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Abstract

Brillouin scatiecng of light is used to study the various surface acoustic
modes that are predicted theoretically to be supported by TilV thin flms
on high speed steel {H5S). Information is thereby obtainzd on the elastic
properties and adhesion of the films, which range in thickness from 20nm to
418Gnm. A Green’s funciion method, invoking the sutface 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
combination, guided modes take the forra of true SAW, highly damped p-
SAW, *pre-Rayleigh” and "quasi-Rayleigh” and its higher order modes as
the film thickness incresses. On compaerison between the mensured 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 filme (< 500nm). This implies that the
elastic moduli of the thicker filins are close to those of bulle T4, but the effec-
tive elastic moduli of the thinner films decrease with reducing fiim 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 pesaks in
the spectrum. The lower measured sound velocities for the thivner films are
attributed to a reduction in the effective elastic moduli of TiN caused, most
Tikely, by compositions] variations at the interface,

Brillouin scatfering 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 carrelation has been found between
the SAW wvelocity and residual stress and adhesion force {eritical load) of
the films, The residual stress in the films hes o tyend opposite to that of
the SAW velocity while the adhesion force has the same trend as that of
the SAW valocity. This indicates that Brillouin scattering can be used as s
nondestructive method for investigating the mechanical properties of coat-
ings. High-ternperature {up to 600°C) SAW velocities of a thick T4N film
are meastred using Brillouin scattering and the temperature dependence of
the elastic constants of TN deduced for the firvst time. There is a down-
ward trend of the SAW wvelocity and hence elastic moduli with increasing
temperature,




The initial chapters provide the fundamental 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
coleulated for 8 polyerystal solid from a single crystal alastic constents for
both random and preferred orientations of the crystallites, using a tensor av-
eraging method. For the firet time, the algebraic results of the averaged elas-
tic constants for crystallives of any symmetry are obtained through symbalic
computation. The thiee dimensional computer visualization of the slowness
of bulk T%N 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 Julk vzlocity deta are compared and
discussed. It is found that some methods con be applied in the general case
while others are only effective in limited situations.
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Chapter 1

Introduction

Hard ceramic films, which usually refer to group IVB transition metal carbides and
nitrides such as TiN, TiC and TiAIN 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 (Hv > 2100 kg/mm?) and
chemical inertness {1]. Armong 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 photothermai conversion material [3] has also been explored, Extensive
researches on the structure 4}, the properties such as hardness, adhesion, electric re-
siztivity and optical reflectivity of TN 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-tey residual stress measurements using the Bragg X-Ray

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

1B
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19]. Kim et al. [10]-[11] have determined the elastic constents of single erystal T4V
by the line-focus acoustic microseopy technique.

The investigation of the elastic properties of the HSS 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 stale in & TN film is
crucial to ite properties of adhesion, anti-corrosion snd wear resistance. Using the
surface Brillouin scattering technique to derive the elastic properties from the vor-
ious acoustic modes can provide important information regarding the physical and
mechanical properties of the filma.

Brillouin acattering is the inelastic scattering of light by thermally excited acoustic
phonone in solds. This interaction was first investigated eaxly this century by Bril-
louin (1922) and Mandelshtem (1926), and has received considerable interest since the
advent of the Inser as a powerful source of monochromatic light. The measurements
of Brillouin scatiering signals were mainly restricted to butk modes of transparent
materials at both ambient [12]-{13] and high temperature [14]-[16] until the tandem
multipass Fabry-Perot inte;ferometer with high resolution and = large free spectral
range became available in 1978, allowing the detection of thermally excited surface

26o Air phorons in opaque solid materials {17]. For opaque materials the scattering
eccurs at or near the surface and is ususlly sensitive to the dynamic response of a
few hundreds of atomic layers of the surface. Brillouin scattering is an ideal tech-
nigue for characterizing thin films and near surface properties affected by radiation

damage, ion-implantation and jon exchange, mechanical polishing snd other surface
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modifications [18])-{20]. The use of conventional ultrasonic techniques in these situ-

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

Brillouin scattering is also a valuable nondestructive evaluation (NDE} technigue 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 bull: solids

of semiconductors {21] and metals {22)-23], thin supported su.id films, [24)-[27], un-
supported films [28}-[29], interfaces [30}-]31} and multilayers [32]. High-tempeiarures
Brillouin scattering measurements of opaque solids have also been presented [33]-134].
Surface Brillonin scattering probes thermally excited phonons in the GHz frequency
range which give rise to surface displacements in opaque or semi-opague materials,
‘Where there is little penstration of the light into the medium, the seattering is me-
diated principslly by the surface ripple 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 avoustic waves (SAWs), Sezawa waves

[35}-[36], Lamb waves, pseudo-surface acoustic waves {p-SAWs) and Steneley waves,

By analyzing Brillouin scattering (BS) spectra, identifying the presence of particular
acoustic modes and comparing these with caleulations, one can extract information
pertaining to the texture, adhesion, stress, film thickness and elastic properties of
supported solid fllms [37]-{40].

The thecry of Brillouin scattering from surface acoustic phonons in opague 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
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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 taling 2ll the
possible scattering mechanjsms into account, i.e. the scattering from the surface and
interface ripples and elasto-optic coupling in the film and in the subsirate. This
theory expleins the experimental results for transparent 810z films on a Si substrate
[44} very well while the scatiering from metallic surfaces like aluminum has been
successinlly explained in term of ripple meochanism 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
continwum theory {45]. Smrface waves on the free muface of an elastic half-space
are known as "Rayleigh waves” and have been extensively studied and the results
of rmany numerxical calculations have been published [46]. Blastic wave propagation
in a plate and in a thin layer op a substrate hi.s also been investigated with more
complicated houndery conditions being taken into account 47}, [48]. In this work,
numerical caleulations for dispersion relations ¢ vs. &yh) are limited to true surface
modes (Rayleigh waves) which are available only in a narrvw range of kyh, where ky
is the component of wavevector paralle} to the sirface.

The nse of surface Brillouin scattering to study the elasl.:ic hehaviour of TiN films
on glass substrates {49}, on <111 oriented silicon: wafets [50] and TilN/(VeNby..o )N
superlattices [51] has been reported recently, In these measurements, only true SAWSs

have been reported, and then only for a very limifed range of film thicknesses and nc
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gyetematic study has been done on the elastic properties of hard films toth experi-
mentally and theoretically using Brillouin scattering,

Inserest has grown recently to study the fast-on-slow system. The CaFy/GaAs(111)
heterostructure [52] was investigated using Brillouin scattering, where a pre-Rayleigh
mode was identified. Recent acourtic microscopy studies of leaky surfate waves in
AIO /AL [53]-[64) and TiN coatings on steel [55]-[56] are presentzd. A theoretical
study has been reported of the leaky p-SAWSs by looking for dips in the magnitude
of the reflectance function {57},

In ths study, we have conducted Briliouin scattering measurements of the SAW
veloeity of TN hard films on steel as o function of flm thickness, nitrogen  artial
pressure used in the deposition process, and temperature, This is an exwmple of a
fast on slow system in which the layer has the effect of inereasing the SAW velocity
over that of the substrate. We have been drawn to this combination because of its
impdrtant practicel applications, and also because it offers a “stiffening” situation
where the existence of the fihm increases the SA.{U velocity over that of the substrute.
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
beyand where the Reyleigh wave degenerates into the bulk wave continuam, From
these measurernents, we have obtained information about the variation of the effective
elastic constants of TilN with film thickness, for thick films the correlation between
the SAW welocity and residual stress and adhesion force (critical load), and elastic
comstants of TiNV films a5 a fanction of remperature,

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 speetra of acoustic
excitations at the surface. For TilN 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 st the surface only, we have calculated the Brillouin spectra
and the dispersion relation of TiN polyerystalline films on H5S, and the results en-
able us to identify the existence of a p-SAW, "pre-Rayleigh”, and their higher order
modes [5-5. in this system. It is found that the elastic constants of the 7.,V film have
a profound effect on the acoustic behaviour of TiN/HSS. There is a discontinuity
in the calculated dispersion curve for normal TiN/HES - a strong stiffening system
where the shear velocity of the film is much greater than that of the snbstrate, but
not for reduced TiN elastic moduli on HSS - a relatively wesk stiffening systern.
There is & "pre-Rayleigh” mode existing only under the strong stiffening system in
the discantinﬁty region of the dispersion curve, However, the acoustic modes in both
situations evolve into a " quasi-Reyleigh” wave of the corresponding systems at large
k)b, which are very close to the Rayleigh waves of TiN.

The samples used in the messurements of the dispersion relation were prepared
using the D.C, magnetron sputtering techmique with threz T% targets and a bias
voltage of TOV at a teraperat - of approximately 250°C, A rotational shutter system
wes designed and mounted inside the deposition chamber in order to have most of
the samples deposited under exactly the same conditions. Samples of the stressed
TiN, films were deposited on both mild and HSS in Ar/N; plasma by a hollow
canuode discharge plating. Various states of stress and composition in TYN; films

were obtained by altering the nitrogen partial pressure in the deposition process from
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8.7 x 10-3 to 8.0 x 10~ Pe., while keeping the sibstrate at temperaiure 500°C' and
negatively hiased at ~-50V. The coated samples were further mechanically polished to
a flatness of 0.05um using diamond and Al,Os powders in order to reduce the elastic
seattering of light and detect the weak inelastic scattering peaks in the spectrum.
The topography and chemical composition of TiN fikms are investigated using
SEMA end EDX-ray technigues. The rather complicated compositional variations at
the interface region ave investigated by XPS measurements as a ﬁm&ion of depth
on the samples of various thicknesses, showing there is mixing region at TiN/HSS
interface with T#0 »nd/or Ti0,; being the largest componente which are abﬁut 160nm
thick for most of sernples, The prefe red orientation of TiN polyerystalline films is
detected using the Z-Ray diffraction tecimique. The devietion 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 0.12um
min~!, a fignre we arive at on the basis of measurements on thick s, the film
thicknesses are controlled by the depasition tims, i.e. the period in 'which the shutter
is open to & sample, The thicknesses of the films are subsequently confirmed using
SEM on sample fracture sections and Rutherford backscattering measurements where

the bulk density of TV is assumed, XPS depth profile measurements can aleo provide

the thickness ratio betwesn the samples. Based on an accurately measured thiclkness
for a thick sample, the thicknesses of the rest of the samples can be infexred, The
values of the film thicknerses obtained from different methods conform reasonably

well.

In practice, the film thicknesa iv one of the most important parameters to be wb-
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served since i affects the acoustic behaviour and internal stress in the films directly.
It is necessary to study the dependence of the elostic properties on the thiclmess of
films. This can be done through the measurements of the dispersion relations from the
surface acoustic modes using the Briliouin scattering. With a convenient backsecatter-
ing geometry, the dispersion relation {v vs. kyh) is cbtained from t1e measured peak
positions {frequency shifte) of the inelasticelly 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 Hght was focused on the surface
by a 50mm focal length lens of aperture £/2.3. In the back scattering geometry, the
scattered light was coliected by the same lens,

For the TiN/HSS syatemn, we have condncted Brillouin scattering measurements
on various accustic modes for TiN thickness ranging from 20nm to 4180nm. With
increasing film thiclmess i, the Rayleigh wave of HSS increases in velocity and then
merges into the bulk wave continuum and becomes a highly damped p-SAW. Its higher
arder modes can also be observed which are shown as double or a series of peaks in
the spectrum. The Rayleizh mode of bulk T?LN is meagured for even larger film
thicknesses. A comparison between the measured and calculated Brillonin spectra
reveals that the elastic moduli of the thicker films are close t those of bulk TSN, but
the effective elastic maduli of the thinner fllms (< 500nm) are found to decrease with
reducing Rlm thickness, being overall about 25% smaller than those of bulk TiN.
This conclusion is reinforced by backscattering measurements of Brillouin spectra
at incident angles between 50° and 80° for a film thickness of 350nm. A possible

explanation for the lowered elastic moduli of the thinner filme 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 mechenical contact between the TYNV and HSS, since otherwise the
SAW velocity would drop below that of the substrate for the thinner fiims.

As an extension to the vsefviness of Brillouin scattering in the characterization of
mechanical properties in engineering, we have carried out Brillouin scattering mea-
surements on TiN; films on both mild and high speed steel as a function of the

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

- 8.5 thick, a typical thickness in tool coating applications. The lattice parameter

and preferred orientation of the TN, films were measured using X-ray diffraction and
the compressive stress determined using the sin®f 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
gubsr rate i~ measured by the critical load method which has the same trend as that
of the SAW velocity. The critical load Lc is defined as the smallest load at which the
film is damsged when an increasingly loaded diamond stylus is drawn across the filia,
The damage is jidged by emitted acoustic signals. The good correlation between the
SAW velocity and stress and critical Joad indicates that Brillouin scattering can thus
be used as a nondestructive msthod for investigeting the stress states and adhesion
foree of coatings,

Since the working temperature of a TN protective coating on eutting tools is
usually faizly high, it is of practical significance to study their elastic propertiv - at
high temperatures. For the first time, the clastic constants of thick TiN films at
temperatures up to 600°C have been extracted from measured SAW velocities. There

is a downward near-linear trend in the SAW velocity and hence elastic moduli with
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increasing temperature. In our bigh-temperature measurements the semples were
mounted in a specially designed optical furnace with rotatable rample holder and
8 120mm focal length lens of aperture £/5.3 was used to illumirate the sample and

collect the scattered light. The sample temperature was monitorad by a thermoccuple

placed adjacent to the sample. A temperature controller was uged to maintain thermal
stability of better than 1°C during the rather lengthy measvrement series,

In the theoretical calculations of Brillouin scattering spectrum, the elastic con-
gtants of the polyerystalline T2 film muet be known first.. This raises the subject of
the average of elastic constants of the polycrystalline agiregates from the single crys-
tal date which are available from references [7] and [11]. Polycrystalline aggregates
with randomly distribvuted crystallites and preferred orientations are both diecuseed,
For the first time, the algebraic results of the averaged elastic constants for crystallites
of any syrametry are obtaine:. ‘hrough symbolic computation.

Prior to discussions of surface acoustic wave (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 ilustrate the wave
propagation beha.viour in an arbitrary direction on any of the crystal planes. It is
also useful in deciding where the Rayleigh velocity exists in a half space of anisctropic
media for the surface wave problem [61). In addition, the anizotropy ratio for &
medium can easily be estimated from the 3-dimensional slowness surfaces. This has
be done for eubiec TN showing that it can be simplified to the isotropic case for the
purpuose of caleulating acoustic modes in a supported film.

One of the objectives of the project was to develop an slgorithm for inverting SAW




—_—ﬂ

25

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 [62] - {66]. The
convergence of each of the algorithms of the four methods was studied through nu-
merical computation with & 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 of view, the best method of extracting elastic
constents is a hybrid one. If possible, the messurements should first be chosen along
the highly symmetry directions such ag crysial axes, in which some of the elastic con-
stants can be obtained. The numerical computation for the rest of elastic constants
by messuring the phase velacities of waves propagating in avy arbitrary directions
can be much simplified if these elastic constants are known.

As g basis of understanding SAW in solid films, we use a classical method [46]
to study the SAW propagation in a half space medium and iliustrate the nurnerical
seeking procedure for the SAW velocity. The angular dispersion curves ere calculated
for cubic T%N on any crystal plane by this method. For the TiN/HS$S combination,
a classical method has been used to caleulate dispersion relations on the basis of the
averaged slastic constants of polycrystal TilN 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 & useful base for the un-
derstanding the propagation nature of guided acoustic modes. The classical method
inv.lves secking the boundary determinant minimums on the basis of wave equations

in an elastic continuum while the (ireen’s function method hased on the seattering
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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 anisctropic substrate, althougl:; for the
particular problem we address here, both are shown to be effectively isotropic. Com-
parison bstween the results from the two methods reveals that the Green’s function
approuch can provide the details of the higher order acoustic modes in addition to
p-SAW. The cslculated results using the Green’s function method successfully explain
the measured various acoustic modes for the thick films end bare. substrate, and also
for the thinner films as suitably reduo;ad effective elastic moduli are used.

In this thesie, methods of averaging elastic constants of polycrysfallme aggregates
with random dietribations of crystallites and also with preferred orientation distri-
bution are develaped in chapter 2. In chapter 3, basic information on elastic wave
propagation in bulk maodes of anisotropic solids is provided through the computer
visualization of slowness sirfaces and the extraction of elastic constants from bulk
velocity date - . bitrary directions is discussed. Chapter 4 describes the basic con-
cept of SAWs using o classical model and the caleunlations of the SAW velocity as
a function of propagation directions. Here extensive numerical calenlations of SAW
velocities of crystal TilV and TUN/HSS rze carried out using a suitable seeling pro-
cedure. In chapter 5, the theary of Brillouin scattering and scattering mechanism are
outlined. The caleulations of the inclastic scattering of light froms 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 TiN/HSS system, where p-SAW, pre-Rayleigh and their higher

order modes are identified. In chapter 6, the kinematies of the inelastic scattering of
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light and experimental arrangement are outlined. The dstails of sample preparation
and physical properties are discussed in cliapter 7. Brillouin scattering measurements
of various acoustic modes of TiN/HSS a5 a function of thickness, nitrogen partial
pressure in depesition process and temperature are presented in chapter 8. These
results are compared with theoretically calculated values. The thesis is concluded in

chapter 9,




Chapter 2

Elastic Properties of Various Types

of Polycrystalline Aggregates

The tensor averaging method is used here to ealenlate the elastic constants of poly-
crystalline aggregates from the known elastic constants of single erystals for different
orientation distributions of erystallites, i.e. a random distribution or with preferred
c.;)rientation. Based on Voigt's assumption (a uniform strain field) and Reuss’ assump-
tion (a uniform stress fleld), 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 fived axes is necessary.
It ie the first time, as far as we know, that the algelraic 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 zpplication of these methods, the elastic constants of polycrystalline azpre-

28
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gates of randomly distributed $rigonal crystals and some hard ceramic films with
< 111 >preferted 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 Crysfallites

2.1.1 Rotation of Elastic Constant Tensors in an Arbitrary

Coordinate System

For & random distribution of crystallites, the distribution fimetion f(#,¢,1), which
describes statisticaily the wey 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 & fixed specimen axes, Three Euler angles {8,0,7) are involved in
arder to specify the transformation relationship between the crystal axes 2; of any
crystallites in the aggregate and the orthogonal reference axes X; of a macroscopic

polycrystaliine apecimen by a set of direction cosines functions ay(8, ¢, ¥) as follows:

axy = cosycos¢ —sintfeingcosf, a1 =sinyhcosg + cosPsingcos,

ai3 = sindsinf, 231 = — cos rsin ¢ —~ sint cos dreos B, )
(2.1

G = — sinsin ¢ + cos i cosgreos F, ttny = cos @eind,

ga1 = sintisind, ags = — cosrsinf, 23z = cosé,

If c;ip and 55 are the fourth varl elastic stiffness tensor and compliance tensor

respectively with respect to the &; axes, the elastic tensors ¢, and s}, referred
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to axes X are then given by reference [67] as

& s = Omi Ong Gok ot Cighli
o J pl (2.2)

-‘-"mnap = Omi Anj Sok Gpi Si5ict-
The usual convention regerding summaticn over repeated zubseripts is used here,

with 4,4, k,1=1,2,3.

2.1.2 Algorithm of Averaging of Elastic Constants by Sym-
bolic Computation

Tor a random disteibution, the orientetions of the crystallites (i.e. their crystal axes

' #; ) in an aggregate are supposed to fill all of space, thus the average is carried oub

by integrating ¢, OF 8pup,p through the xange of 0 < € = 7, 0 £ ¢ < 2w, and
0 < ¢ < 27, Under a uniform strain field(Voigt's essumption), the average stiffness

constants Epnep of the polycrystalling material are expressed as:

4 2t Yl
ma=ﬁlﬂb%mf%fwmwwﬁw 2:3)

Similarly, under a uniform stress field {Rouss’ assumptioﬁ), the average compliance

constants Smnep of the polyeryetalline material are expressed as:

" 8! nop F10,0,%) sin 0 dg df dy
S %;@m Bdf dy (2.4)

It is found that stiffness constants such as cy3;and Cogps from Voigt’s assump-
tion always exceed those from Reuss’ assumption, fe. ¢Yyyy 2 [[Bri]]™! ete. Each
[Fmanll ! is an element of the inverse of matrix [Srmphor a stiffness constant by the

inversion of compliance constant matrix obtained using formulae {2.4). 3imilarly, we
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have that the compliance constants such as sy3712nd Sg393 obtained from Reuss' as-
sumption always exceed those from Voigt’s assumption, i.e.[3%5} = |[[Ea]] ) ete. A
very succeseful prediction but without any rigerous justification is taking the average
elastic constants to be the arithmetical mean of the values obtained from the Voigt

snd Reuss averages.

2.1.3 Application to Crystallites with Trigonal “ymwmetry

As an example, we calculate the average stiffness constants of aggregates of trigo-
nal (32 point group) crystals under Voigt’s assumption. The calculation is carried
out symbalically, the specific values of elastic constants are unnecessary. For ran-
domly distributed crystallites, the distribution funetion f(, ¢, %) is & constant and
is chosen to be 1 in the latter calculations. The six non-zero independent stiffness
constants of the crystals of the 32 point group symmetries are (in abbreviated nots-
tions) ey, csy, Cat, €13 ,e13 and c1a. The tensor notat’ ® thece atiffness constants
needs s be resumed in order to carry cut the transformation (see reference [67] for
the convention of the relation between ¢y and ¢y).

If the anes of a crystallite @; have the divection cosines in axes X, defined by
formulae (2.1), the transformed stifiness constont cfy; of crystallites with respect w

X is
Chagz = (Be111 + 201338 + Btazse + doggen ~ deyyyg cos 20
degpay £09 20 4 €1111 co8 40 ~ Zeggan cos 48 4 cgann cos 40— (25
deazes cos 40 -+ 2ep10z sin{3yr — 4B) —~ Aoy sin{Gy - 26)4- 29

deygag sin(def - 20) — 20,103 sin(3yr -+ 40)) /8,
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and the remaining 20 transformed independent etiffness constants of the single crystal
(112, 102 te.) referring to X; slso usnally involve al the elastic constants ¢y with
vespect to 2 axes and the three Euler angles specifying the relation between ; and

X, axes, i.e, as a funetion of ¢;u,6, 9, %, which are teo tedious to be presented here,

The averaged stiffness onstont Taass can be obtained by substituting cgass into
(2.3). Ali the other average atiffness constants are calculated wing the same routine

and il 1esulte are 25 follows (in abbreviated notations):

(2.6)
T = T e gt = Toncitucteileiiioy,
T =0 = e =" =0

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

Voigt’s assumption.

1t is found that 12 averaged stiffness constants are non-zere and only &y and T

are independent due to the existence of the relation

T = 2.7)

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

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

T E . o (8811 4481548832-H8204)
F1 =¥ =¥ =~ e
T =TT = G - 8 +ha; +313;3+53:! w&ig,
(2.8)
i =T =S = 4{7or1~Bayo —43-‘33. 42853 "'3&“1,
Sl =05 = =g =0
where the relation
et T e
Sa = 20511 —Wie ) (2.9}

exists and r indicates the compliance constants obtained using Reuss’ assumption.
This iz alse the case for compliance constants of isotropic raedia. The convention
for the relation between abh ‘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 s;; and
Bujit )

The compliance constants obtained using formulae {2.8) can be expressed in ma-
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

B(0s11 +5m12-4+ 12910 Hamat 84a)
a+dag-FeaaiTi s — Bz —dina-HReaat Saga))

s ey o ~8{ayy Hhmu+Baa+ans-ia)

T o T o T
Ci1’ == Cpp =08 = Eanaan

Cr2’ = €13 = £38° ™ {31y +ara +aara Faya N1 ~bata — 4915 F Baa 1 3847)) 2.10)
—r g — 13
Gl = 055 =T = 2(78)1 -5 ~dagt 2angt38as)?
Em' gﬂm’ SR aanens Cay =10
where we also have the relation
o et
o C1y = Cry ) .
i (2.11)
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The compliance constants F;* ran be calculated from Voigt’s assumption using the

same method

From the above wegults, it is proved that, for 5 random distribution of erystallites,
the general elastic proparties of polyerystalline aggregates of trigonal crystals are the

same as the isotropic materials,

Due to forces between crystallites, the existence of residual stresx and distorted
crystallites, Voigt’s assumption for an uniform strain and Reuss' assumption for an
uniform stress throughout the aggregates are just an approximation to real polycrys-
talline aggregates. It is found thet the calculated values of 75;” and ¥i;" are respectively
different from Z5"and 9;". The average elastic constants o polycrystalline aggregates
lie between the two valnes from Voigt's and Heuss’ methods and can be chosen as the

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

&
i
|

(2.12)

&
i
5]
4

There is no theoretical justification for this averaging, but it works well ix: practice.

2.1.4 General Symbolic Results for any Crystal Symmetry

For an even more general case, the calculations have heen carried out using computer

symbolic algebra for polyerystalline aggregates of the triclinic crystal sysiem with
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21 independent elastic constants. The results from Voigi’s assumption are

— el !_‘3_511+2l'-‘12+3=Eg+20‘za+2c!5|+3€93+4u4+4ﬂ55+4l‘§n!
Ty =0Cpp =03 = 15
. cy1HAciztesn-idegat-dern-tona— 244 - Bosn— 2ene
B = T? = O = (tiatepiiondinion-dihs-des),
(2.13)
=G’ = Gp® = MMJM._W
Tial = Gag” = woene = Cag. = 0.
The average stiffness constants from Reuss’ assumption are
cll’ _ 522' _— ﬁs' =
'Ba1y-+ 1201 4+ 8800-+1 2899+ 12 81a-t Boan + 944 + Bnn-b966
((a11 + Bz +rog 2533 +inra +oaz) {411 — 4512 1daza — sz - —As1g+dams-+a8411 35a +iag5]) |
TR =64 =% =
(2.14)

3{~ 281y ~Bayn —2aoy—Reaar—Bsy - 25n5-Faxs + Hus %00
(8111 2oz togz Hooga-Hara-+ags) s —4s1a-+4sze —degz ~4si5+4sag-+ 3951+ 3655 3005)) ’

e 16
T =Tes =i = @211~ As1o-Fdagz —dagy —da19-+4a3-+ Boas +3e55+3800) !

T =5 = ety = 0

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

Thus we conclude that the general elastic properties of polycrystaliine aggregates
with random distribution of anisotropic crystallites of any symmetry classes are the
same as those of isotropic matgrials. it should also be noted that only nine of the
91 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 tengor elements cancel out each other for a randomly distributed cryetallites.
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3.8 tscussion on the Results from Voigt’s and Reuss’s As-

-
o

Smp-‘ * ."I__

It has been stated in refsrence {681 that the Voigt's stifiness constants are always
greater than Reuss's stiffness consiants, which we have proved is only true for the
dingonal elastic constants ;3 and ¢y4 etc., but not for €12 ete. On the contrary, ¢;5 or
815 frora Reuss’s assumption are usually greater than those from Voigt's assumption.

The aggrepates of rubic crystallites are chosen as an example to establish the
abaove conclusions. The relation between stiffness and compliance constants for cubice
erystals are

e — 114912
11 ™ {ayy . ara)s13+2812)

Clg = B2 (2.15)

12 = (i1 sm)(e11128:0)
=
which are substituted into the right hand side of (2.13) to obtain the Voigt’s stiffness
cy;(8i) expressed by co apliance constents g;;. Caleulating the differences of ¢j(sy)
and ¢f;, we hawe

T St . SR — . A(-2g11+20304
€1y = Oy = Cpy = Cp = €3 — i3 = &{~a11 +a12)(~4s11 +ds1a—iagq]

3(—~29y; +2ma1a4a !“ — (2.15)

E __ o ol T Dt
cM CM cﬁﬁ caﬁ Cae c‘w = B(- a1+a1a)(~4811 $4919-Be4e}

2 9y 42870+ 8141

1 - —ll AT L .
cly — £ip =g — Cly = g~ Cg = B{—m1-+a12)8a4(do11 - Io32+3dag)

where the numerators of three equations are positive. For normal cubic crystals,
811 > 813, the denominators in the first two equations are also positive. Thus the
stiffness constants of e, c4s and their equalitiea obtained by Voigt’s assumption are
greater than those by Reuss' assumption. On the other hand, the denominstor of

third equation less than zero for 5;; > £y and thus the Voipt’s stiffpess constant
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of ¢ypi8 less than Reuss' stiffness constant in this cese. These results conform with
the conclusion that the bulk snd rigidity moduli obtained from Voigt's assumption
exceed those obtained from Reuss’s assumnption in reference [69] and the true values

lie between these two values, i.e.
K <K<KY% FL<ELF (2.17)

where the X = (cu + 2c12)/3, G = {611 ~ €12)/2 are the bulk and shear moduli of
polycrystalline aggregates. The same resuits have been found for the agyregates of

other symmetry class 1rystals.

2.2 Polycrystalline Aggregates with Preferred Ori-

entation Distribution

Po_lycrystalline meterials, 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 sggregate, the
elastic constents of this aggregate can be obtained through the rotation of elastic con~
stembs to the coordinates whose z' axis is parallel to the orientation end the average

taken over all directions on the ',y plane.

2.2.1 A Simple Method for Coordinate Transformation

If the = axis divection is chosen parallel to the orientation, the &' and ' can be

chosen as any directions on the plane perpendicular to the &' axs. For gimplicity of
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calenlation, the z' axis is chosen to ke in the &, ¥ plane and ¥ is then determined so
as to preserve a right handed coordinate system. If the direction cosines of preferred
orientation 2’ are dy. dy and d3 with respect to z, y,and 2 axes, the direction cosines
of ' and ' with w«, y and 2 can be easily obtained. The coordinate transformation

matrix deseribing the relations between two axes is as follows:

—dga_l d;(!hl 0
log] = | —didse! —dydsat & |- (2.18)

dy dy dy

where x = (/d? +‘E";m1d L,j=m9 2

2.2.2 Averaging Method

Rofation of Eiastic Constants in Abbreviated Subscript Notation

In order to carry out the transformatior. of slastic constants directly in abbreviated
subscript notation without eonverting back to full subscripts to complicate calcula-

tions, the Bond method [45] is used heve, The 6 x 6 stiffness and 6 x § compliance




transformation matrices for the above chosen axis systern are
[M] =
Ba?  dla? O 0 0
Aot didje? o —2dyds —2d1dy
& & & s Bdyds
~ddge~!  —dldse!  dya dyle—die?) dife- dia1)
didpel didgat 0 diaa™ —dadae”!
| dudadso™? —rddaa 0 dy ~dy
| ™=
o R 0 —~d2daa! —didsa!
didia” didjo? o ~dydyar™? dydace™!
di &2 d didpdse®  —dydudaa?
0 0 —~2dadya? dy{e—diet) dy(o—dje?)
~dgdy —2dydy 2didadio  dydao! ~~dgdzert
\_ 2dpdy  2dyd3 2dydy d ~da

da(d} — di)a?
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—2¢ g2
2dydpdfo?
2dyda
—2dydpdza?

(@} - )™

{2.19)

0
—2dydadyo
(@ - !

do{d§ — df)o?
(2.20)

The § < 6 stiffness and compliance constant mutrices ¢’ and & with respect to o, ¢f

and 2' axes are

¢} = [MYld AT
[#] = (V)M

(2.21)

(2.22)

where [d and [s} ere the stiffness and compliance constant satrices of crystallites

with respect to , ¥,  axes and {—fm and [ﬁ-] are the transposes of the matrices [M]
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and [N].
Following the same procedure, {¢'] and [s7] are transformed from 2, i, 2 axes to

cylindrical coordinates (¢, 2’) using the coordinate transformation matrix

cosgdp =zing 0
Jecd = | —sin ¢ cosgp Q|- {2.23)
] 0 1

The corresponding stiffness and compliance transforination matrices are

[} =
cos2¢ sin® 0 0 0 sin 2¢
sin 2 cos2p 0 B 0 ~ gin 2¢)
0 0 1 0 0 0 (2.24)
G [\ 0 cos¢g —sing )] ‘
0 0 0 sing cosg o
cos2psin?¢ cosgsin? 0 O 0 cos?p—sin?g
_ ] =
cos?p sin2¢ 0 g 0 0 -
sin’p cos?e 0 0 0 0
0 0 1 cos?gsing cospsin2g 0 (2.25)
0 i &in 2¢p cosg ~—gin g 0 .
0 0 —5in 2 sin ¢ cos g 0
¢ o 0 0 0 cosH—sin®p

The stiffness and compliance constant matrices [¢”] and [s"] with respect to cylindrical
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axea are
") = (MMM (2.26)
(] = [NV (2.27)

Results and Discussion

Thus the stifness and compliance constants of the aggregates with preferred orienta-

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

o= (2.28)

J':? i c’a!jd'-P
2w

. _ e
- Jo Su7¥

5= g {2.29)
where cf; and sf; are the clements of matrix [¢"] end [s"], which axe fimetions of angle
dj; and ¢,

The averaged elastic constant matric (both stiffness and corepliance) has five non-
zero independent constants, which is simnilar to that of transversely isotropic materiale,
T other words, the surface elasiic properties of thin solid films with preferred orien-
tation are independent of surface propagation directions and no angular dispersion
(v vs. ¢} relation exists on the surfuce.

Tt is found that the stiffness constants &7° obtained by inverse of averege corpli-
ance constant matrix [8;5] from equation (2.20) are different from those T5° caleulated
from equation (2.28). The differences between the &;” and 5" descrined for the ran-
dom distribution in the previous section are still applicable here for & and T5" Thus
the atiffness or compliance constants for the aggregates with orientations are chosen

as the arithmetic average from the two methods.
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Polycxstalline Hard Materials Al ' Si¢ | TiC | TiN | H5S I .
Melting Temperature(*C) 2047 | 2760 | 3067 { 2950 | 1400
Vickers’ Hardness(kgfmm=?) 2100 | 2600 | 2800 | 2100 | 900
Mass Density(gem™®) 308 |3.22 1400 | 540 | 7.8
Young's Modulus(GPa) w00 | 480 |460 | 390 | 250
Therma! Expan. Coef.(1076K-1) |65 (53 |83 [93 |14
Thermal Conductivity(Wm K% | 25 84 |34 (30 |30

Table 2.1: Mechanical properties of polyerystalline hard materials.

2.3 Elastic Constants of Polycrystalline Hard Films

The term haxd flms ususlly refers to transition metal carbides and nitrides such s
TiC, TiN end TiAIN ete, These films ave prepared by both chemical and physical
vapor deposition technigues, and are at present widely used ag hard protective coating
various tool steels to enhance their life by many huadred per cent. Recause of their
commerciel success in the industrial arena, much attention has been given 1;0 exploring
new hard film materials. The mechanical properties of such films and HSS as listed

in cable 2.1 (from ref. {1]).

In this section, the elastic constants of these polycrystafline films and the HSS
(bigh speed steel) substrate are calculated for both randomly and preferred orientation
distributed crystallites using the tl.eories discussed in previous sections. The results
for ¥'iN films and the HSS5 substrate will be used in latter chapters to discuss their

surface wave propagation behavior,




43

Stiffness ¢;; (10° newton/m?) and Compliance a; (10712 m?/newton) Constants

materiols ¢ € w1z i3 €l 8w 838 Sw 812 913 514
AlyOy 404 496 145 158 114 -23 238 220 7.05 -0.70 -D.38 0.49
SiC 352 233 140 3.67 429 -1.04
TiC 513 178 108 210 561 -0.358
TN 408 188 106 217 5.95 -0.380
TiN* 625 163 165 1.79 6.13 -0.375
a-Fe 237 116 141 7.59 8.62 -2.82

Toble 2.2: Stiffness and corapliance constants of single crystals of hard materials.

2.3.1 Elastic Constants of Single Crystals

The stiffness sonstants of single crystals of these materials are given in table 2.2 {from

references {7, [11], [46], {70]). Here, AlsO; hus the trigonal Frm symmsiry and the

remaining belong to the cubic classes. The different clastic constants of TV uingle

crystal frora two experimental methods are indicated as TPV a1 T:N*. The elogtic

constants of TiN* have been measured by Kim et al. [11] using the line focus acoustic

microseopy technique. Rickerby {71] first reported the elastic constants of TiN which

are caleulated from the slope of the aroustic branches of phonon dispersion curves

measured by Kross {72] 2t al. nsing iaelestic neutron scattering, Perry [7] usea the

latter elastic constants in his study on restdusi stress in TN films.




Stiffenss Constants, elastic moduli(10!® newton/m?) and Poisson’s ratio

material @¥ € @’ G F Gi Efave) Gave) o

AlyOy 47.0 140 164 459 141 158 38.9 i6.4 0.216
8iC 453 B.92 1B.2 42.0 105 157 40.1 174 0.198
TiC 40,2 11:6 188 491 116 187 447 18.8 0.188
TiN 475 117 179 474 118 178 428 17.8 0.178
TiN* 571 19.1 189 564 195 184 469 18.8 0.245

e—Fe 291 113 885 271 123 T7.40 211 8.38 0.314

Table 2.3: The averaged stiffness constants 75;, ", elastic moduli E and G and
Poieson’s ratic o of polycrystalline aggregates with random distributions of crystal-

lites. Here K = (e + 2e12)/3, G = (1) — £12)/2 and o = —S2—

ci141z’

The cumpliance constants of these materials are calculated using the formulae

a2, en3 +efacaq--€11093008

— —— = 24
o {—2rf5tencas-teiptnadi— 2o, Hor1eaa-hernraq) ? f3n = — 263, +e1trus+e1acan ¢
¥ 2 - 0
= £11--Cf2 = L1433 CinCaa+e11035040 250
944 B R TITOTE T 512 (~2e{pten exzterzeas){~ 2§, Hercan doq0aq) ( !
— L I [+
y = —-2_-1:1——-—- = -_1__._11__..“.
48 = B ehew-mata B4 = B e —eisons

for trigonal Aly02 and the equation (2.15) (iust exchanging the symbckic ¢ and ¢ for

855 n terms of ¢y} for cubic erystals,

2.3.2 Averaged Elastic Constants

The stifiness constants and elastic moduli of the corresponding polyerystalline hard
films obtained using hoth Voigt's and Reuss” assumptions and are shown in table 2.3,

where the E is Young modulus, G shear modulus and ¢ Poissen’s ratio ealoulated
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Stiffness Constart ¢; (17'° N/m?)

material FE© GF T T s o0 G T &2 Tn

TiN 473 469 182 116 119 472 468 181 117 120

TiN* 8566 557 19.6 19.0 19.0 559 852 169.0 193 201

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

from the arithmetic average of Voigh’s and Reuss® stiffness constante. It is seen in the
table that Z7° > @77, thh” > € and 83" < €z

Our samples of 7}V flms on tool steels were prepared using the maguet.on sput-
tering and hollow cathude discharge plating techniques, and these films have a pre-
ferred orientation. As discussed in later section 7.2, the [111] direction is found to be
the most strongly preferred oricntation 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, The results obtained using the
method discuesed in section 2.2 are shown in table 2.4,

In the caleulation, all crystallites of the films are assumed to have the same crien-
tation. w'he F° Fenote the stiffness constants defined by formula (2.28), snd &5;* are
the stiffness constants, i.e. the elements of inverse of matrix [;] which is caleulated
from formula (2.29). The five non-zero independent stiffiness constants indicate the

filtns have transversely isotropic elastic properties.




Chapter 3

Wave Propagation Characteristics
and Extracting the Elastic
| Constants of Anisotropic Solids

from Vélocity Data

In the study of elastic wave propagation in anisotromc solids, the slowness surface
is B most convenient and effective tool. It is the surface representing the inverse of
t.ixe phase velocity a8 & function of propagation direction, and depends on the elestic
constants of the medium. The computer visualigation of slowness surfnces in el
to display wave propagation behnvior in anisotropic golids, and can in Furn be used
to seek group velocity (energy flow) directions and special progagation dizections
guch as those of pure modes and conical points. The coded COmpLIer programs eun

46
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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 GaAs and TiN are teken to
be the examples to illustrate these characteristics as shown in section 3.1.2. The
slowness surfoces of polycrystalline T4V with s [111] preferred orientation have also
been abtained using the avereged elastic constants (refer to tubls 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. Thie conelusion will be used in s later
chapter to simplify the calculation model for surface wave propagation in a very thin
TiN film on tocl steel.

The elastic properties of 2 material are defined by its elastic constant tensor which
is determined through its relation to the phase velncities int different propagation di-
rections, Phase velocities in a given direction sre usually measutred by various ex-
perimental techniques such as 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 aires of high symmetry erystals. In these directions, sound
waves snay be purely longitudinel or transverse and ave celled pure modes. A sin-
gle wlostie constant, wmally a diagonal term of the matiix of elustic vonstants, can
sometines be obtained from the veloeity measurement in these pure mode dections,
T iz proved that only for cubic crystals can all elastic constants be obtained from
the measuremoents I such pure mode directions. For general cases, other remain-
iy nondisgeael terms of elnstic constant matriy have to be determined from the

miensroments in a non-pure mode direction.
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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 vxperimental convenience is selected to measure the phase velocity whose relation
with elestic constants (as many as 21 for triclinic 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.rermined system of equations, i.e, the number of
mensured velocities exceeds the number of the elastic constants to be determined.
Seversl optimization procedures for elastic constants have been proposed, including
the use »f invariants of the Christoffel tensor [63], the minimum of the secular equa-
tion of the Christoffel polynomial with the measured velocities{84], & perturbation
seties expansion in an intensively rotated axes system [65], and an iterative inversion
technique using updated polarization [66]. All these methods can be applied for wave
propagation in arbitrary directions for any symmetry classes of axrystals.

In this chapter, a set of velocity data with arbitrasy propagation directions a2
syntiesized from theoretically ealculated values with 1% error to simulate experimen-
tal resuits for the single erystal of cubic GaAs. Computer programs have been coded
to carry out the numerical computations for each of the optimization methiods and a
very subtle procedure has been used to appruach "better values™ .of elastic constants
to minimize iteration times in the adopted iterative techniques. Even starting with a
very rough estimate of initinl elastic constonts, the final converged results are fairly

close to shose expected frem some of the methods. A comparison of convergencies of
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different algorithms reveal that some methods are robust and can be widely used in

general cases wherens certain methods have limitations in their use.

3.1 'Wave Propagation Uharacteristics Described

Using the Slowness Surface

31.1 Bulk Mode Elastic Wave Propagation

"The behavior of elastic waves propagating in an infinite perfectly elastic, homogeneous

anisotropic medium is governed by the equation (in the Einstein summation notation)
Tintte = pU™thy, (3.1)

_which is called the Christoffel equation, where the matrix Ty = ldicyjn is called
the Chyistoffel matrix whose elernents depend on the wave propagetion direction
described by direction cosines I; and the stiffness constants cym of the medium. The
u; are the displacement compaunents measured with respect to Cartesian axes 2y, and
p is the density of the material. In crder to find the noretrivial solution for the u;, the

determinant of the coefficients is set to zero, i.e.
Tz — &sap0%| = 0, (3.2)

where v is the phase velocity of wave propagating in the direction defined by I and
can be numerically solved to yield three roota for a given stiffness constants and

any assumed direction. Equation (3.2) can be factored in some gpecific directions
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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 »nnstants.

3.1.2 Computer Visualizatiorn of Three-Dimensional Slow-
ness Surfaces
Equation (3.2) can be reorganized ns
|8*T 56 — Sjsp] =0, (3.3)

where 8, the slowness, is defined as i/v, which is a function of wav;e propagation
direction (0, ¢} governed by this equatiol. , where Ij = sinficosg, Iz = sinfsing
and I3 == cos# in spherical coordinates. Slowness surfaces of three bulk waves for any
crystal classes are obtained by plotting 5 against & and ¢ using the coded computer
programs. |

Figure 3.1 is the eighth (0 < § < 90°, 0 < ¢ < 90°) of the slowness surface of
cubic GaAs of the 33m symmetry classes. The three sheets of slowness from the
inner to outer respectively correspond to the longitudinal (L), fast transverse (1'1)
and slow transverse {T'2) waves. The units of three axes are s/m.

This three-dimensional figure is very usaful in the study of the topological features
of the stowness surface, which is of great importance for investigations of surface and
bulk wave propagation in anisotropic solids. The unit normal (direction of group
veloeity) 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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gz conlcal poink

Figure 3.1: Slowness surface of cubic GaAs in first octant of the coordinates mea-
sured in units of s/m. The stiffuess constants nsed for caleulation are ¢ | = 118.8

(Pa, ¢33 = B3.8(GPa and ¢y = 59.4 G Pa.

e
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A conical point is defined as a singular point of the slowness surfece where two or
three slowness sheets interazct 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 # = 54.73° and ¢ = 45.0° in spherical coor-
dinates. The magnitude of three slownesses in this direction are 1.852 x 107%(s/m),
3577 x 10~*{a/m), 3.577 x 10~*(s/m); the equivalent two values indicate the position
of the conical point. The three slowness surfaces of cubic TN and polycrystalline
TiN films with [111] orientation (its elastic properties ~v.. 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 caleulate the slowness surfaces of polycrystalline TPV with [111] ari-
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Figure 3.3: Slowness surfaces of cubic TiN with elastic constents ¢y = 498

G Pa, €15 = 108 GPe and ¢y = 168 GPa.

entation, we use the averaged stiffness constants in table 2.4. The surfaces shown in
fgure (3.2) are symmetrical sbout the 2 axis, which is obviously an important prop-
erty bf a trangversely isotropic material. Moreover, the slowness surfaces obtained
here are close to being spherical which is the form of slowness sur . of isotropic
rmedia. This implies that a TilN polycrystal with [111] orientation can be approxi-
mately treated as an isotropic medium in the complicated calculation to be presented
in chapter b.

Figure 3.3 indicates that the slowness surfaces of cubic T¢N are close o thoss of

isotropic media . In fact, the anisotropy factor of the cubic TN is

9
1 =2 ="t 2 0.86, (3.4)




bd
go the surface waves of this material are not far from Rayleigh waves of an isotru,.c
material. ‘The phase velocities are almost independent of angle. The dispersion

relations of cubie TEN will be discussed in the next chapter.

- 8.1.3 Slowness Sections on Various Cry-tal Planes

Stowaess sections are used to study the defails of wave propagsation behavior in any
direction on en srbitrary plane in an anisotropic medium, In the study of surface wave
propagation, the nuter sheet of slowness sections is also used to define the types of
first traneonic states, which is useful in deciding whether the Rayleigh velocity exists
in a helf space of an apisotropic medium [61}. Based on the resul" that energy velocity
{identical to group velocity in a lossiess medium) directions are always znurmal to the
slowness suzface, the pure mode propagation direction is the group velocity directior,
passing the selected origin of coordinates.

In order to plot I:hﬁ slowmess cutves on any crystal plane, the elastic constant tensor
should be firet rotated to tﬁe new coordinate system where the 2’ axiz is normal to the
chosen plane, Three slowness magnitudes {g) can be solved uging equﬁtion 13.3) with
transformed elactic tansors under new coordinate system for any Jdirections defined
by a function of ¢ an the speciﬁr plane. Slownesz carves on the plane are obtained
by plotting # against ¢in polur coordinates, A romputer program has been coded to
plot three slowness curves on an arbitray.; selected plane of any symametry crystal

class.

The slowness sections of cubic T#V wn various crystal planes ure presented in
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figures (3.4, 3.5, 3.6).

[ou1] palarized

o0, x10 sm

Figure §.4: Slowness curves on the [001} plane of cubie TiN,

Since both [001] and [110] crystal planes are radrror planes in cubic symmetxy,
there is o pure shear mode poiu.ieed normal to the plane of propagation as seen in
fgures (3.4, 3.5}, However, the [111] plane is not a witror symmetry plane in cubic
erystals, There is however §-fold symmetry for the slowness curve on this plane as
see:g.is. fpure {3.6).

The slowness section curves of TiN polycrystalline films with preferred orientation
[111] are shown in figure (5.7). The five independent stiffiness constants (see table
2.4) allow the slowness of TIN films to be treated in the same way as that for a
hexwgonal sysiem. Both slownoves curves on the [001] plane perpendicular to the
z axis and on the meridian plane are approximately the same, Tﬁro shear wavas
with displacemens polarizatici. parailel and perpendicular to & axer respectively are

approximately degenerate on the two planes. This shows that the wave propagation
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Figure 3.5: Slowness curves on the [110} plane of cubic TN,
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Figure 3.6: Slowness curves an the [111] plane of cubir TN,
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Figure 3.7: Slowness curves on the [001] or meridian plane of TiN films with [111]

preferred orientation.

on the surface ([111] plane) of TN films almost has the same propertios as thoze
for isotropic media, i.e. the dispersion relation is jndependent of the propagation
divections and the two shear waves are degenerawe. Thus it is reasonable to simplify
the model to the isotrapic case (also see figure 3.2) in next chapter when we caleulate
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 filma and film thickness.
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No. 8(rad) ¢lrad) vL(m/s) vTl{(m/s) vT2(m/s)

1 775695 167618 478480 33419  3272.8
9 331038 328542 522776 316L1 272855
3 32.1938 40.1142 5236.68 312084  2750.93
4 504026 167618 58109 522067  2538.35
F 504026 32.8542 536655 209279 264771
6 611056 £0.1754 5336.15 3000.67  2700.68
7 611056 70008 52374  3169.82  2710.26
8 71.2003 32.8542 527818 319848  2660.32

a 81.4965 74.1576 40B8.01 3270.62  3051.82

10 8B.0843 7.50718 4786.11 3342.52  3270.85

. Table 3 1: Synthesized phase velocity data in arbhwary directions.

3.2 Synthesized Experimental Velocity Data in Ran-

domly Chosen Directions

The wave propagstion direction /; is described in terms of spherical coordinates ¢
and ¢ by l) = sinfcosd, by = sinfising and Iy = cosd. Caleulated velocity data
in an arbitrary direction can be obtained by randomly choosing § and ¢ and using
equation (3.2}, In order to simulate measured velocities (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 velacitios.

A GaAs cubic crystal is chosen as an example and its stiffness constants are
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respectively ¢ = 118.8 GPa, ¢52 = 538G Fa and cy = 584G Pa. Its density is
5307kg/m®. Uhe data in teble 3.1 is obtained using the coded computer programs
which randomly choose the propagation dirertions. This data will be used as the
messured phase velocity from experiment to extract slastic constants of GaAs by

four methods to be discussed in section 3 3.

3.3 Methods of Recoverv of Elastic Constants

3.3.1 Least Squares Fit

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

Xt = ii(ﬂ? - g% - (89)

where ©°® snd ¥ are velocities respectively from experiment (from teble 3.1) and
theoretical caleulations for the same specifie propagation direction defined by (4, ¢).
The svhscripts ( 4, 7} indicate that summation is made over n (here n = 10) arbi-
trarily measured direciions and in every direciion over three velocities, i.e. 1 quasi-
longitudinel and 2 quasi-transverse. v is obtained numerically using equation (3.2)
" from the known measured erystallographie directions, (see the first two colurnns in ta-
ble 3.1) and estimated elastic constants, It varies with the vpgraded elastic constants
in each iteration. The computer program is coded to do the optimization procedure.
The " better values” of elastic constants are updeted from the previous "better values”
only if the current x® is less than previcus one.

The initial estimation of stiffness of Gads are £y, = 170G Pa, ¢30 = 206G Py end
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No. Cu(GP Gn) Clz(GP G) C4.;(GP G) x2

1 16L3 26.43 £9.96 2,617 10°
8 1404 35.00 53.46 7.465 10°
3 1280 52.16 58.04 7.231 104
4 120.2 55.09 57.74 7.309 10°
5 117 53.16 59.84 7377102
g 119.2 54.53 50.17 349.2
7 uea 53.91 59.18 367.3
8 1189 53.54 50.15 105.5

9 118.8 53.91 59.32 24.44

"gble 3.2: Stifftiess constants of Gads from a least squares fit.

Cas == TOGPa. The x? for every set of updated stiffness constants are presented in

table 3.2.

From the table 2.2, the best fits obtained ave ¢y = 118.8 GPa, ¢1p = 53.9GPaand
e = 59.3G Pg, which fairly close to the stiffness constants ¢;y = 118.3 GPa, ¢35 =
53.8 G Pu and cgq = 59.4G Pa, which are used to produce the synthesized velocity data
(1% evror). The same celeulation has been done on the trigonal {32) low symmetry
erystal clazs. It is found that x 2derreases rapidly and the ¢ converge to 2 cet of
values very close to what was expected even though a very rough estimation of initial

clastic constants iz made,
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No. ¢n(GPo) ¢13(GPa) c{GPe} T(d:)?(>10%%%k¢ « m/s?)

1 1609 23.03 81.18 3.62210°
2 1410 22.99 64.66 9.84810"
3 1242 20962 6403 8.503 10°
4 1201 56.61 60.12 4.777 10
5 119.2 54.86 58.76 5.83210"

8 118.6 53.42 58.70 7.780

7 118.7 £3.39 59.61 4.232

Table 3.3: Stiffiiess constants of Ga.As from rinimising T(¢h;)2.
3.3.2 Minimum of 5(¢;)?

The second method (refer to Castagnede [64]) uses the formulae
A an, .
x* = 2: # =3 ([T — plo= ) bl)? (3.6)

to optimally determine the clasiic wiwianis from arbitrary directions, where v°* are
the wave speeds of three bulk modes measured experimentally. The elastic constants
e of the above overdetermined equation systems are numerically obtained to mini-
mize 7" ¢? by using the same calculation algorithm as that used in the first method.
I'y; is updated only if "better” ¢ are found,

Using the same initial estimate of stiffness constants as used above, the final
regults of elastic constants of GaAs extracted using this method are ¢y = 11B.8G Fa,
¢ = BRL.BOG Pe, ¢y, = 59.3901’&. ‘The results from this method ere very close to the

results from the firet miethod as shown in table 3.3,
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Although anisotropic engineering materials such as synthetic composites have dif-
ferent structuves fren the anisotropic crystal, the elastic continuum theory can still
be used to study thoir elastic wave bebavior. In these cases, recovery of the crien-
tation of the priﬁcipal acoustical axes with respect to the erystallographic axes are
important and & numerical method to do so has also been discussed by Castagnede

6],

3.3.3 Group Iteration Mathod

The third method (refer to Harder [66]) for extracting elastic constants is formed by
rezaTanging the Christoffel equation into a system of equations lineer in the indepen-

denl, elastic constanta. Thus

i = p(v™), (7

where n; is the unit vector describing the direction of propagation, v is the measured
phase velocities, and p; is the unit vector describing the directions of polarization
which are mutnally orthogonal. The left hend of equation 3.7 is a polynomial includ-
ing both stiffness constants ¢z, and polarization vector p; as unimown parameters.
In order to solve this system of equations for stiffness constants, p; has to be given
an initial estimate for each velocity measurement. If N is the number of velocity
ohservations, M is the number of independent elastic constants to be found for =
symmetry ¢lass, and ¥ > M, the unknown elastic constants can be solved simulta-

neonsly throngh the above system of equations in which a group iteration technique
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No. of iteration ¢5:{GPaj cu(GFa} e, {GPa) |
1 1135 41.28 25.48
2 1187 59.45 78.74
3 1184 50.40 £5.29
4 1i8.8 59.39 53.84
5 118.8 54,38 53.83
6 118.8 59.39 53.83

Table 3.4: Stiffnesc constents of GaAs from the group iteration method.

is invaolved. Based on these obtained elastic constants an® Christoffel’s equation, the
eigenvalues {therefore velocity v™*) can be soived to compare with the wulues of the
measured velocity v* and eigenvectors can be obtained as a better estimation of the
unit polarization vector. These polarization vectors age used to obtain "better” elas-
tic constants aad then repeated for velocity end polarization. The iteration continues
until the value of |(v*%)* - (z2)? becﬁme reasanably small.

Table 3.4 shows the resuits of the stifness constants after the first six iterztions
using the initial estimate of pelarizetion and updated poiarization as skown in table

3.5,

In the ahove example, if the initial polarizetion is assumed to be pl = sind cos ¢, p2 =
sin & cos ¢, p3 = cos & for longitudinal, pl = —0.9, p2 = 0.5, p3 = —0.2 for transverse
1 and pl = —0.8, p2 = ~0.2, p8 = 0.1 for transverse 2, the converged stiffness con-
stants are cpy = 120.2{GaPa), ¢y = 58.87(GePe), o = ~14.91{GaPa), which ars

obvipusly incorrect. It is shown that the results of the stiffness constaznts coaverge
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No. of iteration 8 $ v{km/s) Pl p2 p3

1L 7757 1676 A785 012 0038 0.991
1T1 777 1676 3442 08 08 0.2

1T2 757 1678 3213 08 05 0.7

2L c75r 1676 4785 0.3 0133 0,910
211 c7s 1676 3342 0242 -096 0.026
T2 c757 1676 3273 0886 -0.209 0.413
3L oa57 1676 4T85 -0.267 .0.081 -0.960 |
3T1 o757 1676 3442 024 -0.978 0.023
372 c7s57 1676 3273 0520 0199 0.278
4L 7ws7 1676 4785 -0.283 0071 0.96%
4T1 57 1676 3342 0204 0988 0023
4T2 v757 1676 3273 -0.060 -0.192 0.243
5L 757 1676 4785 0281 -0.070 -0.970
5T o757 1676 3342 0203 -097¢ 0023
5T2 c7e7 1676 3273 0952 -0.102 0.240
6L o757 1676 4785 D231 -0.070 -0.970
8T1 c7sT 1676 a2 0203 0979 0.0%
6T2 o757 1o 3273 0952 0192 0.240 |

Table 3.5: Initial estimated polarizatiuns and their updated values for GaAs. The
initial polarization for tke longitudinal wave i l.csen the same as the propagation

direction | 0.129 . 0.038, £.091}.




€5
very quickly if a suitsble estimate of initial polarization is seleved. In fact, the
initial estimate of polarization of transverse waves should be within 45° of the true

palarization for #  nod convergence,

3.83.4 Perturbation Series Expansion

The fourth method of detexmining elastic constants from wave-speed measurernents
uges a perturbation series expansion (refer to J.R. Neighbours [65]) to obtain the so-
lution to a modified equation of motion, which describes the plane waves propagating
in the & direction. Under the rotated (primed) coordinate system, the perturbation

solution of elastic constants to the equation are

2
g = o — [(L,‘”E’cgsm ol )y ot (g
Gl (Gl il
et G & e &)
(cis) (‘f‘:ﬂ 2¢45C166hs
e T G Gy ®1O

where 1, ¥aand vy correspond to the velocities of the one quasi-longitudinal and two
(guast) transvers: modes. That anly six primed elastic constants appear in the above
equations is due to the choice of 2 as the propagation direction of sound waves.
Theough the Bond method [45] for transforming elastic constants under two sets of
coordinate systems in abbreviated subscripi notation, the ¢; are related to o;; by a
linear function of ;.

If m unknown elastic constanis are to be found, the m linear equations must be

formed from a meximum integer of m/3 propegaiion direetions of waves with three

e
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mesasured velocities in each obzervation 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 ferms 1upearing in the square
braclmts, o unknown c; can be solved. These values are ther used to caleulate the
square-bracheted terms which are then used as a correction to the previcusly sbtained
values. In the progrém, an iterative technique has heen used to solve the system of

equations consisting of linear functions of the desired clasi’~ constants ;.

For calculational convenience, the &' axis is chosen in the arbifrary observation
'firection of velocity measurements, 3 is chosen to He in the x-y plane, with 2’ then
hoing determinad =0 as t¢ preserve a right handed coordinete system. In this case, the
Bond matrices for the elastic constants can be wriiten cut easily for all erystal classes.
The =lastic constants used in the Bond method are in abbreviated subscripts and
can be easily carried out for transformation into ancther set of coordinates (2,3, 7).
Extensive numerical calculations have been carried out for various velocity observation

directions (&' 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, bt serous srrors occur in
other directions. For instance, a singnlarity occurs in the direction defined by 9 ==

60.10{rad) and ¢ = 59.18(rad).




Takie 3.6, AT 1N

No. f(rad) ¢(rad) enl{GPa) cy(GPa) €12{(7Pa)
1 7956956 16.7618 1100  Eg.9g 92.90
2 331938 328542 1204  5gg 51,03
35 8 W14 2 s 51.90
4 504026 167618 1101 5o 53.67
5 504026 308542 1277 gags 57.00
6 6LI06 5O7B4 922310° -161.010° 9310109
T 5LI056 70908 1326 5259 47.99
8 7L230% 328542 1777 ag.ga 57.10
5 BT U576 14RE 4448 -81.06
10 887815 1600 1248 363 -116.7

= rkoants of €3

87

aAs extracted from the series expansion moethod,
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3.4 Discussion and Conclusions

Nuwuerical caleulations have alse been carried ou. ‘o extract elastic cons:. uts of Fads
in or near the [111] direction of the conical point, and it is found that Neighbours’
method gives the results of stiftness as ¢;; = 154.7(GePa), cy = 41.47(GePa),
ey = 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
8 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 conicel point.

In summary, four different methods for inversion of the measured phase velocities
of bulk sound waves to obtain elastic constants huve been discussed and compared.
These methods apply to wave propagation in arbitrary directions for any ceystal class,
Suitatle iterative techniques have been successfully used to code computer programs
to optimally recover the elastic constants for the over determined systems of squations.
We conclude that the first two methods discusi2d here are more rokust and ean be _
widely nsed in sny general cases. The third method has the limitation of the injtial
esiimate of polarization having to be reasonably close to the true polarigation, while
the fonch method must be used with great rave, as its convergence is a function of

the propagation direction of the measured velocities,

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

should ba a hybrid one. If possibie, the measurerents should first he chosen along the
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highly symmetry dirsctions such as crystal axes, in which some of the elastic constants
can, be obtained. The nume;. o computation for the rest of elastic constants by
measuring the phuse velocities of Weves propageting in any arbitrary directions can

be much simplified with thege elastic constants heing lnown,




Chapter 4

Surface Waves in Hard Films on a

Substrate

Rayleigh surfece waves on plane bounded solids usually refer to the waves whose
displacement emplitudes decay exponentially with the increasing distance from the
surface and the rolated elastic energy flow density is confined to a small region be-
neath the surface. Harlier work on the thaories of surface waves based on both the
slastic continuum and diserete particle modes were discussed for cubie crystals by
Gazis et al. [73]. The latter model considers the propagation medium as a lattice of
interacting discrete atoms rather than a continuum. In addition, Barnett ot al. [74)
have developed a theory to study surface waves in anisotropic erystals. In this theory,
the Rayleigh velocity is obtained by making the smaller eigenvalues of a certain 2 x 2
resl symmetric matrix vanish. In this chepter, the surface waves discussed are re-
stricted 10 non-piezcelectric vulid materials and the numerical galeulations concerned
based on the elastic continuum theory as treated in reference [46).

0
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The purpose of this chapte~ is to use en easily nnderstood classical methed to
study theoretically the si.rface aroustic wave in both a single crystal and thin solid
filme. This is necersary for one to gaia the wsic krowledge for the propagstion

properties of surface acoustic modes in a medivm. as a preliminary to studying

surface waves propegating in thin solid films, :* - - - "= muface wave for a infinite
half »pera cage is treated in section 1. The s . T ) of TN films
with large thickness (> 500nm) are caleulated weinwe Juv. . . -thisotropic and

preferred crientation cases, The sngular dispersion .slatiams ' v @; on different
exystal planes of single cubic TiN are also obtained for comparison purpases, where
¢ describes the propagation divections on a rrystel plane. A computer yrogram is
coded to curry out the nunerical corputetion 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
houndary conditions beinyg taken into account. The averaged polyerystalline elastic
congtants are used to simplify Wbe model to an isctropic cace. Extensive numerical
calculations are carried out for the FiN/HSS combination with kyh renging from 0 to
19, where k) is the wave vector component parallel to the filim surface and b is the film
thickness. It is found that the surface wave velocities converge to o definite - Jlue for
large values of &k, and, in fact, this value is the Rayleigh velocity of the film materials
caleulated in infinite half space situation. This implies that the acoustic behavior of
& 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

thickniess is Jess than a few bundred nancmeters, the surfoce velacities in the films are
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found to be a function of the film thickness and the dispersion relations (v va. kyh) can
be obsained. As the k)h increases, the Rayleigh velacity of the substrate increases its
value and become a highly damped p-SAW for a particular rang,. <f &/, and finally
converges to the Rayleigh velocity of the film material for = even larger k. We
have coded a computer program to do the nemerical computations for the dispersion

relations of TiN/HSS.

4.1 Surface Waves in a Half Infinite Space

The following treztment of surface waves in a semi-infinite spece is based on that of
Farnell’s [46} to illustrate the procedurves adopted in our numerical calculations al-
though some ather approaches are also Jdevaioped [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 componenis perpendicular to surface varnish at the free
surface and the particle displace:nent 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 o perfect elastic and homogeneous medium is

62 32?.55

(%) = o .
a ot T Hkt Bxgaz;’

(4.1)

where u; and ¢;x are respectively the displacernens components ard stiffness tensor,

and p is the mass density of the meaium. The usual convention regarding summation
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over repeatec] subscripts is used here,
If the coordinate system is chosen with z; as the outward normal to the free
surface and with the origin at the surface, the boundary conditions can be expressed

as

Su
Iy = cs.fkl"a;f =0, at z=0 (4.2)

and

u; =0, : at my — —o0, {4.3)

where T}, are the stress components parallel to the surface normal.
The possible compound displacements are assumed as
3

us = ’;cnaﬁ"*e:cp[z'm(é“’wi—m>l, {44)
which is the linear combinations of three partial waves, where I{™, &£ are the direction
cosines of surface wave propagation kmovm, I;(,“} are the three complex roots of equation
{3.2) with the negative imaginary parts in terms = surface wave velocity (v}, né") are
the components of the eigenvector of equation (3.1} corresponding to the 1™ and e,
are the three weighting factors. Substituting w; irnto the boundary condition (4.2},

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.2.
detldmn) =0, with m, n=1,2,8, (4.5)

where

O = Coae P, with V=1, V=4, (4.6)
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The computer programs have been coded to seek the numerical solutions of the
phese velocities existing in a particular proj.~gation 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 Computation Procedure

For a crystal plane with its normal direction as [b;, by, &3] 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 -
(8.2) is the sextic scuation in I3 with v as a paramster. The propsgation direction on
the plane perpendicular to 2 axis is described by 51(¢) and Ix(g).

For a pre-assw.ned value of v , three pairs of complex-conjugate roots to this
equation. can be obtained with a known propagation direction. Only the three roots
z§“’ (n = 1,2,3.) with negative imaginary parts are useful for a surface problem due to
the boundary condition (4.3). There are thme Christoffel matrices I‘?;} = if“)!.f“)cﬁk;
corresponding to these thres I{*. Using the equation (3.2), three eigenvalues ond three
eigenvectors can be obtained for each I‘f,",?. There are altogether nine eigenvectors of
three I‘i}‘) available, but only three of them can be used in equation {(4.8). Three
useful eigenvectors mﬁ“’ are those whose curresponding eigenvalues from thres I‘E?
have the same value (phase velocity). By substituting the rotated elastic stiffress
Crmaty, eigenvectors ol and the direction cosines I into equation {4.6) for the dmpa,

it is determined whether det |dy,,| 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
of velocities have £ be tried umtil det |dmn} becomes Zero.

it should be noted heve that ngero” actually does not exist due to the limited
accuracy of numerical calculations by computess and as long as the value of det. \dmn!
becomes small enouéh, the corresponding arsumed value of velocity cen be regard as

the sarface wave velodty-

413 Therative Method in Searching {r the Rayleigh Veloc-
ity

Using the procedure described above. it i8 almost impossible to fmd the surface veloc-
ity with & rendomly assymed velocity. A suitable method of selecting the velocities
are needed to minimize recarsion times and find o resl surface wave instead of &
pEeudp-'BurfaCe wave. Becavse the Rayleigh surface wave velocity is less than the
bull transverse velocity (the lower one) in the same propagation direction, this bulk
velocity is chosen as the Upper Yt {vmax) for the asgumed value of Rayleigh ve-
Jocities. The lower limit (vmin) for the Rayleigh velocity is empirical and, for most
solid materials, half the value chosen for the upper Jimit can bs used as the said lower
Yimit to natrow the velocity range. In case the velority fonnd is close to the lower
Yimit, this limit chould be reset tn a even emalier one. It shauld be noted that »max
and vmin are updated for cach different propagation divection.

The seoking procedure throughout our computer programs is tilustrated in figure

(4.1).
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Hetate siitfness constanis {o a reference axes
with lts z axis paraliel to the surface normal

Solve the bulk velocilles in a propagation
direciion on the surface using eq. [3.2)

{Seinp the search range and find the wvel. vim)] } ,

_Setup & new search range vshag e.q i4.7) af;@' !

\,fim! the vel, v[m] in this range J,

i) is regarded as the surface wave vel.)
H

\_ __ _inthe propagation direction

Figure 4.1:

Flowchart of search procedure for the SAW velocity in a half infinite
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The velocity range (v max —tmin) is first divided by a step (di) to make £mx-vei)
+1 individual velocities for a specific propagation direction. These velocities are used
to calculate their corresponding 3 x 3 determinants in forrnula {4.5). Among them,
the veloeity vy, whose corresponding determinant is the least is found and then used
as the middle point of a new velocity range for the second recursion. The new range

is defined as

Qxdé_(v _Qxdi'
10 m 15

(v +

) {(4.7)

with a new step as di = %‘5. This range is updated every time Ly repeating the above
procedure for the updated vy, aud 4i. The absolufe value of the determinant should
decrease after each recursion and this serves to check the convergence of ty,. If not, the
initial velocity search range must be reset The brezk-down criteria for the recursion is
chosen as the difference Av between the 1, in the previous recursion and the current
Un- When the pre-zet accuracy for vy, is achieved, (for instance, the absolute valne
of Av < 107%), the recursion will stop and the current vy, can be regarded as the
required surface velacity.

The absolute value of the determinant can also be used 2= a breskdown criterion.
In this case, the difference of the determinants between the previcus and current

recursion is preset to stop the search.

4.1.4 Application to Rayleigh Velocities of TYN and HSS

Az an exaraple of the above nurnerical seelding procedure, Rayleigh velocities of 71

are calewleted both in the polyerystalline aggregate and single erystal fooms,
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Pdlyerystal vL{m/s} +Tl{m/s) vI2{m/s) RWV{(m/s)

TiN 0378.88 574040  B74940  3226.68
Tin* 16254.8 538704  bBBYO04  bB416.62
BSS B8T258 314194 3i41.04 2912468

Table 4.1: Bullkk and Hsyleigh velocitic-g-; of Ti¥ and HSS with a random distribution
of crystallites,

For the polycrystalline aggregates with raundomly distributed cuystallites, the ral-
culated mean values of Voigt’s and Reuss’ & :=raged stiffness constants of TiN are
c11 = 475, ez = 118 and g = 179G Pa fsve table 2.3). The stifness constants of
HSS based on its Young’s modulis und Poisson’s ratio [75] are ¢y == 260, ¢p =
115 and 44 = 76.9 G'Pa. The densities (in g/cm?) used in ihe caleulations are 5.40
for TiV and 7.80 for HSS.

In this case, in fact, the Rayleigh velocity (), can be easi'y obtained using the

equation for isotropic maferials as (see reference [46];
2 . y
f2— /o] = 2]t - /) 1 = o], (48)

where v; and v are the bulk longitudinal and transverse velocity of the medinm.
Numerjcal solutions of Rayleigh velocities using equation {4.8) and bulk velocities
of TilN and H3S are listed in table 4.1. For a description of the TN and TiN*, see
section 2.3.1.
Fur polyerystalline T'iN and TiN* with the preferred otientation [111] being taken
mto account, the arithmetic average of stiffness constants in table 2.4 are adopted to

talealate their Rayleigh velocities. The numerical computatior, pracedure described

e S



Polyerystal (111 orientstion) vL{m/s) vTl{m/s} vI2(m/s) SWV(mr/s)

TiN 93566.22 b79B.06 574266  5261.238

TiN* 102121 598832 586195  5430.97

Table 4.2: Bulk and Rayleigh velocities of TiN with a [L11] preferred distribution of

crystallites,

in section 4.1 is used to find the velocity for a "zerd” determinant. No angular
dispersion relation exists due to the trensversely isotropic surface elastic properties
of these polycrystalline aggregates. The surface wave velocities of 1y propagation
direction are the same on the film surface. It shouid Lo noted that the two bulk
transverse veloecities are not. exactly degenerate in this case. The results are listed in

fable 4.2,

4.1.5 Angular Dispersion Relations of Cubic TiN

For a single crystal, the sucface wave velocity is usually & function of propagation
directions on the crvstal plane, For comparizon purposes, the dispersion relations
{v va. ¢) of cubic TiN crystal on various crystal planes are caleulated. The results
together with velocities of bulk i.udes are plotted as shown in figures (4.2, 4.3, 4.4).

In the figures, the curves marked T1 and T2 are the phase velocities of the two
transverse bulk waves with their dispiacements perpendicular and parallel to the wave
propagation plane respectively and the SAW represents the Reylsigh-type surface
wave prepagating on the plane. The prupagation direction is indicstad by the abseigsa

of wach figures, giving the angular variations from a chosen crystallographic direction
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Figure 4.2: Transverse and surface wave velocities for propagation cn the {001] plane

of cubic TGN, _

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 SAW also tends to be quite independent
of angie. Bulk waves Tl and T2 have the same velocity (are degenerate) in the
crystal aviz [001] pure mode direction. The surface wave does not degenerate into
a transverse bulk wave 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 (0 — 45°.

Elastic waves propagating on {110} crystal plane are shown in figure (4.3). The

phase velocities of the T1 and T2 bulk waves become degenercte in th= [119] direction
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Figure 4.3: Transverse and surface wave velocities fv propagation on the [110] plane

of cubic TiN.
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and also around 85" from this direction on the plane. The phase velocity of the sixface
wave is stable from 0 to 30° and then increases steadily to 90°, 'T1 starts decreasing
ofter 30° from the {110] direction. T2 has the similar trend to that of the surface
wave,

For propagation on the [113] non-mimor plene of crystal symmetry as shown in
figare (4.4), T1 slways has o higher phase velocity than 2. The phase velocity of
the surface wave is relatively constant which is close to that of an 1sotropic medinm.
A1l the curves have hexagonal symmetry on the plane and mirrar symmetry aboub
the angle 30°; they ate plotted in the range from 0 ({110} direction) to this angle.

The angulor dispersion relations of the surface mode of the cubic TiN are cluse to
those of an isotropic medinm since ita anisot:dpy factor is 0.8 as given by eguation

(3.4), which is close to the isotropic value 1.

4.2 Surface Wave Velocity in Solid Films

Yolid Blms are usually deposited using various vapour deposition technicques and nor-
mally exist in the form of polycrystalline 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 spplied. The surface waves in polyerystalline films,
in fact, can be simplified to an isotropic probler if the averaged elastic constants
are used in calculations, The following discussion is restricted o non-piezoelectric
media. Emphasis is given t¢ isotropic cases to simplify the theoretical calculations;

this approach provides & good approximation for pre’-rentially arientated TiN films.




83

Figure 4.5: Cocrdinate B}rsﬁem for surface acoustic waves in a solid film.

4.2.1 Bound, ry Conditions

The coordinate system is chosen the same way ag deseribed in section 4.1 except that

the origin is at the interface between filrn and substrate a: thowa in figure (4.5).

If the thickness of the film is &, the free ouxface of the film is ut x5 = h. Like

those discussed in section 4.1, the particle displacements decay to zero with infinite
depth below the interface and the three traction components must vanish on the
upper film surface. If we assume the films have intrmate mechanical contact with

the substrates, at the interface (zs == 0), the particle displacements and the traction

stress components from both media must be squal, i.e.

. I—

uy = 0, at 13 - —-00, (4.9}

i g
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T =0, at T3 = h, (4.10)
w=ul,  atz=0, (4.11)

and
Ty =T  atzz=0, (4.12)

where j = 1,2,3, the superscript f indicate the parameters for films and superscript

# for snbstrate.

4.2.2 9 x 9 Coefficient Determinant

Since the boundary condition (4.9} must be complied with, the 4] are the same as
those in equation (4.4) which consist of three partial waves corresponding to the three
complex roots of I (n = 1,2,3) from equation (3.2) with negative imaginary parts.
It should be noted here that the -u_{ , hovwey, are totelly different, Due to the finite
thickness (k) of film, the wave in this film does not have o be exponentially dzcaying
and the six roots of I.g“) {n=1,2,..6.) from equation (3.2) can all be accepted. ’n other
words, the particle displacement amplitudes can grow, decay and remain con stant in
the flm, Thus the u‘{ sre, in fact.a linear combination of six partial waves in “he films
with applicable weighting factors in oxder to satisfy the above boundary conditions,
The expression for u;' is the same as in equation (4.4) except here n = 1,2...6.
Substifuting the ¢} and uf; into boundary conditions (4.10 — 4.12), w2 have a
got of nine equations with the weighting factors ¢ (n = 1,2,8) and ¢f (n = 1,2...6)
as the unknown parameters. In order to find the non-trivial solutions for this set of

equations, o "suitable” veloeity must enable the determinant of the 9 % § matrix of
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coefficients the set of equations equal to "'zero”. This suitable velocity is the requred
surface velocity in solid films and can be obtained by the same search strategy as in

section 4.1.3.

4.2.3 Surface Wave Velocity in Isotropic ¥ilms

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 displacements (3 and uf) perpendicular to the sagittal-
plane are called " Love waves” . They are not observed in Brillouin ecattering through
the ripple scattering mechanism. Coly rhe waves with sagitial-plane displacements
ave discussed here. The sagittal plane is a plane including the propegation vector and
a perpendicular to the film surface. In the isotropic case, the above mentioned ¢ x 9
matrix of coefficients simplified to a 6 X 6 matrix for sagittel-plane sohitions.

For isntropic media, the propagation direction can be chosen along the 1 axis
(lh = 1, Iy = 0,13 = I) without losing generality. Thus the Christoffel’s mairix

T = Liheijm for isatropic media is

Cy + 04452 0 (cu - 644)5
0 el + Ie) 0
{1y — el U gq 4+ cul®

Using the equation (3.2), the ! 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




are found to be useful

160 = {1 — o/

1®) = i1 — (uwfua)?P
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(4.13)

(4.14)

where v, end vy are the shear and longitudinal velocities of bulk waves in the sub-

strate,

For the particle displacements in the segittal plane in the film, four roots are used

PO o g~ (0 s 1Y?

P = i1 — (vfup)??
U o —il1 — (vfup )]

Y = —i[1 - (wfup?

{4.15)

(4.16)

(4.17)

{4.18)

where y; and vy, are the transverse and longitudinal velocities of bulk waves in the

" films,

e

Using she above roots and corresponding eigenvectors of equation ( 3.1) to obtain '

the particle displacements 4 and uf , then substituting these results into boundary

conditions (4.10 t¢ 4,12}, we have the 6 % & determinaut given by the left side of

equation (4.19). Setting this determinant eqnal to zers, we can find the nun-trivial




solutions of the weighting factors in the particle displacements.

1 —1 =) -1 —81) 1
~1 —1F2) —1 1) 1 st
A U A - (1 () e® .
W A -2 —A =20 (1 — (O -
Ae® 5@ Aeme 21t 0 0
qHMes A —2fillg —Aet 0 i
(4.19)

where A = 1 — ((F0Y2, g = kgl D, b = ikylfPh and r = ¢l fch, i.e. the ratio of
stifiness constants of the substrate () and of the solid film (cfy).

The phase welocity of the aconstic wave is implicit in equation (4.19) and is de-
pendant on the product of kyh. The dispersion relation, i. e. v as a function kyh
can be obtained through numerical calculations by sclving the above equation. For
e particular value of kyh, the sesking proced-ire for a required phase velocity is the

same as that described in section 4.1.3.

4.2.4 Calculated Dispersion Curves (v vs. kjh) of Polycrys~
talline TiN Films

Using the averaged elastic constants of pciycrystalline THN films, as an example, we
caleuiate the dispersion curve for the TYN/H S5 combination. The elastic constants
and densities of TiN and 555 used in the caleulations are the same as those in
section 4.1.4. The results aie plotted using the coded computer program n Rgure

(4.6) and the typical boundary determinant minima for the verious modes are given
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in figure {4.7).

For kyh from 0 to 0.8, the pbase velocity increases from the Rayleigh velocity (ver)
to the bulk transverse velocii v (vy) of HSS and the mode is & true SAW in which
the corresponding boundary determinant minimum is zers and very sharp as shown
in (a) of fgure (4.7).

As k;ih increases from 0.8 to 1.1, the propagation velocities stay at the bulk trans-
verse velocity {vg) of HSS, the boundary determinant minimum and thus surface
waves 6o not exist in this region ;xnd the mode is a bulk wave.

Hor kyh 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 eection, the mode is a highly
damped pseudo-SAW in which the wave propagation energy is not conserved at the
surface region but instead there is radiation into the bulk,

For kyh from 4.8 to 5.3, no determinsnt 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 kyh.

For kyh from 5.4 to 8, the phase velocities decrease from a higher value to the
Rayleigh velocity (vg.) of bulk TiN. In this region, the boundary detsrminant displays
a broad non-zero minimum as shown in {¢} of figure (4.7). The acoustic mode in this
region is the pre-Rayleigh which is still 2 type of p-SAW.

As kph further increases from 8, the propagation velocities are stable at the
Rayleigh velocity of bulk TiN. The determinant minimum value is very large bus its
variation is very sharp like {d) of figare (4.7). The mode in this section is close to

& true Rayleigh wav~ for TilV as if there were no HSS beneath the TN film. This
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Figure 4.6: Dispersion relation, namely, phase velocity v vs. kyh for a polyarystalline

TiN film on high speed steel.
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mode is defined a5 a quasi-Rayleigh wave in the next chapter.

4,3 Further Discussion

It should be noted that the characteristics of the dispersion relation discussed above
only apply to the "stiffenin;™ situation, in which the bulk trausverse velacity of the
film (w,)is greater than V2 times the bulk transverse velocity (v,) of the substrate.
For the TiN/HSS combination, /vy is 1.83. In this case, the existence of the flm
increases the surfare wave velocity from the Hayleigh velocity of a pure substrate to
the Rayleigh velocity of a pure film with pseudo-surface waves present in a particular
range -* kyh values,

On the other hand, if the bulk fransverse velacity of the film (vy)is less the .
1/+/2 times the bulk traneverse velocity(vg) of substrate, the film is evid to "load”
the substrate. In this case, there exists an infinite number of Sezawa weves,
lowest surface wave velocity decrenses irom the Rayleigh velocity of the substrate to
thie Raylsigh velocity of the film,

For a combination of materials with clastic parameters in which vpe & vy, &
Stoneley wave may exist The Stoneley wave is a type of interface wave with only |
sagittal plane displacements which decay with increasing depth in both directions
from the interface. The detailed discussion of the latter tos cases ix omitted heve
since no exrerimental mensurements were done for those kinds of combinations.

At the initiation of the project, in all the references wivwve, ad in the literstras, the

discussion of the dispersion relation in a stiffening case was limiwd to the range of kb
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from 0 to 1. The peeudo-surface wave is determined through numerical caleulation
using rather elaborete seeking methods for the phase velocity for large values of kyh.
An unsuitable seeling roinimnm method mey lead to a failure to obtain thie psendo-
surface wave but alwaya finds the bulk transverse velocities of films for 1 < kyih < 15,
which obviously are not correct, for the surface wave problem.

Tn this chapter, a classical theoretical model for calculating suiface acoustic waves
fur both single crystal and solid films has been described. The pumerical calculations
have been carried out for the 7 tN/HS8S combination using suitable boundary con-
ditions and the dizpersion relations (v vs. kyft) ore obiained consisting of the SAW,
p-SAW and quasi-Rayleigh. Details of pre-Rayleigh and the higher ﬁz'der modes of
p-SAW cannot be obtained by this model, which will be discussed using a Green’e

function meihod in the next chapter. The effect of the elastic moduli of TiN on the

dispersion relations wilt also be discussed there,




Chapter 5

Theory of Brillouin Scattering

from a Supported Hard Film

In contrast to a soft filr Lo & hard substrate, few studies have been done in the past
" on the theoretical calenlations of Brillouin scattering spectra from the free surface of &
hard filrn on a relatively suft‘. substrate. In this chapter, Brillouin scattering spectra of
varions acoustic excitations localized near the surface are calenlated using a Greer's
function method and based on the assumption of ripple scattering ot the free surface.
These include a SAW, a highly damped p-SAW, pre-Rayleigh, and quasi-Rayleigh
waves and their higher order modes. It ie found that the elaati constants of the §bm
have a profound effects on the acoustic behavior of the combination, For a strongly
stiffened cystem, thers is 2 pre—Rayleigh mode appearing at large Jyh and there %s a
discontinuity in th dispersion curve. For a relatively wenk stiffening system, no pre-
Royleigh mode i found ond the p-SAW transfers into quasi-Rayleigh mode directly.
However, the acoustic inodes in both systems evolve into a qussi-Rayleigh wave of

9
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the system at even lacger kyh, which are very close to the Rayleigh wave of TUN.

In this chapter, we start with the basic coneepts and scattering mechanism of Bril-
louin scaitering in section 1. A genersal theory concerning all the possible scatisring
mechanisms is qualitatively summarized, with an emphasis on the ripple scattering
mechanism which dominates elastooptic scattering in most of herd ceramic films.
The caleulation of the Brillovin scattering intensity or scattering cvoss section for a
supported film is described in section 2. A Green’s function method developed fou
the calculation of Brillouin scatiering from acourtic excitations on the basis of ripple
scottering is presented in detail. In section 3, numerical resulte for TiN/HSS - a
strorzgly stiffened systern and reduced elastic moduli of T4V films on HSS -4 rela-
tively weak stiffening mystem are presented. Brillouin scattering specira have been
caleulated for some typical film thicknesses, and display the effects of various acoustie
modes. The effects of the elastic moduli and densities of T4V films and HSS on the

dispersion relations are discussed.

5.1 Brillouin Scattering Mechanism

Acoustic waves can seatter light by two distinct mechanisms. Brillonin scottering
frorm acoustic excitaticns e regarded as the transfer of mormentum and energy between
photons of incident light and the phonon field through the dynamical corrugation of
the surfacc (ripple mechenism) and the modulation of the dielectric tensor of the

medinm {elasto-optical mechonism).

In the suwrface ripple scattering mechanism, the incident light i refiected from
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the dynamic acoustic deformation of the sample surface, and the scattered light con-
serves only the wavevector component paxallel to the surfece. 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 cnse of transparent solids all
wavavector components are conserved with real optical wavevestors.

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 =lasto-optic raechanism is dominant. The con-
servation of both the frequency and wavevector produces sharp scatfering peaks of
bulk acoustic modes in the spectrum. In the case of a less transparent eolid such
as a semicondustor, 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 o highly opagne solid, where little light penetrates
into thé medium, the ripple mechanism is dominant [39]. Cnly the wavevector compo-
nent parallel to the surface remains, and the spectra consists of a sharp Rayleigh wave
peak wave together with a broad feature assqciated with the bulk wave contironun

'The surface ripple mechanism for the inelastic scattering of light can be understood
as follows: For waves propagating on the surface, fhe vertical component of particle
displacement - ~.ults in dynamic corragation of the surface, As a result, the surface
acts as a moving diffraction grating. A light beam incident on the surface in diffracted
snd its frequency is modified {frequency chift) through the Doppler effect pecause of

the movement of the corrugations,
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Figure 5.1: Wavevector diagram of the back-scattering geometry used in the ex-
periment. &% k' and k* are wavevectors of incident, reflected and scatfered light

respectively.

For incident light polarized in the plane of the surface and in a back-scattering,
geometry {6; = 0s} a= showm in figure (5.1), scattering by the ripple mechanism
is proportionsl to the reflectivity of the material, For polarization in the sagitial
plene, stronger scattering also existe for higher refectivity materials aithough it is ne
longer proportional to the reflectivity. Opaque materials such as metals have stromger
seattering contributed by means of the surface ripple mechanism than do tremsparent
materials owing to their higher reflectivity.

For scattering from supported films, surface ripple scattering from both the sur-
face and interface and elaste-optic coupling from the film and subatrate may all make
contributions. Bortolani et al. {43] have discussed the theory of Brillouin scattering

for supporied thin solid filme ok a semi-infnite substrate by taking all the possible
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scattering mechenisms into account and also their interference. In thejr calculations,
the cross section formulae for a general scattering geometry is obtsined by solv-
ing Maxwell’s equations with the appropriate boundary conditjons using first order
perturbation theory, It is found that scattering cross sections depend on the film

thicknese, and the intensity of the spectral lines vscillate with changing thickness.

5.1.1 Brillouin Scattering Cross Section - a General Case

With the coordinate system as shown in figure (4.5), the numerical results fo: she
scattering intensity have the following form for the polarization of the incident and

seattered light in a segittal plane defined by ky and surface normal [38]:

Fo_ A4, o) U4 AL
[dn.,dw]H x ;ﬂ‘ {zes + As et + AV, (Q, 9, h)

+ 3 0F[Apeel® + Ay el + AP, (Q,6,0) (5.1)
3

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 (el and elf?) and the substrate (el and &)
The quantities a*, el ¢*,¢{* can be obtained by using the partial wave method to
solve the Christoffel equations and applying the boundary conditions, i.e. the zonti-
nuity of displacements and stress at the interface and varnishing of traction stresses
at the film surface. The weighting factors A, ; are linear combination of elasto-optic
constants and are determined by electromagnetic boundary conditions, The terms
AWy (0,6, h) and A%, (0,2, 0) represent ripple scattering from the filrn surface

{z = h) and from the interface (z = @}, which are proportional to the vertical com-
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ponent of particle displacements at the film surface and at the interface,

1t is shown in formulae (5.1} that the scattering cross section is modulated through
the interference of the four contributions from vipple scattering and the elasto-optic
mrhanism, For an highly opaque thin film on s substrate, the main scatterinug
mechanism is from he surface ripple, i.e. the spcond term in the formuia. For more
trancperent films, all four contributione have to be taken into account. As pointed
out by Bortolani et al.:” Although in general the ripple scattering mechaniam is the
dominant ane 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

¥or the TWN/ HSS combination, however, the ripple mechanism is the main seattering
source dae to the metal-like properties of T4N and no proncunced oscillation in the
scattering intensity is expected.

If only surface ripple scattering is considered, then &i room temperature and
above, the Arillouin scattering efﬁcieﬁcy or mtensity for scattering from a surface is

given by Sﬁbbaswamy and Maradudin [76] as

1) o D2t {Glicy, -+ 1)} (5.2)

where w is ungular frequency shift, T is the absolute temperature, k| is the projection

on the surface of the phonon wave vecior, and Gag(ky,w + 40) is the comjronent
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of the Fourier (frequency and wavevector) domain elastodynamic Green’s function
pertaining to force and response normal to the surfe.ce. The factor D depends on the
medium {density p and.permitt.ivity &), scattering geomerry. polarization and incident

photon frequency wy.

5.2 A Green’s Function Method for the Calcula-
 tion of Brillonin Scattering from a Supported
Solid Film

From squation (5.2}, it can be seen that caleulating the Brillouin spectrum essentially
reduces to & desermination of Gsa(ky,w + i0). In the following theoretical analysis,
we outline how this is done.

Our theory is developed for the most geneval case of an elastically snisotropic film
on an anisctropic substrate, although for the particular combinatien TiN/HSS, both
are shown to be effectively isotropic.

We choose the coordinate system with —zy as the outward normal Lo the solid
surfare and with the origin at the interface. The substrate occupies the half-space
73 > 0 and the film, which is of thickness &, occupies the region —h < z3 < 0, In-
timate mechanical contact is assumed between the film and substrate. Gaa(ky,w) is
the Fourier transform with respect to time and the spatial coordinates xj; = {1, 2)
of the 33 compnnents of the Green’s function tensor Gi;{x, t}, ewluated for force and

displacement at the otherwise free surface of the film. The boundary conditions are
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contir-- vy of the stress components (traction forces) ogs(ky, 23 = 0,w) and displace-

ment field u at the interface, and
ok 23 = —~h,w) = —bp (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 forve, which is periodic in time and
position.

In both the substrate and the film, the displacement feld is required *o satisfy
the equations of motion for & homogeneous elastic continuum

6211.3
3:1?}3&';-

P &2. = G‘ij'w (5-4)

where u; are the displacement cormponents and C.ne and p are respectively the stiffness
tensor and mass devsity of the individual media. The usual convention regarding
summation over repeated subscripts is implied here.

For each value of ky and w, equation (5.4) admits six plane wave solutions for
which the third component k-f,"’, n=1,2,..,8, of k is obtained as 2 real or complex

ract of the characteristic sextic equation (see section 3.1.1)
[Cugnekestr, — pg| = . (5.5)

For the film, we retain all six solutions k:g“), n=1,2,..,6, while for the substrate we
retain only the 3 outgoing waves, which we enumerate WY, n = 7,8,9, and discard
the 3 incoming waves [46]. The outgoing waves are ejther homogeneous, i.e. k™ real,
with ray vector Viw(k) directed into the interior of the subetrate, or evanescent with

Imf ké"}) > 0, so that they decay into the interior,
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The required solution that satisfice the boundary conditions takes the form of a
superposition of the 6 plane waves (n = 1,2,...,6) in the filin occupying the region
—~h <3<

5 e .
iy (ko) = 3 AT (5.6)
ne=l

4

and of the 2 outgoing plane waves (n=17,8,9) in the substrate vecupying upper half

space {+,%3 > 0)

]
i (e 7) = 3 AT, (57)
n=7

Trom the stress-strain relationship, Om = ClmpgOtip/ BTy Tot the filta and equetion

(5.8) it follows that the surface tractions are given by
8
ol 7 = —iw) = w3 AP B, (5.8)
il
where
B = 3" Capgg U axp Wy, m=1,2,..6, £=123  (59)
=

with

BE”) =0, n="T,88, £=1,2,3. (5'10)

Compering Eqs. (5.3) and (5.8), we obtain a set of 3 kinear equations for the partial

wave amplitudes A_»(,")

b
E B,gﬂiﬂgn} = i&ga,’w, £€=1,23. (5.11)
n=1

T
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Another three equations for the amplitudes are obtained from the boundary coadi-

tions of continuity of stress at the interface

ah(ky, 73 = 1y} — 0 Jey, 25 = 0_,w) =0, (5.22)
which yield
iﬂ?"A&“’ =, £=4,5,6, (5.13)
=
where
B = )p:c;;_amr;;“>k£"3/m, n="7,8,9 £=4,5,8, (5.14)
)
and
B = - %;q,_mtrgﬂlkgﬂ;w, n=12,..,6, £=45k¢. (5.15)

Finally there are three equations for vhe partial wave amplitudes arising from conti-

nuity of th displacement field at the interface, i.e.

auf (i, 2y = 0g,w} — 7 (ky, 23 = 0_,w) =0, (5.16)
which yield
iB}"’A&“’ =0, £=7,89, (5.17)
where
BM=Uf), n=1789 =129, (5.18)
and
B® = U m=1,2,..8 £=7,50 (5.19)

The solution of th2 rire cquations comprising Eqs. (5.11), {5.13) snd (5.17) takes
the forma

T
A7 =~ (B (5.20)
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By substituting these resulta for Jé"" into equation (5.6), we ahtain the displacerzent

Green’s function Gi(ky,w) = u; (ky, 23 = —h,w) at the surface

. S h @)
Gaalkyyw) = 3 =(BPU exp¥™h. (5.21)

=1

For given ky, Tm{ G (ky, »-+40}} and hence the Byillouin spectrum J(w) consists of
a continuur: extending fro.n a threchold frequoney g, corresponding to the transonic
state, to higher freqoenciss. This is known as the Lamb sholder and represents the
contribution of bulk wave? to {ue light scattoring. in »ddition. there may be one
or mere sharp lines at frequencies beo v vy which correspund to the exeifation of
surfece waves. Thess occur where P! becomes siavidor, which i+ determiined by the
vanishing of {B|. A BRayleigh wave is. usually to be found ou . fres surface, and &
soﬁ film can have the effect of drawing out additional surface waves from the Lomb
shoulder, i.e. Sezawa waves which are derived frorn Lamb waves in the film and Love
waves which are derived frorm the ghear horizontal (S:3) waves in the film,

A hard fiin haé the opposite effect of driving the Rayleigh wave inio the Lamb
shoulder, In the Lamb shoulder, there may be pronounced resonances which are

generally associated with |B{ being small but non-zero, and which can be identified

as pseudo-SAW or pseuda-Love waves. However, the factors U™ in equation (5.21)
can have a significant modifying effect, and result; in marked features in the scattering
even where |B{ is not o minimum. Tor large film thicknesses the Green’s function
for the @i surface resembles the Green's function for a half-space of film material,
except that the Lamb shoulder is ﬁ'ngzne::ted intu a large mumber of clesely spaced

TESONANCEs,
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5.3 Numerical Results for a Hard Film

Becsuse of its relatively high elastic moduli, & hard film hes a sfiffening effert on
the surface wave velocity of 4le substrate. A stiffening system usually refers to the

cose where the shear bulls 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 ancther in this type of system, we present here
the calculzted Brillouin scsttering spectra for seme typiecal film thicknesses and the
dispersion curves over a large range of kyh 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
Guided Acoustic Modes for TiN/H5S

The elastic constants we start with in our caleulations on TiN/H S5 are the same as
those used in section 4.1.4. The calrulated spectra, with light incident at sn angle
of 70° to the sample surface normal, for some typical thicknesses of films are shown
in figure (6.2}, Starting with 8lm thickne:s 10nm, there is o sharp peak at 10,9
(3Hz, corresponding to a true surface wave, together with the bulk contimuum (Lamb
shoulder) exter: g from the substrate trausverse wave threshold (at 11.4 GHz) and
- through the longitudinal wave threshold (st 21.3 GHz) to higher frequencies. By
407n the surface wove hos merged into the Lamb shouldsr. A highly damped p-
AW in the form of a broad band is evident at 60nm, and for 150, 200 and 240nm,

we rez the emergence and rise to prominence of the " pre-Rayleipgh” mode, and then
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Figure 5.2 Calculated Brillouin spectra of TiN/HSS for o selection of film thick-
nesses h, displaying o true SAW , o highly damped p-SAW, "pre-Rayleigh”, quasi-
Rayleigh and its higher order modes. In the calculations, ky is fixed by the back
scattering geometry with the incident angle ¢; = 70°. The seattering Intensity 18

given in arbitrary wnits.

its evolution into the * quasi-Rayleigh” wave by ‘Tatem. For 700nm, in addition to the
quasi-Rayleigh mode, ‘s bigher order modes are slw 1 evidence. The higher order
modes have larger frequency shiftr and display relatively lower scattering intensity
than the p-SAW. For even larger film thicknesses, the higher order modes become

clogely spaced resonances that caanot be resvlved by Brillouin scattering,
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Dispersion Relations of TiN;HSS

An overali view of the acoustic behavior of TiN/HSS is provided by the calculated
dispersion relation in Figure (5.3), representing the wave velocity v ve. kyh, where k&
is the magnitude of ky. As can be seen for this stiffening system, with increasing fitm
thickness or kyh, the SAW velocity of TiN/HSS increases from the Rayleigh wave
selocity of the substrote HSS eventually to the quasi-Rayleigh wave velocity of the

TiN/HSS.

Iy figure (5.3), initially, in the region 0 < &k < 0.8, there is a steady increase
in v, which levils off to the substrate bulk shear velocity (vy) at kyh = 0.8. In
this region the surface mode is a true SAW, with the partial waves in the substrate
falling off exponentially away from the surface, and |B| vanishing exactly. For kyh
between cne and abouk eight, one of the partial waves in the substrate is a bulk wave
which carries the energy of the surface mode away from .the surfece, and [B| does not
vanish but instead displays a ratl.or shaliow minimum. This mode can be regarded
as a highly damped p-SAW. For kyh greater than about eight, the surface mode is
still a p-8AW, but evolves into the Rayleigh ware for TiV ai larger kyh, and with |B|
having a sharp but non-zero minimum. The higher order p-SAW modes are discussed

Iater.

It cen be geen that thz above dispersion curves are very similar to that discussed
in gection 4.2.4 by a "classiral” method. However, this methr.. can provide more
information for the region of the discontinuity and higher order acoustic modes. This

is because this method which i based on the ripple scattering mechanism, takes into
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sccount 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
confitmed by ovur measurements in next chapter. We calculate here the Brillouin
spestrum with on'y ripple scattermg at the free surface being taken into account. For
TilV films, we consider that it Is a reasonable approximation to ignove the elasto-optic
scattering because the acattering voliune concerned is small,

The dispersion relation described aborre applies to the strongly stiffened situation.
The fact is that the elastic constants of TiN used in the calentations have a profound
affect on the dispersion relation. The discontinuity in the dispersion curve near kjh =
4.6 disappears if reduced valuas of the elastic constants of TN are used. This is
shown in the foliowing section, where no *pre-Rayleigh” mode appears, and the highly
damped p-SAW transforms directly into the quesi-Rayleigh wave of the TilN film at

targe kh.

3.2 Acoustic Behavior for a Weakly Stiffened System

We use the reduced elastic moduli of TN that are about 25% smaller than its bulk
values to describe the weal: stiffening system. The reduced elastic moduli decreases
the shear hulk velocity of the film, but i3 is still bi her then 1hat of the substrate.
The calcvlated Brillouin scattering spectra, also with the laser light incident. angle to
sample surface normal being 70", for this system is shown in figure (5.4). Comparison

between figure {5.2) and figure (5.4} shows that no nre-Rayleigh mode nppears for the
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Figure B.4: Calculated Brillowin specira of a weakly stiffened system for some typical
film thicknesses using the reduced vﬁum of the elastic moduli which are 25% smaller
.'c.han those of bulk TN, where no pre-Rayleigh mode is found. In the calculations,
ky is fixed by the back scattering geometry with the incident angle 6; = 70° . The

scettering intensity is given in arbitrary units.

system. Instead, the $-SAW increases in phase velocity (frequency shift}) to a.pprnach

the quasi-Rayleigh wave as the film thickness § increages.

The dispersion relation for the weakly stiffened system is shown in figure {5.5),
As i lowna o vhe phase velocity of the p-SAW continuously increases and svolves
into the quasi-Rayleigh velocity of the film at large values of kyh. Thers does not

exisé a pre-Rayleigh mode before the P-SAW transfers into quasi-Rayieigh mode,
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As the elastic moduli of the flm decreass further but remain higher than those of
the substrate, the dispersion relation is similar to the figure (5.5}, In this further
reduced stiffening aystem, the dispersion curves of p-SAW and Jjuasi-Rayleizh move
downwards to lower velocity end there are more higher order modes appearing for a -
particular kyh. For the system, where the elastic maduli of the fili is less then those
of the substrate, there exist Sezawa and pseudo-Sezaws waves which is beyond the

scope of this thesis.

5.3.3 Effects of Material Constants on the Acoustic Behaviour

in a Stiffening System

In contrast to varying the elastic constants of the film, the variations of the elns-
tie moduli of the subsirate Lave the opposite effect on ihe dispersion relation of a
stiffening system. As the elastic moduli of the substrate increases, the discontim-
ity of p-SAW and hence pre-Raylsigh mode will disappesr, while the quasi-Rayleigh
welocity of the film remains constant over the range of large kyhk. Because the bulk
ghear 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
dispezsion relations of a supported film. ..creasing of the film density has the same
effect as reduction of the elastic moduli of the film, for example.

In this chapter, we kave outlined a general theory of surface Brillouin scattering

and the scattering mechaniems. Emphasis hos been given to Brillouin scattering from

& supported hard film. Surface Brillonin scattering spectra and dispession relations
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Tigure 5.5: Calculated dispersion curves of a wesk stiffening system, where no dis-

continuity of p-SAW is found. The *film” in the calculations is an assumed film of
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™ is 1.58 times that of HSS, so that this system. represents o relatively weak

stiffening systern.




the substrate affect the dispersion relation,




Chapter 6

Experimental Techniques in

Brillouin Scattering

In the past decade, cunsiderable progress has been made in the development of sur-
facc Brillowin scattering (BS) ae a technique for the non-destructive characterization
of materials. .*v’v’it.h the advent of high resolution end high contrast multi-pass tan-
dern Fobry-Perot interferometry, BS has been applied to the measurement of the
near-surface elastic properties aﬁecte& by radiation damage, lon-implantation and
jon exchange, mechsnical pulishing snd cther surface modifications, thin eupported
films and interfaces at both ambient and high temperaiures, making uvee of veri-
ous guided and loealized acoustic modes including Reyleigh wawves, psendo-surface
accustic waves (p-SAWY), Sezaws waves and Stoneley waves. The use of conventional
ultrasonic techniques in these situations is difficuit because of the large wave length
in relation to the layer thickness. Brillouir: scattering is also a valuahle tschnique for
the characterization of mateniuls at Lhigh temperatures snd pressures.

113
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In this chapter, the kinematics of Brillouin scattering from surface phonons are
introduced in saction 1. In section £, the tandem Fabry-Perot interferometry, sucz-
face Brillouin scattering setup, measurin 7 method and calibration and analysis of the
experimental data are deseribed. the back-scatteriug geometry adopted in our mea-
surements and sonwe crucial factors for successful measurements on TilN/HSS are

discussed.

6.1 Kinematics of Brillouin Scattering in Solids

Tke interaction between light and acoustic excitations in solids was investigated first
by Brillouin (1922) and Mandelshtam \.. 6) eatly in the century. Brillouin spec-
troscopy studies inelsstic sﬁatteﬁng of light by thermally excited acoustic phonons
(long-wavelength thermal acoustic modes) in 2 solid. The dynamics of these exci-
tutions are reflected in the spectrum and polarization of the scattered light. Since
the dynamics are determined by the elastic properties of the scattering materiels, the
phase velocity of acoustic modes and thereby elastic constants can be obtained from
the spacirum. Brillouin scattering is thus a non-contact and 2 non-deetructive method
-for measuring the elastic properties of solids. Tae inrident light, usually focused
laser beam, and the scattered light leave the sample essentially in thermodynamic
equilibrinm, Unlike ultrasonie technigues, no gxtemal forces are spplied.

From quentum mechenics, for energy and momentum conserv.iics, first ordec
light scattering is described in temns of the creatien and annihilation of phonons of

wavevector & and angular frequency €. Scattered light of wave vector % and angular
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Figure 6.1: Wavevector conservation of the incident and scattered light: &° — & = &,
frequency w, is linked to the incident light (with wave vector &* and frequency w;) as
follows:

K — K =tk (6.1)
Wy =ty = =) (6.2)

where -+ sign refers to absorptiop of phonone (anti-Stokes event) and the - sign to
the wisston of phonmmes {Siokes event), The phonon angular frequencies probed in

condensed matter by Brillouin scattering are in the hypersonic regime ;
107s7 < 10 < 102571 {6.3)

which happens to lie between the angular frequencies measured by wirasonics and by
neutron scattering. Because of the low valuss of £ and the sound velocity compared
to those of the incident light, the frequencies of the incident snd ecattered light are

approximotely equat and so are the magaitudes of their wave vectors (i.e. &7 ms &%),
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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
ke = 2k* ein(f/2) (6.4)

where § is she scattering sngle, ie. the angle between k' and k'. In solids the
corresponding wavelength (27/k) is meny times longer than the distance between
adjacent atoms. In this long wavelength limit, the magnitude of phase velocity (v =
Q/k) is within the hypereonic sound velocity region.

The angular frequency shifts (w, — w;) are measured in the Brillouin scattering

spestrumn an:d are related to the scattering vector by
wy — i = 2k* sin(8/2u. (8.5)

Since the k* and @ in these formulse are determined by the experimental arrvngement
for o specific scattering geometry, the phase velocity can be obtained using the mea-
sured angular frequency shifts (ws — w;)., The phase velocity depends on the density

and elastic constants of the sulid. Thus, the elastic constants of materials may be

determined using Brillouin scattering,

- 6.2 Experimental Techniques

Brillguin scattering is the verv wook inelastic scattering from thermally excited phonons
superposed on much stronger elastic scatiering. A typical Brillouin scattering exper-
iment measures phonons with frecuencies in the range up to about 150 GHz. For

an opuaque material, where the scattering from acoustic exeitations at or near the
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surface, the measured frequencies are usually in the range of 20 — 40 GHz, and the
elastic component from surface roughness and irreguiarities exceeds the intencity of
the inelastic component by more than a factor of 10% — 10° in the scattered light.

Thus the Brillouin pesk is impossible to pick up by normal scenning Fabry-Perct

interferometry with a contrast

c=1+£:$104,
E

- where the contrast ¢ is the ratio of maximum to minimum transmission and F (< 100}
is the finesse depending on the mirroy reflectivity, mirror flatness and instcument
aperbure,

In order to detect the scattering from muface acoustic modes of the hard films on
& tool atee] substrate, .much higher contrsst and higher resolution is required. ‘The

tanders multi-pass interferometer meets this requirement.

6.4.1 Tandem Fabry-Perot Interferometry in Brillouin Scat-

tering

The Faory-Perot (FP) Interferoreter consists of two plane mirrors mounted accu-
rately paralle] tu each another. For a given optical spacing I, between the two

mirrors, only wovelengths satisfying

2L
A==l (6.6)

m

will be transmitted, where m is integral values. In other words ihe FP interferometer

acts as a tunable filter whose peak tranemission is close to unity over s narrow spectral
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interval, falling to « very low value outside this interval. The FP interferometer is
used in Brillouin scattering spectroscopy by varying Iy so as to scan she scattered
light intensity at different wavelengths. However the measured _intensity for a given
spacing is the sum of the signals at all wavelengths satisfylng equation (8.8). In order
to ensure the measured peaks to be collected from the light scattered by acoustic
excitations with & specific wavelength, the spectrum of the scattered light must lie
entirely within a wavelength spread AM, where A is the spacing belw=en successive

transmitted wavelengths which is known as the free specsral range (FSR),

The use of two or more FP interferometers of unequal mirror spacing in series
{tandem interferometer) can increase the A) at a fixed resolution. If the spacing
of the second interferometer Ly is close to Iy (for instance, in our measurements
LafLy == 0.95), the PSR of thiz tandem system will increase by a factor of 20 over

that of a single interferometer. This is because that only when M = Ay, 1. e.

2L, 2Lg =
= or my = 0.95m. (8.7)

will the scattered light transmit through both of the FP interferometers. From equa-
tion (8.7), the smallest integral value of m; is 20. This implies that light is transmitted
through both of the interferometers only after 20 times the FSR of the first inter-
ferameter, eliminating the problem of the overlapping of interference orders from &
apectrum of scattered light. Since the transmission of either interferometer never falls
exactly to zero, small ghests of ihe intervening transmission pesks remain as much

suppressed orders, as shown in figure (6.2).
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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

1 _ ot \
L.~ In (6.8)

ronst be satisfed, where §1, and 6Ly are the increments in the mirror spacing I and
L. In our experiment, s synchronousiy scanning tandem interferometer is achieved
by mounting the scanning mirrors of the two interferometers on s single scanuing
gtage {77}, one with the mirror axis parallel to the scan direction, and the other with
its axis making an angle o to the direction of scanning as illustrated in figure (6.3). |

In this case,

Iy = Licose (6.9)

con be maintained and equation (6.8) satisfied. In our measurements, o /s 18° and
Lg/Ly =0.95.

Another sdvantage of this tandem interferometer is that it 18 much less sensitive
to temperature fluctuations since the two interferometers are mounted very close to
each other, ghating 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 dynamie isolation
system with excellent directional and posttional 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 mere than a few angstroms

will serjously 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-
itnents. The two interferometers are synchronized sutomatically by the translation

stage when the mirror spacing is scanned in the measurements (from Ref, [78]).

single transmission peak a change in micror spacing of about 254 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 vsed 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 meking continnous 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 & tandem interferometer (from Ref. [78]).

voltage to the transducer. The parallel interferometer is extremely sensitive to mirror
misslignment, and an active feedback loop must be used to regulate the perallelism
of the mirrors. The construction of the scanmirg 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 ~zn be greatly enhenced by placing two or rore
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interferomsters in series or by passing the light two or more times through the se1-e
interferometer. In practice, the latter is ususlly adopted 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 10'3, five or six orders of magnitude greater than that of a single
interferometer. The design of & muiti-pass interferometer has been discussed in detail
in the literature {78} and [79]. The advent of this multi-pass tendem interferometer

mukes Brillovin scattering measurements of opaque materials possible.

6.2.2 Surface Brillouin Scattering Setup

The experimental setup incarporating Sandetcock’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 534.52m, is guided by a series of reflecting mirrors, and
focused onto the sample's top surface by a 50 mm focal length lens With the back-
scattering geometry, this lens also serves to collect the scattered light which is then
guided into the tandem interferometer for provessing by ancther series of mirrors.
The interferometer works as a tunable optical filter for the spectral features in the
light scattered from the samples. The scarming and stabilization of the interferometer
is controlled by a control unit aided by a double besm oscilioscope. The scattered
light passes the interferometer mirrors 6 times and the contrast is increased to 2 very
high order to distinguish the weak inelastic scattering signals from those of *'1¢ strong

elastic seattering.
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The fitersd light is collecied through an aperture and then enters the photo-
mudtiplier tube (PMT) with overall sensitivity rrtings 5060A/Im. 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 —20°C. The small signals from the
PMT are amplified by a preamplifier with fast rise time and having low nt ¢ The
amplified signsals are processed hy gated photon-counter operating at rates up o 200
MH 2z, and then are reshaped and delayed by 2 logic shaper & delay (LSD) to provide
suitable logical interface capability. The secuence of electvic pulses from the L8 is
stored in a PCA-II card, which consists of a 100 M Hz anglogue to digital converter
(ADC), single channel analyzer (SCA), multichannel Scaler (MCS) oud on board

 memory. With this card and standard software instelled in a personal computer, the

computer can be used es a fully featured multichanael susiyzer 't | with window
style pull down menus for operational convenience. The B® - - are collected and
plotted by this compuiter.

An scousto-optic modulator with a shutter controlled by the seanning signal {ap-
propriate windows set by the control unit) is used to attenuate or filter out the in-
tensity of the elastically ecatteréd peak in order to protect the photo-muliiplier tube.
In the absence of an elastically scattered pesk from the sample, a enpplementary
weak and constant signal st 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 parailelism of the mirrora.

The details of the apperatus used in the experiment are listed in table 6.1,
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ftems Model Manufacturer !

Fabry-Perot Interfcrameter Tandem JRS |

Vibration Isolation System MOD-2 JRS

Interforometer Control Unit Attack. to TFP | JS

Dotuble Beam Oscilloscape PM3230 | Prilips

Argon Ton Lager 2020 Spectra-Physics

Acousto-optic modulater ADM-40 IntraAction Corp.

Photomultiplier Tubes 9863Q/R4B4S | EMI Electronics Ltd. /Hamamatsu

Thermo Refrigerated Chambers | TE-104TS-RF | Products for Réuearch, Ine.

¥ast Preamplifier SR448 Stanford Reasearch Systems, Tue.

Gated Photo Counter SR40Y Stanford Reasearch Systems, Inc

Logie Shaper & Delay 2055 Canberra Industries, Inc,
rMuli'.it:ha.:;q:ael Analyz.r PCA-II The Nucleus, Inc,

Personal Computer AT IBM

Table 6.1: Apparatus used in the experimental arrangement.
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6.2.8 Measuring Method

The multi-paes tondem interferometers must be pre-aligned to be paralle] and with
correct 1elative spacing in the reflection mode before the Brillouin scattering mea-
surements is taken. This can be done by measuring the doubly reflected bearn from
the two interferoms ers using a photormultiplier aided by a double beam oscilloscope,
‘With the incident light pessing through a beam-splitter, it is guided onto the first
interferometer and reflected vin g second bew,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 transmitiing, the reflected light intensity
tends towards zero. In other words, a minimum is observed in the oscilloscope when
one of the intersecometers is optimally aligned. When the interferometer scans, the
photomultiplier signal will, therefore, show a background intensity punctuated by two
distinct series of minimun pezks (near zero intensity) after the two interferometers
are independontly optimally aligned. The fact that there are only two series of minima
inscrroir - cauge the reflected light is almost monochromatic since the elasticelly
scatieved "1t Jur i .5 s over the inelastically scattered light. A series of minima can
be observed do. s the 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 irto coincidence for the correct
relative spacing, and then the pre-alignmens of the tandem interferometer is complete,
On switching the optiecal system back to the multi-pass tandem mode, trasamission of

slastically scattered Hght will be observed with only minor adjustments 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 luwer leve), the measurements
of Brillouin scattering can be started,

For seattering from surface acoustic modes, conservetion of wavevector parallel to
the surface holds, i.e.

ky =kisinf; + ks < sind, >, (6.10)

where ky is the surface phonon wavevector, &; and &y 22 the modulus of the wavevec-
tors of the incident light and the scattering light respectively. §; is the incident angle
with respect to the surface normal. &, iz a range of scattering angles depending on
the finite aperture of collection lens and (sin 8,) is the average of sin f, over the range
from 6,-A8 to §; +A8. For U; = T0° and collection lens of diameter D = 27.8mm and
focal length F' = 50mm in our measurements, Af =D /2F ~ 15,5°, and

e+ AF s 4o . .
{sinf,) = "‘““"Aa;n d -—vanAg;’ng‘ v 0.928. (6.11)

In the & ~ k, approximation for Brillouin scattering and for beck scattering
geometry, the phase wvelocity v of the thermally excited phonons that engage in the

seatlering is

Aof
U= e , {(6.12
(sin 6, + PRAZIE) (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 sgample holder which can be rotated
for a chosen incidencs angie. The incident angle of the laser beam with respect to the
normal of the sainple was kept fixed during s measurement. The incident light beam

was of power 300 — 408w and its B 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 T¥FP1 v : chusen to be 4.000mm, enabling the surface wave peak
position to be clearly separated from the elastic scattered pesk. A scan amplitude of
2.30 is used for data accumulation. "Windows” of the control unit are set to cover
the elastic peak width ond 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 succeasful measurement of spectra,

and patience must be exercised with regard to the meastrement period.

6.2.4 Calibration Procedure for a Measured Brillouin Spec-

trum

Data coilected is stored in the MCA in a form of counts (intensity) as the 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 snd the spacing of either of
two mirrors Iy or Ly). A typical Brillonin 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 (X, and
X3), it is possible obtain the calibrated frequency shift («) per channel number, and
hence the frequency shift of the Brillouin scattering peaks can be determined from

their positions (X ). Corresponding to the Brillonin peaks shown in figure (6.6), the
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Tigure 6.8: A schematic diagram for the description of the calibrat:si procedure of

measusw] Brillonin specira.

frequency shift can be obtained using

XB XE e [
f‘;‘-' —— —_— ] — P —— W——ere—re
Af == ez, t X,

where ¢ is the speed of light Qnd Ly = [yeosa,

Some errors may be induced if the shape of the ghost is distorted so that Xy and
Xp cannot be determined precisely, The broadening of the Brillouin peaks, which
is not unusnal in measurements, also makes the determination of Xp difficult on

occasion, and hence efrors can oceur,




Chapter 7

Sample Preparation and Analysis

In this chapter, sample preparation technique and physical properties of TiN films
determined by various analyticel techmiques are discussed. Section 1 describes the
deposition process of T¢N films az.d sample preparation for Brillouin scattering, Sec-
tion 2 consists of the investigation of the physical properties of the samples, The TiN
films deposited using magnetron sputtering and hollow cathode discharge platiug 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 elémentsal composition
_ of the filros is probed using EDX-rey analysis. XPS is nsed to investigate the com-
position vasiations at the interface region. The film thickness is also confirmed by
Rutherford backseattering measurements nsing the bulk vaives of density of TiN.

131
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7.1 Samples of TN Films on HSS

The TiN/H 58 combination chosen for measurements is of practical significance since
HSS ia the most widely used tool steel in industry. The cut substrates are slender
bars of size of 25mm X Bmm x 8mm. A notch is made at 10mm from one end in
each bar for preparing fracture ans after coating, One face of the substrate is
mechanically polished to a very high smoothness (0.5um) using dismond powder.
This is required not only te produce good adhesion at the interface but also for a
good Brillouin spectrom. All substraetes are ultresonically cleaned with acetone and

alcohol prior to being loaded into the depusition chamber.

T%N hard films with various thicknesses are deposited on HSS subsfrates using
the DC magnetron sputtering apjaratus at the Atomic Energy Corporation (AEC)
of South Africa Limited, The purity grades of the roaterials involved are 89.9 wi.% of
titanium, 99.997 vol.% of argon and 99.999 vol % pure nitrogen. Thres rectangular
water cocled titanium targets arve 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 is evacuated with & rotary and =
diffusion pump to a pressure around 107% orr to eliminate oxygen, and the substrate

i 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 (Ar and Ny) to be
2.1 x 1072 torr. A substrate bias of ~70V is applied to all samples. Titanium ni-

tride is deposited at & temperature of around 250°C with a deposition rate of 0.12
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wm min~! (see section 7.2). In order to have the samples deposited under exactly
the same conditions, a rotationa} shufter system was designed and mounted inside
the deposition chamber. After stable déposition conditions were achieved, a particu-
lar sunstrate was expused for the deposition of T%N by opening the shutter to that
sample. With the deposition rate approximately 0,12 gm min~?, the film thicknesses
were controlled by varying the period in which the shutter was open. The thicknesses
of the TN 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 deunsity of TIN.

Samples of the stressed TiN, films were depcsited in an Ar/N, plasma on both
mild steel and HSS using a hollow cathode diccharge ion plating technique. Various
states of stress in TN, films were obtained by gltering the nitrogen partial pressure
in the deposition precess from 6.7 ¥ 103 to 6.0 x 107! Pg. For all the flms the
substrate temperature wag kept at 500°C and the substrates were negatively biased
at —50V. All the filos in these measurements were 3.5um thick, a typical thickness
in ool coating spplications, The TiN, films were analyzed using Auger spectroscopy
and the nuclear reaction N (p,oy)'2C by D Pietersen of the ABC, showing that the
variation of nitrogen pertial pressure does not significantly change the stoichior istry
{z in of TiN,) of the films. The residual siresses of our 7iN; films are mensured
through the variation of the lattice parameter, but the reason for these variations
is not fully understood. 1t has been shown that the residual! stress of T4C films iz
affected by the film deposition rate and/or argan incorporation into the lattice [75].

Far the Brillouin scattering measurements, the as-d- posited face of the TiN fim
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was mechanically polished o a flatness of 0,05um using diamond and AlsQ5 polishing
powders. It was found that the surface wlity of sarmples is crucial for the successful
measurement of surface acoustic modes in the TiN/HSE5 combination; smooth sur-
faces produce less elastic scattering of Hght which is necessary in order to detect the

weak inelastic scattering peaks present in the spectrum,

7.2 Physical Properties of T%N Films

7.9.1 Yilm Thickness

In crder to obtain the dispersion relation for the 7% N/ HSS combination, the thickness
of a film must be known. With the above-mentioned deposition parameters, 8 TiN
film corresponding to 10 minutes deposition time was prepared. This sample was
covled 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
{7.1). The layer on the right hand side in the micrograph is the T%N film which has an
abviously denser structure than the H3S substrate, It can be seen in the micrograph
that the thickness of the film is approximately 1200nmn1. Therefore the deposition rate
of TN fhn under the same depos@ition. conditions can be regarded as 120nm min™!.
Thus, the film thickness can be fairly well contr-iled by varying the deposition time
mithough 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 1) 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 mdred per cent uniform in
thickness and because of some difficulty in obtaining a sharp miervograph of the very |
thin films (< 100nm} in the SEM -bservation, the error in thiulmess messurement is
estimated to be up to 10%.

The film thickness can also be inferred from the XPS measuremenis of the depth
profiles used te 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 corzect,
the filim thiclkness can be inferred from a precisely measured film thickness for a thick
sample, The value of the thickness for this sample is 0.8Tum t.:bta.ined 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 minnutes using the

pararmeters described in text. The layer at the top is TiN.

chamber next to the steel substrate, The standard sample has an as-deposited surface
wkich hae an accurate ares. The film thickness of this sample was obtained by
SEM micrography of its cross section and also by o the mass variation of the sample
provided the density of the film is 5.4g/em®. The thickness of this sample was further
verified by nitrogen depth profiling using the muclear reaction YN (p, o, 7)*2C. 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 TilN/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 are obviausly something differ-

ent from the remaining area. The EDX-ray (LINK AN 10000 ) technique was used to
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invastigate their chemical composition, showing that the white spots have much more
W and Mec than in the remaining area. For a thick film (4.184m) and a thin film
(240rm), the SEM micrographs sre shown in Figures {7.4, 7.5}, and no pronounced
inhomogenecus structure is found. It should be noted that the electron energy used
for taking the micrograph in figure {7.5) was 6k, sufficiently low to aveid revealing
information from the substrate, An EDX-ray analysis was also carried out for the
filros. For the thin film shown in figure (7.6), there are peaks from Fe, W, Mo, V and
Cr in addition to Ti. Unfortunately the penetration of the electron in the EDX ray
method was of order 1um, 5o that the technique detected not only the composition of
the film but also that of substrate. For the thick film only T% is detected appreciably
as shown in figure (7.7). Nitrogen can not be detected by the EDX-ray analyzer due

to its low atomic weight.

The atom percentage of films and gubstrate by EDX-ray are given in table 7.1, For
the thin film, v‘ariouls 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

resulte from the white spot areas which are only a very small portion of the total

ares.

B e e
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Figure 7.3: SEM topography of the HSS subsirate a; 20kV. The white spots on the

surface are W and Mo enriclied aress.

Figure 7.4: SEM topography of the TiN/HSS with the film thickness 4180mm at
20%V,
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Figure 7.5: SEM topograpby of the TiN/HSS with the film thickness about 20inm

at 6kV/, sufficiently low to avoid penetrating the snbstrate.
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Figure 7.6: The elemental compaosition of the TiN filin of sbout 200nm thickness by
EDX-ray including contributions from the {58 substrate. The electron energy used

was 20keV.
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Figure 7.7: The elemental composition of ths TiN film of 4.18mthickness by EDX-

ray. ‘The electron energy used was 2W0keV,

Sarople/Atom.% |V |Cr | Fe |W | Mo |Ti | Description

HS8*" 64 741376]21.0) 269 | ~— | White spot areas

HSS 19179 (848|180 |240{— | The remaining area

TiN *(200nm) 4816.0]305117.09 [ 209 | 19,5 | TiN on white spot areas

TiN (200nm) . 17169713 1.69] 2.88 | 14.9 | TV on remaining area

TiN (4180nm) s b 1 808} — | =— | 97.9 [ Thick flm

Table 7.1: Atomic percentage of the main elements in the substrate and in the TiN

films, For EDX-ray analysts, the depth of the electron penetration is around lum at

20keV.
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7.2.53 Lattice Parameter and Preferred Orientation of TWNN
Films

Figure (7.8) shows the measurcd results of the TiNV film samples using scanuing X-ray

diffraction. Cu Ka radiation generated with a 39kV potential difference between the

heated eathode and the copper anode of the X-ray tube was used, The strongest

narrow peak ia found at a diffraction double angle of 28 = 36.85°. Using Bragg's law
2dsind =mr, m=12,3, (7.1}

where 4 is the atomic interplanar spacing and X ({81540 mm) is the wavelength of
Cu Ko radiation, the calculated value of 4 for the strongest peak is 0.2436 nm. The
value of d was also caleulated for the other peaks, Through the comparizon of the
obtained d valres with the X- ray diffraction ASTM standard card (No. 6-0642) of
TiN material, it is inferred that the strongest peak comes from the {113} planes. In
other words, we can say that the T%N films are strongly of {111) preferred orientation,
i.e. the crystallites of the fllms are mainly distributed with their {111} planes parali -1
to the film surface. Since a single crystal of TN is of face centered cubie structure,
tne [111] plane is the most close-packed surface with the lowest surface energy. The

average of elastic conetants for this type of distribution of crystallites have been

" discussed in cection 2.2.

An ides) single crystel of TiN at the stoichiometric composition has a lattios
parameter of 0.4240 nm. The interplanar separation of the [111] planes for this single
crystal i colenlated to be 0.2447 nm. The measured d value of [111] planes for the

polycrystalline film is o little less thon that of the single crystal. This may be cetised
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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 subsirate 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

gtress,

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 7NV films, w2 have
performed XPS measurements as a fupetion of depth v 4ll the samples using a Phys-
ical Electranics Quantiom model 2000 instrument. The 40W beam of monochromatic
Al K, X-rays used in these measurements had a focal point size of about 200um. The
depth profiles have been performed by alternately sputtering the surface with argon
jons {2KeV} and measuring the XPS spectrom. The calibration was performed using
2 8i04 layer on silicon, where the layer thickness is precisely known. Representative
results, for film thicknesses of 360nm and 190, and 20nm, are shown in figures (7.9,
710, 7.11). These figures demonstrates rather complicated compositional variations
in the interface region with the oxide layers {TU0O; or 740} being distinguishabls,
while other compositional variations are present at stnaller concentrations.

It should be noted that although most of the samples were deposited in the same
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Figure 7.9: XP§ depth profile measurements for the 350nm film, Oxide layers ape

distinguishable at the interface, while other compositional variations are Present at

smaller concentrations,




Figure 7.10: XPS depth profile results for the 190nm film. Oxide layers are distin-

guishable at the interface, while other compasitional variations are present at smaller

concentrations.
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Figure 7.11: XPS depth profile measurements for the

in addition to oxide layers,

20nm film. There is a T4 layer
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batch, the samples of 20nm and 90nm thickness were depusited separately. The XP5
resultr ghow that there is an additional 7% layer over the titanium oxide in these two
samples, which offers & rather complicated multi-layer system. The absolute values
of the TiN depths {film thickness) revealed in XPS measurements are significantly in
error (ap to 30%) by comparing these directly with the measurements described in
section 7.2.1 for these films, but the ratio betwesn the tiicknesses of the films must

be correct since the calibration is the same for all the samples,




Chapter 8

Brillouin Scattering Measurement
of the Elastic Properties of

TiN/HSS

Surface &iﬂm scattering probes thermally excited phonons in the GHz frequency
range which give rise to surface displarements in opaque or semi-opagque 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 strface acoustic waves
(SAWs), Sezawa waves, Lamb waves and psendo-surface acoustic waves {p-SAWs).
For some combinations, Stoneley waves and other interface exvitations can elso be
measured {31}, {30]. 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 end elastic
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properties of supported solid flms [37}-[40}.

The use of surface Brillouin scattering to study the elastic behaviour of TN films
on glass substrates! [, on <111> otiented silicon wafers [50] and TiN/(V,Nby_ )N
superlattices |51} has been reported iecently. In these measﬁrements, orly true SAWSs
have been reported, and then only for a very limited range of film thicknesses.

We have conducted Brillonin scattering measurernents of the elastic properties
of TiN films over steel, a stiffening system, as a function of film thickness, nitroges
partial pressure and temperature. In contrast to softening leyers, relatively few papers
have been published on the effects of stiffening, particularly with regard to p-SAWs
[34] and their higher modes in the region beyond where the Rayleigh wave degeierates

-~ into the bulk wave contimuum. The CaFy/(FaAs(111) heterostructure [52] was studied
as a fast-on-slow structure, and a pre-Rayleigh mode has been identified. There heve
been acoustic microscopy studies of leaky surface waves in Al /Al (53}-[54] and TiN
coatings on steel [55]-66}, both of which combinations are fast on slow systems. A
theorstical ¢'ndy has been reported of the leaky p-SAWs using a reflectance function
157).

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 are described, including SAW, p-SAW and its higher crder modes.

Meamired spectra are compared with spectra caleulated using the Greeen’s function

method of the previous chapter. Good consistency is found for thick films (h > 0.8wm)
ard the bare substrate (h = 0). The discrepancy for fairly thin films {< 500nm) s

interpreted in terms of a reduction of the elastic constants of these films and internal

an R - A TR g e
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stress in the filmes. Comparison between the measured and calculated dispersion
curves (v vs. i and v va. kyh) shows that the elastic constants of the thinner film
decrease as the film fhickness decresses. A reasonable conformation between the
measured snd caleulated disprrsion curves is obtained using elastic moduli for T¢N
which are about 25% smaller than those of bulk T%N. A possible explanation for
the lowered elastic moduli of the thinner films could be compeosition veriations at the

TiN/HSS imtexface.

Section 2 describes the correlation between t* + mersured 3AW velocity and resid-
ual stress and adhesion force of the TiNx flms to thelr substrates. The lattice param~
ater and preferred orientation of the TilNx films were measured using X-ray diffraction
and the compressive stress dete-+ained using the sin®# method [60]. The stress in the
films has a trend opposite 1o ! hat of the SAW velocity. The adhesion force of the film
to the substrate is measured by the criticel 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 be used as a non-destructive
method for investigating the stress states and adhesion force o coatings. All the mea-
sured values of phase velocities are above the Rayleigh velocity of the HES substrate
indicsting that there is praper contect at the interface. A quesi free standing thin

flm would have a much lower velocity.

In section 3, the elastic constants of thick TIN films at temperatures np to 600°C
are obtained from measured SAW velorities. There is a downwaod trend of the SAW

welocity and hence elastic moduli with increesing temperature.
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8.1 Measured Spectra from Various Guided Acous-

tic Modes

A series of Brillouia scattering measurements have been carried out on I'tN/HSS for
various film thicknesses ranging from 20 to 4180 nm, snd on the bare HSS substrate.
Some typical mesasured results for scattering ir.tensity vs. frequency. shift are shown
in figure {8.1). In this figure, it can be seen that for the bare substrate, there is &
single peak centered at 10.5 GHz, which corresponds to the Rayleigh wave of HSS.
For the given scattering geometry, the Laxab shoulder extends from the transverse
wave threshold at 11.4 GHz through the longitudinal wave threshold at 21.3 (GHz and
to higher frequencies. For the A58 substrate, the Lamb shoulder cannot ensily be
.distinguished above the noise background,

A true SAW is obtained for the very thin film (i o 20nm, kh o 0.46). The
frequency shift of the peak in the Brillovin spectrur is slightly larger than that
for HSE due to the stiffening effect of vhe TN £ n on the 58S, As the film
thickness increases further, the Brillovin 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 mude into the
substrate, and fhis is responsible for the Brillouin peaks for the 80nm (kyh o 1.37)
ond 110nm (kyh =~ 2.51) samples being somewhat brozder than for the HSS and
20rtm. sample. The frequency shift of the p-SAW in this region varies rapidly with
film thickness,

For the 350nm (kyh = 7.98) and 420am. (kyh 2 9.58) films, two prominent peaks
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Scattering intensity (a. u.)

M 18 8 0 8 15 o
L_ Frequency shift (GHz)

Figure 8.1; Some typical measured Brilloyin #pectra for TiN/HSS. The laser beam
Intensity was 300mW with the £ vector polarized in the plane of incidence, while

the collected light was unpolarized, The incident angle §; with respect o the surface

normal was 70°,
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are observed in the Brillonin spectrum. The lower frequency peak is due to the p-
SAW and the other peak is due tu a higher order p-SAW (see discussion below). The
p-SAW has a relatively higher scattering intensity and a relatively sharper peak in
tie spectrum than the higher mode, which suggests that the latter mnode is more
strongly coupled to the bulk modes of the substrate. For the 870nm. (kyh = 19.84)
film, several peaks ave 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 (kyh o2 95.34)

film, corresponding to the Rayleigh wave of TiN.

8.1.1 Comparison Between the Measured and Calculated Spec-

tra Using Adjusted Elastic Moduli of TN

While the above explanation is able to quelitatively sccount for the cbserved Brillouin

spectia, there ie a discrepancy between the calenlated and measured positions of the

peaks for the thinner films.

The frequency ehifts for film thickness in the zange % mm to 420nm all lie below
their caleulated values, the discrepancy being most pronounced for the thinnest films.
The most ready explanation for this is that the elastic constants for the thix 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 velocity. Figure (8.2) shows a comparison
botween measured and caleulated Anti-Stokes spectra using suitably adjusted values

of the elastic constants of TN, "The measured spectra are fitted vsing a Gavesian
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Figure 8.2: Comparison between the measured and calculated spectra of TEN/HSS
for seme typical Alm thicknesses. In the figurs, the thin solid line is the Gaussian
fitting of the measured data (the dots), and the thick line is the caleulated spectrum.

Reduced stiffness constants for the T4V films are used in calculating the spectra.

digtribution function.

Good agreement is obtained for the 20nm and 110nm filme when the elastic
constants of T4V 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 870nm film, no adjustment of the elastic constants of TiV ie necessacy
to acee wat for the main Bedllouin peak, whick lies very close to the frequency predicted

for the Rayleigh wove of TN, Likewise, for the HSS subsirate and 4180nm films, nc
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sdjustroent 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
in good ngreement, the peak widths differ. The calculated spectra include a small
damping factor to deal with the computational difficulties arising from the singularity
in B! (sse equation (5.21)). The differencc between the raleulated and measured
spectra for the 20nm and 870nm films results largely from instrumental broadening,
For tha 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 [B|. For
purposes of comperison 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 TN have been used, there
is still & slight discrepancy between the measured and caleulated frequency shifts
in fgure (8.2). This can be attributed to experimental errar. The errors induced i
surface BS measurements have been studied in detail [39] [80] and are associated with
various factors such as the finite collection lens aperture, sample surfase roughyess
and. residual stress in the films. These f.2ors also contribute to the broadening of
measured gpectra as discussed above. Generally speaking, the error in measurement
is around 1% with the incidence angle deviation and calibration etror being taken

into poconnt.
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8.1.3 Acoustic Behaviour of Thinrer TN Films

The conclusion from the above discussion is that the effec..ve elastic sonstants of
the films vary with the film thickness, Oversll, for the films of thickness less than
500nm, the measured data can be reasonably well accounted for by elastic cﬁnstants
which are 75% of the values of those of bulk TiN. 'This is demonstrated in figure
(8.3), which shows the dispersion curve of ¥ vs, k for the fixed ky in our experiment.
Owerall there is reasonable agreement between the measured data and the calculated
dispersion curves. For the thinner films, the data lie & little below the calculated
curve, indicating slightly lower elustic constants for the fitms, while for 500nm, the
d- a lies slightly above the dispersion curve, indicating elastic conetants that approach

those of bulk TiN.

8.1.4 Acoustic behaviour of Thick T:N Films

Fur the thickest films (i > 870nm), the measured p-SAW velceity is very close to
the Rayleigh velocity for bulk TiN. The measured phase velocities of p-3AW and
its higher order modes conform rather well with the calculated results. The Reyleigh
wave propagating on these filrs hos a wave length 27 /ky = 275.4nm, which is much
less than the film thickness, The p-SAW on these "thick” T%N films are not much
affected by the existence of the HSS substrate, although their higher modes are.
Mesagurements on films of thickness 1320nm, 2630nm, and 4180nm have also been
carried out, The results for these films are very close to those for 870mm, i.e. the

p-SAW velocities are very close to the Nayleigh velocity for 74N except that the
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Figure 8.3: Comparison between the measured and caleuluted wave velocities of
TiN/HSS as 2 function of film thickness (bottom axis) and kyh (top axis), where
reduced elastic constants of TiN, which are 75% of the values for bullk T4V, are used
in caleulating the dispersion curves, For film thickness h > 870nm (not included in
the figure), the measured results conform rather well to the caleulated ones based on

the elastic constants of bulk TN,
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frequency shifts of the higher modes of their P-8AWs vary with film thickness. As
the film thickness increases, more peaks representing higher mades appear, but these
peaks are compressed into a quasi-continuous spectrum and cannot be resolved in the
measurements. This iz; demonstrated in figure (8.4), where comparison between the
measured and calculated Brillouin scattering spectra for the thick flms of 870nm and
4180rm is presented. If the Poisson’s ratio of the fikns is assumed to be 0.2 [49)], the
averaged stiffness constants of these "thick” TiN filme obtained from the measured
SAW velocity of the 4180nm film are ¢;; = 4.552 x 10°GPa, ¢4y = 1.163 x 102QPa,
and cqq = 1745 X 10°GPa (see section 8.3). For h = 0, the measured SAW velocity
is the Rayleigh volocity 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/HSS are given in table 8.1, where the theoretical values

are calculated using the bulk elastic constants of TiN.

8.1.5 Measured p-SAW ard its Higher Order Modes for the

350nm Film as a Function of Incident Angle

Brillouin spectra measured at different incident angles for the 350nm Rlm are shown
in figure (8.5). As the incident angle increases from 50° to 80°, correeponding to
K ’x. varying from 6.6 to 8.4, double peaks are abserved in all cages 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 8.4: Comparison between the measured snd calculated Brillouin scattering
speetra for thick 77N films over HSS. Higher order modes can be seen clearly in this

fignre, but the quasi- continuous spectrim can not be resolved in the spectra.
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velocity®™*(m/s)

thickness(nm) velocity™"(m/s)
4180 5245.23 5217.04
4180 5245.23 5211.07
1320 5245.23 5146.68
em 5245.23 5223.33
870 5871.65 5817.39
870 6181.45 6184.23
870 6638.51 6652.36
500 4538.93 5081.82
420 4538.93 4697.72
420 5633.97 5308.54
390 4538.93 4484.18
390 5748.95 5308.21
350 4538.03 4585.48
350 5929.63 5868.41
230 4470.49 4475.97
180 4987.08 425149
110 3876.43 3690.28
90 3695.76 3354.62
60 3307.02 3041.47
20 3033.25 2970.29
0 291368 286079

TiN/HSS with various film thicknesses.
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Table 8.1: Theoretical and measured phase velocities of guided acoustic modes for
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the scattering surface [39], the intensity is largest near 85° (k;h = 7.7). A comparison
between the measured and the celculated wave velocity v vs. kyh is shown in figure
(8.8). A reduction of the elastic constants of TiN to 75% of their bulk values is able

to account reaconably well for the measured data,

8.1.6 Discussion of the Lowered Elastic Moduli

To an effort to understand why the effective elastic constants of the thimner films
should bs less than those of bulk T%N, we have performed XP3 measurements as a
function of depth on all the samples (see section 7.2.4). The reduciion of the elastic
constents is likely to be due, paitly at least. to the rather complicated compuosition

variations at the TilV - HSS interface. For most of the samples, the depth of mixing
| of TilN and oxi "e (T0y and/or Ti0) is ebout 100nm which remnins nearly constant,
Because the mixed layers have unknown mechanical properties (density and elastic
constants) end/or physical properties, their elastic properties could be signifcantly
different from TiN and/or HSS, but ite bulk shear velocity (1/z44/p) must Ee between
those of TiN and HSS since &ll the measured velocities are larger than the Reyleigh
velocity of HYS. The effective elastic constants vsed in the caloulation of the figure
(8.3 v ".:* an indication of oversll mechanical properties of ﬁhe interface region
in whist: wie density wes assumed to be that of bulk TWlN. As the flm thickness
decreases, the effect of the interface region on the elastic moduli of the TiN film should
increase, as ohserved experimentaily. This is because the thickness of the interfaze

lrver vecupies e larger propostion of the film volume in the case of thinner films. In
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Figure 8.5: Measured spectra fsr the 350nm film obtained by verying the light incident
angle between 50° (kjht == 6.5) and 80° (k;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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Figure 8.6: Compavyison between the measied and calculated dispersion relations of
p-SAW and its higher order mode for the 350nm film through vorying the incident
angle 0; from 507 to 80°. The caleulated curve is based on the reduction of the elastic

constants of the film to 76% of the bulk TN values.
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fact, the existence of oxide layers over the HSS makes this system o rather complicated
multi-layer structure. A complete theoretical analysis of this f  structure” in the
filin would require further extensions of the Green’s function treatment, and is beyond
the scope of this thesis,

Various other factors mey play e secondary role in modifying the elastic constents
of the thinner films. For example, when the grain size of the TN is comparable to the
filmn thickness, one has o situation where the grains are not yet properly consolidated
into & mess, and so the resistance to deformation of thin films is less than for the
bulk material. Non-uniformity in the film thickness which may be relatively more
pronouniced for the thinner films, can also yield lowered effectivé elastic constante.
‘The inhowsogeneous 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 1sotropic media, Since the proportion of
white spots on the surface is less than 10%, the effect might be expected to be small.
Other possible contributions conid be the variation of the elastic constants caused by
fthe incorporation of argon atoms into the lattice (also see saction 7.2.3), and high
internal stress in the thin flms accompanying the short deposition process.

Flena et al. {50} observed TiN films on Si wafers using Brillouin seattering. It
is also found in their measurements that TiN films having thickness of 120nm and
G0mmt have a much lower value of SAW veloeity than expécted. Their proposed resson
is that the shear medulus of the interface layer should be considerably lower than that
of both film 71N and substrate Si. This is not what we have ohserved, Since all our

measured velocitie: are higher than that of WSS, the elustic constants of the interface




185

lie between that of TiN and HSS. Jang [49] studied the T9N/glass systern with
& film thickness between 300 — 900nm, and no exceptionsally low value of the SAW
velocity was reported, The model in their calculation was essentially that described
by equation (4.8) for a half space medium.

Hilichrands 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 olastic nont‘.i:fxuum theory occurred for a film thickmess < 100nm. It was
claimed that there is island formation (inhomogeneous film growth), which causes the
deviation. Cur SEM and EDX-ray investigation (see section 7.2.2) shaws that there is
no island structure obvious in the thinner THNV filing {< 560nm). For Rayleigh modes
of the ZnQ/ 5i combination studied by Carlotti et al. [27], eppreciably lowered values
of phase velocities oecurred for Zn0 thicknesses < 150nm. This was interpreted as
& resnlt of a reduction of the effective elastic constants of the film in a layer near the -
interfare, due to the lattice misfit hetween the film and the substrate.

All the measured phase velocities are greater than the Rayleigh surface wave veloc-
ity of the pure substrage indicating that proper contact exists between the films and
the substrate. This conclusio. is based on the theoretical celculations which assume
thet intimate mechanical contact exists at the interface. From this assumption, the
boundary conditions, i.e. traction components of stress and particle displacements
are cantinuous acress the interface hove beer applied to solve the surface wave prop-
agation in the supported films. I intim:ie contact {e.g. a air gap) were not io exist
at the interface, the measured surface wave velocities for the thin uesupported films

would be much less thar the Rayleigh velocity of S5,
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8.2 Measured SAW Velocity for Stressed 77N, Films

8.2.1 Measured Brillouin Scattering Spectrum as a Function

of Ny Partial Pressure

‘We have cairied out Brillouin scatiering measurements of T4V, films on mild s{eel and
HSS as a function of the nitrogen partial pressure during film growth. Figure (8.7)
shows the measured resulis for the TiN film on mild steel. The peak position moves
towards & layger freguency as the mitrogen partial pressure inereases in the range of
| 6.7x107% to 8.3 x 10~ Pg, and then the frequency decreases n lttle at 6.0 x 107! Pa
6f N, partial pressure. The peaks in the figure represent 2 quasi-Rayleigh mode since
the films are rather thick and the substrate has little effect un acoustic behaviour of

the system.

8.2.2 Correlation Between the SAW Velocity and Residual

Stress and Adhesion Force

The S&W vﬂocity as & function of nitrogen partial pressuve is obtained using equation
(6.12), which is plotted together with the residual stress in the films ns figure (8.8).
The lattice parameter and preferred orientation of the TiN; films were measured
using X-ruy diffraction and the compressive residual stress determined using the sin?6
method [9], {80]. The possible reason for change in residual stress has been discussed
in section 7.1, As evident in the figure, the meamired SAW velocity increases ns the

N partial pressure increases in the range of 6.7 x 1072 to 3.3 x 1071 Pa, and then




167

e00 S A T A eox10tPa,
| 3.3 X104 Pa B
ﬂ- [ 3
=- -
£ 400 1.9 %104 Pa .
£ . Y *
E 1 6.7 x10% Fa
= . 47 %102 P
.g m-*mwmw
L 27 %102 Pa
if iR Y i
@ 6.7 %10 P
. WWW“W‘\W
8 12 16 2 24 28
Frequency shift (GHz)

Figure 8.7: Mengared anti-Stokes Brillonin scattering peaks as & function of the ni-
trogen partial pressuve for 3.5um TN filins on mild steel. The laser beam intensity
was 400mW with the 5 vector polanzed in the plane of incidence, while the collected
Bight wos wnpolarized. The incident anple #; with respect te the surface norma)l was

.
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Figure 8.8: Correlation between the measured SAW velocity and residual stress in
3.5p4m TiN films, The stress was obtained using & sin’6 mathod based on the X-ray

diffinction measurements of lattice paramcter and preferred orientation of the films,

drops slightly for largest N, pertial prossure, The residual stress in the films has
o trend opposite to that of the SAW velacity. This goud correlation indicates that
Erillouin scattering can be nsed as g non-destructive method for Investigating the
stress states of coatings,

The adhesion force of the film to the substrate is meagured by the critical load
wiethad for the stressed samples. These samples are prepared under Proper depusition
conditions to ensure that tightly adhesive fitms are obtained, and this is confirmed by
a scratch test where no edhesive failare is detected, The critical load L. is defined ag

the smaliest load at which the film is damaged when an increasingly loaded diamond
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stylus is drawn across the fiim. The damage is judged by emitted acoustic signals.
The messured SAW velacities and criticel loads for the TiN films on both mild and
high speed steel are shown in figure (8.9), in which it can ve 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 fil on high speed steel
are much different from the film on mild steel. This is likely due to the fact that
the mild stesl 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. woating failnre at lowsr loads.

As revenled in the above discussion, the correlations between the SAW velocity
and the stress and adhesion force indicates that Brillowin 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 acouctic modes
provide information on the adhesion state between the film and the substrate. For
the TWN/HSS system, the measured SAW velocity is always larger than that of the
bare gu.bstmte, and this shows there is good mechanical contact between the TilN
and i 55, since otherwise the SAW valocity wauld drop below that of the substrate

for the thinner films.
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Figure 8.9: Correlation between the measured SAW velocity and eritical lond of 3.5um
TiN films on both high speed and mild steel. The SAW velocity is insensitive to the

substrate due to the large film thickmess.
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8.3 High-Temperature Measurements of Elastic Prop-

erties of TGN 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 £/5.3 was used to illumiinate the sample and collect the scattered light.
The sample holder is made of quartz to minimize sample heat loss and variation of
semple position caused by thermal expansion. The furnace has a hot zone which is
provided by a molybdenum heating coil and mlrmunded by two cylindrical tantalum
heat shells to prevent heat loss. The sarnple 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
geries. 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 backsvattering geometry. The furnace can
be operated in vacuum or an inert gas atmosphere and can reach a temperature of
1200°C. Onr messurements were carried out in vacuam and up to 600°C". Surface
déteﬁora.tion of the TV sample occurs after 800°C), preventing us from messuring
the SAW velocity at higher temperatures. The reason for the surface coutamination
has been found to be associated with the material released from the molybdenum

heating coil.




‘gyEaty

-3InsEal SUI181380S UMICTLIE amyelsduni-ydng ut pasn sovuwmy (eondo TR sInBig

Viewlng port
Kelicaliy grooved
alumina emmml—\ Stalniess stee! case
Molybdenum Cooling out
Caoling aut 1 heating coil t .
Pt-Pt{13%Rh)
Quartz tubie Kao insulating wnnl-\ tharmocouple
Electrical fesdithrougl . Sample In recess
itat flat
Elactrical ieads - o
= -

= (]~ =+ Laserin

d T
Scattared

Vacuum fitings ﬂ ‘ ===l light
To diffusion RN L
pump * Tantalum radiation
Alumina disc shiskds
0 20 40mm Vacuum fttfing
S Y t
Cooling in Cooling in
Ciatnp
Rotation stage

Gil



173

53{"] ) — T T * T ]

£ ~~
g e TS .
g 5150 - "
5u0 T T T 3 1
] 150 300 450 /90
Temperature (°C)

Figure 8.11: Mensured SAW velodity as & function of temperaturs for the 4.18u.m

thick TN film on HSS.

8.3.2 Flastic Moduli of Thick TiN Films at High Tempera-

tures

Oa the basis of the measured Brillouin spectra at high tamperatumé up to 600°C,
the SAW velocity as a function of temperature in the thickest TiN film (4.18pm)
is shown in figure {8.11). A steady reduction in the QAW velocity with increasing
temperature is noticeable.

The esastic constants of the PiN flms as o fuxction of ternperature can be obtained

frorg the memsvied F AW velocity if Polason’s ratio is assurned to be fixed at 0.2 over

the range of temperatur=s. This i 8 reasoneble assumption for most solids of which
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bath of the elastic constants €17 and ¢z ere a near linear function of temperature,
For s thick fibm which is assumed to be isotropic, we can use equation (4.8} and the

Poisson’s ratio’s expression

N .. 2044
cir+ez 21— ca)

(8.1)

ta ca’rulate the two independent elastic constants ¢;; and ¢y. In equation (4.8}, v ia
the measured SAW velocity and v and v are a function of 51 and cg4q. The results
sre shown in figure (8.12). There is a near linear downward trend of the elastic
moduli with increasing temperaiure, Such resuits are accounted for by normal lattice
expansion resuiting from anhermonicity [81].

These &re, to the best of cur knowledge, the first high temperature measurements
on the elastic properties w. T¥N films. There is no nltrasoxic data on the elestie
moduli of .TiN films at high temperatures. Since the working tempersture of TilN
protective coatings on cutting touls is usnelly fairly high, this information could be
of practical use,

In this chapter, Brillouin scattering measurements have been presented of guided
acoustic modes in TN filvx9 on high speed steel {H.S5) with the filis thickness ranging
from 20nm to 4180rm, ard a highly damped p-SAW and its higher modes ident fiad
by the presence of double and multiple peaks in the spectra.  -mparison between the:
measured and calculated dispersion relation indicater that the effective elasti: moduli
of TN for the film thickness < 500rm are shout 25% smaller than those of bulk T%N.
A passible explanation for the lowered elustic modni of the thinner films could be

composition variations at the TiN/F 885 interface. The good correlatioa Letween the
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SAW velocity and residual stress and adhesion foree indicates that Brillouin scattering
is a promising non-estructive technique to characterize the mechanical propertigs of
solid films, High-temperature meosurements of elastic moduli of TiN Blms are also

presented.




Chapter 9

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
examrple of a stiffening system since the shear velocity of the TiN iz much higher than
thas of HSS. The TN hard polycrystalline films with thickness ranging from 20 to
4180nm were deposited on H S8 substrates using D. C, magnetron sputtering, meking
use of a specially designed shutter syatem to enable the samples to be deposited under
exactly the same condit.ions.. T'iN, samples of various stress states were prepared by
varying the nitrogen partial pressure in the depusition process involving a Holow
Cathode Discharge Plating. For spcressfu! Brillouin scattering measurements, the
sample surface needed to be polished to a flatness of 0.05pm to reduce the elastic
yoattering intensity.

Physical properties of the films, sach as miero-topography, fractography, chem-
ical compositions and preferred texture structure have been investigated by SEM,
EDX, X-ray diffraction and Rutherford backscattzring, showing that the films have

177
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& homogeneous and {111} preferred orientation texture covering the substrate. The
substrate is inhomogeneons in the surface region, where there are W and Mo enriched
arens. The X-Ray resulis also indicate there is strese in fibms formed in the deposition
process. XP§ depth profiling reveals that there is & mixing region, with 790 and/or
Ti0% being the predominant molecnlar species at the TiN/H 8§ interface, This could
be & possible reason for the lowered effective elastic moduli of the thinner films that
have been studicd. The accwrate 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 velority. Numerical results on the angular dispersion
relation were obtained for a single cubic T4V crystal using a coded computer program.
The dispersion relation of TiN/HSS has been calculated using a modsl involving
suitable boundary conditions at the free surface and interface. The extension of the
caleulations to large values of kyh 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 T4V
films on HSS. Because of its relatively high elestic moduli, TN has a stiffering effect.

on the surface wave velocity of HSS. With increasing kyk, the Rayleigh surface wave

_o:E HES increases in velocity and then merges wto the bulk wave continvum and
becomes a highly damped pseudo-surface acoustic wave. Its higher order modss can
also be observed. It is found that the elastic constants of the T%N film play a crucial

role in the acoustic behaviour of TiN/HSS. There is a discontinvity in the caleulated
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dispersion curve for normal TiN/HSS - a strong stiffening systern, but not for reduced
elastic moduli TiN/HSS - a relatively wealk stiffening system. However, the acoustic
modes in both situations evolve into a "quasi-Rayleigh” wave of the corresponding
systeras at large kyh, which are very close to the Rayleigh waves of TiN,

A Creen’s function method, invoking the surface ripple mechanism for the inelas-
tic scattering of light, has been used to caleulate the Brillouin spectrum for scattering
from surface acoustic excitations. Comparison between the measured and (I:a.lculated
dispersion relation for TV thicknesses ranging from 20nm to 4180nm indicates that
while excellent agreement is found for the thicker films (> B70nm} ond bare sub-
strates, the measured SAW velocities have lower values then calewlated for thinner
films (<500nm). Tlus 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 thickmess. This conclusion is reinforeed by backscattering measure-
ments of Brillouin spectra at incident angles between 50° and 80° for & film thickness
of 350nsm, in which p-SAW and its higher order modes are presented as double peaks
in the spectrum. Compositional variations at the interfare have been investigated
using X-ray Photoelectron Spectroscopy (XP8) in an effort to underatand this redu-
tion in the elastic constants. All the measured velocities are higher than the Rayleigh
velocity of bare substrate showing that there is good adhesion between TiN and
HSS.

We have also conducted measurements an the SAW velocity of TiN hard films
on steel a8 a function of nitrogen partial pressure used in the deposition process and

temperature. Good correlation has been found between the SAW velocity snd residual
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stress and adhesion force (critical load) of the films, The residual stress in the filme
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 2 nondestructive method for investigating the stress states and adhesion
force of coatings. Brillouin scattering measuvements 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 increesing temperature, which is
explained by normal anharmonic vibrations which Jead to lattice expansion.

The averaged elastic constants have been caleulated from the known elastic con-
stants of a single erystal for botl: the random and prefexred arientations of crystallites
using & tensor averaging method, Computer programs have been coded both for a
random distributior. of crystallites and polycrystalline aggregates with preferred ori-
entations. It is the first time that algebraic results of the average elastic constants of
arbitrary erystal classes have been obtained directly by symbolic computation rather
than from an analytical method. The aversge elastic constants of several polyerys-
talline hard films are calculated using this method. The calculated results for the
TilN polyerytalline film were used to simplify the theorefica.l model in the calculation
of Briuouin spectra and dispersion r~'ation for TEN/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 slownesses of butk TiN was plotted to show the anisotropic wave

propagation behaviour of TiN.
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Four different methods for invarsion of the measured phase velocities of bulk sound
waves +o optimally recover the elastic constants for the over determined systerns of
equations have been discussed and compared. The convergence of the algarithms nsed
in the different methods have been invsstigated through extensive murerical calen-
1ations in which suitable "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 moat general cases, and some others must be used with some caution and great
care. Adl 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 coﬁstanta for both a random and
a preferred orientation distribution of crystallites;

2: caleulating and plotﬁng thres dimensional slowness surfaces of crystals.

3: caleulating and plotting slowness cuxves on an arbitrary crystal plane.

4: extracting the elastic constants from bulk mode phase velocities in arbitrary

. divertions for any of the syrametry classes of crystals;

5: caleulating and plotting the angular dispersion (Rayleigh velocity vs. propaga-

tion direction) curves for o single crystal half space on any crystal plane,

6: computing the dispersion relation {(SAW velocity vs. kyh) for a supported

polycrystalline film.
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