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摘要
氮氧化鈦(TiNxOy) 與碳氧化鈦(TiCxOy)由於其獨特的特性，在科技領域中已成為非
常受人矚目的材料。氮氧化鈦與碳氧化鈦由於具有相對新穎的組成，因此仍需要許多
的研究與分析工作，以了解其相關特性。儘管目前已有許多相關的研究，但因欠缺單
晶材料，而無法獲得基本性質。因此，在本研究中，將於 MgO 基板上沉積高品質之
TiNxOy 與 TiCxOy 磊晶薄膜，並探討 TiNxOy 在氫電漿蝕刻下的蝕刻狀況與穩定性。同
時針對 TiNxOy 與 TiCxOy 磊晶薄膜的機械性質，進行深入的研究。
本論文研究的 TiC0.47O0.69 與 TiNxOy 磊晶薄膜是使用脈衝雷射沉積法(pulsed laser
deposition)於 MgO 基板上成長，薄膜具有不同化學的組成 (0.63 < x < 1.11, 0.1 < y <
0.55) 。 X 光 光 電 子 能 譜 (X-ray photoelectron spectroscopy, XPS) 及 X 光 繞 射 (X-ray
diffraction, XRD)的分析結果顯示，以異質磊晶方式沉積於 MgO 基板上的 TiNxOy 與
TiCxOy 薄膜，其結晶性佳，並且均處於完全壓縮應變(fully compressive strain)的狀態之
下。所沉積的 TiNxOy 與 TiC0.47O0.69 磊晶薄膜也都具有良好的導電特性。經由穿透式電
子顯微鏡(Transmission electron microscopy, TEM)的分析得知，TiNxOy 與 TiC0.47O0.69 薄
膜內所含有的差排密度低，而原子力顯微鏡(Atomic force microscopy, AFM)的分析則顯
現兩者的薄膜表面均相當平整。當氧的含量增加，會減少 TiNxOy 薄膜的導電性及晶格
常數，殘留應力也因此隨之而減小。
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另一方面，對 TiNxOy 磊晶薄膜進行氫電漿處理。掃描式電子顯微鏡(Scanning
electron microscopy, SEM)、AFM 以及 XPS 的分析結果顯示，TiNxOy 的蝕刻與化學穩
定性與氫氣壓力大小有著強烈的關係。當氫氣壓力低於 40 Torr 時，TiNxOy 仍然相當穩
定並保有其良好的結晶性。隨著壓力的增加，將可能導致倒角錐狀之蝕刻凹坑的形成。
關於 TiNxOy 與 TiC0.47O0.69 薄膜的機械性質，則使用奈米壓痕技術(nanoindentation)
來加以量測。以 TiNxOy 薄膜而言，其薄膜硬度(H)與楊氏係數(E)分別約為 17~26 GPa
以及 355~430 GPa，不論是薄膜硬度或是楊氏係數，均隨著氧含量的增加而減小，隨
著氮含量的增加而變高。而硬度與楊氏係數降低的同時，也發現其殘留壓應力亦會變
小。另外在 TiCxOy 薄膜方面， TiC0.47O0.69 經過量測所得到的數值為 H ~ 21 ± 1.7 GPa
以及 E ~ 390 ± 6.4GPa。
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Abstract
Titanium oxynitride (TiNxOy) and titanium oxycarbide (TiCxOy) have become very
attractive materials in the field of science and technology due to their unique properties.
Because titanium oxynitride and titanium oxycarbide are of relatively new compositions,
therefore, they still need more works and characterizations to explore their properties.
Although there have been relatively large amounts of studies on titanium oxynitrides and
titanium oxycarbides, some basic properties of the films have not been established due to the
lack of single crystals. Therefore, in the thesis, we report the epitaxial growth of TiNxOy and
TiCxOy films on MgO substrates. We also study the stability and etching of TiNxOy in
hydrogen plasma. Mechanical properties of epitaxial TiNxOy and TiCxOy films are especially
investigated.
The epitaxial TiC0.47O0.69 and TiNxOy films with different chemical composition (0.63
< x < 1.11, 0.1 < y < 0.55) were deposited on MgO substrates by pulsed laser deposition
method. X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) analyses
showed that the TiNxOy and TiC0.47O0.69 films are heteroepitaxially grown on MgO with good
crystallinity and they are under compressive strain. Both deposited epitaxial TiNxOy and
TiCxOy are very electrically conducting. Transmission electron microscopy analyses showed
that TiNxOy and TiCxOy films contain a low density of dislocations. Atomic force microscopy
(AFM) revealed very smooth surfaces of TiNxOy and TiC0.47O0.69 films. The increase in
oxygen content reduces electrical conductivity and the lattice parameters of TiNxOy films, and
residual stress decreases as a consequence.
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Epitaxial TiNxOy films were treated under hydrogen plasma generated from
microwave. Scanning electron microscopy (SEM), AFM, and XPS results showed that the
stability and etching of TiNxOy strongly depend on hydrogen gas pressure. TiNxOy was very
chemically stable and remained with good crystallinity under hydrogen pressure below 40
Torr. With increase of pressure, it may lead to the formation of etch pits in inverse pyramid
shape.
The mechanical properties of TiNxOy and TiC0.47O0.69 films were characterized using
nanoindentation. For TiNxOy films, hardness H and Young’s modulus E are about 17 - 26
GPa and 355 - 430 GPa, respectively; both H and E decrease with increasing oxygen content
and increase with increasing nitrogen content; a reduction of H and E with decreasing
residual compressive stress are also observed. Titanium oxycarbide film with composition of
TiC0.47O0.69 shows the value of H ~ 21 ± 1.7 GPa and E ~ 390 ± 6.4GPa.
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Chapter 1
Introduction

1.1. Background
1.1.1. Structure and properties
Titanium nitride (TiN), titanium carbide (TiC), and titanium monoxide TiO
belong to the class of so-called refractory metal compounds. They are all known as hard
materials and crystallize in rock salt NaCl structure with close lattice constants [1.1].
Figure 1.1 shows the structure of TiN, TiC, and TiO. Generally, titanium compounds
have high melting points and extreme hardness such as covalent crystals and they also
have interesting optical, electronic, catalytic and magnetic properties. Table 1.1 presents
the structure, and thermal, electrical, and mechanical properties of TiN, TiO, and TiC.
Among those compounds, TiN and TiC possess many similarities in physical properties
such as excellent electrical and thermal conductivity, low coefficient of friction, and high
corrosion and oxidation resistance [1.1].
In terms of chemical bonding, TiNx, TiCx, and TiOx are found to exist not only in
the stoichiometric (x = 1) form, but also in the nonstoichiometric form with x < 1
(substoichiometric form) and x > 1 (overstoichiometric form) [1.2-6]. Those compounds
can exist in wide composition ranges while still retain their NaCl cubic structure (0.6 < x
< 1.2 for TiNx [1.7-9], 0.48 < x < 1 [1.10, 11] for TiCx, and 0.51 < x < 1.26 for TiOx [1.12,
13]); and the composition have strong effects on properties of those titanium compounds.
In TiOx structure, 10 – 15 % vacancies are found at both Ti and O lattice sites [1.12, 13],
while only vacancies in C sublattices are reported in TiCx structure [1.10, 11]. In
substoichiometric TiNx structure, the main point defects are N vacancies, while
overstoichiometric TiNx structure contains both Ti vacancies and N interstitials [1.9].
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Figure 1.1: NaCl structure of TiN, TiC, and TiO.

Figure 1.2 shows the Ti-C phase diagram from the most recent assessment by
Frisk using Calphad method [1.14, 15]. In these works the δ phase is treated as a solution
phase and modeled with a two-sublattice model, (Ti)1(C, Va)1, where Ti completely
occupies one sublattice and C partially occupies the other, thus leaving vacancies Va.
Carbon and vacancies form a solid solution on the second sublattice and any ordering at
low temperature is ignored in the model. Both α-Ti (HCP) and β-Ti (BCC) have low
solubility of carbon. At low carbon content the δ-TiCx phase boundary is quite steep,
which hints that the phase field is limited by the formation of an almost stoichiometric
(fixed composition) compound. Figure 1.3 shows the Ti-N phase diagram [1.14, 16] also
using Calphad method. Compared to the Ti–C phase diagram in Fig. 1.2, both the α-Ti
and β-Ti phases dissolve much more nitrogen than carbon. The δ-TiNx phase is similar to
the δ-TiCx phase and δ-TiNx is usually modeled in the same way as the carbide phase. The
δ-TiNx phase field is wider than the phase field of δ-TiCx and, moreover, an ordered phase,
ε-Ti2N, having the anti-rutile structure [1.17] appears at low temperature. Figure 1.4
shows the Ti-O phase diagram assessed by Lee [1.18].
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Table 1.1: Structural and thermal, electrical, and mechanical properties of TiN, TiC, TiO,
and MgO.
Titanium nitride
TiN

Titanium carbide
TiC

Titanium
monoxide
TiO

Magnesium
oxide MgO

Structure

NaCl

NaCl

NaCl

NaCl

Lattice
constant

4.2417 Å
(PDF 38-1420)

4.317 Å
(PDF 89-3828)

4.211
(PDF 894248)

Density

5.22 g/cm3
[1.1, 19]

4.93 g/cm3
[1.1]

4.1770 Å
(PDF 8117)
4.95 g/cm3
[1.20]

Melting
point

2930 °C
[1.1, 19]

Thermal
conductivity

19.2 W.m−1.K−1
[1.1, 19]

3160 °C
[1.1]
17.14 30.93 W.m−1.K−1
[1.21]

Thermal
expansion
coefficient

9.35 × 10−6 K−1
[1.1, 19]

Vickers
hardness

3.58 g/cm³

1750 °C
[1.20]

2852 °C

-

5–
60 W.m−1.K−1

4.1 × 10−6 K−1
[1.21]

-

13 x 10-6 K-1
[1.22]

18-21 GPa
[1.1, 19]

26 – 31 GPa
[1.21, 23]

-

10 GPa
[1.24, 25]

Modulus of
elasticity

533 GPa for [002]
416 GPa for [111]
[1.26]

439 GPa
[1.21] [1.23]

400 GPa
[1.13]

300 GPa
[1.24, 25]

Electrical
resistivity

21.7 µΩ.cm
[1.27]

55 µΩ.cm
[1.28]

190 µΩ.cm
[1.29]

-
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Figure 1.2: Calculated Ti–C phase diagram [1.15].

Figure 1.3: Calculated Ti–N phase diagram [1.16].
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Figure 1.4: Calculated Ti-O phase diagram [1.18].
It is noticed that the group IV B metals such as titanium present pseudoternary
systems of the type “TiO - TiN – TiC” [1.30]. This system shows substitutional solid
solutions including “TiN-TiO”, “TiC-TiO”, and “TiN-TiC”, which correspond to
extensive monophasic zones. The solid solutions, named Ti(N,C,O,) have the same cubic
crystalline structure with that of TiN, TiC and TiO phases. The unit-cell parameter ao of
Ti(N,C,O) phase depends on the TiC, TiO and TiN content. Figure 1.5 shows the
pseudoternary phase diagram “TiO–TiN–TiC” proposed by Neumann et al.[1.31]. The
monophasic zone covers the whole diagram at temperatures higher than 1100 °C. This
zone corresponds to the Ti(C,N,O) phase. The cell parameter ao varies between 4.12 Å
and 4.32 Å. The monophasic zones cover in part of the TiN-TiO and TiC-TiO axes in this
system. Thus, the subsystems “TiN–TiO” and “TiC–TiO” present titanium oxynitride
Ti(N,O) and titanium oxycarbide Ti(C,O), respectively. These oxynitride and oxycarbide
have the same cubic structure of Ti(N,C,O) with ao depending on TiN, TiC, and TiO
content. The binary systems Ti(N,O) and Ti(C,O) have recently attracted many attentions.
As stated above, TiNx, TiCx, and TiOx generally exist in nonstoichiometric forms, and
therefore titanium oxynitride and titanium oxycarbide have always found to exist in
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nonstoichiometric form of TiNxOy and TiCxOy (with y ≤ 1 - x or y ≥ 1 – x) instead of
TiNxO1-x and TiCxO1-x, respectively. Due to the fact that oxygen has high reactivity with
titanium, TiNxOy and TiCxOy are usually formed by the addition of oxygen to the TiN
and TiC matrix, in which oxygen replaces nitrogen and carbon sublattice. This process
can be carried out through the oxidation of TiN and TiC, or simultaneous mixing of
elements or precursors methods [1.32-36]. Figure 1.6 shows the structure of TiN, TiC,
TiNxOy, and TiCxOy, in which TiNxOy and TiCxOy are formed by the oxygen replacement
for nitrogen and carbon. It is noticed that Ti(N,O) and Ti(C,O) benefit from many
remarkable properties of both metallic oxides (chemical stability, optical properties) and
nitrides/carbides (hardness, wear resistance); and the optical, electrical, and mechanical
properties of TiNxOy and TiCxOy can be tailored between those of metallic
nitrides/carbides and those of corresponding ionic oxides by varying the oxygen content
[1.33, 37-39].

Figure 1.5: Ternary phase diagram of the TiN-TiC-TiO system at 1100 °C (from
Neumann et al. [1.31]). The cell parameters ao of Ti(C,N,O) are indicated.
The lines separate zones of similar ao.
It has shown that TiNxOy and TiCxOy still retains their NaCl crystal structure with a
wide range of x and y [1.40, 41]). Therefore, similar to TiN and TiC, the slip systems in
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TiNxOy and TiCxOy are mainly 1/2<110> {110}, and may also be {100}, {111}, and {112}
[1.42]. The substitution of oxygen for nitrogen/carbon atoms could result in the changes
in their structures as well as electronic structure and mechanical properties. Indeed, TiN
and TiC contain both covalent and ionic bonding. The changes in oxygen and
nitrogen/carbon content result in changes of covalent and ionic contribution to the bond in
the TiNxOy and TiCxOy compounds. This is due to the difference in valence electrons of
carbon (four valence electrons), nitride (five valence electrons), and oxygen (six valence
electrons) [1.41, 43] that can result in the change of overlapping of atomic orbital.

Figure 1.6: Structure of a) TiN, b) TiC, c) TiNxOy, and d) TiCxOy viewing from [001]
direction. TiNxOy and TiCxOy structures are made by substituting oxygen
atoms for nitrogen and carbon atom, respectively.

Magnesium oxide (MgO) is also one of the most important materials used in the
manufacturing of refractories. MgO is an insulator, and it is very chemically and
physically stable at high temperature that is similar to TiC, TiN, and TiO. The physical
and mechanical properties of MgO are shown in Table 1.1. MgO also has NaCl structure
and its lattice constant is very close to those of TiC, TiN, and TiO. Therefore, MgO has
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been widely used as substrate for the deposition of high-quality TiN, TiC, TiNxOy, and
TiCxOy films.
1.1.2. Applications
Titanium oxynitride and titanium oxycarbide possess many interesting properties of
both titanium nitritrde/carbide and titanium oxide. Therefore, those compounds have been
widely used in a wide range of applications such as decorative and wear-resistant coating,
and electronic devices [1.33, 37-39, 44]. Owning to excellent optical properties, titanium
oxynitride has been used transparent IR window electrodes [1.37], solar collector devices
[1.34, 37], electrical switchable windows [1.45], and photocatalysis [1.46]. In comparison
with TiN, titanium oxynitride has shown new interesting properties that can be used as
biomaterials [1.47, 48], memory devices [1.49]. In addition, titanium oxynitride
nanocrystals with NaCl (rock-salt) structure especially show ultraviolet light emission in
photoluminescence spectra at room temperature contrasted with TiN case [1.50].
1.2.3. Film growth
TiN films have been widely grown by pulsed laser deposition (PLD) and magnetron
sputtering on various substrates such as MgO, Si, glasses, and stainless steels [1.51-64]. A
large amount of scientific works about the deposition of polycrystalline [1.51-55] and
epitaxial [1.56-64] TiN films have been reported. Epitaxial TiN has been successfully
grown on MgO [1.56, 57, 59, 62] and Si [1.58, 60, 61, 63, 64] substrates. The best quality
of epitaxial TiN films on MgO was reported in ref. [1.59], in which the full width at half
maximum (FWHM) of the TiN(200) peak in ω-rocking curve scan was found to be 0.13o.
In case of epitaxial TiN on Si substrate, the best quality was found in ref. [1.58], in which
the FWHM the TiN (200) reflection is 0.47o.
TiC films have been grown by various processes such as chemical vapor deposition
(CVD), pulsed laser deposition (PLD), magnetron sputtering, and evaporation on various
substrates such as MgO, Si, graphite, and stainless steels [1.65-73]. Similarly to TiN,
there have been many reports on polycrystalline [1.65-68] and epitaxial [1.69-72] TiC
films. Epitaxial TiC films were found to be widely deposited on MgO [1.70-72], 6H-SiC
[1.69], and Si [1.73] substrates. The best quality of epitaxial TiC with FWHM was found
to be 0.63o on MgO [1.72], and 2.5o on Si [1.73].
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TiNxOy films have been deposited by various processes, including oxidation of TiN
[1.32], nitridation of TiO2 [1.74], and simultaneous mixing of elements or precursors
methods such as magnetron sputtering [1.33], evaporation [1.34], metal organic chemical
vapor deposition (MOCVD) [1.35], and pulsed laser deposition (PLD) [1.36]. Similarly,
most of TiCxOy films have been grown by chemical vapor deposition (CVD) and
magnetron sputtering [1.38, 39, 75-78]. In those processes, both TiNxOy and TiCxOy films
usually grown on various substrates such as Si, glass, and steel. In most cases, however,
TiNxOy and TiCxOy films have been reported to be amorphous or polycrystalline. There is
the fact that epitaxial growth of TiNxOy and TiCxOy films has been rarely studied in
contrast with the case of TiN and TiC. To our best knowledge, there are no reports on the
epitaxial TiNxOy and TiCxOy films, and no bulk and single crystal TiNxOy and TiCxOy are
available.
1.2. Motivation
Titanium oxynitride and titanium oxycarbide are of relatively new compositions.
Therefore, they still need many works and characterizations to explore an accomplished
knowledge on their properties. One of the most interesting properties is the effects of
oxygen on structure, electrical and mechanical properties of TiNxOy and TiCxOy. In fact,
there have been large amounts of scientific studies on the optical and electrical properties,
and chemical compositions of titanium oxynitride and titanium oxycarbide. However,
most of those studies focused on polycrystalline TiNxOy and TiCxOy films in contrast with
epitaxial TiNxOy and TiCxOy films that has been rarely reported. This is due to the fact
that TiNxOy and TiCxOy are very hard materials and are difficult to synthesize in bulk by
several common deposition methods such as chemical vapor deposition (CVD),
magnetron sputtering, and evaporation. Moreover, in order to obtain high-quality,
especially epitaxial TiNxOy and TiCxOy films, those methods require a relatively high
substrate temperature which may lead to serious problems for many applications. For
hard materials such as TiN, TiC, TiNxOy and TiCxOy, mechanical properties are very
important. The difficulty in deposition of epitaxial TiNxOy and TiCxOy also limited the
chance to study mechanical properties of TiNxOy and TiCxOy due to the fact that
mechanical properties depend on not only chemical composition but also microstructure,
whereas microstructure of polycrystalline TiNxOy and TiCxOy films varies widely and is
often uncharacterized. The deposition of epitaxial TiNxOy also can improve electrical
conductivity and overcome the problem of fast grain boundary diffusion of dopants and
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impurities along the columnar grains of the polycrystalline films [1.79-82]. Furthermore,
study of epitaxial films can improve our understanding of basic properties of TiNxOy and
TiCxOy. Growth of epitaxial TiNxOy and TiCxOy films is also helpful for etching study due
to it can avoid the complicated etch effects from grain boundaries and orientations in
polycrystalline films.
TiN, TiC, TiNxOy and TiCxOy films have been widely applied in hydrogen
environment; but there is still a lack of understanding about the effect of hydrogen on
those materials. Furthermore, studying the etching of those materials by pure hydrogen
plasma could be helpful for the first understanding about the role of hydrogen in the
patterning process using plasma containing atomic hydrogen such as Cl2/CHF3,
Cl2/Ar/CHF3, Cl2/N2/CHF3, Ar/CHF3, and CH4/H2 [1.83, 84]. Moreover, hydrogen
plasma treatment can be applied to the revelation of dislocation etch pits in TiN, TiC,
TiNxOy and TiCxOy.
This thesis reports the successful growth of epitaxial titanium oxynitride and titanium
oxycarbide films on MgO (001) substrates using pulsed laser deposition. The crystallinity,
microstructure, chemical composition, and morphology of titanium oxynitride and
titanium oxycarbide were investigated. The effect of oxygen on the lattice parameter,
microstructure, electrical, and mechanical properties of TiNxOy was especially
investigated. Mechanical properties of TiNxOy films were characterized by using
nanoindentation. The nanoindentation data was then analyzed and simulated to exclude
the substrate effect and then extract the accurate hardness and Young’s modulus of the
films. The study of the effects of hydrogen microwave plasma on the stability and etching
of titanium oxynitride films as function of gas pressure and treating time was also studied.
1.3. Structure of the thesis
The thesis consists of five chapters and is organized as follows: Chapter 2 presents
experimental methods and procedures for growth of epitaxial TiNxOy and TiCxOy on MgO
(001) substrates; surface morphology, chemical composition, microstructure, and
electrical properties of TiNxOy and TiCxOy are also described. Chapter 3 shows the
nanoindentation studies of epitaxial TiNxOy and TiCxOy films including the basic theory
of nanoindentation, models to solve substrate effects, experimental procedures, and
results. Chapter 4 shows the stability and etching of TiNxOy depending on the hydrogen
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plasma treatment conditions. Finally, Chapter 5 presents conclusions of the present study
as well as the future works.
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Chapter 2
Epitaxial growth of titanium oxynitride and
titanium oxycarbide films on MgO substrate
2.1. Introduction
Titanium oxynitride and titanium oxycarbide films have been deposited by many
methods such as CVD, MOCVD, magnetron sputtering, evaporation, and PLD. Among
those methods, PLD has been widely used over the past decade and has been considered
as an attractive alternative for the deposition of high-quality thin films because of its
unique advantages. The main advantages of PLD are [2.1]:
(i) Conceptually simple: a laser beam vaporizes a target surface, producing a film

with the same composition as the target.
(ii) Non-volatile targets
(iii) Multi-component target.
(iv) Multi-target or multi-layer or alloy films.
(v) Operated under any ambient gas over a broad range of gas pressure (from 0 –

1 Torr).
(vi) Easy of thickness control.

(vii) Generally of lower substrate temperature.
(viii) Cost-effective: one laser can serve many vacuum systems.
(ix) Fast: high quality samples can be grown reliably in 10 or 15 minutes.
(x) Scalable: as complex oxides move toward volume production.
As shown in Fig. 2.1, the PLD process consists of three regimes:
(i) Regime I: Laser-target interaction.
(ii) Regime II: Target to substrate gas phase transportation.
(iii) Regime III: Deposition and film growth process.
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Figure 2.1: The PLD process.
The regime II of gas transportation contains high ion/neutral ratio and many ionized
species with high kinetic energy (about 10-100 eV). Therefore, PLD is particularly
capable of deposition of many materials that are difficult to synthesize in bulk and by
other deposition methods such as ceramics (YBCO, PZT, SBN), complex oxides, hard
materials (including diamond/diamond like films, TiN, TiC, TiNxOy, TiCxOy, SiC…), and
exotic alloys and multi-component films (Fe16N2, La1-xSrxMnO3). The film’s structure and
growth mechanism are strictly related to the conditions of plasma obtained by the
interaction between targets and laser beam. Authors in ref. [2.2] have shown that in the
plume produced from TiC targets, there is the presence of a large amount of ions with
high kinetic energy including Ti+, Ti2+, and C+ ions. The neutral Ti was also obtained in
the TiC plasma plume. In case of pulsed laser deposition of TiN by the irradiation Ti
target in nitrogen gas, the plasma plume contains high-density of reactive species and
high-energy ions such as Ti and Ti+, Ti2+, N+ , and N2+ [2.3, 4].
In this chapter, we present the detailed description of the experimental procedures for
epitaxial growth of titanium oxynitride and titanium oxycarbide films on MgO (001)
substrate using PLD. The crystallinity, microstructure, chemical composition, and
morphology of titanium oxynitride and titanium oxycarbide are also studied. The effect of
oxygen on the lattice parameter, microstructure, and electrical properties of TiNxOy was
especially investigated. The residual strain and stress tensors of TiNxOy and TiCxOy films
were also calculated.
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2.2. Experimental
2.2.1. Pulsed laser deposition system
The deposition of titanium oxynitride and titanium oxycarbide films was carried out
in a PLD system. The base pressure in this PLD system can reach 1x10-6 Torr. Figure 2.2
presents a schematic view of the PLD system. The basic structure of the PLD system
consists of the following parts:
(i)

The substrate stage can be heated up to 700oC.

(ii)

A 2-inch target is placed opposite to a substrate stage at a distance of 14
cm. The target can be rotated to avoid pitting during deposition.

(iii)

KrF (λ = 248 nm) laser beam is incident at an angle of 45o with respect
to the target.

(iv)

The PLD reactor chamber is made of stainless steel to sustain high
temperature and pressure.

Figure 2.2: A schematic view of the PLD system.

2.2.2. Experimental flowcharts and parameters and material analysis methods
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Figure 2.3 shows the experimental flowcharts of deposition and characterization of
epitaxial of titanium oxynitride and titanium oxycarbide films on MgO (001) substrates.
Before titanium oxynitride and titanium oxycarbide films deposition, MgO substrates
were heat-treated at 700oC for 30 minutes to obtain a smooth and clean surface. To obtain
TiNxOy films with different chemical composition, a TiNO0.064 target was used, and the
deposition process was carried out under base pressure of 1 × 10-6 Torr and under nitrogen
ambient gas of 10-3-10-5 Torr. Detailed deposition parameters are shown in Table 2.1. A
TiCO0.5 target was used to deposit TiCxOy films, and deposition parameters for the
TiCxOy films are showed in Table 2.2. After the deposition process had been completed,
the substrate was cooled down to room temperature in 90 minutes.

Figure 2.3: Experimental flowcharts of deposition and characterization of epitaxial of
titanium oxynitride and titanium oxycarbide films on MgO (001) substrate.
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Table 2.1: Deposition parameters for titanium oxynitride films by the PLD method.
Sample

A

B

C

D

Base Pressure
(Torr)
Substratetarget distance
(cm)
Substrate
temperature
Nitrogen
flowing gas

1× 10-6

1× 10-6

1× 10-6

1× 10-6

14

14

7

7

700o C

700o C

700o C

700o C

No

Yes

Yes

Yes

Working
pressure (Torr)
Pulse
repetition rate
(Hz)

1× 10-6

1× 10-5

1× 10-4

5× 10-3

5

5

5

5

Time (min)

180

120

180

180

Table 2.2: Deposition parameters for titanium oxycarbide films by the PLD method.

Sample

1

Base Pressure (Torr)

1× 10-6

Substrate-target distance
(cm)

14

Substrate temperature

700o C

Working pressure (Torr)

1× 10-6

Pulse repetition rate (Hz)

5

Time (min)

120
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The deposited films were then analyzed by atomic force microscopy (AFM), x-ray
photoelectron spectroscopy (XPS), x-ray diffraction pattern (XRD), transmission electron
microscopy, Hall measurements, and nanoindenter. The results of nanoindentation as well
as data analysis will be presented in Chapter 3.
2.2.3. Instruments:
2.2.3.1. X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is one of the most powerful techniques used
in the surface, interface and thin film analysis. Of all the presently available instrumental
techniques for surface analysis, XPS can generally do quantitative analysis with readily
interpretable and the informative results of chemical analysis.
In an XPS experiment, the sample is irradiated by low energy X-rays in an ultra high
vacuum environment. This causes photo-ionisation of the atoms at the specimen's surface:
photoelectrons are emitted from the atomic energy levels with very specific Binding
Energies and, consequently, with a very accurate spectral signature/fingerprint for all the
elements from the Periodic Table and their chemical compounds. Quantitative data can be
obtained from peak heights or peak areas. The quantitative sensitivity is in the range of
(10-2 - 10-4) of a monolayer and the surface sensitivity is in the range of (2-100)
monolayers (<0.5 - 20nm). From the results of this analysis, it is possible to infer which
elements are present on the specimen, what their chemical states are (due to chemical
shifts of the binding energy of the electron shells), and in what quantities they are present.
The following quantitative results are obtained with errors <10% (and <5% for using well
known

standards):

element

relative

concentrations,

concentrations, and chemical states relative concentrations.
In general, the basis advantages of XPS are:
(i)

Nondestructive

(ii)

Surface sensitive (100 Å)

(iii)

Elemental sensitive

(iv)

All elements (except for hydrogen and helium)

(v)

Quantitative

(vi)

Chemical bonding information

(vii)

High information content
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oxidation

states

relative

In this study, XPS was used to analyze the chemical composition of the deposited
films and chemical states of titanium, nitrogen, carbon, and oxygen. XPS analyses were
formed on a PHI Quantera SXM (ULVAC-PHI) system with monochromatic Al Kα
radiation source. Argon ion with ion energy of 5keV was used for sputter profiling. For
XPS quantitative analysis, the peak area was corrected with relative sensitivity factors
from manufacture’s program and database. The spectra were deconvoluted into
components using Voigt curve fitting.
2.2.3.2. X-ray diffraction (XRD)
X-ray diffraction (XRD) is a very important experimental technique that has long
been used to address all issues related to the crystal structure of solids, including lattice
constants, identification of unknown materials, orientation of single crystals, and ect. The
Bede D1 system is a versatile high resolution X-ray diffractometer for the
characterization of advanced materials. The system is most suitable for characterization of
thin films, superlattices, and single crystal wafers, although it can also characterize other
forms of materials. A range of parameters can be measured including thickness,
composition, relaxation, strain, area uniformity, density, roughness, phase, crystalline
texture, crystallinity, pore size and grain size.
In this study, a Bede D1 high-resolution x-ray diffractometer, equipped with two twobounce Si 220 channel-cut collimator crystals (CCC), a dual channel Si 220 analyser
crystal, and CuKα1 radiation (λ = 1.5406 Å), was used to investigate the crystallinity,
microstructure, and to calculate the strain/stress tensors of the films. Since CuKβ (λ = 1.39
Å) is also radiated from x-ray tube with Cu target, a Ni filter is used to eliminate the XRD
peaks caused by the CuKβ. A symmetric 2θ-θ scan is used to determine the d-spacing of
the planes parallel to the sample surface [see Fig. 2.4a]. In this type of scan, the angle θ of
the incoming beam with respect to the sample surface is varied, while simultaneously
keeping the detector at an angle of 2θ with respect to the incoming beam. The angle θ at
which a diffraction peak is observed, can then used to give the interplanar distance by
using Bragg law. In order to determine the d-spacing of a set of planes that are tilted by
an angle with respect to the sample surface, an asymmetric θ-2θ scan can be performed
[see Fig. 2.4b]. As in the case of a symmetric scan, the detector is placed at an angle of 2θ
with respect to the incoming beam. The incoming beam, however, makes an angle of ω
with respect to the sample surface. Note that ω = θ – ψ, where is ψ the angle between
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sample surface and the measured plane. An alternative to the asymmetric scan method is
the skew-symmetric measuring geometry [Fig. 2.4c)]. As in the case of the symmetric
scan, the incoming beam forms an angle θ with respect to the sample surface, while the
detector is put at 2θ. The difference is that the sample is tilted over a fixed angle ψ around
the axis that is parallel to the sample surface and the plane of the incoming and outgoing
beam.

Figure 2.4: X-ray a) symmetric scan, b) asymmetric scan, and c) skew-symmetric scan
techniques.
The XRD 2θ-θ scans, -scans, and asymmetric reciprocal space mapping (RSM) were
performed under high-resolution mode set up. The set up of high-resolution mode
consists of two Si 220 channel-cut crystals as the beam conditioner to provide fourbounce reflection and collimate the incident beam for 25 arcsec angular divergence, and a
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dual channel Si 220 analyser (DCA) crystal. When RSM mode is applied, the loop
scanning is used and the reciprocal space mapping is constructed by adding all the loop
scan result. The X-ray reflectivity (XRR) was performed using only one two Si 220
channel-cut crystal and without DCA. The film thickness was then derived from analysis
of XRR data using Bede software.
2.2.3.3. Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) is the most important instrument to obtain
the atomic high-resolution images and to analyze defects in detail. There are two basic
modes of TEM operation: diffraction patterns and imaging modes. As the beam of
electrons passes through a crystalline specimen, it is scattered according to the Bragg’s
law. The beams that are scattered at small angles to the transmitted beam are focused by
the objective lens to form a diffraction pattern at its back focal plane. The scattered beams
are recombined to form an image in the image plane. The diffraction patterns are obtained
by adjusting the imaging system lenses so that the back focal plane of the objective lens
acts as the object plane for the intermediate lens. Then the diffraction pattern is projected
onto the viewing screen. At the imaging mode, the intermediate lens is adjusted so that its
object plane is the image plane of the objective lens. The image is then projected onto the
viewing screen.
In this thesis, cross-sectional TEM specimens were prepared by tripod polishing
method and focused ion beam (FIB) technique (FEI Nova 200). The tripod polished
specimens were Ar-ion milled at angle of 4-6o and acceleration voltage of 4-5 kV. TEM
specimens were then examined in a JEOL 2010F microscope at 200 kV accelerating
voltage. The high-resolution TEM images were taken at high magnification up to 800k,
and the lattice image of specimens can be obtained at magnification of 600k. Dislocation
analyses were performed by tilting the specimen to the so called two-beam conditions,
where only one diffracted beam is strong and the direct beam is the other strong spot. The
steps to obtain the appropriate tilt conditions as follows:
(i) Turn to diffraction patterns mode.
(ii) Tilt the specimen into an appropriate zone axis (in this case [100])
(iii)Tilt the specimen to the two-beam condition: only transmitted beam and
the desired diffracted beam g (in this case g = 002 and g = 022) and get rid
of almost other diffraction spots (Fig. 2.5a). To get best diffraction contrast
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from defects, the specimen is advisory to be tilted so that we have twobeam condition with slight deviation from the Bragg conditions. This is
measured by the vector s (K = g + s, where K is a diffraction vector)
which is called the excitation error or deviation parameter. The best
possible strong-beam image contrast conditions for a defect imaging is
achieved when the excess Kikuchi line lies slightly outside its
corresponding diffraction spot g or small and positive deviation parameter
s > 0 (Fig. 2.5b).
(iv) To get two-beam bright-field image: insert the objective aperture on
transmitted beam at optic axis. To get two-beam dark-field image: tilt the
incident beam so that the strong diffraction spot g moves onto the optic
axis. If one does so, the g diffraction will become weaker and the so called
weak-beam dark-field (WBDF) image conditions or 3g condition (Fig. 2.6)
will be set, and then insert the objective aperture on the diffraction g.
(v) Turn to imaging mode and take the pictures.

Figure 2.5: Ewald sphere constructions and the diffraction patterns for one intense
diffraction spot with a) Kikuchi line runs exactly through its
corresponding spot g (s = 0), and b) the excess Kikuchi line lies outside its
corresponding diffraction spot g (s > 0).
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Figure 2.6: 3g condition for the WBDF image. The g refection is in the optical axis with a
large excitation error.

2.2.3.4. Atomic Force Microscopy (AFM)
Atomic Force Microscopy (AFM) is a common tool for the use of the surface imaging
and analytical studies of roughness. Both contact and tapping mode are well suited for
topographical imaging of surfaces, with vertical resolution ranging from one micron
down to sub nanometer scales. In all techniques (contact, tapping, scanning tunneling, and
lateral force mode) share a common approach where a motor controlling a mechanical tip
is placed in a feedback loop as the tip is scanned across a surface. Tapping mode in
D3100 is the most common imaging technique we have used. This mode operates by
scanning a tip attached to the end of an oscillating cantilever across the sample surface.
The amplitude of oscillation ranges from 20 nm to 100 nm, with the frequency near the
resonant peak of the cantilever. The tip lightly taps the surface, altering the oscillatory
motion as the scanner moves across the surface. By adjusting the vertical position os the
scanner to maintain a constant RMS signal of oscillation, a surface is imaged. The
oscillation is measured by a laser positioned by the user to reflect signal into a photodiode
detector.
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In this study, we have used Digital Instrument Nanoscope, D3100 AFM at a scan size
of 5 × 5 µm2 and the scan rate of 1 Hz to know surface imaging and roughness of the
films.
2.2.3.5. Electrical conductivity measurement
The Hall Measurement System is a complete system for measuring the resistivity,
carrier concentration, and mobility of semiconductors and compound semiconductors.
The Hall Measurement System includes software with I-V curve capability for checking
the ohmic integrity of the user made sample contacts.
In this thesis, a HMS-3000 Hall Measurement System was used to measure the
resistivity of TiNxOy and TiCxOy films. Three measurements were performed for each
deposited films, and the average results of the group are presented here.
2.3. Structure and properties of epitaxial TiNxOy films on MgO (001) substrates
2.3.1. Chemical composition and chemical state
Figure 2.7 shows XPS depth profiles of samples A, B, C and D with different oxygen
content. As seen in Fig. 2.7, the chemical composition of samples A, B, C, and D is
uniform. The chemical composition of the four samples is presented in Table 2.3. The
results suggest that the addition of oxygen atoms occurred in the overstoichiometric TiNx
(x > 1). The chemical states of the four TiNxOy films were identified by examining Ti-2p,
O-1s, and N-1s XPS spectra in high-resolution mode after Ar sputtering for one minute (~
2 nm). As shown in Fig. 2.8, the Ti-2p3/2 peak in the spectra can be deconvoluted into
three components of Ti-N bonding (454.9 eV corresponding to titanium nitride), N-Ti-O
bonding (~ 456.7 eV corresponding to titanium oxynitride), and Ti-O bonding (458.4 eV
corresponding to titanium dioxide) [2.5-7]. The N-1s spectra (Fig. 2.9) reveal a small
amount of chemisorbed molecular nitrogen (398.7 eV) and two main components of
titanium nitride (397 eV) and titanium oxynitride (396.2 eV) [2.6] in agreement with the
results determined from Ti peaks. As shown Fig. 2.10, samples with higher oxygen
content show stronger O-1s signals.
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Figure 2.7: XPS depth profiles for sample a) A, b) B, c) C and d) D with different oxygen
content.
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Figure 2.8: XPS spectra for Ti-2p of samples A, B, C and D after Ar sputtering for one
minute. The spectra are deconvoluted into components of titanium nitride,
titanium oxynitride, and titanium dioxide.
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Figure 2.9: XPS spectra for N-1s of samples A, B, C and D after Ar sputtering for one
minute. The spectra are deconvoluted into components of titanium nitride
and titanium oxynitride.
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Figure 2.10: XPS spectra for O-1s of samples A, B, C and D after Ar sputtering for one
minute. The spectra are deconvoluted into com ponents of titanium
oxynitride and titanium dioxide

2.3.2. Microstructure
X-ray diffraction (XRD) patterns of samples A, B, C, and D in Fig. 2.11 show only
TiNxOy (002) and TiNxOy (004) reflections in addition to MgO ones, suggesting that (001)
oriented single-phase titanium oxynitride has been deposited on MgO(001) substrates in
our experimental conditions. As seen in Fig. 2.12 of high-resolution XRD 2θ-θ (HR-XRD)
scans, TiNxOy(002) peaks shift to higher 2θ values with increasing oxygen content due to
a change in the lattice parameter and to different residual strain. The finite-thickness
interference fringes in HR-XRD 2θ-θ scans indicate that TiNxOy surfaces and TiNxOy
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/MgO interfaces are smooth. The full width at half maximum (FWHM) of TiNxOy(002)
determined by x-ray rocking curve scans are about 58-62 arcsec (shown in Table 2.3),
indicates that all as-deposited films have a good quality (the FWHM of MgO substrate is
42 arcsec). The x-ray -scan was done on those films to verify the orientation relationship
between TiNxOy and MgO substrates. As seen in Fig. 2.13, four {022} peaks of MgO and
TiNxOy appear at the same  angles with separation of 90o. This result suggests that the
TiNxOy films have epitaxially grown on MgO substrates with the cube-on-cube
relationship of TiNxOy(001)//MgO(001) and TiNxOy[100]//MgO[100].

Table 2.3: Chemical composition, thickness, in-plane a, out-of plane c, and relaxed ao
lattice parameters, FWHM of (002) TiNxOy, in-plane residual strain ε|| and
stress σ||, and critical thickness hc of TiNxOy films.

Sample

A

B

Chemical
composition

TiN1.11O0.10

TiN0.97O0.23

Thickness

41 nm

76 nm

120 nm

110 nm

FWHM of
(002) TiNxOy
(arcsec)

62

58

60

61

a (Å)

4.2124

4.2116

4.2121

4.2112

c (Å)

4.2577

4.2541

4.2412

4.2231

ao (Å)

4.2414

4.2388

4.2307

4.2188

ε|| (%)

-0.69

-0.65

-0.44

-0.18

σ|| (GPa)

-3.77

-3.53

-2.43

-0.99

hc (nm)

9.6

10.4

17

49
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C

D

TiN0.81O0.38 TiN0.63O0.55

Figure 2.11: XRD 2θ-θ scans for four TiNxOy films.

Figure 2.12: High-resolution XRD 2θ-θ scans for epitaxial TiNxOy films with different
chemical composition deposited on MgO substrates
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Figure 2.13: XRD -scan of {022} reflections for TiNxOy films grown on MgO substrate,
showing epitaxial relationship between the film and the substrate is
TiNxOy(001)//MgO(001) and TiNxOy[100]//MgO[100].
To investigate the effect of oxygen content on the lattice parameters of TiNxOy films,
XRD reciprocal space maps (RSM) of asymmetric (113) MgO and (113) TiNxOy
reflections were acquired. As shown in Fig. 2.14, asymmetric (113) MgO and TiNxOy
reflections for both samples are almost vertically aligned, implying that TiNxOy lattices
are in coherency with MgO one. Hence, all TiNxOy films may be under fully compressive
strain as a result from lattice mismatch and thermal mismatch with MgO. The thermal
strain was induced due to a large difference in coefficient of thermal expansion (CTE) of
MgO and TiNxOy (αMgO = 13 x 10-6 K-1 [2.8] and assume αTiNO ~ αTiN = 9.35 x 10-6 K-1
[2.8]). When substrate temperature dropped from 700o C down to room temperature,
MgO substrate contracted more than the TiNxOy layer, resulting in the generation of
compressive strain of -0.54% in the TiNxOy layer. The out-of-plane, c, and in-plane, a,
lattice parameters of TiNxOy can be determined as follows: c = 3/Qz, and a =
where Qz and Qx are vertical and horizontal vectors that lie along
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2 /Qx,

Figure 2.14: Reciprocal space maps of the asymmetric (113) MgO and (113) TiN xOy
reflections with different composition of a) TiN 1.1O0.10 , b) TiN0.97O0.23,
c) TiN0.81O0.38 and d) TiN0.63O0.55.
MgO [001] and MgO [110] directions, respectively [2.8]. The relaxed lattice parameter ao
can be calculated from c and a by using equation: ao = c[1 - 2ν(c - a)/c(1 + ν)] [2.8],
where ν is the Poisson ratio of the deposited films. Due to the slight difference in Poisson
ratio between TiN and TiO (νTiN = 0.22 [2.8] and νTiO = 0.232 [2.9]) and the large ratio of
N/O of the deposited TiNxOy films, we can assume νTiNO ~ νTiN. Using MgO (113) peak as
reference (aMgO = 4.2112 Å [2.8]), the lattice parameters (c, a, and ao) and in-plane
residual strain ε|| and stress σ||, and theoretical critical thickness hc of samples A, B, C, and
D can be calculated and are listed in Table 2.3. Theoretical critical thickness hc of TiNxOy
films is calculated by using Matthews and Blakeslee model [2.10]. The in-plane residual
stress σ|| is calculated using Young’s modulus value obtained from nanoindentation data
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in Chapter 3. The results show that lattice parameters of TiNxOy films decrease with the
increase of oxygen concentration but still lie in the lattice parameter range between bulk
TiN (aTiN = 4.2417 Å from powder diffraction file PDF 38-1420) and bulk TiO (aTiO =
4.1770 Å, PDF 8-117). Those results are also in good agreement with the values reported
in ref. [2.11]. Due to the fact that the radius of oxygen anion is smaller than that of
nitrogen anion, the substitution of oxygen for nitrogen enables lattice parameter to
decrease with increasing oxygen concentration [2.12]. Additional to the effect of anion
radii on the lattice parameter, the effect of electrostatic repulsion between N and O anions
around Ti vacancies has also been taken into consideration [2.13]. Indeed, the XPS results
above suggest that the substitution of oxygen for nitrogen occurs in the overstoichiometric TiNx, and such a non-stoichiometric structure has been reported to contain
many Ti vacancies [2.14]. Therefore, there may have an electrostatic repulsion between
anions around Ti vacancies. Besides, N atoms need three electrons to close its shell in
order to achieve the most stable configuration (N-3) while O atoms only need two (O-2)
[2.13]. Hence, the replacement of N3- by O-2 induces a decrease in the electrostatic
repulsion between the anions around Ti vacancies and consequently lattice parameter
decreases.
The second source of compressive strain can be generated from the film/substrate
lattice mismatch that is determined as δ = [aMgO - afilm]/aMgO . δ is -0.73% for pure TiN, 0.716% for sample A, -0.655% for sample B, -0.466% for sample C, and -0.185% for
sample D. The result also shows that more oxygen content incorporated into the deposited
films can reduce the lattice mismatch between MgO and TiNxOy. In other words, the
addition of oxygen can result in the high-quality titanium oxynitride with a composition
which can make the deposited films to be excellently coherent with MgO, contrasting
with the case of pure TiN on MgO. Indeed, author in ref. [2.8] have shown that
stoichiometric TiN film is semi-coherent with MgO that resulted from the generation of
misfit dislocations at TiN/MgO interface.
The x-ray reflectivity (XRR) curves of samples are shown in Fig. 2.15. From curve
fitting, the thickness of the TiNxOy films can be determined and shown in Table 2.3.
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Figure 2.15: X-ray reflectivity curve for the four TiNxOy films.

The epitaxial growth of TiNxOy on MgO is also confirmed by cross-sectional highresolution TEM as shown in Fig. 2.16 for samples A and B along [100] zone axis. The
high-resolution TEM images reveal sharp and smooth interfaces without any interlayer
between the films and the substrates. No misfit dislocations at the coherent interface
between TiNxOy and MgO in both samples can be identified in the range over 12-14 nm
as a result of the very small in-plane lattice mismatch between them, consistent with the
XRD data above.
Figure 2.17a shows the cross-sectional bright field TEM image for sample A viewed
along [100] zone axis. The corresponding selected area diffraction (SAD) pattern at the
interface appears as a single-crystalline pattern, even though RSM maps above show
MgO and TiNxOy reflections separated from each other. This implies that TiNxOy has
been epitaxially grown on MgO with the cube-on-cube relationship, but due to a very
small lattice mismatch
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Figure 2.16: Cross-sectional HRTEM images of a) sample A and b) sample B along [100]
zone axis showing sharp and smooth interfaces between TiNxOy and MgO
(indicated by arrows). No misfit dislocations at the interfaces can be
observed over the range of 12-14 nm.

between TiNxOy and MgO, their diffraction spots cannot be distinguished due to the limit
of SAD resolution. To investigate microstructural defects in the TiNxOy epilayers, the
two-beam TEM technique was performed for sample A along [100] zone axis. As seen in
Figs. 2.17b and 2.17c, cross-sectional bright-field TEM images obtained with different
two-beam conditions of g = 002 and g = 022 show that no dislocations can be identified
in the range of 250 nm. The dislocation density can be estimated from XRD data [2.1517]:

N

2
4.35  b 2

where  is the tilt/twist angles (rad), respectively, b is the length of Burgers vectors of
edge and screw dislocation in TiNxOy films, respectively. In TiNxOy structure, b = ½
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110 . The calculation of twist angle is complex, while the tilt angle can roughly

approximate to the FWHM of (002) TiNxOy peak. The dislocation density is then
calculated using tilt angle to be around ~ 2 x 107 cm-2. Therefore, to identify one
dislocation, the required observation range can be up to 5 µm that is far beyond the
limited observation range in our specimens.

Figure 2.17: a) Cross-sectional TEM image of sample A in [100] bright-field and the
corresponding diffraction pattern at the film/substrate interface. Crosssectional bright-field TEM images of sample A under two-beam condition
of b) g = 002 and c) g = 022.

2.3.3. Determination of the strain/stress tensors in the epitaxial TiNxOy/MgO
layers by x-ray diffraction
As clearly shown in Fig. 2.14 and Table 2.3, all the deposited films are under fully
compressive strain due to thermal mismatch and lattice mismatch between TiNxOy and
MgO. In this section, we present the calculation of the complete residual strain/stress
tensors of those films by using the multiple skew-symmetric x-ray diffraction method
[2.18]. Several techniques such as nano-indentation fracture method, X-ray diffraction,
and Raman spectroscopy were used to measure residual stress in thin films. The X-ray
method for determination of residual stress in crystalline materials is based on the
measurement of inter-planar spacing d at various tilts, ϕ and ψ, to the X-ray beam, where
ψ is the angle between the diffracting plane normal and the specimen surface normal, and
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ϕ is azimuth angle (Fig. 2.18). The residual stress in the polycrystalline thin film with
random orientation is mainly measured by sin2ψ method. In this method, strains ε of a
specific lattice plane (hkl) are measured at some offset angle ψ, and then the residual
stress of thin film was calculated from the relationship of ε-sin2ψ. This method, however,
cannot be directly applied to the stress determination in the epitaxial thin films because
X-ray diffraction is obtained only at a definite ψ angle. Therefore, this method was
modified to utilize to epitaxial thin films: multiple asymmetric lattice planes (hkl) were
used instead of a specific lattice plane.

Figure 2.18: Definition of the coordinate system for the specimen Si and the laboratory
system Li . The incident beam, the diffracted beam, and the normal to the
diffracting planes L3 are in the same plane. The sample can be rotated on the
diffractometer in ϕ and in ψ. S3 is normal to the sample surface, and S1 and
S2 are in the sample surface.
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Figure 2.19: Coordinate settings.

As shown in the Fig. 2.19, the strains in the epitaxial TiNxOy (001)/MgO (001) system,
ε ε ε

11' 22’ 33

in the sample coordinate are coincident with crystallographic directions [100],

[010] and [001] in crystal coordinate, respectively. The strain εLϕψ, in the arbitrary
orientation defined by angles ϕ and ψ, can be shown by the relative changes of the
diffraction plane spacing and is associated with the diffraction peak displacement, that is:
L
 


d d  do

do
do

where dϕψ is the lattice spacing from proper diffraction position for a given reflection
(hkl), and do is the (hkl) lattice spacing of the strain-free film. Since the diffraction data is
obtained in the laboratory system L, we have to transform εLϕψ into the strain tensor εSϕψ
given in the sample system S, according to:
L

  33L  A3k A3l  klS

where A is the matrix which transforms from S to L which is defined by [2.19]:
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cos  cos
Aik    sin 
 cos  sin

sin  cos
cos 
sin  sin

 sin 
0 
cos 

therefore, we have:
L
 
  cos 2  sin 2    11S   sin 2 sin 2    12S   cos  sin 2   13S
S
S
  sin 2  sin 2     22
  sin  sin 2    23
 1  sin 2     33S

The complete strain/stress tensors can be determined by measuring strains from at
least six different directions [hkl] and then solving the linear equations. Tables 2.4, 2.5,
2.6, and 2.7 list the strains measured in multiple [hkl] directions that represented by ϕ and
ψ angles. Please note that in MgO and TiNxOy structure, we can assume εS11 = εS22. It
means that strain tensor can be solved from at least five directions [hkl].

Table 2.4: XRD measured and calculated strains in 5 [hkl] directions for the TiN1.11O0.10
film.
(hkl)

002

113

224

022

222

ψ

0

25.23

35.26

45

54.74

ϕ

0

45

45

0

45

2θ

42.058

73.763

125.982

62.088

78.702

dϕψ

2.1288

1.284

0.864

1.494

1.215

do

2.121

1.279

0.866

1.500

1.224

L

(%)

0.0039

0.0037

-0.0015

-0.0038

-0.0077
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Table 2.5: XRD measured and calculated strains in 5 [hkl] directions for the TiN0.97O0.23
film.
(hkl)

002

113

224

022

222

ψ

0

25.23

35.26

45

54.74

45

45

0

45

ϕ

0

2θ

42.468

73.835

126.094

62.114

78.714

dϕψ

2.127

1.282

0.864

1.493

1.215

do

2.119

1.278

0.865

1.499

1.224

0.0036

0.0035

-0.0013

-0.0036

-0.0073

L

(%)

Table 2.6: XRD measured and calculated strains in 5 [hkl] directions for the TiN0.81O0.38
film.
(hkl)

002

113

224

022

222

ψ

0

25.23

35.26

45

54.74

ϕ

0

45

45

0

45

2θ

42.604

74.093

126.432

62.168

78.679

dϕψ

2.121

1.279

0.863

1.492

1.215

do

2.115

1.276

0.864

1.496

1.221

0.0025

0.0024

-0.0009

-0.0025

-0.0050

L

(%)
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Table 2.7: XRD measured and calculated strains in 5 [hkl] directions for the TiN0.63O0.55
film.
(hkl)

002

113

224

022

222

ψ

0

25.23

35.26

45

54.74

ϕ

0

45

45

0

45

2θ

42.795

74.459

126.951

62.261

78.664

dϕψ

2.112

1.273

0.8608

1.490

1.215

do

2.109

1.272

0.8612

1.492

1.2179

0.00102

0.00098

-0.00039

-0.00100

-0.00203

L

(%)

With the data obtained from Table 2.4, 2.5, 2.6, and 2.7, the residual strain tensors of
TiNxOy films can be determined as:

TiN1.11O0.10

 0.683 0.025 0.006 
 (%)   0.025 0.683 0.031
 0.006 0.031 0.385 

TiN0.97O0.23

 0.641 0.022 0.0053 
 (%)   0.022 0.641 0.026
 0.0053 0.026 0.361 

TiN0.81O0.38

 0.44 0.014 0.0039 
 (%)   0.014 0.44 0.018
0.0039 0.018 0.248 

TiN0.63O0.55

 0.18 0.008 0.0019
 (%)   0.008 0.18 0.01 
0.0019 0.01 0.102 
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From the strain tensors obtained above, the complete stress tensors could be
calculated using Hook’s Law for isotropic materials:



0
0
0   11 
 11 
1 
 
 
1 

0
0
0   22 
 22 

 33 
 
 1 
0
0
0   33 
E
 

 
0
0 1  2
0
0   23 
 23  1  1  2   0
 31 
 0
0
0
0
1  2
0   31 
 

 
0
0
0
0
1  2  12 
 12 
 0

where ν E is the Young’s modulus of the TiNxOy films. It is noticed that the Young’s
modulus strongly depends on the chemical composition of the TiNxOy films and the
detailed calculation is presented in the chapter 4 below. The complete residual stress
tensors of the TiNxOy films are then determined as:

TiN1.11O0.10

 3.76565 0.08812 0.02115 
 (GPa)   0.08812 3.76565 0.10926 
 0.02115 0.10926 0.00138 

TiN0.97O0.23

 3.53453 0.07754 0.01868 
 (GPa)   0.07754 3.53453 0.09164 
 0.01868 0.09164 0.0029 

TiN0.81O0.38

 2.42593 0.04934 0.01375 
 (GPa)   0.04934 2.42593 0.06344 
 0.01375 0.06344 0.00101

TiN0.63O0.55

 0.99167 0.02820 0.00670 
 (GPa)   0.02820 0.99167 0.0353 
 0.00670 0.0353 0.00227 
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From the residual stress tensors above, the principal stresses σ1, σ2, and σ3 can be
determined using Mohr’s circle (Fig. 2.20) [2.20]:

Figure 2.20. Mohr's circles for a three-dimensional state of stress.

Invariants :
I1   11   22   33
2
I 2   11 22   22 33   33 11   122   23
  132
2
I3   11 22 33   22  2 12 23 13   122  33   23
 11   132  22
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Calculations:
A1   I 1 , A2  I 2 , A3   I 3
If I 3  0 :
3 A1  A22
9
9 A1 A2  27 A3  A23
R
54
 R 

  cos 1 
 Q 3 


  A
R1  2  Q  cos    2
3 3
   2  A2
R2  2  Q  cos 

 3  3
Q

   4
R3  2  Q  cos 
 3
 1  min  R1 , R2 , R3 

 A2

 3

 2  median  R1 , R2 , R3 
 3  max  R1 , R2 , R3 
The maximum shear stresses τmax acting on the plane that bisects the angle between
the planes in which the maximum σ1 and minimum σ3 principal stresses act (Fig. 2.21) are
determined as [2.21]:

 max 

1
1   3
2

It is also noticed that the maximum shear stresses act on the slip directions 110 of
TiNxOy (NaCl structure), therefore they are responsible for dislocation nucleation. The
principal stresses σ1, σ2, and σ3 and maximum shear stresses τmax of all TiNxOy films are
calculated and presented in Table 2.8.
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Figure 2.21: The maximum shear stresses τmax acting on the plane that bisects the angle
between the planes in which the maximum σ1 and minimum σ3 principal
stresses act.
Table 2.8: The principal stress σ1, σ2, and σ3, maximum shear stress τmax, and the critical
shear stress τcrit [2.22] of TiNxOy films.

TiN1.11O0.10

TiN0.97O0.23

TiN0.81O0.38 TiN0.63O0.55

σ1 (GPa)

0.0018

0.00052

0.00065

0.0035

σ2 (GPa)

-3.678

-3.457

-2.377

-0.963

σ3 (GPa)

-3.854

-3.612

-2.776

-1.02

τmax (GPa)

1.93

1.81

1.39

0.51

τcrit (GPa)

3.52

3.29

3.16

2.91

Again, the stresses in the TiNxOy films are not relaxed even in the films with low
oxygen content, which show the thickness that much larger than the theoretical critical
thickness hc (see Table 2.3). This could be explained from the viewpoint of the critical
shear stress for dislocation nucleation. Indeed, an experimental investigation has shown
that the critical shear stress τcrit for the nucleation of dislocations in a single crystal
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TiN(001) [2.22] is about G/50 (G is the shear modulus for TiN). In the case of TiNxOy
films with low oxygen content, we can also assume τcrit ~ G/50. The values of τcrit for all
samples are also listed in Table 2.8 for comparison. The results clearly show that the
maximum shear stresses in the TiNxOy films are about 2 - 6 times lower than critical shear
stress for dislocation nucleation. Therefore, no stress relaxation caused by dislocation
nucleation could be observed in the TiNxOy films. Similar behavior without relaxation can
be also observed in epitaxial TiNx (0.67 ≤ x ≤ 1) films [2.8], in which the film thickness is
much larger than the critical thickness (more than 10 times).
2.3.4. Surface morphology
The surface morphology of samples A, B, C, and D is shown in Fig. 2.22. The film
surface is very uniform and smooth with root-mean-square roughness of 0.29 nm (sample
A), 0.26 nm (sample B), 0.28 nm (sample C), and 0.31 nm (Sample D).
2.3.5. Electronic properties
The resistivity of TiNxOy films measured by Hall measurement method was found to
be 28 µΩ.cm, 33 µΩ.cm, 41 µΩ.cm, and 53 µΩ.cm for samples A, B, C, and D,
respectively, indicating the metallic conduction behavior of the deposited films. The
resistivity of TiNxOy films are much smaller than that of bulk TiO (190 µΩ.cm) and about
two times larger than that of the pure epitaxial TiN (~ 15 µΩ.cm) [2.23]. It has been
shown that the increasing resistivity in the series of TiN, TiNxOy, and TiO can be
explained by considering free electron concentration [2.24]. The lower free electron
concentration results in poor conductivity of TiO and to a lesser extent TiNxOy [2.24]. The
results can be compared with those reported in ref. [2.23], in which the resistivity of
epitaxial TiNxOy films, with oxygen concentration of 7.02 – 11.11 at.%, is about 21.0 –
32.3 µΩ.cm. Hence, compared with polycrystalline TiNxOy films that have been shown to
have the resistivity in the order of magnitude from mΩ.cm to Ω.cm [2.6, 7] epitaxial
growth of TiNxOy films certainly can greatly improve electrical conductivity.
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Figure 2.22: AFM images of TiNxOy surface for a) sample A, b) sample B, c) sample C,
and d) sample D.

2.4. Structure and properties of epitaxial TiCxOy films on MgO (001) substrates
2.4.1. Chemical composition
Chemical composition of the TiCxOy film was determined by XPS measurements.
Figure 2.23 shows high-resolution C-1s, Ti-2p, and O-1s XPS spectra for TiCxOy as a
function of the Ar sputtering time. As shown in Fig. 2.23a, the C-1s spectrum from the
deposited TiCxOy surface after air exposure shows that there are three components. The
peak at 284.9 eV is assigned to hydrocarbon contamination [2.25]. The peak with lower
energy at 281.8 eV corresponds to Ti-C bond [2.26, 27]. The weak peak observed at
288.8 eV is typical for C-O bond. After 1 minute of surface cleaning by Ar sputtering,
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only one C-1s peak corresponding to Ti-C bond is observed. Similar situation is also
found for Ti-2p signal (Fig. 2.23b). The spectrum of Ti-2p before surface cleaning
exhibits two groups of Ti-2p3/2 and Ti-2p1/2. In addition of Ti-C bonds at 454.9 and 460.8
eV, the Ti-2p3/2 component at 458.4 eV corresponds to Ti-O bond in TiO2, and it
disappeared after only 1 minute of Ar sputtering. Instead, only Ti-2p3/2 component at
454.9 eV can be observed [2.26, 27]. This component also contains Ti-2p3/2 in TiO that
has been reported to have a peak value at 455.1 eV [2.28]. The O-1s XPS spectrum (Fig.
2.23c) of the air-exposed TiCxOy film exhibits a broad peak that can be decomposed into
two components at 530 eV and 531.5 eV. The peak at 530 eV corresponds to O-1s in
TiO2 [2.29]. The higher binding energy peak at 531.5 eV can be assigned to O-1s in TiO
[2.25, 30]. After 1 minute of Ar sputtering, only a single peak at 531.5 eV is observed.
The XPS depth profile in Fig. 2.24 shows that the film has a uniform chemical
composition. The average chemical composition can be determined from the values from
1 to 8 minutes of sputtering time and shown in the insert of Fig. 2.24. As a result, the
stoichiometry of titanium oxycarbide is about TiC0.47O0.69. The higher oxygen content in
the deposited film compared with that of target can be considered as a consequence of
residue of oxygen in the reaction chamber that might contribute 9-22 at.% to the
composition of TiC films grown even under high vacuum (1.5 × 10-7 Torr) [2.27]. This
residual oxygen could strongly react with Ti ions emitted from laser ablation plume [2.2]
due to high affinity between them. Also it is often found oxygen incorporation in
deposited TiN films by PLD due to the interaction of Ti ions with oxygen [2.23, 31].
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Figure 2.23: XPS spectra for (a) C-1s, (b) Ti-2p, and (c) O-1s, as a function of Ar
sputtering time.
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Figure 2.24: XPS depth profile for TiCxOy film deposited on MgO.

2.4.2. Microstructure
X-ray diffraction pattern of a titanium oxycarbide film is shown in Fig. 2.25a. It is
seen only (002) and (004) reflections of TiCxO

y

and MgO, suggesting a textured or

epitaxial relationship between the deposited film and MgO substrate. The d-spacing of
(002) is determined to be 2.146 Å. As shown in Fig. 2.25b of the x-ray rocking curve
measurement of (002) TiC0.47O0.69, the full width at half maximum (FWHM) is 133 arcsec,
indicating that TiC0.47O0.69 grown on MgO has a very good quality. The x-ray -scan was
also performed, using {022} reflections of substrate and film, to verify the epitaxy
between the deposited film and MgO substrate. As shown in Fig. 2.26, four {022}
diffraction peaks separated by 90o appear at the same  angles for both the film and the
substrate. This result illustrates that the deposited film has epitaxially grown on MgO
with

the

cube-on-cube

relationship

of

TiC0.47O0.69(001)//MgO(001)

and

TiC0.47O0.69[100]//MgO[100]. Fig. 2.27 shows the x-ray reflectivity curve of the
TiC0.47O0.69 film deposited on MgO, from which the film thickness can be determined to
be 45 nm. As a result, the growth rate is estimated to be approximately 22.5 nm/h.
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Figure 2.25: XRD (a) 2θ-θ scan and (b) -scan for TiC0.47O0.69TiCxOy film deposited on
MgO (001).
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Figure 2.26: XRD ϕ-scan of {022} planes for TiC0.47 O0.69 film on MgO (001)
substrate, showing that epitaxial relationship between the film and the
substrate is TiCO(001)//MgO(001) and TiCO[100]//MgO[100].

Figure 2.27: X-ray reflectivity curve for the deposited TiC0.47O0.69 film.
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Figure 2.28: Reciprocal space map of the asymmetric (113) for TiC0.47O0.69 film on MgO.

The state of strain of the deposited TiCxOy film was investigated by using XRD
reciprocal space map (RSM) of asymmetric (113) MgO and (113) TiCxOy reflections. The
vertical (Qz) and horizontal (Qx) axes shown in Fig. 2.28 lie along MgO [001] and MgO
[110] directions, respectively. Both MgO and TiCxOy reflections are almost vertically
aligned, showing that TiCxOy has strong coherency with MgO. The thermal strain was
induced due to a large difference in coefficient of thermal expansion (CTE) of MgO and
TiCxOy (αMgO = 13 x 10-6 K-1 [2.8] and assume αTiCO ~ αTiC = 4.1 x 10-6 K-1 [2.32]. When
substrate temperature dropped from 700o C down to room temperature, MgO substrate
contracted more than the TiCxOy layer, resulting in the generation of compressive strain
of -1.3% in the TiCxOy layer. It is also noticed that the FWHM of TiCxOy film is larger
than that of TiNxOy films (about ~ two times). This could be due to the fact that thermal
strain of TiCxOy film (-1.3%) is larger than that of TiNxOy films (-0.54%). The
corresponding out-of-plane, c, and in-plane, a, lattice parameters can be determined by c
= 3/Qz, and a = 2 /Qx [2.33, 34]. Using MgO (113) peak as reference with known lattice
parameter (a = 4.211 Å), the lattice parameters of TiC0.47O0.69 can be c = 4.289 Å and a =
4.228 Å. The difference between in-plane and out-of-plane lattice parameters (c/a =
1.0144) suggests that the TiC0.47O0.69 film is compressively strained with a tetragonal
distortion resulting from the small lattice mismatch of TiC0.47O0.69 with MgO. Based on
the above data and using the Poisson coefficient of TiC (ν = 0.17), the cubic lattice
parameter of TiC0.47O0.69 can be determined approximately to be about 4.271 Å that lies
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in the lattice parameter range between bulk TiC (aTiC = 4.317 Å from powder diffraction
file PDF 89-3828) and bulk TiO (aTiO = 4.1770 Å, PDF 8-117). By using Matthews and
Blakeslee model [2.10], the critical thickness can be calculated as 4 nm. According to the
data available in literature about the relationship between lattice parameter and
stoichiometric coefficients x and y of TiCxOy, the lattice parameter is in the range of
4.246-4.280 Å [2.35, 36] in good agreement with the value determined from XRD data. It
also clearly shows that the substitution of oxygen for carbon enables lattice parameter to
decrease. The similar behavior of lattice parameter with oxygen content was also reported
in previous studies [2.37, 38].
The dislocation density of TiC0.47O0.69 can be estimated from XRD data in the same
way as in TiNxOy case and to be around 108 cm-2.
Cross-sectional high-resolution TEM analysis was performed to confirm the epitaxial
growth of TiC0.47O0.69 on MgO. Fig. 2.29 shows a sharp interface without any interlayer
between TiC0.47O0.69 and MgO. As can be seen clearly in Fig. 2.29, no misfit dislocations
generated at the interface can be identified across the observation range of 15 nm,
supporting that the in-plane lattice mismatch between TiC0.47O0.69 and MgO is very small
in consistence with the XRD results.

Figure 2.29: Cross-sectional HRTEM image along [100] zone axis showing a sharp
interface between TiC 0.47 O0.69 and MgO. No misfit dislocations are
observed at the interface over the range of 15 nm.
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2.4.3.

Determining

the

complete

residual

stress

tensors

in

epitaxial

TiC0.47O0.69/MgO by x-ray diffraction
The complete residual stress tensor of the epitaxial TiC0.47O0.69 films on MgO was
calculated by using x-ray diffraction method as described in section 2.3.3. From the data
obtained from Table 2.9 the residual strain tensors of TiC0.47O0.69 films can be determined:

0.0009 
 1.013 0.102
 (%)   0.102 1.013 0.0211
 0.0009 0.0211 0.415 

and the complete residual stress tensor:

0.0346 
 5.4921 0.3923

 (GPa)   0.3923 5.4921 0.08115 
 0.0346 0.08115 0.000175

Table 2.9: XRD measured and calculated strains in 5 [hkl] directions for the TiC0.47O0.69
film.
(hkl)

002

113

224

022

222

ψ

0

25.23

35.26

45

54.74

ϕ

0

45

45

0

45

2θ

42.105

73.137

124.679

61.761

78.342

dϕψ

2.145

1.293

0.870

1.501

1.220

do

2.136

1.289

0.872

1.510

1.233

0.00415

0.00397

-0.00262

-0.00611

-0.01092

L

(%)

The principal stresses σ1, σ2, and σ3 and maximum shear stresses τmax of the
TiC0.47O0.69 film is then calculated and presented in Table 2.10. It is noticed that
TiC0.47O0.69 film is not relaxed even though the film thickness is much larger than
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theoretical critical thickness. This could be also explained from the viewpoint of the
critical shear stress for dislocation nucleation that is similar to TiNxOy case. The
theoretically predicted value [2.39] for critical shear stress τcrit ~ G/10 (G is shear
modulus of the TiC0.47O0.69 and can be calculated by using the nanoindentation result in
Chapter 3) is listed in Table 2.10. It clearly shows that τcrit is much larger than the
maximum shear stresses τmax of the TiC0.47O0.69 film. Therefore, no stress relaxation
caused by dislocation nucleation could be observed in the TiC0.47O0.69 films
Table 2.10: The principal stress σ1, σ2, and σ3, and maximum shear stress τmax of the
TiC0.47O0.69 film.
TiC0.47O0.69
σ1 (GPa)

0.001374

σ2 (GPa)

-5.09983

σ3 (GPa)

-5.88444

τmax (GPa)

2.943

τcrit (GPa)

16.7

2.4.4. Surface morphology
The surface morphology of the TiC0.47O0.69 film on MgO (001) was examined by
AFM. As can be seen in Fig. 2.30, the film surface is very uniform and smooth with rootmean-square (RMS) roughness about 0.18 nm.
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Figure 2.30: AFM image of TiC0.47O0.69 film surface.
2.4.5. Electronic properties
The resistivity of the TiC0.47O0.69 film as measured by four-point-probe method is
about 137 µΩ.cm that lies in the resistivity range between bulk TiC (55 µΩ.cm) [2.40]
and bulk TiO (190 µΩ.cm) [2.41]. This value is smaller than that of epitaxial TiC0.8 films
that has been reported to be 200 µΩ.cm [2.42]. The high oxygen content in the
TiC0.47O0.69 film is considered to be responsible for the higher resistivity (more than two
times) of TiC0.47O0.69 compared with that of pure TiC. It is analogous with the case of
epitaxial TiNxOy, in which the resistivity of oxygen-rich films is two times higher than
that of bulk TiN (21.7 µΩ.cm). The TiC0.47O0.69 film deposited in our case is specially
much more electrically conducting compared with polycrystalline TiCxOy and TiNxOy
films that have shown the resistivity in the order of magnitude of mΩ.cm [2.7, 43]. The
resistivity of the TiC0.47O0.69 film is larger than that of TiNxOy films in this study (0.63 < x
< 1.11, 0.1 < y < 0.55) due to the higher oxygen content in TiC0.47O0.69 film and the fact
that bulk TiN (21.7 µΩ.cm) is more electrically conducting than bulk TiC (55 µΩ.cm).
2.5. Summary
Epitaxial titanium oxynitride TiNxOy films with different chemical composition (0.63
< x < 1.11, 0.1 < y < 0.55) and epitaxial TiC0.47O0.69 film have been successfully grown on
MgO (001) substrates using pulsed laser deposition. XRD and TEM show that all the
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TiNxOy and TiC0.47O0.69 films have low defect density and good crystallinity (FWHM ~
58 – 62 arcsec for TiNxOy and 133 arcsec for TiC0.47O0.69). All those deposited films have
excellent coherency with MgO, i.e. the TiNxOy and TiC0.47O0.69 films are fully strained.
The lattice parameters of TiNxOy decrease with increased oxygen concentration, and the
lattice misfit between TiNxOy and MgO substrate decreases as consequence. Hence, the
reduction in the residual stress of the TiNxOy films is observed when oxygen
concentration increases. All the films are electrically conducting with resistivity of 28-53
µΩ.cm for TiNxOy, and 137 µΩ.cm for TiC0.47O0.69. Oxygen is also found to be
responsible for high resistivity of TiNxOy and TiC0.47O0.69 compared with that of pure TiN
and TiC, respectively. It is clearly seen that resistivity of TiNxOy increases with oxygen
content. The surface of the deposited TiNxOy and TiC0.47O0.69 films is atomically smooth
with with roughness of 0.26-0.31 nm for TiNxOy, and 0.18 nm for TiC0.47O0.69.
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Chapter 3
Nanoindentation studies of epitaxial TiNxOy (001)
and TiCxOy (001) films on MgO (001)

3.1. Introduction
Nanoindentation is one of the most commonly used techniques to examine the
mechanical properties of a material at the nanoscale. This technique uses a highresolution equipment to measure the load-displacement response, and a number of
mechanical properties can be deduced from this curve [3.1-3]. For this reason, the method
has become a primary technique for determining the mechanical properties of thin films
and small structural features. The two mechanical properties measured most frequently
using indentation techniques are the hardness, H, and the elastic modulus, E.
In Chapter 2, we reported the successful growth of high-quality epitaxial (001)
titanium oxynitride and titanium oxycarbide films on MgO substrates by PLD. In this
chapter, we characterize the mechanical properties of our films by using nanoindentation.
The nanoindentation data were then analyzed to exclude the substrate effect, and the
reliable values for hardness (H) and elastic modulus (E) can be obtained. The effect of
chemical composition and residual stress on hardness and elastic modulus was also
investigated for TiNxOy films.
This chapter is organized as follows: First of all the brief theory of nanoindentation is
presented. Next, the substrate effect and the limitation of the conventional Oliver-Pharr
method on the extracting of substrate effect are shown. Section 3.4 describes the details
of Li and Vlassak model as well its advantages over the others. Finally, in section 3.5, we
present our application of Li and Vlassak model for determining hardness and Young’s
modulus of epitaxial TiNxOy and TiCxOy films grown on MgO (001) substrate.
3.2. The brief theory of nanoindentation
As the indenter is pressed into the sample, both elastic and plastic deformations occur,
which results in the formation of a hardness impression conforming to the shape of the
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indenter. During indenter withdrawal, only the elastic portion of the displacement is
recovered, which facilitates the use of an elastic solution in modeling the contact process
[3.1, 4, 5]. Figure 3.1 shows a typical load–displacement curve and the deformation
pattern of an elastic–plastic sample during and after indentation.
Nanoindentation hardness is defined as the indentation load divided by the projected
contact area of the indentation. From the load-displacement curve, hardness can be
obtained at the peak load as:
H

Pmax
A

(4.1)

where A is the projected contact area:
Ac  24.56hc2  C1hc1  C2 hc1/2  C3hc1/4  ...  C8hc1/128

(4.2)

where C1 - C8 are constants. The lead term describes a perfect Berkovich indenter, the
others describe deviations from the Berkovich geometry due to blunting of the tip [3.1].
The contact depth can be estimated from the load-displacement data::
hc  h  hs  h  

Pmax
S

(4.3)

where ε is a constant that depends on the geometry of the indenter. Important values are:
ε = 0.72 for a conical indenter, ε = 0.75 for a Berkovich indenter [3.1].
The elastic modulus of the indented sample can be inferred from the initial unloading
contact stiffness S=dP/dh:

A

S  2
Er 

E

 r
1  2 1  i2
E



(4.4)

Ei

where β is a constant that depends on the geometry of the indenter (β = 1.034 for a
Berkovich indenter) [3.1], Er is the reduced elastic modulus, which accounts for the fact
that elastic deformation occurs in both the sample and the indenter, and E and ν are the
elastic modulus and Poisson’s ratio for the sample, respectively, and Ei and νi are the
same quantities for the indenter.
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Figure 3.1: (a) A typical load-displacement curve and (b) the deformation pattern of an
elastic-plastic sample during and after indentation [3.6].

Oliver & Pharr have also developed a technique that offers a significant improvement
in nanoindentation measurement: continuous stiffness measurement (CSM) [3.1, 7-9]. All
details about the CSM technique are presented in Appendix A.
3.3. Substrate effects and the limitation of conventional Oliver-Pharr method
The above analysis of the Oliver-Pharr method was initially developed for analyzing
indentations in bulk materials, not for films on substrates, and no information about a
possible substrate is included in the analysis. The Oliver-Pharr method is, however,
frequently used to interpret indentations performed on thin films in an attempt
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Figure 3.2: Schematic diagrams of a) sink-in (hard films/soft subtrates) and b) pile-up
(soft films/hard substrates) indentations.

to obtain approximate film properties regardless of the effect of substrate properties on
the measurement. The accuracy of such a measurement depends on the film and substrate
properties and on the indentation depth as a fraction of the total film thickness. In general,
the error due to the substrate effect increases with increasing indentation depth and with
increasing elastic mismatch between film and substrate [3.10-13]. To minimize the effect
of the substrate on the measurement, the indentation depth is often limited to less than
10% of the film thickness. This empirical rule is not always reliable, especially if the
elastic mismatch between film and substrate is large. The 10% rule is also not useful for
thin films when experimental issues make it difficult to obtain accurate results for shallow
indentations. Both effects lead to errors in determining the contact area. As shown in Fig.
3.2, hard films on soft substrates, the film material sinks in to the sides of the indenter
during indentation, causing a smaller contact area than the predicted indenter contact area
A. In the case of soft, compliant films on hard, stiff substrates, the film material piles up
against the sides of the indenter during indentation, causing a larger contact area than
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indenter contact area A. Thus, the Oliver and Pharr approach underestimates and
overestimates the hardness when sink-in and pile-up occur, respectively. Evidently there
exists a need for a method that can be used to analyze thin-film indentation data for
indentation depths where the substrate effect cannot be ignored. Thus, there is a need for
a method that can be used to analyze thin-films over a wide range of indentation depths
and with large elastic mismatch between the film and the substrate.
Many authors have developed models that attempted to count the substrate effects,
including King [3.14], Saha and Nix [3.13], Yu et [3.15], Chen and Vlassak [3.16], Han
et al. [3.17], and Li and Vlassak [3.18], among which the Li and Vlassak model has
shown advantages and improved accuracy over the others. In this chapter, therefore, we
employed the model developed by Li and Vlassak to analyze the nanoindentaion data, and
then extract hardness and Young’s modulus of our thin films.
3.4. Li and Vlassak model
Li and Vlassak presented a new data analysis procedure based on Yu’s elastic solution
to derive the projected contact area in an elasto-plastic indentation and to extract the
elastic modulus and hardness of a film on a substrate. The detail of elastic indentation
problem and solution in Yu’s analysis and some useful results from Yu’s solution are
presented in Appendix B.
In an elastic indentation, the film thickness is well defined and application of the Yu
solution is relatively straightforward. In elastoplastic indentations, however, the film
between indenter and substrate is thinned as a result of plastic flow and it is not
immediately clear what thickness should be used. Saha and Nix [3.13] used the initial
film thickness subtracted by the indentation depth, t - h, whereas Han [3.17] simply used t.
Li and Vlassak showed that the local thinning effect is well captured if an effective film
thickness, teff, is defined as: teff  t  h , where the dimensionless function  quantifies
the local thinning of the film as a result of plastic deformation of the film. This parameter
depends on the mechanical properties of film and substrate, as well as on the shape of the
indenter.
Given Yu’s solution, it is now possible to calculate the instantaneous contact radius a
during an indentation by two ways. First, the contact radius at this position can also be
calculated from the S–a relationship derived from Yu’s solution, if the values of  and
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the indentation modulus of the film, Ef, are assumed. We refer to the value of a calculated
using this approach as the theoretical value of a*.
Second, if the values of  and the indentation modulus of the film Ef are known or
assumed, the contact radius can also be determined by solving the following implicit
equation numerically:

a


 a
M f  P
f h   
,
  
 teff
 
M
s
h

 S 
1

where f is the area function of the indenter tip and  is obtained from Yu’s solution. We
refer to this value of the contact radius as the experimental value of aexp.
If the contact stiffness is known at each point of the indentation loading curve (e.g.,
from a continuous stiffness measurement) then the two measures of the a can be
calculated at every point of the indentation loading curve resulting in two continuous S-a
curves. If the assumed values of  and the indentation modulus Ef are correct, both
curves overlap. In actual practice, Ef and  can be treated as free parameters that need to
be varied to achieve the best possible overlap between the two S-a curves (i.e., to
minimize the mean square error between the two curves). Once Ef and  have been
determined, the contact radius a can be calculated and the hardness is found as
H  P /  a 2 . A detailed step-by-step outline to implement all these procedures is

presented as follows:
I. STEPS TO GET THE EXPERIMENTAL a-S RELATION AS A FUNCTION OF Ef
and



(i)

Assume initial values of Ef and  .

(ii)

Calculate the effective thickness teff for a given point on the indentation
loading curve: teff  t  h .

(iii)

Obtain the experimental value of the contact radius at this loading point by
solving the following implicit equation numerically:

a


 a
M f  P
f h   
,
  
 teff
 
M
s
h

 S 
1

where f is the area function of the indenter tip and  is obtained from Yu’s solution.
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(iv)

Calculate the reduced stiffness to remove the compliance of the indenter tip
using:

1 1 
Sr   
 S S 
tip 


1

where Stip  2aexp M tip and M tip  1146.6 GPa for a diamond indenter.
(v)

Repeat steps (ii)–(iv)for every point of the indentation loading curve to
obtain the experimental  Sr , aexp  relation for the values of Ef and 
assumed in step (i).

II. STEPS TO GET THE THEORETICAL S-a RELATION AS A FUNCTION OF FILM
MODULUS AND 
(vi)

Assume the same initial values of Ef and  as in step (i).

(vii)

Calculate the effective thickness teff for a given point on the indentation
loading curve: teff  t  h .

(viii)

Calculate the elastic S-a relation directly from Yu’s solution by using Eqs.
(B.5) –(B.9) (see Appendix B).

(ix)

Calculate the theoretical contact area a* where the contact stiffness equals Sr
[as from step (iv)], from the elastic S-a relation.

(x)

Repeat step (vi)–(ix) for every point of the indentation loading curve to
obtain the theoretical  Sr , a*  for the values of Ef and  assumed in step (i).

III. STEPS TO EXTRACT UNKNOWN FILM MODULUS
(xi)

Compute the  2 , sum of the squares of the residues, using the following
formula:

 2    aexp  a* 
(xii)

2

Find the values of Ef and  that minimize  2 using a standard optimization
algorithm.

3.5. Application of Li and Vlassak model for determining hardness and Young’s
modulus of epitaxial TiNxOy and TiCxOy films grown on MgO (001) substrate
3.5.1. Experimental

75

The mechanical properties of all TiNxOy and TiCxOy films grown with conditions
described in chapter 2 were characterized using a MTS Nanoindenter XP system with a
diamond Berkovich tip with an apex angle of 65.30 o and a tip radius of about 20 nm. The
continuous-stiffness-measurement (CSM) mode was used with a harmonic force at 45 Hz
imposed on the increasing load. The Berkovich tip shape (area function) was calibrated
using a fused silica specimen to ensure the accuracy of the indentation measurements.
The indentation procedure consisted of five steps: loading to the specified indentation
depth, holding the indenter at the peak load for 10 s, unloading 5 % of the peak load,
holding the indenter at this point for 60 s for thermal drift correction, and unloading
completely. Five indentations were performed for each deposited films and MgO
substrate, and the average results of the group are presented here. The indentation data of
all TiNxOy /MgO and TiC0.47O0.69/MgO samples were then analyzed using the procedure
given by Li and Vlassak as described detail in section 3.4, while the indentation data of
MgO substrates were analyzed using the method of Oliver and Pharr [3.1]. All the
analysis procedure was carried out by using Matlab software. Li and Vlassak [3.18] have
also shown that Poisson’s ratio of the film has a minor effect on nanoindentation results.
In the analysis procedure, therefore, we used the Poisson’s ratio of TiN (νTiN = 0.22) for
all as-deposited TiNxOy films and the Poisson’s ratio of TiC (νTiC = 0.17). The results were
also compared with the ones calculated by the commonly used method of Oliver and
Pharr [3.1].
3.5.2. Results and discussions
A. TiNxOy /MgO
Nanoindentation results of all the TiNxOy films and MgO are summarized in Table 3.1.
It is noticed that the extraction of the indentation modulus of the film relies on a fit of the
experimental S-a relationship with the theoretical result derived from Yu’s solution using
Ef and  as fitting parameters. One may wonder if two or more distinct combinations of
Ef and  could give a comparable quality of fit. To verify that, we present a contour plot
of the sum of the squares of the residues  2 (Fig. 3.3) for all the TiNxOy films, where the
fitting parameters have been varied over a wide range. The plot shows a clear minimum
corresponding to the optimum combination of Ef and  . Evidently, the optimum fitting
parameters are well defined and unique over the range of parameters shown in Fig. 3.3.
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Table 3.1: The hardness and Young’s modulus of TiNxOy films calculated by using LiVlassak method.

Sample

Poisson’s
ratio

MgO

0.19

TiN1.11O0.10

0.22

TiN0.97O0.23

η

E (GPa)

H (GPa)

300 ± 3.2

10 ± 1

0.5

430 ± 5.7

26 ± 1.2

0.22

0.5

400 ± 7.3

23 ± 1.7

TiN0.81O0.38

0.22

0.5

385 ± 5.2

21 ± 1.3

TiN0.63O0.55

0.22

0.5

355 ± 4.6

17 ± 1.2

-

77

Figure 3.3: Contour plot of log10(  2 ) as a function of Ef and  for the TiNxOy/MgO
sample. The unit of  2 is in nm2.

The hardness and Young’s modulus of MgO obtained using Oliver-Pharr method are
in good agreement with the reported values in the literatures [3.19, 20]. The results show
that the hardness and Young’s modulus of the deposited TiNxOy films are in range of 17 26 GPa and 355 - 450 GPa, respectively. The TiNxOy film with small oxygen
concentration shows that the Young’s modulus is closed to the reported value of
stoichiometric single-crystal TiN (001) with E ~ 445 ± 38 GPa, while the hardness value
is larger than that of stoichiometric single-crystal TiN (001) with H ~ 20 ± 0.8 GPa
[3.21]. To evaluate the accuracy of the obtained results, we also calculate H and E using
conventional Oliver-Pharr method. Figure 3.4 illustrates the Young’s modulus of the
TiNxOy films obtained using Li-Vlassak approach in comparison with the values obtained
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from the Oliver-Pharr method as a function of indentation depth divided by film thickness
h/t. As expected, the Oliver-Pharr moduli are noisy and fall sharply at small indentation
depths and quickly approach the substrate modulus with increasing h/t due to the
substrate effect that not excluded from the calculated results. In contrast, the film moduli
obtained from Li-Vlassak method, in which the substrate effect caused by film-substrate
elastic mismatch was taken into account, are constant throughout a wide range of
indentation depths. Figure 3.5 shows the hardness of TiNxOy films as a function of
indentation depth calculated using both Li-Vlassak and Oliver-Pharr methods, together
with the hardness value of MgO substrate. Both TiNxOy hardness curves rise from zero
value at shallow indentation depths, reach the maximum values as indentation depth
increases. It is noticed that the hardness curves drop off and reach the substrate hardness
value rapidly when the indenter approaches film/substrate interface due to the extensive
plastic deformation in the soft substrate. However, the maximum hardness values
obtained from Oliver-Pharr analysis are significant lower compared with that of LiVlassak method due to the effect of the soft substrate. Moreover, the hardness curves
obtained by Li-Vlassak model show a small plateau. This indicates that the effect of filmsubstrate elastic mismatch is significantly excluded from the results obtained by LiVlassak analysis. Therefore the values for mechanical properties of TiNxOy films by using
Li-Vlassak method and presented in Table 3.1 are reliable.
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Figure 3.4: The Young’s modulus of TiN xOy films as a function of h/t (indentation
depth/film thickness) obtained by using Li-Vlassak method, together with the
Young’s modulus of MgO substrate. The results obtained using Oliver-Pharr
method are presented for comparison.
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Figure 3.5: The hardness of TiNxOy films as a function of indentation depth calculated
by using both Li-Vlassak and Oliver-Pharr methods. The hardness value of
MgO substrate is also included.
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Figure 3.6: The dependence of the hardness and Young’s modulus of TiNxOy films on
chemical composition.

It is clearly seen that both hardness and Young’s modulus of the TiN xOy films
decrease with increasing oxygen content and increase with increasing nitrogen content
(Fig. 3.6). The maximum values of H and E were found for the TiNxOy film with the
highest nitrogen content. The minimum values of H and E were found for the TiNxOy film
with the highest oxygen content. Similar behavior of H and E with chemical composition
has also been reported for polycrystalline, textured, and bulk TiNxOy [3.22-25]. Therefore,
the increase of oxygen can be considered as a softening factor on the TiNxOy films. The
dependence of the mechanical properties of TiNxOy on oxygen and nitrogen content can
be explained by the changes in covalent and ionic contribution to the bond in the TiNxOy
compound. Indeed, authors in ref. [3.24] have calculated the changes in the electronic
structure induced by the geometrical structure and composition TiNxO1-x. Figure 3.7
shows the evolution of the density of states (DOS) with x for NaCl structure of TiNxO1-x.
The gap between the 2p (N/O) and 3d (Ti) bands increases as the concentration of O
increases, and decreases as the concentration of N increases. The separation between the
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bands 2p and 3d as the concentration of O increases leads to a decrease in the 2p-3d
mixing, which is related to the covalent contribution to the bond, and consequently the
nature of the bond has a higher ionic contribution that causes bond strength to decrease
(The bond lengths can be considered as constants due to that the bond length decreases by
less than 0.5% when x decreases from 1.1 to 0.63 and y increases from 0.1 to 0.55).
Similarly, the increase of nitrogen content leads to an increase in covalent character of the
bond, and thereby bond strength, increases. Hence, hardness and elastic modulus
increases as the amount of nitrogen increases, and decreases as the amount of oxygen
increases.

Figure 3.7: Evolution of the DOS of the titanium oxynitrides (NaCl structure) with the
composition [3.24].
.
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Figure 3.8: Evolution of the hardness and Young’s modulus of TiNxOy films with residual
compressive stress.

It is also noticed that in-plane residual compressive stress also has an influence on the
mechanical properties of TiNxOy films. As shown in Fig. 3.8, H and E increase linearly as
residual compressive stress increases. The same behavior of H and E with residual
compressive stress was also reported for polycrystalline TiNxOy film [3.25] and other
materials [3.26-29]. The change in mechanical properties of TiNxOy films with different
residual compressive stresses can be explained from the viewpoint of atomic bonding
force to interatomic spacing [3.28-30]. It is known that atoms locate at a balanced
interatomic separation ro, and the spacing changes under a force. If the interatomic
separation exceeds the maximum value rmax under an applied force over the maximum
atomic bonding force Fmax, atomic bonds will be broken, and plastic deformation may
initiate. The residual compressive stress will make interatomic spacing compressed, and a
larger applied force is needed to break bonds. Therefore, an increase in H and E can be
expected when residual compressive stress increases.
B. TiC0.47O0.69 /MgO
Nanoindentation results of the TiC0.47O0.69 film and MgO are summarized in Table 3.2.
Similar to the TiNxOy case, the contour plot of the sum of the squares of residues  2 (Fig.
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3.9) for the TiC0.47O0.69 film reveals a clear and unique combination of Ef and η over the
range of parameters that gives the minimum value of  2 .
Table 3.2: The hardness and Young’s modulus of TiC0.47O0.69 film calculated by using LiVlassak method.
Sample

Poisson’s
ratio

MgO

0.19

TiC0.47O0.69

0.17

η
0.5

E (GPa)

H (GPa)

300 ± 3.2

10 ± 1

390 ± 6.4

21 ± 1.7

The nanoindentation results show that the hardness and Young’s modulus of the
deposited TiC0.47O0.69 film are 21 ± 1.7 GPa and 390 ± 6.4 GPa, respectively. Those
values are smaller than that of bulk TiC (001) with H ~ 26 – 31 GPa and E ~ 439 GPa
[3.31, 32].

Figure 3.9: Contour plot of log10(  2 ) as a function of Ef and  for the TiC0.47O0.69/MgO
sample. The unit of  2 is in nm2.
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We also compare H and E calculated by Li-Vlassak with those determined by
conventional Oliver-Pharr method. Figure 3.10 and Figure 3.11 show the hardness and
Young’s modulus of TiC0.47O0.69 film as functions of indentation depth and h/t calculated
using both Li-Vlassak and Oliver-Pharr methods. Similar to the TiNxOy case, the LiVlassak modulus of TiC0.47O0.69 film is constant throughout a wide range of indentation
depths contrasted with values calculated by Oliver-Pharr method; and the maximum
hardness obtained from Li-Vlassak method is higher compared with that of Oliver-Pharr
analysis due to the effect of the soft substrate.

Figure 3.10: The hardness of TiC 0.47 O0.69 film as a function of indentation depth
calculated by using both Li-Vlassak and Oliver-Pharr methods. The hardness
value of MgO substrate is also included.
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Figure 3.11: The Young’s modulus of TiC0.47O0.69 film as a function of h/t (indentation
depth/film thickness) obtained by using Li-Vlassak method, together with the
Young’s modulus of MgO substrate. The results obtained using Oliver-Pharr
method are presented for comparison.

3.6. Summary
Li-Vlassak method for analysis of nanoindentation of hard TiNxOy and TiC0.47O0.69
films on soft MgO substrate provides the reliable values for hardness and Young’s
modulus. High-quality epitaxial TiNxOy films with different composition (0.63 < x < 1.11,
0.1 < y < 0.55) shows the hardness and Young’s modulus of about 17 - 26 GPa and 355 430 GPa, respectively, while the TiC0.47O0.69 film shows the value of H ~ 21 ± 1.7 GPa
and E ~ 390 ± 6.4 GPa. Chemical composition and residual compressive stress have
strong influence on the mechanical properties of the TiNxOy films. Both H and E are
found to decrease as oxygen content increases, and increase as nitrogen content increases.
With increasing residual compressive stress, the hardness and Young’s modulus of
TiNxOy also increase. Both TiNxOy and TiC0.47O0.69 show the lower values of H and E
compared with that of TiN and TiC, respectively.
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Chapter 4
Stability and etching of titanium oxynitride in
hydrogen microwave plasma

4.1. Introduction
Microwave plasma is a type of plasma that has high frequency electromagnetic
radiation in the GHz range. It is capable of exciting electrodeless gas discharges, and is
especially well suited to generate large-area plasmas of high plasma density. It is also
noticed that microwave plasma can produce a plasma density up to 1012 cm-3 [4.1] that is
much higher than that in RF plasma. Hence, microwave plasma is more useful for etch
study because it may have a faster etching rate compared with that of RF plasma which
has been widely used in many processing. Hydrogen in microwave can produce a high
density of ion and atomic hydrogen flux [4.2, 3].
In this chapter, we report the study of the effects of pure hydrogen microwave plasma
on the stability and etching of TiNxOy films as function of gas pressure and treating time.
The high-quality epitaxial TiNxOy films were used in our study due to the lack of bulk
single crystals TiNxOy, and it can avoid the complicated etch effects from grain
boundaries and orientations in polycrystalline films. The etch mechanism and the changes
in chemical composition and surface morphology were also investigated.
4.2. Experimental
The deposited titanium oxynitride films with composition of TiN0.97O0.23 and
thickness of 76 nm (sample B (see chapter 2 for details)) were placed on a molybdenum
holder and loaded into a 2.45 GHz/5 kW ASTeX-type microwave plasma chemical vapor
deposition (MPCVD) [4.4]. The plasma was then generated under hydrogen gas ambient
with flow rate of 300 sccm and microwave power of 1000 W. Samples were placed in the
active glow discharge region. The hydrogen plasma treatment was done at gas pressure
varied from 40 to 80 Torr and treatment time varied from 30 to 150 minutes (details in
Table 4.1). In the reactor, the increase in pressure caused the volume of the plasma ball to
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shrink [4.1], which in turn increased the plasma density. During the treatment, the
substrate temperature determined by optical pyrometer increased from 900 to 1100oC
with pressure increasing from 40 to 80 Torr. After the plasma was switched off, the
sample was cooled down to room temperature in about 10 minutes. The surface
morphology of the films was then examined with atomic force microscopy (AFM)
(D3100, Digital Instruments Inc.). TiNxOy/MgO interface was observed in cross-section
by using scanning electron microscopy (SEM) (JEOL JSM-6500F-SEM). Chemical
compositions of the TiNxOy films before and after plasma treatment were determined by
employing x-ray photoelectron spectroscopy (XPS) (ULVAC-PHI, PHI Quantera SXM)
using a monochromatic Al Kα radiation source. High-resolution x-ray diffractometry
(Bede D1) was used to investigate the change in the crystallinity, thickness, density, and
strain state of the thin films. The Bede D1 system was equipped a two-bounce Si 220
channel-cut collimator crystal, a dual channel Si 220 analyzer crystal (DCA), and CuKα1
radiation (λ = 1.5406 Å).

Table 4.1: Hydrogen plasma treatment parameters.

Sample

H2 gas flow
(sccm)

Microwave
power (W)

Pressure
(Torr)

Time
(min)

1

300

1000

40

90

2

300

1000

60

30

3

300

1000

80

30

4

300

1000

80

60

5

300

1000

80

150

4.3. Stability and etching of TiNxOy: morphology and mechanism
The surface morphology of as-grown and hydrogen plasma treated samples 1, 2, 3, 4,
and 5 (Table 4.1) was examined with AFM. As seen clearly in Fig. 4.1, the surface of the
TiNxOy film treated for 90 min at pressure of 40 Torr (sample 1) shows almost no etch
pits, but it becomes slightly rougher with root-mean-square (rms) roughness of 0.48 nm
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compared with 0.32 nm for the as-grown TiNxOy. However, TiNxOy became etched at
pressure of 60-80 Torr for treatment time of 30 min (Fig. 4.2). The AFM image in the
inset of Fig.4.2a as well as its corresponding section analysis show that the etched TiNxOy
surface morphology appears with inverse pyramid etch pits which have the edges of the
pyramid parallel to <100> direction of the epitaxial TiNxOy films. The origin of pyramid
etch pits in TiNxOy films can be explained as in NaCl structure [4.5]. Mendelson [4.5] has
demonstrated that in NaCl crystal, the inverse pyramid etch pits are produced at
intersections of dislocations with the surface. Similarly, it is possible that the inverse
pyramid etch pits appear in our TiNxOy films are associated with dislocation sites. Indeed,
as shown later in XRD data, the dislocation density can be estimated from x-ray rocking
curve broadening (full width half at maximum ~ 230 arcsec) to be around 108 cm-2 that is
similar to the etch pit density observed on AFM images. AFM images also show that no
particles left on the surface, indicating the complete removal of etch product after etching.
The distribution of etch size and etch depth for samples treated at different pressure
and etching time are shown in histograms of Fig. 4.3. It is found that the etch size and the
etch depth are increased with pressure and etching time. The average etch size and etch
depth increase from 141 nm and ~ 15 nm to 175 nm and 20 nm, respectively, when
pressure increases from 60 Torr to 80 Torr for the same etching time of 30 min. For
longer treatment (at 80 Torr), the average etch size increases from 175 (30 min) to 342
nm (60 min) and 861 nm (150 nm), while the average etch depth increases from 20 nm
(30 min) to 34 nm (60 min) and 76 nm (150 nm). The results reveal very low lateral and
vertical etch rate of about 4.7-5.7 nm/min and 0.48-0.56 nm/min respectively. Moreover,
the lateral etch rate is much higher than the vertical etch rate (~ 10 times), indicating the
preference for lateral etching of hydrogen plasma. Mendelson [4.5] has shown that in
NaCl crystal, if the strained region around a dislocation is etched away or disappears, the
etch pit is not etched further in depth but is enlarged laterally. Therefore, the anisotropic
etching can be expected in TiNxOy as shown above. Cross-sectional SEM of sample 5
(Fig. 4.2d) shows the etch pit with a depth reaching the TiNxOy/MgO interface, implying
that TiNxOy can be fully etched at 80 Torr with etching time over 150 min.
From the AFM images shown above it is clear that TiNxOy films remain stable at
hydrogen gas pressure under 40 Torr but are etched at pressure above 60 Torr with the
etch rate increased with pressure. It is also noticed that microwave plasma can produce a
plasma density up to 1012 cm-3 [4.1] that is much higher than that in RF plasma. Hence,
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microwave plasma is more useful for etch study because it may have faster etching rate
under etching condition as above. Moreover, TiNxOy is stable under pressure below 40
Torr of microwave plasma, indicating that TiNxOy can survive in RF plasma which has
been widely used in many processing.

Figure 4.1: AFM images of (a) as-grown TiNxOy films and (b) TiNxOy film after hydrogen
plasma treatment at pressure of 40 Torr for 90 min (sample 1).
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Figure 4.2: AFM images of TiNxOy after etching at (a) 60 Torr for 30 min (sample 2), 80
Torr for (b) 30 min (sample 3) and (c) 60 min (sample 4); (d) cross-sectional
SEM image of TiNxOy after etching at 80 Torr for 150 min (sample 5).
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Figure 4.3: The distribution of the etch size and etch depth at (a) 60 Torr for 30 min,
80 Torr for (b) 30 min, (c) 60 min, and (d) 150 min.
Exploration of the etch mechanism of TiNxOy film under hydrogen plasma may be
helpful for understanding the effects of pressure and treatment time. The possible etch
mechanism can be proposed based on thermodynamics, which allows us to define feasible
chemical reactions which may occur in hydrogen plasma. As shown later in XPS data, asgrown TiNxOy films can be considered to consist of three components of titanium nitride,
titanium oxynitride, and titanium dioxide. Moreover, hydrogen atoms and /or ions,
generated by the dissociation of molecular hydrogen in plasma, are very powerful
reductants that can reduce titanium oxide and nitride. Indeed, for example, at
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experimental temperature of 1000oC, the reduction of titanium oxide and nitride to the
most common titanium hydride can be as the following:
5H + TiN = NH3 + TiH2; ΔG o = -457 kJ/mol
6H + TiO2 = 2H2O(gas) + TiH2; ΔG o = -570 kJ/mol
4H + TiO = H2O(gas) + TiH2; ΔG o = -365 kJ/mol
All the reactions are thermodynamically favorable due to their negative Gibbs free
energy ΔGo values [4.6]. Therefore, the reaction of TiNxOy in hydrogen plasma can be
simply described as follows:
H + TiNxOy  NH3 + H2O(gas) + TiH2;
Titanium hydride (TiH2) has a relative low melting temperature of 450oC; however,
there is a lack of information on its vapor pressure. In general, a substance with low
melting temperature has a high vapor pressure. Therefore, TiH2 could possess a high
vapor pressure and it has a high tendency to desorb from the surface at substrate
temperature as high as 900-1100oC. The stability and etching of TiNxOy can be now
understood in terms of plasma density. Indeed, it is known that hydrogen plasma density
increases with increasing pressure from 40 to 80 Torr [4.1]. Therefore, it may lead to the
increase of ion and atomic hydrogen flux impinging on the TiNxOy surface as well as
substrate temperature. As a consequence, the etching rate of TiNxOy can be enhanced by
increasing pressure. At hydrogen pressure of 40 Torr, the etch rate could be so low that no
etch pits are formed after 90 min treatment time. When the pressure increased up to 60
Torr, the etching rate was significantly enhanced and the etch pits were then formed.
Again, it is noted that TiNxOy is almost intact under hydrogen plasma pressure below
40 Torr. For a better understanding of stability of TiNxOy, chemical composition analyses
for as-grown TiNxOy and sample 1 were performed by using XPS measurements. The
XPS depth profiles in Fig. 4.4 reveal that the chemical composition of the TiNxOy film
after plasma treatment at gas pressure of 40 Torr remained unchanged with stoichiometry
of TiN0.97O0.23. The oxygen in the as-grown film was not removed from the film by
atomic hydrogen from plasma. The unchanged content of oxygen in sample 1 suggests
that the properties of TiN0.97O0.23 films are not affected by hydrogen plasma under
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pressure below 40 Torr. High-resolution XPS spectra of Ti-2p and O-1s were examined to
identify the chemical states of the as-grown TiN0.97O0.23 and sample 1 (Fig. 4.5). As
shown in Fig. 4.5a, the Ti-2p spectrum of sample 1 reveals neither reduction of Ti to
metallic state nor formation of TiH2 even at the surface region of TiN0.97O0.23 film after
hydrogen treatment. The Ti-2p peak can be deconvoluted into three components of
titanium nitride (454.8 eV), titanium oxynitride (~ 456.9 eV), and titanium dioxide (458.5
eV) [4.7]. After sputtering of the film surface for a few nanometers, the Ti-2p spectra of
as-grown and treated TiN0.97O0.23 films show exactly the same peak position and shape.
The difference in the Ti-2p spectra between two samples is only found at the surface
region, in which the as-grown film shows a much stronger TiO2 signal compared with
that of sample 1. Therefore, the shift of Ti peak to higher oxidation state (TiO2) of the asgrown film surface is larger than that of the treated film. This implies that hydrogen
plasma reduces the surface oxide in some extent. The decrease of TiO2 signal at the
surface region of the treated film may also suggest that hydrogen plasma treatment results
in the surface passivation of TiNxOy that similar to the case of nitrogen/hydrogen plasma
[4.8]. Figure 4.5b shows the corresponding O-1s spectra of as-grown and hydrogen
plasma treated TiN0.97O0.23. In addition to titanium dioxide (530.5 eV) and titanium
oxynitride (531.5 eV) [4.7], the surface region of the as-grown film also shows a
component at 532.8 eV that can be assigned to the surface contamination (CO and C-OH)
or Ti-OH groups [4.9, 10]. After hydrogen plasma treatment at 40 Torr, the surface of the
treated film shows a strong and broaden peak at ~ 532.8 eV that can be explained by the
enhancement of Ti-OH groups. The above XPS results provide strong evidence that
TiNxOy is very chemically stable in hydrogen microwave plasma under pressure below 40
Torr and atomic hydrogen from plasma affects mostly on the surface region of TiNxOy
film.
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Figure 4.4: XPS depth profiles for (a) as-grown TiNxOy film and (b) sample 1.
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Figure 4.5: High-resolution XPS spectra for (a) Ti-2p and (b) O-1s as function of Ar
sputtering time of as-grown TiN x O y and sample 1. The spectra were
deconvoluted into components using Voigt curve fitting.

The stability of TiNxOy was also investigated by using x-ray diffraction. As seen in
Fig. 4.6 typical XRD patterns of as-grown TiNxOy and sample 1 show only (002) and
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(004) reflections of TiNxOy and MgO. No extra peaks such as Ti and TiH2 are detected for
treated TiNxOy films, indicating that TiNxOy remains stable under hydrogen plasma
treatment for 90 min at pressure of 40 Torr consistent with the XPS result above. The
inset of Fig. 4.6 also shows that the full width at half maximum (FWHM) of the rocking
curve of (002) TiNxOy for sample 1 after hydrogen plasma treatment increased slightly
from 230 arcsec to 280 arcsec. The d-spacing of (004) TiNxOy for the as-grown and
treated TiNxOy films are determined as 1.0636 Å and 1.0639 Å, respectively. No apparent
change in the d-spacing, together with the stability of chemical composition, indicates
that the thermal effect of plasma treatment has not caused any noticeable change in the
strain state of TiNxOy (-0.69 %) in spite of the treatment at high-temperature. The x-ray
reflectivity (XRR) curves of as-grown sample and sample 1 (Fig. 4.7) show also no
difference in the critical angle and distance between period of the interference fringes,
indicating no change in the density and thickness of the TiNxOy films after treatment at
hydrogen pressure below 40 Torr, respectively. The decrease of the fringe intensity
suggests that the TiNxOy surface is rougher after plasma treatment. However, the
hydrogen plasma treatment had no effect on the TiNxOy/MgO interface because any
increase in interface roughness will cause fringe amplitude to fall off more quickly with
increasing scattering angle and may smear out the fringes. Analysis of interference
fringes gives thickness and interface roughness of 76 nm and 0.2 nm for both samples;
and surface roughness of as-grown and treated films can be determined as 0.3 nm and 0.4
nm in agreement with the AFM result. It has been shown that MgO is easily etched if the
surface is in direct exposure to the plasma containing atomic hydrogen [4.11]. Therefore,
the sharp interface still remained after plasma treatment implies that MgO can be
protected by the TiNxOy in microwave hydrogen plasma under pressure below 40 Torr.
The XRD patterns for the etched samples 2, 3, 4, and 5 also show (002) and (004)
reflections of TiNxOy with almost unchanged d-spacing, implying that the non-etched
region still remains to be TiNxOy.
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Figure 4.6: XRD 2θ-θ scans for (a) as-grown TiNxOy and (b) sample 1. The corresponding
XRD -scan of (002) TiNxOy is displayed in the inset.

Figure 4.7: X-ray reflectivity curves for TiNxOy films before and after treatment at 40
Torr for 90 min.
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4.4. Summary
It has been demonstrated that titanium oxynitride is very chemically and thermally
stable in microwave hydrogen plasma under pressure below 40 Torr; XPS and XRD
provide strong evidence that the chemistry and crystallinity of 76 nm thick TiNxOy films
in plasma are almost intact. The etch pits with inverse pyramid shape are found to occur
on (001)TiNxOy surface at pressure as high as 60 Torr. AFM examinations reveal that the
etch size and etch depth increase with increased etching time and pressure.
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Chapter 5
Conclusions and future works
5.1. Conclusions
The main results of this thesis are summarized as follows:
1. In this study, titanium oxynitride TiNxOy films with different chemical
composition (0.63 < x < 1.11, 0.1 < y < 0.55) and titanium oxycarbide film with
composition of TiC0.47O0.69 have been heteroepitaxially grown on MgO (001)
substrates by pulsed laser deposition at substrate temperature of 700o C with using
TiNO0.064 and TiCO0.5 targets. The deposition process was carried out under both
base pressure and ambient gas of nitrogen varied from 10-3 to 10-5 Torr. The
TiNxOy and TiCxOy films have good crystallinity (FWHM ~ 58 – 62 arcsec for
TiNxOy and 133 arcsec for TiCxOy) even though they are under fully compressive
strain. Transmission electron microscopy analyses showed that both TiNxOy and
TiC0.47O0.69 films contain a low density of dislocations. The lattice parameters of
TiNxOy films decrease with increased oxygen concentration, and residual stresses
decrease as consequence. The deposited TiNxOy and TiC0.47O0.69 films are very
electrically conducting with resistivity of 28-53 µΩ.cm for TiNxOy, and 137
µΩ.cm for TiC0.47O0.69. The resistivity of TiNxOy films also increases as oxygen
content increases. The surface of the deposited TiNxOy and TiC0.47O0.69 films is
atomically smooth with roughness of 0.26-0.31 nm for TiNxOy, and 0.18 nm for
TiC0.47O0.69.
2. Titanium oxynitride is very chemically and thermally stable in microwave
hydrogen plasma under pressure below 40 Torr. The etch pits with inverse
pyramid shape are found to occur on (001)TiNxOy surface at pressure as high as
60 Torr. AFM examinations reveal that the etch size and etch depth increase with
increased etching time and gas pressure.
3. Li-Vlassak method for analysis of nanoindentation of hard TiNxOy and TiCxOy
films on soft MgO substrate are used and provide the reliable values for hardness
H and Young’s modulus E of about H ~ 17 - 26 GPa and E ~ 355 - 430 GPa for
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TiNxOy, and H ~ 21 ± 1.7 GPa and E ~ 390 ± 6.4 GPa for TiC0.47O0.69 film.
Chemical composition and residual compressive stress have strong influence on
the mechanical properties of the TiNxOy films. Both H and E are found to decrease
as oxygen content increases, and increase as nitrogen content increases. With
increasing residual compressive stress, the hardness and Young’s modulus of
TiNxOy also increase.
5.2. Future works
We have shown that the oxygen content in the deposited TiNxOy and TiCxOy films is
higher than that of the corresponding target even though the growth process carried out
under base pressure of 10-6 Torr; and pressure of ambient nitrogen gas plays a major role
in the chemical composition of the deposited TiNxOy films. Chemical composition of
TiNxOy films is very sensitive with pressure of nitrogen gas. Therefore, the major issue is
how to control the oxygen content incorporated in the TiNxOy and TiCxOy films,
especially in case of low oxygen films.
It is insufficiently to explain the etching mechanisms of TiNxOy mainly by
thermodynamics. Kinetic analysis is needed to explore the etching behavior. However,
because of complexity of the plasma interacting with the surface, it is not easy to explore
the kinetics with current experimental data. Therefore another challenge is how to
develop an appropriate experimental design to explore the kinetic process of etching of
TiNxOy.
Stability and etching of TiCxOy films still need to be investigated.
Mechanical properties of hard TiNxOy and TiCxOy films on soft MgO substrate were
characterized using nanoindenter, and the effect of soft substrate was excluded by using
Li-Vlassak analysis. However, all films investigated in this study are under compressive
stress that can affect the nanoindentation results. Hence, the big challenge remains in this
study is how to extract the intrinsic hardness and Young’s modulus of TiNxOy and TiCxOy
films.
Finally, only one titanium oxycarbide with composition of TiC0.47O0.69 is reported in
this study. There is a lack of titanium oxycarbide film with different composition;
therefore the effect of oxygen content on lattice parameters and mechanical properties of
TiCxOy films is still unclear. The works remain here are to deposit epitaxial TiCxOy films
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with chemical composition that vary in a possible range, and to study the effect of
chemical composition on lattice parameter, strain/stress, and mechanical properties of
TiCxOy films.
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Appendix A
Continuous stiffness measurement (CSM)
The CSM is accomplished by imposing a harmonic force, which is added to the
nominally increasing load P, on the indenter as shown in Fig. A.1. The displacement
response of the indenter at the excitation frequency and the phase angle between the two
are measured continuously as a function of depth. Solving for the in-phase and out ofphase portions of the response results in an explicit determination of the contact stiffness,
S, as a continuous function of depth [3.1, 3.7, 3.8]. This allows the measurement of
contact stiffness at any point along the loading curve and not just at the point of unloading
as in the conventional measurement. To calculate the contact stiffness, the dynamic
response of the indentation system has to be determined. The relevant components are the
mass, m, of the indenter, the spring constant, Ks, of the leaf springs that support the
indenter, the stiffness of the indenter

Figure A.1: Schematic of the CSM loading cycle.
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Figure A.2: Schematic of the dynamic indentation model.

frame Kf = 1/Cf, where Cf is the compliance of the load frame and the damping coefficient,
C, due to the air in the gaps of the capacitor plate displacement sensing system. These
combined with the contact stiffness, S, produce the overall response as shown in Fig. A.2.
If the imposed driving force is P  Pos exp(it ) and the displacement response of the
indenter is h( )  ho exp(it   ) , the contact stiffness, S, can be calculated from the
displacement signal,

(S

Pos

h( )

1

 K f 1 )1  K s  m 2    2C 2
2

(A.1)

or from the phase difference between the force and displacement signals, the phase angle,

 , is:
tan   

C

(A.2)

( S  K )  K s  m 2
1

1 1
f

where Pos is the magnitude of the force oscillation, h(ω) is the magnitude of the resulting
displacement oscillation, ω is the frequency of the oscillation, and  is the phase angle
between the force and displacement signals. Eqs. (A.1) and (A.2) can be solved for the
contactstiffness, S, and the damping due to the air in the gaps between the capacitor plates

109

ωC (the damping of the sample itself is regarded to be negligible). The contact stiffness, S,
and the damping, ωC, can be given by Eqs. (A.3) and (A.4), respectively:





1
S
 K f 1 
 Pos cos    K  m 2 

s
 h( )


1

(A.3)

C 

Pos
sin 
h( )

(A.4)
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Appendix B
Yu’s analysis: Elastic indentation problem and
solution
The two important parameters in Yu’s analysis are   a / ah , the ratio of the contact
radius of the film/substrate to that of the homogeneous film material, and P / Ph , the ratio
of the load on the film/substrate to that of the homogeneous film material. The respective
ratios are taken at the same indentation depth h into the film/substrate system and the bulk
homogeneous film material (Fig. B.1).
The elastic indentation of a layered half-space is mathematically a mixed boundary
value problem that can be reduced to a Fredholm integral equation of the second kind
[3.14]:
H ( ) 

1



1

  K ( y   )  K ( y   )H ( y)dy  F ( )
0

(B.1)

0

The solution of the contact problem is given in terms of a function H ( ) that can be
regarded as a normalized map of the pressure distribution within the contact region. The
kernel of the integral equation, K (u ) , is given by [3.14, 3.16]:


K (u ) 

a
 a
g ( w) cos  uw du

t 0
t


(B.2)

where
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g (u )  1 

A.2 w  B.cosh(2 w)  C sinh(2 w)
D  C.cosh(2 w)  B sinh(2 w)  A.(2 w) 2

M (1  f ) 
 M (1  f )  M f (1  f )
A  1  f
s 3 f
 1
 4
M s (1  s )  M s (1  s )
M s (1  s )


M (1  f )
B 8 f
( f  1)( s  1)
M s (1  s )
C  3  4 f 

(B.3)

M f (1  f ) 
M f (1  f )
 M f (1  f )

 4 f  4 s 1 
 2 f  
2  3
M s (1  s ) 
M s (1  s )
M s (1  s )



M f (1  f )
 M (1  f ) 
D f
(2 s  1)(2 f  1)  4 f (2 f  3)  5
 (4 s  3)  2
M s (1  s )
 M s (1  s ) 
2

where Mf and Ms are the indentation moduli of the film and subastrate, respectively;  f
and  s are Poisson’s ratio of the film and the substrate, respectively. The right-hand side
of Eq. (B.1) is determined by the shape of the indenter. For a conical punch, for instance,

F0 ( )  1  

(B.4a)

while for a spherical punch of radius R,

F0 ( )  1   .

ln(1   )  ln(1   )
ln(1   /  )  ln(1   /  )

(B.4b)

In these equations,   a / R . The relationship between the contact radius ah and the
indentation depth h for an elastic indention in a homogenous half space depends on the
indenter shape [Math Proc. Cambridge Philos. Soc. , 41 (1945) 16]. For a conical punch
with half included angle θ, one finds that,

h

 ah
2 tan( )

(B.5a)

while for a spherical punch of radius R,

h

ah  1  ah / R 
 ln

2  1  ah / R 

(B.5b)
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Figure B.1: The load ratio, P / Ph , and the contact radius ratio,   a / ah , are
calculated in the study by Yu et al. using the integral equation method.
(The subscript h refers to the values for the homogeneous film material
cases, and the parameters without the subscript refer to the film-onsubstrate case.
The solution to the Fredholm equation is obtained by using the El-Gendi [Comput. J.,
12 (1969) 282] method, where H ( ) is solved numerically in the form of a Chebyshev
series with N ≥ 5. For all of the work presented in this paper, N = 6 was used. H ( ) is
solved by initially setting  equal to 1 and then iterating  until the boundary condition
H (1)  0 is satisfied. With the knowledge of the function H ( ) and the corresponding  ,

Yu et al. were then able to obtain the load as a function of depth for conical indentation
into the film/substrate system according to the following equation:
1

P  2 f h 2 tan   H ( )d

(B.6)

0

where

f 

2E f

(B.7)

 (1  2f )

is the indentation modulus of the film material. The results of Yu et al. can be used to
determine the relationship between the contact stiffness S = dP/dh and the contact radius
a, as explained in ref. [3.16]. Before applying the results from the analysis by Yu et al. to
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experimental data, the ‘‘reduced stiffness’’ Sr that takes into account the compliance of
the diamond indenter tip needs to be determined, as also explained in [3.16].
* Some useful results from Yu’s solution
In an elastic indentation of a homogeneous half-space, the elastic deflection of the
surface hs is related to the indentation load and the contact stiffness through Eq. (4.3). For
a film on a substrate, hs also depends on the elastic mismatch between the film and the
substrate, necessitating a dimensionless correction factor  in the expression for the
surface deflection:
hs   (a / t , M f / M s , f , s )

P
S

(B.8)

The elastic deflection of the surface is also related to the contact radius through the
indenter geometry. For a conical punch with half included angle θ, one has

hs  h  hc  h  a / tan θ

(B.9)

Using Eqs. (B.5) through (B.9),  can be calculated as a function of a/t and for
different levels of elastic mismatch between film and substrate. Results for a conical
indenter are shown in Fig. B.2a. When the film has the same elastic properties as the
substrate,  is obviously equal to one. As a / t  0 , the curves also satisfy the condition

  1 independent of the elastic mismatch between film and substrate. This extreme case
corresponds to an indentation in the homogeneous film material, for which  should be
equal to one. A similar trend is observed for large contact areas, where the effect of the
film is negligible and the indenter is effectively probing the substrate. It is further evident
from Fig. B.2a that
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Figure B.2: The dimensionless correction factor  for an elastic indentation as a function
of normalized contact radius for (a) different elastic mismatch and a conical
indenter,and for (b) various indenter shapes.
Poisson’s ratio of the film has a relatively minor effect on the value of  , especially if the
film is stiffer than the substrate. Fig. B.2b shows  as a function of a/t for several conical
indenters with different half included angles ( θ  60o ,70o ,80o ) and for a spherical
indenter (R/t = 30). Evidently there is a small difference between conical and spherical
indenters, but for conical indenters  does not depend on the apex angle of the indenter.
Analysis of nanoindentation data requires the relationship between the contact
stiffness and the contact radius. We have calculated the contact stiffness S as a function of
the contact radius for a series of film/substrate combinations for a conical indenter with a
half included angle of 70o. The results are shown on a logarithmic scale in Fig. B.3a. It is
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clear that for small contact radii, the contact stiffness changes linearly with contact radius
and conforms to Sneddon’s equation for homogeneous materials. As the contact radius
grows, the effect of the substrate becomes evident and the slopes of the curves gradually
deviate from unity: the slopes increase for stiff films on compliant substrates and decrease
for compliant films on stiff substrates. At large contact radii, all curves again approach
Sneddon’s equation as the effect of the film fades.
For a given contact area, the contact stiffness of an indenter on a homogeneous and
isotropic half space is independent of the precise indenter shape as long as the indenter is
axisymmetric and the profile of the punch can be approximated by a half-space—that is,
the apex angle y should be close to 180o for a conical punch, or a / R

1 or a spherical

punch [Comput. J., 12 (1969) 282]. Consequently, the contact stiffness of an arbitrary
axisymmetric indenter on an elastic half space is equal to that for a flat-ended indenter
with radius equal to the contact radius. The same conclusion holds true for the indentation
of a film on a substrate: In Fig. B.3b, we show the S-a relationship calculated from Yu’s
solution for a given film-on-substrate assembly ( (M f / M s  0.5, v f  vs  0.25) indented
by several conical ( θ  60o ,70o ,80o ) and spherical indenters (R/t = 10, 30). All curves
overlap perfectly, confirming that for films on substrates the contact stiffness is also
independent of the indenter shape, at least within the context of linear elastic contact
mechanics. This observation is easily rationalized based on Hill’s cumulative
superposition argument and is the foundation of the new analysis method. When
analyzing the elastic unloading process after an elasto-plastic indentation in a thin film,
the relationship between contact stiffness and contact radius can be calculated without
knowledge of the precise shape of the indentation, that is, without knowledge of the
plastic properties of the film.
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Figure B.3: Normalized contact stiffness versus contact radius calculated from Yu’s
solution for (a) different elastic mismatches, and (b) various conical and
spherical punches.
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