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ABSTRACT

Titanium nitride, silicon' nitride, and their multi-

layered films grown on Si (100) by Pulsed Laser Deposition

(PLD) have been studied. The crystal structure and

orientation of films were investigated by XRD and TEM.

Titanium nitride film produced at room temperature was a

polycrystal with 0.426 nm lattice constant whereas silicon

nitride film grown at same condition was the amorphous.

Particulates, one of the disadvantages of the PLD

technique, were examined in the silicon nitride films

varying the laser energy density, the repetition rate, and

the target-substrate distance. The effect of laser ablation

on the target was studied by SEM and XPS. The silicon

nitride target after ablation for 25,000 pulses at Ed = 2.5

J/cm^ produced nitrogen-deficient cones that were aligned

along the direction of the incident laser beam. The

hardness and elastic modulus of the films grown at room

temperature in vacuum and at 500 °C in nitrogen background

gas (10~^ torr) were determined using the Nano Indenter®!!.

The highest hardness and elastic modulus in this study were

obtained from the TiN film grown at room temperature in

vacuum: 26.44 GPa and 265 GPa, respectively. Multi-layered
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films consisting of titanium nitride and silicon nitride

films had intermediate hardness values. Titanium nitride

and silicon nitride film grown at different temperature and

pressure were examined by XPS to determine the effect of

nitrogen content in films on the hardness. The more

nitrogen the higher the hardness for both titanium nitride

and silicon nitride films, regardless of deposition

temperature.
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CHAPTER 1

INTRODUCTION

Pulsed laser deposition (PLD) has been widely used to

produce a variety of films such as high temperature

superconducting oxide films, hard diamond-like carbon films,

and epitaxial thin films. The advantage of PLD lies in its

simple implementation, near stoichiometric deposition from

multicomponent targets at relatively low temperatures.

Application of PLD has been extended to hard coatings due to

the possibility of formation of films on substrates having

no thermal damage since deposition is made at low substrate

temperatures, and the easiness of controlling process

parameters to maximize the quality of films.

Titanium nitride films and coatings have several

applications as hard and wear resistant coatings, diffusion

barriers in advanced integrated circuit devices, reflective

coatings, and wavelength-selective transparent optical films

because of their excellent corrosion and erosion resistance,

high hardness, and desirable optical and electrical

properties. Polycrystalline TiN films have been prepared by

several techniques, including most physical film deposition

techniques such as reactive evaporation [1], reactive

sputtering[2], dual ion beam deposition[3], ion plating [4],

and chemical film deposition techniques such as plasma-

enhanced chemical vapor deposition [5]. However, most of

these techniques need moderate to high temperatures to
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produce crystalline TIN films. At high deposition

temperatures' the use of TiN films is limited to only some

applications where the substrates can withstand elevated

temperatures. It is difficult to obtain the high surface

mobility required for the nucleation and growth of

crystalline films at low substrate temperatures. This

limitation can be overcome by delivering the materials to

the substrate in highly excited states and/or with

appreciable kinetic energy. This is accomplished using PLD.

Several researchers have reported the formation of TiN films

by PLD using ablation of either Ti targets in nitrogen

atmosphere [6,7,8] or stoichiometric TiN targets[9,10,11].

Titanium nitride films deposited by evaporation of Ti

targets with CO2 laser in nitrogen background on stainless

steel have been reported to have a hardness of 1900 HV[6].

J. C. S. Kools et al.[8] concluded that it was virtually

impossible' to grow stoichiometric TiN films by reactive

ablation of Ti in a N2 atmosphere, due to oxygen

contamination. Epitaxial growth of TiN films on silicon

(100) by KrF excimer laser (A,=248 nm, t=25 ns) at 600 °C has

been reported[9,10]. Titanium nitride films having

microhardness of 11.0-17.0 GPa were obtained using XeCl

excimer laser deposition (A,=308 nm, t=45 ns) [11] .

Silicon nitride films are important as dielectric

materials and functional memory layers in microelectronics

and optoelectronic devices. Si3N4 coating is also a

potential candidate for use cutting tools, heat engines, and
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gas turbines. Due to high thermal stability, chemical

inertness, hardness, and low density (3190 kg/m^ ), silicon

nitride can be used as protective coatings in high

temperature application.

A. Kumar et al.[12] have produced silicon nitride films

in nitrogen environment having hardness of 25 GPa at 700 °C.

They have also reported the uniqueness of PLD for depositing

Si3N4: (1) this process provides stoichiometric films, (2)

thin film deposition is performed at a relatively low

temperature, and (3) laser deposition rate is relatively

high. Some researchers have performed ablation of Si wafers

in low-pressure ammonia (1 |a,bar- 1 mbar) to produce Si3N4

films [13]. In this report the films deposited were a mosaic

of different phases such as amorphous silicon nitride,

amorphous non-stoichiometric silicon nitride, and amorphous

silicon. Non-stoichiometric (N/SiwO.3) and sub-

stoichiometric (N/Si«1.0) silicon nitride films by PLD have

been reported[14, 15].

The main purposes of this research are to understand

the basic mechanism of PLD technique through the deposition

of titanium nitride films, silicon nitride films, and

composite films consisting of two different nitride films,

to maximize the quality of films in which hardness and

elastic modulus should be high enough to be hard coatings.



CHAPTER 2

LITERATURE REVIEW

2.1 Pulsed Laser Deposition

2.1.1 Principle of Excimer Lasers

Excimer is an acronym for EXCIted dlMER, a rare gas

dimer based on the rare gas halogen. Excimer lasers are high

pressure, pulsed gas lasers that give rise to UV light with

wide a range of wavelengths from 193 nm to 351 nm.

Energy is pumped by avalanche electric discharge

excitation in a gas mixture composing of a rare gas (Ar, Kr,

Xe) , a halogen gas (F, Cl) , and a buffer gas (He, Ne). The

pumping generates ionic and electrically excited species

that react chemically and produce excimer molecules. Once

excimer molecules are formed, they will decay rapidly

emitting photons, which are the excimer lasers with

wavelengths in the UV range, during the transition from

upper electronic state to lower ground electronic state.

The primary reaction channels for KrF excimer laser are

shown in Table 2.1[16]. The reactions initiate from electron

attachment to the fluorine molecule, followed by ionization

of the krypton, excimer formation, and spontaneous and

stimulated emission. The absorption reactions including

photodissociation and photodetachment occur. Figure 2.1

shows the electronic potential of the KrF excimer laser

[17] .
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Table 2. 1 Primary Reaction Channels for KrF

Excimer[16]

F2 + e —^ F + F Electron Attachment

Kr + e -> Kr* + e

Kr* + e -> Kr"*" + 2e

2-step ionization

Kr"" + F"+ Ne KrF* + Ne 3-bociy Excimer

Formation Reaction

KrF* -> Kr + F + hv

KrF* + hv-> Kr+F+2hv

Spontaneous emission

Stimulated emission

(  LASER ACTION )

F + F + Ne —^ F2 + Ne 3-body recombination

( very slow )

F2 + hV —> 2 F

F~ + hv -> F + e

Photodissociation

Photodetachment



><

i
(4

Kr"- + F"

Kr* + F2

LASER

TRANSmON

Kr + Fz

EXCITATION

INTERNUCLEAR DISTANCE

Figure 2. 1 Electronic states in excimer emission[17].



2. 1. 2 Basics of PLD

Figure 2. 2 is a schematic diagram of a pulsed laser

deposition apparatus [18] . It has a target holder and

substrate holder in a vacuum chamber. Energetic laser beams

focused by a set of optical components reach the target

through the UV- transmission window. When the laser beam

impinges on the target, photons are absorbed by the surface

of the target, resulting in the evaporation of target

materials. Evaporants produce a plume consisting of a

mixture of atoms, molecules, and electrons. Since the

collision mean free path in the dense plume is very short,

the plume expands rapidly from the target surface forming a

nozzle jet with a highly directional flow normal to the

target surface. The substrate on which films are to be grown

is mounted in the path of the plume. Each laser pulse forms

a new plume from the target and deposits new material on the

film surface.

2. 1. 3 Film Growth Modes

It is extremely important to understand the film growth

mechanisms and pathways that determine the film

microstructure, orientation, and properties. Also a good

knowledge of the several factors that influence the film,

growth modes is required in order to be able to adjust the

operational parameters to achieve the expected film

properties. Greene[19] reviewed the conventional theory of

film nucleation and growth based upon the idea that the

7



Target \ N
Plume Substrate

Reactive gas

Figure 2.2 Schematic diagram of a PLD apparatus[18]



preference for one of the growth modes depends on the

surface free energy of the substrate, the surface free

energy of film,' and the interfacial free energy between film

and substrate. Thermodynamically, all the reactions

including nucleation and growth proceed toward the state

where the free energy is decreased. Assume the film is in

the form of a spherical droplet on the substrate surface.

The effect of the substrate surface free energy is to

minimize free substrate area by•spreading the film droplet

out. The effect of the film surface free energy is to

minimize'free film area by'decreasing the radius of the film

droplet. The effect of the interfacial free energy between

film and substrate is to minimize the contact area by

decreasing the radius of the film droplet.

As shown in Figure 2.3, three growth modes have been

widely known as major modes for film growth. When the

surface free energy of the film and the interfacial free

energy between film and substrate are decreased, the contact

angle between the droplet and substrate increases forming

three dimensional islands. This island growth mode is called

the Volmer-Weber mode. When the surface free energy of the

substrate is decreased, the contact angle decreases and the

film droplet is extended in two dimensions resulting in a

monolayer on the substrate. This two dimensional layer

growth is called the Frank-van der Merwe mode. The Stranski-

Krastanov mode is a combination of the previous two modes.

In this mode islands are formed on one or more monolayers of

9



A ii
(a) (b) (c)

Figure 2. 3 Film growth modes; (a) Frank-van der Merwe, (b)

Volmer-Weber, and (c) Stranski-Krastanov.



the film. The strain energy accumulates in the growing film

for the first few monolayers due to film-substrate lattice

mismatch. After some film thickness is reached, the film

starts to release its strain energy and island . formation

becomes much more favorable than layer growth. Misfit

dislocations and stacking faults are formed to accommodate

the new lattice mismatch.

• The preceding discussion assumed high surface mobility

to allow the free energy to determine the film growth. A

decrease in surface mobility can lead island growth to

prevail over layer growth and vice versa. Surface mobility

can be influenced by the substrate quality, substrate

temperature, the arrival rate of atoms on the surface of

substrate, and so on.

2. 1. 4 Advantages of PLD

Recently D. H. LOwndes[20] made a summary of advantages

and disadvantages of PLD. If appropriate laser energy

density, beam spot size, and shape are selected,

stoichiometric transfer of material from target to film can

occur in a finite range of deposition angles. The

stoichiometric transfer can be achieved only if the laser

energy density is high enough to form laser generated

plasma. This laser generated plasma causes erosion of target

material resulting in the stoichiometric transfer of all of

the constituents of a complex and multi-element material.

11



Since there is no electron beam or hot filaments in the

deposition chamber, it is possible to deposit films through

reactive deposition in ambient gases. Simple compound films

can be obtained by reactive deposition if the proper ambient

gas is introduced into the chamber. Also, collisions with

ambient gas molecules can be used to control the ablation

beam kinetic energy that affects the point defect

concentration in the film.

Film growth by PLD is achieved within a laser-generated

plasma. A variety of species in the plume possess kinetic

and potential energies that can increase sticking

coefficients, surface mobilities of adatoms, and nucleation

due to high energy chemical reactions. Thus, epitaxial

growth of films can be obtained under the proper

experimental conditions such as" appropriate substrate

temperature. Also, growth of multilayered epitaxial

heterostructures or superlattices in which each layer can be

a chemically complex material is possible provided several

chemically complex targets with rapid target exchangers are

introduced.

2. 1. 5 Disadvantages of PLD

There have been two main limitations that impede the

development of PLD technique: particulates and the

production of an angular distribution of ablated materials.

Particulates can be a serious problem for semiconductor

films and optical films in which they can produce defects

12



and scattering centers that decrease carrier mobility,

shorten the mobility life time, and degrade the damage

threshold of optical films[18]. Production of an angular

distribution of ablated material is the barrier to be

overcome in order to obtain films of uniform thickness on

their substrate.

a) Particulates

Three mechanisms have been reported for particulate

formation, according to their phase of origin when they

were ejected from the target: solid, liquid, and vapor[21].

Microcracks present in a fresh target or crater edges and

columns produced by exposure to continuing laser irradiation

are mechanically weak and have a tendency to dislodge from

the target due to the laser-generated thermal, and mechanical

shocks. The size of the particulates produced by these

extrications is in the micron and submicron range. The shape

of these particulates tends to be spherical when they are

melted by laser irradiation otherwise irregular shapes are

obtained.

There are two possible mechanisms to explain the

particulate formation from the liquid phase. One is by

splashing of the' molten layer that is generated by

superheating of the surface layer. The other is by the laser

induced recoil pressure n generated by rapid surface

evaporation from the molten liquid layer. The particulates

13



forming from the liquid phase have a few microns in size and

a spherical shape.

The condensation from the vapor phase produces very

fine particulates, in the range of nanometers. When the

pressure of ambient gas is sufficiently high, many

collisions with the gas molecules lead to nucleation and

growth of fine particulates before they arrive at the

substrate. The shape of the particulates forming from the

vapor phase is spherical or polygonal.

It has been reported that particulate generation is

mainly affected by both the laser parameters and the

material properties. The density and size of particulates

increase with - the laser- energy density above the threshold

laser energy density for particulate generation. An example

of increase in the number density of particulates in YBCO

films produced by XeCl laser is shown in Figure 2.4 [22]. A

simple way to decrease the number of particulates is to

reduce the laser power density below the threshold value for

the splashing of the molten layer.

Not only the laser energy density but also the laser

wavelength can affect the density and size of particulates.

Generally, the density and size of particulates produced by

longer laser wavelength are much higher than those produced

by shorter laser wavelength. Because photons with short

wavelength penetrate less into the target due to absorption,

the ejection of molten material occurs only within a very

thin layer. A typical example of SEM micrograghs of the
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deposited YBCO at different wavelengths is shown in Figure

2.5 [23]. The most effective way to minimize the density and

size of particulates is to use short wavelength such as KrF

(248 nm) or ArF (193 nm) excimer lasers.

The size of very fine particulates produced by

condensation from the vapor species is affected by the

ambient gas pressure. The size of particulates increases

with increasing ambient gas pressure because increased

frequency of collisions between the vapor species and

ambient gas molecules leads ,to the nucleation and growth of

fine particulates before they reach the substrate. Figure

2.6 shows the cumulative size distribution of fine

particulates as a function of ambient gas pressure[24]. The

increase in size and broader size distribution were obtained

at higher ambient gas pressure. Since the growth of fine

particulates occurs by diffusion, the longer the residence

time in vapor the larger the particulate. Thus, the

particulates formed at a long distance between substrate and

target are larger than those forming from at a short

distance.

The properties of the target can also affect

characteristics of particulates. A low-density target

produces large irregular shaped particulates resulting from

the fragments due to the weak bonding while a high-density

target generates spherical shaped particulates by

splashing[25]. As mentioned previously, a rough target

surface gives rise to large particulate sizes. Therefore,
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selection of a high-density target with smooth surface and

target resurfacing after laser irradiation are required to

minimize the presence of particulates. There are other

methods to counter the presence particulates, e.g., velocity

filter, dual-laser, and off-axis ablation.

b) Angular Distribution

The other disadvantage of PLD is production of an

angular distribution of ablated materials. Methods of

measurement, experimental observation, and modeling related

to angular distribution have been reviewed by Saenger[26].

The source angular distribution f(0) and the film thickness

distribution 0(6) are thought to exchange each other in PLD

consideration. 0 is the angle between the radial vector and

target normal. For the case of deposited film on a flat

substrate parallel to the target, the source distribution

f(0) = (cos0)^ would generate a film thickness distribution

D(0) = (cos0)^'^^ [26]. Two methods have been used to measure

angular distribution from PLD: Film based method and Probe

based method. In the film based method, the angular

distribution D(0) is simply measured by measuring the

thickness of the film at each distance x from the ablation

center axis and 0 = tan~^(x/h) in Figure 2.7. However, this

method is based on the assumptions that the ablated

particles have a unity-sticking coefficient and the

depositing film is not resputtered by the incident flux of

particles. The probe based method measures the source
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angular distribution with an ion probe or mass sensitive

detector in which probe or detector measures the flux

emitted from the target into different angles.

The angular distribution can be affected by various

experimental parameters such as laser parameters, system

geometry, target properties, and ambient gas. Although

research on the effect of duration time, laser energy

density, and wavelength on the plume distribution have been

widely done, only few results were established. For the

effect of focused spot size on the angular distribution,

there is a clear nonequivalence between a single spot and a

small spot scanned over the same area; the latter providing

a much broader than the former. This effect stems from the

fact that forward peaking increases with the number of

intraplume collisions per particle.

The angular distribution is expected to remain constant

with target-substrate distance when no collisions among

particles occur in vacuum. However, change in the source

distribution with target-substrate distance has been

observed for carbon[27] in which a broader angular

distribution was obtained at shorter distances. This

phenomenon is thought to result from scattering of the

incident flux with particles resputtered and reflected from

the substrate. -When an ambient gas is introduced, the plume

angular distribution becomes broader since particles in the

plume undergo collisions with the background gas resulting
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in the scattering of particles away from their original

trajectories.

More detailed measurements incorporate the variation in

composition of film by PLD with angle from the center axis

even though PLD has been known as a method that produces the

same film composition (stoichiometry). If two assumptions

(unity sticking coefficient and no resputtering) for the

film based method are valid, the variation in film

composition means that different chemical species in the

plume have different angular distributions. The different

angular distributions of different species in the plume may

be caused by discrepancy of the charge of species and their

mass. Also the sputtering by background gas can be one of

the reasons-that causes the variation in composition of film

with angle.

2.2 Hard Coatings

2.2.1 Hard Materials for Coating

It is impossible to select a material that satisfies

many desired properties such as high hardness, toughness,

and good adherence at the same time for hard coating

applications. Figure 2.8 shows a diagram of the factors that

affect the- properties of coating materials[28]. Three

factors can be pointed out: constitution, fabrication

parameters, and microstructure. Constitution of substrate

and film as well as fabrication parameters such as coating
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thickness and deposition methods determine the

microstructure of the coating. The required properties of

the hard coatings can be obtained by an appropriate

combination of these three factors.

Hard materials for coatings were divided into three

groups as determined by their chemical bonding[28]: metallic

hard materials(borides, carbides, nitrides of the transition

metals), covalent hard materials(borides, carbides, nitrides

of Al, Si, B, and diamond) and ionic hard materials. Table

2.2 shows the properties of these three groups of hard

materials. From Table 2.2, some general facts can be

deduced as described in the following: Every hard material

of the three different groups has both advantages and

disadvantages in its application for hard coating. The

transition metal borides/carbides/nitrides seem to be most

adequate hard coating materials. However, owing to the

multiple demands such as high hardness, high toughness,

stability, and good adherence at the interface, multilayer

coatings or multiphase coatings were proposed to meet these

complex requirements. The most important feature in

developing multilayer coatings is to obtain sufficient

adherence at the interface between layers. For multiphase

coatings, the phases with coherency at the interface should

be chosen to get sufficient bonding between layers. It has

been reported that nano-dispersed TiC/ TiB2 layers with

coherency at the interfaces were obtained with up to 5 jam

coating by successive sputtering from a TiC and TiB2 cathode
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Table 2. 2 Properties of Hard Materials[28]

Group Material

Melting

Point

(°C)

Hardness

(HV)

Elastic

Modulus

(kN/mm^)

Density

(g/cm^)

Metallic

Hard

Materials.

TiB2 3225 3000 560 4.50

VC 2648 2900 430 5.41

Tic 3076 2800 470 4.93

ZrC. 34 45 2560 400 6. 63

WC 2776 2350 720 15.72

TiN 2950 2100 590 5.40

ZrN 2982 1600 510 7.32

TaC 3985 1550 560 14.48

Covalent

Hard

Materials

C 3800 -8000 910 3.52

Sic 2760 2600 480 3.22

Si3N4 1900 1720 210 3.19

AIN 2250 1230 350 3.26

Ionic

Hard

Materials

A1203 2047 2100 400 3.98

BeO 2550 1500 390 3.03

Zr02 2677 1200 190 5.76

Ti02 1867 1100 205 4.25
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or by simultaneous sputtering from a TiC/TiB2 cathode [29].

These layers have exhibited better wear resistance than

single-phase layers primarily by virtue of better adherence

and high toughness.

2.2.2 Hardening Mechanisms in Coabings

The strength of materials is determined by the

formation and movement of dislocations and formation and

propagation of cracks. The stress required for the formation

and motion of dislocations depends on the elastic modulus of

the material[30]. It has been - realized that an alloy with a

smaller grain" size has a higher strength. This is well

understood in terms of the Hall-Petch model. The

dislocations move and a new dislocation will be generated if

there is sufficient applied stress that is larger than a

critical stress. This process will cease when the stress

field produced by the multiplication of the dislocations

offsets the applied stress. The simple relationship between

the critical stress and grain size was derived as

<Tc = CTq + kl-X

This Hall-Petch relation is valid only for sufficiently

large grains that can accommodate the dislocation source

(about > 100 nm). Therefore, it can not explain the

enhanced strength of nanometer-sized structures.
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Koehler[31] suggested that a high-strength material

could be obtained by fabricating a structure consisting of a

few nanometer thin layers of two materials A and B with a

high and low elastic modulus. The Frank-Read source for

dislocation multiplication can not be produced in such thin

layers. He also mentioned that the interfaces between

layers would act as an obstacle, preventing dislocations

from moving. Atoms around a dislocation are displaced from

their regular lattice sites, having strain energy that is

proportional to the modulus of the materials. Thus, the

strain energy increases when a dislocation moves into a

layer with higher modulus. The dislocations will be formed

only in material B -with lower modulus. There is a repulsive

force that increases as dislocations in a layer with lower

modulus Gb approach the interface with the layers with

higher modulus Ga. According to Koehler's model, the

critical stress required to move a dislocation across the

interface is proportional to a certain value of (G^-

GB)/(Ga+GB). A structure having a large difference in

modulus between two layers requires n a large critical stress

to move a dislocation. In other words, this structure has a

high hardness since the hardness of a material can be

represented as H«3c7c[32]. There have been reports of large

hardness enhancement, up to 50 GPa for TiN/VN and TiN/NbN

with a large difference in shear modulus between two

layers[33,34]. However, for the epitaxial heterostructures

of TiN/VN and TiN/NbN films, a maximum of the hardness at
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about 5 and 8 nm of superlattice period (thickness of the

combined two layers) can not be explained by Koehler's model

alone. The variation of the hardness as a function of the

superlattice period is shown in Figure 2. 9[35].

A  further insight into the hardness enhancement

mechanism in the nitride superlattice coating was

proposed[35]. When the superlattice period(A) is very

small (1~2 nm) , the layers become almost interdiffused so

that the modulus of each layer becomes close to each other.

Also, for very small values of A, opposing forces can be

exerted on dislocations at an interface, which decreases the

stress necessary to move the dislocations. The overall

impact of these two effects is that the hardening effect of

the interface is reduced when the layers are narrow and the

superlattice shows no hardness enhancement. The stress

needed to bend a dislocation to a radius R in a material of

shear modulus G is proportional to G/R. But R is

proportional to layer thickness, which in turn is

proportional to A . The minimum stress for this type of

dislocation motion is approximately proportional to G/A . In

other words, the hardness of a superlattice decreases as A

increases. The maximum hardness at intermediate values of A

occurs when the stresses required to move dislocations by

the two mechanisms become equal.

Dislocation motion is inhibited by coherency stresses.

These stresses arise in superlattices when the layer

materials have different lattice constants. Since the
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lattice planes actually match across the layers, the

difference in the lattice parameters must be relieved by

elastic strain in the layers themselves. These strains exert

forces on the dislocations, making it more difficult for

them to move across an interface. Thus, increase in hardness

of the materials ensues. However, this effect is restricted

to small values of A because the strains are relaxed at

larger layer thickness by the introduction of interfacial

misfit dislocations. It has been reported that the effect of

coherency strains is small compared to the effect of

difference in shear moduli [36].

2. 2. 3 Nanocrystalline Transi-bion Metal Nitrides/ Amorphous

Si3N4 Composite Materials.

Koehler[31] also suggested that hardness enhancement by

fabricating alternatively layered structure with two

different materials would also occur if one of the materials

is amorphous. A few defined features for hard coatings were

indicated as follows[37,38]: Interdiffusion, which causes

the decrease in hardness, can be avoided by using low-

temperature deposition methods. The problems caused by

lattice misfit between two polycrystalline materials with

randomly oriented grains can be solved once an amorphous

material is selected. The grain size of the crystalline

component should be nanometer range, that is, close to the

stability limit of the crystalline phase. Hardness
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enhancement in this composite material is expected because

dislocations that might form in the crystalline component

can not move through the thin amorphous phase. This new

approach to hard materials has been verified by several

systems consisting of nanocrystalline transition metal

nitride/amorphous Si3N4 composites (nc-MexN/a-Si3N4, Me = Ti,

W, V) all of which reached or even exceed the hardness of 50

GPa as the crystal size of nc-MexN decreases to 3~3.5

nm[39,40].

The basic concepts for hard composite materials can be

found from the following rules[41,42]. The composite has to

be combined with small nanocrystals($4~5 nm) and thin

amorphous matrix(0.3~0.6 nm) ; the Frank-Read source for

dislocation multiplication can not operate in nanocrystals

whose diameters are less than 10 nm. Such nanocrystals are

free of dislocations. If a dislocation would form in the

nanocrystal under huge applied stress, it could not move

across the thin amorphous matrix but create a nanocrack in

the interface. The conceptual microstructure in Figure

2.10[38] shows that propagation of the nanocrack is

hampered.

There are several reasons why the combination of a

transition metal nitride and Si3N4 is the most promising

hard coating type. Many transition metal nitrides are strong

and crystallize easily even at relatively low temperatures.

Si3N4 is also a strong amorphous solid with a dense atomic

network below 1000°C and has a flexibility to relax stresses
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at the nc-MexN/a-Si3N4 owing to the combination of the

fourfold coordination of Si and threefold coordination of N.

For both cases, TiN/Si3N4 and W2N/Si3N4 prepared by plasma

chemical vapor deposition at 500~550°C [39,40], the hardness

and elastic modulus increase with increasing silicon content

and reach a maximum value of 3.0~3.5 nm. Maximum hardness

and elastic modulus are 5000 kg/mm^ and 50 GPa,

respectively. The hardness and elastic modulus decrease and

the crystallite size increases as the content of silicon is

increased above, this threshold value.

2. 3 Mechanxcal Properties of Hard Coatings

2. 3. 1 Hardness and Elastic Modulus

Hardness implies resistance to plastic deformation by

indenters with a variety of geometries such as cone,

spheres, flat cylindrical shape and so on. The main purpose

of using the indentation technique is to measure the elastic

modulus and the hardness that have been known as two

necessary parameters regarding the mechanical property of

materials.

In the load and displacement sensing indentation

methods, a reduced modulus Er has been introduced as

Equation 2. 1 to account for the contribution of indenters

on the load-displacements measurements[43].
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J_^(l-V^)_^(l-V,^)
£  £,

where E and v are Young's modulus and Poisson's ratio for

the sample, respectively. The Ei and Vi are the same values

for the indenter. The data from indentation load-

displacement were analyzed according to Equation 2. 2 to

measure the elastic modulus[44].

S = (2.2)
ah

where S is the experimentally determined stiffness of the

upper part of. unloading data and A is the contact area.

Thus, the elastic modulus can be determined by measuring

initial unloading stiffness and area of the hardness

impression.

Since the load and depth sensing indentation technique

was known to be useful for measuring the mechanical

properties of thin films, but the direct imaging of very

small hardness impression is time-consuming and difficult,

new method measuring contact areas have been proposed. A

simple method using load-displacement curve and indenter

shape function has been proposed to measure the contact

areas[45]. The indenter shape function is the cross-section

area of the indenter that varies with the depth of the

contact. The contact areas can be estimated from the shape

function provided the depth of the contact can be derived

from the load-displacement data.
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Figure 2. 11 is a schematic diagram of a cross-section

of an indentation showing the contact area[46]. The total

displacement(h) is defined as

h = he + hs (2.3)

where he is the contact depth and hs is the displacement of

the surface at the perimeter of the contact, hf is the final

depth after the applied load is completely removed. Oliver &

Pharr[46] have assumed that the indenter shape can be

illustrated by an area function F(h) that gives rise to the

contact area at peak load.

A = F(hc) (2.4)

The function (F) should be determined by experiment. From

Equation 2. 3, the contact depth is defined as

he — hjnax ~ hs (2.5)

where hmax can be determined by experiment and hs is given by

Sneddon[47] for a conical indentation as

hs = S (Pmax/S) (2.6)

where 8 is a geometry constant. The values of s for the

different indenters vary. For example, s is unit for the
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flat punch and 0.72 for the conical indenter. As shown in

Figure 2. 12, the value of he varies in the possible range

for the indenters. The area function for a Berkovich

indenter has been established by Oliver & Pharr[46].

A(hc) = 24.5hc^ + Cihc^ + Czhc^^^ + + Cghc^^^^® (2.7)

where Cn are constants. Thus, the elastic modulus(E) can be

calculated by stiffness■from the unloading curve and contact

area using' the area function derived for a Berkovich

indenter.

Also, the hardness can be calculated from its conventional

definition provided the contact area is known.

H = (2.9)
A  -

2. 3. 2 Internal Stresses of the Coatings

Thin films or coatings can be stressed even without

applied external force or load. This stress is called

internal or residual stress. Internal stress is not limited

to film-substrate structure, but is also found in all kinds

of materials under particular environment. A model of the

development of internal stresses during film deposition is
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film [48].
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shown in Figure 2. 13[48]. As shown in Figure 2. 13. a, the

growing film shrinks with respect to the substrate. It has

been thought that surface tension and misfit between film

and substrate might cause this constriction. In order to

achieve the mechanical equilibrium between film and

substrate, the film tends to extend and the substrate

contracts. The tensile forces in the film are balanced by

the compressive forces in the substrate. However, when this

combination is not at mechanical equilibrium the film-

substrate will elastically bend to compensate for the

unbalanced moments. Thus, films■having tensile stresses bend

the substrate concavely upward as shown in Figure 2. 13. (a)

Correspondingly, internal compressive stresses in films bend

the substrate convexly downward as shown in Figure 2. 13.

(b) Sometimes sufficiently high tensile stress in films

results in the film fracture whereas high compressive stress

in films causes the wrinkling and loss of local films.
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3. 1 Ma-terials Used

The substrate used in this experiment was phosphorus-

doped silicon(100) wafer provided by Transition Technology,

Inc. The thickness of silicon wafer ranged from 475 to 525

fim and resistivity was in the range of 1.0~6.2 Q cm.

The targets used were TiN and Si3N4 with purity of

99.5% and 99.9%, respectively. Both targets provided by

Target Materials, Inc. had impurities such as carbon and

oxygen. The diameter and thickness of both disc targets were

1" and 0.25", respectively.

3.2 Deposition Process

A Lambda physik LPX-300 excimer laser in the Laser

Processing Laboratory at the University of Tennessee has

been used to deposit films in this experiment. The pulsed

248 nm UV radiation generated by KrF excimer laser was

refracted by two mirrors and focused by two cylindrical

lenses and one spherical lens onto the target mounted in the

stainless chamber. A base pressure ranging from 8*10"® to

2*10"^ torr was obtained with the help of a turbomolecular

pump. Both substrate and target were rotated at a rate
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Laser Processing Laboratory, UT.
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of 20 ~ 30 rpm to produce uniform films and avoid damaging

the targets(Figure 3.1). The pulse repetition rate was

varied from 10 to 30 Hz and the distance between substrate

and target was varied between 2 and 6 cm. The laser energy

density of laser was in the range of 1 ~ 3 J/cm^. Before

being mounted, all Si substrates' were ultrasonically cleaned

in methanol for 5 minutes,'followed by a dip for 1 minute in

5% HP aqueous solution, and 'then dried. Deposition rates

were determined by measuring the thickness of films as

function of numbers of pulses using a Dektak II

profilometer.

The films for indentation were deposited at Ed = 2.5

J/ca? at 20 Hz and a target-substrate distance of 4 cm. The

deposition process were performed in vacuum (1 ~ 2 * 10

torr) at room temperature and in nitrogen atmosphere (1 ~ 2

* 10 ^ torr) at 500 °C. The total thickness of each film was

about 500 nm. Four specimens in both conditions were

prepared as follows: TIN film (500 nm), Si3N4 film (500 nm) ,

Multi-layered film (layers consisting of TiN 10 nm + Si3N4 3

nm), Multi-layered film (layers consisting of TiN 10 nm +

Si3N4 1 nm) .
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3. 3 Analysis of Coatings

3. 3. 1 X-ray Diffraction

X-ray diffraction has been used to analyze the crystal

structure and orientation of films deposited by PLD. In

order to increase de X-ray signal coming from the film, the

film-thickness was over 1 fjm. The X-ray diffractometer used

in this research was a Rigaku-Denki diffractometer with a

computer controller that could adjust all parameters such as

scan rate, step size. X-ray diffraction data were obtained

at 30kV and 35 itiA using CuKai ( X = 0.1542 nm ) radiation in

20/0 mode. Diffraction patterns for the TiN and SisN^

targets were obtained and compared with the diffraction

patterns from the films.

3. 3. 2 Transmission Electron Microscopy

The crystal structure and orientation of the titanium

nitride and silicon nitride films were investigated by TEM.

Thin films (40 nm ~ 60 nm) were deposited onto cleaved KBr

substrates. After deposition, the KBr substrate was

dissolved in distilled water, the film was collected on a

slotted 400 mesh copper grid and dried in air. All the films

were analyzed either immediately after deposition or after

being stored in a desiccator for a few days. A Hitachi H800
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TEM operated at 100 kV {X = 0.0037 nm) was used to examine

the films. Also Energy Dispersive X-ray (EDX) data were

obtained to determine the constituent elements in the films

at 100 keV.

3. 3 .3 Scanning Electron Microscopy

The morphology of the films and targets was

investigated by SEM. The presence of particulates, a common

artifact in PLD, was carefully determined in silicon nitride

films. For these measurements the JOEL-840 SEM was operated

at 10 kV with a working distance between 15 mm and 48 mm.

Also a Cambridge Stereoscan 360 SEM operated at 15 kV was

used to examine the surface morphology before (after

polishing), and after ablation in both titanium nitride and

silicon nitride targets.

3. 3. 4 X-ray Photoelectron Spectroscopy(XPS)

Photoelectron spectra for polished and ablated targets,

and films deposited by PLD were obtained using a Perkin-

Elmer 500 ESCA at the Chemistry Department. X-ray source was

monochromatized Mg Ka,* hv = 1253.6 eV, operated at 15 kV and

20 mA. The base pressure in the XSP chamber was ~ 6 * 10"®

torr. Prior to the analysis the specimens were sputtered for

5 minutes using a Perkin-Elmer 300 argon ion gun operated at
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3 keV. Survey scans were performed with an analyzer pass

energy of 178 eV over and a binding energy range from 0 to

1000 eV.

The binding energy scale was calibrated using as a

reference binding energy of Au 4p7/2 peak at 84.0 eV. The

correction to the binding energy shift due to surface

charging was determined by measuring the Ar 2p3/2 peak of
I

implanted Ar"^ ions. The reference position of this peak was

242.2 eV. ''

The relative atomic concentration of each element in

the specimens was determined adopting reference sensitivity

factors of the silicon nitride and titanium nitride targets

used in this experiment.

3. 3. 5 Nanolnden-tation

All experiment to measure hardness and elastic modulus

of films were carried out using a Nanoindenter®!! (Nano

Instrument, Inc., Knoxville, TN) located in the Metals and

Ceramics Division at the Oak Ridge National Laboratory. A

schematic of the instrument is shown in Figure 3. 2. The

system uses a three-side pyramid Berkovich indenter. The

indenter's position is determined by a capacitive
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displacement sensor with a resolution of 0.15 nm. The

indentation column is supported by a spring, and the force

on the column is controlled by varying the current in the

coil. The load resolution is 0.3 |J,N.

The test involves driving the indenter toward the

surface of the test sample at.a constant rate, detecting the

surface as a change in velocity. After the surface has been

detected, the indenter is forced into the specimen at a

different but still constant rate. The system continuously

records the displacement and forces associated with

indentation process for a pre-set sequence (load to a

certain depth, unload a specified amount, reload to deeper

depth, hold for a certain time, unload totally). Twelve

segments were used in this study as summarized in Table 3.

1. Fifteen data for each specimen were obtained and averaged

excluding data that were completely deviated from others.
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apparatus used to perform the indentation experiments:
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indentation column guide springs; (E) capacitive

displacement sensor[46].
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Table 3. 1 Indentation Test Segments Used.

No Type Description

1 Approach Find surface

2 Load Load at 50 |iN/sec of load rate up to 1000

|j,N toward 50 nm of contact depth

3 Hold Hold the load for 10 seconds

4 Unload Unload the applied load down to 90% at

load rate

5 Load Load at 200 |aN/sec of load rate up to

4000 ^,N toward 100 nm of contact depth

6 Hold Hold the load for 10 seconds

7 Unload Unload the applied load down to 90% at

load rate

8 Load Load at 800 ^iN/sec of load rate up to

16000 |j,N toward 200 nm of contact depth

9 Hold Hold the load for 10 seconds

10 Unload Unload the applied load down to 90% at

load rate

11 Hold Hold segment designed to log 100 data

points at two-second intervals

12 Unload Unload completely at load rate
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CHAPTER 4

RESULTS AND DISCUSSION

4. 1 X-ray Diffraction of Titaniiim Nitride and Silicon

Nitride Films

Titanium nitride films, for X-ray diffraction were

deposited by PLD using a laser energy density of 2.86 J/cm^

at a repetition rate of 30 Hz for 1 hour. The X-ray

diffraction pattern of titanium nitride target with 20 in

the range from 30 to 70 is shown in Figure 4. 1. (a).

Figure 4. 2. (b) shows the diffraction pattern of the TiN

film under the same condition as that used for the target.

The three peaks located at 20 values of 36.57°, 42.41° and

61.71° were in identical positions for both film and target.

They correspond to the (111), (200), and (220) of the face-

centered structure for TiN. The measured lattice parameter

was 0.426 nm and the JCPDS card indicates a 0.424 nm

lattice parameter for the TiN. The lattice parameter is a

good indicator of the stoichiometric composition of TiN.

Intensity and width of each peak for titanium nitride film

were smaller and wider than those of the target. The reason

is that the grain size of the film was much smaller than

that in the target as shown by TEM. The Scherrer Fomula
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Figure 4. 1 XRD of a TIN target (a) and a TIN filin{b)

deposited at Ed = 2.86 J/cm^.
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Figure 4. 2 XRD for (200) plane of a TIN target(a) and a

TIN film(b) deposited at Ed = 2.86 J/cm^.
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together FWHD of (200) reflection was used to estimated the

grain size, that was 15.5 nm (Figure 4. 2. (b)). Silicon

nitride films for X-ray diffraction were deposited by PLD

using a laser energy density of 3 J/cm^ for 20 minutes at a

repetition rate of 20 Hz. Figure 4. 3. (a) and (b) show the

X-ray diffraction patterns of silicon nitride target and

film in the 20 range from 10° to 60°. The diffraction

pattern indicates that the silicon nitride target has an a-

Si3N4 structure (JCPDS # 40-1129). On the other hand, the

silicon nitride film had a randomly oriented amorphous

structure as shown in Figure 4. 3 (b).

4. 2 Transmission Electron Microscopy

Selected area diffractions (SAD) of 40 nm - thick

titanium nitride and 40 nm - thick silicon nitride films

are shown in Figure 4. 4 (a) and (b) . Several clear ring

patterns representing each crystalline family of planes

indicated that titanium film deposited with 2.5 J/cm^ in

vacuum (P= 2*10 torr) at room temperature had a randomly

oriented polycrystalline structure. This result agreed with

the result of X-ray diffraction study. After calibration

of the camera length, lattice parameter of crystal in the

film was 0.426 nm that was close to that of bulk TIN (0.424
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Figure 4. 3 XRD of a Si3N4 target(a) and a Si3N4 film(b)

deposited at Ed = 3 J/cm^.
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nm in JCPDS #38-1420). SAD of silicon nitride film

deposited under the same condition as TiN film shows

diffused ring pattern, which indicated this film had an

amorphous structure, again in agreement with X-ray

measuirements.

The bright field image and EDS spectra of TiN film are

shown in Figure 4. 5 (a) and (b). TiN/Si3N4(10 nm/40 nm) and

TiN/Si3N4(20 nm/40 nm) composite films were also analyzed by

TEM (Figure 4. 6 and 7). These films consist of randomly

distributed nano-crystals of TiN. The amorphous silicon

nitride film is not visible in these micrographs due to the

lack of contrast. From these bright images, the grain size

of each film was roughly determined as; 10 nm for TiN film

(40 nm), 5 nm for TiN/Si3N4 (10 nm/40 nm) film, and 7 nm for

TiN/Si3N4 (20 nm/40 nm) film. The grain size increased with

the thickness of TiN film deposited.
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(40 nm) deposited at Ed = 2.5 J/cm^.
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4. 3 Particulates of Silicon Nitride Film

Particulates with a size distribution were found in

all films deposited by PLD. The particulate density was

higher in Si3N4 than in TiN films. It is important to find

an appropriate deposition condition in order to avoid the

deposition of particulates. Probably during PLD it is

impossible to get rid of particulates completely[21].

Silicon nitride films were deposited at various conditions

in order to determine the effect of laser energy density,

distance between target and substrate, and repetition rate

on the production of particulates.

SEM micrographs of silicon nitride films deposited

with Ed = 1.8 J/cm^, 2.5 J/ cm^, and 3.15 J/cm^ in vacuum

(P=1.6 -2.0 * 10"^, torr) are shown in Figure 4. 8, 9, and

10. In these experiments the distance between target and

substrate was maintained constant at about 4 cm. There were

no significant differences in the density and size of

particulates on the silicon nitride films deposited with Ed

= 1.8 J/cm^ and 2.5 J/ cm^. A few large particulates in the .

range of 4 - 5 jim were observed in both films. However, the

film deposited with Ed = 3.15 J/ cm^ had higher density of

particulates than those on films deposited with Ed = 1.8 J

/cm^ or 2.5 J/cm^. Also this film had much larger
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Figure 4. 10 SEM micrograph of a silicon nitride film

deposited for 5000 pulses at Ed = 3.15 J/cm^. The repetition

rate was 10 Hz and the target-substrate distance was 4 cm.



particulates ranging from 7 to 9 |im. Ed = 1.8 J/cm^, 2.5 J/

cm^, and 3.15 J/cm^ were above threshold energy density for

formation of particulate. As the laser fluence increases

the density and size of the particulates tend to a

saturation value. The increase in particulate size and

density with'increasing laser fluence observed in silicon

nitride agrees well with the result of YBCO film produced

by XeCl laser[22]. Higher fluence promotes higher etching

rates and more craters. The fracture of the crater edges

promotes the formation of large and irregular-shaped

particulates.

Two more silicon nitride films were deposited with the

same energy density and distance from target to substrate

(Ed = 2.5 J/cn?, d = ~4 cm) but at repetition rate of 20 Hz

in one film and 30 Hz in the other. The film deposited at

10 Hz had less particulates than those deposited at 20 Hz

or 30 Hz of repetition rate. The particulates density for

both films deposited at 20 Hz and 30 Hz was almost the

same. However, there was difference in particulate size,

the film deposited at 20 Hz had slightly larger

particulates than the film deposited at 30 Hz.
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Figure 4. 11 SEM micrograph of a silicon nitride film

deposited for 5000 pulses at Ed = 2.5 J/cm^. The repetition

rate was 20 Hz and the target-substrate distance was 4 cm.
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deposited for 5000 pulses at Ed = 2.5 J/cm^. The repetition

rate was 30 Hz and the target-substrate was 4 cm.



Films were deposited with the same energy density (Ed

= 2.5 J/cm^) and repetition rate (10 Hz) but varying the

distance between target and substrate. The film deposited

with d = 2 cm had the highest density of particulates as

shown in (Figure 4. 13. (a)). This film has partially

broken areas on which many particulates can be observed

(Figure 4. 13 (b)). Residual stress generated is probably

responsible for the film fracture. The density of

particulates decreased with increase in distance.

It should be noticed that the film with d = 5 cm had a

larger number of large particulates ranging of 5 ~ 8 jim than

those in the film deposited with d = 6 cm. The film with d

= 5 cm was deposited with a target that was used for many

experiments. The shape of particulates on this film is not

spherical but very irregular; large and irregular shape of

the particulates seemed to be caused by solid

ejecta[21]from the groove on the target resulting from the

continuous use of the laser.

The deposition rate of silicon nitride films as a

function of the distance between target and substrate is

shown in Figure 4. 16. These films were deposited with Ed =

2.5 J/cm^ at a repetition rate of 10 Hz in vacuum. The

deposition rate increased with decreasing in distance
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Figure 4. 13 SEM micrograph of a silicon nitride film

deposited for 5000 pulses at Ed = 2.5 J/cm^. The repetition

rate was 10 Hz and the target-substrate distance was 2 cm.
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Figure 4. 15 SEM micrograph of a silicon nitride film

deposited for 5000 pulses at Ed = 2.5 J/cm^. The repetition

rate was 10 Hz and the target-substrate distance was 6 cm.



between target and substrate. The deposition rate at 2 cm

was 1.28 Angstrom/pulse that was sixteen times larger than

that at 6 cm.

The deposition rates of films with Ed = 1.8, 2.5, and

3.15 J/cm^ at the same distance of 4 cm and repetition rate

of 10 Hz were 0.02 nm/pulse, 0.022 nm/pulse, and 0.026

nm/pulse, respectively. The deposition rates of films with

Ed = 2.5 at repetition rate of 20 Hz and 30 Hz were 0.28

Angstrom/pulse and 0.24 Angstrom/pulse, respectively. This

decrease of deposition rate from 20 to 30 Hz is thought

that the plasma generated by the continuous pulse (30

pulses/second) remains shielding the target from the

following pulse. The plasma shielding has been known as one

of the mechanisms that reduce the ablation rate[49].
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Figure 4. 16 Deposition rate as a function of the target-

substrate distance for 5000 pulses at Ed = 2.5 J/cm^. The

repetition rate was 10 Hz.
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4. 4 Effect of Laser Ablation on Targets

The laser beam impinging on the targets changes both

morphology and chemical composition of titanium and silicon

nitrides. Changes in deposition rate with use prompt us to

closely examine the targets.

Figure 4. 17 shows the SEM morphology of titanium

nitride target polished(a) and ablated(b) for 25,000 pulses

with Ed = 2.5 J/cm^ at 20 Hz. As shown by SEM, the ablated

titanium nitride target was covered by molten regions on

the surface. There were also present microcracks probably

due to the high cooling rate. A few particulates ranging of

100 300 nm were observed on the target. These particulates

seem to be re-deposited titanium nitride from the

substrate. As the irradiation proceeds, the color of the

irradiated area changed from gold to white. It seems that

this color change is due to the formation of

nonstoichiometric titanium oxy-nitride species resulting

from the reaction between titanium nitride and residual

oxygen in the chamber[50, 51]. However the composition of

the TiN film is very close to stoichiometry as indicated by

XRD.

Cones developed on Si3N4 target after irradiation with

Ed = 2.5 J/cm^ after 25000 shots of pulse (Figure 4. 18).
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Figure 4. 17 SEM morphology of the titanium nitride target

polished (a) and ablated (b) for 25, 000 pulses at Ed = 2.5

J/cm .



Figure 4. 18 SEM morphology of the silicon nitride target

after being ablated for 25,000 pulses at Ed = 2.5 J/cm^.



The length and diameter of a cone were 6 ~ 10 |jm and 3 ~ 4

|4m, respectively. The cones were aligned along the direction

of incident laser beam( ~ 45°). As shown in Figure 4. 19, a

few cones were higher than base Si3N4 target surface. It

seems that some materials were re-deposited after

decomposition of the target.

Miyamoto and Maruo[52] reported that surface with

cones was observed in excimer laser processing of Si3N4.

They proposed that small fragments of Si from the

decomposition of Si3N4 are re-deposited on the target. Since

the reflectivity of Si at 248 nm is much larger than that

of Si3N4, only Si3N4 surface without Si fragments reach the

threshold for ablation of decomposition. Once removal of

Si3N4 begins, tilted faces produce cones. At larger than 5

J/cm^, even the area covered with Si fragments reach the

ablation threshold leading to smooth surface.

XPS scans for polished(a) and ablated(b) Si3N4 target

with Ed = 2.5 J/cm^ for 25000 pulses are shown in Figure 4.

20. The higher Cls peak in polished target(a) was thought

due to the contamination by ethanol and acetone during the

cleaning of the target. The relative content of nitrogen

and silicon were determined from the intensity ratio of

each core level; Si 2p3 for silicon and N Is for nitrogen.
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Figure 4. 19 A Dektak II profilometer of the silicon

nitride target being ablated for 25000 pulses at Ed = 2.5

J/cm^. The vertical scale is in micrometer and the

horizontal scale is Angstrom.
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Figure 4. 20 XPS survey spectrum of the polished silicon

nitride target(a) and the ablated silicon nitride target(b)

for 25,000 pulses at Ed = 2.5 J/ cm^.
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The binding energy of Si 2p3 for polished target was 102.2

eV, which is close to the values[53,54] reported for Si in

a Si3N4 environment whereas that for ablated target was

100.7 eV close to that of silicon in a silicon environment.

The content of nitrogen for ablated target was 25% smaller

than that for polished target. The cones produced by

ablation of laser with 2.5 J/cm^ had less nitrogen than did

original silicon nitride target without laser-treatment.
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4. 5 Hardness and Elas-tic Modulus of Titanium Nitride Film

and Silicon Nitride Film

The hardness and elastic modulus of titanium nitride

film, silicon nitride film, and multi-layered film were

measured using a Nanoindenter ® II which is able to measure

the indentation load and depth during the indentation.

The films for indentation were deposited at Ed = 2.5

J/cm^ at 20 Hz and a target-substrate distance of 4 cm. The

deposition process was performed at room temperature in

vacuum (1 ~ 2 * 10 torr) and at 500 °C in nitrogen

atmosphere (1 ~ 2 * 10 torr). The total thickness of each

film was about 500 nm. Four specimens in both conditions

were prepared as follows: TiN film (500 nm) , Si3N4 film (500

nm), Multi-layered film (layers consisting of TiN 10 nm +

Si3N4 3 nm), Multi-layered film (layers consisting of TiN 10

nm + Si3N4 1 nm). The hardness and elastic modulus at a

contact depth of 30 nm were regarded as representative of

the film.

The hardness as a function of contact depth for

samples deposited at room temperature in vacuum is shown in

Figure 4. 21. Titanium nitride film had the highest

hardness among samples followed by a multi-layered film
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Figure 4. 21 Hardness as a function of contact depth for

films deposited at Ed = 2.5 J/cm^. The repetition rate was

20 Hz and the target-substrate distance was 4 cm. The

depositions were performed at room temperature in vacuum.
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(TiN 10 nm + Si3N4 1 nm) . The hardness of titanium nitride

film was about 26 ± 4 GPa. The hardness of silicon nitride

film was 19 ± 0.9 GPa. Both values of titanium nitride film

and silicon nitride film were slightly higher than values

of bulk materials reported in the literature; 2100 HV for

TiN and 1720 HV for Si3N4 [28]. The hardness of titanium

nitride film was 10 GPa higher than microhardness of

titanium nitride film, deposited using XeCl excimer

laser[ll]. However, silicon nitride film had a lower

hardness than that of silicon nitride film produced in

nitrogen environment at 700 °C using KrF excimer laser[12].

The hardness of the multi-layered film (TiN 10 nm + Si3N4 1

nm)having more TiN, which had the highest hardness value,

was close to the value of titanium nitride whereas that of

the multi-layered film (TiN 10 nm + Si3,N4 3 nm) having more

silicon nitride was close to silicon nitride.

The elastic modulus of four samples as a function of

the contact depth is plotted in Figure 4. 22. The Elastic

modulus of the titanium nitride film was 265 ± 25 GPa that

is about half of that of bulk titanium nitride reported in

the literature; 590 GPa[28]. The multi-layered film

composed of layers of TiN 10 nm + Si3N4 1 nm had an elastic

modulus■of 264 ± 21 GPa, almost the same as the elastic
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Figure 4. 22 Elastic modulus as a function of contact depth

for films deposited at Ed = 2.5 J/cm^. The repetition rate

was 20 Hz and the target-substrate distance was 4 cm. The

depositions were performed at room temperature in vacuum.
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modulus of the TIN film. The Elastic modulus of silicon

nitride film was 230 ± 21 GPa slightly higher than E of bulk

silicon nitride reported in the literature; 210 GPa[28].

The Multi-layered film having layers of TiN 10 nm + SisN^ 3

nm had the lowest elastic modulus of the four films, a

<

value close to that of the silicon nitride film.

The hardness as a function of contact depth for four

samples deposited at 500 °C in nitrogen environment, silicon

(100) wafer, and fused quartz is shown in Figure 4. 23. At

variance with the titanium nitride film deposited at room

temperature in vacuum, the hardness of titanium nitride

film deposited at high temperature in 10'^ torr of N2 has

the lowest hardness of the four specimens. This hardness is

even lower than that reported in the literature for-bulk

TiN. The hardness of the TiN film deposited in this

condition is ~ 10 GPa lower than that of titanium nitride

film deposited at room temperature in vacuum. As shown

previously, TiN film deposited at room temperature has a

nano-crystalline structure. Since the larger grain size the-

lower hardness, the increase in particle size TiN film

grown at 500 °C might be one of the reasons for lower

hardness relative to titanium nitride film deposited at

room temperature. XPS data for titanium nitride films
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Hardness vs. Contact Depth
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Figure 4. 23 Hardness as a function of contact depth for

films deposited at, Ed = 2.5 J/cm^. The repetition rate was

20 Hz and the target-substrate distance was 4 cm. The

depositions were performed at 500 °C in nitrogen atmosphere

(  1 ~ 2 * 10"^ torr ) .
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generated in both conditions are shown in Figure 4. 24. (a)

and (b). These data were compared with the standard TiN

data that was TiN target with purity of 99.5 %. Both films

had oxygen and carbon that might be resulted from oxidation

and contamination as normally all films exposed to air

have. After including in calculation the sensitivity

factors for Ti 2p3/2 and N Is from a TiN standard, the

relative ratio of [N]/[Ti] in the film was 0.724 for TiN

grown at room temperature in vacuum and 0.370 for TiN grown

at 500 °C in N2 atmosphere. The deposition of titanium

nitride at 500 °C in nitrogen environment (10~^ torr)

produced more nitrogen-deficient film that had a lower

hardness. Thus, the concentration of nitrogen seemed have a

main effect on the hardness of titanium nitride film.

The hardness of silicon nitride film produced at 500 °C was

23 ± 0.8 GPa, which is ~ 6 GPa larger than that of titanium

nitride deposited at the same condition and was higher than

that of silicon nitride grown at room temperature. Unlike

amorphous silicon nitride at room temperature, the silicon

nitride film deposited at 500 °C has a crystalline

structure. XRD of two silicon nitride films deposited at

room temperature and 500 °C is shown in Figure 4. 25 (a) and
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Figure 4. 24. (a) XPS survey spectrum of the titanium

nitride film deposited with Ed= 2.5 J/cm^ at room

temperature in vacuum. The repetition rate was 20 Hz and

the target- substrate distance was 4 cm.
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Figure 4. 24. (b) XPS survey spectrum of the titanium

nitride film deposited with Ed = 2.5 J/cm^ at 500 °C in N2

(  1 ~ 2 * 10"^ torr ). The repetition rate was 20 Hz and the

target- substrate distance was 4 cm.
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(b). Probably 500 °C was not high enough to crystallize

silicon nitride completely. There were two distinct peaks

in the 20 range from 10° to 60°, but they were not sharp as

shown in complete crystalline. Another possible reason for

broadening of XRD peaks is the effect of very fine grain

size. In fact the increase in hardness observed in film

deposited at 500 °C may due to the formation of very small

crystallites as detected by XRD. XPS data for silicon

nitride films generated in both conditions are shown in

Figure 4. 26. (a) and (b). These data were compared with

the standard Si3N4 data that was Si3N4 target with purity of

99.9%. As mentioned in titanium nitride films, oxygen and

carbon were detected in both silicon nitride films. After

4

adopting the sensitivity factors for Si 2p and N Is from

the standard, the relative ratio of [N]/[Si] in the film

was 1.16 for film grown at room temperature in vacuum, and

1.28 for film grown at 500 °C in a N2 atmosphere. The ratio

of [N] to [Si] for silicon nitride produced at 500 °C in

nitrogen atmosphere was close to 1.33 for the

stoichiometric silicon nitride ( Si3N4 ). The deposition of

silicon nitride at 500 °C in nitrogen environment (10"^

torr) generated film containing more nitrogen.
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Figure 4. 25 XRD of silicon nitride film deposited with Ed =

3'J/cm^ at room temperature in vacuum(a) and XRD of silicon

nitride film deposited with Ed = 2.5 J/cm^ at 500 °C in

nitrogen atmosphere(b)( 1 ~ 2 * 10"^ torr).
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Figure 4. 26. (a) XPS survey spectrum of the silicon

nitride film deposited with Ed= 2.5 J/cm^ at room

temperature in vacuum. The repetition rate was 20 Hz and

the target- substrate distance was 4 cm.
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Figure 4. 26. (b) XPS survey spectrum of the silicon

nitride film deposited with Ed = 2.5 J/cm^ at 500 °C in N2

(  1 ~ 2 * 10"^ torr ). The repetition rate was 20 Hz and the

target- substrate distance was 4 cm.
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Once again the concentration of nitrogen seems to affect

the silicon nitride film hardness.

In case of deposition at 500 °C in N2 , multi-layered

film composed of TIN 10 nm + Si3N4 3 nm having more silicon

nitride, which was the hardest hardness in this case, had a

higher hardness than that of multi-layered film composed of

TiN 10 nm + Si3N4 Inm containing more titanium nitride,

which had the lowest hardness. The hardness of multi-

layered film containing more silicon nitride was close to

that of silicon nitride film. The limitation imposed on the

grain growth of the TiN layer by the intermediate layer of

Si3N4 may explain why the TiN 10 nm + Si3N4 3 nm multi-

layered film is significantly harder than TiN film. The

increase in hardness of the TiN 10 nm + Si3N4 3 nm multi-

layered film as the temperature increase seems to indicate

that the interfacial bonding increases as the temperature

increases. The order from the highest to the lowest value

of hardness for films deposited in both conditions is

completely opposite. It is evident that the hardness of

multi-layered films is entirely dependent of the hardness

of composing films. In the Table 4.- 1 both hardness and

elastic modulus are computed for the multi-layer films

using a simple rule of mixing. The actual hardness is
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Elastic Modulus vs. Contact Depth
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Figure 4. 27 Elastic modulus as a function of contact depth

for films deposited at Ed = 2.5 J/cm^. The repetition rate

was 20 Hz and the target-substrate distance was 4 cm. The

depositions were performed at 500 °C in nitrogen atmosphere

(  1 ~ 2 * 10"^ torr ) .
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higher than that predicted by the rule of mixing in the

multilayer films grown at 500 °C. On the other hand the

measured values of hardness from multilayer films grown at

room temperature are lower than those predicted by the rule

of mixing. This is a clear indication that the interfacial

bond was weaker when the films were grown at room

temperature. This result also indicates that some degree of

strength enhancement took place in the TiN 10 nm + Si3N4 3

nm multi-layered film grown at 500 °C. Figure 4, 27 shows

the elastic modulus as a function of contact depth for four

samples deposited at 500 °C in nitrogen environment, silicon

(100) wafer, and fused quartz. There was no significant

difference in values of the elastic modulus for the films.

However, titanium nitride film still had the highest

elastic modulus around 250 GPa ± 19 that is slightly lower

than that of TiN film at room temperature.

S. Veprek and S. Reiprich[37] reported that TiN/Si3N4

composite coating had hardness of 5000 HV and elastic

modulus of 500 GPa. These values are twice larger than

those obtained in this research. There are several factors

that contribute to the hardness of the hard coating. One of

these is the effect of the substrate on the measurement. At

a certain depth that is shallower than some shallow
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critical depth, the hardness measured is the hardness of

the film. However, at some deeper than'the film thickness,

the hardness measured is that of the substrate. At

intermediate depths, the hardness measured is some

combination of the film and substrate. The substrate

influence may partially explain the values of hardness that

approach to the value of substrate: 12 GPa for silicon. In

order to avoid the effect of the substrate on the hardness

measurement of films the film thickness should have been

thick enough for nanoindentation.

Elastic effects might be a source of large

differencebetween the hardness obtained by S. Veprek and S.

Reiprich[37] and those obtained in this experiment. For the

Vickers methods, the hardness is calculated from the

indentation area measured after the load is removed.

HV = 2*P*sin68°/D^

where D is the mean diagonal of indentation. If

significant elastic recovery occurs when the load is

withdrawn, the indentation appears much smaller than it was

when the load was applied. In this case the hardness

measured using underestimated indentation area would be

higher than the actual hardness. Since the method developed

by Oliver and Pharr[46] using'nanoindenter uses the
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intercept of the initial unloading slope with displacement

axis to calculate the contact depth and hence the hardness,

it is probably more accurate than the Vickers method. Both

silicon wafer and fused quartz were examined to ensure the

validity of the nanoindentaion technique used in this

experiment. The hardness and elastic modulus of silicon and

fused quartz agreed quite well with the values in the

literature: 12.1 GPa(H) , 176 GPa(E) for silicon and 9.5

GPa, 69 GPa(E) for fused quartz.

Koehler[31] suggested that hardness enhancement can be

achieved by forming a structure consisting of a few

nanometer thin layers of two materials A and B with a high

and low elastic modulus. Also, he mentioned that the

critical stress needed to move a dislocation across the

interface is proportional to the difference in modulus

between the two layers. According to the Koehler's model, a

structure consisting of titanium nitride,and silicon

nitride is a potential candidate for hard coatings because

the difference in modulus between the two materials is

large; 380 GPa based on the values in literature [28,] .

However, the differences in elastic modulus between

titanium nitride and silicon nitride films deposited in

this research were significantly less: 35 GPa at room
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temperature in vacuum and 16 GPa at 500 °C in a nitrogen

environment.

As mentioned in the chapter 2, the superlattice period

can affect the enhancement of hardness. The maximum

hardness of TiN/VN and TiN/NbN films were obtained about 5

and 8 nm of superlattice period[35]. In our studies we used
j

a superlattice period of 11 nm and 13 nm. It is possible

that the maximum hardness could be reach at a lower

superlattice period. The stress needed to curve a

dislocation is inversely proportional to the superlattice

period.

Adherence between film and substrate and among films

has an effect on the mechanical properties of films. The

adherent force depends mainly on properties of film and

substrate and deposition technique and parameters used.

Particulates produced by energetic pulsed laser ablation

probably created something scattering in the .

nanoindentation measurements. The particulates should be

minimized in order to get more reliable data from

indentation measurement. Figure 4. 28 shows the micrographs

of silicon nitride films grown at room temperature in

vacuum(a) and 500 °C in N2 atmosphere(b). The density of

particulates decreased when they were deposited at high
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Figure 4. 28 Micrographs of silicon nitride film deposited

with Ed = 2.5 J/cm^ at room temperature in vacuum (a) and at

500 °C in nitrogen atmosphere( 1 ~ 2 * 10 ^ torr) (b) .



temperature in nitrogen atmosphere. The collision between

particulates and background gas might reduce the density of

particulates. The particulates on both films were uniformly

distributed over the whole films. There was no difference

in the density and size of particulates for titanium

nitride films and multi-layered films.

T. Y. Tsui et al. [55] suggested that the ratio of the

hardness to the elastic modulus may be an indicator of

resistance to permanent contact damages. The resistance to

contact damage is dependent of both the hardness and the

elastic modulus of a material because a material having a

lower modulus might deform elastically to distribute the

load over the larger area resulting in decrease in the

contact pressure. Permanent contact damage can be reduced

in the materials with the high ratio of the hardness to the

elastic modulus. Thus, the titanium nitride film grown at

room temperature, which has the highest ratio, is expected

to be the most resistant to plastic contact damage.

The data obtained in this experiment regarding the

mechanical properties of the films are shown in Table 4. 1

and 4. 2
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Table 4. 1 The hardness and elastic modulus of multi-

layered films.

At room At 500 °C

Sample Mechanical temperature in nitrogen

Properties in vacuum (10"^ torr)

H(GPa) 21 ± 2.3

CO

1—1

+1

MC
MC

Multilayer Rule of mixing 24 . 47 19

(TiN 10 nm E(GPa) 220 ± 21 242 ± 10

-1- Si3N4 3 nm)
H/E 0.095 0.091

H(GPa)

MC

H-

MC

19 ± 5

Multilayer Rule of mixing 25.73 18.23

(TiN 10 nm E(GPa) 264 + 21 248 ± 64

+ Si3N4 1 nm)
H/E 0. 092 0.075
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Table 4. 2 Mechanical properties of films obtained.

Sample Mechanical

Properties

At room

temperature

in vacuum

At 500°C

in nitrogen

(10"^ torr)

Titanium

Nitride

H(GPa) 26 ± 4 18 + 1

E(GPa) 265 ± 25 250 ±19

H/E 0.100 0. 071

Silicon

Nitride

H(GPa) 19 ± 0.9 23 ± 0.8

,E(GPa) 230 ± 21 234 ± 9

H/E 0.081 0.098

Multilayer

(TiN lOnm

+ Si3N4 3nm)

H(GPa) 21 ± 2.3 22 ± 1.8

E(GPa) 220 ± 21 242 ± 10

H/E 0.095 0. 091

Multilayer

(TiN lOnm

+ Si3N4 Inm)

H(GPa) 24 ± 2.6 19 ± 5

E(GPa) 264 ± 21 248 ± 64

H/E 0.092 0.075

Silicon

H(GPa) 12.1 ± 0.5

E(GPa) 176 ± 10

Fused

Quartz

H(GPa) 9.5 ± 0.3

E(GPa) 69 ± 1.8
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CHAPTER 5

CONCLUSIONS

1. Titanium nitride films deposited on a (100) silicon

substrate by PLD at room temperature with energy

density Ed = 2.8 J/cm^ have a randomly oriented

polycrystalline microstructure. The crystal structure

is with a lattice parameter of 0.426 nm, close to value

of bulk titanium nitride. The grain size of this film

is in the range of nanometer.

2. Silicon nitride films deposited on a (100) silicon

substrate by PLD at room temperature with energy

density Ed = 2.8 J/cm^ are amorphous when grown at room

temperature. These films are crystalline when the

deposition is done at 500 °C in N2.

3. The density and size of the particulates on the silicon

nitride film grown at ' room temperature increase with

increasing laser energy density and decreasing target-

substrate distance. Film deposited at a target-

substrate distance of 2 cm has very large residual

stress that promotes fractures in different region. The
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deposition rate is inversely proportional to the

target-substrate distance.

4. Cone morphology is developed on the silicon nitride

target after irradiation with Ed = 2.5 J/cm^ for 25,000

shots of pulse. The cones produced are aligned along

the direction of incident beams. The ablated target has

less nitrogen than the as-received target.

5. Titanium nitride film deposited at room temperature has

a hardness of 26 GPa, which is higher than that of bulk

TIN[28], and elastic modulus of 265 GPa, which is about

half of that of bulk TiN[28].

6. Of all the films grown at room temperature silicon

nitride has the lowest hardness; 19 GPa.

7. In case of deposition at room temperature in vacuum the

TiN 10 nm + Si3N4 1 nm multi-layered film has a higher

hardness than the TiN 10 nm + Si3N4 3 nm multi-layered

film. The hardness of both films are lower than the

hardness predicted by the rule of mixing.
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8. The elastic moduli of titanium nitride and multi-

layered (combination of TiN 10 nm + Si3N4 1 nm) films are

almost the same; 265 GPa for TiN and 264 GPa for multi-

layered film.

9. Titanium nitride film grown at room temperature has

more nitrogen content than titanium nitride film grown

at 500 °C in nitrogen atmosphere. The hardness and

elastic modulus of titanium nitride film deposited at

500 °C are 18 GPa and 250 GPa, respectively that are

lower than those of titanium nitride film deposited at

room temperature.

10. Silicon nitride film grown at 500 °C has the highest

hardness among films grown at that temperature and

background gas. Silicon nitride at 500 °C in a Na

environment has more nitrogen content than silicon

nitride at room temperature in vacuum.

11. Of the two multilayer films grown at 500 °C the one

that contains more silicon nitride is the harder. The

hardness of the TiN 10 nm + Si3N4 multi-layered film is
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higher than .the hardness predicted by the rule of

mixing,

12. For every deposition condition the elastic modulus

differences between titanium nitride and silicon

nitride films are significantly smaller than what we

expected on the basis of the values for bulk materials.

13. The particulate density on the silicon nitride film

grown at 500 °C in nitrogen environment is lower than

that on the silicon nitride film grown at room

temperature in vacuum.

14. The titanium nitride film deposited at room temperature

in vacuum might have the strongest resistance to

permanent contact damage according to the ratio of the

Hardness to the elastic modulus ( H / E = 0.1 ).
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