Cu K,
radiation = 1.54 A. These X-rays are collimated and directed onto the sample. As the

target and detector are rotated, the intensity of the reflected X-rays is recorded.

Figure 2.7: X—ray diffraction (Bruker AXS, D8 Advance)
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When the geometry of the iﬁcident X-rays impinging the sample sétisﬁeé the Bragg’s
Equation 2.7, constructive interference occurs and a peak in intensity appears.‘ A
detector records and processes this X-ray signal and converts it into a count rate; a
graph between 26 versus counts is plotted.  For the present work, X-ray diffraction

(Bruker AXS, D8 Advance) has been used and shown in Figure 2.7.

2.3.2 Field Emission Scanning Electron Microscope (FE-SEM)

The scanning electron microscope (SEM) is a tybe of electron rriicroscope that uses
high-energy beam of electrons to scan the sample surface in a raster pattern to obtain
image. The SEM produce images of high resolution, which means that closely spaced
features can be examined at a high magnification and large depth of field yielding a
characteristic three-dimensional appearance useful for understanding the surface
structure of a sample. SEM is most widely used for revealing information about the
microstructures and orientation of the samples.

In conventional SEM, electrons are thermionically emitted from a tungsten or
lanthanum hexaboride (LaBg) filament. Tungsten is used as filament because it has the
highest melting point and lowest vapor pressure of all metalé, thereby allowing it to be
heated for electron emission. On the other hand, in Field Emission Scanning Electron
Microscope (FE-SEM) electrons are emitted via field emission (FE) in which a high
voltage applied between a pointed cathode and a plate anode causes current to flow.
The field émission tip is generally made of a single crystal tungsten wire sharpened by
electrolytic etching. FE-SEM provides 2 nm resolutions, 3 to 6 times better than
conventional SEM,. and minimized sample charging and damage. The field emission

process itself depends on the work function of the metal, which is affected by adsorbed
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gases. Due to this reason, a very high vacuum is required. Figure 2.8 shows a
schematic diagram of the field emission scanning electron microscope (Web link 5).
The source of the electrons is electron gun and it produces a beam of electrons which
typically has an enefgy ranging from a few hundred eV to 50 keV, is attracted through
the anode and condensed by the condenser lens and then focused as a very fine spot on
the specimen by the objective lens. A set of small coils of wire, called the scan coils, is

located within the objective lens.

%
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Figure 2.8: Schematic diagram of the Field Emission Scanning Electron Microscope

(FE-SEM)
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The coils are energized by a varying voltage produced by the scan generator and it
creates a mégnetic field that deflects the beam of electrons back and forth in a
controlled pattern called a raster scan (point by point scanning) over a rectangular area
of the sample surface. When the beam of incident electrons strikes the surface of a
sample, it undergoes a series of complex interactions with the nuclei and electrons of
the atoms of the sample and produce ‘variety of signals such as

a) Secondary electrons: for obtaining morphology and topography of samples

b) Backscattered electrons: for illustrating contrasts in composition in multiphase

samples

c) Diffracted backscattered electrons: for obtaining érystallographic orientation of

the grains - g

d) Photons or characteristic X-rays: for identification of a material and quantitative

or semi-quantitative analysis

e) Visible light and

f) Heat ' | |
A sample analyzed in SEM should be conducting. Since all metals are conductivé, no
special sample preparation is required: for them but non-conducting or insulating
samples are coated with a thin layér of conducting material, commonly carbon or gold.
When a non-conducting sample is analyzed; a negative charge builds up gradually ‘on
" the area where the bombardment by the beam of electrons occurs. A buildup of negative
charges 6n the samples may produce one or more of three conditions commonly
referred to as charging: a) lines on the image due to thé déflection of secondary

electrons by the hegative charge on the sample, b) abnormal contrast in the image due to

the uneven distribution of the negative charge on the sample and c) breaks or splitting
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of the imagé due to high negative charge on the sample which deflects the beam of
electrons. The choice of material for conductive coat‘ings depends on the data to be
acquired from the sample as carbon is most desirable if elemental analysis is a priority,
while metal coatings such as gold are most effective for high resolution electron
imaging applications (Fleger er al. 1993). Field Emission Scanning Electron
Microscope (FEI, Quanta 200F) has been used for the pres‘ent‘work and shown in
Figure 2.9.

The attachménts of FE-SEM such as energy dispersive spectroscopy (EDS) and
electron back scatter diffraction (EBSD) are used for obtaining the chemical
composition 'a‘nd crjstallographic orientation of the grains, respectively. An EDS
spectrum normally displays peaks corresponding fo the energy levels for which the
most X-rays had been received. Each of these peaks is unique to an atom, and therefore
corresponds to a single element. Higher the peak in a spectrum indicates the element is

more concentrated in the specimen.
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Figure 2.9: Field Emission Scanning Electron Microscope (FEI, Quanta 200F)
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In EBSD, electron beam is diffracted by atomic layers of crystalline materials and these
diffracted electfons are detected when they impinge on a phosphor screen and generate
visible lines, called Kikuchi bands, or "EBSP's" (electron backscatter patterns). These
patterns ére effectively projections of the geometry of the lattice planes in the crystal;
and they give direct information about the qrystalline structure and crystallographic

orientation of the grain from which they originate.

2.3.3 Atomic Force Microscope (AFM)

The Atomic Force Microscope (AFM) or scanning force microscope (SFM) is a very
high-resolution (0.01 nm) type of scanning probe microscope. Unlike traditional
microscopes, the AFM does not rely on electromagnetic radiation such as photon or
electron beams to create an image but is based on the interactive forces called the van
der Waals force between the sample and the tip. It does not require vacuum
environment or any special sample preparatioﬁ, and can be used in either an ambient or
liquid environment. |

A schematic setup of an atomic force microscope is shown in Figure 2.10. The AFM
consists of a rﬁicroscale cantilevef with a sharp tip (probe) at its end that is used to scan
the specimen surface in a raster-pattern. The cantilever is typically‘silvicon or silicon
nitride with a tip radius of curvature on the order of nanometers. A laser is focused onto
the end 6f the cantilever and reflected into the center of a four segment photodiode.
When the tip is brought into proximity of a sample surface, forces between the tip and
the sample lead to a bending (Verticél forces) or twisting (lateral forces) of | the

cantilever which changes the ratio of light falling on the four segment photodiode.
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Figure 2.10: Schematic setup of Atomic Force Microscopeb(AF M)

The difference in the intensity falling on the four segment photodiode is used as output
signal and converted into a proportional voltage by the photodiode. This voltage serves
as a feedback signal enabling‘the tip to maintain either a constant force or a constant
. height above the sample. A feedback loop continuously checks the feedback signal,
compares it to some user defined set point value and adjusts the height of the tip over
the sample such that the difference is minimized. Stable operation is possible if the
feedback signal remains constant in the tip-surface distance. The tip is then kept at a
height corresponding to a constant interaction over the sample surface-. Either the
cantilever or the sample is mounted on a piezoelectric element, which can move the
sample in the z direction for maintaining a constant force or a constant height, and the x
and y directions for scanning the sample and hence obtain three-dimensional image.
With good samples (clean, with no-excessively large surface features), resolution in the

x-y plane ranges from 0.1 to 1.0 nm and in the z direction is 0.01 nm (atomic
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resolution). For the present work, Atomic Force Microscope (NT-MDT, Ntegra) has

been used and shown in Figure 2.11.

Figure 2.11: Atomic Force Microscope (NT-MDT, Ntegra)

For rnost. applications, the AFM is operated in one of the following three modes:

a) Contact mode

b) - Non-Contact mode

¢) Semicontact mode or Intermittent mode or Tapping mode
Different scanning modes operate in different regions: Non—contact in the attractive
region, contact mode in the repulsive and intermittent or tapping mode fluctuates
between the two. The relationship between van der Waals force and distance is shown
in Figure 2.12. The tiﬁ is like a group of atoms interacting with the surface of the
sample, which essentially another group of atoms. At the right side of the curve, the
atoms are separated by a large distance. As the atoms are gradually brought together,
they first weakly attract each other. This attraction increases until the atoms are so close

together that their electron clouds begin to repel each other electrostatically. This
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electrostatic repulsion progressively weakens the attractive force as the distance

continues to decrease.

repulsive force -

irtermittent-
oontact

) distance )
tip-to-sample separation)
’.

attrachve force

Figure 2.12: Graph between van der Waals force Vs distance

The force goes to zero when the distance reaches a couple of angstroms as shown in the
Figurg 2.12. Anything closer than this distance, the total van der Waals force becomes
posi'tive“(repvulsive). This distance will nét change, therefore any more attempt to force
the smﬁple and tip closer will result in deformation or-damage to the sample or the tip.
There are two other forces that arise during the scan: a capillary force that is caused by
a build-up of water, which is normally present without an inert environment, on the; tip;
the for(‘;e caused by the cantilever itself, which is like a force caused by a compressed

spring (AFM lab manual 2004).

-10

a) Contact Mode: In this mode, the tip is held less than a few angstroms (10 m) from
the sample surface and the repulsive interatomic Van der Waals forces between the

tip and the sample are detected with a mean value of 10 N. This force is set by

pushing the cantilever against the sample surface with a piezoelectric positioning -
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b)

element. In contact mode AFM, the deflection of the cantilever is sensed and
compared in a DC feedback amplifier to some desired value of deflection. If thé
measured deflection is different from the desired value, the feedback amplifier
applies a voltage to the piezo to raise or lowér the sample relative to the cantilever
to restore the desired value of deflection. The voltage that the feedback amplifier
applies to the piezo is a measure of the height of features on the sample surface. The
typical problem with the contact mode is that the tip may scratch the surface and

change its intrinsic features.

Non-Contact Mode: In the non-contact region, the cantilever is held on the order of
tens to hundreds of angstroms away from the sample surface, and the attractive
interatomic Van der Waals forces between the tip and sample are detected and
topographic images are constructed by scanning the tip above the surface. Since the
attractive forces from the sample are substantially weaker than the forces -ﬁsed by

contact mode, the tip is given a small oscillation so that AC detection methods -'é;an

R

be used to detect the small forces between the tip and the sample. The changes in
amplitude, phase, or frequency of the oscillating cantilever in response to force

gradients from the sample are measured in this non-contact mode.

Semi-Contact or Tapping Mode: In this mode, the cantilever is made to oscillate
at its natural frequency by using a piezo-electric crystal. The oscillating tip is moved
close to the sample surface till it begins to just tap it and is then immediately lifted
off again, while the sample is continuously scanned below the tip. The change in
oscillation amplitude during the tapping period is used as a feedback to maintain

constant height or force between the tip and the sample. The feedback voltage

45



CHA;D TER 2 : SYNTHESIS AND CHARAC TERIZ;4 TION TECHNIQUES

serves as a measure of the surface features. The advantages of the semi-contact
mode are that as the tip is not dragged over the sample, there is no damage caused to
the sample and also the tip is prevented from sticking to the sample surface due to
adhesion. This method usually gives higher resolution than the previous two

methods.

2.3.4 Transmission Electron Microscope (TEM)

The transmission electron microscope (TEM) operates on the same basic principles
as the optical (light) microscope but uses- electrons instead of light. The shorter
wavelength of electrons (200 kV electrons have a wavelength of 0.025 A) makes it
possible to get a high-resolution (0.2 nm) and high-magnification thousand times better
than the light microscope. Also, in an optical microscope, the lenses are made up of
glass and have fixed focal lengths, whereas in "fEM, the elecfromagnetic lenses are
constructed with ferromagnets and copper coils. The focai length of electrémagnet_ic
lenses could be changed by varying the current through the coil. The TEM is used to
characterize the microstructure of materials such as grain size, morphology, crystal
structure and defects, crystal phases and composition, and in biological sciences,
especially in the study of cells at the molecular level. The microstructure, e.g. the grain
size and lattice defects are studied by use of the image mode, while the cfystalline
structure is studied by the diffraction mode. In addition, the chemical composition of
small volumes, for example grain boundaries, can be obtained by detection of X-rays
emitted from the films.

A schematic diagram of a TEM is shown in Figure 2.13 (Web link 6). With an

electron gun, a monochromatic electron beam is formed, which is accelerated by an
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electric field formed by a voltage difference of, typically, 200 kV and this beam is

focused to a small, thin, coherent beam by the use of condenser lenses 1 and 2.
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Figure 2.13: Schematic diagrarri of a Transmission Electron Microscope (TEM)

The first lens defines the "spot size" of the final spot that strikes the sample and the
second lens changes the size of the spot on the sample from a wide dispersed spot to a
pinpoint beam. The condenser lenses are fitted with apertures, which are usually small

platinum disks with holes of various sizes. These apertures protect specimen from too
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many stray electrons, which can contfibute to excessive heat and limit the X-ray
production farther down the column. The most important function of a condenser lens
and its aperture is to define the angular aperture of illumination. The maximum angular
aperture occurs when the beam is at crossover. In this condition, the beam is round and
is at maximum intensity. When the focused electron beam strike on the sample and
traversed through it, the objective lens focus it to form an intermediate image. This
intermediate image is in turn magnified by a projector lens(es) to form a magnified final
irﬁage. A TEM usually operates at 10 Torr in the column and 10 Torr in the electron
gun chamber. Transmission Electron Microscope (FEI, Tecnai 20) has been used for the .

present work and shown in Figure 2.14.

Figure 2.14: Transmission Electron Microscope (FEI, Tecnai 20)
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. TEM has two modes of operation:

a) Image mode: In image mode, intermediate aperture is removed and only objective
aperture is used. Intermediate lens is focused on the image plane of the-objective
lens and in image mode, two imaging systems are used:

i) Bfight Field (BF) imaging: When the objective aperture is positioned in the back
focal plane (the flat plane at right angles to the optical axis onto which a Iens will
focus an image) to pass only the transmitted (undiffracted) electrons of incident
electron beam and block the diffracted electrons, a bright field image is formed. In
BF image, the regions that are diffracting and not diffracting appear as bright and
dark, respectively. Briéht field images are commonly used to examine micro-

structural related features.

Objective Lens

/ Back Focal Plane \
Y= Objective Aperture »
' A &———Transmitted Electrons

&——— Image Plane ———> ===y

Intermediate Lens
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(@) (b)

Figure 2.15: (a) Bright Field (BF) imaging and (b) Dark Field (DF) imaging
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i) Dark Field (DF) imaging: When the objective aperture is positioned in the back
focal plane to pass only some diffracted electrons of incident electron beam, a dark
field image is formed. In DF image, the regions that are diffracting appear dark and
the regions that are not diffracting Iooks-bright. Dark field images are particularly
useful in examining microstructural details in a _éingle crystalline phase. Figure
2.15(a) and (b) show the Bright Field (BF) imaging and Dark Field (DF) imaging,

respectively.

b) Selected Area Diffraction (SAD) mode: In diffraction mode, objective aperture is

“removed and only intermediate aperture is used which passes the diffraction pattern

-of a selected region. The diffraction pattern that is always present in the back focal

plane of the objective is brought into focus by the objective lens or in other words,

intermediate lens is focused on back focal plane. Individual spots are seen when the

specimen is a singig crystal, while for polycrystalline material, concentric rings
are observed.

For a single crystal, the diffraction spots from planes which are equivalent by
symmetry are placed symmetricaily around the central (Grundy et al. 1976).
Interplanar distance, 4 can be calculated from the expression

Rd=1L2 2.9)
where, Ais the wavelength of the electron beam (0.025 A for 200 kV), R is the
distance of a particular spot form the central bright spot and L is the distance
between the specimen and the diffraction plane, known as the lens constant.

There are a number of drawbacks of the TEM. Many materials require extensive sample

preparation to produce a sample thin enough to be electron transparent, which makes
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TEM analysis a relatively time consuming process with a low throughput of samples.
The structure of the sample may also be changed during the preparation proceés. Alsé,
the field of view is relatively small, raising the possibility that the region analyzed may
not be characteristic of the whole sample. The sample may also be damaged by the
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Nanoindentation is a technique used to investigate hardness, elastic modulus and

electron beam in some cases.

2.3.5 Nanoindentaﬁon

other mechanical properties of materials in which an iﬁdenter tip of known geometry is -
driven inté a specific sité of the samiale by applying an increased normal load (Hay et
al. 2000, Fischer- Cripps 2001, Han et al. 2005) and then the load is decreased linearly;
while it éontinuously measures the force-displacement response. The materials with
features less than 100 nm across and thin films less than 5 nm thick can be tested to
'unders-tand its mechanical behavior. It is ﬁsed to study the relationship between
‘microstructure and strength and foughness of materials. In film-substrate system, a ‘;rule
of thumb” for hardness measurements is 1/ 10-rule that the indentation depth is smaller
than 10% of the film thickness, so 'that:»there will be no substrate effect on the measured
mechanical properties of the film and this statement is a first approxirnaﬁon. However,
in cases like soft films on hard substrates or hard films on soft substrates, it tends to be
eithér toc; strict or too lax. The applications of nanoindentation technique include: to
study the mechanical behavior of thin ﬁlms (such as -hardness, elastic modulus,
adhesion evaluations and wear durability), bone, and ~ biomaterials. Hardness

‘measurements for submicron-size features, elastic ‘behavior of metals, ceramics,

‘polymers, etc.
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Nanoindentétion technique l[(CSM+), (MTS, XP) and (Hysitron)] have beeﬁ used in
the present work and image of CSM + nanoindentor tester is shown in Figure 2.16.
Nanoiﬂdentor consists of two components, a measuring head for performing indentation
and an optical microscope for selecting a specific location prior to the indentation and
for checking the location of the imprint aftér indentation. If the size of the indeﬁtation is
very small, Atomic Force Mici‘oscope (AFMj attached with nanoindentor is used
instead of optical microscope, to image the résidual imprint after indentation. The
precise positioning (0.5 pum) capability of the X-Y motorized table combine with the
large X-Y ranges (20 x 20 um or 40 x 40 um) of the objective ensures that the indent
will always be in the centre of the field of view in both dptical and AFM modes. A
particular feature of this instrument is the use of a sapphire reference ring that remains

in contact with the specimen surface during the indentation.

Figure 2.16: Nanoindentation tester (CSM+)

Hence, at the beginning of testing, the sample was kept under optical microscope to

choose a suitable area for indentation. Afterwards, indentations were made on the
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desired area of the sample whose propertigs are unknown by using a three-sided,
pyramid-shaped Berkovich diamond indenter with nominal angle of 65.3° between the
A'tip axis and the faces of the pyramid whose mechanical properties are known. The
Nanoindenter works in two modes, load centrol and displacement control. In load
control, the load placed on the indenter tip is increased gradually as th¢ tip penetrates
into the specimen at a selected rate and soon reaches to a selected maximum load. At
thjs point, the load may be held consfant for a period of time and thén unloaded. In
displacement control, the user has to set the maximum displacement of the indénter tip
into the sample; the feedback loop on the load stops the measurement when the preset
-displacement value is reached. During loading and unloading cycle, the load is
increased and decreased in a linear fashion, the area of indentation is continually
measured ;md this area is used to obtain the load-penetration depth characteristics from
which the hardness and elastic modulus values are calculated.

Figure 2.17(a) shows the loading and unloading of the indenter on the sample. For
each loading and unloading cycle, the load is plotted against the displacement of the
indenter as shown in Figure 2.17(b). The maximum load for thin film is selected as
there is no influence of the substrate material on the mechanical properties of the film.

The analysis of elastic modulus is based on the Oliver and Pharr Method (Oliver et
al. 1992). The modulus of a material was calculated from the load-displacement curves
by model_ing‘the unloading curve with a power law relationship instead of assuming
linear unloading. At any time during loading, tﬁe total displaéement h is written as

h=h, +h, | (2.10)

where, h; is the vertical distance through which contact is made (contact depth) or the
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contact depth of the indenter with the sample under load and 4, is the displacement of

the surface at the perimeter of the contact or sample deformation when the load is

applied. The quantity A_depends on the indenter geometry.

Unleoading

L

Loading

LOADING

Load, P

UNLOADING range of h.

(ind.-geometry dependent)

Y T CY e e e o e ew e

| S
R \

h . FOR €=0.72
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Figure 2.17: (a) Loading and unloading of the indenter on the sample

(b) Load is plotted against the Displacement
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From Sneddon’s solution for a conical indenter, /#, becomes

5

n=""20nn) @.11)
V3

where, /4, is the final depth upon unloading the indenter. The quantity (4 — 4, ) appears
rather than by itself since Sneddon’s solution applies only to the elastic con.lponent of
the displacement. |

Sneddon's contact solution (Sneddon 1965) predicts that the unldading aata for an
elastic contact for many simple indenter geometries (sphere, cone, flat punch and
paraboloids of revolution) follows a power law that can be written as folloWs:

P =ah™ | (2.12)

where, P is the indenter load, 4 is the displacement and o and m are constants.
Oliver and Pharr apply this formulation (Equation 2.12) to determine the contact area
at maximum load as it is valid even if the contact area changes during unloading. To do
this, they derived the following relationship for the contact depth from Sneddon's

solutions. The contact depth /%, is expressed as
h, =h,—¢& L™ (2.13)

‘where, S is stiffness constant and equal to dP/dh, i.e derivative of a power law fit to the

unloading curve and evaluated at the maximum load, P,,, , A, is the maximum depth,

and £ refers to tip shape constant and is equal to 0.72 for a conical indenter, 0.75 for
parabolic indenter and 1 for a flat indenter. The procedure for Oliver and Pharr analysis
includes a fitting of power law function to the unloading segment. This yields the
contact stiffness as slope of this function at maximum load. This slope in addition to the

appropriate value of ¢ is used in order to determine the actual contact depth so that it is
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finally pbssible to derive the elastic modulus and the hardness. To find the hardness, a
measure of the indentation area is needed. A convenient way to do this is to use the
projected contact area at maximum load. The area function for a perfect Bérkovich tip
is given as

Af (h,) = 24.56h’ ' (2.14)
In the' nanoindentation analysis, the hardness is calculated by utilizing the contact area
at maximum load and the equation is given as

L (2.15)

H=—"%=_
Af (h,).
Both values, elastic modulus as well as hardness, depend strongly on the area function

Af (h,) and the accuracy with which it is determined.

The reduced elastic modulus ( %, ) is calculated from

1Jz S | |
gL 2.16
B 2 JArk) @19

where-f is a constant or correction factor related to the tip geometry and equals to 1, -

1.034 and 1.012 for spherical tip, Berkovich tip and Vickers tip, respectively (Oliver et
al. 2004).

The elastic modulus of the sample can be derived from the following equation.

1 _(-v) d-vD)
E E E,

r I

(2.17)

- where, E & v are the elastic modulus and Poisson’s rétio, respectively, for sample and

E; & v, are the elastic modulus and Poisson’s ratio, respectively, for the indenter. For a

diamond indenter tip, E, is 1140 GPa and v, is 0.07 (Oliver et al. 2004).
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2.3.6 ANSYS

ANSYS is a finite-element analysis (FEA) | package used widely in industry to
simulate the response of a physical system to structural loading, thermal and
electromagnetic effects. ANSYS uses the finite-element method to solv.e the underlying
governing equations and the associated problem-specific boundary conditions. It is an
. extremely popular, class-leading modular suite of FEA software used across a broad
spectrum of indﬁstriés. Its open and flexible simulation solutions provide a common
platform for fast, efficient and cost-effective product develophlent, from design concept
to final-stage testing and performance validation. It is extensively used in the analysis of
structufal, thermal, dynamic, electromagnetic and fluid-flow in 2D and 3D models.
Complementary modules include design optimization, fatigue analysis, and geemetry
generation capabilities.

The basic idea in the finite element analysis is to find the solution of a complicated
problem by replacing it by a simpler one but as the actual problem is replaced by a
simpl_gr one, we will be able to find only an approximate solution rather than the exact
solution. The existing mathematicai tools will not be sufficient to find the exact solﬁtion
of most of the practical problems. Thus, ih the absence of any other convenient method
to find even the approximate solution of a given problem, the finite element method is
most preferred. Moreover, it is possible to improve or refine the approximate solution
obtained in FEM analysis with more computational efforts. In the finite element
method, the solution of a general continuum problem always follows an orderly step-

by-step process. The step-by-step procedure of static structural .problem can be stated as

follows (Rao 2004):

57



CHAPTER 2 SYNTHESIS AND CHARACTERIZATION TECHNIQUES

a).

b)

d)

Discretization of the structure: The first step in the finite element rnethoci is to
divide the structure or solution region into subdivisions or elements called finite
elements. The number, type, size and arrangement of the elements ought to be
decided. These elements are interconnected at specified joints called nodes or nodal
points. The nodes usually lie on the element boundaries where adj acent elements are
connected.

Selection of a proper interpolation or displacement modei: Since the
displacement solution of a complex structure under any speciﬁed load conditions
cannot be predicted exactly, some suitable S(;lution within an element is assumed to
approximate. the imknown soiution. The assumed sélution must be simple from a
computational point of view.

Derivation of elements stiffness matrices and load vectors: From the assumed
displacement model, the stiffness matrix [K®] and the load vector P9, of element

eare constructed using either equilibrium conditions or a suitable - variational
principle.

Assemblage of element equations to obtain the overall equilibrium equations:
Since the structure is composed of several finite eléments, the individual elemeilt
stiffness matrices and lciad vectors need to bé assembled in a suitable manner and

the overall equilibrium equations have to be formulated as
[K]¢ =P | (2.18)

where, [K] is called the assembled stiffness matrix, g? is the vector of nbdal

displacements and P is the vector of nodal forces for the complete structure.
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e) Solution for the unknown nodal displacements: The overall equilibrium
equations are modified to account for the boundary conditions of the problem. After
the incorporation of the boundary conditions, the equilibrium equations can be
expressed as

[K1b :-13 ' . (2.19)
For linear problems, the vector ¢ can be solved \;ery easily. But for nonlinear
problems, the solution has to be obtained in a.sequence of steps, each step involving
the modiﬁcation of the stiffness matrix [K} and/or the load vecfor P.

f) Computation of element strains and stresses: From the known nodal

displacements ¢, if required, the element strains and stresses can be computed by

using the necessary equations of solid or structural mechanics.
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3.1 Magnetron sputtered Ti films on Silicon substrate
In this section, the morphology and textures of Ti films deposited on Silicon

substrate are discussed.

3.1.1 Introduction

Titanium (Ti) exhibits high mechanical strength, excellent thermal stability, good
corrosion resistance in extreme conditions and intrinsic biocompatibility. It finds
extensive use for the structural and functional applications, especially in biomedical,
aerospace, and microelectronics industries [Boyer 1996, Shoesmith er al. 1997(a, b),
Textor et al. 2001, Jeyachandran et al. 2006]. The proﬁerties of Ti thin films deposited
by physical vapor deposition techniques are heavily dependent on their microstructural
characteristics such as grain morphology, density, textures, and porosity. It is possible
to tailor the properties of Ti films through the nanoscale features of the grains
achievable by accelerating the nucleation Kinetics during the sputtering process.
Therefore, it is very essential to understand the influence of process parameters on the
microstructural characteristics of the Ti thin films to further enhance their properties in
the actual applications (Jung et al. 2003, Cai et al. 2005, Jeyachandran et al. 2006). Ti
thin films with the enhanced strength, biocompatibility and adhesion behavior could be
better substitute for Ti based nitride coatings used in the biomedical applications.. The
chemical and structural characteristics of Ti coatings were investigated in the earlier
work (Iida 1990, Ogawa ef al. 1991).

The Ti thin films processed by magnetron sputtering and grid attached magnetron
sputtering were investigated and the formation of (100) and (002) preferred orientations

of the grains in the Ti‘ films was reported, with increase in bias voltage, in these two
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temperature., The application of bias voltage | has damaged the crystallinity and

- developed the (0110) and (0111) orientations although the smooth surface.-and dense
morphology was obtained at a moderate bias voltage in their work. The DC magnetron
sputtered Ti films deposited on TiNi shape memory were characterized by SEM and
observed that the films exhibits uniform thickness morphology and adherent to the
substrate (Sonoda et al. 2004).

The surface morphology of the titanium films has gradually changed from the
structure consisting of fine particles to that of fine fibers with increase in substrate
temperature. XRD analysis of the films showed the presence of a-titanium phase with
the (002) orientation increasing up to the substrate temperature of 320°C. 'Ho_wevcr, thé
(011) orientation gets increased while the (002) orientat;on 4diminished at a higher
temperature range. The fine particles yielded the (002) peak while the fine fibers
yielded the (011) peak (Sonoda et al. 2004). Ko et al. (1999) have investigated the
microstructural features of Ti films formed, on p-type (001) single crystal Si wafer, by" '
. the ionized sputtering process and revealed the formation of the less strong (002)
textures in the films, without the substrate bias, when compared to collimated
'sputtering. The residual stress and structural characteristics of Ti ﬁlms_ on glass
substrates deposited by planar magnetron sputtering were carried out by Savaloni et al.
(2004) and they reported that the grain size increase was dependent on the substrate
temperature and film thickness. The films exhibited (100) preferred orientation as
observed in tﬁeir work. The surface structure and composition of flat Ti thin films,
deposited by e-beam evaporation technique, on glass substrate were characterized by
AFM and XPS respectively (Cai et al. 2005). A direct linear relationship between

surface roughness and evaporation rate was observed using AFM characterization. The
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films with larger grains are correlated with root mean square surface roughness. Vijaya
et al. (1996) have c}iaracterized the bias assisted magnetron sputtered Ti films on glass
substrates by XRD and TEM and observed the reduction in grain size of the films with
increasing bias voltage. They observed the fcc phase transformation in Ti thin films
from its SAED patterns and it was attributed to the formation of oxide phase due tt)
presence of trace amounts of water vapor or residual gases during deposition.
Jeyachandran et al. (2006) characterized DC magnetron sputtered Ti thin films on Si
(100) substrates by using XRD, SEM, spectroscopic ellipsometry technique. The films
were found to be uniform, void ‘free and dense morphology. Its preferred orientation
was (0002), from the XRD study, at the 100-150W cathode power. The Ti films
deposited using pulséd magnetron sputtering were characterized in terms of optical
properties, tnicrostructure, and mechanical properties -b)i Henderson et al. (éOOS). Thc;y
reported the formzitit)n of smooth film morphology and héavily pitted surface at thé
fréquéhcies of 100 kHz and 350 kHz, respectively. The effect of bias power on the
- growth morphology of Ti films prepared by RF magnetron sputtering was studied by
Martin et al; (1998) and they observed the cleaning action, knocking, and resputtering
of the forming film, for the weak bias, intense bias (300 W), and above 300 W,
respectively. The films composed of spherical nodules of about 60 to 80 nm in
diameter, which are coalescent and distinguishable under the deposition conciitions
without bias power. | |
The influence of various process parameters such as substrate temperature, pressure
and power on the morphological features of Ti films needs to be thoroughly understood
for its superior performance and reliability in the actual device applications. Owing to

this view, the
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present work has been focused to produce Ti films on Si substrate by DC Magnetron
Sputtering at different substrate temperatures and characterize their microstructural

features by XRD, FE-SEM/EBSD and AFM. .

3.1.2 Experimentai Details

3.1.2.1 Synthesis of Ti ﬁlms

The Ti films were deposited by DC magneftron sputtering on Silicon (100) substrates
from a 99.99% pure ﬁtanium target (2” diameter & 5mm thick). The substrate was
cleaned by first rinsing in Hydrofluoric acid to remove SiO; layer and then ulfrasoni‘c
baths of acetone and methanol and finally dried under nitrogen gas. The base pressure
was better than 2 x 10° Torr and the sputtering were carried out in an Argon
atmosphere. The ambient argon gas pressure was kept at 10 mTorr for all dépositiéﬁs.
Before starting the actual experiment, the target was pre-sputtered for 15 miputes with a
shutter located in between the target and the substrate. This shutter was used to control
the deposition time. The target-substrate distance was kept at 50 mm and the deposition
time was kept constant for all depositions. The sputtering parameters for Ti films gi.r\i/_ith

varying substrate temperature are included in Table 3.1.
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Table 3.1: Sputtering parameters for Ti films with variation of substrate temperature

Target Titanium

Base Pressure 2 x 10 Torr

Gas Used Argon

Sputtering Pressure ' 10 mTorr

Deposition Time 2 hours i
Sputtering Power 100 W

Substrate Used Silicon (100)

Substrate Temperature 100-600°C

3.1.2.2 Characterization details |

The Ti films were characterized by XRD (Bruker AXS, D8 Advaﬁce) with CuKa_
(1.54 A) radiation for the phase identification, grain size measurement, and texture
analysis. The excitation voltage and current were set to a 40 kV and 30 mA
respectively, in the diffractometer. The scan rate used was 1°/min and tﬁe scan range was
from 30° to 45°. The grain size of the Ti films was estimated from the Scherrer’s
férmula (Cullity et al. 2001), as given in Equation 3.1. The grain size ¢ is along the
surface normal direction, which is also the direction of the XRD diffraction vector is
given by

0.94

t= 3.1
Bcosé (3.1)

where, B (crystallite) is the corrected full-width at half maximum (FWHM) of a Bragg
peak, 4 is the wavelength of X-ray, and 6 is the Bragg angle. The grain size is measured
using the preferred orientation of XRD peaks obtained for the Ti films on Si substrate.

The surface topographical characterizations of the Ti films were obtained from FE-SEM
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(FEIL, Quanta 200F) at an acceleration voltage of 20 kV. The surface morphology of the
Ti films was studied using AFM (NT-MDT, Ntegra) operated in semicontact (tapping)
mode and the root-mean-square (RMS) roughness of the surface of the sample was
calculated from AFM scan at five different spots for each sample. The electron

backscatter diffraction (EBSD) was used to obtain the grain size distribution of Ti films.

3.1.3 Results and Discussion

XRD peaks of Ti films deposited on the Si (100) substrate in Ar atmosphere at
different substrate temperatures ranging from 100-600°C are shown in Figure 3.1(a). It
was found that the intensity of the (002) reflection of the films iﬁcreases with increase
in the substrate temperature around 200°C. With further increase in temperature above

300°C, the (002) orientation subsides while (101) orientation dominates.

(101)
(002)
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2
[72]

£ (100) JL 600° C

)= ~ A 500° C
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R 100° C
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Figure 3.1(a): XRD peaks of Ti films deposited on Si substrate as a function of

substrate temperature
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With the increase in substrate temperature, the crystallite size also increases as expected
from 40.7 nm at 100°C to 57.7 nm at 600°C, however (002) orientation traﬁsformed into
(101) preferfed orientation. The enhanced mobility of adatoms in the film surface with
the increase in substrate temperature has favored the formation of (101) orientatiqn of
grains. The competition between strain energy and surface free energy affecting the
texture of the grains are heavily dependent on the deposition parameters such as
substrate temperature, power, sputtering pressure and film thickness. The thermal stress
induced in the thin films deposited at higher substrate temperature might have alsQ
’contr-ibuted to thé« modification of (002) preferred orientation, favoring the formation bf

(101) grains.

% A (100)
I (002)
(I (101)

Texture Cbefficient
5

100 200 300 400 500 600
Substrate Temperature ( °C)

Figure 3.1(b): Texture coefficients of Ti films deposited on Si substrate as a function
of substrate temperature

The texture coefficients of Ti films as a function of substrate temperature were

calculated from its XRD peaks using the following formula (Huang et al. 2005b) and

shown in Figure 3.1(b).
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I(hKT)

TextureCoefficient =
[Z7(100) + 1(002)+ 7(101)]

(3.2)

where, A, k, [ are planes and represents (100) or (002) or (101) orientation.
The texture coefficients of (002) and (101) orientation are high as compared to other
orientations in the Ti films deposited under Ar atmosphere. It is clear that the higher

substrate temperature influences the observed changes in textures.
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Figure 3.2: Cross sectional view of Ti films on Si substrate deposited at substrate

temperature (a) 200°C, (b) 400°C and (¢) 600°C
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The thickness of the Ti films was measured by taking cross sectional view of Ti films
by FE-SEM and it was around 6.0 um of all the samples. Figure 3.2 shows the cross
sectional view of Ti film deposited at 200°C, 400°C and 600°C.

Atomic force microscopy was used to study the surface topography of Ti films.
Figure 3.3 shows the AFM images of the Ti samples deposited at substrate temperature

ranging from 100°C to 600°C respectively.
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Figure 3.3: AFM images of Ti films on Si deposited at substrate temperature (a) 100°C,
(b) 200°C, (¢) 300°C, (d) 400°C, (e) 500°C and (f) 600°C

It can be clearly seen from the images that up to the s_ubstrate temperature of 200°C, the
grains are of two-dimensional hexagonal structure -and with further increase in the
substrate temperature, the grain size increases and it transforms into three-dimensional
hexagonal structure. The anisotropi_c grain growth, thermal stress and texture of the
grains are responsible for evolution of three-dimensional hexagonal struchﬁes at higher
substrate temperature (600°C). The anisotropic grain growth may occur in Ti thin films
due to the factors such as preferred orientation of the grains, orientation dependent grain
boundary mobility and grain boundary free energy, and residual stress.

Figure 3.4 shows the FE-SEM images of the Ti films ‘deposited at substrate
temperature ranging from 100°C to 600°C, respectively. The formations of two and
three-dimensioﬁal hexagonal structures of the grains in Ti thin films are evident from

this FE-SEM micrograph.

71



'CHAPTER 3

TITANIUM FILMS

> ST BN G
HV Mag ‘ Det{ WD | 12/972006
20.0 kV110000x. ETD19 .5 mm [ 5:34-25 PME

e e
fag  Def: WD- |12/10/2006,
kV{10000x-ETD’ 9 6 mm|2:13.47 PM

A < =
Meg Det - WD q11 N -
20.0 kV|16000x% ETDI9:8 mm|803:47 PM. *

B -~
v ] Mag )Del! WO
20 0 kv 10000x ETDH0 0 mmi1.13-21 PM

20.0 kVi 10000} ETD18.8 mm|7:13:46 PM IIT ROORKEE

5.0pm-

Figure 3.4: FE-SEM images of Ti films on Si depbsited at substrate temperature

(a) 100°C, (b) 200°C, (c) 300°C, (d) 400°C, (e) 500°C and (f) 600°C
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(a)
Figure 3.5: Tilted FE-SEM images of Ti films on Si deposited é;t substrate temperature
| 600°C (a) HV = 3 kV and (b) HV =20 kV ’

Figure 3.5 -.éhows the 60° tﬂted FE-SEM images of Ti films deposited at §Hbstrate
temperature 600°C and thése ﬁnages were taken at two different a_ccele'ration{%gl‘tages :
“ie. 3 kV and 20 kV. At 3 kV, due to-the less signal, the ima.gevgives diAffer-en%fshades
;chat _-cdnﬁrms the three dimensional hexagonal structure. The shadés have disappeared
when the acceleration voltage increased up to 20 kV. EBSD has been used to ob;ain the
grain size distribution of the Ti thin films déposited at substrate temperatme?énging
from 100°C to 600°C. To obtain best EBSD patterns, the imaging conditions in the FE-
SEM were bptimized througﬁ tilting -.'ﬂ'»ier'sample and'adjustingithe workipg distance so
that the higher interaction volume ‘Was' realizéd. For EBSD r‘neésurement, areas of 12 x
12 pm’® was selected and approx..""4,50,(-)00 measurement points were lcollected in a file

- for the analysis. The surface map of Ti in Figure 3.6(a, ¢ and e) shows the orientation

of the grains in the chosen area of the sample.
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Figure 3.6: Orientation map of the measurement area and grain size variation as a
function of area fraction of Ti films deposited on Si at substrate
temperature (a-b) at 200°C, (¢-d) at 400°C and (e-f) 600°C
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The orientation of each grain is described by the three Euler angles and characterized by
a distinct color. The values of the Euler angles 'are coded by different intensities of the
fundamental colors red, green and blue. The superposition of these components results
in thé color associated with the orientation of the grain (Wolf et al. 2002). The EBSD
results of Ti thin films showed the increase in grain size with increase in substrate
temperature and they are in tandem with that of the analyses made by XRD and AFM.
The average grairi size by EBSD is 0.23 um, 0.46 pm and 3.47 pm at 200°C, 400°C and
600°C respectively. Figure 3.6 (b, d and f) shows the grain size variation as a function
of area fraction at substrate temperature 200°C, 400°C and 600°C respectively. The
uniform grain size distribution is observed for the films grown at 200°C and 400°C. The
increase in grain size is due to higher driving force associated with grain boundary free
energy of the films formed at higher substrate temperature. The grain growth of Ti thin
films occurs due to the enhanced mobility of adatoms in the grain boundaries at higher
temperature. ‘The grain size distribution of Ti films at higher substrate temperature
(600°C) observed in the present work is not uniform due to the anisotropié grain growth
of the thin films, which is influenced by texture of the grains. According to '1"hompson
(2000), abnormal grain growth in thin films can occur when the growth of
subpopulation of grains (preferred grains) is favored due to the minimization_of surface
and interface energ)} or strain energy minimization. However, the anisotropic grain

growth is not pronounced in the thin films up to the substrate temperature of 200°C.

3.1.4 Conclusion

The morphological characteristics of Ti films deposited on Si (100) substrates at

different substrate temperatures were investigated in the present work. The Ti film
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showed a (002) preferréd orientation and 'its iﬂtensity increases with increase in the
substrate temperature around 200°C. At above 300°C, the (101) preferred orientation
has increased while (002) orientation decreased. The FE-SEM analysis of the Ti films,
deposited in Ar atlhosphere revealed two and three-dimensional héxagonal structure of
grains depending upon the substrate temperature. The increase in grain size of Ti thin
films with‘increasing substrate temperature was confirmed by XRD, FE-SEM/EBSD
and AFM. The grain size distribution is uniform for the films deposiied at 200°C and
400°C but it transforms into non-uniform distribution for the films deposited at 600°C.
The anisotropic grain growth observed at higher substrate temperature is due to the

texture of the grains.
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3.2 Magnetron Sputtered Ti films on Glass substrate

3.2.1 Introduction

It is very essential to study the systematic investigation and quantification of the
influence of process parameters such as sputtering power and sputtering pressure on the
texture and microstructural features of Ti thin films for enhancing its ‘strength and |
adhesion in biomedical and microelectronics applications. Owing to these facts, the
present work has been focused to deposit Ti films, using different process parameters,

on glass substrate by DC Magnetron Sputtering and characterize their microstructural

features by XRD, FE-SEM and AFM.

3.2.2 Synthesis of Ti films

The Ti films were deposited by DC magnetron sputtering onto glass substrates using
a 99.99% pure titanium target (2” diaﬁeter & 5mm thick). The substrate is a
microscope glass slide, which is cleaned by rinsiﬁg in ultrasonic baths of acetone and
methanol and dried under nitrogen gas. The procedures adopted for deposition of Ti
films on glass substrate were similar as discussed earlier in the Section 3.1.2.1. The
sputtéring parameters for Ti films with variation of sputtering power, substrate

temperature and sputtering pressure are included in Table 3.2.
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substrate temperature and sputtering pressure

Table 3.2: Sputtering parameters for Ti films with variation of sputtering power,

Sputtering SET I SET II SET II1
Parameters
Target Titanium Titanium Titanium
Base Pressure 2% 10° Torr | 2% 10° Torr |2 x 107 Torr
Gas Used Argon Argon Argon
Sputtering Pressure | 10 mTorr 10 mTorr 5-20 mTorr
| Deposition Time 2 hours 2 hours 2 hours
Sputtering Power 50-150 W 50 W 50 W
Substrate Used Glass Glass Glass
Substrate
Temperature 100°C 100-500°C 100°C

3.2.3 Results and Discussion.

The XRD graphs of Ti films deposited at varying sputtering power, substrate
temperature and sputtering pressure are plotted in Figure 3.7(a), (b) and (c)
res;;ectively. In case of varying sputtering power, it is observed that initially the Ti film
exhibit (100) preferred orientation [Figure 3.7(a)] but with increasing power, (002)
becomes thé preferred orientation. However, with increase in the substrate temperature
[Figure 3.7(b)}, the initial (100) orientation subsides and (101) orientation emerges as
the preferred orientation. The XRD results of the Ti films with varying sputtering power

may be interpreted on the basis of stress and strain evolution mechanism.
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Figure 3.7: XRD graphs of Ti films on glass substrates as a function of (a) sputtering

power, (b) substrate temperature and (¢) sputtering pressure

The compressive stress induced in the films contributes to the development of (100)

orientation and it may have relaxed to tensile mode at higher thickness favoring the

(002) preferred orientation.

The microstrain from (100) peak of Ti films on glass

substrate was calculated by the following equation (Ong et al*2002, Singh et al. 2008)

and shown in Table 3.3.

79



CHAPTER 3 : " TITANIUM FILMS

~a=(c—-o0o,)/o,=x100 (3.3)
where, o (a or ¢) is the lattice parameter of the strained Ti films calculated from XRD

data and ‘&, (a, or c¢,) is the unstrained lattice parameter of Ti (a = 2.9512 A and ¢ =

4.6845 A) (Cullity er al. 2001). The lattice parameters a and ¢ of Ti films was

calculated using the equation (Cullity ef al. 2001):

1 4R +hk+k?) 1P
=3 x + (3.4)

a c

where, d is the intefplanar distance obtained from the position of the (100) peak using

thf_f Bragg condition, a and c¢ are the lattice parameters (being hexagonal structure

c/ a=./8/3 )'and~h, k and [/ are planes. It has been observed that with increasing -

sputtering power, substrate temperature and sputtering pressure, microstrain ‘was
initially 'ne'gati\;e and then became posit_ive with'a correspo'nding change in crystallite
size as shown in Table 3.3. It may> be mentioned that with increase in power, the
deposition rate inz:reéses'; which in turn increases the thickness of the deposited film
* (Jeyachandran et al. 2007). Similarly, the peak change due to the increase in substrate:
témpérénlfe causes the increase of (1701‘) orientation while the (002) orieﬁtation
decreased at a higher 'temperature (Sonoda er al. ‘2004). The higher substrate
terripérature c-:ould'facilitate the enhanced mobility of adatoms in the film surface and
favored the forrhatibn of (101) orientation of grains. It. is evident from the Figure 3.7(c)
that -fhe (002) peak_appeafed at 5 mTorr has transformed into (101) preferred orientation
at 20 mTorr. The competition between strain energy and surface free energy affecting
the 'téxtlilres of the gra‘iné are dependent on the deposition pararnete‘rs such as substrate
temperature, power and sputtering pressure.' The thermal stress induced in the thin films

at higher substrate temperature might have also contributed to the modification of (002)
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p;eferred orientation, favoring the formation of (101) grains. The thermal stress of Ti
thin films deposited on glass subétrate as a function of substrate temperature has been
investigated in our earlier work (Chawla et al. 2008a) by finite element analysis and
observed that the induced thermal stress was due to the higher substrate temperature and
thermal expansion mismatch between the films and glass substrate. The induced thermal
stress in Ti thin film has also been reported in the literature (Naoe ét al. 1991, Savaloni
et al. 2004, Sonoda et al. 2004).

The texture .coefﬁ;:ients of Ti films on glass substrates as a function of different
| parameters are calculated from its XRD peaks as éhown in Figure 3.8(a-c) by using the
formula, as given in Section 3.1.3 (E-quation 3.2). It is observed from Figure 3.8(a)
that the texture coefficient of (100) oriehf.ation is high, with the sputtering power of 50
W, as compared to other orientations. However, (IQI) and (002) orientatibns exhibit
higher-values of texture coefficient with increasing sputtering poWer of 100 W and 150
W, respectively. With varying substrate temperature [Figure 3.8(b)], thé - (100)
orientation showed a higher texture coefficient at 100°C as compared to, other
vorientations. With increasing temperature, (002) and (101) orientations exhibit a higher
texture coefficients at 300°C and 500°C, respectively. It is shown in Figure 3.8(c), vﬁth
varying spuftering pressure, that the (002) orientation showed a higher texture
coefficient at 5 mTorr as compared to other orientations. With increasing pressure,
- (100) and (101) orientaﬁons exhibit a higher texture coefficients at 10 mTorr and 20
- mTorr, respectively. The process conditions such as substrate temperature, sputtering
pressure and power influence the surface energy and strain energy of grains formed in

the thin films. .
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Figure 3.8: Texture coefficients of Ti films on glass substrates as a function of

(a) sputtering power, (b) substrate temperature and (¢) sputtering pressure

The competition between surface energy and strain energy during film growth might

contribute to the changes in texture of the grains as observed in the present work. The

influence of substrate temperature on the microstrains of the Ti thin films is evident

from the Table 3.3. For sufficiently thin films, surface and interface energy minimizing

textures are favored but for the thicker films with higher elastic strains, strain energy

minimizing textures are formed as reported by Thompson (2000).
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The AFM images of Ti films deposited at varying sputtering power are in Figure
3.9(a-c). The images of Ti films were acquired in a 10 x 10 um? area. It is observed the
grain size and surface roughness of Ti films increases with increase in sputtering power.
The AFM images of Ti films deposited at varying substrate temperature are shown in
Figure 3.9(d-e). With increase in substrate temperature, the grain size and surface
roughness increases and the morphology of the grains become well crystalline. Figure
3.9(f-g) shows the AFM image of the Ti films deposited at sputtering pressure of 5
mTorr and -20 mTorr, respectively. The regular hexagonal crystals are observed for the

films deposited at 20 mTorr.
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Figure 3.9: AFM images of Ti films on glass subs;crateé as a function of different
parameters: |
I) Sputtering Power (a) at 50 Watt, (b) at 100 Watt and (c) at 150 Watt
IT) Substrate Temperature (a) at 100°C, (d) at 300°C and (e) at 500°C
I11) Sputtering Pressul;e () at SmTorr, (a) at 10 mTorr and (g) at 20mTorr

The surface roughness exhibits an increasing trend with the sputtering pr,eséure. The
crystallite size and surface roughness of Ti thin films deposited with varying power,
.substrate, temperature. and sputtering pressure are shown in Table 3.3. The increase in .
surface roughness of Ti thin films with higher substrate temperature is due to .-growth'of

grains with preferred orientations dictated by surface and grain boundary diffusivity,
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adatom mobility, film thicknessA and induced thermal stress (Naeem et al 1995,
Savaloni et al. 2004). The effeét of sputtering pressure can be explained by the
relationship of the mean free path, 4 (cm), with the sputtering pressure of the gas as
given by

T
(Ps,)

m

A=2330x107% (3.5)

where, 7 (K) is the temperature, P (Torr) is the sputtering pressure and &,, (cm) is the

molecular diameter (Maissel er al. 1970, Chandra et al. 2005). According to above
equation, when sputtering pressure is high, the mean free path is less so that the
sputtered atoms undergo a large number of collisions, as a result, the sputtered atoms
have a higher probability of agglomeration i.e. increasing in particle size before arriving
at the substrate surface and hence increase in surface roughness of Ti films. With
increase in sputtering power, adatom mobility and the deposition rate increases, -
contributing to growth of crystallite size and higher surface roﬁghness of Ti thin films.
The FE-SEM images of Ti ﬁlmé deposited at varying sputtering power (50°W, 100
W and 150 W), fixed substrate temperature 100°C and sputtering pressure 10-mTorr are
shown in Figure 3.10(a-c). With increasing power, the density of the film has increased
with lesser fraction of voids due to the higher adatom mobility. Figure 3.10(d-¢) shows
the FE-SEM images of Ti films deposited at.varying substrate temperature. The
sputtering power and pressure were kept constant at S0 W and 10 mTorr when the
substrate temperature was variea from 100 to 500°C. It is evident that with the increase
in substrate temperature, the morphology of grain changes and becomes denser due to

the higher surface and bulk diffusivity of sputtered atoms. The Ti films deposited at 5
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mTorr [Figure 3.10(f)] revealed fine graiﬁ ‘morb‘hol(j)gy; as compared to the columnar

grains with voids observed for the films deposited féf?()_ﬁiTorr [Figure 3.10(g)].
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Figure 3.10: FE-SEM images of Ti films on glass substrates as a function of different
parameters:
I) Sputtering Power (a) at 50 Watt, (b) at 100 Watt and (c) at 150 Watt
IT) Substrate Temperature (a) at 100°C, (d) at 300°C and (e) at 500°C
ITI) Sputtering Pressure. (f) at SmTorr, (a) at 10 mTorr and (g) at ZOEnTOH

The morphology of Ti thin films deposited under varying sputtering power, substrate

temperature and sputtering pressure are in accordance with the structural zone models °

discussed in the literature (Thornton 1977). For example, Ti films deposited wifﬂ-—"lfJTm
ratio 0.06 showed a less dense morphology (ane I) with the voided grain bounciaries
[Figure 3.10(b), (g)] but wifh Ty/Tn ra‘gio of 0.3, density of the ﬁlﬁs have incréased
[Figure 3.10(e)]. As discussed in Saval(;;i et al. (2004) work, the increase in substrate
tempera;ture (T¢/Tm > 0.3) may lead to the denser film.

The thickness of the'Ti films was measured by taking cross sectional vicltv; of Ti

films by FE-SEM and image is shown in Figure 3.11 and the thickness data of all Ti

film samples are given in Table 3.3. ;

87



CHAPTER 3.

TITANIUM FILMS

v T Mag [\Del
200 kv[15000«/ €10

D 4/8/2008
m|9.52:09 PM

Figure 3.11: Cross section FE-SEM iinage of Ti film on glass substrate

Table 3.3: The variation of different values of Ti thin films with varying depositioh :

parameters
SET | Parameters | Crystallite | _Average .-|. Film .| . Micro. . | .
A - size. ‘Roughness | Thickness.| ~Strain |
(XRD) (AFM).(nm) | . (um) (100) peak
(nm) : B
| D 50 Watt 6.4 23.7 3.12 -0.6777 .
100 Watt 46.4 101.6 4.76 0.0745
156 Watt 52.0 194.9 6.49 0.0895 '“
ID:~ [ 100°C-- - 6.4 23.7 3.12 ~-0.6777"
300°C 30.8 105.1 3.27 -0.4473
500°C 4]1.8 126.4 3.48 0.0779
I1I) 5 mTorr 5.6 13.5 2.14 -
i 710 mTorr 6.4 23.7 312 7 | 0.6777
A <71 -20mTorr 39.7 95.6 4.35 0.0474

3.2.4 - Conclusion

The effects of sputtering power, substrate temperature and sputtering pressure on the
microstructural -morphologies of the Ti films 'depositéd on glass substrate by DC-

Magnetron sputtering were investigated in the present work. XRD analysis of the
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textures of the Ti films, deposited under different conditions, revealed the initial {100)
preferred orientation but the (002) and (101) orientation$ were observea with th;:
increasing sputtering power and substrate temperature, respectively. The development
‘of (100) orientation was due to the compressive stress induced in the films but it
transformed into (002) preferred orientation at higher thickr;ess. The (002) and (101)
preferred orientations were observed for the films deposited with the sputferiﬁg pressure
of 5 mTorr and 20 mTorr, respectively. The textures of the films were affected due to
the competition between strain energy and surface free energy during depésition of thin
films under various process conditions such as substrate temperature, power and
sputtering pressure. The thermal stress induced in the thin films at higher substrate
temperature has also contributed to the formation of preferred (101) orientai“:ién:’f' The
microstrain of Ti films was initially negative and then changed to positive ;raiue with
increasi-ng sputtering power, substrate temperature, and sputteriﬁg» _p.)ressure. The,
crystallite size has increased with increase in microstrain in the films. The-average
surface roughness calculated from the AFM images of the films has shown an
increasing trend with varying deposition parameters. The increase in surface r;;;;hness
of Ti thin films with increase in substrate temperature was due to growth of grains with
preferred orientatipns dictated by surface and grain bouﬁdary diffusivity, adatdm
‘mobility, film thickness and induced thermal stress. The calculated grain size of Ti thin
films using XRD results revealed an increasing trend with varying "dcposition
parameters. The uniform and dense morphology of the Ti films were observed with the
higher substrate temperature and sputtering pressure as observed from the FE-SEM
characterization. The denser morphology éf grains observed at higher substrate -

temperature is due to the higher surface and bulk diffusivity of sputtered ators.
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3.3 FEM Analysis of Thermal Stress in Magnetron Sputtered
- Ti thin films

3.3.1 Introduction

Titanium based thin hard coatings such as TiN, Ti-Si-N, and Ti-Al-N exhibit
excellent mechanical aﬁd tribological properties and provides ;uperior wear resistance
over the materials on vghich they are coated. However, the residual stresses generated in
the thin hard coati'ngs during the deposition processes, physical and chemical vapor
deposition, signiﬁcgntly influence their ilardness, adhesion and wear resistance. The
residual stress in the coating is dependent on growth stress and thermal stress, which are
affected by the depqsitioh processes. The presence of grbwth stress or int-ribnsic stress in
thin coating is due to the influence of particle flux and energy striking the conde;iéing
film on the SL_lbstrate during the sputtering process. The energy of bombardment and the
structure of the coatings are sensitive to the deposition parameters such as substrate
temperg?urs:,:pres?Llre? sputtering current, bia§ voltage;, and substrate orientation. The
ir{trinsic stress in spuitered thin .coatings can be related to the structure zones. A low-
density zone I possess voids between columns leading to cbating under tensile stress.
The tensile stress arises from the interaction of open columnar boundaries in the
coat_in_gs. If the coating is bombarded by energetic parfpicle such as ion or reflected
neutral species during sputtering at low argon pressure and bias, compressive stresses
are generated due to ion—pcening mechanism. It will result in_ higher density zone \yith
fewer voids (Teixeira 2001). The gréwth stress affects adhesion, hardntvess,‘ and
geperation of crystalﬁne defects in the Q_oating. The deformation of hard-coatings occurs

by stress relaxation mechanism namely; adhesive failure due to delamination at the
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interface and cohesive failure caused by spallation with the coating. It is well known
from the literature that the poor adhesion of the coatings on the metal surface is
influenced by the complex stress states manifested at the edges of the thin coatings
(Teixeira et al. 1999, Khor et al. 2000, Islamoglu ez al. 2002).

Thermal stress in the thin coatings results from the thermophysical propefty
mismatch between substrate and coating occurs during the sputtering prtScess. The
various factors such as coefficient of thermai expansion, Poisson’s ratio, Young’s
modulus, thickness and thermal conductivity affects significantly the thermal stress of
sputtered deposited thin coatings as feported in the literature (Boley er al 1985,
Gunnars et al. 2002, Haider er al. 2005). Although the growth stress is substantial in
physical vapor deposition of thin coatings, thermal stress can not be ignored‘;i%ié the
deposition temperature and CTE mismatch is high (Gunnars et al. 2002). Hé:nce,
analysis of residual stress in thin coatings should account for both of these stresses. Itis
essential to realize that the stress management is very crucial in order to ensure the
reliability of coatings in the actual applications. Analytical models are generally us%d to
describe the thermal stresses of the coatings constituting the linear-elastic or elastic-
plastic behavior.

In recent times, finite element analysis (FEA) serves as potential tool to quantify the
thermal stress in the thin coatings. Also, discrete element mbdeling (DEM) based
technique is used extensively to analyse the tensile and compressive stress in the thin
films and particulate system (Amin et al. 2006). It may be mentioned that FEA analysis
(Ucar et al. 2001, Sarikaya et al. 2002, Widjaja et al. 2003) of thermal stress in thin film
is quite prevalent in device manufacturing technology to test its reliability (Okyar et al. |

2001) but it is very scarce in the context of failure of the coatings for the technological
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applications. Ti thin coating is used in tribological, microelectromechanical ‘systems,
diffusion barrier applications due to their sﬁperior hardnesvs, excellent thermal and
chemical stability. Since the thermal stress strongly affects the mechanical properties of
the coatings, it is very essential to ensure its reliability in various applications by
quantifying them via experimental and modeling studies.. Therefore; the presentlwork
has been focused to simulate the thermal stress generated in thin Ti coatings sputter

deposited on glass and Si substrates. .

3.3.2 Modeling
3.3.21 Ahalytical Model for thermal stress

' Tsu1 et al (199‘;/") have propdsed an anélytical. mode}l for predicting residual étrésé in
progressiiiély dépé.éigéd coatings foru tﬁé'pl-aﬁarb geor;xétfy c‘o'nﬁgﬁréfibn; Thelr énaiizﬁcal -
model in conjunctioﬁ with Stoney’s equation for tensién df metallic films wouid resuit.
in the folloWing equation for thermal stress in thin coating as (Stoney 1909), |

Tg

Bep J (og —ap)dl.
Tr

°f (3.6)

I+ 4(E ¢ /Eés ) h/H)
where, E; _=_Ef/(1—v£), E.=E;/(Q-v,), E(, E,,hH, o, ., Vy, VS,T, and

T4 are effective: Young’s modulus of the coating, effective Young’s modulus. of the
substrate, -Young’s modulﬁs of the coating, Young’s modulus of the substrate, coating
thickness, substrate thickness, coefficient of thermal expansion of the coating,
coefficient of ;ﬁhérmal e;cpansion of the sﬁbstrgte, Poisson’s ratio of the coating,
Poisson’s ratio of the substrate, room temperature * and substrate temperature

respectively.
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3.3.2.2 Finite Element Analysis

To analyze the thermal stress generated in sputter deposited Ti coating, a cylindricalr
shaped glass substrate of 20 mm diameter and 3 ‘mm thickness, and on the top surface,
Ti coating of thickness 2.5 um were considered. Similarly, for the silicon substrate, a
cylindrical shape was considered but with different dimension of diameter 20 mm and
thickness 0.5 mm, and coating thickness 2.5 pm. These dimensions would allow the
coating-substrate to bend upon the development of thermal stress in the sputter
depositionb of Ti poating. For the simplicity of analysis, an isotropic and thermoelastic
behavior of the Qoatings and substrates were assumed. The plain biaxial stress was
considered aleng with the uniform temperature maintained over the sample at the
processing temper\ature as -well as after cooling. The orthotropic behavior of the‘{inaterial
was also taken into account to analyze the thermal stress-in the coating—;xbstrate
combination. The physical and mechanical properties of the Ti coating and substrates
(Glass and Si) are given in Table 3.4.

Table 3.4: Properties of coating and substrates materials <

S.N. " Properties Materials
o Titanium Glass Silicon
1) | Poisson’sratio . 0.31 0.24 0.3
2) | Young’s modulus (GPa) 120 69 167
3) | Coefficient of Thermal
expansion (x 10°°C™) 8.4 9 | 233

. Analyses were made to study the effect of each parameter on thermal stress by varying

it, for example, substrate temperature (100 to 500°C), while fixing three of the other
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parameters constant {Young’s modulus (120 GPa), coating thickness (2.5 pm),
substrate thickness (3 mm for glass and 0.5 mm for Si)}. The identical geometry of the
substrates with fixed thickness was used for the analysis. The Young’s modulus values
of Ti vary with in the range of 100 — 120 GPa as reported in the literature
(Chinmulgund et al. 1995, Ogawa et al. 1997) and in the simulation the similar
variations were imposed. The axisymmetric plane parallel to XY plane was taken into
account for the two dimensional FEA, as shown in Figure 3.12 in the present work.

The simulation of thermal, shear and radial stresses generated in the Ti coating
deposited on glass and Si substrates were performed by ANSYS finite elément analysis
(ANSYS 2003). The four-node structural and quadratic element PLANE 42 with
axisymmetric option has been used: to model-the Ti coating on glass and.Si substrates:.
The model was meshed with mapped meshing using the quadrilateral-shaped elements.
The el¢ment- size across the plane was decreased in a graded fashion near the coating-
substrate interface, since-this area was under very high stress concentration (Wright ef -
al. 1999). The fine mesh was imparted near the edge across thethickﬁess -of the coating’- :
and substrate and it was refined until the results are consistent with only small changes.
The left side of the model corresponds to the axis of the axisyfnmetric model and to
restrict any movement, left corner of the model was pinned so that bending occurs

during cooling.
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Figure 3.12: Schematic diagram of axisymmetric 2D solid model

The verification of the model was carried out by substituting the value of different
properties of coating and substrate in the analytical Equation 3.6. The thermal stress in

the FEM calculation is computed as maximum von Mises stress in the coating.‘ The

SRR

thermal load is applied over the coating-substrate combination by fixing substrate

o

temperature as 500°C and uniform temperature as room temperature, 25°C. The sum of

average value of radial and shear stress components would give the thermal stress

&

values in the coating-substrate combination.

3.3.3 Results and Discussion

The varigition of thermal stress géﬁérated in Ti coating deposited on glass alid Si
substrates as a function of substrate temperature is shown in Figure 3.13(a) and (b)
respectively. It is observed that thermal stress varies linearly with substrate teinperatiife
and the values calculated by FEA analysis are in accordance with analytical model, in
the present work. The thermal stress of Ti on Si substrate induces a compressive stress
as shown in the Figure 3.13(b) against tensile stress on glass substrate. Due to the high
CTE mismatch between Ti and Si substrate, the induced thermal stress in the coating is

substantial.
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Figure 3.13: Thermal stress variation as a function of substrate temperature on

(a) Glass and (b) Si substrate

The linear relationship observed between Ithermal stress and substrate temperature of the
Ti coating on Glass and Si substrate is due to the increase in thermal gradient occurs
during deposition process. The induced thermal stress in the coating is high at higher
‘substrate temperature due to the i_nﬂuence of thermal gradient and CTE mismatch
between coating and substrate. The thermal stress in the Ti coatings can be relieved by
post-annealing treatment.

The influence of coating thickness on the thermal stress of Ti coated on Glass and Si
' substrates is shown in Figure 3.14. The decrease in thermal stress with the increase of
coating thickness is evident from this Figure 3.14(a) and it is due to the stress
relaxation caused by the bending strain induced at higher thickness of the coating. The
stress is reduced in the coating and substrate in proportion to the bending strain as

reported in the literature (Mencik 1995).
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Figure 3.14: Thefmal stress variation as a function of éoating thickness on (a) Glass
and (b) Si substrate

The bending effect is insignificant for the very thin coating with low stiffness but it is
well pronounced for the coating with higher thickness values. It may be mentioned that
the bending curvature in the coating-substrate manifests if the coating thickness is
increased, which 1n turn would result in the lowcr stréss in the coating. The thermal
stress of Ti coating on Si substrate is compressive in nature and it decreases with
increase in coating thickness.

When orthotropié behavior of the materials was taken into account for the FEM
é.nalysis as shown in Figure 3.15(a-c), it is evident that there is a slight deviation in
thermal stress values as a function of coating'thickness_ from the values calculated for
the isotropic case. However, they exhibit similar trends with respect to substrate

temperature and Young’s modulus.
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Figure 3.15: Thermal stress variation on Si substrate as a function of (a) substrate

temperature, (b) young’s modulus and (¢) coating thickness

The identical geometry of the substrates was assumed to calculate the thermal stress of

Ti coating and the results are shown in the Figure 3.16. It is evident that thermal stress

in the coating is of tensile in nature in the case of glass substrate but compressive for the

S1 substrate with increasing in substrate thickness.
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Figure 3.16: Comparison of thermal stress variation as a function of thickness on Glass

and Si substrate (a) 1.0-3.0 mm substrate thickness (b) 0.1-0.5 mm
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The thermal stress of Ti coating increases with glass substrate thickness and the stress
relaxation at the lower thickness of the substrate is due to bending effect, which would
reduce the thermal stress. The higher substrate thickness would prevent the bending

effect and therefore, it can affect directly the thermal stress generated in the coatings.
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Figure 3.17: Thermal stress variation as a function of young’s modulus on (a) Glass
and (b) Si substrate

The variation of thermal stress in Ti coating with Young’s Modulus (E), on the glass
and Si substrates is plotted in Figure 3.17(a) and (b) respectively. The thermal stress of
Ti coating increases with increase in Young’s Modulus. The E value of the Ti coating
depends on the sputtering process parameters sugh as deposition pressure, power and
deposition rate. The impurities and porosity of the Ti films may affect its E value and
the porosity of the coating thereby reduces the thel;mal stress generated.

The radial stress distribution through the thickness of the coating and substrates at
different position from the edge to the center is evaluated and ploﬁed in Figure 3.18 for
both glass and Si substrate. The stress gradient and the stress reversals from
covmpressive to tensile c;ccurs through the thickness of the substrate from its bottom to
top vsurface and reaches a maximum value near the interface between coating and glas's
substrate. The radial stress is very high at a distance of -5h from the glass substrate
edge. Through the thickness of fhe coating, in the case of glass substrate, 'compressive

radial stress is observed from the bottom to top surface. The minimum radial stress is
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noticed at the edge of the coating but it increases with the distances, such as -5h, -10h

and -15h away from the edges.
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Figure 3.18: Radial stress (o, ) distribution through the thickness of coating and

substrate at different position from the edge to the center on (a) Glass and
(b) Si substrate |
The large compressive radial stress in the coating is due to the higher substrate-to-
coating thickness ratio. A-It is observed .that the stress reversal from tensile to cémpressive
occurs through the thickness of Si substrate, and reaches a maximum at the interface
between substrate and coating. The compressive‘stress is very high at a distance of -5h
from the edge of Si substrate. The radial stress in the coating increases upon moving at
a distance of -5h, -10h and -15h from the coating edge_ and it is of tensile in nature in the
case of Si substrate.
The shear stress distributions of Ti coating on glass and Si substrate are shown in
Figure 3.19(a) and (b) respectively. The maximum tensile shear stress is evident at the
interface in the coating edge in the case of glass substrate. The maximum compressive

shear stress is observed at the interface in the coating deposited on Si substrate. The
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CTE mismatch between Si and Ti is responsible for the higher compressive shear stress
at the coating edge and the decreasing trend of compressive shear stress is noticed at a

distance of -5h,-10h and -15h from the coating edge.
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Figure 3.19: Shear stress (o) distribution through the thickness of coating and

substrate at different position from the edge to the center on (a) Glass and

(b) Si substrate

”t"he tensile shear stress of Ti coating on glass substrate shows a decreasing trend upon
movmg away -5h, -10h, and -15h from the coating edge The very small value of
tensile shear stress at the top surface of the coating is due to the free surface
phenomenon (Telxelra et al. 1999). There is no stress reversal in the coating away from
its ectges. At the edge o‘f the glaes substrate, the maximum tensile stress is observed at
the interfaee and it decreases to the small value at the bottom surface of the substrate.
The stress reverses from tensile at the interface to compressive at the bottont surface of
the glass euhetrate as seen in the Figure 3.19(a). The shear stress decteases at the
interface when we tneve away fr.om\ the ceating edée. The shear strees is of compressive

in nature in the case of Ti-coating on Si substrate as shown in Figure 3.19(b). The shear
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stress value can determine an adhesive strengthr of the coatings, as they are equivalent to
each other. It may be inferred based on the reported literature (Ward ez al. 1999) that the
adhesive. strength of Ti coating on glass substrate is less due to the higher tensile shear
stress in the vcoating obtained in the present work. However, the compressive shear
stress of Ti coating on Si substrate is beneficial in improving adhesive strength of the
coating. The de-adhesion of the coating is due to through thickness cracks develops
from the preexisting defects in the coating and generates shear stress along the int¢rface

which exceeds the bond strength between the coating and substrate (Teixeira 2001).

3.3.4 Conclusion

The thermal stress of Ti-coating sputter deposited on glass and silicon substrate has
been simulated by finite element simulation package ANSYS and compared with that of
analytical model. The thermal stress of coatings exhibits a linear relationship with
substrate temperature and Young’s modulus of the coating, but it exhibit an inverse
relationship with the coating thickness due to the stress relaxation. The radial stress of
the coating-substrate exhibits a maximum value at the interface near the edge and it
determines the failure of the coatings_. The _radial stress in the Ti coating is of
compréssive in nature on the glass substrate but tensile on the Si substrate. The higher
shear stress of the Ti coating is observed along the interface at the edge due to the
higher stress concentration. The tensile and compressive shear stresses are observed for
Ti coating on glass and Si substrates, respectively. The spallation of the coatings from
the edge is heavily dependent on these shear stresses. The adhesive strength of the Ti
coating on Si substrate is higher when compared to glass substrate due to the high

compressive stress in the former.
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4.1 Structural and Mechanical Characterizations of

Magnetron Sputtered nanocrystalline TiN thin films

4.1.1 Introduction

Nanocrystalline thinl films exhibit enhanced mechanical and physical properties
compared to that of its microcrystalline thin films. Particularly, nanocrystalline TiN thin
film has been identified as a potential material for tribological and diffusion barrier
applications due to their superior hardness, wear resistance, chemical stability,
metallurgical stability and adhesion properties (Helmersson et al. 1987, Patscheider
2003, Barnett et al. 2004). The control of microstructural characteristics such as grain
size, shape, textures, porosity, density, and packing factor are vital for ensuring the
reliability of TiN thin films in structural and functional applications. Physical vapor
deposition (PVD) techniques such as magnetron sputtering, filtered cathodic arc, ion
plating, and plasma-based ion implanfation are employed to deposit TiN thin—-ﬁlms. The
process parameters and heat treatments used in PVD techniques affect the
microstructural features of the TiN thin films. For example, in magnetron sputtering, the
depositién parameters such as substrate temperature,' pressure, target power, substrate
bias, and energy and flux of bombarding particles utilized for growing the films are
known to influence grain growth and crystallographic texture, which affect the resulting
microstructure and properties of the films.

Structure zone models (Movchan ef al. 1969, Thornton 1977, Grovenor ef al. 1984)
describe the microstructure of as deposited films. These models provide a qualitative
picture of the expected microstructure of the films with respect to temperature. At low

deposition temperatures, the films show an open columnar structure with extended
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voids along column boundaries. The columns are composed of smaller equiaxed grains.
The voids get filled with increasing film growth temperature and form a true columnar
structure, in which elongated grains are observed. The boundary between these two
structural zones is depicted as Ty¢/Ty, = 0.3 where Ty, is the melting point of the film and
Ts is the substrate temperature. However, the transition between structural zones does
not occur abruptly as it ignores the strong dependence of nucleation and growth kinetios
affected by substrate structure and orientation, film growth rate, and the presence of
impurities.

.Helmersson et al. (1986) have investigated the microstructural evolution in TiN
films (4 pm thick) reactively sputter-deposited on multiphase substrates and reported a
denso'columnar morphology in the films. The adatom surface. diffusivities influence the
growth prooess ot all growth tomperatures. The average grain size near the substrate was -
found to be twice as large as that of the constituent phases present in the multiphaoe
substrate. Secondary recrystallisation and grain growth was not observed at the growth
temperature investigated in their work. The grain boundaries were-found to be immobile
and nucleation kinetics was strongly enhanced by adatom surface diffusion. Johansson
et al. (1985) reported that the annealing out of growth-related mechanical defects occurs
in the epitaxial films only at substrate temperature above 650°C.

Patsalas ef al. (2000) have studied the effect of substrate temperature and biasing on
the mechanical properties of sputtered TiN thin films by nanoindentation technique and
reported that the superior hardness and .elastic behavior are exhibited by the denser
films with (200) orientation. The substrate biasing and temperature had a direct

influence on obtaining the denser TiN films with (200) orientation. Chandra et al.

(2005) studied the structural, optical and electronic properties of nanocrystalline TiN
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thin films deposited by DC magnetron sputtering. They observed a preferred orientation
of mixed (200) and (111) for films deposited in pure N, and Ar+N, atmospheres,
respectively, at low temperature. Huang et al. (2005b) reported the effect of nitrogen
flow rate on the structure and properties of nanocrystalline TiN thin films produced by
unbalanced magnetron sputtering. The (111) preferred orientation was observed initially
and then changed to (200) with an increase in nitrogen flow rate.

Hainsworth er al. (2003) studied the effect of different substrates such as stainless
steel, Ti, Brass on the mechanical properties of TiN coatings by nanoindentation
technique and it was observed that the indentation response is plastically dominated.
The hardness values of the films are scattered at lower load and it was due to
inaccuracies manifested in evaluation of load-displacement curves. The elastic récovery
and pile-up around the indentations influenced the hardness values of TiN films
deposited on the different substrates. Nanocomposite TiN-TiB, films, investigated by
XRD and HRTEM, it revealed that TiN exhibits a (111) preferred orientation which
subsequently changes into a mixed (111) - (200) orientation with the addition of boron
(Liu ef al. 2004, Shen et al. 2006). Kim et al. (2005) have characterized RF magnetron
sputtered nanocrystalline thin TiN films (0.7 pm) by HR-TEM and observed the
formation of fine grains in the films with an increase in flow rate of N gas. vThe
columnar structure perpendicular to the Si substrate surface and 5-10 nm diameter
nanocrystals were found. A reduction of grain size with increase in N,/Ar ratio was
observed during the film growth stage. For TiN films grown at relatively low substrate
temperature (Ts < 0.3 Tw), the crystallographic texture changed with increasing film
thickness; an initial random orientation, followed by a (200) preferred orientation, has’

been reported in 5-10 nm thick films (Troll 1971, Li et al. 2003, Ma et al. 2004). This
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orientation has gradually transformed inté (111), (220), or a mixed (1 1-1) and (220)
texture depending upon the deposition conditions. The TiN films were characterized by
using optical reflectivity measurements to predict the optimum deposition parameters
for obtaining the high dense films (Glew et al. 2002).

The mechanical properties of TiN coatings deposited on different steel substrates
were studied using nanoindentation and nanoscratch tests by Zhang et al. (2004) and it
was shown that with the increase in indentation depth, the hardness value decrease due
to the substrate effects. The deformation mechanismé of TiN coatings on steel
substrates, during nanoindentation, were investigated by focused ion beam imaging and
TEM [Ma et al. (2005, 2007)]. It was reported that the load-displacement data displayed
a pop-in effect with the increase in load oﬂ the samples. The cracks were initiated‘at' the
boundaries between the columnar grains as well as the steps at the coating/substrate
interface. Nanoindentation and microscopic observation revealed that the deformation
of TiN coatings occurs primarily by the shear sliding along columnar grain bdundéries.
Ma et al. (2006) investigated the nanohardness of nanocrystalline TiN thin films,
prepared by ion-beam assisted deposition, and found that the nanohardness is not
sensitive to the packing factor or N/Ti ratio but it increases with increasing ion beam
energies; The adhesion of TiN coatings on stainless substrate by high energy heavy ion
irradiation has been studied by Sangeeta et al. (1995). They observed that the failure
mode of the coatings changed from the spallation to the buckling mode, indicating the
enhancement of adhesion of coatings over the substrate.

~ Petrov et al (2003) investigated the microstructqral evolution and surface
morphological evolution at the atomic scale during the growth of polycrystalline TiN,

prepared by sputter deposition, using HR-TEM, XRD, and SEM. At low deposition

108



CHAPTER 4 TITANIUM NITRIDE FILMS

temperatures (T < 450°C), the films exhibited a columnar grain morphology with the
preferential orientation of (111) textured grains. However, high temperature deposition
resulted in non-competitive growth with a fully dense (200) orientation in fhe initial
monolayer of the film and it is well known that the texture evolution mechanisms in
TiN thin films are influenced by factors such as strain energy, surface free energy,
surface diffusivity, adatom mobility; the influence of each varies as a function of‘
processing parérﬁetefs. The potential application of nanocrystalline TiN films for
tribological and microelectronic device applications could be successfully realized only
if thorough insight is gained with regard to means to achieve the formation of desired
microstructures through appropriate process controls. Owing to the aforementioned
facts, the present work has been focused on the characterization of the micr(_)struéﬁiral
features and mechanical properties of nanocrystalline TiN films deposited by DC-

Magnetron sputtering.

4.1.2 Experimental Details
4.1.2.1 Synthesis of TiN films

TiN thin films were deposited on Si (111) substrates by DC magnetron Sputtering.
The substrate was cleaned by first rinsing in Hydrofluoric acid to remove SiO; layer and
then ultrasonic baths of acetone and methanol and finally dried under nitrogen gas.” The
sputtering target was av99.99% pure Ti disc (2” diameter and 5 mm thick). The base
pressure was lower than 2 x 10°® Torr and the sputtering was carried out in Ar + N
(70:30) and pure N atmqspheres. Before starting the deposition, the target was
presputtered for 15 minutes with a shutter located between the target and the substrate.

The target-substrate distance was kept at 50 mm. The sputtering parameters for TiN
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films with variation of deposition time in different atmospheres are included in Table
4.1.

Table 4.1: Sputtering parameters for TiN films with variation of deposition time in

different atmospheres

Sputtering Parameters | Variation ’ of | Variation of
Deposition time in | Deposition time in
Ar+N, (70:30) | Nitrogen
atmosphere atmosphere

Target ] Titanium Titanium

Base Pressure 2 x 10°° Torr 2 x 107 Torr

| Gas Used Ar+N; (70:30) Nitrogen

Sputtering Pressure - | 10 mTorr: 10 mTorr

Deposition Time 60-150 min 60-150 min

Sputtering Power 200 W 200 W

Substrate Used Silicon (111) Silicon (111)

Substrate Temperature | 500°C 500°C

4.1.2.2 Characterization details
| XRD (Bruker AXS, D8 Advance) meésurements were made using CuK, (1.54 A)
radiation to characterize the TiN thin films. The scan rate used was 1°/min and the scan
range was from 34 to 659. The excitation voltage and current were set to a 40 kV and 30
mA respectively, in the diffractometer. The grain size of the TiN films was estimated
from the Scherrer’s formula, as given in Section 3.1.2.2 (Equation 3.1).
FE-SEM (FEI, Quanta 200F) were used to characterize the microstructures of the

TiN thin films at an acceleration voltage of 20 kV. The surface morphology (2D and
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3D) of the TiN films . was-characterized by AFM (NT-MDT, Ntegra) operated in
semicontact (tapping) mode and the root-mean-square (RMS) roughness of the surface
of the sample was calqulated from AFM scan at five different spots for each sample.
The hardness and Young’s modulus of the TiN films were measured by nanoindentation
technique (MTS, XP) in displacement control method, in which the maximum
displacemeht of the diamond Berkovich indenter tip into the sample is set to depth of
one-tenth of coating thickness at strain rate of 0.05 /sec and the feedback loop on the
load stops the measurement when the preset displacement value is reached. The
maximum load thus varies for each sample based on the hardness of that sample
because the displacement is kept constant. A total of ten indentations were made on
each sample and the average hardness and Young’s modulus of TiN ﬁlrﬁs were

calculated from the load-displacement curve obtained from the nanoindentation testing.

4.1.3 Results and Discussion

XRD peaks of TiN films deposited on the Si (111) substrate in Ar+N» andfi;ure N>
atmospheres at 500°C are shown in Figure 4.1(a) and (b), respectively. The films
- deposited in the Ar+N; atmosphere, Figure 4;1(a) exhibit a (200) preferred orientation
during the initial deposition time and then change to a mixture of more pronounced
(111) orieﬁtation with less (200) orientation with increasing deposition time. HoWever’, '
the TiN thin films deposited in a pure N, atmosphere exhibit only (111) orientation and
| this is transformed into a mixed (200) - (111) orientation with increasing deposition

time, Figure 4.1(b). - - -

111



CHAPTER 4 : : TITANIUM.NITRIDE FILMS -

—— 60 min
—— 90 min
—— 120 min
—_ —— 150 min —_
3 - 3
< ‘ , 8
3 b (111)  } 200) =
£ .y &
2 M (220) £
b= e S
e A4 A ..
35 40 45 50 55 60 65
‘ ' 20 (Degree) 20 (Degree)
(@) (b) .
1.2- - 12 g
B . (111) - (111)
103 I (200) 1.0 I (200)
w7 A (220) = I (220)
& 0.8 & 0.8
o | ] o
3 o.s-: 3
Q ] 2
5 0.4 =
> - >
@ i @
" 0.21 =
0.0 :
120 120
Deposmon time (min) Dep05|t|on time (min)
(0 (d)

Flgure 4 1 XRD peaks and texture coefficients of TiN films deposited on Si substrate
" as a function of deposition time (a & c¢) in Ar+N; atmosphere and (b & d) in
N, atmosphere
The texture coefficients of the TiN films as a function of deposition time are calculated
from their respective XRD peaks using the following formula (Huang et aZ. 2005b); the
results are shown in Figure 4.1(c) and (d).

" I(hkD)
[/(111)+ 1(200) + 1(220)]

'TextdreCoeﬁcient = .(4.. 1)
where, A, k, [ are planes and represents the (111) or (200) or (220) orientations.
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The texture coefficients of the (200) and (111) orientation are high compared to
other orientations in the TiN films deposited under Ar+N;, and pure N, respectively,
during the initial deposition time. It is clear that the observed changes in textures are
influenced by the high substrate temperature and time. The competition between surface
energy and strain energy during film growth might contribute to these changes in
preferred orientation. With an increase in deposition time and at some critical thickneés,
stress relaxation may feduce strain energy to a greater extent than the increase in surface
energy due to the texture changes. When this occurs, an effective transition point occurs
at Which the texture changes. It is well known that the anisotropy of the elastic moduli
will favor the growth of low strain energy-orignted grains at the expense of grains
possessing higher strain energy. In addition, the substrate roughness may also affectthe
_ film texture.

From the XRD peaks, the crystallite size in the TiN films was found to be 15.3 nm
and 36.7 nm after 90 minutes in N, and Ar+N, atmospheres, respectively. It is observed
that the grain size increase with the deposition time is not high due to the formation of
highly textured grains in the TiN films. Stability of the nanocrystalline TiN thin films is
also partly due to the texture-controlled grain growth, in addition to the higher
nucleation kinetics during the preparation of the films. The formation of nanograins in
the TiN thin films reflects the influence of factors such as ion energy, ion ~ﬂux, trace
impurities, and textures as reported By Petrov et al. (2003) and Mayrhofer et al. (2006).
In the present work, the bombardment by high energy sputtered atoms may damage the
growing film an‘d create a large number of defects in the films. The density of these
defects becomes very high due to the high energy of the sputtéred atoms and causes

repeated nucleation during film growth on the substrate. These repeated nucleation
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events are :responsible for the formation of nanograins in the TiN thin films. Traée
impurities may segregate at the gra_in boundaries and restrict the grain growth due to
Zener drag, wﬁich is ‘beneficial for the stability of the nanocrystalline films. During
heaxfy ion bombardment, densification of the microstructure also occurs through the
enhanced surface mobﬂity of adatoms, which eliminates film porosity. It also increases
the strain energy in fhe films, thereby influencing the formation of textured grains
during film gfowth. :

The microstructurgxl morphologies of the TiN thin films as—deposit’éd in Ar+N, an_d
pure N, atmospheres at 500°C were characterized by FE-SEM and are shown in Figure
4.2(a-d). ‘F>igAure 4.2(a) and (b) show surface morphologies, whereas Figure 4.2(c) and
(d) present iinages after 60° tilting. For the films deposited in the Ar+N, atmosphere, a-
pyramidal morphology of the grains is observed in Figure 4.2(a). In the puré' N>,
atmosphefei columnar grain morphology is seen in Figure 4.2(b).

Thé-tilted bimages clearly reveal the oriented growth morphology, particularly for the:
film deposited in the mixed Ar+N; atmosphere. It was evident from the XRD results.
that the initial orientation of these two films has varied; for the mixed Art+N,
atmosphere, the (200) orient.a_tion. is dorrﬁnating, whereas in pure Né, the initial
orientation is predominantly (111). Hence, the different appearance of these two films
was observed. The pr_éferred orientation (200) observed, in the present work, for the
Ar+N, atmosphere deposited films is different from the (111) orientation reported for
films deposited similarly by Chandra et al. (2005). This is due to the difference in

substrate temperature and the substrate orientation used in these cases.
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Figure 4.2: Top surféce view, 60° tilt view and cross section FE-SEM images of TiN

thin films deposited (a, ¢ & €) in Ar+N; atmosphere and (b, d & f) in N,

atmosphere
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The pyramidal and columnar growth morphologies of the TiN films observed in this
work are illustrated further in the cross-sectional FE-SEM images shown in Figure

4.2(e) and (f).

. oL om

Figure 4.3: 2D and 3D AFM images of TiN films deposited (a & ¢) in Ar+N,
atmosphere and (b & d) in N, atmosphere

Figure 4.3(a-d) shows the AFM surface morphology (2D and 3D) of the TiN films
deposited in the Art+N, and pure N, atmospheres at 500°C. The difference in
morphology between the two films can be inferred by comparing the 2D images in

Figure 4.3(a) and (b); however, a clearer comparison of the films is afforded by
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viewing the 3D images in Figure 4.3(c) and (d). As fhe axis scale indicates, the overall
roughness of the films prepared in the N> atmosphere [Figure 4.3(d)] is less than that
for the films prepared in the Ar+N, atmosphere [Figure 4.3(¢c)]. Figure 4.4 shows the

AFM in-situ image of the indent on the sample which is obtained after the indentation.

200

&

| Image Scan Size: 3,000 pm

Figure 4.4: AFM in-situ image of the indent on the sample

Figure 4.5(a) and (b) shows the influence of sputtering atmosphere on hardness and
Young’s modulus of TiN films, respectively. From Figure 4.5(a) and (b), it is
observed that the hardness and Young’s modulus values decreases with increasing
deposition tifne in both Ar+N; and N, aﬁnosphere. It may be due to the relatively less

dense films when the deposition exceeds 60 minutes.
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Figure 4.5: (a) Hardness of TiN films deposited in Ar+N; and N; atmosphere
(b) Young’s Modulus of same films
However, in pure N, atmosphere, the TiN films exhibit high values ciuc to its dense
columnar morphology and Ies-s surface roughness in comparison to that ‘of the films
deposited in Ar+N, atmosphere. The maximum H and E values of 25.2 GPa and 395.4
GPa, respectively was observed when the deposition time is 60 min in pure N>

atmosphere.

4.1.4 Conclusion

The microstructural morphologies and mechanical properties of nanocrystalline TiN
thin ﬁlms deposited on Si(111) substrates were investigated in the present wofk. The
XRD results indicate that the TiN films prepared under an Ar+N, atmosphere exhibit an
initial (200) preferred orientation which gradually change.s into a mixed (111) - (200) -
orientation with longer deposition time. However, the initial preferred orientation for
the TiN films prepared under a pure N, atmosphere is (111); this also evolves with

longer deposition time to a mixed (111) - (200) orientation. These changes in texture in
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the TiN thin films are due to one or combination of such factors as strain energy,
surface free enérgy, surface diffusivity and adatorﬁ mobility; the influence of each
factor depends on the processing conditions. The FE-SEM analysis of the
nanocrystalline TiN thin films shows that the morphology of the films deposited in the
Ar+N, atmosphere have a characteristic pyramidal grain shape, whereas the films
deposited in a pure N, atmosphere exhibit a more- columnar-type morphology. The
AFM study revealed that the overall roughness of the films prepared in the N; .
atmosphere is less than that for the films prepared in the Ar+N; atmosphere. From the
nanoindentation study, it is observed that the hardness and Young’s modulus values 6f
TiN films decreases with increase in deposition time in both Ar+N, and N, atmosphere.
It 1s also observed that H and E values are higher in N, atmosphere as compared to Ar+

N atmosphere.
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4.2 Microstructural Characteristics and Mechanical
Properties of Magnetron Sputtered nanocrystalline TiN

films on Glass substrate

4.2.1 Introduction

The effect 6f atmosphere and deposition time on the structural and mechanical
characteristics of magnetron sputtered TiN films on silicon substrate has been reported
in Section 4.1. Sinﬁlarly, a detailed investigation is required to substantiate the
influence of microstructural characteristics on the mechanical properties of TiN thin
films deposited on glass substrate. It has been reported» that TiN films with more than
200 nm thickness were not mechﬁnically stable on glass substrates and peeled-off up
with time on account of stress (Massiani ef al. 1990). It is very essential to prepare
mechanically stable TiN films on glass substrate and also measure its mechanical
properties. In order to ensure compatibility and reliability of TiN thin films in diffusion
barriers and tribological applications, the influence of processing conditions on the
microstructural characteristics thin films (Soriaga ef al. 2002) need to be thoroughl_y
understood. Owing to these facts, the present work has been focused to measure the
hardness and modulus of elasticity of DC magnetron sputtered nanocrystalline TiN thin
films by nanoindentation technique. Nanoindentation technique is an effective tool to
measure the elastic and plastic properties of the coatings as reported in the literature
(Weppelmann er al. 1996, Shojaei et al. 1998). XRD, FE-SEM and AFM techniques
were used to characterize the films deposited under different processing conditions. The
mechanisms contributing to the improved strength of the films were explained using its

microstructural features.
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4.2.2 Experimental Details ‘
4.2.2.1 Synthesis of TiN films

TiN thin films were deposited on glass substrates by DC magnetron reactive
sputtering. The substrate is a microscope glass slide, which is cleaned by rinsing in
ultrasonic baths of acetone and methanol and dried under nitrogen gas. The sputtering
target was a 99.99% pure Ti disc (27 diameter and Smm thick). The procedures adopted
for deposition of TiN films on glass substrate were similar as discussed in Section
4.1.2.1. The sputtering parameters for TiN films with varying film thickness are

included in Table 4.2.

Table 4.2: Sputtering parameters for TiN films with variation of film thickness

~ie

Target ' Titanium
Base Pressure 2 x 10°® Torr
Gas Used Ar+N; (70:30)
Sputtering Pressure ‘ 10 mTorr
Sputtering Power 150 W
beposition Time 15-135 min
Film thickness 0.31-2.83 pm
Substrate Used o Glass
Substrate Temperature 500°C

4.2.2.2 Characterization details

The characterization details are similar to that of it discussed in Section 4.1.2.2. The
hardness and Young’s modulus of the TiN thin films were measured by nanoindentation
technique (CSM+). The diamond Berkovich indenter is forced into the thin films being

tested under constant load conditions. The loading profile during indentation testing
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followed linearly increasing with a hold time of 10 sec at the peak load. The loads used
were 5 mN at different loading rates 2.5, 5.0, 10.0, 20.0 and 40.0 mN/minute in the
present work. A total of four indentaﬁons for each Ioadiﬁg rate were .made on each
sample and the average hardness and Young’s modulus of TiN ﬁlins were calculated

from the load-displacement curve obtained from the nanoindentation testing.

4.2.3 Results and Discussion

The XRD peaks for the TiN films deposited, at 500°C, are shown in Figure 4.6(a). It
is observed that the preferred orientation of the film, with increasing fhickness, is (200)
up to 1.26 um due to the lowest surface free energy during film growth in comparison
to strain energy (Chawla et al. 2008b). When. the film thickness is greater than 1.26 um,
the competition between surface energy and strain energy leads to the formation of

(220) orientation which minimizes the total energy (Hoang et al. 1996).

——031um
——063um
——126um
——1.89um
——283um

Intensity (a.u.)

(200) (220)

(111) ’\

ryfljysryjstrrgrvyrrrrrrrrrrroroTe

35 40 45 50 55 60 65
20 (Degree)

Figure 4.6(a): XRD peaks of TiN films deposited on glass substrate
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With increasing deposition time -and at some critical thickness, stress relaxation may
reduce strain energy (John 2000, Ohring 2002) to a greater extent than the increase in
surface energy due to the texture changes. It is well known that the anisotropy of the
elastic moduli will favor the growth of low strain energy-oriented grains at the expense
of grains possessing higher strain energy (Chawla et al. 2008b). Table 4.3 shows the
variation of crystallite size of TiN films as function of its thickness values. The
' crystallite size of the thin film with 0.31 um thickness, calculated from the X-ray peak
broadening, is 8.5 nm. It increases with increase in thickness but for the films with 1.89

um thickness, the crystallite size is smaller as shown in Table 4.3.

1.0 (200)
-E 0.8':
8
£ 0.6
e 1(111)
o
@ 0.4-
3
L
F 0.2
0.0 -
0.00 0.63 1.26 1.89

Film Thickness (p m)

Figure 4.6(b): Texture coefficients of TiN films deposited on glass substrate

Figure 4.6(b), shows the texture coefficients of the TiN films as a function of film
thickness calculated from their respective XRD peaks by using the formula, as given in
Section 4.1.3 (Equation 4.1). It is observed that the texture coefficient of (200) peak
increases till the film reaches a thickness of 1.26 um and afterwards (220) orientation

develops.
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Figure 4.7: 2D & 3D AFM images of TiN films deposited on glass substrate at
thickness (a-b) 0.63 um, (c-d) 1.26 um and (e-f) 1.89 um
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Figure 4.7 shows the 2D and 3D AFM images of the TiN films of 0.63 pm, 1.26 pm
and 1.89 pm thicknesses. The surface roughness of the films increases with increasing
thickness but for the film with thickness of 1.89 um, a low surface roﬁghness value is
observed as shown in Table 4.3.

The FE-SEM image of the TiN films of 0.63 pm, 1.26 pm and 1.89 pm thicknesses

are shown in Figure 4.8.

H ag 1Det |y WD-
20.0 kV|80000IETD. 8 5 mm|8:38:53 PM

(©

Figure 4.8: FE-SEM images of TiN films deposited on glass substrate at thickness
(a) 0.63 um, (b) 1.26 pm and (¢) 1.89 um
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The preferred orientation of grains with (200) texture in TiN thin films is evident from
the XRD peaks up to thickness 1.26 pm and it exhibits columnar grain shape as
observed from the FE-SEM images in Figure 4.8(a) and (b). However, thin films with
1.89 um exhiBit diffused grain structure when (220) peak dominates as shown in Figure
4.8(c).

The load-displacement curve obtained during nanoindentation testing of the TiN thin

films in different loading rates (2.5, 5.0, 10.0, 20.0 and 40.0 mN/minute) is shown in

Figure 4.9.

5] — 2.5 mNmiin
1 — 5.0 mNMin
1 ——10.0 mN/Min
41 ——20.0 mN/Min
__ 1 —40.0 mN/Min

E™

T ]
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=]

0 T T e T e 200
Displacement (nm)

Figure 4.9: Load-Displacement curve of TiN thin films deposited on glass substrate

The maximum load used was 5 mN at different loading rates used in the present work. -
For each sample, fifteen measurements were performed at different loading rates and
the average value was reported. Figure 4.10(a) shows the influence of thicknéss on
hardness of TiN thin films. The hardness value increases with increasing film thickness
from 0.3 pm to 1.89 um but it drops for > 2.5 pum thick films. The texture coefficient of

TiN thin films increases with thickness due to the preferred orientation (220) of the
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films, which in turn reflects in higher hardness value. The influence of preferred
orientation (220) of the grains on the higher hardness value can be explained by relating

it with the resolved shear stress on the TiN slip system.
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Figure 4.10: (a) Hardness of TiN thin film as a function of film thickness on glass
substrate '
(b) Young’s Modulus of TiN thin film as a function of film thickness on

glass substrate

The higher hardness of TiN films with (220) with preferred orientations may be
attributed to very fine grain size (18.5 nm) with its less active slip system. The drop in
hardness value of TiN thin film with thickness > 2.5 um may be due to higher surface
roughness of the film.

The Young’s modulus (E) of TiN thin films is shown in Figure 4.10(b). It is evident
that E increases with thickness due to increaséd anisotropy of the film with (220)
preferred orientation. The films with higher thickness may favor the textured film as
well as the higher packing factor, which could influence the E value significantly. The

modulus of elasﬁcity of TiN films is less than that of the standard values cited in the
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literature due to the porosity of the sputtered films. It is due to the following reasons: i)
Pores reduce the cross sectional area of the samples across which a load is applied, ii)
porosity acts a stress raiser, which decreases the resistance to elastic deformation
significantly. With increase in film thickness, the porosity of the films would increase
depending upon the growth of columnér grains with voids, influenced by the deposition
conditions such as working pressure, substrate temperature, and bias voltages. The
porosity (P) of the films can be calculated by the following equation (Jin et al. 1995):
P=@,-d,)/d, (4.2)
where, d_ is the apparent thickness of the films and d,, is the mass fhickness, i.e. the

theoretical thickness of the films without porosity. With increase in apparent thickness,
the porosity of the film would increase as evident from the equation. -
~ Table 4.3 show the average micro strain obtained from (111), (200) and,(220) peaks .. -.
of TiN film on glass substrate were calculated by the following equation (Ong et al.
2002, Singh er al.. 2008): -
£=(a—a,)/a,x100 “43)
where, a is the lattice parameter of the strained TiN films calculated from XRD da;ca

and- a, is the unstrained lattice parameter of TiN (4.23 A). The lattice parameter, a of

TiN films were calculated using the equation of cubic structure (Cullity et al. 2001):

1 (R + k2 +1?
d—2=( = ) (4.4)

where, d is the interplanar distance obtained from the position of the (111), (200) and
(220) peaks using the Bragg condition, a is the lattfce parameter and 4, k and / are

planes.
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Table 4.3: Different properties of TiN thin films with varying film thickness

S. N. Film Crystallite | Average Micro
Thickness size Roughness Strain

(pm) XRD (nm) | AFM (nm)

1) 0.31 8.5 7.6 -0.116
2) 0.63 27.0 06 | 0541
3 | 126 45.1 12.4 10.002
4) 1.89 29.4 11.3 0.060
5) 2.83 474 19.0 0.609

It is found that initially micro strain was negative and after that all values are":‘i)ositi\}e
with increasing thickness. The highest hardness was found for the TiN films with -

thickness 1.89 um and it showed less positive micro strain.

4.2.4 Conclusion

Nanocr&stalline TiN thin films were deposited on glass substrate by DC 'magnetron
sputteriﬁg. The effect of film thickness'on H and E was investigated by nanoindentation
technique. The formation of nanosized crystallites in the thin films has been confirmed
from the XRD, AFM and FE-SEM characterizations. The preferred orientation of TiN
film is (200) up to thickne_sé 1.26 um and (220) & (200) peaks dominate, respectively,
with increase in thickness up to 2.83 pm. It‘ is because of the competitio_n between
surface energy and strain energy durin‘é film growth. The hardness of TiN thin film,
increases with increase in thickness up to 1.89 um (maximum hardness of 24 GPa) but

it drops for > 2.5 um thick films. There was no drop in modulus of elasticity and it
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increases with increase in film thickness. The TiN films with highest hardness exhibits a

less positive micro strain.
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4.3 Analysis of Thermal Stress in Magnetron Sputtered TiN
coating by Finite Element Method

4.3.1 Introduction

Thin hard c;)atings such as TiN, Ti-Si-N, and Ti-Al-N exhibit excellent mechanical
and tribological properties and provide superior wear resistance over the materials on
which they are coated. The mechanical reliability of these hard coatings, deposited by
various physical vapor deposition techniques (PVD), is strongly influenced by residual
stress which originates from growth stresses, geometrical constraints, thermal gradients
and service stress. When a coating is deposited at higher temperature and cooled down
to room temperature, thermal residual stress generates due to thermal expansion
mismatch between the coating and substrate. When the coating-substrate combination,
is subjected to thermal gradients, the coefficient of thermal expansion mismatch (CTE)
between them causes a variation of thermal stress through the thickness of the coating.
Subsequently, it transforms into a shear at the interface between coating-substrate,
causing the coated substrates to contract, elongate or bend (Teixeira 2001). The failure
of coating may occur by cracking and spalling, which are dependent on magnitude of
the residual stress and the relative strengths of coating and coating-substrate interface.
The preexisting defects in the coatings, under tensile conditions, causes the formation of
through thickness cracks, which generate shear stresses along the interface resulting in
de-adhesion of the coatings. The spallation of the coating, under compreséive stress,
may occur either from the growth of a tensile, wedge crack along the interface or by

buckling and cracking of the coating (Evans et al. 1984, Drory 1988, Thouless 1991).
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The thermal residual stress of the sputter deposited thin coatings is influenced by
various factors such as CTE, Poisson’s 1'étio, Young’s modulus, thickness and thermal
conductivity of coating and substrates as reported in the literature (Wiklund ef al. 1999,
Haider et al. 2005). If the CTE mismatch and substrate temperature of thin hard
coatings are very high, the induced thermal residual becbmes a vital issue to ensure the
i'eliability of the coatings for its various structural and functional 'applications. Wiklund
et al. (1999) investigated the influence of residual stfeés on fracture and delamination of
thin hard coatings such as TiN, TiC, and CrN on th?: diffei‘ent substrates with different
geometries by FEM analysis. They have shown that normal stress across the interface of

the coating comparable to that of residual stress is induced at a critical coating

thickness, which causes the delamination of the coatings. -According to iheirranalyses, & = :

the interface stress state becomes independent of the coating thickness if the coating:is* -
thicker than about three times the amplitude of the interface roughness and it scales

linearly’ with maximum: inclination of the surface profile. ‘The experimental study

(Wiklund ‘eéf al. 1999) has: shown that the hi gh residual stress:results. in: fracture: and: .-

delamination of ceramic coatings at the tip of an edge or rough substrate surfaces, when
the thickness of the coatings was higher than that of the edge radius.

Bielawski ef al. (2005) have measured the residual stress generated in sputter
deposited TiN coatings on Si and steel subst;ates by usin g the surface curvature method.
They observed that the TiN coatings sputter deposited on steel substrates at high bias
and low deposition pressure are highly stressed. It was attributed to intense ion
bombardment producing high compressive residual stress in the coatings. The residual
stress in TiN coating on steel sﬁbstrate was larger than that of the TiN coating on Si

substrate due to its large difference in CTE. It was shown in their work that critical
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post-annealing treatment, above the deposition-temperature, is required to relieve the
residual stress present in the as deposited coatings. The residual stress in DC and
pulsed DC unbalanced magnetron sputtered TiN thin films on cemented carbide
substrate was investigated under different deposition conditions such as bias, target
power and pulsed power through XRD/Sin®¥ method by Benegra et al. (2006). They
observed the higher compressive residual stress in the coatings deposited with higher
negative bias and the pulsed power. The microstructural characteristics and mechanical
properties of the PVD deposited TiN coating are strongly influenced by the residual
thermal stress in the coatings. Therefore, the present work has been focused to simulate
the thermal stress generated in .the sputter deposited TiN coatings on Si and glass

substrate under different conditions by finite element analysis. AR

wi
e

4.3.2 Modeling

4.3.2.1 Analytical Model for thermal stress
Tsut et al. (1997) have used an analytical model for calculating the residual_;'gfﬁ,ﬁtlres‘s in

progressively deposited coatings for the planar geometry configuration. By combining

their analytical model and St_oney’s e%}x_aétion for tension of metallic films, the thermal

stress in thin coating can be obtained as (Stoney 1909),

- Tq -
Egp J (ag —op)dT
TI‘

I+ 4(E ¢ /Ees )(h/H)

of

(4.5)

where Eef "_"Ef/(l—vf): Ees':Es/(l_vs): Efs ES’ h> Ha' af> as> st Vs, Tr and

Ty are effective Young’s modulus of the coating, effective Young’s modulus of the
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substrate, Young’s modulus of the coating, Young’s modulus of the substrate, coating
thickness, substrate thickness, coefficient 6f thermal expansiori of the coating,
coefficient of thermal expansion of the substrate, Poisson’s ratio of the coating,
Poisson’s ratio of the substrate, room temperature and substrate temperature

respectively.

4.3.2.2 Finite Element Analysis

The thermal stress generated in sputter deposited TiN coating was analyzed by FEM
with the following dimension of the samples. A cylindriéal shaped substrate 61“ 30 mm
diameter and 3.0 mm thicknéss, and on the top surface, TiN céating of thickness 3.0 pm
wére considered for béth glass and silicon substrates. These dimensions allow the
coating-substlra‘te_ tb bend upon the development of thermal ‘s\tress ‘in. the sputter -
depositio;l of TiN,coating. Thermoelastic behavior of the éoatings and substrates were
assumed.during the analysis. The plain biaxial stress was considered along with t}}e
mifo@_teﬁperature‘ maintained .over the sample. at .the processing temperature as well .
as after cooling. The physical and mechénicél properties of the TIN cbating and

substrates (Glass and Silicon) are given in Table 4.4.

Table 4.4: Properties of coating and substrates materials

S.N. Properties Materials
TiN Glass Silicon
1) | Poisson’s ratio 0.25 0.24 0.3
2) | Young’s modulus (GPa) | 600 69 167
3) | Coefficient of Thermal :
expansion (x 10°°CT') |94 9 2.33
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Analyses were performed to study the effect of each parameter on thermal stress by
varying it, for example, substrate temperature (100 to 600°C), while fixing three of the
other parameters constant such as Young’s modulus (600 GPa), coating thickness (3.0
um), and substrate thickness (3.0 mm). The Young’s modulus values of TiN vary with
in the range of 350 — 600 GPa as reported in the literature (Torok et al. 1987, Rouzaud
et al. 1995) and therefore in the simulation, the similar variations were imposed. The
axisymmetric plane parallel to XY plane was taken into account for the two
dimensional FEA, as shown in Figure 4.11 in the present work.

The thermal, shear and radial stresses generated in the TiN coating deposited on
glass and silicon sﬁbstrates were simulated by ANSYS finite element analysis (ANSYS
2003). The thermal stress in TiN coated glass and Si substrate was simﬁlated uising the
four-node structural and quadratic element PLANE ,42 with axisymmetric C(;ldition.
Mapped meshing was carried out using the quadrilateral-shaped elements. The element
size across the plane was decreased in a graded fashion near the coating;_substrate
interface due to its very high stress concentration (Wright ef al. 1999). The ﬁne mesh
was imparted near the edge across the thickness of the coating and substrate and it was
refined until the results are consistgrfc with only small changes. The left side of the
model corresponds to the axis of the axisymmetric model and to restrict any movement,
left corner of the model was pinned so that bending occurs during cooling. The similar
axisymmetric configuration Was.usedAfor the coating on rough substrate as shown in

Figure 4.11.
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Figure 4.11: A Schematic of axisymmetric 2D solid model of plane and rough

substrates

The substrate temperature of 600°C and uniform temperature of 25°C were fixed as
reference temperature and uniform temperature, respectively for applying the tilermal
load over the substrate-coating system. The verification of the model was carried out by
substituting the value of different properties of coating and substrate in the analytigal
Equation 4.5. The thermal stress in the FEM calculation is computed as maximum von
Mises stress in the coating. The thermal load is applied over the coating-substrate
combination and the induced thermal stress in the coating-substrate combination is

computed as the sum of average value of radial and shear stress components.

4.3.3 Results and Discussion

For the isotropic behavior of the materials, the following results were obtained by
the FEM analysis. The variation of thermal stress generated in TiN coating deposited on
glass and Si substrates as a function of substrate temperature is shown in Figure 4.12(a)

and (b) respectively.
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Figure 4.12: Thermal stress variation as a function of substrate temperature on (a) glass

and (b) silicon substrate

It is evident that the thermal stress varies linearly with substrate temperature for the
plane substrate and the values calculated by FEA analysis are in accordance with
analytical model.

The thermal stress of TiN on silicon substrate induces a high compressive stress as
showﬁ in the Figure 4.12(b) against low compressive stress on glass substrate [Figure
4.12(a)]. Due to the high CTE mismatch between TiN and silicon substrate, the induced
thermal stress in the coating is substantial. The linear relationship observed between
thermal stress and substrate temperature of the TiN coating on glass and silicon
substrate is due to the occurrence of increased thermal gradient during deposition
process. The thermal stress in the TiN coatings can be relieved by post-annealingl
treatment. The influence of plane and rough surface topography of substrates (Glass and
Si) on the thermal stress induced in the coating is compared in Figure 4.12(a) and (b).
It is evident that the compressive stress induced in.the coating due to the thermal stress

is higher with rough substrate when compared to planar substrate. The rough substrate
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affects the adhesion of the coating-substrate interface and its thermal expansion
behavior, thereby influencing the induced thermal stress in the deposited coatings at
high temperature. It is well known that the rough substrate influence the differential
nucleation and growth of deposited atoms on the substrate surface and subsequently
lead to the intrinsic stress during the growth of the thin films.

The influence of coating thickness on the thermal stress of TiN coated on glass and
silicoﬁ substrates is shown in Figure 4.13. The decrease in thermal stress with the
increase of coating thickness is evident from this Figure 4.13(a) and it is due to the
stress relaxation caused by the bending strain induced at higher thickness of the coating.
The stress is reduced in the coating and substrate in proportion to the bending strain as

reported in the literature (Mencik er al. 1995).
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Figure 4.13: Thermal stress variation as a function of coating thickness on (a) glass and

(b) silicon substrate

The bending effect is insignificant for the very thin coating with low stiffness but it is
well pronounced for the coating with higher thickness values. The bending curvature in

the coating-substrate may occur if the coating thickness is increased, which result in the
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lower stress in the coating. The thermal stress of TiN coating on both glass and silicon
substrates is compressive in nature and it decreases with increase in coating thickness.
The influence of planar and rough surface topography of substrates (Glass and Si) on
the thermal stress induced in the coating as a function of coating thickness is shown in
Figdure 4.;3(a) and (b). The rough substrate contributes to very high compressive stress
in the coating as observed in this figure. The substrate roughness may influence the
thickness of the deposited coatings, which in turn affect the induced thermal stress in
the coatings. |

 The thermal stress of TiN coating increases with substrate thickness as shown in
Figure 4.14. It is evident that thermal stress with increasing substrate thickness is
compressive in nature in both cases (glass and silicon substrates), with a higher value

for the silicon substrate.
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Figure 4.14: Thermal stress variation as a function of substrate thickness on (a) glass

and (b) silicon substrate

The higher substrate thickness prevents the bending effect and therefore it can affect

directly the thermal stress generated in the coating. The rough surface topography of
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substrates (Glass and Si) increases the thermal stress, which becomes highly
compressive in the coating with increasing thickness of substrate as compared to the
planar surface of the substrates shown in Figure 4.14(a) and (b).

The variation of thermal stress in TiN coating with Young’s Modulus (E), on the
glass and sﬂicén substrates is plotted in Figure 4.15(a) and (b) respectively. The
thermal stress of TiN coating increases with increase in Young’s Modulus. The E value
of the TiN coating depends on the sputtering process parameters such as deposition

pressure, power and deposition rate.

010 —m— Analytical 4] —m— Analytical
] —*— Plane Substrate o —*— Plane Substrate
] —A— Rough Substrate ] —A— Rough Substrate
-0.124 A o 214
= ] o
o ] o 243
S .0.14] @
® ]
o ] £ 271
& 016 i
= ] g -3.03
L B -
o |
|"E ] : A ~ -3.3-: "
-0.20 Frrrrrrrr e 36 :
300 350 400 450 500 550 600 650 300ﬁr3é04664.‘|50ﬁ560550rr660650
Young's Modulus (GPa) Young's Modulus (GPa)
(a) - (b)

Figure 4.15: Thermal stress variation as a function of Young’s Modulus on (a) glass

and (b) silicon substrate

The impurities and porosity of the TiN films may affect its E value and the porosity of
the coating thereby reduces the thermal stréss generated. The higher thermal stress in
the coating is observed for the rough substrates (Glass and Si) than that of the planar
substrates, and exhibited a linear relationship with iﬁcrease in Young’s modulus.

The radial stress distribution through the thickness of the coating and substrates at

different position from the edge to the center is evaluated and plotted in Figure 4.16 for
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both glass and silicon substrate. The stress gradient and its transition from tensile to
compressive occurs through the thickness of the substrates and reaches a maximum
value near the interface between coating and substrates. The radial stress is very high at
a distance of -5h from the substrate edge. Through the thickness of the coating, in case

of both substrates, tensile radial stress is observed from the bottom to top surface.
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Figure 4.16: Radial stress (o, ) distribution through the thickness of coating and

substrate at different position from the edge to the center on (a) glass and

(b) silicon substrate

The minimum radial stress is noticed at the edge of the coating but it increases with the
distances, such as -5h, -10h and -15h awa}; from the edges. In between the two
substrates, coating on silicon substrate exhibit high tensile radial stress as compared to
coating on glass substrate. The large tensile radial stress in the_ coating is due to the
higher substrate-to- coating thickness ratio.

The shear stress distributions of TiN coating on glass and silicon substrates are
shown in Figure 4.17(a) and (b) respectively. The maximum compressive shear stress

is evident at the interface in the coating edge in the case of both glass and silicon
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substrates. The CTE mismatch between substrates (Glass and Si) and TiN is responsiblie
for the compressive shear stress at the coating edge and it exhibited a decreasing trend

at a distance of -5h,-10h and -15h away from the edge in both substrates.
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Figure 4.17: Shear stress (o, ) distribution through the thickness of coating and

substrate at different position from the edge to the center on (a) glass and

(b) silicon substrate

There is no stress reversal in the TiN coating away from its edges. The adhesive
strength of TiN coating on glass substrate may be less due to the less compressive shear
stress observed in the present work. However, the high compressive shear stress of TiN

coating on Si substrate is beneficial in improving adhesive strength of the coating.

4.3.4 Conclusion

The thermal stress of TiN coating sputter deposited on glass and silicon substrate has
been simulated by finite element analysis (ANSYS) and compared with that of
analytical model. The thermal stress of coatings exhibits a linear relationship with
substrate temperature, subétrate thickness and Young’s modulus of the coating.

However, it exhibits an inverse relationship with the coating thickness due to the stress
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-ation. The thermal stress induced in the coatings for the rough substrate is higher
ympared to that of the planar substrate. The radial stress of the TiN coating is ténsile
iture on both substrates but it is high on the silicon substrate. The higher shear
s of the TiN coating is observed along the interface at the edge due to the higher
s concentration. The compressive shear stresses are observed for TiN coating on
; and silicon substrates. The spallation of the coatings from the edge is heavily
ndent on these shear stresses. The adhesive strength of the TiN coating on silicon
trate is higher when compared to glass substrate due to the high compressive stress

e former.
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CHAPTER 5 TITANIUM SILICON NITRIDE FILMS

3.1 Study of Structural and Mechanical Properties of Sputterl

Deposited nanocomposite Ti-Si-N thin films

5.1.1 Introduction -

Ti-Si-N nanocomposite coatings have been shown immense interest in recent years
due to its very high hardness, high wear resistance, and improved thermal stability as
compared to TiN [Shizhi et al. 1992, Desirens et al. (1998, 1999), Veﬁrek et al. (1998,
2000), Vaz et al. 2000, Patscheider et al. 2001, Martin et al. 2003]. It was developed
during the early 1980s (Hirai et al. 1983, Park et al. 2006) and the processing, structure,
and property of nanocomposite coating were investigated in detail by Veprek et al.
(1995a, 2005) and Prochazka e al. (2004). According to Veprek et al. (2005), for the
development of superhard and thermally stable nanocomposites, the formation of stable
nanostructures by self-organisation is essential throﬁgh the thermodynamically driven
spinodal phase segregation. A high nitrogen activity (partial pressure > 1 x 107 mbar)
and deposition temperature of _500—600°C are required to realize the formation of
thermally stable nanocomposites. The maximum hardness of nanocomposites js
achieved when one monolayer of Si3N4 covers the surface of polar, hard transition metal
nitride nanocrystals such as TiN, W;N, etc. They reported that the factors such as
formation of atomically sharp interfaces, impurities (oxygen contents) < 0.2 at %, and
formation of tiny nanocrystals achieved through the deposition conditions favorable for
thermodynamically driven phase segregation is essential for fabricating superhard
nanocomposite coatings. Prochazka et al. (2004) has synthesized nancomposite
TiN/SisN,4 with stable nanostructures by reactive magnetron sputtering and observed its

high hardness value of > 45 GPa. They reported that its high hardness value is due to
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" the higher nitrogen pressure > 0.002 mbar and high deposition temperature- 550-630°C
used in the sputtering, which are favorable for the formation of stable nanostructures
facilitated by phase segregation. An enhancement of hardness and refractory properties
manifested in the nanocomposite Ti-Si-N was elucidated with the size effect of TiN
nanocrystals embedded in the Si3N4 amorphous matrix, which act as an effective barrier
for dislocatioh motion as reported in the literature (Veprek et al. 2005). Silicon content
affects the physical properties of the films such ‘as electrical resistivity, oxidation

~ stability, and diffusivity. For example, the formation of amorphous SizN4 thin films -

depends on Si content, which serves as an effective diffusion barrier than its
polycrystalline films due to the absence of grain bodndari‘es and extended defects. The -

Si content also reduces grain size of thé TiN in nanocomposite _Ti-Si-N thin films

through the incorporation of a.mofphous SiNyx between grains. The absence of

distinguishable crystalline phases in the nanocomposite films with fewer defects
contribute to increased resistivity and barrier strength [Juo er al. 1981, Doyle et al.

1982, Nicolet ef al. 1983, Nicolet 1995, Sun et al. 1997(a, b, ¢), Kacsich et al. {(1 999;1,

b), (2000)}, Varesi et al. 2007].

Kim et al. (2002b) have investigated Ti-Si-N hard coatings deposited on SKD11
steel substrates, in which TiN was deposited by the arc ion plating (AIP) method while
Si was incorporated into the films by sputtering technique. A maximum hardness of 45
GPa at Si content of 7.7 at.% was observed in the coatings. The size of TiN crystallites
has reduced with increasing Si content and it was distributed with multiple orientations
in the amorphous silicon nitride phase. Surface r‘oﬁghness of the Ti-Si-N coating also
has decreased with increase of Si content. Mei et al. (2005) have deposited Ti-Si-N

nanocomposite films on high speed steel substrates by reactive magnetron sputtering.
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- The microstructure- and méchanical properties of films are affected by the varying
percentage of Si contents. TiN nanocrystals with grain size of about 20 nm were formed
in the Ti-Si-N films, with the Si contents ranging from 4.0 at.% to 9.0 at.%, and they
were surrounded by Si3Ny interphase (1 nm thick) as observed in their work. The
hardness (H) and elaétic modulus (E) of films have increased with increasing Si
contents and its maximum H and E values were 34.2 GPa and 398 'GPa, respectively.
With the further increase of Si content, the mechanical propertiés of films have reduced
gradually and finally it reached lower than that of the TiN films. Jiang et al. (2004) have
deposited Ti-Si-N on Si (100) substrates at room temperature by reactive unbalanced
.DC—magnetron sputterir}g and characterized by XPS. It was shown that in Ti-Si-N films,
the Si bonding was in the form of SizN4 with low Si contents (< 14 at.% ), while it was
in the form of both Si and SizsNy at high Si contents (> 18 at.% ). Also, the grain size
and surface roughness have decreaséd due to higher nucleation rate with increase in Si
content.

Kim et al. (2002a) have investigated the DC reactive magnetron sputtered Ti-SizN
on SKD 11 steel substrate using HRTEM and XPS. They reported that the films consist
of nano-sized TiN crystallites surrounded by an amorphous SizNj4 and crystallites of
initially aligned microstructure are finer, randomly oriented, and fully penetrated by
émorphous phase with increase in Si content; the films showed a nearly amorphous
phase with higher Si content. The free Si was observed in the films, due to the deficit of
the nitrogen source, when Si content was increased; The hardness value of
approximately 38 GPa was obtained from the Ti-Si-N films with the Si content of 11
at.%, which showed a microstructure of fine TiN crystallites dispersed uniformly in an

amorphous matrix. The hardness reduction with increase of Si content beyond a critical
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point was attributed to the thicke_ning effect of amorphous Si3Ny rather than to the effect
of free Si. Cairney et al. (2005) have deposited Ti-Si-N coatings on Si(100) wafers by
concurrent cathodic arc evaporatioﬁ and magnetron sputtering. These Ti-Si-N coatings
of varying Si contents were examiﬁed by cross-sectional transmission electron
microscopy and observed that the samples with low contents (0.8 and 1.5 at.% Si)
exhibits a columnar grain structure, which is deformed by intergfanular cracking and
shear sliding at the grain boundaries, while samples with higher Si contents (9.5 and
12.5 at.% Si) consisted of TiN nanocrystals of 5 nm in size connected by an amorphous
SisNs matrix. Xu et al. (2007) have studied the reactive magnctrdn sputtered Ti-Si-N
films on 321 steel substrates and substantiated the influence of Si into TiN, especially
on microstructure and adhesion of the coating/substrate system. They have reported that
the films consist of fine TiN crystals surrounded by an amorphous SizN4 matrix and
with increasing Si contents, the orientation of TiN crystals shifts from (111) to (200),
the crystallite size significantly diminishes from 15 nm in a pure TiN thin films to 4.2
nm in the Ti—Si;N fhin films containing 22.6 at.% Si. The addition of a certain amount
of Si increasés the hardnéss and Young’s modulus of the coatings, reaching maximum
values to .42 GPa and 320 GPa, respectively. The scratch tests indicated that the
adhesi\;é strength also improves with Si addition. Rebouta et al. (2000) have deposited
Ti-Si-N films on polished tool steel and high speed steel substrates (AISI M2) by
reéctive magnetron sputtering. The films revealed higher hardness values than those
obtained for TiN. The hardness increases with small Si additions reaching the maximum
valuéé for Si conte;nt between 4 and 10 at.%. The densér sample (4.7 g/cm’) with a Si

content of appréximafély 2 at.% showed maximum E \/falue of 462 GPa.
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Nanocomposite Ti-Si-N thin films deposited on Si (100) and stainless steel (type
304) substrate require a detailed investigation as a function of varying deposition
parameters to substantiate the influence of microstructures on its mechanical properties.
In order to ensure compatibility and reliability of the sputter deposited Ti-Si-N thin
films in diffusion barriers and tribological applications, the present work has been
focused to investigate the DC/RF magnetron sputtered nanocomposite Ti-Si-N thin
films with varying Si content. The films were: characterized by XRD, FE-SEM, AFM
and TEM to reveal the influence of processing parameters on microstructural
characteristics and the atomic percentage of Si in the Ti-Si-N thin films were measured
using Energy Dispersive Spectroscopy (EDS) attached with FE-SEM. The hardness and

Young’s modulus of the films were measured by nanoindentation technique. 7

5.1.2 Experimental Details

5.1.2.1 Synthesis of Ti-Si-N films

The Ti-Si-N films were deposited on Si (100) and Stainless Steel (type 394)
substrates by DC/RF magnetron sputtering. The Si substrate was cleaned by first rinsing
in Hydrofluoric acid to remove SiO; layer and then ultrasonic baths of acetone and
methanol and finally dried under nitrogen gas. The Stainless Steel (type 304) subst_;ate
was first _polished by using 1/0, 2/0, 3/0 and 4/0 grid SiC emery papers and‘then cloth
polished upto mirror finish. The suBstrates were cleaned by ultrasonic baths to remove
the SiC and dust particles. The sputtering targets were 99.99% pure Ti & Si disc (27
diameter & 5 mm thick) fixed at an angle of 45° to each other and with the use of
rotator, the substrate was rotated between Ti & Si targets continuously to perform a co-

sputtering. DC sputtering and RF sputtering for Ti and Si targets were used,
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respectively, during deposition. The base pressure was better than 2 x 10 Torr and the
sput;ering was carried out in an Ar + N, atmosphere with the ratio 80:20. Reactive
sputtefing was used to deposit Ti-Si-N films in the present work. Before starting the
deposition, the targets were pre-sputtered for 15 minutes with a shuﬁer located in
between the targets and the substrate. This shutter is also used to control the deposition
time. All the deposition was performed at a fixed substrate to target distance of 50 mm.
The sputtering parameters for Ti-Si-N films with varying Si content are included in

Table 5.1.

Table 5.1: Sputtering parameters for Ti-Si-N films with varying Si content

Target Titanium and Silicon
Base pressure 2 x10® Torr

Gas Used Ar + N3 (80:20)
Sputtering pressure 5 mTorr
Deposition time 90 minute

Sputtering power for Ti target 150 W
Sputtering power for Si target 25-125 W (3.0-21.4 at. %) .

Substrate used Si (100) and Stainless Steel (type 304)
Substrate Temperature 300° C

-

5.1.2.2 Characterization details

XRD (Bruker AXS, D8 Advance) measurements with using CuKa (A=1.54 A)
radiation to characterize the Ti-Si-N thin films. The excitation voltage and current were
set to a 40 kV . and 30 mA respectively, in the diffractometer. The grain size of the Ti-

Si-N films was estimated from the Scherrer’s formula, as given in Section 3.1.2.2

(Equation 3.1).
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Cross sectional FE-SEM images were used to measure the thickness of Ti-Si-N films
deposited on Si(100) substrate. FE-SEM (FEI, Quanta 200F) and HRTEM (FEI, Tecnai
20) were used to characterize the microstructures of the Ti-Si-N thin films at an
acceleration voltage of 20 kV and 200 kV, respectively. The surface morphology (3D)
of the Ti-Si-N films was characterized by AFM (NT-MDT, Ntegra) operated in
semicontact (tapping)'rnode and the root-mean-square (RMS) roughness of the. surface
of the sample was calculated from AFM scan at five different spots for each sample.

The hardness and Young’s modulus of the Ti-Si-N films were measured by
nanoindentation technique (Hysitron). The diamond Berkovich indenter is forced into
the thin films being tested under constant load conditions. The loading profile during
indentation testing followed linearly increasing with a hold time of 5 sec at the peak
load. The loads used were 10, 15, 20, 25 and 30 mN at loading rate of 20.0 mN/miﬁ in
the present work. A total of four indentations for each load were made on each sample
and the average hardness and Young’s modulus of Ti-Si-N films were calculated ffom

the load-displacement curve obtained from the nanoindentation testing.

S.1.3 Results and Discussion |

The XRD peaks for the nanocomposite Ti-Si-N films deposited at varjzing Si
contents on Si and Stainless Steel substrates are shown in Figure S.1(a) and (b),
respectively. It is observed from these figures that with increasing Si content upto 12.8
at.%, the films exhibit (111) preferred orientation but with increase in Si contents above
12.8 at.%, intensity of (200) and (220) peaks grows up. However, no signals
corresponding to crystalline Si3N4 and various phases of titanium silicide could be

observed. It shows that Si was present in an amorphous phase of either SizN4 or Si,
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which are in agreement with previous reports on Ti-Si-N nanocomposite films prepared
by CVD and PVD (Kim et al. 2002a, Xu et al. 2007). With increase in Si contents of
above 15.6 at.%, no peak could be observed in the XRD spectra, indicating that the TiN

crystals become too tiny to detect or the whole coating becomes amorphous.
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Figure 5.1: XRD peaks of Ti-Si-N films deposited with variation of Si content on (a) Si
substrate and (b) Stainless Steel |
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The grain growth of TiN crystals is inhibited due to the presence of second phase
paﬁicles causing Zener drag effect, which result in reduction of size of TiN crystals.
The crystallite size of the thin film with 3.0 at.% Si, calculated from the X-ray peak
broadening is 47.9 nm and crystallite size decreases with increase in Si content gnd the
size reduces to 17.8 nm for 15.6 at.% Silic_:on. This indicates that TiN crystals become
finer with the incorporation of the amorphous Si3Ny phase. It was also observed that
with increase in Si contents, inter planar spacing, d decreases from 2.439 A fox; 3.0 at%
Sito 2.411 A for 15.6 at % Si and thereafter, the films become amorphous with further
increase in Si contents.

Figure 5.2 shows the texture coefficients of the nanocomposite Ti-Si-N films 4
deposited at varying Si content calculated from their respective XRD peaks by using the
formula, as given in Section 4.1.3 (Equation 4.1). From Figl;re 5.2, it is observed thaf
the texture coefficient of (111) peak dominates till the Si content reaches 12.8 at.% and

afterwards, other orientations such as (220) and (200) peaks develops.
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Figure 5.2: Texture coefficients of Ti-Si-N films with variation of Si content
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The microstrain from (111) peak of Ti-Si-N films on Si and Stainless Steel substrates
were calculated by the following equation (Ong ef al. 2002, Singh et al. 2008):
g=(a-a,)/a,x100 ' 5.D
where, a and a, are the lattice parameters of the strained and unstrained Ti-Si-N films,
respectively, which are calculated from XRb data (Vaz er al. 1999). The lattice
parameter, a of Ti-Si-N films were calculated using the equation of cubic structure

(Cullity et al. 2001):

1 (R4 k412
d_zz( i ) (5.2)

where, d is the interplanar distance obtained from the position of the.(l 11) peak using
the Bragg condition, « is the lattice parameter and 4, £ and / are planes.

The Iatﬁce parameters of the films on Si and Stainless Steel substrates for varying Si
content are included in Table 5.2 and it is observed that with increase in Si contents,
lattice parameter, d decreases. It is also evident that with increase in Si contents,

micorstrain, £, dccreas_es and the data of all Ti-Si-N films are included in Table 5.2.
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Table 5.2: Properties of Ti-Si-N films with variation of Si content

Coating Thickness | Interplanar { Crystallite Lattice Micro Average
(nm) spacing, d size (nm) parameter, strain Roughness
(111) peak (111) peak a(A) (111) (nm)
XRD (111) peak peak AFM
Si SS
Ti-Si(3.0)-N 1.82 2.439 479 4224 0.823 | 21.2 | 67.7
Ti-Si(6.5)-N 1.72 2.431. 41.7 4211 0.492 | 10.2 | 48.2
Ti-Si(9.4)-N 1.51 2.425 34.1 4200 0.239 | 7.2 | 39.7
Ti-Si(12.8)-N 1.75 2.422 30.2 4.195 0.119 5.3 | 363
Ti-Si(15.6)-N 2.05 2411 17.8 4176 -0.096 | 4.1 | 33.8
Ti-Si(18.7)-N 1.72 - - - - 40 | 294
Ti-Si(21.4)-N 2.35 - -- -- -~ 39 | 228

The FE-SEM images of the Ti-Si-N films with increasing Si contents are shown in

Figure 5.3(a-d).
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Figure 5.3: FE-SEM images of Ti-Si-N films deposited with variation of Si content
(2) 3.0 at.%, (b) 9.4 at.%, (¢) 15.6 at.% and (d) 21.4 at.%

It is observed that with increase in Si contents, grain size decreases and the initial
pyramidal shape grains transform into columnar and finally to amorphous structure. The
atomic perceﬁtage of Si in the Ti-Si-N films is calculated from the EDS results.

Figure 5.4(a-d) shows the 3D AFM images of the Ti-Si-N ﬁlms with increasing Si
contents. It is evident from this figure that with increasing Si contents, grain size and
surface roughnéés decreases, whi‘ch. could be explained from the XRD results. With
inc‘rease in Si confents, X-ray pe‘ak br@adening is ()_Bserved indicating the size reduction -
of TiN. The root mean square values of surface roughness with different Si conténts on
Si (100) -and Stainless Steel (Type 304) substrate's calculated from the AFM images of

the films-are shown in Table 5.2.
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Figure 5.4: 3D AFM images of Ti-Si-N films deposited with variation of Si content
(a) 3.0 at.%, (b) 9.4 at.%, (¢) 15.6 at.% and (d) 21.4 at.%

Cross sectional FE-SEM images of varying Si content are shown in Figure 5.5. It
shows a columunar morphology and it becomes denser with increasing Si content (21.4
at.%). The thickness of Ti-Si-N measured from cross sectional FE-SEM images is

included in Table 5.2.
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Figure 5.5: Cross section FE-SEM images of Ti-Si-N films deposited on Si substrate at
varying Si content (a) 3.0 at.%, (b) 9.4 at.%, (¢) 15.6 at.% and (d) 21.4
at.% -

TEM images in Bright field mode and selected area diffraction modes of Ti»-Si-N films
with varying Si contents are shown in Figure 5.6(a-d). From Figure 5.6(a-b), it is
observed that the Ti-Si-N film with Si contents 6.5 at.% shows crystalline structure in
Bright field mode with corresponding rings in selected area diffraétion mode. On the
other hand, in Figure 5.6 (c-d), with Si conténts of 21.4 at.%, the diffraction patterns
are diffused and bright field image revealed that the film consisted mainly of an

amorphous phase. These results are in tandem with that of the XRD analysis.
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Figure 5.6: Bright field image and SAD patterns by TEM of Ti-Si-N films deposited on
Si substrate at varying Si content (a-b) at 6.5 at % and (c-d) at 21.4 at %

Figure 5.7(a) and (b) shows the AFM in-situ image of the indent on the sample which
is obtained after the indentation and the influence of Si content on hardness and
Young’s modulus (E) of Ti-Si-N thin films, respectively. From Figure 5.7(b), it is
observed that the hardness and E values increases with increasing Si content and the
films with 15.6 at.% Si contents show a maximum hardness and E values of 34 GPa and

275 GPa, respectively. However, these values drop when the Si content is increased
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beyond 15.6 at.%. An enhancement of mechanical- properties of Ti-Si-N films is

considered to be due to its improved microstructure.
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Figure 5.7: (a) AFM in-situ image of the indent on the sample
(b) Hardness and Young’s Modulus of Ti-Si-N films deposited with

variation of Si content

A possible phenomenological explanation to the observed hardness can be deduced

from results of structural analyses and their comparison with existing concepts on
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nanocomposite mechanisms (Veprek et al. 1995b). The formation of superhard
nanocomposites requires 3-4 nm crystallite sizes with less than 1 nm thick separation in
an amorphous matrix (Veprek 1999). At these conditions, both dislocation formation
and incoherence stress relaxation are suppressed, providing superhardness. The Ti-Si-N
films preparéd in the present work exhibit large crystallite size, ~ 17-48 nm, which was
sufficient for the formation of nanesized dislocations. This has limited the increase in
hardness of the films in the present study. Nevertheless, it is observed that the improved
hardness coincides with a reduction in grain size, which implies the ﬁresen_ce of high
volume fraction of grain boundaries. Thus, the relationship between high hardness and
film microstructure of Ti-Si-N films is governed by trends, firstly, a two-phase structure
consisting of nanocrystalline TiN and amorphous SisN4 coexists. Thus, nanocrystalline
TiN surrounded by a matrix of amorphous SizN4; will assist the relaxation of stresses
and reduces grain boundary sliding under» stress, and thus hardness increases. Secondly,
the existence of free Si within the amorphous phase with large amounts of Si addition
leading to incomplete nitridatién of Si is due to limited nitrogen partial pressure. It
results in reduction of hardness of the films ‘because of the poor properties of

amorphous phase.

5.1.4 Conclusion

Nanocomposite Ti-Si-N thin films were deposited on Si (100) and Stainless Steel
(type 304) substrate by DC/RF magnetron sputtering. The effect of varying deposition
parameters on the structure and mechanical properties of Ti-Si-N films was investigated
by characterization techniques such as XRD, FE-SEM, AFM,' TEM and

Nanoindentation, respectively. XRD analysis of the thin films, with varying Si contents,
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revealed the (111) orientation up té 15.6 at.% Si content, beyond which the films
become amorphous. The crystallite size and lattice parameter calculated from XRD
peaks show that it decreases with Si contents. The microstraiﬁ for Ti-Si-N was
caléulated by using lattice parameters and it decreases with varying Si content.
Microstructural analysis revealed that with varying Si contents, grain size decreases and
pyramidal shape grains transform into columnar gnd ﬁﬁz_iily to amorphous structure. The
surfac‘;e roughness of the TiN films decreases sliéhtly with varying Si conténts. The
hafdness and Young’s modulus values of Ti-Si-N films have increased upto 34 GPa and
- 275 GPa, reSpéctiver, with 15.6 at.% Si contents but it decreases afterwards with .
further increase in Si contents. The high hardness of Ti-Si-N films is governed by a
tﬁo—phase strucfure consisting of nanocrystalline TiN énd amorphous SizN4. These TiN
nanocrystals surrounded by a matrix of amorphous SisN4 could assist the relaxation of
stresses and reduces grain boundary sliding under stress, causing the improvement in

hardness values of Ti-Si-N films.
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5.2 Influence of Deposition Parameters on the Structural and
Mechanical Properties of nanocomposite Ti-Si-N thin

films

5.2.1 Introduction

As discussed in Section 5.1, the effect of Si content on the morphological
characteristics of nanocomposite Ti-Si-N films on its mechanical properties, it is also
very essential to study the systematic. investigation and quantification of the influence of
other process parameters such as sputtering pressure on the microstru;:tural and
mechanical characteristics of nanocomposite Ti-Si-N films. Hence, the present work hés
been focused to deposit Ti-Si-N films in varying sputtering pressure by DC/RF
Magnetron Sputtering and characterize their microstructural features by XRD, FE-SEM
and AFM and their hardness and Young’s modulus were measured by nanoindentation

technique.

5.2.1 Experimental Details
5.2.1.1 Synthesis of Ti-Si-N films

The experiment procedures emplqyed for the deposition of Ti-Si-N films are similar
to that of it discussed in Section 5.1.2.1. The sputtering parameters used for the

deposition of the films with varying sputtering pressure are included in Table 5.3.
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Table 5.3: Sputtering parameters for Ti-Si-N films with variation of sputtering pressure

Target Ti and Si
Base pressure 2 x 10°® Torr
Gas Used Ar+N, (80:20)
Sputtering power for Ti target 150 W
Sputtering power for Si target 95w
Deposition time 90 min
Sputtering pressure 5-50 mTorr
Substrate Used Si (100)
Substrate Temperature 300° C

5.2.2.2 Characterization- details

The characteﬁzation details are similar to that of it discussed in Section 5.1.2.2. The
hardness and Young’s modulus of the Ti-Si-N films were measured by nanoindentation '
technique (CSM+). The diamond Berkovich indenter is forced into the thin films being
testedv under constant load conditions. Thé loadiﬁ;g profile during indentation testing
followed linearly increasing with a hold time of 10 sec at the peak load. The load used
was 20 mN at loading rate of 20.0 mN/mih in the present work. A total of ten
indentations were made on each sample and the average hardness and Young’s modulus
of Ti-Si-N films were calculated from the load-displacement curve obtained from the

nanoindentation testing.

5.2.3 Results and Discussion

The XRD peaks and texture coefficients for the Ti-Si;N films deposited at varying

spuﬁering pressure are shown in Figure 5.8(a) and (b), respectively.
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Figure 5.8: (a) XRD peaks of Ti-Si-N films deposited on Si substrate with variation of
sputtering pressure

| (b) Texture coefficients of the same films

Figure 5.8(a) shows that with increasing sputtering pressure, Ti-Si-N films initially
exhibit all (111), (200) & (220) peaks but with increase in sputtering pressure, most of
the grains are oriented towards (111) might be due to the increase in grain size which
leads to crystallinity of the film and the increase in crystallite size can be explained by
the relationship of the mean free path, A (cm), with the sputtering pressure as given by

T
(PS,)

m

A=2330x10"%

(5.3)

where, T (K) is the temperature, P (Torr) is the pressure and J,, (cm) is the molecylar
diameter (Maissel et al. 1970, Chandra ef al. 2005).

From Equation 5.3, sputtering pressure is inversely proportional to mean free path
so the sputtered atoms undergo a large number of collisions when the sputtering -
pressure is high and have a higher probability of agglbmeration i.e. increase in

crystallite size before arriving at the substrate surface. Also in our case, the crystallite
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size increases with increase in sputtering pressure due to reduction in mean free path.
The crystallite size of.the thin film with 5 mTorr sputtering pressure, caléulateci from
the X-ray peak broadening, is 17.8 nm and it increases with increase in sputtering
pressure to 23.4 nm for 50 mTorr sputtering pressure. However, no signals
corresponding to crystalline SizsN4 and vérious phases of titanium silicide could be
obséﬁted. It shows that Si was present in an amorphous phase of either SizN4 or Si,
which are in agreement with previous reports on Ti-Si-N nanocomposite films prepared
by CVD and PVD (Kim et al. 2002a, Xu et al. 2007)_. h

From Figure 5.8(b), it is observed that iniﬁally texture coefficients of all (111),
(200) & (220) peaks were observ_ed which calculated from their respective XRD peaks
by using the formula; as given in Section 4.1.3 (Equation 4.1) but with increase in
sputtering pressure, more grains are oriented towards (111) peak. |

The FE-SEM topographical and cross sectional view of the Ti-Si-N films with
increasing sputtering pressure are shown in Figure 5.9(a-f). It is observed from FE-
SEM “images (Figure 5.9) that initially dense blurred grains are observed, which
subsequehtly transformed into uniform grains with increasing sputtering pressure and
the microstructure become porous. From cross sectional view, with increasing
sputtering pressure, non-uniform columnar structure transforms into uniform columnar '

structure as shown in Figure 5.9(f).
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Figure 5.9: FE-SEM topographical and cross sectional view of Ti-Si-N films deposited
on Si substrate at varying sputtermg pressure (a-b) at 5 mTorr, (e-d) at 20

mTorr and (e-f) at 50 mTorr
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The thickness of the Ti-Si-N films was measured from its cross sectional images and the

thickness data of all Ti-Si-N film samples are given in Table 5.4.

TITANIUM SILICON NITRIDE FILMS

Table 5.4: Properties of Ti-Si-N films with variation of sputtering pressure

S.N. Coating Thickness { Crystallite Average
Ti-Si (15.6 at%)-N (nm) size Roughness

' (nm) (nm)

XRD AFM
1) S mTorr 2.05 17.8 4.1
2) 10 mTorr 2.07 18.6 5.8
3) 20 mTorr 2.07 19.7 7.6
4) 30 mTorr 2.08 21.1 9.4

5) S0 mTorr 2.10 23.4 11.8

Figure 5.10(a-f) shows the 2D and 3D AFM im.ages of the Ti-Si-N films with
increasing sputtering pressure and it is observed that grains become uniform with
increase in porosity and the surface roughness increases with increasing sputtering

pressure. The root mean square values of surface roughness with different sputtering -

pressure calculated from the AFM images of the films are shown in Table 5.4.
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Figure 5.10: 2D and 3D AFM images of Ti-Si-N films deposited on Si substrate at

varying sputtering pressure (a-b) at 5 mTorr, (¢-d) at 20 mTorr and (e-f)

at SO0 mTorr
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Figure 5.11 shows the influence of sputtering pressure on hardness and Young’s
modulus (E) of Ti-Si-N thin films. It is observed that the H and E values decreases with
increasing sputtering pressure and the films with 5 mTorr sputtering pressure show a

maximum H and E values of 33.7 GPa and 278.6 GPa, respectively.
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Figure 5.11: Hardness and Young’s Modulus of Ti-Si-N films deposited on Si substrate

with variation of sputtering pressure

However, these values drop when the sputtering pressure is increased, during
deposition, as it decreases mean free path for elastic collisions between coating species
and the sputtered gas atoms. This leads to low kinetic energy of coating species
impinging on the substrate surface, thereby producing relatively porous microstructures
(Tjong et al. 2004). It is observed that the drop in H and E is linear only up to sputtering
pressure of 30mTorr and it deviates beyond this value to 18.6 GPa and 203.4 GPa,

respectively due to the porous microstructure.
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2.4 Conclusion

Nanocomposite Ti-Si-N thin films were deposited on Si (100) substrate by DC/RF
agnetron sputtering. The effect of varying deposition parameters on the structure and
echanical properties of Ti-Si-N films was investigated by characterization techniques-
ch as XRD, FE-SEM, AFM and nanoindentation, respectively. XRD analysis of the
in films exhibit all (111), (200) & (220) peaks initially with varying sputtering
essure but (111) peak dominates at higher sputtering pressure. The crystallite size
lculated from XRD peaks shows that it increases with increasing sputtering pressure.
icrostructural analysis revealed that the dense blurred grains transform into uniform
ains in the films and showed porosity with incfeasing sputtering pressure. The surface
ughness of the Ti-Si-N films increases with varying sputtering pressure. The hardness
d Young’s modulus values of Ti-Si-N films are 33.7 GPa and 278.6 GPa,
spectively, with 5 mTorr sputtering pressure but it decreases with further increase in

uttering pressure due to increase in porosity of the films.
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6.1 Microstructural and Mechanical Properties of Spufter
Deposited TiN/SiN, Multilayer thin films

6.1.1 Introduction

TiN coatings are widely used as wear resistant coatings to protect cutting tools, dies,
tools, sliding surfaces of bearings and gears from aggressive environments due to its
good wear resistance and inertness to steels. TiN coatings predominantly grow with a
columnar grain structure and its columnar grain boundaries are source of crack
initiation, resulting in premature failure of the coatings (Polonsky et al. 1997, 1998).
Therefore, SiNx layer has been introduced between the TiN growth to periodically
interrupt its columnar structure and force TiN to renucleate and form very fine,
equiaxed grain microstructure as reported in the literature (Lacerda et al. 1999). The
interlayers have reduced the porosity, cutting off the paths for the corrosive solution to
the substrate and enhanced its tribological performance.

Soderberg et al. (2005) deposited TiN/SiNy multilayer films on Si (100) wafer with a
top layer of 100 nm SiO, by dual, unbalanced reactive dc magnetron-sputtering system
and observed (002) preferred orientation for TiN layers in TiN/SiN, multilayer with a
thickness of 4.5 nm and below but (111) orientation has appeared with further increase
in its thickness. All the multilayer films showed higher hardness than that of monolithic
films grown under the same conditions. The higher hardness obtained for the multilayer
films are due to its smaller grains and also due to the fact that dislocations cannot
propagate unaffected throughout the film due to interlayers. The HRTEM of the hardest
TiN/SiNy multilayer (32 GPa), with a SiNy thickness of 0.3 nm, has shown no

amorphous interlayers; instead, lattice fringes continued throughout. Chen ef al. (2001)
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have deposited TiN/SiNyx multilayer films on Si (IOOj wafers and M2 steel substrates by
a dual-cathode unbalanced reactive spuﬁering and characterized the films with XRD
and TEM. With a substrate bias of -80 to -90 V, TiN/SiN, multilayer coatings with
distinct layers consisting of optimum. SiNy layer thickness of 0.5 nm was produced with
no columnar structure in their work. Also, thése multilayer coatings attained hardness
values approximately twice of pure TiN coatings, are significantly smoother aﬁd
showed lower internal compressive stresses than columnar TiN coatings. An et al.
(2008) prepared TiN/SiN, multilayer films, using a magnetron sputtering system, on Si
(111) substrate and concluded that No/Ar gas flow ratio has a signiﬁcaht influence on
the structures of ’I_‘iN/SiNx multilayer film. The texture for TiN layer in multilayer films
has evolved from (200) to (111) with an increase of N./Ar gas flow ratio, and the
multilayer film with TiN (111) texture was harder than that of it with (200) textﬁre as
reported in their work. Chen ef al. (2002) deposited TiN/SiNy multilayer coatings, by
unbalanced reactive-magnetron sputtering, on Si (100) substrates and reported its
hardness value of 37 GPa, almost twice the mle-éf—mixtures value (22 GPa), as
comﬁared to pure TiN'(24 GPa) and pure SiNy (19 GPa). Perez-Mariano et al. (2006)
deposited TiN/SiN, multilayer coatings on stainless steel and Si wafer substrates by
chemi(;,él vapor Vdepositi'on in a fluidized bed reactor at afmospheric pressure by reaction
of TiCly and SiCly ‘with NH; at 850°C. It was observed that TiN layers are
nanocrystalline; with lower crystallite sizes and less preferred orientation than single
TiN films deposited under the same conditions. They have reported that the multilayer
coatings consist of 6 or more sublayers Qvith thickness around 250 nm showed higher

hardnéss (26-27 GPa) than single TiN (21 GPa) or single SiNy (21 GPa) coatings.
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A detailed investigation on microstructural characteristics of TiN/SiNy -multilayer
films deposited on Si(100) substrate as a function of varying process parameters, in
magnetron sputtering, is essential to substantiate their influence on its mechanical
properties. The knowledge of microstructural characteristics and mechanical properties
of multilayer thin films would provide an insight into the compatibility and reliability
issues when they are used in diffusion barriers and tribological applications. Therefore,
in the present work, TiN/SiNx multilayer films on Si (100) substrate were produced by -
the DC/RF magnetron sputtering. These multilayer films were characterized by XRD,
- FE-SEM, AFM to reveal the influence of processing parameters on micr_ostructural
characteristics and TEM analysis was made to characterize the TiN/SiNy multilayer
films. The hardness and Young’s modulus of the TiN/SiNyx multilayer filmsjiwere

measured by nanocindentation technique.

6.1.2 Experimental Details
6.1.2.1 Synthesis of TiN/SiN, multilayer films

The TiN/SiNy multilayer films were deposited on Si (IOQ) substrates by DC/RF
magnetron sputtering. The substrates wer&_fleaned by Hydro Fluoric acid _to remove
SiO; layer from the top of the substrate aﬁd -then rinsing in ultrasonic baths of acetone
and methanol and dried under nitrogen gas. The sputtering targets were 99.99% pure Ti-
& Si disc (é” diameter & 5 mm thick) fixed at an angle of 90°to each other and with the
use of rotator, the substrate was rotated between Ti & Si targets afte; defined time to
perform a reactive sputtering in an Ar + N, atmosphere (80:20) to deposit TiN/SiNx

multilayer films. DC sputtering and RF sputtering for Ti and Si targets were used,

respectively, during deposition. The base pressure was better than 2 x 10 Torr in the
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present work. Before starting the deposition, the targets were pre-sputtered for 15
minutes with a shutter located in between the targets and the substrate. This shutter is
also used to control the deposition time. All the deposition was performed at a fixed
substrate to target distance of 50 mm. Two sets of TiN/SiNy r'nultilayerv films were
prepared. The first set was made with a constant TiN layer deposition time and with a
varying SiNy layer deposition time. In the second set, the SiNy layer deposition time
was held constant, whereas the TiN layer deposition time was varied. The sputtering

parameters for both set of samples are included in Table 6.1.

Table 6.1: Sputtering parameters for TiN/ SiN, multilayer films

- Sputtering Parameters (SET ) (SET II)
Target ' Ti and Si Ti and Si
'Base pressure 2 x 10 Torr 2 x 107 Torr
Gas Used | ArtN2 (80:20) | ArtN; (80:20)
Sputtering pressure 10 mTorr 10 mTorr
Total Deposition time 90 min 90 min

TiN layer deposition time 15 sec 5-30 sec
SiNi layer deposition time 5-30 sec 15 sec
Sputtering power for Ti target | 150 W 150 W
Spuﬁering power for Si target | 100 W 100 W
Substrate Silicon(100) Silicon(100)
Substrate Temperature | 300°C 300°C
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6.1.2.2 Characterization details

XRD (Bruker AXS, D8 Advance) measurements using CuKa (A=1.54 A) radiation
was used to characterize the TiN/SiNy multilayer films. The excitation voltage and
current were set to a 40 kV and 30 mA respectively, in the diffractometer. The grain size ¢
of the TiN/SiNy multilayer ﬁlms was estimated from the Scherrer’s formula, as given-in
Section 3.1.2.2 (Equation 3.1). -

FE-SEM (FEI, Quanta 200F) was used to characterize the microstructures of the
TiN/SiNk multilayer films at an acceleration voltage of 20 kV. The surface morphology
of the TiN/SiNyx multilayer films was characterized by AFM (NT-MDT, Ntegra)
operated in a semicontact (tapping) mode in order to calculate its surface roughness and
the root-mean-square (RMS) roughness of thé surface of the sample was calcu'iated
from AFM scan at five different spots for each sample. TEM (FEI, Tecnai 20) anélysi_s
was carried out to characterize the TiN/SiN, multilayer films.

The hardness and Young’s modulus of the TiN/SiN, multilayer ﬁims were measured
by nanoindentation technique (CSM+). The diamond Berkovich indenter was fo;ced
into the thin films under constant load coﬁditions and the loading profile was 'lir;ear,
during indentation testing, which is increased with a hold time of 10 sec at the peak
load. The load and loading rate used were 20 mN and 20.0 mN/min; respectiv'ely. A
total of ten indentations were made on each sample and the average hardness and
Young’s modulus of TiN/SiNy multilayer films were‘ calculated from the load-

displacement curve obtained from the nanoindentation testing.
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6.1.3 Results and Discussion

The XRD peaks for the first set of samples in which TiN/SiN, multilayer films
deposited at a constant TiN layer deposition time and with a varying SiN, layer

deposition time are shown in Figure 6.1(a).
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Figure 6.1: (a) XRD peaks of TiN/SiNy multilayer films deposited on Si(Al 00) substrate
with variation of SiNy layer deposition time

(b) Texture coefficients of same films
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It 1s observed that the films exhibit (111), (200) and (220) orientations and with increase
in SiNy, layer deposition time, the intensity of all peaks remains same. However, no
signals corresponding to crystalline SisN4 and various phases of titanium silicide could
be observed. It shows that Si is present in an amorphous phase of either Si3Ny4 or Si,
which is in agreement with previous reports (Kim et al. 2002a, Xu ef al. 2007).

Therefore, in the present work, when the deposition time for TiN layer was kept
constant, SiNy layer deposition time was varied to interrupt the growth of TiN layer and
facilitate its renucleation each time. Here, no peak of SiN, was observed and with
increase in SiNy layer deposition time, no remarkable effect was observed in TiN/SiNy
multilayer film. The crystallite size of the TiN/SiN, multilayer films calculated from the
X-ray peak broédening 1s around 7.0 nm initially and with varying SiNy layer deposition
time, it remains constant as SiNy layer is present in an amorphous form. The crystallite
size of TiN layer, whose deposition time is kept constant, as function (_)f varying
deposition time for SiNy layer is shown in Table 6.2.

Figure 6.1(b) shows the texture coefficients for the first set of samples in which
TiN/SiNx multilayer films deposited with a varying SiNy deposition time, keeping TiN
layer deposition time constant calculated from their respective XRD peaks by using the
formula, as given in Section 4.1.3 (Equation -4.1). From Figure 6.1(b), it is observed
that the texture coefficient of all the three (111), (200) and (220) peaks remains constant
with a varying SiNy layer deposition time.

XRD peaks for the second set of samples in which TiN/SiNy multilayer films
deposited with a varying TiN deposition time, keeping SiNy layer deposition time

constant, are shown in Figure 6.2(a).
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Texture Coefficient

Figure 6.2: (a) XRD peaks of TiN/SiNy multilayer films deposited on Si(100) substrate

It is observed that the films exhibit (111), (200) and (220) orientations and with increase
in TiN layer deposition time, the intensity of (200) peak increases and (111) and (220)
peak intensity goes down. The results are in agreement with the Pelleg er al. (1991),

who have reported that the preferred orientation of TiN film is controlled by the surface
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free energy and the strain energy. Assuming that the strain energy in the film increases
linearly with thickness, they postulated that when the film was éufﬁciently thin, the film
orientation with minimum surface energy, i.e., (200) is favored (Pelleg et al. 1991).

According to Pelleg et al., the preferred orientation of TiN in the multilayers should
evolve from the (111) orientation to (200) orientation. Therefore, in the present case,
initially there might be a competition between surface energy and strain energy during
film growth and therefore no preferred orientation was observed but with increase in
TiN layer deposition time, the adatom mobility is very high due to which the TiN layer
grow along the (200) orientation with the lowest surface free energy (Greene 1993).
Also with increase in deposition time of TiN layer, its layer thickness might be few
nanometers and therefore grows preferentially along the (200) orientation as compared
to (111) and (220) orientation. The crystallite size of the TiN/SiNy multilayer films
calculated from the X-ray peak broadening is 2.7 nm initially and with varying TiN
layer deposition time, it increases to 11.3 nm. It is due to the reason that with varying
TiN layer deposition time but keeping constant deposition time for SiNy layer, the TiN
layer has more time to nucleate and therefore crystallite size increases. The.crystallite
size of TiN/SiNy multilayer films is shown in Table 6.3.

By using Equation 4.1 in Section 4.1.3, the texture coefficients for thé second set of
samples in which TiN/SiNy multilayer films deposited with a varying TiN deposition
time, keeping SiNy layer deposition time constant calculated from their respective XRD
peaks are shown in Figure 6.2(b). It is evident that the texture coefficient of all the
three (111), (200) and (220) peaks are observed initially and there is no dominating
peak. It shows that all grains are oriented in different planes but with increase in TiN

layer deposition time, (200) orientation dominates but the other peaks decrease.
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The FE-SEM topographical and cross sectional view of the TiN/SiNy multilayer
films -deposited with a varying SiNx layer deposition time but keeping TiN layer-
deposition time constant are shown in Figure 6.3(a-d). It is observed that the grain size
of multilayer films remains constant and there is no change in morphology of the films

with increase in SiNy layer deposition time.

HY Mag Det WO 872272008 1 Qpry HV Mag Det WD 84162008 2 Opey
20 0 kV 50000x ETD 83 mm 551 48 PM 1T ROORKEE 20 0 kV _30000x ETD,8 8 mm 51305 PM IIT ROCRKEE

HVY  Mag Det; WO &222008 1 0pm HV  Mag Del WD 852008 2 Opm
20 0 kY 50000x ETD:S 0 mm 7 14 23 PM 1T ROORKEE 20 0 KV 30000x ETD &6 mm 42137 PM WT ROORKEE

(©) (@)

Figure 6.3: FE-SEM topographical and cross sectional view of TiN/SiN, multilayer
| films deposited on Si(100) substrate with variation of SiNy layer deposition
time (a-b) 5 sec and (e-d) 30 sec
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However, the cross sectional view of the same films shows that it becomes amorphous
with increase in SiNy layer deposition time.

Figure 6.4(a-d) shows the FE-SEM topographical and cross sectional view of the
TiN/SiNy multilayer films deposited with a varying TiN layer deposition time and
keeping SiNy layer deposition time constant. It is observed that with increase in TilN

layer deposition time, its grain size increases and attains the columnar structure.
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Figure 6.4: FE-SEM topographical and cross sectional view of TiN/SiNy multilayer
films deposited on Si(100) substrate with variation of TiN layer deposition
time (a-b) 5 sec and (e-d) 30 sec

183



CHAPTER 6 | TITANIUM NITRIDE/SILICON NITRIDE MULTILAYER FILMS

The FE-SEM cross sectional view of same films shows the columnar structure ‘with
increase in TiN layer deposition time.

Figure 6.5(a-d) shows the 2D and 3D AFM images of the TiN/SiNy multilayer films
deposited with a varying SiNy layer deposition time. It is evident from Figure 6.5(a-d)
that with increasing SiNy layer deposition time, grain size and surface roughness of the

films remains constant.
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Figure 6.5: 2D & 3D AFM images of TiN/SiN, multilayer films deposited on Si(100)
substrate with variation of SiNy layer deposition time (a-b) 5 sec and

(c-d) 30 sec
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The root mean square values of surface roughness of the films with different SiNy layer

deposition time calculated from its AFM images are shown in Table 6.2.

Table 6.2: Properties of TiN/SiNy multilayer films with variation of SiNy layer

deposition time and keeping TiN layer deposition time constant

S.N. TiN/SiNy Thickness | Crystallite size Average

multilayer film (pnm) (nm) Roughness
‘ XRD (nm)
AFM
) TiN(15s)/SiNx(5s) 2.64 7.1 5.5 »
2) | TiN(15s)/SiNy(10s) 3.01 7.0 5.3
3) | TiN(15s)/SiN(15s) 2.66 6.7 5.8
4) | TiN(15s)/SiNk(20s) 2.46 7.0 4.7
5) | TiN(15s)/SiNk(25s) 2.58 7.7 5.4
6) | TiN(15s)/SiNk(30s) 2.56 7.6 6.3

Figure 6.6(a-d) shows the 2D and 3D AFM images of the TiN/SiN, multilayer films
deposited with a varying TiN layer deposition time. The grain size and surface
roughness of the films have increased as observed from this figure. The root mean
square values of surface roughness, with different TiN layer deposition time, calculated

from its AFM images are shown in Table 6.3.
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Figure 6.6: 2D & 3D AFM images of TiN/SiNy multilayer films deposited on Si(100)

substrate with variation of TiN layer deposition time (a-b) 5 sec and

(c-d) 30 sec
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Table 6.3: Properties of TiN/SiNy multilayer films with variation of TiN layer

deposition time and keeping SiNy layer deposition time constant

S.N. TIN/SiNy Thickness | Crystallite size Average
multilayer film (um) (nm) Roughness

XRD (nm)

AFM

1) TIN(55)/SiNy(15s) 2.12 2.7 5.7
2) | TiN(10s)/SiNk(15s) 2.38 3.3 5.7
3) | TiN(15s)/SiNk(15s) 2.66 6.7 5.8
4) | TiIN(20s)/SiNk(15s) | 2.73 8.4 6.5
5) | TiN(25s)/SiN(15s) 2.84 9.4 6.8
6) | TiN(30s)/SiNx(15s) 3.07 11.3 7.3

TEM cross sectional view of TiN/SiNy multilayer film is shown in Figure 6.7(a), in
which it is observed that TiN and SiNy layers are visible in a nanometer scale with a

uniform deposition.

TiN layer

- 'S_iI}va‘layer .

(@)
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5.00 1/nm

©

- Figure 6.7: (a) TEM cross sectional view of TiN/SiNy multilayer films showing TiN

layer and SiN, layer
(b) TEM topographical view of TiN/SiNy multilayer film and
(¢) SAD pattern

Figure 6.7(b) shows TEM topological view of the TiN/SiNx multilayer film in which
TiN crystals are embedded in SiNy amorphous matrix since the top layer was TiN. The
Figure 6.7(c) shows its patterns in selected area diffraction mode.

The influence of varying SiNx layer deposition time on hardness and Young’s
modulus (E) of TiN/SiNy multilayer films is shown in Figure 6.8(a). -11; is observed that
the hardness and E values of the films increase initially with increasing SiNy layer
deposition time and the films upon 10 sec deposition time, exhibit the maximum
hardness and E values of 31.4 GPa and 365.8 GPa, respectively. The smaller grain size
of TiN nanocrystals and very thin layer of SiNy contribute for the higher hardness
values of multilayer. The increased in hardness of TiN/SiNymultilayer may be.due to
the one or the combination of the factors such as coherency stress hardening, epitaxial

stabilization of meta stable structure of crystalline SiNy layer, Orowan-like
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strengthening and Hall-Petch strengthening as reported in the literature (Soderberg et al.

2005).
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Figure 6.8: Hardness and Young’s Modulus of TiN/SiNy multilayer films deposited on
» Si(100) substrate with variation of (a) SiNx layer deposition time and

(b) TiN layer deposition time
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However, these values drop when the SiNy layer deposition time is increased beyond 10
sec, which is due to higher thickness of SilNy dpes not facilitate renucleation kinetics of
TiN to form equiaxed structures in the multilayers.

The influence of varying TiN layér deposition time on hardness and Young’s
modulus (E) of TiN/SiNy multilayer films is showﬁ in Figure 6.8(b). It is observed that
the H and E values increases initially with increasing TiN layer deposition time and the
films aftef 10 sec deposition time showed the hardness and E values of 30.1 GPa and
355.8 GPa, respectively. However, these values drop when the TiN layer deposition
time is increased beyond 10 sec but when the deposition time of TiN layer reached 30
sec, the maxifnum H and E values.are 33.4 GPa and 370.5 GPa, respectively. The
higher hardness of multilayers deposited at- 30 seconds is due to the grain size effect.
However, the decrease in hardnéss of multilayers may be due to intermixing leading to

the formation of imperfect multilayer.

-6.1.4 Conclusion

TiN/SiNy multilay;er films were deposited on Si (100) substrate by DC/RF
magnetron sputtering in the present work. The effect of varying deposition parameters
on the structural and mechanical properties of TiN/SiNy multilayer films was
investigated by several characterization techniques such as XRD, FE-SEM, AFM, TEM
and nanoindentation technique. XRD analysis of the films, witlh varying SiNy layer
deposition time revealed the (111)., (200) and (220) orientation and with variation of
TiN layer deposition time, the same orientations were observed initially but (200)
orientation grows up with increasing TiN layer deposition time. The grain size of the

films was around 7.0 nm in varying SiNy layer deposition time and it has increased from
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from 2.7 to 11.3 nm when the deposition time for the TiN layer was increased. The
surface roughness of the TiN/SiN, multilayer films was calculated from its AFM
images and it remains constant with varying SiNy layer deposition time but increases in
the other case, with varying TiN layer deposition time. The hardness and Young’s
modulus values of TiN/SiNy multilayer films have increased upto 31.4 GPa-and 365.8
GPa, respectively, with varying SiNy layer deposition time (10 seconds) but it decreased
with further increase in SiNy layer deposition time. The decrease in hardness beyond the
deposition time of (10 seconds) SiNy layer is due to its higher thickness, which does not
facilitate the formation of equiaxed structure of TiN crystals. In the other case, with -
increase in deposition time for TiN layer, hardness and Young’s modulus values of
TiN/SiNyx multilayer films increases initially but decreases uniformly and* lastly

increases sharply upto 33.4 GPa and 370.5 GPa, respectively.
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The main objectives of the present work was to synthesize high quality Titanium
(Ti) based hard coatings especially Titanium Nitride (TiN), Titanium Silicon Nitride
(Ti-Si-N), and multilayer of Titanium Nitride/Silicon Nitride (TiN/SiN,) on various
substrates by DC/RF magnetron sputtering technique and investigate the effect of
sputtering parameters on structural and mechanical properties of these materials for its
potential applications in tribological and functional applications. In addition, the effect
of sputtering parameters on structural properties of Ti films has been studied. The
following is a brief summary and conclusions made based on the results obtained on
the aforementioned coatings. The suggestions fof the future work are proposed at the

end.

7.1 Magnetron Sputtered Ti films on Silicon substrate

"The morphological characteristics of Ti films deposited on Si (100) substrates at
different substrate temperatures by DC magnetron sputtering were investigated in the
present work. The Ti film showed a (002) preferred orientation and its intensity
increases with increase in the substrate temperature around 200°C. At above 300°C, the
(101) preferred orientation has increased while (002) orientation decreased. The FE-
SEM analysis of the Ti films, deposited in Ar atmosphere revealed two and three-
dimensional hexagonal structure of grains depending upon the substrate temperature
due to enhanced mobility of adatoms in the film surface. The increase in grain size of Ti
thin films with increasing substrate temperature was confirmed by XRD, FE-
SEM/EBSD and AFM. The grain size distribution is uniform for the films deposited at

200°C and 400°C but it transforms into non-uniform distribution for the films deposited
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at 600°C. The anisotropic grain growth observed at higher substrate temperature is due

to the texture of the grains.

7.2 Magnetron Sputtered Ti films on Glass su‘bstra;e

The effects of sputtering paranieters sﬁcﬁ as sputtering power, substrate temperature
and spﬁttering pfessure on the microstructural morphologies of the Ti films deposited
on glass substrate by DC magnetron sputtéring were investigated in the present work.
XRD analysis of the- textures of the Ti ﬁlms, deposited under different conditions,
revealed the initial (100) preferred orientation but the (002) and (101) orientations were
observed with the increasing sputtering power and substrate temperature, respectivel_:y.
The development of (100) orientation was due to the compressive stress induced in the
films but it transformed into (002) preferred orientation at higher thickness. The (002)
and (101) preferred orientations were observed for the films deposited with the
sputtering pressure of 5 mTorr and 20 mTorr, respectively. The textures of the films'
werle' affected due to the competition between strain energy and surfabe free energy
during deposition of thin films under various process conditions such assubstrate
temperature, power and sputtering pressuré. The thermal stress induced in the thin films
at higher substrate temperaturé has also contributed to the formation of preferred ('IOi)
orientation. The microstrain of Ti films was initially negative and then changed to
positive value with increasing sputtering power, substrate temperature, and sputtering
pressure. The crystallite size has increased with increase in microstrain in the films. The
average surface roughness calculated from the AFM images of the films has shown an
increasing trend with varying deposition parameters. Thé increase in surface roughness

of Ti thin films with increase.in substrate temperature was due to growth of grains with
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preferred orientations dictated by surface and grain boundary diffusivity, -adatom
mobility, film thickness and induced thermal stress. The calculated grain size of Ti thin
films using XRD results revealed an increasing trend with varying deposition
parameters. The uniform and dense morphology of the Ti films were observed with the
higher substrate temperature and sputtering‘ pressure as observed from the FE-SEM
characterization. The denser 4morphology of grains observed at higher substrate

temperature is due to the higher surface and bulk diffusivity of sputtered atoms.

7.3 FEM Analysis of Thermal Stress in Magnetron Sputtered Ti thin

films

’fhe thermal stress of Ti-coating sputter deposited on glass and silicon substrate has
been simulated by finite element simulation package ANSYS and compared with that of
analytical model. The thermal stress of coatings exhibits a linear relationship with -
substrate temperature and Young’s modulus of the coating, but it exhibit an inverse
relationship with the coating thickness due to the stress relaxation. The radial stress of
the coating-substrate exhibits a maximum value at the interface near the edge and it
determines the failure of the coatings. The radial stress in the Ti coating is of
compressive in nature on the glass substraté but tensile on the Si substrate. The higher
shear stress of the Ti coating is observed along the interface at the edge due to the
higher stress concentration. The tensile and compressive shear stresses are observed for
Ti coating on glass and Si substrates, respectively. The spallation of the coa_fcings from
the edgevis heavily dependent on these shear stresses. The adhesive strength of the Ti
coating on Si substrate is higher when compared to glass substrate due to the high

compressive stress in the former.
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7.4 Structural and Mechanical Characterizations of Magnetron

Sputtered nanocrystalline TiN thin films

Nanocrystalline TiN thin films were deposited on -Si( 111) substrates by DC
magnetron sputtering. The microstructural morphologies and mechanical properties of
TiN films were studied in the present work. The XRD results indicate that the TiN films
prepared under an Ar+N; atmosphere exhibit an initial (200) preferred -orientation
which gradually changes into a mixed (111) - (200) orientation with longer depositidn
time. However, the initial preferred orientation for the TiN films prepared under a pure
N, atmosphere is (111); this also evolves with longer deposition time to a mixed (111) -
(200) orientation. These changes in texture in the TiN thin films are due to one or
combination of such factors as strain energy, surface free energy, surface diffusivity and
adatom rrlobility; the influence of each factor depends on the processing conditions. The
FE-SEM analysis of the nanocrystalline TiN thin films shows that the morphology of
the ﬁlrrls deposited in the Ar+N,; atmosphere have al' characteristic pyramidal’ grain
shape, whereas the films dep031tea in a pure N, atmosphere exhibit a more columnar-
type morphology The AFM study revealed that the overall roughness of the films
prepared in the N, atmosphere is 1ess than that for the films prepared in the Ar+N;
atrnosphere From the nanoindentation study, it is observed that the hardness and
Yohng’s modulus values of TiN films decreases with increase in deposition time in both
Ar+N2 and N, atmosphere. It is also observed that H and E values are higher in N3

atmosphere as compared to Ar+ N, atmosphere.
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7.5 Microstructural Characteristics and Mechanical Properties of

Magnetron Sputtered nanocrystalline TiN films on Glass substrate

Structural and mechanical properties of nanocrystalline TiN thin films deposited on
glass substrate by DC magnetron sputtering were investigated in _the present work. The
effect of film thickness on H and E was investigated by nanoindentation tech;ﬁque. The
formation of nanosized crystallites in the thin films has been confirmed frdm the XRD,
AFM and FE-SEM characterizations. The preferred orientation of TilN film is (200) up
to thickness 1.26 pm and (220) & (200) peaks dominate, respectively, with increase in
thickness up to 2.83 um. It is because of the competition between surface energy and
strain energy during film growth. The hardness of TiN thin film, increases with increase
in thickness up to 1.89 pum (maximum hardness of 24 GPa) but it drops for > 2.5-um
thick films. There was no drop in modulus of elasticity and it increases with ini:rease in

film thickness. The TiN films with highest hardness exhibits a less positive micro strain

as.observed in the present work.

7.6 Analysis of Thermal Stress in Magnetron Sputtered TiN coating”i)hy
~ Finite Element Method

The therlﬁal stress of TiN coating splltter/:aé}:;osited on glass and silicon substrate has'
been simulated by finite element analysis (ANSYS) and compared with thaf of
analytical model. The influence of plane and rough -substrate on the thermal stress in the
coating has been studied. The thermal stress of coatings exhibits a linear rélationship
with substrate temperature, substrate thickness and Young’s modulus of the coating.
However, it exhibits an inverse relationship with the coating thickness due to the stress

relaxation. The thermal stress induced in the coatings for the rough substrate is higher
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as compared-to-that of the planar substrate. The radial stress of the TiN coating is tensile
in nature on both substrates but it is high_on the silicon substrate. The higher shear
stress of the TiN céating is observed along the interface at the edge due to the higher
stress concentration: The compressiver_ shear stresses are observed for TiN coating on
glass and-silicon substrates. The spallation of the coatings from the edge is heavily
dependent on these shear stresses. The adhesive strength of the TiN coating on silicon
substrate is ehigher when compared to glass substrate due to the high compressive stress

in the former.

7.7 Study of Structural and Mechanical Properties of Sputter
Deposited nanocomposite Ti-Si-N thin films

_“Nariocomposite Ti-Si-N thin films were deposited on Si (100) and. Stainless Steel
(type 304) substrate by DC/RF magnetron sputtering. The effect of varying deposition.
parameters on the structure and mechanical properties of Ti-Si-N films was investigated
by characterization techniques such as XRD, FE-SEM, AFM, TEM and
Nanoindentation, respectively. XRD analysis of the thin films, with varying Si contents, -
revealed the (111) orientation up to 15.6 at.% Si content, beyond which the ﬁlm;
become amorphous. The crystallite size. and lattice pérameter calculated from XRD
peaks -show that it decreases with Si contents. The microstrain for .Ti-Si-N was
calculated by using lattice parameters and it decreases with. varying Si content.
Microstructural analysis revealed that with varying Si contents, grain size decreases and
pyramidal shape grains transform into columnar and finally to amorphous structure. The -

surface roughness of the TiN films decreases slightly with varying Si contents. The

hardness and Young’s modulus values of Ti-Si-N films have increased upto 34 GPa and
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275 GPa, respectively, with 15.6 at.% Si contents but it decreases afterwards with
further increase in Si contents. The high hardness of Ti-Si-N films is governed by a
two-phase. structure consisting of nanocrystalline TiN and amorphous Si;Ny4. These 'TiI\‘T
nanocrystals surrounded by a matrix of amorphous SisNy4 could assist the relaxation of
stresses and reduces grain boundary sliding under stress, causing the improvement in

hardness values of Ti-Si-N ﬁlnis.

7.8 Influence of Deposition Parameters on the Structural and

Mechanical Properties of nanocomposite Ti-Si-N thin films

The effect of varying deposition parameters on the structure and mechanical
properties of nanocomposite Ti-Si-N films, deposited on Si (100) sﬁbstrates by DC/RF
magnetron sputtering, were investigated by characterization techniques such as XRD,
FE-SEM, AFM and nanoindentation, respectively in the present work. XRD analysis of
the thin films exhibit all (111), (200) & (220) peaks initially with varyiﬁg sputtering
pressure but (111) peak dominates at higher sputtering pressure du? to increase in grain
size which leads to crystallinity of the films. The crystallite size c‘alculated from XRD
peaks shows that it increases with increasing sputtering pressure. Microstructural
analysis revealed that the dense blurred graiﬁ; transform into uniform grains in the films
and porous microstructure with increasing sputtering pressure. The surface roughness of
the Ti-Si-N films increases with varying sputtering pressure. The hardness and Young’s
modulus values of Ti-Si-N films are 33.7 GPa and 278.6 GPa, respectively, with 5

mTorr sputtering pressure but it decreases with further increase in sputtering pressure

due to the increase in porosity.
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7.9 Microstructural and Miec"liémicai Propertles of Sputter Deposited
TiN/SiN, Multilayer thin filins

T1N/SlN,‘ multilayer films were dep(;sjted on Si (100) substrate by DC/RF
~magnetron sputtering in the present w‘iork. The effect of varying deposition parameters
on the structural and mechanical i)fopértie?s of T1N/ SiNy multilayer films was
.invéstig'a_ted by several qharacterizatipri técﬁniques sﬁch as XRD, FE-SEM; AFM, TEM
and nanoindentation tec‘nnique..XRb .a11aiysié_ of the ﬁlms, with varying SiNy layer
depositior_l time revealed the (111), (200) and _(220) orientation and-with variation of
TiN laye_r deposition time, the same éfientations were observed initially but (200)
orientation grows up with increasing TiN layer deposition time. The grain size of the
films was around 7.0 nm in varying SiN, layer depositicn fcime and it has increased.from
2.7 to-11.3 nm when the depositioﬁ tirﬁé for the TiN layer was increased. The surface
roughnesé of the TiN/SiN, multilayer ﬁl*nq was c#lCL!létéd from its AFM images and it .
reméins constant with varying SiNy la&er c_lepositidn' time but increases in the other case,
with varying_ TiN layer deposition time. The Lhar‘d;;nes;s and Y(:wung’s modulus values of. -
TiN/SiN, multilayer films have increased tip;co 31.4 GPa and 365.8 GPa, 1'especti\‘/ely,
with varying SiNy layer deposition tlime _(1‘0 secorii%ﬂfsj but it decreased with Vfurther
increase in SiNx l'ayeij deposition time. The decrease n hardness beyond thé-deposition ’
time of (10 seconds) SiNy is due to its iligher_thici{nés%s, which does not facilitate the
formé’cion of equiaxed structure of TiN crysta}s. In the other case, with jncrease in
dep‘osi‘([ion‘ time fo_r TiN layer, ha1dness and Young’s modulus values .of ;’(l’iN/SiNX
mui’gilé}rex' films'in.c;;eqses initially bu‘;t decréas'es uniformly and lastly increases sharply

up to 33.4 GPa and 370.5 GPa, respectively.
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““SUGGESTIONS FOR FUTURE WORK ™" "~

Based 6n the present work pursued on the Ti based nitrides thin films such as

TIN,TI-SI-N and TiN/SiN,, ‘multilayers, the ffollol'\'}ving tecommendations for the future

work aré proposed:
1y The éffect of ‘spu'fteriflg pfocés§ ;Ia.aifé;ﬁ&et:eérs "such as "suBéffafé 1t(=;niﬁ'eratutlfé;:-f
prés'siii‘e," an(;i. p‘oﬁ"w'ér ofi the microstructural 'charééteri;fiés of Ti-l‘\‘I—,ﬁ”f.i-Si-N, '
TiN/SiNy rﬁultilayers'has been étﬁdied thofoughly.' Ho'vx;e\-fe'r, it is Very?eés:eritial to
‘-sﬁldy Tthe iﬁﬂijence of substrate bias, various gas borripositiozis of Ar and N2 on the
“growth of the aforementioned thin films for obiaining the  desitabie

microstructural characteristics such as fine grainvsize,'favorable text‘urés,‘ and hi%h
| "dénéity in the films.

2)" “The influence of individual and the combined effect of 's"}).ﬁtt'e'ring process
‘parameters such as substrate temperature, sputtering pressure, 'po{)vei',. biasiﬁg, ’
‘de'po‘sitidn ﬁme, and various gas composifions of Ar and Ny on the rhorpht)l:o-g:ﬁ%f ‘

- the nitride films should be tsubstanfia.tedj to produce the erprod-ucib‘le .ﬁlmé,
exhibiting excellent mechanical préﬁé‘f"ﬁi’és, with standard procéss pdfafhéferé’."z

3) "The fundamental understéndiﬁg Sf the ‘mucleation and gfévvth- -kih‘e;ti“cs'!"o:fr ‘the

" nitride films éontriButing to the formation of hzaﬁoérainsf'is vital to fealize the
Siip'érEOr mechanical and functional ﬁféperﬁes of Hardcoatings.t—

4)° The mechanical p-rc-)plerties. of the "TiN, Ti-Si-N, and TII‘\I/SlemJulhlayers’

Hardcoatings such as bond strength, seratch and wear résistance need fo be stidied

extensively using nanoindentation technique to understand the = Tfailure
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5)

6)

mechanisms, which would enable us to develop -ultrahard coatings hitherto
unachieved in the literature. =
The thermal stress in Ti and TiN coatings has been simulated by using finite

element analysis and compared with that of it calculated using analytical

“technique in the present work. However, it is important to measure thermal stress

as well as the intrinsic residual stress of TilN, ’I‘i-Si-N, and Ti&\]/SiNx multilayers
experirﬁentally. The nature of residual stress, téhsile or bompressiVe should be
quantified as it renders an insight into the delaimination of the coatings.

In the —Ti—Si—N nanocomposite thin films and TiN/SiNy multilayers, it is véry

essential to study the effect of various gas composition of Ar and N, on the

formation of nanocrystals of TiN and . amorphous/crystalline. SiNy -layer..The .

thickness of SiNy in multilayers- ought to be ,:cdntrolled‘carefully_th’r,ough*:the—- apt: -
Ar/N, ratio, during sputtering, so to realize the hardening mechanism manifested

via tiny nanocrystals of TiN-and very thin amorphous layer of SiNy..
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