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Abstract
Brillouin scat:,b';ng of light is used to study the various eurface acoustic

modes that are ,:mdicted theoretically to be supported by TiN thin films
011 high speed steel (HSS). Information is thereby obtained on the elastic
properties and adhesion of the films, which range in thickness from 20nm to
4180nm. A Green's function method, invoking the surface ripple mechanism
for the inelastic scattering of light, is used to calculate the Brillouin spec-
trum for scattering from the surface acoustic excitations. For the TiN/HSS
eomhination, guided modes take the form of true SAW, highly damped p-
SAW, "pre-Rayleigh" and "quasi-Rayleigh" and its higher order modes as
the film thickness increases. On comparison between the measured and cal-
culated dispersion relation, excellent agreement is found for the thicker films
(> 870nm) and bare substrates, but the measured SAW 'velocities have lower
values than calculated for thinner films « 500nm). This implies that the
elastic moduli of the thicker films are close to those of bulk TiN, but the effec-
tive elastic moduli of the thinner films decrease with reducing film thickness.
This conclusion is reinforced by backscattering measurements of Brillouin
spectra at incident angles between 50° and 80° for a film thickness of 350nm,
in which p-SAW and its higher order modes are present as double peaks in
the spectrum. The lower measured sound velocities for the thinner films are
attributed to a reduction in the effective elastic moduli of TiN caused, most
likely, by compositional variations at the interface.

Brillouin scattering measurements are also presented of the SAW velocity
of TiN hard films on steel as a function of nitrogen partial pressure dur-
ing film growth and temperature. Good correlation has been found between
the SAW velocity and residual stress and adhesion force (critical load) of
the films. The residual stress in the films has a trend opposite to that of
the SAW velocity while the adhesion force has the same trend as that of
the SAW velocity. This indicates that Brillouin scattering can be used as a.
nondestructive method for investigating the mechanical properties of coat-
ings. High-temperature (up to 600~C) SAW velocities of a thick TiN film
are measured using Brillouin scattering and the temperature dependence of
the elastic constants of TiN deduced for the first time. There is a down-
ward trend of the SAW velocity and hence elastic moduli with increasing
temperature.
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The initial chapters provide the fundemental theoretical background of
the theory of elasticity, but also include original work of relevance and im-
portance to the studies undertaken. Averaged elastic constants have been
calculated for a polycrystal solid from a single crystal elastic constants for
both random and preferred orientations of the crystallites, using a tensor av-
eraging method. For the first time, the algebraic results (:Jfthe averaged elas-
tic constants for cryntallites of any symmetry are obtained through symbolic
computation. The three dimensional computer visualization of the slowness
of bulk TiN is plotted to show the effects of anisotropy in the wave prop-
agation behaviour of TiN. Four different methods of recovering the elastic
constants of crystals from measured '.mlk velocity data are compared and
discussed. It is found that some methods can be applied in the general case
while others are only effective in limited situations.
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Chapter T

Hard ceramic films, which usually refer to group IVB transition metal carbides and

nitrides such as TiN, TiC and TiAlN etc., are widely used as protective coatings to

minimize wear and corrosion on drill bits, bearings and other machine components.

They render protection due to their very high hardness (IIv > 2100 kg/mm2) and

chemical inertness (lJ. Aroong these materials, TiN films are the most widely stud-

ied and their use as diffusion barriers in silicon integrated circuits [2] and as a high

temperature photothermal conversion material [3] has also been explored. Extensive

researches on the structure [4], the properties such as hardness, adhesion, electric re-

sistivity and optical reflectivity of TiN films have been done in the past [5]. However,

the study of the elastic properties of this typ ~of film, and their dependence on inter-

nal stress, crystalline defects, preferential crystallographic orientation and adhesion

are fairly sparse. Most earlier studies concerning the elastic properties of ceramic

films were carried out by X-rey residual stress measurements using the Bragg X-Ray

Diffraction(XRD) geometry [6j - [8] or using the Seemann-Bohlin focusing geometry

15
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[9]. Kim et a1. [10]-[11] have determined the elastic constants of single crystal TiN

by the line-focus acoustic microscopy technique.

The investigation of the elastic properties of the H SS coated with TiN is of prac-

tical significance. This combination is widely used in industry for cutting tools and

drill bits, which are exposed to considerable impact and abrasion forces in operating

conditions well above room temperature. The residual stress state in a TiN film is

crucial to its properties of adhesion, anti-corrosion and wear resistance. Using the

surface Brillouin scattering technique to derive the elastic properties from the var-

ious acoustic modes can provide important information regarding the physical and

mechanical properties of the films.

Brillouin scattering is the inelastic scattering of light by thermally excited acoustic

phonons in solids. This interaction was first. investigated early this century by Bril-

louin (J.922) and Mandelshtam (1926), and has received considerable interest since the

advent of the laser as a powerful source of monochromatic light. The measurements

of Brillouin scattering signals were mainly restricted to bulk modes of transparent

materials at both ambient [12J-[13] and high temperature [14)-[16] until the tandem

multipass Fabry-Perot interferometer with high resolution and a large free spectral

range became available in 1978, allowing the detection of thermally excited surface

<:'(;0 ,'Pt' _f".hOl"IXls in opaque solid materials [17]. For opaque materials the scattering

occurs at or near the surface and is usually sensitive to the dynamic response of a

few hundreds of atomic layers of the surface. Brillouin scattering is an ideal tech-

nique for characterizing thin films and near surface properties affected by radiation

damage, ion-implantation and ion exchange, mechanical polishing and other surface
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modifications [18]-[201. The use of conventional ultrasonic techniques in these situ-

ations is difficult because of the large wavelength in relation to the layer thickness.

Brillouin scattering is also a valuable nondestructive evaluation (NDE) technique for

the characterization of materials at high temperatures and pressures.

It has been reported that the use of surface Brillouin scattering as a valuable

tool for the characterization of the physical and mechanical properties of bulk solids

of semiconductors [21] and metals [22]-[23}, thin supported su~.d films, [24)-[27], un-

supported films [28]-[29J, interfaces [30]-[31J and multilayers [32}. High-tempei arures

Brillouin scattering measurements of opaque solids have also been presented [33]-[34J.

Surface Brillouin scattering probes thermally excited phonons in the GHz frequency

range which give rise to surface displacements in opaque or semi-opaque materials.

\\There there is little penetration of the light into the medium, the scattering is me-

diated principally by the surface rip-ple mechanism. Depending on the substrate and

film combination, there are various acoustic excitations localized near the surface that

can be probed, including Rayleigh or surface acoustic waves (SAWs), Sezawa waves

[35}-[36], Lamb waves, pseudo-surface acoustic waves (p-SA\Vs) and Stcneley waves.

By analyzing Brillouin scattering (BS) spectra, identifying the presence of particular

acoustic modes and comparing these with calculations. one can extract information

pertaining to the texture, adhesion, stress, film thickness and elastic properties of

supported solid films [37]-[40J.

The theory of Brillouin scattering from surface acoustic phonons in opaque bulk

materials due to the "ripple mechanism" was first developed by Loudon through the

Green's function approach in 1978 [41] and by Marvin et al. [42] using a direct

f' • ;". • r.' .:'.~.. J ••• •
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matching of the electromagnetic field at the surface. Bortolani et al, [43] followed

the latter treatment to extend the theory to the supported films by taking ,:1.11the

possible scattering mechanisms into account, i.e. the scattering from the surface and

interface ripples and elasto-optic coupling in the film and in the substrate. This

theory explains the experimental results for transparent 8i O2 films on a Si substrate

[44] very well while the scattering from metallic surfaces like aluminum has been

successfully explained in term of ripple mechanism only. It is found in their study

that there is strong interference between the ripple and elasto-optic contributions to

the scattering amplitude.

A theoretical study of elastic wave propagation in bounded media involves solv-

ing the wave equation with appropriate boundary conditions on the basis of elastic

continuum theory [45]. Surface waves on the free surface of all elastic half-space

are known as "Rayleigh waves" and have been extensively studied and the results

of many numerical calculations have heen published [46j. Elastic wave propagation

ill a plate and in a thin layer on a substrate h.s also been investigated with more

complicated boundary conditions being taken into account [47], [48]. In this work,

numerical calculations for dispersion relations ,t'VB, kuh) are limited to true surface

modes (Rayleigh waves) which are available only in a narrow range of kl\h, where kll

is the component of wavevector parallel to the surface,

The use of surface Brillouin scattering to study the elastic behaviour of TiN films

on glass substrates [49J, on <111> oriented silicon wajers [50] and TiN/(VcNb1_x)N

superlattices [51] has been reported recently. In these measurements, only true SAWs

have been reported, and then only for a. very limited range of film thicknesses and nc
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systematic study has been done on the elastic properties of hard films 'both experi-

mentally and theoretically using Brilluuin scattering.

Interest has grown recently to study the fast-an-slow system. The CaF2/ GaAs( 111}

heterostructure [52] was investigated using Brillouin scattering, where a pre-Rayleigh

mode was identified." Recent acoustic microscopy studies of leaky surface waves in

AlO/Al [53]-[54] and TiN coatings on steel [55]-[56] are presented. A theoretical

study has been reported of the leaky p-SAWs by looking for dips in the magnitude

of the reflectance function I5?].

In th.s study, we have conducted Brillouin scattering measurement" of ,>.heSAVv

velocity of TiN hard films on steel as a Fnncr.ion of film thickness, nitrogen I "r';ial

pressure used in the deposition process, and temperature. This is an example of a

fast on slow system in which the layer has the effect of increasing the SAW velocity

over that of the substrate. We have been drawn to this combination because of its

important practical applications. and also because it offers a "stiffening" situation

where the existence of the film increases the SAW velocity over that of the substrate.

In contrast to the case of softening, little has been published on the effects of stiffening,

particularly with regard to pseudo-SAWs and their higher order modes in the region

beyond where the Rayleigh wave degenerates into the bulk wave continuum. From

these measurements, we have obtained information about the variation of the effective

elastic constants of TiN with film thickness, fer thick films the correlation between

the SAW velocity and residual stress and adhesion force (critical load), and elastic

constants of TiN films as a function of temperature,

In order to interpret the experimental results, we use a Green's function method to
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predict surface displacement amplitudes and Brillouin scattering spectra of acoustic

excitations at the surface. For TiN films deposited on high speed steel, ripple scat-

tering at the free surface dominates elasto-optic scattering in the film. By taking into

account ripple scattering at the surface only, we have caiculated the Brillouin spectra

and the dispersion relation of TiN polycrystalline films on H SB, and the results en-

able us to identify the existence of a p-SAW, "pre-Rayleigh", and their higher order

modes [5<~in this system. It is found that the elastic constants of the '1 ..N film have

a profound effect on the acoustic behaviour of TiN/HSB. There is a discontinuity

in the calculated dispersion curve for normal TiNI H:3S - a strong stiffening system

where the shear velocity of the film is much greater than that of the substrate, but

not for reduced TiN elastic moduli on JISS - a relatively weak stiffening system.

There is a "pre-Rayleigh" mode existing only under the strong stiffening system in

the discontinuity region of the dispersion curve. However, the acoustic modes in both

situations evolve into a "quasi. Rayleigh" wave of the corresponding systems at large

kllh, which are very dose to the Rayleigh waves of TiN.

The samples used in the measurements of the dispersion relation were prepared

using the D.C. magnetron sputtering technique with three T'i targets and a bias

voltage of 70V at a temperat .. · 'of approximately 2500 C. A rotational shutter system

w~s designed and mounted inside the deposition chamber in order to have most of

I,he samples deposited under exactly the same conditions. Samples of the stressed

TiNrr, films were deposited on both mild and HBS' in Ar/N2 plasma by a hollow

cas.rode discharge plating. Various states of stress and composition in TiNr films

were obtained by altering the nitrogen partial pressure in the deposition process from
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6.7 x 10-3 to 6.0 X 10-1 Pa., while keeping the substrate at temperature 500nO and

negatively biased at --5GV. The coated samples were further mechanically polished to

a flatness of O.05j.LTn using diamond and. Al2D3 powders in order to reduce the elastic

scattering of light and detect the weak inelastic scattering peaks in the spectrum.

The topography and chemical composition of TiN films are investigated using

SEi\i and EDX-ray techniques. The rather complicated compositional variations at

the interface region are investigated by XPS measurements as a function of depth

on the samples of various thicknesses, showing there is mixing region at TiN/lIBS

interface with TiD et,nd/or Ti()2 being the largest components which are about 100nm

thick for most of samples. The prefe Ted orientation of TiN polycrystalline films is

detected using the X-Ray diffraction tee!mique, The deviation of the lattice parameter

of the films from that of a single crystal is explained in terms of stress in the films

formed in the deposition procedure. With the deposition rate approximately O.12j.LTn

mm", a figure we arrive at on the basis of measurements on thick films, the film

thicknesses are controlled by the deposition time, i.e. the period in which the shutter

is open to a sample. The thicknesses of the films are subsequently confirmed using

SEM 011 sample fracture sections and Rutherford backscattering measurements where

the bulk density of TiN is assumed. XPS depth profile measurements can aleo provide

the thickness ratio between the samples. Rased on an accurately measured thickness

for a thick sample, the thicknesses of the rest of the samples can be inferred. The

values of the film thicknesses obtained from different methods conform reasonably

well.

In practice, the film thickness is one of the most important parameters to be IJb-
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served since ic affects the acoustic behaviour and internal stress in the films directly.

It, is necessary to study the dependence of the elastic properties on the thickness of

films. This can be done through the measurements of the dispersion relations from the

surface acoustic modes using the Brillouin scattering. With a convenient backscatter-

ing geometry, the dispersion relation (v vs. kllh) is obtained from tlie measured peak

positions (frequency shifts) of the inelastically scattered light in a spectrum and thus

the wave velocity as a function of film thickness. For room temperature measure-

ments, the samples were kept in air and the incident light was focused on the surface

by a 50mm focal length lens of aperture f/2.3. In the back scattering geometry, the

scattered light was coliected by the same lens.

For the TiN / H SS system, we have conducted Brillouin scattering measurements

on various acoustic modes for TiN thickness ranging from 20nm to 4180nm. With

increasing film thickness h, the Rayleigh wave of H 88 increases in velocity and then

merges into the bulk wave continuum and becomes a highly damped P' SAW. Its higher

order modes can also be observed which are shown as double or a series of peaks in

the spectrum. The Rayleigh mode of bulk TiN is measured for even larger film

thicknesses. A comparison between the measured and calculated Brillouin spectra

reveals that the elastic moduli of the thicker films are close to those of bulk TiN, but

the effective elastic moduli of the thinner films « 500nm) are found to decrease with

reducing film thickness, being overall about 25% smaller than those of bulk TiN.

This conclusion is reinforced by backacattering measurements of Brillouin spectra

at incident angles between 50~ and 80° for a. film thickness of 350nm. A possible

ex-planation for the lowered elastic moduli of the thinner films could be composition
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variations at the TiN/HSS interface [59]. It is clear from the measured results that

there is good mechanical contact between the TiN and HSS, since otherwise the

SAW velocity would drop below that of the substrate for the thinner films.

As an extension to the usefulness of Brillouin scattering in the characterization of

mechanical properties in engineering, we have carried out Brillouin scattering mea-

surements on TiNa:. films on both mild and high speed steel as a function of the

nitrogen partial pressure during deposition. All the films in these measurements were

3.5,u,7n thick. a typical thickness in tool coating applications. The lattice parameter

and preferred orientation of the TiNa:. films were measured using X-ray diffraction and

the compressive stress determined using the sin20 method [60}. The stress in the films

has a trend opposite to that of the SAW velocity. The adhesion force of the film to the

sub: rate i~ measured by the critical load method which has the same trend as that

of dl," SAW velocity. The critical load Lc is defined as the smallest load at which the

film is damaged when an increasingly loaded diamond stylus is drawn across the film.

The damage is judged by emitted acoustic signals. The good correlation between the

SAW velocity and stress and critical load indicates that Brillouin scattering can thus

be used as a nondestructive method for investigating the stress states and adhesion

force of coatings,

Since the working temperature of a TiN protective coating on cutting tools is

usually fairly high, it is of practical significance to study their elastic propertie . at

high temperatures. For the first time, the elastic constants of thick TiN films at

temperatures up to 600~C have been extracted from measured SAW velocities. There

is a -Iownward near-linear trend in the SAW velocity and hence elastic moduli with
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increasing temperature. In our high-temperature measurements the samples were

mounted in a specially designed optical furnace with rotatable "ample holder and

a 120mm focal length lens of aperture f/5.3 was used to illumir.ate the sample and

collect the scattered light. The sample temperature was monitored by a thermocouple

placed adjacent to th~ sample. A temperature controller was used to maintain thermal

stability of better than 1°C during the rather lengthy measurement series.

In the theoretical calculations of Brillouin scattering spectrum, the elastic con-

stants of tho polycrystalline TiN film must be known first. This raises the subject of

the average of elastic constants of the polycrystalline aggregates from the single crys-

tal data. which are available from references [7] and [:.1J. Polycrystalline aggregates

with randomly distributed crystallites and preferred orientations are both discussed.

For the first time, the algebraic results of the averaged elastic constants for crystallites

of any symmetry are obtainer, \hrough symbolic computation.

Prior to discussions of surface acoustic waNe (SAW) propagation problems, the

basic knowledge of wave propagation in bulk modes of anisotropic solids is necessary,

Computer visualization of 2D and 3D slowness surfaces is used to illustrate the wave

propagation behaviour in an arbitrary direction on any of the crystal planes. It is

also useful in deciding where the Rayleigh velocity exists in Q,half space of anisotropic

media for the surface wave problem [61]. In addition, the anisotropy ratio for a

medium can easily be estimated from the 3-dimensional slowness surfaces. This has

be done for cubic TiN showing that it can be simplified to the isotropic case for the

purpose of calculating acoustic modes in a supported film.

One of the objectives of the project was to develop an algorithm for inverting SAW
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velocity data to obtain elastic constants. As a preliminary to this it was deemed use-

ful to carry out a comparative review of the methods that are available for extracting

the elastic constants of anisotropic solids from bulk velocity data [62J - [66]. The

convergence of each of the algorithms of the four methods was studied through nu-

merical computation with a set of synthetic velocity data. It is found that some of

the methods can be applied in the general case while others are only effective in lim-

ited situations. From a practical point cf view, the best method of extracting elastic

constants is a hybrid one. If possible, the measurements should first be chosen along

the highly symmetry directions such as crystal axes, in which some of the elastic con-

stants can be obtained. The numerical computation for the rest of elastic constants

by measuring the phase velocities of waves propagating in any arbitrary directions

can be much simplified if these elastic constants are known.

As a basis of understanding SAW in solid films, we use a classical method [46J

to study the SAW propagation in a half space medium and illustrate the numerical

seeking procedure for the SAWvelocity. The angular dispersion curves are calculated

for cubic TiN on any crystal plane by this method. For the TiN IIIS S combination,

a classical method has been used to calculate dispersion relations on the basis of the

averaged elastic constants of polycrystal TiN films with the boundary conditions at

the upper free surface and the interface between the film and substrate bemg taken

into account. This method is easily understood and forms a useful base £0': the un-

derstandlng the propagation nature of guided acoustic modes. The classical method

inv .Ives seeking the boundary determinant minimums OT! the basis of wave equations

in an elastic continuum while the Green's function method based on the scattering

~""""""Z"""~.h------'-------
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mechanism for a supported film. The latter theory is developed for the most general

case of an elastically anisotropic film on an anisotropic substrate, although for the

particular. problem we address here, both are shown to be effectively isotropic. Com-

parison between the results from the two methods reveals that the Green's function

appro ...ch can provide the details of the higher order acoustic modes in addition to

p-SAW. The calculated results using the Green's function method successfully explain

the measured various acoustic modes for the thick films E,ndbare substrate. and also

for the thinner films as suitably reduced effective elastic moduli are used.

In this thesis, methods of averaging elastic constants of polycrystalline aggregates

with random distributions of crystallites and also with preferred orientation distri-

bution are developed in chapter 2. In chapter 3, basic information on elastic wave

propagation in bulk modes of anisotropic solids is provided through the computer

visualization of slowness surfaces and the extraction of elastic constants from bulk

velocity data i oitrary directions is discussed. Chapter 4 describes the basic con-

cept of SAW's using a classical model and the calculations of the SAW velocity as

a function of propagation directions. Here extensive numerical calculations of SAW

velocities of crystal TiN and TiN / HSS P.:::'; carried out using a suitable seeking pro-

cedure. In chapter 5, the theory of Brillouin scattering and scattering mechanism are

outlined. The calculations of the inelastic scattering of light from a supported film

are described in details using a Green's function method on the basis of ripple scat ..

tering mechanism at the free surface. Brillouin spectra and dispersion relation have

been calculated for l'iN/HSS system. where p-SAW, pre-Rayleigh and their higher

order modes are identified. In chapter 6, the kinematics of the inelastic scattering of
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light and experimental arrangement are outlined. The details of sample preparation

and physical properties are discussed in chapter 7. Brillouin scattering measurements

of various acoustic modes of TiN / H SS as a function of thickness, nitrogen partial

pressure in deposition process and temperature are presented in chapter 8. These

results are compared' with theoretically calculated values. The thesis is concluded in

chapter 9.



Chapter-S

Elastic Properties of Various Types

of Polycrystalline Aggregates

The tensor averaging method is used here to calculate the elastic constants of poly-

crystalline aggregates from the known elastic constants of single crystals for different

orientation distributions of crystallites, i.e. a random distribution or with preferred

orientation. Based on Voigt's assumption (a uniform strain field) and Reuss' assump-

tion (a uniform stress field), two different averaging methods of elastic constants are

developed. To carry out the calculation, knowledge of the rotation of the elastic

constant tensor of crystallites with different orientations to fixed axes is necessary.

It is the first time, as far as we know, that the algebraic results for the average

elastic constants of any crystal classes have been obtained directly by symbolic com-

putation rather than from an analytical method or numerical computation. Suitable

computer programs have been coded to carry out the complex computation involved.

As an application of these methods, the elastic constants of polycrystalline aggre-

28
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gates of randomly distributed trigonal crystals and some hard ceramic films with

< 111 >preferred orientation are calculated. The obtained results will be used to

study the elastic wave propagation properties of hard films in latter chapters.

2*1 Random Distribution of Crystallites

2.1.1 Rotation of Elastic Constant Tensors in an Arbitrary

Coordinate System

For a random distribution of crystallites, the distribution function f((), ¢, '1/-'), which

describes statistically the way in which the basic units are aggregated, is a constant.

Thus the average has to be made over all the orientations of crystal axes of crystallites

with respect to a fixed specimen axes. Three Euler angles ((),¢, 'IjJ) are involved in

order to specify the transformation relationship between the crystal axes Xi of any

crystallites in the aggregate and the orthogonal reference axes Xi of a macroscopic.

polycrystalline specimen by a set of direction cosines functions aij{(), ¢,1J;) as follows:

all = cos 1/.'cos¢ - sin 7j; sin cj; cos (), a12 = sin '1,!JCOSej; + cos 1/J sin ¢cos (),

a13 = sin ¢sin II, a21 = - cos '1/.1 sin ¢ -. sin'liJcos ¢cos II ,
(2.1)

a22 = - sin 1/1sin ¢+ cos '1/) cos ¢cos e,
a3l = sin 'If; sin 0, a32 = - COS'l{1 sin (),

U23 = cos q;sin 0,

a33 = cos O.

If C'ijkl and Sijkl are the fourth ::aJ1I~~'lastic stiffness tensor and compliance tensor

respectively with respect to the Xi axes, the elastic tensors c~nop and S~710P referred
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to axes Xi are then given by reference [67J es

(2.2)

The usual convention regarding summation over repeated cubscripts is used here,

with i, i.k; l = 1,2,3.

2.1.2 Algorithm of Averaging of Elastic Constants by Sym-

bolic Computation

P.:ll' a random distribution, the orientations of the crystallites (i,e. their crystal axes

Xi ) in an aggregate are supposed to fill all of space, thus the average is carried out

by integrating c:nnop or s:nnop through the range of 0 :::; () 5 7l', 0 :::; if> :::; 27l', and

o .:s; '!f.1 :::; 27l'. Under a uniform strain field(Voigt's assumption). the average stiffness

constants Cmnop:)f the polycrystalline material are expressed as:

(2.3)

Similarly, under a uniform stress field. (Reuss' assumption), the average compliance:

constants Smnop of the polycrystalline material are expressed as:

(2.4)

It is found that stiffness constants such as cll11and C2323 from Voigt's assump-

tion always exceed those from Reuss' assumption, i.e, cill! ;:::[[81111]1- 1 etc. Each

[hnnop]]-l is an element of the inverse of matrix [bmnop!,or a stiffness constant by the

inversion of compliance constant matrix obtained using formulae (2.4). Similarly, WE"
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have that the compliance constants such as "11lland 82323 obtained from Reuss' as-

sumption always exceed those from Voigt's assumption, i.e. IS2323 I 2:: 1[[C2323JJ--11 etc. A

very successful prediction but without any rigorous justification is taking the average

elastic constants to b<:: the arithmetical mean of the values obtained from the Voigt

and Reuss averages.

2.1.3 Application to Crystallites with Trigonal "ymmetry

As an example, we calculate the average stiffness constants of aggregates of trigo-

nal (~32point group) crystals under Voigt's assumption. The calculation is carried

out symbolically, the specific values of elastic constants are unnecessary. For ran-

domly distnbuted crystallites, the distribution function f(O, t/J, ¢) is a constant and

'8 chosen to be 1 in the latter calculations. The six non-zero independent stiffness

constants of the crystals of the 32 point group symmetries an: (in abbreviated nota-

tions) en. C3a, C44, C12 ,C13 and C14. The tensor notat' C these stiffness constants

needs ) be resumed in order to carry cut the transformation (see reference [6'7J for

the convention of the relation between Gij and Gijkl)'

If the ll.ceb of a crystallite a;i have the direction cosines in "xes X; defined by

formulae (2.1), the transformed stiffness constant C;33:l of crystallites with respect to

Xi is

C~333 :-;::(3Cll11 + 2C1133 +- 3(;a,~.,~+- 4C232:, .- 41:1111 cos 20+

4C3333 cos 20 +Gllll cos 40 -- 2('1l33 cos4() +- C3333 cos 40-

'!c232:,ws4() -I- 2C1123 sin(31i' -- 40) "_,4Cll23 sin(31/' -- 2())+

4CU23 sin(:lIJ! + 20) -- 2en!'3 sin(31/! + 4(}))/8,

(2.5)



32

and the remaining 20 transformed independent stiffness constants of the single crystal

(elm, c~1222 etc.) referring to Xi also usually involve all the elastic constants Ciik! with

respect to Xi axes and the three Euler angles specifying the relation between .7:i and

Xi axes, i.e. as a function of Ci]kl,O, ¢, 'I/J, which are too tedious to be presented here.

The averaged stiffness ~onstant C3333 can be obtained by substituting C~333 into

(2.3). All the other average stiffness constants are calculated using the same routine

anti ..lit.: 1\.pults are I1S follows (in abbreviated notations):

(2.6)

Ci4" =~ = ......= CS6'v = O.

where the supper subscript v indicates the stiffness constants are obtained using

Voigt's assumption.

(2.7)

It is found that 12 averaged stiffness constants are non-zero and only c;ll and c12

are independent due to the existence of the relation

In fact, this is just the case for stiffness constant tensors of isotropic materials.

Similarly, the average compliance constants of trigonal crystals Ldlclliated using
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equation (2.4) under Reuss' assumption are (in abbreviated notations):

(2.8)

where the relation

-r 2(-"'" -r)844 = 811 - .'i12 • (2.9)

exists and r indicates the compliance constants obtained using Reuss' assumption.

TWa is also the case for compliance constants of isotropic media. The convention

for the relation between abl- -eviated notations and fourth rank tensors of compliance

constants is different. from those of stiffness constants and should be noted in cal-

culation (also see reference [67] for the convention to the relation between Bij and

Sijkl).

The compliance constants obtained using formulae (2.8) can be expressed in rna-

trix form. The inverse of the matrix gives the stiffness constant matrix. In this way,

the stiffness constants (elements of the matrix) from Reuss' assumption are

(2.10)

C14
r = em" = ......C25r = O.

(2.11)

where we also have the relation

I
1.... 7..7 ...... -------------~--
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The compliance constants S;J can be calculated from Voigt's assumption using the

same method.

From the above results, it is proved that, for a random distribution of crystallites,

the general elastic properties of polycrystalline aggregates of trigonal crystals are the

same as the isotropic materials.

Due to forces between crystallites, the existence of residual stress and distorted

crystallites, Voigt's assumption for an uniform strain and Reuss assumption for an

uniform stress throughout the aggregates are just all approximation to real polycrys-

talline aggregates. It is found that the calculated values of cil and .':ii/are respectively

different from C;;and S;;. The average elastic constants 0), polycrystalline aggregates

lie between the two values from Voigt's and Reuss' methods and can be chosen as the

arithmetic average of the two values for a good approximation, i.e.

(2.12)

There is 110 theoretical justification for this averaging, but it works well hl practice.

2.1.4 General Symbolic Results for any Crystal Syrmnetry

For an even more general case. the calculations have been carried out using computer

symbolic algebra for polyerystalline aggregates of the triclinic crystal system with
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21 independent elastic constants. The results from Voigt's assumption are

(2.13)

elil'\) =~ :;::: :;:::C5a
t
' = O.

The average stiffness constants from Reuss' assumption are

3(8811 +12812+8822+12823+ 12S!:1+8S3~ +84. +855+'<66)
«Sll +2812+822 +2623 +2R13 +833)(4811 -4812 +4822 -4823 - 4813+4833+3844 +:1850+3860» ,

(2.14)

Ci4" = C1S' = C2ii'" = O.

where the relations (2.7) and (2.11) are still applicable.

Thus we conclude that the general elastic properties of polycrystalline aggregates

with random distribution of anisotropic crystallites of any symmetry classes are the

same as those of isotropic materials. It should also be noted that only nine of the

21 independent elastic constants appear in above results. In other words, the macro-

scopic elastic properties of polycrystalline aggregates are only contributed to by these

nine elastic constant .ensor elements and the elastic effects caused by other elastic

constant tensor elements cancel out each other for a randomly distributed. crystallite".
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Discussion on th(~Results from Voigt's and Reuss's As-

sump+' ,

It has been stated in reference [68) that the Voigt's stiffness constants are always

greater than Reuss's stiffness constants, which we have proved is only true for the

diagonal elastic constants Cll and C44 etc., but not for C12 etc. On the contrary, CU' or

812 from Reuss's assumption are usually greater than those from Voigt's assumption.

The aggregates of cubic crystallites are chosen as an example to establish the

above conclusions. The relation between stiffness and compliance constants for cubic

crystals are

c - -812
12 - (811-812)(811+2812)

(2.15)

which are substituted into the right hand side of (2.13) to obtain the Voigt's stiffness

C~j(8ij) expressed by co npliance constants 8ij' Calculating the differences of CYj(8;j)

c'IJ c" - CV _ c,. - CV c,. _ 3( -2811 +2S1~+S4'1)2
'44 - 44 - 55 55 - 66 - 'GG - 5(- 811+812)(-4811+4812-38,14)

CV, _ c" = c'll _ C,. = c" _ C~ = _ 2( -2i!.11 +2nI2+~t__
-12 '12 '13 13 '23 23 5( -8n +812)S44(4s11-4s1?+3844)

where the numerators of three equations are positive. For normal cubic crystals,

(2.16)

811 > 812, the denominators in the first two equations are also positive. Thus the

stiffness constants of Cll, C44 and their equalities obtained by Voigt's assumption are

greater than those by Reuss' assumption. On the other hand, the denominator of

third equation less than zero for .'ill > .'112 and thus the Voigt's stiffness constant

------------------------------------ .....--------,______
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(2.17)

of C12 is less than Reuss' stiffness constant in this case. These results conform with

the conclusion that the bulk and rigidity moduli obtained from Voigt's assumption

13xceedthose obtained from Reuss's assumption in reference [69] and the true values

lie between these two values, i.e.

where the K = (Cll + 2C12)/3, G = (Cll - C12)/2 are the bulk and shear moduli of

polycrystalline aggregates. The same results have been found for the aggregates of

other symmetry class ,:rystuls.

2.2 Polycrystalline Aggregates with Preferred Ori-

entation Distribution

Polycrystalline materials, especially thin solid films, usually exist with different pre-

ferred orientations depending on the types of deposition techniques. If only one

preferred orientation direction is assumed to be predominant in the aggregate, the

elastic constants of this '1.ggregatecan be obtained through the rotation of elastic con-

stants to the coordinates whose z' axis is parallel to the orientation and the average

taken over all directions on the x' , y' plane.

2.2.1 A Simple Method for Coordinate Transformation

If the ;:,' axis direction is chosen parallel to the orientation, the x' and y' can be

chosen as any directions on the plane perpendicular to the Z' axis. For simplicity of
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calculation, the x' axis is chosen to lie in the X, y plane and y is then determined so

as to preserve a right handed coordinate system. If the direction cosines of preferred

orientation z' are d1• d2 and d3 with respect to x, y,and z axes, the direction cosines

of x' and y with c, y and z can be easily obtained. The coordinate transformation

matrix describing the relations between two axes is as follows:

-d20:-1 d -1 010:

[aid = -d1d3c,;-i -d2d30:-1 0: (2.18)

d1 .1,2 d3

where ,~= Jd'I + d; and i, j = x, 1/, z,

2.2.2 Averaging Method

Rotation of Elastic Constants in Abbreviated Subscript Notation

In order to carry out the transformation of elastic constants directly in abbreviated

subscript notation without converting back to full SUbscripts to complicate calcula-

tions, the Bond method [45] is used here. The 6 x 6 stiffness and 6 x G compliance
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transformation matrices for the above chosen axis system are

[M]=

d2 -2 d2 -2 0 0 0 -2/',d20.-
2

120. 10.

djd~o.-2 d~d~o.-2 0:2 -2d2d3 -2dtd3 2d1d2d5o.--2

d2 d2 d~ 2d2d3 2d1d3 2d1d2
1 2

-djd30:-t -d~d3o.-t d3o. d2(0: - d~o.-l) dt(o. - d~o.-l) -2d1J2d3o.-1

-dld2o.-1 d1d2Q-t 0 d1d3o.-1 -d2d3o.-1 (dt -- d~)c<-l

L d1d2d3o.-2 -'~1d2d30:-2 0 d1 -d2 d Cd?- d2)0:-23 _. 1.

(2.19)

[N]=

d'J -:.' /2 l
..~ 0 -did30:-1 -d~d30:-t d30:

20: ';., ~...:

did~o.-:' d~d~o.-2 0.2 -d1d2o.-1 d1d2o.-! 0

d':; d~ d2 d1d2d3o.-2 --dld2d3a:--2 0
1 3

0 0 -2d1d2o.--2 d2(a: - d~a:-l) dl(o. - d~o.-l) -2d1d2d3a:-1

l-2d2d3 -2d1d3 2dld2d~o.-2 d,daa-1 ·-d2daa-1 (di - d~)a:-l

2d2d3 2d1da 2d1d2 d1 -li2 d 1.2 d2) -2 JJ\1'12 - 1 a
(2.20)

The (;)'< 6 stiffness and compliance constant matrices c' and S' with respect to x', y'

and ;/ axes are

[e'l ~ [M][cJ[M]; (2.21)

[S/] = [N][s][NJ. (2.22)

where [e) and ~s] are the stiffness and compliance constant matrices of crystallites

with respect to :1~, ;tI, z axes and [AI) and [N] are the transposes of the matrices [AJ}
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and IN}.

Following the ...arne procedure, [e'] and [s'] are transformed from x', y', z' axes to

cylinc'ricel coordinates (¢, z') using the coordinate transformation matrix

r cos¢ sin¢ 0

[ae] = -sin¢ cos¢ 0

o

(2.23)

o 1

The corresponding stiffness and compliance transformation matrices are

[11401=
r cos2¢ sin2¢ 0 0 0 sin2¢

sin2¢ cos2¢ 0 0 0 -sin2¢

0 0 1 0 0 0 (2.24)

0 0 0 Cl)stjJ -sin¢ 0

0 0 0 sin¢ cos¢ 0

I cos 2¢ sin 2¢1 cos 2q> sin 2¢ 0 0 0 cos2¢ - sin 2¢ J...

[Nc] =

roo". sin 2¢ 0 0 0 0 1

sin 2</> cos2¢ 0 0 0 0
I

0 0 1 cos2¢sin2¢ cos2¢sin 2¢ 0 (2.25)

0 0 sin 2</) cos¢ -sin¢ 0

I 0 0 -sin2lp sin¢ cos¢ 0 Il Q 0 0 0 0 cos',S- sin '¢ J
The stiffness and compliance constant matrices [d'] and [s"] with respect to cylindrical
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axes are

[e"] = [McHe'][Me];
(2.26)

[i 1= [No][s'] (N;:1· (2.27)

Results and Discussion

Thus the stiffness and compliance constants of the aggregateo with preferred orienta-

tion are averaged in all directions on the plane perpendicular to z' axis as follows

(2.28)

(2.29)

where dfj and S~j are the elements of matrix [ell] and [s"'], which are functions cf angle

It is found that the stiffness constants 'cil obtained by inverse of average compli-

The averaged elastic constant matrix (ooth stiffn.,ss and compliance) has five non-

zero independent constants, which is similar to that of transversely isotropic materials.

In other words, the surface elastic properties of thin solid films with preferred orien-

tation are independent of surface propagation directions and no angular dispersion

(V "lis. ¢) relation exists on the surface.

ance constant matrix [siiJ from equation (2.29) are different from those err calculated

from equation ('2.28). The differences between ~he cil and Cij descri;:,ed for the ran-

dom distribution in the previous section are still applicable here for cil and. Ci/' Thus

the stifiness or compliance constants for the aggregates with orientations are chosen

as the arithmetic average from the two methods.
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Ti.V! }ISS!I Polycrstalline Hard Materials

t=M lti rr 'l'''C)e ting .remperature ~760 3067 I 2900 1400
I! IVickers' Hardness(h,gfmm-2) 2100 1 2600! 2800 210(1 900

Ivra::.,:> Density(qcm-3) 13.98 I 3.22 14.9P ! 5,~~J.!!?_t
Yo_·, Modulus(GPa) ~80 460 590 i 250 '

Thermdl Expcm. Coef.(10-~ 6.5 5.3 8.3 9,3 114

Thermal Conuuctlvity(Wm-1K-i) [25 84 34 30 30

TiC

2047

Table 2.1: Mechanical properties of polycrystalline hard materials.

2.3 Elastic Constants of Polycrystalline Hard FilIns

The term hard. films usually refers to transition metal carbides and nitrides such as

TiC, TiN and Ti AlN etc. These films are prepared by both chemical and physical

vapor deposition techniques, and are at present widely used as hard protective coating

In this section, the elastic constants of these polycryetalline films and the HSS

on various tool steels to enhance their life by many hundred per cent. Because of their

commercial success in the industrial arena, much attention has been given to exploring

new hard film materials. The mechanical properties of such films and [{S8 as listed

in "able 2.1 (from ref. [11).

(high speed steel) substrate are calculated for both randomly and preferred orientation

distributed crystallites using the t!.6ories discussed in previous sections. The results

for 'FiN films and the H 58 substrate will be used in Iatter chapters to discuss their

surface wave propagation behavior.

I



IStiffn.:s e,j (10' "ewton/m') and Compliance "j (10~" m'/newt01~) Constants

materials Cll C33 C44 C12 C13 C14 811 833 841 812 "13 814

Al203 494 496 145 158 114 -23 2.38 2.20 7.05 -0.70 -0.38 0.49

SiC 352 23a 140 3.67 4.29 -1.04

I TiC 513 178 106 2.10 5.61 -0.359

I T!l~ 498 168 106 2.17 5.95 -0.380

TiN* 625 163 165 1.79 6.13 -0.375

I 0:'- Fe 237 116 141 7.59 8.62 -2.82

Table 2.2: Stiffness and compliance constants of single crystals of hard materials.

2.3.1 Elastic Constants of Single Crystals

':i'he stiffness constants of single crystals of these materials are given in table 2.2 (frorr,

references [7], [1l], [,15], [70]). Here, Al20:~ has the trigonal 3m symmetry and the

remaining belong to ths cubic classes. The different elastic constants of TiN uingle

crystal from two experimental methods are indicated as 'TiN Ill.':! T:.N*. The elastic

constants of TiN· have been measured by Kim et al, [11jllsine; the line focus acoustic

microscopy technique, Rickerby [71] first reported the elastic constants of TiN which

are calculated from the slope of the acoustic branches of phonon dispersion curves

measured by Kr-ess ['12] et al, using inelastic neutron scattering, Perry [7]llscn the

latter elastic constants in his study on residual stress in TiN films.

43
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Stiffenss Constants, elastic moduli(1010 newton/rn.2) and Poisson's ratio

material ~ --v C44" Cllr
.,. -o--r E(ave.) G(ave.) (J(:11 C12 C4.1

Al203 47.0 14.0 16.4 4.5.9 14.1 15.8 39.9 16.4 0.216

I SiC 45.3 8.92 18.2 42.0 10.5 15.7 40.1 17.4 0.198

TiC 49.2 11.6 18.8 49.1 11.6 18.7 44.7 18.8 0.188

TiN 47.5 11.7 17.9 47..1 11.8 17.8 42.8 17.8 0.178

TiN* 5't.1 19.1 18.9 56.4 19.5 i8.4 46.9 18.8 0.245

a: - Fe 29.1 11.3 8.8C 27.1 12.3 7.40 21.1 8.38 0.314

Table 2.3: The averaged stiffness constants Cij ", C'j r, elastic moduli E and G and

Poisson's ratio a of polycrystalline aggregates with random distributions of crystal-

lites. Here K = (ell + 2ed/3, G = (ell - C12)/2 and (J = q;!~12'

The compliance constants of these materials are calculated using the formulae

_. cT1c33+Cr3c411~'CllC33r41 C1Jte].)

D11 - (-2';i3+"llC33+C12~33)(-2cr1+CllC41+C12C1'1)' .'133 == 2cf:I+CllC33+C12C:13'

(2.aO)

for trigonal Al20a and the equation (?.15) (just exchanging the symbc :ic c and 8 for

Stj :n terms of Cij) for cubic crystals.

2.8.2 Averaged Elastic Constants

The stiffness constants and elastic moduli of the corresponding polycrystalline hard

films obtained using both Voigt's and Reuss' assumptions and are shown in table 2.3,

where the E is Young modulus, G shea: modulus and (J Poisson's ratio calculated

__________J
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_" I
Stiffness Constant C;j (lI)IO N1m2)

material cu'" C33C eM" Cl{ CIa" CllS C:i3"8 eMs C128

~

TiN 47.3 46.9 18.2 11.6 11.9 1:7.2 46.8 18.1 11.7 0

LTiN* 56.6 55.7 19.6 19.0 19.0 55.9 55.2 19.0 19.3 1

Table 2.4: The averaged stiffness constants of TiN films with [111]preferred orienta-

tion.

from the arithmetic average of Voigt's and Reuss' stiffness constants. It is seen in the

table that ell V > ell ", c4i" > C44" and CI2V < Ci2".

Our samples of '1 iN films on tool steels were prepared using the magnet •on sput-

tering and hollow cathode discharge plating techniques, ano these films have a. pre-

ferred orientation . .P.sdiscussed in later section 7.2, the [11i.] direction is found to be

the most strongly preferred orientation of TiN films.

In order to calculate the surface velocities of these films in the latter chapters

and compare with those surface velocities calculated using the data (for random

distribution) in table 2.3, the stiffness constants of these films are calculated with

their preferred orientation being taken into account. TIIGresults obtained using the

method discussed in section 2.2 are shown in table 2.4.

In the calculation, all crystallites of the films are assumed to have the same crien-

tation. '~'11eFi:;t ,Jcmotethe stiffness constants defined by formula (2.28), and Ci/ are

the stiffness zonstantc, i.e. the elements of inverse of matrix [.'iij] which is calculated

from formula (2.29). The five non-zero independent stiffness constants indicate the

films have transversely isotropic elastic properties.



Chapter '3

Wave Propagation Characteristics

and Extracting the Elastic

Constants of Anisotropic Solids

from Velocity Dat,l

In the study of elastic wave propagation in anisotro-:_JICsolids, the slowness surfr~ce

is a most convenient and effective tool. It is the surface repo:esentingthe inVtlrseof

the phase velocity as a function of propagation direction, and depends on the elastic

constants of the medium. The computer visualization of slowneGssurface;· i,; 11',,<1.

to display wave propagation behavior in anisotrupic solids, and {'all ill. rurn be used

to seek group velocity (energy flow) directions and f',pecialpropagation dm'ctio)15

such as those of pure modes and conical points, The cO(tcd comp1.~·erpiogram
s

,,;\11
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be applied to plot three-dimensional slowness surfaces and two-dimensional slowness

curves on any crystal planes. Single crystals of cubic Galls and TiN are taken to

be the examples to illustrate these characteristics as shown in section 3.1.2. The

slowness surfaces of polycrystalline TiN with a [111]preferred orientation have also

been obtained using the averaged elastic constants (refer to table 2.4). It is shown that

the elastic properties of polycrystalline TiN films with a [111]preferred orientation

are very close to those of isotropic solids, This conclusion will be used in a later

chapter to simplify the calculation model for surface wave propagation in )),very thin

TiN film on tool steeL

The elastic properties of a material are defined by its elastic constant tensor which

is determined through its relation to the phase velocities in different propagation di-

rections. Phase velocities in a given direction are usually measured by various ex-

perimental techniques such 2S pulsed ultrasonics. neutron scattering and Brillouin

scattering etc. [62]. The relation between the velocities and the elastic constants of

anisotropic solids is governed by the Christoffel equation. The relationship is simple

in the directions of crystal a,~p,sof high symmetry crystals. In these directions, sound

waves may be purdy longitudinal or transverse and are called pure modes. A sin-

!~l(''.bstic cou:::t:.mt,usually a diagonal term cf the matrix of elastic t.·~'nstants,can

r,ometin;;.:; be obtained horn the velocity measurement in these pure mode ci.·l,~ctions.

!t if; proved that only for cubic crystals can ,.11 elastic constants be obtained from

the measurement: ip such 1>\:1'(' mode directions. For general cases, other remain-

term'; of ckntic cunst::!l1 i'llL,T"ix have to be determined from the

I -------"-----------
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From the experimental point of view, sometimes it is not easy to have a crystal

faceted and aligned in a specific way, especially when crystalline phase transition

processes are studied under the variation of temperature [63]. A direction according

to experimental convenience is selected to measure the phase velocity whose relation

with elastic constants (as many as 21 for tric1inic class) can be very complicated.

In these directions, numerical calculation is normally needed to solve the Christof-

fel equation. The inversion of experimental velocity data into elastic constants is

usually concerned with an overd/ "~rmined system of equations, i,e. the number of

measured velocities exceeds the number of the elastic constants to be determined.

Seversl optimization procedures for elastic constants have been proposed, including

the use of invariants of the Christoffel tensor [63J, the minimum of the secular equa-

tion of the Christoffel polynomial with the measured velocities[64], a perturbation

series expansion in an intensively rotated axes system [65J, and an iterative inversion

technique using updated polarization [66J. All these methods can be applied for wave

propagation in arbitrery directions for any symmet ..y classes of crystals,

In this chapter, a set of velocity date. with arbitrary propagation directions a' e

synthesized from theoretically calculated values with 1% error to simulate experirnen-

tal results for the single crystal of cubic GaAs. Computer programs have been coded

to carry out the numerical computations for each of the optimization methods and a

very subtle procedure has been used to approach "better values" of elastic constants

to minimize iteration times in the adopted iterative techniques. Even starting with a

very rough estimate of initial elastic constants, the final converged results am fairly

close to ~hose expected from some of the methods. A comparison of convergencies of



49

rl.ifferent algorithms reveal that some methods are robust and can be widely used in

general cases whereas certain methods have limitations in their use.

3.1 \iVave Propagation Characteristics Described

Using the Slowness Surface

(3.2)

3.1.1 Bulk Mode Elastic 1~TavePropagation

The behavior of elastic waves propagating in all infinite perfectly elastic, homogeneous

anisotropic medium is governed by the equation (in the Einstein summation notation)

r 2
,'ikUk = pv Uj.

(3.1)

which is called the Christoffel equation, where the matrix rjk = lilZCijkl is called

the Christoffel matrix whose elements depend on the wave pr.opagation direction

described by direction cosines li and the stiffness constants Cij1,Z of the medium. The

ttj are the displacement components measured with respect to Cartesian axes Xi, and

p is the density of the material. In order to find the non-trivial solution for the Uj. the

determinant of the coefficients is set to zero, i.e,

where v is the phase velocity of wave propagating in the direction defined by li and

can be numerically solved to yield three roots for a given !'tiffness constants and

Dny assumed direction. Equation (~~.2) can be factored in some specific directions

A err & •
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(usually the principal directions) and, in this case, algebraic results may be obtained

that reveal the relation between phase velocity and elastic constants.

3.1.2 Computer Visualization of Three-Dimensional Slow-

ness Surfaces

Equation (3.2) can be reorganized as

(3.3)

where s, the slowness, is defined as it« which is a function of wave propagation

direction li (0, ¢) governed by this equatioi, , where II = sin ()cos ¢, l2 = sin (j sin ¢

and La = cos (j in spherical coordinates. Slowness surfaces of three bulk waves for any

Figure 3.1 is the eighth {O< ()< 90°, a < ¢ < 90") of the slowness surface of

crystal classes are obtained by plotting .9 against 0 and ¢ using the coded computer

programs.

cubic GaAs of the 43m synunetry classes, The three sheets of slowness from the

inner to outer respectively correspond to the longitudinal (L), fast transverse (1'1)

and slow transverse (T2) waves. The units of three axes are elm.

This three-dimensional figure is very useful in the study of the topological features

of the slowness surface, which is of great importance for investigations of surface and

bulk wave propagation in anisotropic solids. The unit normal (direction of t:,'TOUp

velocity) to the slowness surface indicate the direction of energy flow of bulk waves.

For isotropic materials. slowness surfaces are two spheres (the two transverse waves are

degenerate); the group velocity direction is collinear with the propagation direction.
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Figure 3.1: Slowness surface of cubic GaAs in first octant of the coordinates mea-

sured in units of s[m. The stiffness constants used for calculation are c \ =: 118.8

GPa, C12 =" 53.8GPa and C4il = 59.4GPa.
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A conical point is defined as a singular point of the slowness surface where two or

three slowness sheets intersect and are asymptotic to the complementary halves of an

elliptical cone.

It is seen in figure (3.1) that there is a conical point in [111] propagation direction

for cubic GaAs .which is described by e = 54.73° and ¢ = 45.0~ in spherical coor-

dinates. The magnitude of three slownesses in this direction are 1.852 X 1O-4(sjrn),

3.577 X lO-4(sjrn), 3.577 X 1O-4(sjrn}; the equivalent two values indicate the position

of the conical point. The three slowness surfaces of cubic TiN and polycrystalline

TiN films with [in] orientation (its elastic properties <'h, identical to those of trans-

versely isotropic crystals, refer to table 2.2) are also presented here to reveal their

topological features.

Figure 3.2: Slowness surfaces of a TiN polycrystal with [111] orientation.

In order to calculate the slowness surfaces of polycrystalline TiN with [111] ori-

I
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o

'1
1-0.0

Figure 3.3: Slowness surfaces of cubic TiN with elastic constants Cll 498

GPa, C12 = 106GPa and (..44 = 168GPa.

entation, we use the averaged stiffness constants in table 2.4. The surfaces shown in

figure (3.2) are symmetrical about the z axis, which is obviously an important prop-

erty of a transversely isotropic material. Moreover, the slowness surfaces obtained

here are close to being spheric-al which is the form of slowness sur of isotropic

media. This implies that a TiN poiycrystal with [111J orientation can be approxi-

mately treated as an isotropic medium in the complicated calculation to be presented

2r.~4
7/ = -- .-- ~ 0.86,

Cll - Ctl
(3.4)

in chapter 5.

Figure 3.3 indicates that the slowness surfaces of cubic TiN are close to those of

isotropic media . In fact, the anisotropy factor of the cubic TiN is
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so the surface waves of this material are not far from Rayleigh waves of an isotrcj.,«

material. Tne phase velocities are almost independent of angle. The dispersion

relations of cubic TiN will be discussed in the next chapter.

3.1.3 Slowness Sections on Various C:ry~+.alPlanes

Slowness sections are used to study the details of wave propagation behavior in any

direction on an arbitrary plane in an anisotropic medium, In the study of surface wave

propagation, the outer sheet of slowness sections is also used to define the types of

first transonic states, which is useful in deciding whether the Rayleigh velocity exists

in a half space of an anisotropic medium [61.].Based on the resul' that energy veloeitj

lidf'ntical to group velocity in a lossless medium) directions are always normal to the

slowness surface, the pure mode propagation direction is the group velocity direction

passing the selected origin of coordinates.

In order to plot the slowness curves on any crystal plane, the elastic constant tensor

shedd be first rotated 1:0 the new coordinate slstem where the Zl axis is normal to the

chosen plane. Three slowness magnitudes (8) can be solved using equation \3.3) with

transformed elastic tensors under new coordinate system for any directions defined

by a function of ¢; on the specific plane. Slowness corves on the plane are obtained

by plotting s against ¢;in polar coordinates. A computer program has been coded to

plot three slowness curves on an arbitralhj selected plane of any symmetry crystal

class.

The slowness sections of cubic TiN ·,n various crysta' planes ..re presented in
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figures (3.4, 3.5, 3.6).

......Pureshe.'If
{~OlI polarized

_j
Figure 3.4: Slowness curves on the [OOlJplane of cubic TiN.

Since both [001] and [110] crystal planes are mirror planes in cubic symmetry,

there is a pure shear mode po;~.~",ednormal to the plane of propagation as seen in

figures (3.4, 3.5). However, the [111]plane is not a mirror symmetry plane in cubic

crystals. There is however 6-fold symmetry for the slowness curve on this plane as

The slowness section curves ofTiN polycrystalline filmswith preferred orientation

[111] are shown in figure «(l.7). The five independent stiffness constan+s (s€e table

2.4) allow the slowness of TIN films to be treater' in the same "'Nayas that for a

hex e,genal system. Both slowness curves on the [001] plane perpendicular to the

z axis and on the meridian plane are a~:!proximatelythe same. Two shear waves

with displacement polarization parallel anc' perpendicular to z axes respectively are

approximately degenerate on the two planes. Thill shows that the wave propagation
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-4x1i) ctm

[flOl)
QU8si-aheu{ ..

_,.,pure shear
/"/' ~110] polarized

Figure ::l.5: Slowness curves on the [110] plane of cubic TiN.

X10~4s/m
rJ.i2J

Figure 3.6: Slowness curves on the [111] plane of cubic TiN.

56
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+---+----I----!---!-[1 00]or [11OJ
Xl0-4s/m

___ JI
L-

Figure 3.7: Slowness curves on the [001] or meridian plane of TiN films with [111]

preferred orientation.

on the surface ([111] plane) of TiN films almost has the same properties as those

for isotropic media, i.e, the dispersion relation is independent of the propagation

directions and the two shear waves are degenerate. Thus it is reasonable to simplify

the model to the isotropic case (also see figure 3.2) in next chapter when we calculate

the dispersion relation of TiN /HSS combinations, i.e. the dependence of surface

wave velocity in the films on the product of wave vector component parallel to the

surface of films and rum thickness.

------------------------------ ...



domly Chosen Directions

The wave propagation direction lo is described in terms of spherical coordinates ()

and r:b by II = sinOcos¢, l2 = sinO sin ¢ and l3 :=. cosO. Calculated velocity data

in an arbitrary direction can be obtained by randomly choosing () and ¢ and using

equation (3.2). In order to simulate measured veloclties (in view of the less than 1%

uncertainties in Brillouin frequency shift measurements, a ±1 % random error must

be taken into account to modify the calculated velocities.

A GaA8 cubic crystal is chosen as an example and its stiffness constants are
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respectively Cll = 118.8 GPa, C12 = 53JlGPa and C44 = 59.4G.Pa. Its density is

5307kgjm3• The data in table 3.1 is obtained using the coded computer programs

which randomly choose the propagation directions. This data will be used as the

measured phase velocity from experiment to extract elastic constants of GaAs by

four methods to be discussed in section :3 3.

3.3 Methods of Recovery of Elastic Constants

3.3.1 Least SquaresFit

The fust optimization method (refer to Every [63]) is to minimize the expression:

n 3
2 '" "'( ex th)2X = LJ L Vij ._ V~j ,

i j

(3.5)

where vex and vth are velocities respectively from experiment (from table 3.1) and

theoretical calculations for the same specific propagation direction defined by (0, ¢).

The SUbscripts ( i, .1) indicate that summation is made over n (here n = 10) arbi-

trarily measured directions and in every direction over three velocities, i.e. 1 quasi-

longitudinal and 2 quasi-transverse. vfJ is obtained numerically using equation (3.2)

from the known measured crystallographic directions, (see the first two columns in ta-

ble 3.1) and estimated elastic constants. It varies with the upgraded elastic constants

in each iteration. The computer program is coded to do the optimization procedure.

The "better values" of elastic constants are updated from the previous " better values"

only if the current X? is less than previous one.

The initial estimation or stiffness of GaA.s are ell = 170GPa, C12 = 20 GFa and



From the table 3.2, the best fits obtained m-eCll = 118.8 GPa, (;12= 53.9 GPa and

60

! No. cll(GPa) c12(GPa) C44(GPa) X2

1 161.3 26.43 69.96 2.g17106

n 149.4 35.09 53046 7046510(;...

3 128.0 52.16 513.9-1 7.231104

4 lZ0.2 55.09 57.74 7.399103

5 117.7 53.16 59.64 7.377102

6 119.2 54.53 59.17 349.2

7 119.1 53.21 59.18 307.3

8 118.9 53.54 59.15 195.5 J9 118.8 53.91 59.32 24.44

Table 3.2: Stiffness constants of GaAe; from a least squares fit.

C44 = '{OGPa. The X2 for every set of updated stiffness constants are presented in

table 3.2.

C44= 59.3 GPa, Wh1Chfairly close to the stiffness constants Cll = 118.8 GPa, C12 =

53.8 GPa and C4<1 = 59.4 GPa, which are used to produce the synthesized velocity data

(±1%e,r01:). The same calculation has been done on the trigonal (32) low symmetry

crystal class. It if; found that X 2decreases rapidly and the ci;il:l converge to e: SE't of

values very close to what was expected even though 3. very rough estimation of initial

elastic constants is made.
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No, cll(GPa) cdGPa) C4,1(GPa) I:(¢iF(>{105IJkg' m/s2)

-r 160.9 23.03 61.18 3.62;! 105.L

2 141.0 22.99 64.66 9.818104

3 124.2 399.62 64.03 8,503103

4 120.1 50.61 60.1~ 4.777102

5 119.2 54.86 58.76 5.832101

6 118.6 53.42 59.70 7.760

17 118.7 53.39 59.61 4.232

Table 3.3: Stiffness constants of GaAs from minimising :L(cPi)2.

3.3.2 Minimum of :L(¢i)2

The second method (refer to Castagnede [64]) uses the formulae

(3.6)

to optimally determine the clastic. Wil:.;\.urrLs from arbitrary directions, where vex are

the wave speeds of three bulk modes measured experimentally, The elastic constants

Cijkl of the above overdetermined equation systems are numerically obtained to mini-

mize :E~""(n by using the same calculation algorithm as that used in the first method.

rij is updated only if "better" Ci,il:! are found.

Using the same initial estimate of stiffness constants as used. above, the final

results of elastic constants of GaAs extracted using this method are ell = 118.8G Pa,

C12 := 53.80GPa, eM :=:: 59.39GPa. The results from this method are very close to the

results from the first method as shown in table 3.3.

-------'-------..-----illJUIlI.oiI __r.:__ ·' ._.iI
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Although anisotropic engineering materials such as synthetic composites have dif-

ferent structures from the anisotropic crystal, the elastic continuum theory can still

be used to study their elastic wave behavior. In these cases, recovery of the orien-

tation of the principal acoustical axes with respect to the crystallographic axes are

important and a numerical method to do so has also been discussed by Castagnede

3.3.3 Group IterationMethod

The third method (refer to Harder [66]) for extracting elastic constants is formed by

rearranging the Christoffel equation into a system of equations linear in the indepen-

dent elastic constants. Thus

(~ 7)

where ni is the unit vector describing the direction of propagation, v is the measured

phase velocities, and Pi is the unit vector describing the directions of polarization

which are mutually orthogonal. The left hand of equation 3.7 is a polynomial includ-

ing both stiffness constants Ci;kl and polarization vector Pi as unknown parameters.

In order to solve this system of equations for stiffness constants, Pi has to be given

an initial estimate for each velocity measurement. If N is the number of velocity

observations, 1'1;1 is the number of independent elastic constants to be found fer a

symmetry class. and N > M, the unknown elastic constants can be solved simulta-

neously through the above system of equations in which a group iteration technique
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rNo. of iteration cg{GPa_i c44(GPa) Ci:l(Opa)-l

! 1 1135 41.28 25.48I

12 118.7 59.45 75.74

13 118.t5 59,'W 55.29
I
I
14 118.8 59.39 53.84 I

i
5 118.8 59.39 53.83 I
I ~38" I!6 118.8 59.39 o . .5_j

Table aA: Stiffnes::; constants of GaAs from the group iteration method.

is involved. Based on these obtained elastic constants anil,Christoffel's equation, the

eigenvalues (therefore velocity vth) can be solved to compare with the values of the

In the above example, if the initial polarization is assumed to be pI = sin 0 cos cp, p2 =

measured velocity VCX and eigenvectors can be obtained as a better estimation of the

unit polarization vector. These polarization vectors are used to obtain "better" elas-

tic constants and then repeated for velocity and polarization. The iteration continues

until the value of j(vtl')2 - (1/")21 become reasonably small.

Table 3..1 shows the results of the stiffness constants after the first six iterations

using the initial estimate of polarization and updated poiariaation as shown in table

3.5.

sin (J cos (f\ p3 = cos () for longitudinal, pI = -0.9, p2 = 0.5, p3 = -0.2 for transverse

1 and pI :;:; -0.8, p2 = -0.2, p3 = 0.1 for transverse 2, the converged stiffness con-

stants are ell = 120.3(GaPa), e,g = 58.6'i'(Ga.Pa,l; C12 = -14.91 (GaPa) ,which an

obviously incorrect. It is shown that the results of the stiffness constants converge
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IN ~~~. e rf; v{lan/s) p] p2 p3 I
~0~era"10n

I

\

IlL
7.757 16.76 4.785 0.120 0.038 0.991

\
IT1 7.757 16.76 3.342 -0.9 0.5 0.2

\

\ 1T2
7.?57 16.76 3.273 -D.8 0.5 0.7

\

\ 2 L
7.757 16.76 4.785 -0.395 -0.123 -0.910 \
7.757 16.76 3.342 0.242 -0.969 0.026

\ 2Tl
2T2 7.757 16.76 3.273 -0.886 -0.209 0.413

\

13L 7.757 16.76 4.785 -0.26'7 -0.081 -0.960 \
I

\ 3Tl
7.757 16.76 3.M2 0.2i4 -0.9'16 O.02a I

\

\:T:
7.757 16.76 3.273 -O.:::?:J -0.199 0.278 I

7.757 16.76 4.785 -0.233 -0.071 0.969

7.757 16.76 3.342 0.204 -0.988 0.023

\ 4Tl
7.757 16,76 3.273 -0.950 -0.192 0.243

\ 4T2
5L 7.757 16.76 4.'785 -0.231 -0.070 -0.970 I

I

\ 5T1 7.757 16.76 3.342 0.203 -0.979 0.023
\

5T2 7.757 16.76 3.273 -0.952 -0.192 0,240
\

16 L
\

7.757 16.76 4.785 -1).231 -0.070 -0.970 \

\ BTl 7.757 1676 :...~42 0.203 -0.979 0.023 I
I

\
I

16T2 7.757 1·;,·':; 3.273 -0.952 -0.192 0.24.0 I

Td.ble 3.5:
Initial estimated polarizatiuns and their updated values for GaAs.

The

;''1itiai polarization for H '= iongiwdinal wave i,.
'..:.vsen the same as the propagation

direction t 0.129 ,0.038, (J,991}.



very quickly if a suitable estimate of initial polarization is sele: .ced, In fact, the

initial estimate or polarization of transverse waves should be within 45° of the true

polarization for a ood convergence.

3.3.4 Perturbation Series Expansion

The fourth method of determining elastic constants from wave-speed measurements

uses a perturbation series expansion (refer to J.R. Neighbours [65]) to obtain the 50-

lution to a modified equation of motion, which describes the plane waves propagating

in the :rf direction. Under the rotated (primed) coordinate system, the perturbation

solution of elastic constants to the equation are

(~8'u. I

(3.9)

(3.10)

where VI, V2and Va correspond to the velocities of the one quasi-longitudinal and two

(quasi) transvers. modes. That only six primed elastic constants appear in the above

equations is due to the choice of x' as the propagation direction of sound waves.

Through the Bond method [45] for transforming elastic constants under two sets of

coordinate systems in abbreviated subscript notation, the c'.· are related to Ci' by a
'l.} .1

linear function of c•.i-

If tn. unknown elastic constants are to be found, the m linear equations must be

formed from a maximum integer of m/3 propagation directions of waves with three

------------------
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measured velocities in each observation direction. In the most general triclinic case

(21 unknowns), at least 7 directions are needed for the velocity measurements,

For the first approximation, neglecting the small terms :1T)Oearingin the square

brackets. in. unknown C;.; can be solved. These values are ther, used to calculate the. .'

square-bracketed terms which are then used as a correction to the previously obtained

values. In the program, all. iterative technique has been used to solve the system uf

equations consisting of linear functions of the desired dast: - constants Cij'

[or calculational convenience, the Xl axis is chosen in the arbitrary observation

'lirectir)n of velocity measurements, y' is chosen to lie in the x-y plane, with Zl then

being determined so as tc. preserve a right handed coordinate system. In this case, the

Bond matrices for the elastic constants can be written out easily for all crystal classes.

The ~lastic constants used in the Bond method are in abbreviated subscripts and

can be easily carried out for transformation into another set of coordinates (x', u,z').

Extensive numer.ical calculations have been carried out for various veloci ty observation

directions (x' direction) and the results are presented as table 3.6.

It is shown from table 3.6 that the convergence of elastic constants depends on the

propagation direction of the sound-waves. This approach may be used successfully

for experimental data in some measurement directions, but serious errors occur ill

GO.lO(rad) and q) = 59.18(~·ad).

other directions. For instance. a singularity occurs ill the direction defined by {)=
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~o. o(Tad) ¢(rad) cn(OPa) c«(aPa) c,;(;;;;Jl
1 7.75695 16.7618 119.0 ':;9.29 22.90

2 a3.1938 32.8542 120.4

3 3": 8 40.1142 120.2

4 50.4026 16:l618 119.1

5 50.4026 3:'.8542 127.7

58.6J

51.90

59.21 ;)3.67

67

7 31.1056 70.908 132.6

6 61.1056 59.1'IS4 a2.23103 -161.0103 93.1.0 103

8 71.;;3!;3 32.8542 177.7

9 i:i 1.A~Il~' "1576 148.6

1.10_F::.'~;:'4? _I :~)J 1;1 1_2_4_.6__

;.0" .,nts of GaAs extracted from the series expansion method.

54.92 57.09

52.51 47.99

29.93 57.10

·14.48 -81.06

56.53 ~116.7



3.4 Discussion and Conclusions

Numerical calculations have also been carried ou :0 extract elastic cons; '.its of GaAs

in or near the [111] direction of the conical point, and it is found that Neighbours'

method gives the results of stihness as Cll = 154.7(GaPa), C14 = 41.47(GaPa),

Cl.2 = 71.'73(GaPa) in this direction, which are certainly wrong, It indicates that

Neighbours.' method cannot be applied to wave propagation in a direction where

a conical point exists. For Harder's method, the correct converged results can be

obtained only if the suitable initial polarization is estimated. It is also proved that

the first two methods can still be applied to the wave propagating in the direction of

a conical point.

In summary, four different methods for inversion of the measured phase velocities

of bulk sound waves to obtain elastic constants have been discussed and compared.

These methods apply to wave propagation in arbitrary directions for any crystal class.

Suitable iterative techniques have been successfully used to code computer programs

to optimally recover the elastic constants for the over determined systems of equations.

We conclude that the first two methods discusrcd here ate more rolust and can be

widely used in any general cases. The third method has the limitation of the ;nitial

es;:;ni<ite of polarization having to be reasonably close to the true polarization, while

the fval,;h method. must be used with great care, as its convergence is a function of

the propagation direction of til'.'! measured velocities.

From a practical point of view the best method of extracting elastic constants

should be a hybrid one. If possible, the me asurernents should first be chosen along the

._~m_llDl · '~· · -~---
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highly symmetry directions such as crystal axes, in which some of the elastic constants

Cap.be obtained. The num«, ,1 computation for the rest of elastic constants by

measuring the phase velocities of WtWe3 propagating in any arbitmry directions can

be much simplified with these elastic constants being known.



Chapter'd

Surface Waves in Hare} Films on a

Substrate

Rayleigh surface waves on plane bounded solids usually refer to the waves whose

displacement amplitudes decay exponentially with the increasing distance from the

surface and the related elastic energy flow density is confined to a small region be-

neath the surface, Earlier work on the theories of surface wave;";based on both the

elastic continuum and discrete particle medea were discussed for cubic crystals by

G;:.zis et al. [73]. The latter model considers the propagation medium as a lattice of

interacting discrete atoms rather than a continuum. In addition, Barnett et al. (74)

have developed a theory to study surface waves in anisotropic crystals. In this theory,

the Rayleigh velocity is obtained by making the smaller eigenvalues of a certain 2 X 2

real symmetric; matrix VIL"1ish,In this chapter, the surface waver. discussed are re-

stricted to non-piezoelectric solid materials and the numerical calculations concerned

based on the elastic continuum theory as treated in reference (46].

70
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The purpose of this cha.pt.,~ is to use 211 easily understood classical method to

study theoretically the st.rface acoustic wave in both a single crystal and thin solid

films. This is nececsary for one to gah the i.. toic knowledge for the propagation

properties of surface acoustic modes in a medium, .til', 11 preliminary to studying

with large thickness (> 500nm) are calculated untv ;',,:

(v) of TiN £111m,

. +h isotropic: and

surface waves propagating in thin solid films, "

half ",pe.r·ecase is treated in section 1. Tne s:

• 'T' snrface wave for a infinite

preferred orientation cases. The angular dispe: 'sion .'~l"f;Jm, ,~l "" <i'; on different

crystal planes of single cubic TiN are also obtained for compar.eon purpuses, where

¢ describes the propagation directions on a crystal plane. A computer program is

coded to carry out the numerical computation procedure to seek the Rayleigh phase

velocities in any propagation directions for any of the crystal classes.

In section 2, surface waves in thin solid films are discussed with more complicated

boundary conditions being taken into account. The averaged polycrystalline elastic

constants are used to simplify LYe model to an isotropic case. Extensive numerical

calculations are carried out for the TiN/II 88 combination with li:i!hranging from 0 to

19, where leu is the wave vector component parallel to the film surface and h is the film

thickness. It is found that the surface wave velocities converge to a definite.', .lue for

large values of kHh, and, in fact, this value L> the Rayleigh velocity of the film materials

calculated in infinite half space situation. This implies that the acoustic behavior of

a suppor-ed film is independent of that of the substrate on which it locates if the

film thickness in the order of micrometer. magnitudes. On the other hand, if the film

thickness is less than a few hundred nancrneters, the surface velocities in the films are
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found to be a function of the film thickness and the dispersion relations (v VB. kllh) can

be obtained. As the kllh increases, the Rayleigh velocity of the substrate increases its

value and become a highly damped .p-SAvV for a particular rang.. 'f kllh, and finally

converges to the Rayleigh velocity of the film material for a even larger k::h. We

have coded a computer program to do the ncmerical computations for the dispersion

relations of TiNjHSS.

4.1 Surface Waves in a Half Infinite Space

The following treatment of surface waves in a semi-infinite space is based on that of

Farnell's [46] to illustrate the procedures adopted in our numerical calculations 0.1-

(4.1)

though some other approaches are also developed [61]. The solutions for the Rayleigh

wave are obtained by applying suitable bounda ..y conditions to equation (4.1) to fol-

low, i.e. the traction stress components perpendicular to surface varnish at the free

surface and the particle displacement amplitudes decay to zero when the distance

from surface is infinite.

4.1.1 Theoretical Model

In the absence of the piezoelectric effect and external forces, the wave equation for

the displacement in a perfect elastic and homogeneous medium is

where Uj and (\ikl are respectively the displacement components and stiffness tensor,

and p is the mass density of the medium. The usual convention regarding summation
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over repeated subscripts is used here.

If the coordinate system is chosen with X3 as the outward normal to the free

surface and with the origin at the surface, the boundary conditions can be expressed

as

at X3 = 0 (4.2)

and

Uj = 0, at X3 - -00, (4.3)

where TJ3 'ire the stress components parallel to the surface normal.

The possible compound displacements are assumed as

a
Uj = L (''f.a)'ll) exp[il',I(l\:1l)a:i - vt)],

"",1

(4.4)

which is the linear combinations of three partial waves, where zfn), l~Ti) are the direction

cosines of surface wave propagation known I l~n) are the thee complex roots of equation

d -" ,,,(n)l(nl
Ttl'll -= (.",3h!Uk I • with l(n) = l

1 - '1, [('ll) _. l
2 = 2- (4.6)

(3.2) with the negative imaginary parts in terms ,;:i surface wave velocity (v), Q)nl are

the components of the eigenvector of equation (3.1) corresponding to the Z:~n)and en

are the three weighting factors. Substituting Uj ix.to the boundary condition (,L2) ,

these factors can be determined by enabling the determinant of the 3 by 3 matrix of

the coefficients to be zero in order to find non-trivial solutions, i.e,

det Idmnl = 0, with tn; n = 1,2,3., (4.5)

where
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The computer pr ograms have been coded to seek the numerical solutions of the

phase velocities existing in a particular proj.agation direction on any crystal plane of

any symmetry classes using the theory discussed above. The details of the procedure

are as follows.

4.1.2 Computatlon Procedure

For a crystal plane with its normal direction as [bI, b2, h3J with respect to crystal axes,

the reference coordinate system is chosen with the z axis parallel to this normal. Using

the Bond method, the elastic constants are rotated to the reference axes. Equation

(3.2) is the sextic equation in l3 with 'U as a parameter. The propagation direction on

the plane perpendicular to z axis is described by lI(¢) and l2(if;).

For a pre-assu, "led value of u , three pairs of complex-conjugate roots to this

equation can be obtained with 1'. known propagation direction. Only the three roots

l~n) (n :::::1,2,3.) 'with negative imaginary pads are useful for a surface problem due to

the boundary condition (4.3). There are three Christoffel matrices r~~)= l~n)l~n)Cijk!

corresponding to these three l~n). Using the equation (3.~), three eigenvalues and three

eigenvectors can be obtained for €ach r)%). There are altogether nine eigenvectors of

three r;;~)available, but only three of them can be used in equation (4.6). Three

useful eigenvectors o.kn} are those whose corresponding eigenvalues from three r~',~)
J'

have tho same value (phase velocity). By substituting the rotated elastic stiffness

Cm3kl, eigenvectors (lin) and the direction cosines WI) intu equation (4.6) for the dm7l,

it is determined whether det Idmn I is zero. If yes, the assumed value of velocity is the
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needed phase velocity in the known propagation direction, otherwise, various values

vf velocities have to be tried until det ldm1l.\ becomes zero.

It should be noted here that "zero" actually does not exist due to the limited

,'lCCuracy of numerical calculations by compute;:s and as long as the value of det \drnnl

becomes small enough, the corresponding ar,sll."XledvalUE"of velocity can be regard as

the surface we.ve velocity.

4.1.3 Iterative Method in Searching i...lr the Rayleigh Veloc-

ity

Using the proced.ure described above. it is almost impossible to fmd the surface veloc-

ity with a randomly assumed velocity. A suitable method of selecting the velocities

are needed to minimize recurslon times and find a real surface wave instead of a

pseudo-surfcce wave. Because the Rayleigh surface wave v,elocity is less than the

bulk transverse velocity (the lower one) in the same propagation direction, this bulk

velocity is chosen as the upper lim..t (vmax) for the assumed value of Rayleigh ve-

locities. The lower limit (vmin) for the Rayleigh velocity is empirical and, for most

solid materials, half the value chosen for the upper limit can be used as the said lower

limit to narrow the velocity range. In case the velor.ity found is close to the lower

limit, this limit should be reset to a even smaller one. It should be noted that »rnex

and u min are updated for each different propagation direction.

The seeking procedure throughout our computer programs is illustrated in figure

(4.1).



________________ .m..........

(Rotate stiffness constants to a reference axes)
lwith its z axis parallef to the surface normal _,

Solve the bulk velneldes in a propagation
direction on the sureace ushlg eq. (3,2)

.,;-- L "
{Setup lhe search range and l~nd fr.e vel, v{m)1
'.-----~-.-~-.--.-.~-..--'.-- ..-..--~-~

----.-(S!;!tu~ a flew;ea-;'~~-nge·;;;i{;g~~··I4~~f;';;;,r·.'I
\~d U'le vel. vIm.! in this range . .,)

----No --:>- ..-....1.

L._ Che~k
~ breakdown criteri~ ...

~.-.,Yes~~

'I
r" -...._ -
; vC·""}is regarded as the surface wave vel.
\ in f~e propagation direction.... - " ._---__,..

Figure "1.1: Flowchart of search procedure for the SAW velocity in a half infinite

medium,

-- =-
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The velocity range (v max+e min) is first divided by a step (di) to make ~"d~ ..minl

+1 individual velocities for a specific propagation direction. These velocities are used

to calculate their corresponding 3 x 3 determinants in formula (4.5). Among them,

the velocity 'L'm whose corresponding determinant is the least is found and then used

as the middle point ~f a new velocity range for the second recursion. The new range

is defined as

( ,9xdi ( 9Xdi))
V -t- --- - v - --.m 10 . m 10' {4.7}

with a new step as di = 11. This range is updated every time by repeating the above

procedure for the updated Vrn and di, 111e absolute value of the determinant should

decrease after each recursion and this serves to check the convergence of t'm- Ifnot, the

initial velocity search range must be reset The break-down criteria for the recursion is

chosen as the difference .6.v between the 11m in the previous recursion and the current

'Um• "When the pre-set accuracy for 'Urn is achieved, (for instance, the absolute value

of D.v .:::; 10-8), the recursion will stop and the current 'Urn can be regarded as the

required surface velocity.

The absolute value of the determinant can also be used as a breakdown criterion.

In this case, the difference or the det=rminants between the previous and current

recursion. is preset to stop the search.

4.1.4 Application to RayleighVelocities of TiN and HSS

As an example of the above numerical seeking procedure. Rayleigh velocities of TiN

are calculated both ill the polycrystalline aggregate and single crystal forms,
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I Polycrystal vL(m/s) vT1(m/s) vT2{m/s) RWV(m/s) I
Ti.N 9378.86 5749.40 5749.40 5236.68 I
TiN* 10254.8 5887.04 588"/.04 54J.6.62

I HSS 5872.58 314l.94 :514L!14 2913.68

Table 4.1: Bulk and Rsyleigh velocities of TiN end HSS with a random distribution

of crystallites.

For the polycrystalline aggregates with rcndomly distributed crystallites, the cal-

culated mean values of Voigt's and Reuss' i_ '~:r.aged stiffness constants of TiN are

en = 47:5, C12 = 118 and C44 = 179GPa (~fJetable 2.3). The stiffness constants of

HBS based on its Young's modulus and Poisson's ratio [75J are ell = 269, C12 =

115 and C44 = 76.9 CPa. The densities (in ,q/cl.n3) used in ~h~ calculations are 5.40

for TiN and 7.80 for HSS.

In this case, in fact, the Rayleigh velocity (1.'), can be easi'y obtained using the

equation for isotropic materials as (see reference [46])

(4.8)

where VI and Vt are the bulk longitudinal and transverse velocity of the medium.

Numerical solutions of Rayleigh velocities using equation (4.8) and bulk velocities

o{ TiN and HSS are listed in table '!.1. For a description of the TiN and l'iN*, se,"

section 2.3.1.

For polyerystalline TiN and TiN* with the preferred orientation [111J being taken

into account, the arithmetic average of stiffness constants in table 2A are adopted to

calculate their Rayleigh velocities, The numerical computation procedure described
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Polycrystal (111 orientation) vL(m/s) vT1(m/s) vT2(m/s) SWV(rfl/s)

TiN 9356.22 5798.05 5742.56 5261.28
.---------.-------.----->-------------1

TiN* 1021:1.1 5988.32 5861.95 5430.97

Table 4.2; Bulk and Rayleigh velocities of TiN with a [Ill] preferred distribution of

crystal lites.

in section 4.1 is used to find the velocity for a "zero" determinant. No angular

dispersion relation exists due to the transversely isotropic surface elastic properties

of these polycrystalline aggregates. The surface wave velocities of my propagation

direction are the same on the film surface. It should be noted that the two bulk

transverse velocities are not. exactly degenerate in this case. The results are listed in

table 4.2.

4.1.5 Angular Dispersion Relations of Cubic TiN

For a single crystal, the surface wave velocity is usually e: function of propagation

directions all tho crystal plane. For comparison purposes, the dispersion relations

(v 'Is. ¢) of cubic TiN crystal on various crystal planes are calculated. The results

together with velocities of bulk modes are plotted as shown in figures (4.2,4.3,4.4).

In the figures, the curves marked Tl and T2 are the phase velocities of the two

transverse bulk waves with their displacements perpendicular and parallel to the wave

propagation plane respectively and the SAW represents the Rayleigh ..type surface

wave prcpagating on the plane. The propagaticr, direction is indicated by the abscissa

of each figures, giving the angular variations from a chosen crystallographie direction
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Figure 4.2: Transverse and surface wave velocities for propagation (In the [001]plane

of cubic TiN.

towards a second direction.

In the figure (4.2), the bulk wave T1 has its phase velocity independent of the

propagation direction on [001]plane and the SAWalso tends to be quite independent

of angle. Bulk waves T1 and T2 have the same velocity (are degenerate} in the

crystal axis [001] pure mode direction. The surface wave does not degenerate into

a transverse bulk wav'')at any angle on this plane and its phase velocity is always

less than that of bulk waves. The velocity curves on this plane has mirror symmetry

about the 45° direction; therefore the curves are plotted only in the range of [)- 45".

Elastic waves propagating on [llO] crystal plane ere shown in figure (4.3). The

phase velocities of the T1 and T2 bulk waves become degenercte in th= [I10}direction
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Figure 4.3: Transverse and surface wave velocities fcr propagation on the [110]plane

of cubic TiN.
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and also o,rotmd fi5° from this direction on the plane. The phase velocity of the surface

wave is stable from 0 to 30~and then increases steadily to 90°. '1'1 starts decreasing

after 80" from the [1101 direction. '1'2 has the similar trend to that of the surface

wave.

For propagation on the [111] non-mirror plane of crystal symmetry as shown in

figure (4.4), '1'1 always has a higher phase velocity than '1'2. The phase velocity of

the suri'd.ce wave is relatively constant which is close to that of an Isotropic medium.

All the curves have hexagonal symmetry on the plane and mirror symmetry about

the angle 30°; they are plotted in the range from \) ((110) direction) to this angle.

The angular dispersion.l'elations of the surface mode of the cubic TiN are close to

those of an isotropic m~dium since its anisotropy factor is 0.89 as given by equation

(3.4), which is close to the isotropic value 1.

4.2 Surface Wave Velocity in Solid Films

~;o1idfilms are usually deposited using various vapour deposition techniques and nor-

mally exist in the form of polYCl'ystalline aggregates. The surface wave velocities in

the films can be obtained using the same algorithm as in section 4.1 with more compli-

cated boundary conditions being applied. The surface WaVeS in polycrystalline films,

in fact, can be simplified to an isotropic problem if the averaged elastic. constants

are used in calculations. The following discussion is restricted to non-piezoelectric

media. Emphasis is given to isotropic cases to simplify the theoretical calculations;

this approach provides a good approximation for pre: fentially orientated TiN films.
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Figure 4.5: Coordinate system for surface acoustic waves in a solid film.

4.2.1 BOUIU~.,ry Conditions

The coordinate system is chosen the same way as described in section 4.1 except that

the origin is at the interface between film and substrate a:; shown in figure (4.5).

If the thickness of the film is h, the free surface of the film L at ;1::, = h. Like

those discussed in section 4.1, the particle displacements decay to zero with infinite

depth b010w the interface and the three traction components must vanish Oil the

upper film surface. If we assume the films have intimate mechanical contact with

the substrates, at the interface (xa = 0). the particle displacements and the traction

stress components from both media must be equal, i.e.

Uj =:: 0,

- WYI
1& 1Iiii
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'£" .• " at X3 = h, (4.10)3; _. U,

u,s = uf at X3 = 0, (4.11)
J J'

and

r:' = T/ at X3 = 0, (4.12)3J 31'

equations, D. "suitable" velocity must enable the determinant of the 9 x 9 matrix of

where j ""1,2,,3, the superscript f indicate the parameters for films and superscript

8, for substrate.

11.2.2 9 X 9 Coefficient Determinant

Since the boundary condition (4.9) must be complied with, the uj are the same as

those in equation (4.4) which consist of three partial waves corresponding to the three

complex roots of l~n) (n = 1.2,3) from equation (3.2) with negative imaginary parts.

It should be noted here that the uf, hoi. vcr, are totally different. Due to the finite

thickness (h) of film, the Wavein this film does not have to be exponentially decaying

and the six roots of l~n) (n ",..1,2, ..6.) from equation (3.2) can all be accepted. In other

words, the particle displacement amplitudes can grow, decay and remain constant in

the film. Thus the uf ere, in facb.a linear combination of six partial waves in ·,hefilms

with applicable weighting factors in order to satisfy the above boundary conditions.

The expression for uf is the same as in equation (4.4) except here n = 1,2 ...6.

Substituting the uj and uf into boundary conditions (4.10 - 4.12), W3 have a.

sot of nine equations with the 'weighting factor's c~ (n = 1,2, a) and c~ (n = 1,2 ...6)

as the unknown parameters. In order to find the non-trivial solutions for this set of
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coefficients the set of equations equal to "zero". This suitable velocity is the required

surface velocity in solid films and can be obtained by the same search strategy as in

section 4.1.3.

4.2.3 Surface \Vave Velocity in Isotropic Films

For an isotropic case, since both the wave equation and boundary conditions are

separated into two uncoupled sets, two different independent types of waves are found.

Those waves with transverse displacementa ('U~ and u~) perpendicular to the sagittal-

plane are called "Love waves". They are not observed in Brillouin scatter mg through

the ripple scattering mechanism. eni:v ri-,e waves with sagittal-plane displacements

are discussed here. The sagittal plane is a plane including the propagation vector and

a perpendicular to the film surface. In the isotropic case, the above mentioned 9 x 9

matrix of coefficients simplified to a 6 X 6 matrix for sagittal-plane solutions.

For isotropic media, the propagation direction can be chosen along the Xl axis

(h "'; 1, l2 = 0, 13 = l) without losing generality. Thus the Christoffel's matrix

\

Cll + C41l2 0 (Cll - C4.1)l \

0 c4,l(1+ l2)
o J

hl- C.14)l 0 e,14 + clll2

Using the equation (3.2), the l are solved and are expressed in term of surface wave

phas« velocity v.

For the particle displacements in the sagittal plane in the substrate, only two roots



86

arc found to be useful

(4.13)

(4.14)

where 7181 and Vsl are the shear and longitudinal velocities of bulk waves in the sub-

strate.

For the particle displacements in the sagittal plane in the film, four roots are used

(4.15)

(4.17)

(4.16)

(4.18)

where t'lt and vII are the transverse and longitudinal velocities of bulk waves in the

films.

Using '~heabove roots and corresponding eigenvectors of equation ( 3.1) to obtain

the particle displacements uj and u~, then substituting these results into boundary

conditions (4.10 tv 4.12), we have the 6 x 6 determinant given by the left side of

equation (4.19). Settiig this determinant, equal to zero, we can find the non-trivial
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solutions of the weighting factors in the particle displacements.

ll(l) -1 -ll(l) -1 _lS(l) 1

-1 -ll(?) -1 ll(2) 1 l~(2)

A 2ll(Z} A _~lf(2) -r(l - Wel})2) _ 'GilD(2)

1=0
zu» -A ·-2l.f(l) -A -2rls(1) r{l - Wel»)2)

Aea 2ll(2)eo Ae-" -2ll(2)e-b 0 0

2ll(l)ea -Aeb -2lf{1)e-a -Ae-b 0 0 I
(4.19)

where A = 1 - (If{1))2, a = iki\lf(l)h, b = iklll/(2)h and r = C~4/C{4' i.e. the ratio of

stifiness constants of the substrate (C44) and of the solid film (cit).

The phase velocity of the acoustic wave is implicit in equation (4.19) and is de-

pendant on the product of knh. The dispersion relation, i. e. v as a function k!lh

can be obtained through numerical calculations by solving the above: equation. For

a particular value of kilh, the seeking procedure for a required phase velocity is the

same as that described in section 4.1.3.

4.2.4 Calculated Dispersion Curves (v VS. klih) of Polycrys..

talline TiN Films

Using the averaged elastic constants of poiycrystalline TiN films, as an example, we

calculate the dispersion curve for the Ti N] HS'S combination. The elastic constants

and densities of TiN and 1158 used in the calculations are the same as those in

section 4.1.4. The results ate plotted using the coded computer program :"1 ~.gure

(4.6) and the typical boundary determinant minima for the various modes are given



88

in figure (4.7).

For kHh from 0 to (1.8,the phase velocity increases from the Rayleigh velocity (vsr)

to the bulk transverse veloci. ,'T (vst) of H SS and the mode is a. true SAW in which

the corresponding boundary determinant minimum is zero and very sharp as shown

in (a) of figure (4.7):

As kjlh increases from 0.8 to 1.1, the propagation velocities stay at the bulk trans-

verse velocity (vst) of HSS, the boundary determinant minimum and thus surface

waves 0.,) not exist in this region and the mode is a bulk wave.

For kllh from 1.2 to 4.7, the boundary determinant minimum does not reach zero

and is very broad as shown by (b) of figure (4.7). In this section, the mode is a highly

damped pseudo-SAV\I- in which the wave propagation energy is not conserved at the

surface region but instead there is radiation into the bulk.

For h!lh from 4.8 to 5.3, no determinant minimum is found. In the next chapter,

the use of a Green's function method shows that there is a "pre-Rayleigh" mode

existing in this range of kllh.

For knh from 5.4 to 8, the phase velocities decrease from a higher value to the

Rayleigh velocity (Vi» of bulk 'TiN. In this region, the boundary determinant displays

a broad non-zero minimum as shown in (c) of figure (~.7). The acoustic mode in this

region is the pre-Rayleigh which is still a type of p-SAW.

As kqh further increases from 8, the propagation velocities are stable at the

Rayleigh velocity of bulk TiN. The determinant minimum value is very large but its

variation is very sharp like (d) of figure (4.7). The mode in this section is close to

p true Rayleigh wav- for TiN as if there were no HSS beneath the TiN film. This
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Figure 4.6: Dispersion relation, namely. phase velocity u vs. kllh for a polycrystalline

TiN film on high speed steel
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mode is defined as It quasi-Rayleigh wave in the next chapter.

'1.3 Further Discussion

I

It should be noted that the characteristics of the dispersion relation discussed above

only apply to the "stiffeninr' situation, in which the bulk transverse velocity of the'

film (vu) is greater than V2 times the bulk transverse velocity (v8c) of the substrate.

For the TiN /H SS combination, 'Vlt/vst is 1.83. In this case, the existence of the film

increases the surface wave velocity from the ftayleigh velocity of a pure substrate to

the Rayleigh velocity of a pure film with pseudo-surface waves present in a particular

range' t; '"llh values.

On the other hand, if the bulk transverse velocity of the film (Vlt) is less th~.l

1/-/2 times the bulk transverse velocity(vst) of substrate, the film is S"1ci to "load"

the substrate. In this case, there exists an infinite number of Sezawa waves.

lowest surface wave velocity decreases rrorn the Rayleigh velocity of the substrate i;!)

the Rayleigh velocity of the film.

For a combination of rr ..terials with elastic parameters in which 11ft ~ 11m" a

Stoneley wave may exist The Stoneley wave is a type of interface wave with only

sag:,ttal plane displacements which decay with increasing depth In both directions

from the interface. The detailed di cussion of the latter t'"'" cases il' omitted here

since no experimental measurements were donE'for those kinds of combinations.

At the initiation of the project, in all the references ',f,u,,'v<'."d in the literaoure, the

discussion of the dispersion relation in a stiffening case was Ihll~l.··dto the range of kllh
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from 0 to 1. The :m:et1do.surface wave is determined through numerical calculat;on

using rather elebor ..te seeking methods for the phase velocity for large values of knh.

An unsuitable se~!king minimum method may lead to a failure to obtain this pseudo-

surface WON0 but always finds the bulk transv..:'rse velocities of films for 1 -c kllh < 15,

which obviously axe not correct for the surface wave problem.

In this chapter', a dasska.l theoretical model for calculating surface acoustic waves

for both single crystal and solid films has been described. The numerical calculations

have been carried out for the TiN/HS8 combination using suitable boundary con-

ditions and the dispersion celations (v vs. k,lh) are obtained consisting of the SAW.

p-SAW and quasi-Rayleigh. Details of pre-Rayleigh and the higher Older modes of

p-SA\V cannot be obtained by this model, which wi!! be discussed using a GriZen's

function method in the next chapter. The effect of the elastic moduli of TiN on the

dispersion relations win also be discussed there.



Chapter·5

Theory' of Br illouiu Scattering

from a Su,pported Hard Film

In contrast to a soft filrr t.il a hard substrate. few studies have been done in the past

on the theoretical calculations of Brillouin scattering spectra from the free surface of a

hard film on a relatively soft substrate. In this chapter, Brillouin scattering spectra of

various acoustic excitc,tions localized near the surface are calculated using a Grpen's

function method and based on the assumption of ripple scattering at. the free surface.

These include a SAW, a highly damped p·.SAW, pre-Rayleigh, and quasi-Rayleigh

waves and their higher order modes. It is found that the elastl~~constants of the film

have a profound effects on the aCOUSGIC behavior of the combinat.ion. For a strongly

stiffened system, there is a pre-Rayle;gh mode appearing at large kllh and theria is a

discontinulty in th~ dispersion curve. F'Jl: a relatively weak stiffening fiystem, no pre-

Rayleigh mode is found and the p-SAW trans ..;fers into quasi-Rayleigh mode directly.

However. the n.coustk modes in both systems evolve into a QlH.si-Rayleigh wave of



the system at even Iarger kllh,which are very close to the Rayleigh wave of TiN.

In this chapter, we start with the basic concepts and scattering mechanism of Bril-

louin scattering in section 1. A general theory concerning all the possible scattering

mechanisms is qualitatively summarized, with an emphasis on the ripple scattering

mechanism which dominates elastooptic scattering in most of hard ceramic films,

The calculation of the Brillouin scattering intensity or scattering cross section for a

supported film is described in section 2. A Green's function method developed f01

the calculation of Brillouin scattering from acoustic excitations on the basis of ripple

scattering is presented in detail. In section 3, numerical results for TiN IIiS S - a

strongly stiffened system and reduced elastic moduli of TiN films on }lSS -I~rela-

tively weak stiffening system ale presented Brillouin scattering spectra have been

calculated for some typical film thicknesses, and display the effects of various acoustic

modes. The effects of the elastic moduli and densities of TiN films and }ISS on the

dispersion relations are discussed.

5.1 Brillouin Scattering Mechanism

Acoustic waves can scatter light by two distinct mechanisms. Brillouin scattenng

from acoustic excttaticns 1S regarded as the transfer of momentum and energy between

photons of incident light and the phonon field through the dynamical corrugation of

the surface (ripple mechanism) and the modulation of the dielectric tensor of the

medium (elastc-optical mechanism).

In the surface ripple scattering mechanism, the incident light is reflected from
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the dynamic acoustic deformation of the sample surface, and the scattered light con-

serves only the waveveetor component parallel to the surface. In the elasto-optical

mechanism, the coupling of incident and scattered light occurs by way of the acoustic

modulation of the material dielectric constant, and in case of transparent solids all

wavevector components are conserved with real optical wavevectors.

The relative importance of the two mechanisms depends on the optical trans-

parency of a solid. For a very transparent materials, where the incident light pen-

etrates inside the medium, the bulk =Iasto-optic mechanism is dominant. The con-

servation of both the frequency and wavevector produces sharp scattering I)eaks of

bulk acoustic modes in the spectrum. In the case of a lese transparent solid such

us a semiconductor, the two mechanisms may make comparable contributions. Both

the surface and bulk acoustic modes can be investigated, but the interpretation is

somewhat complicated by the breakdown of wavevector conservation in the direction

perpendicular to the surface. For a highly opaque solid, where little light penetrates

into the medium, the ripple mechanism is dominant [39]. CJ:1lythe wavevector compo-

nent parallel to the surface remains, and the spectra consists of a sharp Rayleigh wave

peak wave together with a broad feature associated with the bulk wave continuum

The surface ripple mechanism for the inelastic scattering of light can be understood

as follows: For waves propagating on the surface, the vertical component of particle

displacement " . ults m dynamic corrugation of the surface. As a result, the surface

acts as a moving diffraction grating. A light beam incident on the surface is diffracted

and its frequency is modified (frequency shift) through the Doppler effect oecause of

the movement of the corrugations.
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".Substrate

Figure 5.1: Wavevector diagram of the back-scattering geometry used in the ex-

periment. ki, kr and kS are wavevectors of incident, reflected and scattered light.

respectively.

For incident light polarized in the plane of the surface and in a oack-scattering

geometry (Of. = Os) as shown in figure (5.1), scattering by the ripple mechanism

is proportional to the reflectivity of the material. For polarization in the sagittal

plane, stronger scattering also exists for higher reflectivity materials although it is no

longer proportional to the reflectivity. Opaque materials such as metals have stronger

scattering contributed by means of the surface ripple mechanism than do transparent

materials owing to their higher reflectivity.

For scattering from supported films, surface ripple scattering from both the sur-

face and interface and elasto-optic coupling from the film and substrate may all make

contributions. Bortolani et al. [43] have discussed the theory of Brillouin scattering

for supported thin solid filma or. a semi-infinite substrate by taking all the possible
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scattering mechanisms into account and also their interference. In their calculations,

the cross section formulae for a general scattering geometry is obtained by solv-

ing Maxwell's equations with the appropriate boundary conditions using first order

perturbation theory. It is found that. scattering cross sections depend on the film

thickness, and the intensity of the spectral lines oscillate with changing thickness,

5.1.1 Brillouin Scattering Cross Section - a General Case

W'ith the coordinate system as shown in figure (4.5), the numerical results fo; dlf:'

scattering intensity have the following form for the polarization of tho incident and

scattered light in a sagittal plane defined by kn and. surface normal [38J:

[
~] <X 2.:a~[A~,xe~f} +A),,zeif)] + A(f)wz(Q,n,h)
dnadw p ....p ,\

+L al'[AIL,,,,e~) + AIL,zeis)] + A(8)Wz(Q, n,0) (5.1)
IL

The first and the third terms in the square brackets refer to the elasto-optic

coupling in the film and in the substrate respectively, which. depend on particle dis-

placement components of the film. (ci,f) and eif») and the substrate (e~7) and e1°}).

The quantities a>', a(f), aIL, C{q·1can be obtained by using the partial wave method to

A(/)wz(Q, n, h) and A(slwz(Q, n,0) represent ripple scattering from the film surface

solve the Christoffel equations and applying the boundary conditions, i.e. the conti-

nuity of displacements and stress at the interface and varnishing of traction stresses

at the film surface. The weighting factors A""j are linear combination of elasto-optic

constants and are determined by electromagnetic boundary conditions. The terms

(z = h) and from the interface (z = 0), which are proportional to the vertical com-
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ponent of particle displacements at the film surface and at the interface.

It is shown in formulae (5.1) that the scattering cross section is modulated through

the interference of the four contributions from ripple scattering and the elasto-optic

me zhanisrn, For an highly opaque thin film Oil a substrate, the main scattering

mechanism is from the surface ripple, i.e. the second term in the formula. For more

transparent films, all four contributicns have to be taken into account, As pointed

out by Bortolani et al.:' Although in general the ripple scattering mechanism is the

dominant one it is found that the elasto-optic coupling in some films is not negligible

and sometimes even prevailing".

5.1.2 Brillouin Scattering Intensity from Surface Ripple Scat-

tering

For the TiN/ H8S combination, however, the ripple mechanism is the main scattering

source J;J.e to the metal-like properties of TiN and no pronounced oscillation in the

scattering intensity is expected.

If only surface ripple scattering is considered, then &~ room temperature and

above, the Brillouin scattering efficiency O{' intensity for scattering from a surface is

given by Subbaswamy and Maradudin [76] as

J(w) ex D~lm {G33(kjl,w + iO)} , (5.2)

where w is ~ngi11dt'frequency shift, T is the absolute temperature, k!l is the projection

on the surface of the phonon wave vector, and G33(kn,w + iO) is the component
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of the Fourier (frequency and wavevector) domain elastodynamic Green's function

pertaining to force and response normal to the surface. The factor D depends on the

medium (density p and permittivity e), scattering geometry. polarization and incident

photon frequency Woo

5.2 A G·reen'sFunction Method for the Calcula-

tion of Brillouin Scattering from a Supported

Solid Film

From equation (5.2), it can be seen that calculating the Brillouin spectrum essentially

reduces to a determination of G33(kll,w + iO). In the following theoretical analysis,

we outline how this is done.

Our theory is developed for the most general case of an elastically anisotropic film

on an anisotropic substrate, although for the particular combination TiN IHSS, both

are shown to be effectively isotropic.

We choose the coordinate system with -X3 as the outward normal to the solid

surface and with the origin at the interface. The substrate occupies the half-space

X3 > 0 and the film, which is of thickness h, occupies the region +h. < Xa < O. In-

timate mechanical contact is assumed between the film and substrate. G33(kl!,w) is

the Fourier transform with respect to time and the spatial coordinates XII = (;1:1, X2)

of the 33 components of the Green's function tensor Gij(x, t), evaluated for force and

displacement at the otherwise free surface of the film. The boundary conditions are
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contir- .' :y of the stress components (traction forces) 0'£3 (kjj, X3 = 0,w) and displace-

ment field u at the interface, and

(5.3)

at the surface. The negative sign in equation (5.3) has to do with the fact that the

surface tractions are in reaction to the applied force, whicn is periodic. in time and

position.

In both the substrate and the film, the displacement field is required to satisfy

the equations of motion for a homogeneous elastic continuum

(5.4)

where 'Ui are the displacement components and C~jloe and p are respectively the stiffness

tensor and mass density of the individual media. The usual convention regarding

summation over repeated subscripts is implied here.

For each value of k[i and w, equation (5.4) admits six plane wave solutions for

which the third component k~n), n = 1,2, ... , 6, of k is obtained as a real or complex

root of the characteristic sextic equation (see section 3.1.1)

(5.5)

For the film, we retain all six solutions k~n), n = 1,2, ... ,6, while for the substrate we

retain only the 3 outgoing waves, which we enumerate k~n), n = 7,8,9, and discard

the 3 incoming waves [46J. The outgoing waves are either homogeneous, i.e. k~n) real,

with ray vector V'kw(k) directed into the interior of the substrate, or evanescent with

Im(k~n» > 0, so that they decay into the interior.

-------.-----~



IIIIlIlIel"IIIIII~III&llr""~L._.2""""""--Ma----------
101

The required solution that satisfk..; the boundary conditione takes the form of a

superposition of the 6 plane waves (n -, L 2, ... , 6) in the fihn occupying the region

--h < X3 < 0
(>

u-:-(kll.xn wI == '\:"' A(n)u:(n)eik~")X3
~ , u, I' L...... 3 a

n==1

(:5.6)

and of the 2 outgoing plane waves (n = 7,8,9) in the substrate occupying upper half

space (+, X3 :> 0)

D2: B~n)!1~n)= iOf.3!W,
"",1

f = 1,2,3. (5.11)

(5.7)

From the streEs-strrun relationship, (JIm = G,mpq8up/8xq for the film and equation

(5.6) it follows that the surface tractions are given by

6

(Ji3(ki\,X3 = -h,w) = iu.I2:A&n)B~n),
'11=1

(5.8)

where

n=1,2, ...,6, £=1,2,3, (5.9)

with

B(n) - (\
(. - v , n=7,8,9, f=1,2,3. (5.10)

Comparing Eqs. (5.3) and (5.8), we obtain a set of 3 linear equations for the parttal

wave amplitudes Ar)
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Another three equations fox the amplitudes are obtained from the boundary condi-

tions of continuity of stress at the interface

(5 :2)

which yield
9

'" B(n)A{n) -- 0L e 3'- 1

fl.",l

e = 4,5,6, (5.13)

where

B{n) '" c: u.(n)k(Il)jC =L. 3£-3pq peW,
P'l

n = 7,8,9, E = 4,5,6, (5.14)

and

B(,n) - _ '\.....C- J.{n) I.(n) :W
R - L.J 3t-3pq P ""q I ,

pq
n == 1, 2, ... ,6, e == 4, 5, Ei. (5.15)

Finally there are three equations for che partial wave amplitudes arising from conti-

nuity of th:! displacement field at the interface, i.e.

(5.16)

which yield

c = 7,8,9, (5.17)

where

B{n) ~ Uq
i - £-6, n = '1,8,9, .e = 7,x 9, (5.18)

and

B(n) - _U(n)
£ - £-6' n=1,2, ...,6. £:=7,8,9. (5.19)

The solution of ths r-ine equations comprising Eqs. (5.11), (5.13) and (5.17) takes

the form
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By substituting these result" f()r' .l~) into equation (5.6), we obtain the displacement

Green's function G33(kll,w) = ui(kll,X3 = -h,w) at the surface

'3 .
G' (k ) - '\'" I, (B-1)(n)U(n) -ik~n)h
.r33 iI,(c} - £-, '-;, 3:; exp , .

" t., 1 W

(5.21)

a continuur., extending rn,.., a threahold frcql'cncy (yo, corresponding to the transonic

state, to higher fr(;'h'cnd·,~s.This j" known as the Lamb sh()l'Ider and represents the

contribution of bulk wav(;; to Lie lighl, 8cattcring, In .-dditiou. there may be one

or more sharp lines at frequencies Lh' ,'" ~')Ilwhich correspond t.} ::h~,C"':rit,ationof

surface waves. These occur where n.-1 becomes bi.l"'.l.l"t' which if, determined by the

vanishing of [B] . A Rayleigh wave is usually to be found 011, frC(' surface, and a

soft film can have the effect.of drawing out additional surface WL'.Vt!sfrom the 1;, "nh

shoulder, i.e. Sezawa waveswhich are derived from Lamb waves in the film and Love

•\ hard film has the opposite (;lIect of driving the Rayleigh wave im.o the Lamb

waves which are derived from the shear horizontal (Sd) waves in the film.

shoulder. In the Lamb shoulder, there may be pronounced resonances which are

generally associated with IB I being small but non-zero, and which can be identified

as pseudo-SAW or pseudo-Love waves. However, the factors UJn) in equation (5.21)

can have a significant modifying effect, and result in marked features in the scattering

even where IBI is not a minimum. For large film thicknesses the Green's function

for tllt:: t11msurface resembles the Green's function for a half-space of film material,

except that the Lamb shoulder is fragmented into a large number of closely spaced

resonances,
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5.3 Numerical Results for a Hard Film

R::C!lUS$ of its relatively high elastic moduli, a hard film has a stiffening effect on

the surface wave velocity of ~,he substrate. A stiffening system usually refers to the

case where the shear bulk velocity of the film is higher than that of the substrate.

In order to investigate in detail what acoustic modes there are and how the acoustic

modes transform from one kind to another in this type of system, we present here

the calculated Brillouin sc:,tter1ng spectra for some typical film thicknesses and the

dispersion curves over a large range of kilh for TiN/ HSS. The effects of the TiN

elastic moduli on the dispersion curves are also discussed.

5.3.1 Acoustic Behavior for a Strong Stiffening System

G".lided Acoustic Modes for TiN/HSS

The elastic constants we start with in our calculations on Ti1V / II OS'S are the same as

those used in section 4.1.4. The calculated spectra, with light incident at an angle

of 70" to the sample surface normal, fOT'some typical thicknesses of films are shown

in figure (5.2). Starting with film thicknecs 10nm, there is a sharp peak at 10.9

8Hz, corresponding to a true surface wave, together with the bulk continuum (Lamb

shoulder) exten. "ug from the substrate transverse wave threshold (at 11.4 GHz) and

through the longitudinal wave threshold (at 21.3 GII ::;)to higher frequencies. By

40nm. the surface wave has merged into the Lamb shoulder. A highly damped p-

f'~A'0lin the form of a broad band is evident at 60nrn, and for 150. 200 and. 240nm,

'we see the emergence and rise to prominence of the "pre-Rayleigh" mode, and then
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Figure 5.2: Calculated Brillouin spectra of T'!.N III S S for a selection C'ffilm thick-

nesses h, d~splaying a true SAW, a highly damped p-SAW, "pre-Rayleigh", quasi-

Rayleigh and its higher order modes. In the calculations, kl! is fixed by the back

scattering geometry with the incident angle ()i = 70". The scattering intensity is

given in arbitrnry units.

its evolution into the" qum:;i-Rayleigh" wave by 7lJlkm. FN 700nm, in addition to the

quasi-Rayleigh mode, is higher order modes are ,In III evidence. The higher order

modes have larger frequer,cy shift> and display relatively lower scattering intensity

than the p-SAW. For even larger film thicknesses, the higher order modes become

closely spaced resonances that cannot be resolved by Brillouin so.ittering,

-----,-----....-~.-----
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Disper-sion Relations of TiN/llSS

An overall view of the acoustic behavior of TiNt'llSS is provided by the calculated

dispersion relation in Figure (5.3), representing the wave velocity 'U vs, k!lh, where kll

is the magnitude of kll' As can be seen for this stiffening system, with increasing film

thickness or kllh, the SAW velocity of TiN / II S S increases from the Rayleigh wave

velocity of the substrate HSS eventually to the quasi-Rayleigh wave velocity of the

TiN/HSS.

In figllre (5.3), initially, in the region 0 < kl1h <, 0.8, there is a steady increase

in 'v, which ley ils off to the substrate bulk shear velocity (vst) at kllh = 0.8. In

this region tr.(' surface mode is a true SAW, with the partial waves in the substrate

falling off exponentially away hom the surface, and IBI vanishing exactly. For kllh

between one and about eight, one of the partial waves in the substrate is a bulk wave

which carries the energy of the surface mode away from the surface, and IBI does not

vanish but instead displays a rather shallow minimum. This mode can be regarded

as a highly damped p-SAW. For kllh greater than about eight, the surface mode is

still a p-SAW, but evolves into the Rayleigh wa-e for TiN at larger kllh, and with IBI

having a sharp but non-zero minimum. The higher order p-SAW modes are discussed

later.

It can be seen that tl: ~ above dispersion curves are very similar to that discussed

in section 4.2.4 by a "classical" method. However, this methr-i, can provide more

information for the region of the discontinuity and higher order acoustic modes. This

is because this method which is based on the ripple scattering mechanism, takes into

----.~----,,--------------..,....--
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I

account the contributions from all the possible acoustic excitations localized at the

free surface.

The existence the p-SAW and its higher modes included in the figure (5.3) is

confirmed by our measurements in next chapter. We calculate here the Brillouin

spectrum with only ripple scattering at. the free surface being taken into account. For

TiN films, W'~consider that it is a reasonable approximation to ignore the elasto-optic

scattering because the scattering volume concerned is small.

The dispersion relation described above applies to the strongly stiff=ned situanon.

The fact is that the elastic constants of 'TiN used in the calculations have a profound

affect on the dispersion relation. The discontinuity in the dispersion curve neal' klih ~

4.6 disappears if reduced values of the elastic constants of TiN are used. This is

shown in the following section, where no "pre-Rayleigh" mode appears, and the highly

damped p.SAW transforms directly into the quasi-Rayleigh wave of the TiN film at

large k1ih.

5.3.2 Acoustic Behavior for a Weakly Stiffened System

We use the reduced elastic moduli of TiN that are about 25% smaller than its bulk

values to describe the weak stiffening system. The reduced elastic- moduli decreases

the shear hulk velocity of the film, but :-;;is still hi 'her than tha. of the substrate.

'The calculated Brillouin scattering spectra, also with the laser light. incident angle to

sample surface normal being 7W, for this system is nhown in figure (5.4). Comparison

between figure (5.2) and figure (5.'1) shows that no »re-Rayleigh mode appears for the
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Figure 5.,*: Calculated Brillouin spectra of a weakly stiffened system for some typical

film thicknesses using the reduced values of the elastic moduli which are 25% smaller

than those of bulk TiN, where no pre-R ..w!eigh mode is found. In the calculations,

kn is fixed by the back scattering geometry with the incident angle 0; = 70° . The

scattering intensity is given in arbitrary units.

system. Instead, the [-SAW increases in phase velocity (frequency shift) to approach

the quasi-Rayleigh wave as the film thickness increases.

The dispersion relation for the weakly stiffened system is shown in figure (5.5).

;OnE' phase velocity of the p-SA\V continuously increases and evolves

into the quasi-Rayleigh velocity of the HIm at large values of J.~!lh. There does not

exist a pre-Rayleigh mode before the p-SAW transfers into quasi-Rayleigh mode.

------
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As the elastic moduli of the film decrease further but remain higher than those of

the substrate, the dispersion relation is similar to the figure (5.5). In this further

reduced stiffening system, the dispersion curves of p-SAW and quasi-Rayleigh move

downwards to lower velocity and there are more higher order modes appearing ior a

particular kl!h. For the system, where the elastic moduli of the film is less than those

of the substrate, there exist Sezawa and pseudo-Sezawa waves which is beyond the

scope of this thesis.

5.3.3 Effects ofMaterial Constants on the Acoustic Behaviour

in a Stiffening System

In contrast to varying the elastic constants of the film, the variations of the elas-

tic moduli of the substrate Lave the opposite effect on the dispersion relation of a

stiffening system. As the elastic moduli of the substrate increases, the discontinu-

ity of p-SAW and hence pre-Rayleigh mode 'will disappear, while the quasi-Rayleigh

velocity of the film remains constant over the range of large kllh. Because the bulk

shear velocity depends on both the elastic constants and mass density of materials,

the variations of the densities of the film and substrate have also an effect on the

dispersion relations of a supported film..... icreasing of the film density has the same

effect as reduction of the elastic moduli of the film, for example.

In this chapter, VIe ha.veoutlined a general theory of surface Brillouin scattering

and the scattering mechanisms. Emphasis has been given to Brillouin scattering from

a supported hard film. Surface Brillouin scattering spectra and dispersion relations
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which elastic constants equal to '75% of TiN bulk values. The shear velocity of the

"film" is 1.58 times that of H88, so that this system represents a relatively weak

stiffening system.



have been calculated for a strong and a weak stiffening system using a Gwen's function

method based on a ripple scattering mechanism, and a pre-Rayleigh mode has been

identified. The algorithm of the calculations using this method has been described in

detail. We have also investigated how the elastic moduli and density of the film and

the substrate alfect the dispersion relation.

112
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In the past decade, considerable progress has been made in the development of sur-

face Brillouin scattering (BS) as a technique for the non-destructive characterization

of materials. With the advent of high resolution and high contrast multi-pass tan-

dem Fabry-Perot interferometry, BE; has been applied to the measurement of the

near-surface elastic properties affected by radiation damage, ion-implantation and

ion exchange, mechanical polishing and other surface modifications, thin supported

films and interfaces at both ambient and high temperatures, making US':i of vari-

ous guided and localized acoustic modes including Rayleigh waves, pseudo-surface

acoustic waves (p-SAW), Sezawa waves and Stoneley waves. The use of conventional

ult .....asonic techniques in these situations is difficult because of the large wave length

in relation to the layer thickness, Brillouin scattering is also a valuable technique for

the charaeterlzation of matenals at high temperatures and pressures.

Chapter ·6

Experimental 'Techniques in

Brillouin Scattering

113
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In this chapter, the kinematics of Brillouin scattering from surface phonons are

introduced in section 1. In section 2, the tandem Fabry-Perot interferometry, sur-

face Brillouin scattering setup, measurir- ~method and calibration and analysis of the

experimental data are described. '';''he back-scattering geometry adopted in our mea-

surements and some crucial factors for successful measurements on TiN,! HSS are

discussed.

6.1 Kinematics of Brillouin Scattering ill Solids

The interaction between light and acoustic excitations in solids was investigated first

by Brillouin (1922) and Mandelshtarn ,_. '16) early in the century. Brillouin spec-

troscopy studies inelastic scattering of light by thermally excited acoustic phonons

(Iong-wavelength thermal acoustic modes) in a solid. The dynamics of these exci-

tations are reflected in the spectrum and polarization of the scattered light. Since

the dynamics are determined by the elastic properties of the scattering materials, the

phase velocity of acoustic modes and thereby elastic constants can be obtained from

the spectrum. Brillouin scattering is thus a non-contact and a non-destructive method

for measuring the elastic properties of solids. Tne incident light, usually focused

laser beam, and the scattered light leave the sample essentially in thermodynamic

equilibrium. Unlike ultrasonic techniques, no external forces are applied.

From quantum mechanics" for energy and momentum conserv .;uon, first order

light scattering is described in terms of the creatlc n and annihilation of phonons of

wavevector k: and angular frequency n. Scattered light of wave vector k" and angular
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L__
Figure 6.1: Wavevector conservation of the incident and scattered light: '",9 - ki = k,

frequency wsis linked to the incident light (with wave vector ki and frequency Wi) as

follows:

(6.1)

(6.2)

where + sign refers to absorption of phonons (anti-Stokes event) and the - sign to

the ;;l~,i""l(l.il of phonons {Stokes event). The phonon angular frequencies probed in

condensed matter by Brillouin scattering are in the hypersonic regime:

(6.3)

which happens to lie between the angular frequencies measured by ultrasonics and by

neutron scattering, Because of the low values of n and the sound velocity compared

to those of the incident light, the frequencies of the incident and scattered light. are

approximately equal and so are the magnitudes of their wave vectors (i.e. kS R1 A;i).
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With the above approximation, wave vector superposition triangle in figure (6.1)

shows that the magnitude of the phonon wave vector is given by

(6.4)

where 0 is the scattering angle, i.e. the angle between k" and k'. In solids the

corresponding wavelength (2r./k) is many times longer than the distance between

adjacent atoms. In this long wavelength limit, the magnitude of phase velocity ('L' ==

njk) is within the hypersonic sound velocity region,

The angular frequency shifts (ws - Wi) are measured in the Brillouin scattering

spectrum and are related to the scattering vector by

W.9 - Wi = 2k' sin] ei2)v. (6.5)

Since the ki and () in these formulae are determined by the experimental at! e.ngement

for 0. specific scattering geometry, the phase velocity can be obtained using the mea-

sured angular frequency shifts (ws -. Wi)' The phase velocity depends on the density

and elastic constants of the solid. Thus, the elastic constants of materials may be

determined using Brillouin scattering.

6.2 Experimental Techniques

Brillouin scattering is the very weak inelastic scattering from thermally excited phonons

superposed on much stronger elastic scattering. A typical Brillouin scattering exper-

iment measures phonons with frequenciea in the range up to about 150 GIIz. For

an opaque material, where the scattering from acoustic excitations at ()1' near the

~- ----~------------------
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surface, the me..asured frequencies are usually in the range of 20 - 40 GHz, and the

elastic component from surface roughness and irregularities exceeds the intensity of

the inelastic component by more than a factor of 104 - 105 in the scattered light.

Thus the Brillouin peak is impossible to pick up by normal scanning Fabry-Perot

interferometry w!~;1a contrast

where the contrast c is the ratio ofmaximum to minimum transmission and F (5 100)

is the finesse depending on the mirror reflectivity, mirror flatness and instrument

aperture.

In order to detect the scattering from surface acoustic modes of the hard films on

a tool steel substrate, much higher contrast and higher resolution is required. The

tandem multi-pass interferometer meets this requirement.

6.~.1 Tandem Fabry-Perot Interferometry in Brillouin Scat-

tering

The Fabry-Perot (FP) Interferometer consists of two plane mirrors mounted accu-

rately parallel tu each another. For ~ given optical spacing L1 between the two

mirrors, only wavelengths satisfying

(6.6)

will be transmitted, where m is integral value'), In other words ~heFP interferometer

acts as a tunable filter whose peak transmission is close to unity over a narrow spectral

-------------- ..............
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interval, falling to b. very low value outside this interval. The FP interferometer is

used in Brillouin scattering spectroscopy by varying L1 so as to scan the scattered

light intensity at different wavelengths. However the measured intensity for a given

spacing is the sum of the signals at all wavelengths satisfying equation (15.6). In order

to ensure the measw:ed peaks to be collected from the light scattered. by acoustic

excitations with a specific wavelength, the spectrum of the scattered light must lie

entirely within a wavelength spread ~A, where L~A is the spacing b",,,.·,r'sensuccessive

transmitted wavelengths which is known as the free spectral range (FSR).

The use of two or more FP interferometers of unequal mirror spacing in series

(tandem interferometer) can increase the ~).. at a fixed resolution. If the spacing

of the second interferometer L2 is close to L1 (for instance, in our measurements

L2/ L1 ::-;::0.95), the FSR of thi(1tandem. system will increase by a factor of ~o over

that of a single interferometer. This is because that only when Al = A2, i, e.

2L1 2L2
-:;:::- or (6.7)

will the scattered light transmit through both of the FP interferometers. From equs-

tion (6.7), the smallest integral value of Tn! is 20. This implies that light is transmitted

through both of the interferometers only after 20 times the FSR of the first inter-

fercmeter, eliminating the problem of the overlapping of interference orders from a

spectrum of scattered light. Since the transmission of either interferometer never falls

exactly to zero, small ghosts of the intervening transmission peaks remain all much

suppressed orders, as shown in figure (6.2).



Figure 6.2: Free spectral range for tandem interferometer, .6.>'1 and .6.'\2 are the

FSRs of mirror pairs I and 2. .6.).-1' is the 20 times increased FSR of the tandem
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In practice, the use of tandem interferometry has been limited due to the difficulty

in the synchronization of the two interferometer scans. During the scan with a few A

accuracy, the relation

(6.8)

must be satisfied, where tiDl and 8D2 are the increments in the mirror spacing L, and

D2• In our experiment, a synchronously scanning tandem interferometer is achieved

by mounting the scanning mirrors of the two interferometers on a single scanning

stage [77], one with the mirror axis parallel to the scan direction, and the other with

its axis making an angle a to the direction of scanning as illustrated in figure (6.3).

In this case,

(6.9)

can be maintained and equation (6.8) satisfied. In our measurements, a ~ 18° and

Another advantage of this tandem interferometer is that it IS much less sensitive

to temperature fluctuations since the two interferometers are mounted very close to

each other, sharing the same environment. A tilt-free scanning stage consisting of a

deformable parallelogram platform mounted on top of a roller translation stage for

fine and coarse scanning. The translation stage is mounted on a dynamic isolation

system with excellent directional and positional stability using an electronic feedback

control, and then on top of an active vibration isolation table. This is necessary since

any external influence which distorts the mirror spacing by more than a few angstroms

will seriously distort the spectrum. In order to scan a FP interferometer through a
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Figure 6.3: The translation stage of the tandem interferometer used in the exper-

iments, The t.wo interferometers are synchronized automatically by the translation

stage when the mirror spacing is scanned in the measurements (from Ref. [78]).

single transmission peak a change in mirror spacing of about 25A is required.

In measurements the mirror spacing is scanned rapidly, and the interferometer

transmission thereby tuned to analyze spectral features of the incident light. A multi-

channel storage device is used to sum the spectrum over successive scans. While

the scanning is performed, the interferometer must maintain dimensional stability

to within a few .A, which can be achieved by making continuous corrections to the

mirror spacing and parallelism using piezoelectric transducers. The mirror spacing

is measured by a plane capacitor, and an active loop is used for regulating the scan
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Figure 6.4: A schematic diagram of a tandem interferometer (from Ref. [78]).

voltage to the transducer. The parallel interferometer is extremely sensitive to mirror

misalignment, and an active feedback loop must be used to regulate the parallelism

of the mirrors. The construction of the scanning stage and interferometer is shown

schematically in figure (6.4). The instrument is entirely enclosed in an aluminium box

to protect the interferometer from sound waves from the outside, which can excite

high-frequency resonances in the system.

The contrast of an interferometer -an be greatly enhanced by placing two or more

.~ s_· ..........
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interferometers in series or by passing the light two or more times through the ~:~l 'e

interferometer. Inpractice, the latter is us-rally ::dopted in order to avoid the problem

of synchronization. In our experiment; we use a Sandercock (3 + 3) pass tandem

interferometer, which has two interferometers in series and can achieve a contrast

of greater than 1012; five or six orders of magnitude greater than that of a single

interferometer. The design of a multi-pass interferometer has been discussed in detail

in the literature [78] and ['{9]. The advent of this multi-pass tandem interferometer

makes Brillouin scattering measurements of opaque materials possible.

6.2.2 Surface Brillouin Scattering Setup

The experimental setup incorporating Sandercock's (3+3) pass tandem interferometer

that has been used in the measurements is shown in figure (6.5). An argon-ion laser

beam with a wavelength of 514.5nm., is guided by a series of reflecting mirrors, and

focused onto the sample's top surface by a 50 mm. focal length Iens With the back-

scattering geometry, this lens also serves to collect the scattered light which is then

guided into the tandem interferometer for processing by another series of mirrors.

The interferometer works as a tunable optical filter for the spectral features in the

light scattered from the samples. The scanning and stabilization of the interferometer

is controlled by a control unit aided by a double beam oscilloscope. The scattered

light passes the interferometer mirrors 6 times and the contrast is increased to a very

high order to distinguish the weak inelastic scattering signals from those of'" 'ie strong

elastic scattering.
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I
Tandem Fabry-Perot in1m1erometcr

""

Figure 6.5: Experimental arrangement for Brillouin scattering measurements with a

back-scattering geometry.
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The filtered light is collected through an aperture and then enters the photo-

multiplier tube (PMT) 'with overall sensitivity rr.tings 50GOA/lm. The tube cathode

is cooled by a thermoelectric refrigerated (TR) chamber to reduce the noise. ve:..

The cooling temperature of the TR was set at -·:'-:O°C. The small signals rrom the

PMT are amplified by a preamplifier with fast rise time ann. having low m <:. The

amplified signals arc processed by gated photon-counter operating at rates up to 200

ji-fHz, and then are reshaped and delayed by a logic shaper & delay (LSD) to provide

suitable logical interface capability. The sequence of elect-ic pulses from the LSD is

stored in a PCA- II card, which consists of a 100 A1H z analogue to digital converter

(ADC) , single channel analyzer (SCA), multichannel Scaler (MCS) and on board

memory. 'With this card and standard software instelled in a personal computer, the

computer can be used as a fully featured multichannel anaiyzer : with window

style pull down menus for operational convenience. The BE!

plotted by this computer.

are collected and

An acousto-optic modulator with a shutter controlled by the scanning signal (ap-

propriate windows set by the control unit) is used to attenuate or filter out the in-

tensity of the elastically scattered peak in order to protect the photo-multiplier tube.

In the absence of an elastically scattered peak from the sample, a eupplementary

weak and constant signal at the laser frequency is provided by a beam-splitter and

fibre-optical cable. This is necessary to provide a reference signal for the stabilization

of the interferometer scan and parallelism of the mirrors.

The details of the apparatus used in the experiment are listed in table 6.1.
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~,_l_te_m_s -+!_]\._I_O_d_e_I It-r:l_an_~~~ctur_e:_ - -_J
IFabry-Perot Interferometer Tandem JRS I

"I
Vibration Isolation System MOD-2 JRS I

Attach. to TFP I sus --1
Interforometer Control Unit

~ I---

IDouble Beam Oscilloscope PM3230 Philips

rArgon Ion Laser 2020 Spectra-Physics
I

Acousto-optic modulater ADM-40 IntraAction Corp.

Photomultiplier Tubes 9863Q/R464S EM! Electronics Ltd. /Hamamatsu

Thermo Refrigerated Chambers TE-104TS-RF Products for Research, Inc.
.

Fast Preamplifier SR445 Stanford Reasearch Systems. lac. J
Gated Photo Counter SKiC') _etanf",d Reasearch8""=,, Inc I
Logic Shaper & Delay 2055 Canberra Industries, Inc.

,
! Multichannel Analyz r PCA-II The Nucleus Inc.

~'-_p_er_s_on_a_l_C_c_)m_p_ut_e_r -I1 ~:r' '_-L.I_IB_:_'\1: -,

Table 6.1: Apparatus used in the experimental arrangement.
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6.2.3 Measuring Method

The multi-pars tandem interferometers must be pre-aligned to be parallel and with

correct relative spacing in +he reflection mode before the Brillouin scattering mea-

surements is taken. This can be done by measuring the doubly reflected beam from

the two interferometers using a photomultiplier aided by a double beam oscilloscope.

With the incident light passing through a beam-splitter, it is guided onto the first

interferometer and reflected via a second bea.r-splitter onto the other interferometer,

and then reflected and directed to the photomultiplier. The pre-alignment method

based '- he fact when an interferometer is transmitting, the reflected light intensity

tends towards zero. In other words, a minimum is observed in the oscilloscope when

one of the interiecometere is optimally aligned. When the interferometer scans, the

photomultiplier signal 'will, therefore, show a background intensity punctuated by two

distinct series of minimum peaks (near zero intensity) after the two interferometers

are independently optimally aligned. The fact that there are only two series of minima

in SCt r.;'" ..-cause the reflected light is almost monochromatic since the elastically

scattc"l';1 .W' ,t rl.ur :,. : ~sover the inelastically scattered light. A series of minima can

be observed dC'." '.I ,i,1:) fact that. the relative spacing of the two interferometers does

not conform to equation (6.9), and the interferometers are not in the tandem mode.

Further adjustment is needed to bring a pair of peaks into coincidence for the correct

relative spacing, and then the pre-alignment of the tandem interferometer is complete.

On switching the optical system back to the multi-pass tandem mode, traasmission of

elastically scattered light will be observed with only minor adjuotments necessary to
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maximize the transmission. Switching on the acousto-optic modulator to attenuate

the elastic central peaks while the" ghosts" is kept at a lower level, the measurements

of Brillouin scattering can be started.

For scattering from surface acoustic modes, conservation of wavevector parallel to

the surface holds, i.e.

(6.10)

where 1;;1]is the surface phonon wavevector, k, and k; 2~~ the modulus of the wavevec-

tors of the incident light and the scattering light respectively. Oi is the incident angle

with respect to the surface normal. Os is a range of scattering angles depending on

the finite aperture of collection lens and (sin Os) is the average of sin Os over the range

from Oi-.6.0 to 0, +.6.0. For Vi= 70° and collection lens of diameter D = 2'T.8mm and

focal length P = 50mm in our measurements, .6.0 =D /2P ~ 15.50, and

(si 0) = J:ft,!:t% sin OdO = sin .6.0 sin °i ,.._,0 928
sin 8 1::..0 AO ~. • (6.11)

In the k; ~ k; approximation for Brillouin scattering and for back scattering

geometry, the phase velocity 'V of the thermally excited phonons that engage in the

scattering is

{6.12)

where f is the frequency shIft. corresponding to the surface modes in the BS spectrum.

The highly polished sample was located on the sample holder which car, be rotated

for a chosen incidence angle. The incident angle of th« laser beam with respect to the

normal of the sample was kept fixed during a measurement. The incident light beam

was of power aoo - 4rJOmW and ;ts iJ vector was polarized in the plane of incidence
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in all cases. The observation was performed in air and at room temperature. The

mirror spacing of TFPl v chosen to be 4.000mtn, enabling the surface wave peak

position to be clearly separated from the elastic scattered peak. A scan amplitude of

2.30 is used for data accumulation. "Windows" of the control unit are set to cover

the elastic peak width and used to operate the modulator substantially reducing the

intensity of elastic scattering.

In the experiment: the sample surface condition and the optical alignment of the

back-scattered light have a crucial effect on the successful measurement of spectra,

and patience must be exercised with regard to the measurement period.

6.2.4 CalibrationProcedure for a Measured Brillouin Spec-

trum

Data collected is stored in the MeA in a form of counts (intensity) as tl,e vertical

axis and number of channels as the horizontal axis. The number of channels can

be converted into a frequency shift using the first ghost and the spacing of either of

two mirrors (Ll or L2). A typical Brillouin scattering spectrum is sketched as figure

(6.6), where the central peak is the elastic scattering signals and the other two peaks

on each side are the first order" ghosts". From the positions of the ghosts (Xl and

X2), it is possible obtain the calibrated frequency shift (t;) per channel number, and

hence the frequency shift of the Brillouin scattering peaks can be determined from

their positions (XB). Corresponding to the Brillouin peaks shown in figure (6.6), the
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Figure 6.6: A schematic diagram for the description of the calibrat ;,~lprocedure of

Ghost

/ Inelastic pev/
r- r-

Xn

Xl .,
X2

measured Brillouin spectra.

frequency shift can be obtained using

where c is the speed of light and L2 = L1 cosa.

Some errors may be induced if the shape of the ghost is distorted so that Xl and

X2 cannot be determined precisely, The broadening of the Brillouin peaks, which

is not unusual in measurements, also makes: the determination of XB difficult on

occasion, and hence errors can occur.



Chapter 7

Sample Preparation and Analysis

In 'chis chapter, sample preparation technique and physical properties of TiN films

determined by various analytical techniques are discussed. Section 1 describes the

deposition process ofTiN films a:,d sample preparation for Brillouin scattering. Sec-

tion 2 consists of the investigation of the physical properties of the samples. The TiN

rums deposited using magnetron sputtering and hollowcathode discharge plat !.ig have

a preferred orientation which is detected by X-ray diffraction. The topography and

the thickness of the films are investigated using SEM, and the elemental composition

of the films is probed using EDX-ray analysis. XPS is used to investigate the com-

position vadations at the interrace region. The film thickness is also confirmed by

Rutherford baclcscattering measurements using the bulk values of density of TiN.
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7.1 Samples of TiN Films on HSS

The TiN / HSS combination chosen for measurements is of practical significance since

HSS is the most widely used tool steel in industry. The cut substrates are slender

bars of size of 25mm x 8mm x 8mm. A notch is made at 10rnm from one end in

each bar for preparing fracture oris after coating. One face of the substrate is

mechanically polished to a very high smoothness (O.5,um) using diamond powder.

This is required not only to produce good adhesion at. the interface but also for a

good Brillouin spectrum. All substrates are ultrasonically cleaned with acetone and

alcohol prior to being loaded into the deposition chamber.

TiN hard films with various thicknesses are deposited on HSS substrates using

the DC magnetron sputtering apj"aratus at the Atomic Energy Corporation (AEC)

of South Africa Limited, The purity grades of the materials mvolved are 99.9 wt.% of

titanium, 99.997 vol.% I.)forgon and 99.999 vol.% pure nitrogen. Three rectangular

water cooled titanium targets are fixed around the cylindrical chamber inside. The

substrate is located at a distance of 200mm from the targets and the polished face

is kept upwards. Prior to deposition the system lS evacuated with a rotary and a

diffusion pump to a pressure around 10-5 torr to eliminate oxygen, and the substrate

is heated and sputter cleaned in an argon plasma under the pressure of 2 x 10-3 torr.

The deposition process starts by introducing nitrogen into the chamber. Con-

trol of the flow of nitrogen enables the total chamber pressure (AT and N2) to be

2.1 X 1O~3 ton', A substrate bias of -70V is applied to all samples. Titanium ni-

tride is deposited at a temperature of around 250°0 with a deposition rate of 0.12
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f.Lm min-1 (see section 7.2). In order to have the samples deposited under exactly

the same conditions, a rotational shutter system was designed and mounted inside

the deposition chamber, After stable deposition conditions were achieved, a particu-

lar suostrate was exposed for the deposition of TiN by opening the shutter to that

sample. With the deposition rate approximately 0.12 um.min-I, the film thicknesses

were controlled by varying the period in which the shutter was open. The thicknesses

of the TiN films were subsequently confirmed using SEM (JSM - 840 Scanning Elec-

tron Microscope) on sample fracture sections, XPS depth profile measurements and

Rutherford backscattering based on the bulk density of TiN.

Samples of the stressed TiN,r films were deposited in an Ar/N2 plasma on both

mild steel and HSS using a hollow cathode discharge ion plating technique. Various

states of stress in TiNx films were obtained bv altering the nitrogen partial pressure

in the deposition precess from 6.7 X 10-3 to 6.0 X 10-1 Pa. For nil the films the

substrate temperature W9.S kept at 500'G and the substrates were negatively biased

at -50'V. All the films in these measurements were 3.5f1m thick, a typical thickness

in tool coating applications. The TiN:x films were analyzed using Auger spectroscopy

and the nuclear reaction 15N (p, a')')12C by D Pietersen of the AEC, showing that the

variation of nitrogen partial pressure does not significantly change the stoiehior retry

(x in of TiN:x) of the films. The residual s:::-~ssesof our 'TiNr films are measured

through the variation of the lattice parameter, but the reason for these variations

is not fully understood. It has been shown that the residua! stress of TiC films is

affected by the film deposition rate and/or argon incorporation into the lattice [75].

For the Brillouin scattering measurements, the as-deposited face of the TiN film

........-------------
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was mechanically polished to a flatness of O.05,umusing diamond and Al203 polishing

powders. It was found that the surface «ality of samples is crucial for the successful

measurement of surface acoustic modes in the TiN/HSS combination; smooth. sur-

faces produce less elastic scattering of light which is necessary in order to detect the

weak inelastic scattering peaks present in the spectrum.

7.2 Physical Properties of TiN Films

7.2.1 Filnl Thickness

In order to obtain the dispersion relation for the TiN I!ISS combination, the thickness

of a film must be known. With the above-mentioned deposition parameters, a TiN

film corresponding to 10 minutes deposition time was prepared. This sample was

cooled down in liquid nitrogen for a few minutes and then knocked with a hammer

to obtain a fracture section. The SEM photograph for this section is shown in figure

("{.1). The layer on the right hand side in the micrograph is the TiN film which has an

obviously denser structure than the H.BS substrate, It can be seen in the micrograph

that the thickness of the film is approximately 1200nm. Therefore the deposition rate

of TiN film under the same deposition conditions can be regarded as 120nm min-I.

Thus, the film thickness can be fairly well contrr Jed by varying the deposition time

although the growth rate of a TiN film is not strictly linearly proportional to this

time.

The thickness of a film deposited in this way was further determined using an
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Figure 7.1: SEM fractograph of the TiN/HSS deposited in 10 minutes using the

parameters described in text. The layer at the right hand side is TiN.

SEM investigation of its fracture section. Figure (7.2) shows the micrograph of the

TiN film deposited in 2 minutes. As one can see the thickness of this film is indeed

around 240nm in thickness. Since the film is not one hundred per cent uniform in

thickness and because of some difficulty in obtaining a sharp micrograph of the very

thin films « lOOnrn) in the SEM -bservation, the error in thickness measurement is

estimated to be up to 10%.

The film thickness can also be inferred from the XPS measurements of the depth

profiles used to determine a composition variations at the interface region (see section

7.2.4). Since, in this case the ratio between the film thickness of each sample is correct,

the film thickness can be inferred from a precisely measured film thickness for a thick

sample. The value of the thickness for this sample is 0.87um obtained through three

different methods.

In the deposition process. a standard sample was mounted inside the deposition
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Figure 7.2: SEM fractograph of the TiN/HSS deposited in 2 minutes using the

parameters described in text. The layer at the top is TiN.

chamber next to the steel substrate. The standard sample has an as-deposited surface

which has an accurate area. The film thickness of this sample was obtained by

SEM micrography of its cross section and also by a the mass variation of the sample

provided the density of the film is 5.4g lem3• The thickness of this sample was further

verified by nitrogen depth profiling using the nuclear reaction 15N(P, 0:', '}')12C. The

accuracy of the thickness measurements for this sample is estimated to be better than

5%.

7.2.2 Topography and Composition of TiN Film and HSS

The topography of the TiN/ HSS and HSS samples is observed through SEM, and

inhomogeneous structures are found for bare HSS as shown in figure (7.3). In this

figure, the scattered white spots located on the surface ate obviously something differ-

ent from the remaining area. The EDX-ray (LINK AN 10000 ) technique was used to
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Investigate their chemical composition, showing that the white spots have much more

~;V and Mo than in the remaining area. For a thick film (4.18J.lm) and a thin film

(240nm), the SEM micrographs are shown in Figures (7.4,7.5), and no pronounced

inhomogeneous structure is found. It should be noted that the electron energy used

for taking the micrograph in figure (7.5) was 6kV, sufficiently low to avoid revealing

information from the substrate. An EDX-ray analysis was also carried out for the

films. For the thin film shown in figure (7.6), there are peaks from Fe, W, M 0, Vand

Or in addition to Ti. Unfortunately the penetration of the electron in the EDX ray

method was of order Lum, so that the technique detected not only the composition of

the film but also that of substrate. For the thick film only Ti is detected appreciably

as shown in figure (7:1'). Nitrogen can not be detected by the EDX-ray analyzer due

to its low atomic weight.

The atom percentage of films and substrate by EDX-ray are given in table 7.1. For

the thin film, various areas on the surface were measured, and it was found that the

atom percentage of TiN was always from 14 to 20, indicating that the film indeed

covered the whole area of the substrate. It should be noted that the figure of 20

results from the white spot areas which are only a very small portion of the total

area.
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Figure 7.3: SEM topography of the liSS Subf'-::ate 2'; 20kV. The white spots on the

surface are Wand Mo enriched areas.

Figure 7.4: SEM topography of the TiA'/ HSS' with the film thic1mess 4180nm at

20kV.

1II1I1I1I1I1I...... ~ .... I.Ib&.......... Bm ~ ~
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Figure 7.5: SEM topography of the TiN/H8S with the film thickness about 200nm

at 6kF, sufficiently low to avoid penotrcting the substrate.

Figure 7.6: The elemental composition of the TiN film of about 200nm thickness by

EDX-ray including contributions from the IlSS substrate. The electron energy used

was 20kc;'V.
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Figure 7.7: The elemental composition of the TiN film of 4.18pmthickness by EDX-

ray. The electron energy used was ~OkeV.

I~am~le/ Ato~~~ V Cr Fe W Mo Ti Description

HS8* 6.4 7.4 37.5 21.0 26.9 -- Whi te spot areas
I

HSS 1.9 7.9 84.8 1.80 2.40 - The remaining area

TiN * (200nm) 4.8 6.0 30.5 17.9 20.9 19.5 TiN on white spot areas

TiN (200nm) 1.'7 6.9 71.3 1.69 2.88 14.9 TiN on remaining area
..

TiN (4180nm) - - .ass 1- _. 97.9 Thick film
.

20keV.

Table 7.1: Atomic percentage of the main elements in the substrate and in the TiN

films. For EDX-ray analysis, the depth or the electron penetration is around Ipm at
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7.2.~ Lattice Parameter and Preferred Orientation of TiN

Films

Figure (7.8) shows the measured results of the TiN film samples using scanning X-ray

diffraction. Cu I<Q radiation generated with a 39kV potential difference between the

heated cathode and the copper anode of the X-ray tube was used. The strongest

narrow peak is found at a diffraction double angle of 20 = 36.85°. Using Bragg's law

2dsin e =mA, m= 1,2,3, (7.1)

where d is the atomic interplanar spacing and A (0.1540 nm) is the wavelength of

Cu K Q radiation, the calculated value of d for the strongest peak is 0.2436 nm. The

value of d was also calculated for the other peaks. Through the comparison of the

obtained d values with the X- ray diffraction ASTM standard card (No. 6-0642) of

TiN material, it is inferred that the strongest peak comes from the [111] planes. In

other words, we can say that the TiN films are strongly of [111J preferred orientation,

i.e. the crystallites of the films are mainly distributed with their [111] planes parell-I

to the Iilm surface. Since a single crystal of TiN is of face centered cubic structure,

tne [111] plane is the most close-packed surface with the lowest surface energy. The

average of elastic constants for this type of distribution of crystallites have been

discussed in section 2,2.

An ideal single crystal of TiN at the stoichiometric composition has a lattice

parameter of 0.4240 nm. The interplanar separation of the [111] planes for this single

crystal if; calculated to be 0.2447nm. The measure-I d value of [111] planes for the

polycrystalline film is a little less than that of the single crystal. This may be caused
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47° 45° 430I__ ,~-

FiglIre 7.8: X-ray diffraction measuremfillt of lattice parameter and preferred orien-

tation of polycrystalline TiN films deposited by D. C. magnetron sputtering. Ou K Q

radiation from an X~raytube operated at 39kV was used. The chart speed Was2cm
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by the stress in the film formed in the deposition process due to the differences

in thermal expansion coefficients between the film and the substrate and thus the

lattice parameter is perturbed. Because sputtering involves many argon particles in

the plasma, another possible reason is that the incorporation of argon into the lattice

causes high compressive stress in the film and affects the lattice parameter. The

elastic properties of the films to a certain extent are also influenced by this existing

stress.

7.2.4 XPS Profile Analysis of Composition at TiN/HSS In-

terface Region

In order to interpret the measured SAW velocity for the thinner TiN films, W~ have

performed XPS measurements as a function of depth on all the samples using a Phys-

ical Electronics Quantum model 2000 instrument. The 40W beam of monochromatic

Al /(a X-rays used in these measurements had a focal point size of about 200j.tm. The

depth profiles have been performed by alternately sputtering the surface with argon

ions (2KeV) and measuring the XPS spectrum. The calibration was performed using

a Si02 layer on silicon, where the layer thickness is precisely known. Representative

results, for film thicknesses of 350nm and 190, and 20nm, are shown in figures (7.9,

7.10, 7.11). These figures demonstrates rather complicated compositional variations

in the interface region with the oxide layers (TW2 or TiO) being distinguishable,

while. other compositional variations are present at smaller concentrations.

It should be noted that although most of the samples were deposited in the same
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Figure 7.9: XPS depth profile :measurements for the 350nm film. Oxide layers are

distinguishable ct the interface, while other compositional variations are present at

smaller concentrations.
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Figure 7.11: XPS depth profile measurements for the ~!Onmfilm. There is a 'I'i layer

in addition to oxide layers.
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batch, the samples of 20nm and 90nm thickness were deposited separately. The XPS

result!' show that there is an additional Ti layer over the titanium oxide in these two

samples, which offers a rather complicated multi-layer system. The absolute values

of the TiN depths (film thickness) revealed in XPS measurements are significantly in

error (up to 30%) by comparing these directly with the meesurements described in

section 7.2.1 for these films, but the ratio between the thicknesses of the films must

be correct since the calibration is the same for all the samples.



Chapter'S

Brillouin Scattering Measurement

of the Elastic Properties of

TiN/HSS

Surface Brillouin scattering probes thermally excited phonons in the GHz frequency

range which give rise to surface displacements in opaque or semi-opaque materials.

Depending on the substrate and film combination, th.re are various excitations local-

ized near the surface that can be probed, including Rayleigh or surface acoustic waves

(SA\Vs), Sezawa waves, Lamb waves and pseudo-surface acoustic waves (p-SAWs).

For some combinations, Stoneley waves and other interface excitations can also be

measured [31J, [30j. By analyzing Brillouin scattering (BS) spectra, identifying the

presence of particular acoustic modes and comparing these with calculations, one can

extract information pertaining to the texture, adhesion, film thickness and elastic

148
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properties of supported solid films [37]-[40].

The use of surface Brillouin scattering to study the elastic behaviour of TiN films

on glass substrates! }, on <111> oriented silicon wafers [50J and TiN/(V:rNb1_x)N

superlattices [51) has been reported .ecently, In these measurements, only true SAWs

have been reported, and then only for a very limited range of film thicknesses.

We have conducted Brillouin scattering measurements of the elastic properties

of TiN films over steel, a stiffening system, as a function of rum thickness, nitrogen

partial pressure and temperature. Incontrast to softening layers, relatively few papers

have been published on the effects of stiffening, particularly with regard to p-SA\Vs

[34] and their higher modes in the region beyond where the Rayleigh wave degenerates

into the bulk wave continuum. The CaF2/GaAs(1l1) heterostructure [52] was studied

as a fast-on-slow structure, and a pre-Rayleigh mode has been identified. There heve

been acoustic microscopy studies ofleaky surface waves in AlO/Al [53j-[54J and TiN

coatings on steel [55J-[56], both of which combinations are fast on slow systems. A

theoretical f'-'ldy has been reported of the leaky p-SA\Vs using a reflectance function

[57].

In this chapter, measured Brillouin spectra for some typical film thicknesses are

presented in section 1. 'The various acoustic modes and the way they come into and

out of prominence a;-(' described, including SAW, p-SAVv and its higher order modes.

Measured spectra ar,! compared with spectra calculated using the Greeen's function

method ofthe previous chapter, Good consistency is found for thick films (h > O.Sum)

and the bare substrate (h = 0). The discre-pancy for fairly thin films (5 500nm) is

interpreted. in terms of a reduction of the elastic constants of these rums and internal
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stress in the films. Comparison between the measured and calculated dispersion

curves (v vs. h and v vs, kllh) shows that the elastic constants of the thinner film

decrease as the film thickness decreases. A reasonable conformation between the

measured end calculated disp=rsion curves is obtained using elastic: moduli for TiN

which are about 25% smaller than those of bulk TiN. A possible explanation for

the lowered elastic moduli of the thinner films could be composition variations at the

TiN/H8S interface.

Section 2 describes the correlation between t' +mer sured SA\V velocity and resid-

ual stress and adhesion force of the TiNx films to their substrates. The lattice param-

eter and preferred orientation of the '.liNx films were measured using X-ray diffraction

and the compressive stress dete+nined using the sin20 method [60]. The stress in the

films has a trend opposite to' nat of the SAW velocity. The adhesion force of the film

to the substrate is measured by the critical load method which has the same trend as

the SAW velocity. The good correlations between the SAW velocity and stress and

critical load indicates that Brillouin scattering can thus he used as a non-destructive

method for investigating the stress states and adhesion force ..eatings. All the mea-

sured values of phase velocities are above the Rayleigh velocity of the H 88 substrate

indicating that there is proper contact at the interface. A quasi free standing thin

film would have a much lower velocity.

In section 3, the elastic constants of thick TiN films at temperatures np to 600°C

are obtained ITem measured SA\V velocities. There is a downwa.d trend of the SAW

velocity and hence elastic moduli with increasing temperature.

~ ....~g.[...... ----------
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8"1 Measured Spectra from Various Guided ACOU2-

tic Modes

A series of Brillouin scattering measurements have been carried out on TiN / H SS for

various film thicknesses ranging from 20 tv 4180 nm, and on the bare lISS substrate.

Some typical measured results for scattering h.~,ensityVS. frequency shift are shown

in figure (8.1). In this figure, it can be seen that for the bare substrate, there is a

single peak centered at 10.5 GHz, which corresponds to the Rayleigh wave of II SS.

For the given scattering geometry, the Lamb shoulder extends frcm the transverse

wave threshold at 11.4GHz through the longitudinal wave threshold at 21.3 GHz and

to higher frequencies. For the lISS substrate, the Lamb shoulder cannot easily be

disting.dshed above the noise background.

A true SA"T is obtained for the very thin film (h ~ 20nm, kllh ~ 0.46). The

frequency shift of the peak in the Brillouin spectrum is slightly larger than that

for JISS due to the stiffening effect of i,he TiN f. n on the JISS. As the film

thickness increases further, the Brillouin peak approaches and then merges into the

Lamb shoulder. As this occurs, the corresponding mode transforms into a p-SAW.

The bulk Wave component of the p-SAW radiates the energy of this mode into the

substrate, and this is responsible for the Brillouin peaks for the 60nrn (kllh ~ 1.37)

and llOnrn (kllh ~ 2.51) samples being somewhat broader than for the 1/88 and

20nrn sample. The frequency shift of the p-SAW in this region varies rapidly with

film thickness.

For the 350mn (kilh ~ 7.98) and ,120nm, {kllh ~ 9.58} films, two prominent peaks

~~-------------------
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Figure 8.1: Some typical measured Brillouin spectra for TiN/IlSS. The laser beam

intensity was 300mW with the E vector polarized in the plan« of incider:..ce, while

the collected light was unpolarized. The incident angle 0. with respect ;,0 the surface

normal was 70°.
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are observed in the Brillouin spectrum, The lower frequency peak is due to the p-

SAW and the other peak is due tJ a higher order p-SAW (see discussion below). The

p-SAW has a relatively higher scattering intensity and a relatively sharper peak in

ti!e spectrum than the higher mode, which suggests that the latter mode is more

strongly coupled to the bulk modes of the substrate. For the 870nm (kllh !::! 19.84)

film, several peaks are observed (see figure (8.2)) which are due to the p-SAW and

its higher order modes. Only a single peak is observed for the 4180nm (kllh C:1. 95.34)

film, corresponding to the Rayleigh wave of TiN.

8.1.1 ComparisonBetween the Measured and Calculated Spec-

tra Using Adjusted Elastic Moduli of 'PiN

While the above explanation is able to qualitatively account for the observed Brillouin

spectra, there is a discrepancy between the calculated and measured positions of the

peaks for the thinner films.

The frequency ehifts for film thickness in the range:! 'nni to 4.20nm all lie below

their calculated values, the discrepancy being most pronounced for the thinnest films.

The most ready explanation for this is that the elastic constants for the thir, films

are effectively smaller than those of bulk TiN. Density variations, due for exam-

ple to porosity. are likely to be in the form of a reduction, which would have the

opposite effect of increasing the surface vela-city. Figure (8.2) shows a comparison

between measured and calculated Anti-Stokes spectra using suitably adjusted values

of the elastic eonstants of TiN. The measured spectra are fitted using a Gat',ssian
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Figure 8.2: Comparison between the measured and calculated spectra of TiN/HBS
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Reduced stiffness constants for the TiN films are used in calculating the spectra.
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distribution function.

Good agreement is obtained for the 20nm and 110nm films when the elastic

constants of TiN are reduced to 60% of their bulk values. For the 350nm film, the

best fit is obtained when the elastic constants of TiN are reduced to 75%of their bulk

values. For the 870mn film, 110 adjustment of the elastic constants of TiN is necessary

to aCCLunt for the main Brillouin peak. which lies verv close to the frequency predicted

for the Rayleigh wave or PiN. Likewise, for the HS.') substrate and 4180nm films, no
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adjustment of elastic constants is required to quantitatively account for the Brillouin

peaks.

8.1.2 Experimental Errors in Surface Brillouin Scattering

It should be noted that whereas the calculated and measured peak positions are

i.n good agreement, the peak widths differ. The calculated spectra include a small

damping factor to deal with the computational difficulties arising from the singularity

in B--! (see equation (5.21)). The difference between the calculated and measured

spectra for the 20nm and 870nm films results largely from instrumental broadening.

For the p-SAW calculations, where the same damping factor was used, the peaks are

considerably broader. This arises from the form of the respective minima in IBI. For

purposes of comparison and clarity of presentation, arbitrary adjustments have been

made to the vertical scale for the calculated spectra.

Although adjusted values of the elastic constants of TiN have been used, there

is sHU a slight discrepancy between the measured and calculated frequency shifts

in figure (8.2). This can be attributed to experimental error. The errors induced in

surface BS measurements have been studied in detail [39][80]and are associated with

various factors such as the finite collection lens aperture, sample surface roughness

and residual stress in the films. These L·' ors also contribute to the broadening of

measured spectra as discussed above, Generally speaking, the error in measurement

is around 1% with the incidence angle deviation and calibration error being taken

into account,
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8.1.3 Acoustic Behaviour of Thinr-er TtN Films

The conclusion from the above discussion is that the eifel.•de elastic constants of

the films vary with the film thickness. Overall, for the films of thickness less than

500nrn, the measured data can be reasonably well accounted for by elastic constants

which are 75% of the values of those of bulk TiN. This is demonstrated in figure

(8.3), which shows the dispersion curve of v vs, h for the fixed k!! in our experiment.

Overall there is reasonable agreement between the measured data and the calculated

dispersion curves. For the thinner films, the data lie a Iittle below the calculated

curve, indicating slightly lower eh..stic constants fOI the films, while for 500nm, the

d.ta lies slightly above the dispersion curve, indicating elastic constants that approach

those of bulk TiN.

8.1.4 Acoustic behaviour of Thick TiN Films

For the thickest films (h ~ 870nrn), the measured p-SAW velocity is very close to

the Rayleigh velocity for bulk TiN. The measured phase velocities of p-SAW and

its higher order modes conform rather well with the calculated results. The Ra ..yleigh

Wave propagating on these films has a wave length 27f/k!1= 275.4nm, which is much

less than the film thickness. The p-SAW on these "thick" TiN films are not much

affected by the existence of the H8S substrate, although their higher modes are.

Measurements on films of thickness 1320nm, 2G30nm, and 4180nm have also been

carried out. The results for these films are very close to those for 870nrn, i.e, the

p-SAW velocities are very close to the ~"!ayleigh velocity for TiN except that the



Figure 8.3: Comparison between the measured and calculated wave velocities of

TiN/lISS as a function of film thickness (bottom axis) and klfh (top axis), where
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the figure), the measured results conform rather well to the calculated ones based on

the elastic constants of bulk TiN,



158

frequency shifts of the higher modes of their p·SAWs vary with film thickness. Ae

the film thickness increases, more peaks representing higher modes appear. but these

peaks are compressed into a quasi-continuous spectrum and cannot be resolved in the

measurements. This is demonstrated in figure (8.4), where comparison between the

measured and calculated Brillouin scattering spectra for the thick films of 870nm and

4180nm is presented. If the Poisson's ratio of the films iu assumed to be 0.2 [49], the

averaged stiffness constants of these "thick" TiN films obtained from the measured

SAW velocity of the 4180nrn film are Cll = 4.652 x 102GPa, C12 = 1.163 X l02GPa

and C44 =: 1.7'45X 102GPa (see section 8.3). For h = 0, the measured SAW velocity

is the Rayleigh velocity of the bulk substrate, which also conforms well 'with the

calculated value.

The measured phase velocities obtained from equation (6.12) together with the

theoretical values for TiN/ HS'S are given in table 8.1, where the theoretical values

are caleulated using the bulk elastic constants of TiN.

8.1.5 Measured p-SA,\Vand its Higher Order Modes for the

350nm Film as a Function of Incident Angle

Brillouin spectra measured at different incident angles for the 350nrn film are shown

in figure (8.5). As the incident angle increases from 50° to 800, corr~sponding to

k., fl. varying from 6.5 to 8.4, double peaks are observed in all cases and the frequency

shifts of the p-SAW undergo more change than those of the higher order p-SAW~:'.:~.e.

Because che scattering cross section is a function of the incident angle of the light on
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figure, but the quasi- continuous spectrum can not be resolved in the spectra.
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I
velocitythe(mjs) velocitymea(m/s)thicknessfnm)

4180 5245.23 5217.04

4180 5245.23 5211.07

1320 5245.23 5146.68

870 5245.23 5223.33

~

5871.65 5817.39

6181.45 6184.230
I---

I
870 6638.51 6652.36

500 4538.93 5061.82.-:~
420 4538.93 4697.72

420 5633.97 5398.54 I
390 4538.93 4484.18

390 5748.95 5308.21

350 4538.93 4585.48

350 5929.63 5869.41

230 4'170.49 4475.97

180 4287.08 4251.49

110 ' 3876.43 3690.28

90 3695.76 3394.62

60 3307.02 3041.47

20 3033.25 2970.29

0 l 2913.68 12860.79 1.....__ .
Table 8.1: Theoretical and measured phase velocities of guided acoustic modes for

l'iNjHSS with various film thicknesses.
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the scattering surface [39),the intensity is largest near 65° (kill"= 7.7). A comparison

between the measured and the calculated wave velocity v 'Is. kllh is shown in figure

(8.6). A reduction of the elastic constants of TiN to 75% of their bulk values is able

to account reasonably well for the measured data.

8.1.6 Discussion of the LoweredElastic Moduli

In an effort to understand why the effective elastic constants of the thinner films

should be less than those of bulk TiN, we have performed XPS measurements as a

function of depth on all the samples (see section 7.2.4). The reduction of the elastic

constants is likely to be due, partly at least, to the rather complicated composition

variations at the TiN - H88 interface. For most of the samples, the depth of mixing

of TiN and 0,0 -e (TiO'}.and/or TiO) is about lOOnm which remains nearly constant.

Because the mixed layers have unknown mechanical properties (density and elastic

constants) and/or physical properties, their elastic properties could be significantly

different from TiN a,nd/or HSS, but its bulk shear velocity (.JC41/p) must lie between

those of TiN and H SS since all the measured velocities are larger than the Rayleigl-

velocity of HSS. The effective elastic constants used in the calculation of the figure

(8,:::) .. «n indication of overall mechanical properties of the interface region

in which lode density was assumed to be that of bulk TiN. As the film thickness

decreases, the effect of the interface region on the elastic moduli of the TiN film should

increase. as observed experimentally. This is because the thickness of the interface

It·y,:r 0C;',1l}: ies a larger proportion of the film volume in the case of thinner films, In
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Figure 8.5: Measured spectra hr the 350nm film obtained by varying the light incident

angle between 50" (kllh = 6.5) and 80" (kl'h = 8.4). The collection lens has a focal

length of 50mm and aperture f /2.3. The. peak with lower frequency shift corresponds

to the p-SAW and the other one to its higher order mode.
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fact, the existence of oxide layers over the HSS makes this system a rather complicated

multi-layer structure. A complete theoretical analysis of this "f structure" in the

film would require further extensions of the Green's function treatment, and is beyond

the scope of this thesis.

Various other factors may playa secondary role in modifying the elastic constants

of the thinner films, For example, when the grain size of the TiN is comparable to the

film thickness, one has a situation where the grains are not yet properly consolidated

into a m"I3S, and so the resistance to deformation of thin films is less than for the

bulk mated ••l. Non-uniformity in the film thickness which may be relatively more

proncunced for the thinner rums, can also yield lowered effective elastic constants.

The inhomogeneous structure (white spots) existing in the substrate as shown in the

figure (7.3) could bring about the discrepancy with the theoretical calculations which

are based on the assumption of homogeneous Isotropic media. Since the proportion of

white spots on the surface is Jess than 10%, the effect might be expected to be small.

Other possible contributions could be the variation of the elastic constants caused by

the incorporation of argon atoms into the lattice (atso see section 7.2.3), and high

internal stress in the thin .films accompanying the short deposition process.

Elena et al, [50] observed TiN films 011 8i wafers using Brillouin scattering. It

is also found in their measurements that TiN films having thickness of 120nrn and

60nm have a much lower value of SAW velocity than expected. Their proposed reason

is that the shear modulus of the interface layer should be considerably lower than that

of both film TiN and substrate 8i. This is not what we have observed, Since all our.

measured velocitie, are higher than that of Il8S', the elastic constants of the interface

-----------~------- __ IILI. ..I'1I'_......_"'. .. _ ••
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lie between that of TiN and HSS. Jiang [49] studied the TiN/glass system with

a film thickness between 300 - 900nm, and no exceptionally low value of the SA\V

velocity was reported. The model in their calculation was essentially that described

by equation (4.8) for a half space medium.

Hiliebrands et al.· [24] have investigated elastic surface and localized modes using

the Au/ glass combination. They found that a deviation from the dispersion relation

described by elastic continuum theory occurred for a film thickness j; lUOnm. It was

claimed that there is island formation (inhomog,meous film growth), which causes the

deviation. Our SEM and EDX-ray investigation (see section 7.2.2) shows that there is

no island structure obvious in the thinner TiN films (:::;500nm). For Rayleigh modes

of the ZnO / Si combination studied by Carlotti et al, [27], appreciably lowered values

of phase velocities occurred for ZnO thicknesses g, 150nm. This was interpreted as

a result of a reduction of the effective elastic constants of the film in a layer near the

interface, due to the lattice misfit between the film and the substrate.

All the measured phase velocities are greater than the Rayleigh surface wave veloc-

ity of the pure substrate indicating that proper contact exists between the films and

the substrate. This conclusion is based on the theoretical calculations which assume

that intimate mechanical contact exists at the interface. From this assumption, the

boundary conditions, i.e, traction components of stress and particle displacements

are continuous across the interface hove been applied to solve the surface wave prop-

agation in the supported films. Il intim.te contact (e.g. a air gap) were not to exist

at the interface, the measured surface wave velocities for the thin unsupported films

would be much less that! the Rayleigh velocity of 1188.
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8.2 Measured SAWVelocity for Stressed Ti.Ni: Films

8.2.1 Measured Brillouin Scattering Spectrum as a. Function

of N2 Partial Pressure

We have carried out Brillouin scattering measurements ofTiNx filmson mild steel and

USS as a function of the nitrogen partial pressure during film growth. Figure (8.7)

shows the measured results for the TiN film on mild steel. The peak position moves

towards a larger frequency as the nitrogen partial pressure increases in the range of

6.7 X 10--3 to 3.3 X 10-1 Pa, and then the frequency decreases a little at 6.0 X 10-1 Pa

of N2 partial pressure. The peaks in the figure represent a quasi-Rayleigh mode since

the films are rather thick and the substrate has little effect,on acoustic behaviour of

the system.

8.2.2 Correlation Between the SAW Velocity and Residual

Stress and Adhesion Force

The Si,.W velocity as a function ofnitrogen partial pressu...e is obtained using equation

(6.12), which is plotted together with the residual stress in the films as figure (8.8).

The lat.tice parameter and preferred orientation of the TiNx films were measured

using X-ray diffraction and the compressive residual stress determined using the sin2(;1

method [9J, [60J. The possible reason for change in residual stress has been discussed

in section 7.1. As evident in the figure, the measured 3AW velocity increases :::'8 the

N2 partial pressure increases in the range of 6.7 x 10-3 to 3.:3X 10-1Pa, and then

._----
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Figure 8.7: Mcus.rred anti-Stokes Brillouin scattering peaks as a function of the ni-

trogen partial pressure for :3.5/LTnTiN films on mild steel. The laser beam intensity

was ,mOmlF with the E: v('l'tor polarized in the plme of incidence, "!Iile the collected

'1he incident 0, with rt'sp('c\ to the surface normal was



Figure 8.8: Correlation between the measured SAW velocity and residual stress in

3.5,tm TiN films, The stress was obtained using a sin2IJ method based on the X-ray

diffraction measurements of lattice parameter and preferred orientation of the films.

drops slightly for largest N2 partial prEssure. The residual stress in the films has

a trend opposite to that of the RAWvelocity. This good correlation indicates that

Brillouin scattering can be used as a non-destructive method for investigatmg the
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stress states of coatings.

1e8

The adhesion force of the film to the substrate is measl1.redby the critical load

method for the stressed samples. These samples are prepared under proper deposition

conditions to ensure that tightly adhesive films are obtained, and this is confirmed by

a scratch test where no adhesive failure is 1eteeted. The critic.tlioad L..is defined as

the smallest load at which the film is dama6ed when an increasingly loaded diamond
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stylus is drawn across the film, The damage is judged by emitted acoustic signals,

The measured SAW velocities and critical loads for the TiN films on both mild and

high speed steel are shown in figure (8.9), in which it can be seen that the saw velocity

has the same trend as that of the critical load, at least for the combination of TiN

on high speed steel. 'The values of the critical load for the film on high speed steel

are much different from the film on mild steel. This is likely due to the fact that

the mild steel is much softer than the high speed steel and therefore tends to deform

plastically under the applied load, leading to earlier crack propagation in the films

and th » .ioating failure at lower loads.

As revealed in the above discussion, the correlations between the SAW velocity

and the stress and adhesion force indicates that Brillouin scattering is a promising

non-destructive technique to characterize the mechanical properties of solid films. For

the thinner films, Brillouin scattering measurements of the concerned acoustic modes

provide information on the adhesion state between the film and the substrate. For

the TiN/II S S system, the measured SAW velocity is always larger than that of the

bare substrate, and this shows there is good mechanical contact between the TzN

..nil noS; since otherwise the SAVolvelocity would drop below that of the substrate

for the thinner films.
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Figure 8.9: Correlation between the measured SAWvelocity and critical load of 3.5f..Lm

TiN films on both high speed and mild steel. The SAW velocity is insensitive to the

substrate due to the large film thickness.
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8.3 High-Temperature Measurements of Elastic Prop-

erties of TiN films

8.3.1 High-Temperature Measurement Setup

For high temperature measurements the samples were mounted in a specially designed

optical furnace (figure 8.10) with rotatable sample holder, and a 120-mm focal length

lens of aperture f/5.3 was used to illuminate the sample and collect the scattered light.

The sample holder is made of quartz to minimize sample heat loss and variation. of

sample position caused by thermal expansion. The furnace has a hot zone which is

provided by a molybdenum heating coil and surrounded by two cylindrical tantalum

heat shells to prevent heat loss. The sample temperature is monitored by a Pt-Pt (13%

Rh) thermocouple placed adjacent to the sample. A temperature controller is used to

maintain thermal stability of better than 1°C during the rather lengthy measurement

series. The sample mounted into the quartz holder makes a 70° angle between the

sample surface normal and incident laser light. The fused quartz windows allow the

Brillouin scattering to be performed in a backscattering geometry. The furnace can

be operated in vacuum or an inert gas atmosphere and can reach a temperature of

1200"C. Onr measurements were carried out in vacuum and up to 6000e. Surface

deterioration of the TiN sample occurs after 600°C, preventing us from measuring

the SA\V velocity at higher temperatures. The reason for the surface contamination

has been found to be associated with the material released from t.he molybdenum

heating coil.

~--------.._.--------
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Figure 8.11: Measured SAW velocity as a function of temperature for the 4.18j.t.n

thick TiN film on HSS.

8.3.2 Elastic 1'vloduli of Thick TiN Films at High Tem-pel'a-

tures

On the basis of the measured Brillouin spectra at high temperatures up to 600"C,

the SAW velocity as a function of temperature in the thickest TiN film (4.18j.tm)

is shown in figure (8.11). A steady reduction in the SAW velocity with increasing

temperature is noticeable.

The elast'ic constants of the TiN films as a Iunction of temperature can be obtained

from the mea.,~':red ~ 6.,..Wvelocity if poisson's ratio is assumed to be fixed at 0.2 over

the range of temperatures. Tlns~" a reasom'ble assumption for most solids of which
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both of the elastic constants Cll and C12 are a near linear function of temperature.

For a thick rum which is assumed to be isotropic, we can use equation (4.8) snd the

Poisson's ratio's expression

C12 Cll - 2C44
(1'= =

en + C12 2(C11 - C44)
(8.1)

These are, to the best of our knowledge, the first high temperature measurements

to cQ;:ulate the two independent elastic constants Cll and C44' In equation (4.8), V in

the measured SA\V velocity and VI and Vt are a function of C11 and C44. The results

are shown in figure (8.12). There is a near linear downward trend of the elastic

moduli with increasing temperature. Such results are accounted for by normal lattice

expansion resulting from anharrnonicity [81].

on the elastic properties ,.. TiN films. There is no ultrasonic data on the elastic

moduli of TiN films at high temperatures. Since the working temperature oE TiN

protective coatings on cutting tools is usually fairly high, this information could be

of practical use.

In this chapter, Brillouin scattering measurements have been presented of guided

acoustic modes in TiN fih.is on high speed steel (lIS 8) with the film thickness ranging

from 20nm to 41dOnm, ar.d a highly damped p-SA\V and its higher modes ident.fied

by the presence of double and multiple peaks in the spectra. -mparison between the

measured and calculated dispersion relation indicates that the effective elastic moduli

of TiN for the film thickness < 500nm are about 25% smaller than those of bulk TiN.

A possible explanation for the lowered elcstic modnn of the thinner films could be

composition variations at the TiN;'FSS interface. The good correlation between the
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temperature for the 4.18/Lm thick TiN film on H SS.

Figure 8.12: The two independent stiffness constants (ell and C44) as I.'. function of
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SAWvelocity and residual stress and adhesion force indicates that Brillouin scattering

is a promising non- ..estructive technique to characterize the mechanical properties of

solid films. High-temperature measurements of elastic moduli of TiN films ar( also

presented.



Conclusion

The acoustic behaviour of a stiffening system has been studied both theoretically and

experimentally. The combination of a TiN film on a HSS substrate offers a good

example of a stiffening system since the shear velocity of the TiN is much higher than

that of HSS. The TiN hard polycrystalline films with thickness ranging from 20 to

·1180nm were deposited on EBS substrates using D. C. magnetron sputtering, making

use of a specially designed shutter system to enable the samples to be deposited under

exactly the same conditions. TiNx samples of various stress states were prepared by

varying the nitrogen partial pressure in the deposition process involving a Hollow

Cathode Discharge Plating. For successful Brillouin scattering measurements, the

sample surface needed to be polished to a flatness cf O.05p.m to reduce the elastic

scattering intensity.

Physical properties cf the films, such as micro-topography, fractography, chem-

ical compositions and preferred texture structure have been investigated by SEM,

EDX, X-ray diffraction and Rutherford backscattering, showing that tb.e films have

177
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a homogeneous and (111) preferred orientation texture covering the substrate. The

substrate is inhomogeneous in the surface region, where there are 'W and A10 enriched

areas. The X~Rayresults also indicate there is stress in films formed in the deposition

process. XPS depth profiling reveals that there is a mixing region, with TiO and/or

Ti02 being the predominant molecular species at the TiN / 118Sinterface. This could

be a possible reason for the lowered effective elastic moduli of the thinner films that

have been studied. The accitrate measurement of the thickness of the thinner films

has turned out to be a challenging task. We have used several different methods to

do the measurement, and the results are essentially in agreement.

The SAW was calculated for a half infinite elastic continuum, using an iterative

seeking procedure to determine velocity. Numerical results on the angular dispersion

relation were obtained for a single cubic TiN crystal using a coded computer program.

The dispersion relation of TiN/JIBS has been calculated using a model involving

suitable boundary conditions at the free surface and interface. The extension of the

calculations to large values of kllh reveals for the first time that there is a highly

damped p-SAW in the stiffening system.

Brillouin scattering measurements have been presented of guided modes in TiN

films on HSS. Because of its relatively high elastic moduli, TiN has a s!;iffeningeffect

on the surface wave velocity of H 88. With increasing kllh, the Rayleigh surface wave

of HS8 increases in velocity and then merges mto the bulk wave continuum and

becomes a highly damped pseudo-surface acoustic wave. Its higher order modes can

also be observed. It is found that the elastic constants of the TiN film playa crucial

role in the acoustic behaviour ofTiN / H..9S. There is a discontinuity in the calculated



179

dispersion curve for normal TiN/HSS- a strong stiffening system, but not for reduced

elastic moduli TiN /HSS- a relatively weak stiffening system. However, the acoustic

modes in both situations evolve into a "quasi-Rayleigh" wave of the corresponding

systems at. large k"h, which are very close to the Rayleigh waves of TiN.

A Green's function method, invoking the surface ripple mechanism for the inelas-

tic scattering of light, has been used to calculate the Brillouin spectrum for scattering

from surface acoustic excitations. Comparison between the measured and calculated

dispersion relation foi TiN thicknesses ranging from 20nm to 4180nm indicates that

while excellent agreement is found for the thicker films (> 870nm) .md bare sub-

strates, the measured SAW velocities have lower values than calculated for thinner

films «500nm). This implies that the elastic moduli of the thicker films are close

to those of bulk TiN, but the effective elastic moduli of the thinner films decrease

with reducing film thickness. This conclusion is reinforced by backscattering measure-

ments of Brillouin spectra at incident angles between 50° and 80C for a film thickness

of 350nm, in which p-SAW and its higher order modes are presented dS double peaks

in the spectrum. Compositional variations at the interface have been investigated

using X-ray Photoelectron Spectroscopy (XPS) in an effort to understand this redu-

tion in the elastic constants. All the measured velocities are higher than the Rayleigz

velocity of bare substrate showing that there is good adhesion between TiN and

HSS.

\Ve have also conducted measurements on the SAYv velocity of TiN hard films

on steel as a function of nitrogen partial pressure used in the deposition process and

temperature. Good correlation has been found between the SAWvelocity and residual
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stress and adhesion force {critical load) of the films. The residual stress in the films

has a trend opposite to that of the SAW velocity while the adhesion force has the

same trend as that of the SAW velocity. This indicates that Brillouin scattering can

be used as a nondestructive method for investigating the stress states and adhesion

force of coatings. Brillouin scattering measurements of the elastic properties of thick

TiN films at temperatures up to 600°C are presented. There is a downward trend

of the SAW velocity and hence elastic moduli with increasing temperature, which is

explained by normal anharmonic vibrations which lead to lattice expansion,

The averaged elastic constants have been calculated from the known elastic con-

stants of a single crystal for both the random and preferred orientations of crystallites

using a tensor averaging method. Computer programs have been coded both for a

random distribution of crystallites and polycrystalline aggregates with preferred ori-

entations. It is the first time that algebraic results of the average elastic constants of

arbitrary crystal classes have been obtained directly by symbolic computation rather

than from an analytical method. The average elastic constant.r of several polycrys-

talline hard films are calculated using this method. The calculated results for the

TiN polycrytalline film were used to simplify the theoretical model in the calculation

of Brii.ouin spectra and dispersion rf'l'3.tionfor TiN/HSS.

Wave propagation properties in an anisotropic solid have been studied in the con-

text of the slowness surface, from which pure acoustic modes and transonic states

can be easily identified. The three dimensional computer visualization of the direc-

tionally dependent slcwnesses of bulk TiN was plotted to show the anisotropic wave

propagation behaviour of TiN.
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Four different methods for inversion of the measured phase velocities of bulk sound

waves to optimally recover the elastic constants for the over determined systems of

equations have been discussed and compared. The convergence or the algorithms used

in the different methods have been investigated through extensive numerical calcu-

lations in which suit~ble "seeking procedures" have been used to minimize recursion

times in computation. It is found that some methods are rigorous and can be used in

the most general cases, and some others must be used with some caution and great

care. .All the methods studied here can be applied to wave propagation in arbitrary

directions for any symmetry classes of crystals.

Several computer programs have been coded and are available to be used for:

1: symbolically calculating the averaged elastic constants for both a random and

a preferred orientation distribution of crystallites;

2: calculating and plotting three dimensional slowness surfaces of crystals.

3: calculating and plotting slowness curves on an arbitrary crystal plane.

4: extracting the elastic constants from bulk mode phase velocities in arbitrary

directions for any of the symmetry classes of crystals;

5: calculating and plotting the angular dispersion (Rayleigh velocity vs. propaga-

tion direction) curves for a single crystal half space on any (Tystal plane.

6: computing the dispersion relation (SAW velocity vs, kilh) for a supported

polycrystalline film.

- .': .: -' _' ~. m
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