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Abstract

Brillouin spectroscopy (BS) was employed to investigate the elastic constants of

bulk (strontium fluoride (SrF2) and thin film (silicon carbide (SiC)) materials.

Results of volume scattering experiments on SrF2 provided an excellent baseline

study of bulk modes which proved invaluable in the analysis of the scattering

profile generated by the complex system of a-SiC films grown on transparent sub-

strates in this unique study.

In this study, SrF2, which has continued to be of technological interest because

of its fast ion conductivity in the vicinity of its melting point, has its elastic con-

stants measured using Brillouin scattering. Independent elastic constants of SrF2

were determined from SBS measurements and were found to be c11 ≈ 116 GPa, c12

≈ 45 GPa and c44 ≈ 33 GPa. These values agree very well with those in literature.

SiC continues to receive intensive interest due to its applicability in micro elec-

tromechanical systems (MEMS) operating in harsh environments. In this study,

amorphous thin films of SiC were deposited on different substrates using mag-

netron sputtering.The elastic constants of SiC thin films deposited on sapphire

and silicon were obtained by inverse extraction of elastic constants using elasto-

dynamic Green’s function applied to the phonon dispersion curves. The films were

characterized using microscopic and x-ray techniques, amongst others. The elas-

tic constants of the amorphous films on sapphire were obtained as c11 ≈ 250 GPa

and c44 ≈ 74 GPa and for amorphous films on silicon substrate were c11 ≈ 160

GPa and c44 ≈ 100 GPa. Some very interesting anomalous loading effects of the

different substrates were observed. The analysis of the dispersion curves of thin

SiC/substrate combinations characterized by stiffness effects showed the appear-

ance of anomalous behavior in a range of small normalized thickness. Thus, the

evolution of the dispersion curves are not only influenced by velocity but also by

densities of the respective film/substrate materials.
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Chapter 1

Introduction

This study investigates the photo-elastic properties of transparent bulk (Stron-

tium Fluoride (SrF2)) and thin film (Silicon carbide (SiC)) materials. SrF2 is a

technologically essential bulk transparent material that has exhibited superionic

transition or conductivity in the vicinity of the melting point [1]. Besides, it has re-

cently been applied in extreme ultraviolet (EUV) lithography due to its excellent

optical properties [2]. Despite the widespread scientific and industrial interest,

the elastic properties of SrF2 and dynamics of bulk acoustic propagations have

not been investigated. It thus provides a foundation study on the propagations of

acoustic waves in transparent materials, exhibiting anisotropic optical properties.

On the other hand, intensive interest in the mechanical properties of Silicon

Carbide (SiC) at micro and nano scales, in recent years, has been driven primar-

ily by device applications of small structures such as thin film systems in Micro

Electro Mechanical Systems (MEMS) [3]. For MEMS structures, surface Brillouin

scattering (SBS) is one of the best techniques for investigating the layer/substrate

interaction by enabling direct measurement of elastic constants. In this study we

seek to investigate this interaction between amorphous SiC and elastically hard

transparent substrates. MEMS remains a bright spot in the semiconductor world,

expanding faster than the overall chip industry. Consumer and mobile applications

continue to be the leading MEMS segments despite saturation of the handset and

tablet markets. Nevertheless, emerging areas which are envisaged to be the next

major drivers of MEMS market growth, include application such as mandates

on smart safety sensors which have attained full implementation in automotive

industry.

The emerging market for silicon carbide (SiC) power semiconductors is ex-

pected to reach nearly $1 billion in 2020. The driving force for this growth is

the incessant demand for SiC based products/devices from hybrid and electric

vehicles, power supplies and photovoltaic (PV) inverters [3]. Figure 1.1 shows the

road map based on more than thirty semiconductor supply-chains and potential
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Figure 1.1: The global market for SiC and GaN power semiconductors is rising
at a compound annual growth rate (CAGR) of around 33% from $210m in 2015
to about $1.265bn in 2020 then $3.7bn in 2025 [3].

end-user interviews done by Eden and Markides [3].

SiC is considered an excellent candidate for micro sensor and micro actuator

applications in harsh environments due to its unique properties which include high

hardness and wear resistance, high room temperature thermal conductivity ( 500

W m-1 K-1 ) and chemical inertness [4]. Many of these applications, as well as

the growth of the material itself, are critically dependent on the structural and

electronic properties of surfaces and interfaces [5]. SiC is a unique wide band

gap (IV-IV) compound semiconductor that forms a bridge between the elemental

group-IV semiconductor materials (Si and Ge) and the III-V’s (GaN, GaAs, etc)

[6]. The average number of electrons per atom is, however, greater than that of

group V and III-V. Epitaxially grown single and polycrystalline SiC layers on Si or

silicon-on-insulator (SOI) wafers have enabled the realization of cost-effective SiC

MEMS devices [7]. This has stimulated research on SiC thin film deposition and

characterization. The mechanical properties of thin films are greatly dependent on

the substrate and residual stress caused during deposition, hence, the properties

of thin films can be tuned by growth conditions based on the Thornton model

and the substrate mechanical and thermal properties [8]. Amorphous SiC (a-

SiC) thin films are potentially strong contenders for MEMS application due to

the preservation of many desirable properties where low deposition temperature is

necessary [5]. Furthermore, their piezoelectric properties enable their applications

be extended to multiferroics applications. Quite a number of a-SiC thin films on

silicon have been studied [9]. However, there is no research that has been published

on the properties of a-SiC thin film deposited on glass and sapphire substrates. In

this work the mechanical properties of a-SiC will be carried out to provide suitable

guidelines for MEMS and Nano Electro Mechanical Systems (NEMS) applications

2



in normal and hostile environments.

Most of the work presented in this dissertation is on SiC, a study on SrF2 is

given in chapter four.

1.1 Brief background

Silicon carbide, also known as carborundum, is a semiconductor material contain-

ing silicon and carbon, each atom is bonded to four atoms of the opposite type

in a tetrahedral half-filled bonding configuration. SiC crystallizes in about 250

forms (polytypes). There are three possible arrangements of atoms in a layer of

SiC crystal known as the A, B and C positions, and each polytype has a different

stacking sequence of these layers [10]. The most commonly encountered poly-

morphs are the alpha (α) (4H-SiC, 6H-SiC) and the beta (β) (3C-SiC) which have

a hexagonal and zinc blende crystal structures, respectively. Figure 1.2 illustrates

the arrangements of atomic layers in different polytypes.

Figure 1.2: Different stacking scenarios of the silicon carbide atomic layer lead
to different polymorph structures. Displayed are the 3C, 4H and 6H structures,
the stacking direction is indicated by the blue bonding sticks [10].

Silicon carbide occurs naturally as the extremely rare mineral moissanite. It

has, however, been mass produced in the powder form for use as an abrasive

since 1893. Recent technologies have allowed growth of high quality SiC and this

has broadened its applications significantly. SiC has long been recognized as a

semiconductor with outstanding physical and chemical characteristics compared

to its silicon (Si) counter part. The excellent properties include

3



• larger band gap (2.3 - 3.4 eV),

• higher breakdown field (30× 105 V/cm),

• higher thermal conductivity (320 - 500 W/m·K),

• and a high saturation velocity (2× 107 cm/s) than Si [4].

Thus enabling SiC to be a promising material for electron devices that function

in radiation hard and harsh environments. Additionally it also exhibits superior

mechanical properties, particularly hardness and wear resistance compared to its

semiconductor counterparts. In terms of hardness, SiC has a Knoop hardness

of 2480 kg/mm2, which compares favorably with values for other hard materials

such as diamond (7000 kg/mm2) and aluminum oxide (2100 kg/mm2), and greatly

exceeds that of Si (850 kg/mm2) [11]. SiC has a wear resistance value of 9.15, as

compared with 10 for diamond and 9.00 for aluminum oxide [12]. Moreover, SiC

has a high Young’s modulus (700 GPa), which is about 3.5 times greater than the

Young’s modulus of Si (190 GPa) [11]. More SiC and Si properties are stated in

table 1.1. These single crystal SiC properties are expected to be insignificantly

different from the a-SiC properties, hence, motivating the study of a-SiC due to

its relatively easy ways of fabrication.

Table 1.1: Table of electrical and physical properties of Si and SiC extracted
from Ong et al. [13].

Properties Si 4H-SiC 6H-SiC
Bandgap (eV) 1.10 3.30 3.00

Critical Field (MV/cm) 0.25 2.20 2.50
Electron saturation velocity (107 V/cm) 1.00 2.00 2.00

Electron mobility (cm2/V·s) 1350 947 380
Hole mobility (cm2/V·s) 480 120 80

Dielectric constant 11.80 9.70 9.70
Thermal conductivity (W/cm·K) 1.50 5.00 5.00

Melting point (oC) 1420 2830 2830

1.2 Problem statement

SiC has by far proven to be of interest in MEMS industry [14, 9]. Previous research

has dwelled much on the properties of SiC thin films on silicon or silicon-on-

insulator (SOI) substrates. However, due to the difficult micro machining process

and high density of defects when dealing with the SiC or sapphire substrate [15], no

publication has been made on the elastic properties of a-SiC thin film on sapphire
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substrate. This study will investigate the elastic constants of a-SiC on Si and

sapphire substrates requisite for layered SiC based devices such as in MEMS.

1.2.1 Significance of the study

It has been proven experimentally that substrate hardness affects the measured

film hardness for the case of a hard film on a soft substrate [16]. Saha and Nix [16]

also confirmed that it is difficult to estimate the true hardness or elastic modulus

of a film when there is a large elastic mismatch between the film and substrate.

Relying on these results, it is believed that this research project will give accurate

elastic constants of a-SiC thin film because there is not much elastic mismatch

between a-SiC (film) and Sapphire (substrate) with Young’s moduli of 410 GPa

and 370 GPa respectively. Furthermore, the correlation between elastic properties

and residual stress could provide useful information on the development of MEMS

with high sensitivity and response.

1.3 Study objectives

Following the problem statement discussed in section 1.2 the objectives of this

study are:

• Determination of the dynamics of bulk acoustic excitation and subsequently

the elastic constants of cubic SrF2.

• Synthesis and optimization of a-SiC thin films on <001> silicon and <0001>

sapphire substrates,

• Determination of the structural and morphological properties of the a-SiC

thin film and relate these to the measured elasticity,

• Determination of the elastic constants of a-SiC thin film on respective sub-

strates and establish the effects of film/substrate combination on the a-SiC

film elasticity,

1.4 Dissertation outline

This research project will focus on the analysis of Surface Brillouin Scattering

(SBS) of as-deposited SiC thin films synthesized by radio-frequency magnetron

sputtering. Based on the SBS results, acoustic velocities in thin films can be

5



obtained and the dependency of these velocities on substrate and on film thick-

ness will be established. The elastic properties will then be extracted from the

calculated phase velocities of the acoustic excitations.

The present chapter provides an introduction on the significance of the mate-

rials investigated. This includes a brief background of SiC, the problem statement

and research objectives. In chapter two, the fundamental concepts of elasticity,

acoustic wave propagation and surface Brillouin scattering mechanisms both in

transparent bulk materials and transparent supported thin film are given. A de-

tailed description of the thin film synthesis method and experimental techniques

used in this study are given in chapter three.

Chapter four demonstrates the application of Brillouin scattering on transpar-

ent bulk samples (SrF2). Elastic constants of strontium fluoride (SrF2) are studied

and compared with values found in literature. X-ray diffraction, Raman scatter-

ing and energy-dispersive X-ray spectroscopy (EDS) were used to characterize the

SrF2 sample. This chapter provides the basis for mode identification in transpar-

ent films deposited on transparent substrates. A typical example is the case of

a-SiC thin films on sapphire.

Chapter five presents the characterization results of deposited thin films from

Raman spectroscopy, Rutherford backscattering spectroscopy (RBS), grazing inci-

dence X-Ray diffraction (GIXRD), X-Ray Reflectometry (XRR) and SEM. Chap-

ter six presents the Brillouin scattering results obtained from a-SiC thin films.

Finally, chapter seven gives the conclusions and suggestions for future work.
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Chapter 2

Theoretical principles

2.1 Introduction

Spectroscopy deals with the interactions of radiation with matter. Incident ra-

diations are usually in the form of, but not limited to, electromagnetic radiation

[17], they can also be in the form of electrons, acoustic waves and beams of par-

ticles [18]. Isaac Newton is regarded as the founder of spectroscopy following his

publications in the seventeenth century [19]. However, the Romans were already

acquainted with the ability of a prism to generate a rainbow of colors [20].

The current study is mainly concerned with the interaction of electromagnetic

waves in the visible range of the electromagnetic spectrum with the acoustic waves

propagating in transparent materials. This chapter introduces the relationship

between elasticity and acoustic waves. Brillouin scattering is discussed as a tool

to investigate elastic constants. Also included in this chapter, is a discussion on

thin film deposition.

2.1.1 Elastic properties of solid materials

A solid body may deform when subjected to stress. Provided the stress is be-

low a threshold value, the elastic limit, the strain is reversible when the stress is

withdrawn. Elasticity is basically the ability of a solid to retain its original form

after an applied external force has been subsequently removed. Elasticity is con-

veniently described by stress and strain tensors. These are respectively concerned

with the forces and with the continuous and periodic displacements of atoms from

their equilibrium positions resulting to vibrations and waves. These waves form

the basis of the analytical technique used in this study. Given an origin O, any

point of the solid is located by the components x1, x2, x3 of the vector r. When
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deformation occurs, the point moves to a new position r
′

and the displacement is

u = r
′ − r (2.1)

In general when a solid deforms, the distance between any two points in the solid

will change. Initially, prior to deformation, the distance between any two close

neighboring points is denoted by dx, having components dxi. After deformation,

the distance becomes dx
′
, with components dx

′
i, since

dx
′
= dx+ du, with du =

(
∂u

∂xi

)
dxi (2.2)

The square of the distances between the two points is

(dx
′
)2 = (dx)2 + 2εij dxidxj, (2.3)

where εij is given by

εij =
1

2

[
∂ui
∂xj

+
∂uj
∂dxi

+

(
∂ui
∂xj

)(
∂uj
∂xi

)]
(2.4)

In the case of linear elasticity the stress and strain tensors are related by Hooke’s

law which states that stress is proportional to strain in the form

σij = cijklεkl, i, j, k, l = 1, 2, 3... (2.5)

where σij is the Cauchy’s stress second rank tensor, cijkl is the elastic constant

tensor and it is a fourth rank tensor. εkl is a second rank tensor also known as the

Cauchy’s strain. In usual cases, the deformations in a solid are infinitesimal. The

third term in equation (2.4) is negligible, hence, the tensor εij reduces to

εkl ≈ εij =
1

2

[(
∂ui
∂xj

)
+

(
∂uj
∂xi

)]
, (2.6)

where ui and xi are the components of the displacement vector and the position

vector of a point in the material respectively. Equation (2.5) is preferentially

expressed in matrix notation whose components/elements are dependent on the

symmetry of the Bravais lattice. The elastic constant matrix is symmetric (σij =

σji) and therefore has 21 independent components. Symmetric tensor means that

the off-diagonal components are equal. As a result of the symmetry of the stress

tensor and the strain tensor, only six state variables need to be evaluated [21].

The three components with the same subscripts, namely, ε11, ε22, ε33 define normal

strain, representing change per unit length in the three direction specified by x1,

x2, x3 axes. The other three components, εij (i 6= j), define shear strain. Often,
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it is convenient to introduce one index symbols (Voigt notation) for the strain

components as shown in the Table 2.1. The stress tensor in equation (2.5), like

Table 2.1: Definition of one index symbols for the strain components

ε1 ε2 ε3 ε4 ε5 ε6
ε11 ε22 ε33 ε23 ε31 ε12

the strain tensor, has only six independent components. The three components σii

are referred to as normal stresses, while the other three σij form the shear stresses.

Using Voigt notation symbol the stress components can be represented as shown

in Table 2.2.

Table 2.2: Definition of one index symbols for the stress components

σ1 σ2 σ3 σ4 σ5 σ6
σ11 σ22 σ33 σ23 σ31 σ12

Using the Voigt notation cijkl = cαβ, that is ij = α = 1, 2, 3, .... and kl = β =

1, 2, 3, ..... Equation (2.5) may then be rewritten as,

σ1

σ2

σ3

σ4

σ5

σ6


=



c11 c12 c13 c14 c15 c16

c21 c22 c23 c24 c25 c26

c31 c32 c33 c34 c35 c36

c41 c42 c43 c44 c45 c46

c51 c52 c53 c54 c55 c56

c61 c62 c63 c64 c65 c66





ε1

ε2

ε3

ε4

ε5

ε6


. (2.7)

In general, single-crystal elasticity is not isotropic. The number of independent

material parameters depends on the level of symmetry of the crystal structure. In

hexagonal crystal structures, six independent parameters are needed for a complete

description of the constitutive behavior,

σ1

σ2

σ3

σ4

σ5

σ6


=



c11 c12 c13 0 0 0

c12 c11 c13 0 0 0

c13 c13 c33 0 0 0

0 0 0 c44 0 0

0 0 0 0 c44 0

0 0 0 0 0 c66





ε1

ε2

ε3

ε4

ε5

ε6


. (2.8)

For a cubic crystal, as is the case with SrF2 studied in this work, equation (2.7)
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can be written in terms of three independent material parameters as

σ1

σ2

σ3

σ4

σ5

σ6


=



c11 c12 c12 0 0 0

c12 c11 c12 0 0 0

c12 c12 c11 0 0 0

0 0 0 c44 0 0

0 0 0 0 c44 0

0 0 0 0 0 c44





ε1

ε2

ε3

ε4

ε5

ε6


, (2.9)

[22]. A solid is elastically isotropic if its elastic behavior is independent of ori-

entation. This may not only occur if its crystal structure is elastically isotropic,

but also if it consists of a collection of anisotropic crystals arranged at random.

Most materials are polycrystalline, in which the crystallites are very small and

randomly oriented, hence, have isotropic elastic properties. Amorphous materials

(which we will be dwelling most in in this work) are also elastically isotropic ma-

terials. Only two independent elastic constants for isotropic materials exist and

are characterized by c11 and c44 in the relation,

c12 = c11 − 2c44. (2.10)

Isotropy for hexagonal systems exhibit hexagonal symmetry, in which transverse

anisotropy leads to five independent elastic constants, namely, c11, c12, c13, c33

and c44. The engineering constants in equation 2.10 are best represented by Lamé

coefficients, λ and µ, such that,

λ = c12;

µ = c44;

2µ+ λ = c11.

(2.11)

The behavior of isotropic linear elastic materials can be described by a set of

two independent parameters, that is, Poisson’s ratio υ and Young’s modulus E.

Young’s modulus E, is defined as the tensile stress divided by the longitudinal

strain for a rod, that is,

E =
µ
(
3λ+ 2µ

)(
λ+ µ

) =
c44
(
3c12 + 2c44

)(
c12 + c44

) (2.12)

Poisson’s ratio Υ, is the negative of the ratio of the transverse strain to the longi-

tudinal strain for a rod and is given by

Υ =
λ

2
(
λ+ µ

) =
c12

2
(
c12 + c44

) (2.13)
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In terms of these parameters, the elasticity matrix c for isotropic materials is given

by

c =
E(

1 + Υ
)(

1− 2Υ
)



1−Υ Υ Υ 0 0 0

Υ 1−Υ Υ 0 0 0

Υ Υ 1−Υ 0 0 0

0 0 0
1

2

(
1− 2Υ

)
0 0

0 0 0 0
1

2

(
1− 2Υ

)
0

0 0 0 0 0
1

2

(
1− 2Υ

)


.

(2.14)

Isotropic linear elastic behavior can also be characterized by the shear modulus G

combined with the bulk modulus K. Shear modulus G, is the applied shear stress

divided by the resulting shear strain, therefore

G = µ = c44. (2.15)

The bulk modulus K, is defined as the negative of the ratio of pressure to the

relative change in the volume and its given by

K =

(
3λ+ 2µ

)
3

=

(
3c12 + 2c44

)
3

(2.16)

The four engineering constants G, K, E and Υ, stated above are related by

G =
E

2
(
1 + Υ

) ;

K =
E

3
(
1− 2Υ

) . (2.17)

2.1.2 Elastic wave propagation

The equation of motion for a continuum body, in the absence of unbalanced ex-

ternal forces, is given by

ρ

(
∂2ui
∂t2

)
=

(
∂σij
∂xj

)
, i, j = 1, 2, 3 (2.18)

where ρ is the density of the medium and ui as defined earlier, is a component

of the displacement vector. The first suffix in the stress tensor σij denotes the

direction in which the force acts and the second the direction of the outward

normal to the surface on which the force acts. Substituting equations (2.5) and

(2.6) into equation (2.18), the equation of motion using Einstein’s notation for
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tensor addition assumes the form

ρ

(
∂2ui
∂t2

)
= cijkl

(
∂2ul
∂xj∂xk

)
. (2.19)

Assuming a plane wave propagating in the direction n with components ni, the

displacement is

ui = aie
(njxj−vt) (2.20)

where ai is a component of the amplitude of the particle, xj is a component

of the particle position, v is the speed of the wave propagation, and t is time.

Substituting equation (2.20) into equation (2.19) gives

akcijkl njnl = ρv2ai (2.21)

Introducing the notation

Γik = cijklnjnl (2.22)

where Γik is a component of the matrix known as the Kelvin-Christoffel stiffness

matrix. Equation (2.21) can then be easily written as

Γikak = ρv2ai (2.23)

If for a tensor Lij, for example, there is a relationship Lijmj = λmi, then mi is a

component of an eigenvector of the tensor and λ is the corresponding eigenvalue.

Thus, ai is a component of an eigenvector of Γik and ρv2 is the corresponding

eigenvalue. Γik is a real symmetric matrix, hence, for a wave propagating in any

direction in a general anisotropic material there are three modes (longitudinal (L),

slow transverse (ST) and fast transverse (FT) modes) of propagation, each with a

different velocity and a different direction of particle displacement. The directions

of particle displacement for the three modes are given by the eigenvectors of Γik and

are orthogonal. The velocities of the three modes are related to the eigenvalues,

λj, of Γik through the equation

vj =

√(
λj
ρ

)
(2.24)

For the propagations along symmetry directions, the cubic equation factorizes and

simple linear or quadratic equations are obtained for the respective velocities. Ta-

ble 2.3 lists the solutions for the case of a medium of cubic symmetry and Table

2.4 lists the solutions for the case of a medium of hexagonal symmetry.
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Table 2.3: Solutions of Christoffel’s equation for cubic symmetry, [23]

Propagation
direction n

Polarization
direction u

Wave
Mode

Velocity
equation ρv2 =[

100
] [

100
]

L c11[
100
] [

010
]
,
[
001
]

T
(
2
)

c44[
110
] [

001
]

T c44[
110
] [

110
]

T 1
2

(
c11 − c12

)[
110
] [

110
]

L 1
2

(
c11 + c12 + 2c44

)[
111
] [

110
]
,
[
112
]

T
(
2
)

1
3

(
c11 − c12 + 2c44

)[
111
] [

111
]

L 1
3

(
c11 + 2c12 + 4c44

)[
cos θ, sin θ, 0

] [
001
]

T c44[
cos θ, sin θ, 0

] (
001
)

plane qL, qT 1
2

{
B ±

√
B2 − 4C

}
In Table 2.3;

B = c44 + c11 and

C =
(
c11cos2θ + c44sin

2θ
)(
c44cos2θ + c11sin

2θ
)
−
(
c12 + c44

)2
cos2θsin2θ.

Table 2.4: Solutions of Christoffel’s equation for hexagonal symmetry (transverse
isotropy) [23].

Propagation
direction n

Polarization
direction u

Wave
Mode

Velocity
equation ρv2 =

x1x2 plane
[
001
]

T c44
x1x2 plane

[
001
]
× n T c66

x1x2 plane n L c11[
001
] [

001
]

L c33[
001
] [

100
]
,
[
010
]

T (2) c44[
0, sin θ, cos θ

] [
100
]

T A[
0, sin θ, cos θ

] (
100
)

plane qL, qT 1
2

{
B ±

√
C2 +D2

}
In Table 2.4;

A = c66sin
2θ + c44cos2θ ,

B = c44 + c11sin
2θ + c33cos2θ ,

C = (c44 − c11)sin2θ + (c33 − c44)cos2θ ,

D = (c13 + c44)sin 2θ ,

c66 = c
′
=

1

2

(
c11 − c12

)
.

Given the discussion above, if the stiffness matrix for a material is known, it is

possible to determine the components of the Kelvin-Christoffel stiffness matrix

for any direction n with components ni. Using the obtained Kelvin-Christoffel

stiffness matrix for a particular direction, it is possible to determine the veloci-

ties and particle displacements for the three modes of wave propagation in that

direction. The components of the Kelvin-Christoffel stiffness matrix in terms of

the components of the stiffness matrix, cij are discussed in detail by Van Buskirk

et al. [24].

13



2.2 Brillouin scattering spectroscopy

In this dissertation, Brillouin scattering was used to investigate the elastic proper-

ties of transparent bulk cubic crystals and transparent thin supported amorphous

films. Brillouin scattering is the inelastic scattering of photons by thermally ex-

cited acoustic phonons in materials, whose wave vector, selected by the kinematics

of scattering lies near the center of the Brillouin zone [25]. This phenomenon was

first investigated by Brillouin [26] and has acquired huge interest for probing elas-

tic and optoelastic properties of transparent materials since the emergence of the

laser as a powerful source of monochromatic light [27].

Brillouin scattering is usually compared to X-ray diffraction from crystals, be-

cause of the formal analogy between the conditions of interference (Bragg relation)

[28]. The inelastic scattering of X-rays by electrons is the same phenomenon as

Brillouin scattering, the only difference is that the selective reflection of the inci-

dent electromagnetic wave is on lattice plane in the case of X-ray diffraction and

on planes of maximum atomic density in the case of Brillouin scattering [28]. In

Brillouin scattering, a frequency shift due to Doppler effect is observed as a result

of the planes in motion. These frequency shifts were experimentally observed by

Gross [29] and later confirmed by Meyer [30]. The Brillouin scattering technique

is a contact-less probing method and measurements can be made on very small

specimen (one millimeter on edge). Measurements may also be made on ambient

and at high temperatures [31, 32]. Reviews have been made in the past to discuss

how the technique is used to study elastic properties of crystals and different types

of phase transitions [33–37]

The frequency shifts, also known as Brillouin shifts, in the Brillouin scattering

process are in the GHz range. To achieve high resolution for such shifts, Tandem

Fabry-Pérot interferometer (TFPI) is used as a scanning spectrometer [38]. The

TFPI used in this work will be discussed in chapter three.

2.2.1 Brillouin scattering mechanisms

As defined in the last section, Brillouin scattering is the inelastic scattering of light

by acoustic phonons in materials. This interaction enables the study of surface

and bulk acoustic waves. In the simplest case of an isotropic solid, there exist

one true surface wave excitation, namely the Rayleigh wave (RW), while the three

bulk acoustic waves have pure longitudinal or transverse polarization, with equal

sound velocities for the transverse waves [39].

There are two distinct mechanisms in which acoustic waves can scatter light, in

fact, the light can exchange momentum and energy with the phonon field through

the dynamical corrugation of the surface(ripple effect) and the modulation of the
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dielectric tensor of the medium (elasto-optic effect). Experiments and calculations

have been made in the last century which clarified the conditions under which each

scattering mechanism dominates [40–42, 39, 43].

Elasto-optic mechanism (Bulk scattering)

In elasto-optic mechanism, the dynamic fluctuations in the strain field bring about

fluctuations in the dielectric constant thus introducing fluctuations in the refrac-

tive index. These fluctuations result in inelastic scattering of the light as it passes

through the material. The movement of phonons within a material is in thermal

equilibrium with small amplitudes creating fluctuations in the dielectric constant,

and this is interpreted as a moving diffraction grating by an incident light wave. In

a transparent solid, most of the scattered light originate from the refracted beam

in a region away from the surface, and the kinematic conditions relating wave

vector k and frequency shift (∆ω, ω) of the light pertain to bulk acoustic wave

scattering. In figure 2.1 the green and blue arrows demonstrate the incident (ki)

Figure 2.1: (a) General schematic of light scattering from bulk phonons. (b)
Schematic of the light scattering from bulk phonons in the backscattering config-
uration.

and scattered (ks) wave vectors respectively. The acoustic phonon wave vector q

is indicated by the purple arrow. φ is the scattering angle and θi is the incident

light angle measured to the normal of the sample surface. The magnitude of wave

vector ki passing through a medium of refractive index n is

ki =
2πn

λi
=
nωi
c
, (2.25)

where ωi is the angular frequency of the incident light ray, λi is the wavelength,

and c is the velocity of light in vacuum. A fluctuation in the dielectric constant

associated with an acoustic mode of wave vector q and angular frequency,

ω = vq, (2.26)
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where v is the acoustic velocity, will result in a small part of the incident light

being inelastically scattered with wave vector

ks = ki ± q =⇒ q = ±(ki − ks), (2.27)

and angular frequency

ωs = ωi ± ω. (2.28)

The phonons, satisfying the wave vector conservation in a given Brillouin scatter-

ing geometry, e.g. Figure 2.1, in a cubic and hence optically isotropic material,

have wave vectors given by equation (2.27) and

|q| = ±2|ki|sinθ. (2.29)

The vibrational frequency is much smaller relative to the optical frequency by a

factor of order v/c ≈ 10−5 , so ωi and ωs differ only very slightly, ks and ki are

approximately equal in magnitude. Figure 2.1 (a) leads to

q = 2kisin(
φ

2
) =

4πn

λi
sin(

φ

2
). (2.30)

With respect to equation (2.26) and (2.30) the acoustic phase velocity can be

written as

v =
∆ωλi

4πn sin(
φ

2
)

, (2.31)

∆ω is the frequency shift. In these equations, φ is the scattering angle (Figure

2.1 (a)). In the present work backscattering geometry (Figure 2.1 (b)) is used. In

backscattering φ is 180◦ and therefore, the phonon wave vector is given by

q =
4πn

λi
. (2.32)

Equation (2.32) shows that in the backscattering configuration, the phonon wave

vector is only dependent on the refractive index of scattering medium (n) and the

excitation wave length of probing laser (λi) assuming that the scattering surface

is specularly smooth.

Surface ripple mechanism (Surface scattering)

In opaque thin films and bulk materials, the ripples produced by Brownian motion

of atoms can scatter incident laser light, hence, the name surface Brillouin scat-

tering (SBS). In investigating materials with high absorption coefficient and thin

films, ripple scattering is the dominant scattering mechanism. Thus, the phonon
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wave vector is conserved in the direction parallel to the surface of the sample,

Figure 2.2 illustrates. Momentum and energy conservation dictates that the wave

vector q‖ and velocity V of the surface wave must satisfy these equations;

q‖ = 2ki sinθi (2.33)

V =
∆ω

q‖
(2.34)

ki and ∆ω = ±(ωi − ωs) are the incident wave vector and the change in the

Figure 2.2: General schematic of light scattering from surface phonons.

angular frequency of the scattered light. The phonon wave vector, q‖, is parallel

to the surface of the sample at the intersection of the scattering plane and the

sample surface. Unlike scattering from bulk phonons, the wave-vector of the sur-

face phonons, q‖, is dependent on the incident and scattered light angles denoted

by θi and θs, respectively. In the backscattering geometry, θi ≈ θs, therefore, the

phonon wave vector is

q‖ =
4π sin θi
λi

, (2.35)

thus, q‖ can be varied solely by changing the angle of incidence. In general,

in ripple mechanism; phonon vibrations cause the surface to appear as a moving

grating, that is, a ripple capable by itself of producing diffraction and changing the

frequency of the incoming light (Doppler Effect) without invoking any modulation

of the dielectric field in the interior of the crystal (Figure 2.2).

Surface Brillouin scattering (SBS) in semi-opaque solids

In semi-opaque materials, both bulk and surface Brillouin can be observed. The

more transparent the solid, the greater the penetration of light into the medium.

Thus the greater the proportion of bulk elasto-optically scattered light in the

spectrum. As a consequence of attenuation of light in the medium, the incident
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and scattered light wave vectors, ki and ks, are complex, hence, the scattered light

is broadened in frequency. Figure 2.3 illustrates the combined surface and bulk

Brillouin spectra for various values of the complex dielectric constant ε = ε1 + iε2

of a solid calculated by Mills and Subbaswamy [44]. The imaginary part of ε

determines the attenuation. If ε2 is very small (transparent media), as shown

Figure 2.3: Computed combined surface and bulk Brillouin spectra for vari-
ous values of the complex dielectric constant and ε = ε1 + iε2. From Mills and
Subbaswamy [44].

in Figure 2.3(a), the bulk longitudinal (L) and transverse (T) scattering peaks

are very sharp and there is no peak associated with SBS. As the value of the

dielectric constant increases the bulk L and T peaks broaden and a trace of the

Rayleigh surface acoustic peak appear. A larger value of the dielectric constant

yield significantly more broadened bulk L and T peaks and a clearer SBS spectrum.

The broadening in the bulk peaks is consistent with the uncertainty principle,

i.e. an increasingly confined scattering region results in an increasing momentum

spread. As shown in Figure 2.3(d), a very large value of ε2 yields a clear SBS

spectrum and no trace of bulk scattering. The Rayleigh surface acoustic wave

(RSAW) becomes dominant (ripple scattering) and two dips at the frequencies ωL

and ωT appear due to interference of bulk waves. Bulk acoustic waves incident on
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the surface can also cause dynamic surface corrugations, and these will be detected

if the component of their wave vector in the surface is equal to q. Combined

with their normal component, the wave vectors of these bulk waves take on a

continuum of values, and this gives rise to a broad continuum in the Brillouin

spectrum extending from the bulk transverse wave threshold to high frequencies.

This is known as the Lamb shoulder, and is the broad band to the right of the

RSAW peak in 2.3. The Lamb shoulder results from a so-called ’mixture of modes’,

modes are mixtures between sinusoidally varying (transverse) and exponentially

decaying (longitudinal) modes. Below the transverse threshold ωT all amplitudes

are decaying for z→ −∞ and at ωR the Rayleigh wave is localized at the surface.

In this way, the RSAW propagates undamped along the surface and made up of

a longitudinal and shear vertical wave with exponentially decaying amplitudes.

Experiments done in the past, including those by Riobóo et al. [45], demon-

strate the ability of SBS to collect surface acoustic waves (SAW) data from trans-

parent bulk samples and that way extends this non-destructive and contact-less

method to a wider range of bulk materials.

2.2.2 Surface Brillouin scattering : Green’s function

Figure 2.4: Brillouin scattering configuration and sample geometry. The x1 and
x2 axes are parallel to the sample surface. The x3 axis is normal to the sample
surface and its origin is taken at the interface [46].

The theoretical interpretation of the SBS spectral intensity was performed
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using the elastodynamic Green’s function approach. For a layer perfectly bonded

to its substrate as shown in Figure 2.4. −x3 in Figure 2.4 is the outward normal to

the surface and the origin is at the interface between the layer and the substrate.

The layer, of thickness h, occupies the region −h < x3 < 0

The cross section for the scattering of light by the ripple mechanism with

angular frequency change ω and surface scattering wave vector q‖ is proportional

to the power spectrum of thermal fluctuations in the normal displacement of the

surface profile [39, 47, 46, 48]. For sufficiently high temperature T >> h̄ω/kB,

where kB is Boltzmann’s constant and h̄ is the Planck’s constant, the scattering

cross section is given by [46]

I(ω) = D
T

ω
Im

{
G33(q‖, x3 = −h, ω + i0)

}
(2.36)

where D is a constant that depends on the scattering geometry, frequency and

polarization of the incident light and optical properties of the medium. G33 is the

(x3, x3)component of the Fourier domain surface elastodynamic Green’s function

tensor Gij(x, t), evaluated at the outer surface x3 = −h of the layer/film. In a

substrate and layer system for a given value of q‖ and ω, the equations of motion

admit six plane wave solutions. These partial waves pertain to different wave-

vector components k
(n)
3 perpendicular to the free surface, which may be real or

complex and are solutions of the sextic Christoffel equation. For the layer, all

six phase matched plane waves (n = 1,2,...,6) are used; while for the substrate

only the three outgoing plane waves (n = 7,8,9) are retained [49]. The outgoing

waves are either homogeneous with k
(n)
3 real and having ray vectors v = ∂ω/∂k

directed into the interior of the substrate, or evanescent waves with Im(k
(n)
3 ) > 0,

so that their amplitudes fall off into the interior.The boundary conditions on the

surface tractions and displacements provide nine equations for determining the

partial wave amplitudes. The Green’s function G33(q‖, x3 = −h, ω) is obtained as

the superposition of six partial waves in the layer;

G33(q‖, x3 = −h, ω) =
i

ω

6∑
n=1

(B−1)
(n)
3 U

(n)
3 exp{−ik(n)3 d}, (2.37)

in which

B
(n)
l =

∑
pq

c−3lpqU
(n)
p k(n)q exp{−ik(n)3 d}/ω n = 1, 2, ..., 6 l = 1, 2, (2.38)

the boundary condition matrix is given by B. U
(n)
3 are the x3 components of the

polarization vectors. A detailed method of calculation of G33 is provided by Zhang

20



et al. [50].

Expressing the light scattering in terms of Green’s function is just a convenient

computational method, and hence, it should not be concluded from equation (2.36)

that the incident light is causing the fluctuations, the light is only probing existing

thermal fluctuations. Considering half space materials, the Brillouin scattering

spectrum, consists of a sharp line associated with the true Rayleigh SAW and

then at higher frequencies a continuum of excitations extending from a threshold,

known as the transonic state, to higher frequencies. A true SAW arises when

B−1 becomes singular. Some resonances can be observed within the frequency

region of the Lamb shoulder, these are associated with pseudo surface acoustic

waves (PSAW). In this study an open source program, written in FORTRAN

(a programming language that is especially suited to numeric computation and

scientific computing), was used for the calculation of SAWs in the analysis of SBS

spectra [47].

2.3 Thin film deposition

Thin film deposition is the technology of coating a very thin film of material, in

the nanometer range, onto a substrate. Thin film deposition is usually divided

into two broad categories, chemical vapor deposition and physical vapor deposi-

tion coating systems. Chemical vapor deposition is when a volatile fluid precursor

produces a chemical change on a surface leaving a chemically deposited coating.

Physical vapor deposition (PVD) refers to a wide range of technologies where a

material is released from a source and deposited on a substrate using mechani-

cal, electromechanical or thermodynamic processes. The PVD processes include,

pulsed laser deposition (PLD), molecular beam epitaxy (MBE), thermal evapo-

ration and sputtering. Radio frequency (RF) magnetron sputtering was used to

grow thin films using the concepts of the Thornton structure zone model shown in

Figure 2.5 [8, 51]. The Thornton model has two governing factors; the amount of

added energy (pressure) and homologous growth temperature (T/Tm), where T is

the substrate temperature and Tm is the melting point of the film material. The

sputtered material leaves the sputter source with relatively high energies (several

electron volts) and more sputtering occurs as the sputtering pressure is increased.

In this study, thin films were deposited at ambient substrate temperature, hence,

according to the Thornton model, the films fall within Zone 1 structural prop-

erties. Zone 1 has a columnar structure consisting of tapered units defined by

voided growth boundaries and occurs at very low homologous deposition tem-

perature (T/Tm < 0.3) [8]. The RF magnetron sputtering technique was the

deposition method of choice as a consequence of the following advantages:
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• low deposition temperatures;

• produces better film quality and step coverage compared to evaporation;

• versatility in the deposition of wide variety of insulators, metals, alloys,

composites etc;

• charge-up effects are avoided and arcing is reduced due to use of alternating

current (AC) radio frequency (RF) source of frequency 13.56 MHz. This is

due to the fact that electric field sign at every surface inside plasma chamber

changes with RF;

• high film-substrate adhesion;

• relatively low operational costs (compared to Knudsen cell);

• ability to vary the deposition conditions, and

• allows control over film stoichiometry and microstructure [52, 53].

Figure 2.5: The Thornton structure zone model extracted from Thornton [8].

2.3.1 Radio Frequency (RF) magnetron sputtering

A number of books and articles have covered the topic of magnetron sputtering

with great comprehensiveness. Amongst the most helpful ones are books by Kern

[54], Wasa and Hayakawa [55], Bunshah and Blocher [56] and review articles by
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Arnell and Kelly [51], Kelly and Arnell [57], Kouznetsov et al. [58] and Braun

[59]. Sputtering involves the bombardment of a target material with high energy

particles (Ar+) that are to be deposited on a substrate. The collision results in a

momentum transfer from Ar+ through the knock-off effect to the target [60]. The

ad atoms are then deposited as thin films on the substrate [61]. Secondary elec-

trons are also emitted from the target surface as a result of the ion bombardment,

and these electrons play an important role in maintaining the plasma.

Magnetrons make use of the fact that a magnetic field configured parallel to

the target surface can constrain secondary electron motion to the vicinity of the

target. The magnets are arranged in such a way that one pole is positioned at

the central axis of the target and the second pole is formed by a ring of magnets

around the outer edge of the target. Trapping the electrons in this way substan-

tially increases the probability of an ionization through an enhanced electron-atom

collisions occurring. The increased ionization efficiency of a magnetron results in a

dense plasma in the target region. This, in turn, leads to increased ion bombard-

ment of the target, giving higher sputtering rates and, therefore, higher deposition

rates at the substrate. Moreover, the increased ionization efficiency achieved in the

magnetron mode allows the discharge to be maintained at lower operating pres-

sures (typically, 10−3 mbar, compared to 10−2 mbar) and lower operating voltages

than is possible in the basic sputtering mode [51]. Schematic and pictorial repre-

sentation of the RF magnetron sputtering technique will be presented in Chapter

3.

2.4 Summary

In this chapter the theoretical aspects of this work were discussed, namely, elastic

waves, Brillouin scattering spectroscopy and thin film deposition. The relation-

ship between elastic and acoustic waves used in Brillouin scattering spectroscopy

was established. The advantages of using RF magnetron sputtering as a film de-

position technique were stated. Chapter three gives experimental parameters used

during film deposition and also highlights on the experimental techniques used to

characterize deposited films.
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Chapter 3

Experimental techniques

3.1 Introduction

This chapter presents the discussion on experimental techniques used to fabricate

thin films (a-SiC) and establish the properties of transparent materials SrF2 and

a-SiC. These techniques include, radio frequency (RF) magnetron sputtering for

fabrication of thin films, Raman spectroscopy for structural properties for both a-

SiC and SrF2, scanning electron microscopy (SEM) for imaging and energy disper-

sive x-ray spectroscopy (EDS) measurements (on a-SiC), x-ray reflectivity (XRR)

for density and film thickness measurements, x-ray diffraction (a-SiC and SrF2),

grazing incident x-ray diffraction (GXRD) (on a-SiC), Rutherford backscatter-

ing (RBS)(on a-SiC), optical spectroscopy (on a-SiC) and finally surface Brillouin

scattering (SBS)(on a-SiC and SrF2). SBS is described with more depth relative

to other techniques owing to it being the main technique in this study.

3.2 Radio-Frequency magnetron sputtering

Thin film synthesis was the first step prior to the determination of the elastic

constants of the film. Section 2.3.1 presented the physical principles behind RF

magnetron sputtering. The current section presents the apparatus (shown in Fig-

ure 3.1) that made upholding of physical principles in section 2.3.1 possible. A

comprehensive overview of the technique has been covered by Kukla [62].

Figure 3.1 shows a pictorial representation of the RF magnetron sputtering

setup used for SiC film deposition (located at the School of Physics, University of

the Witwatersrand, Johannesburg). A stoichiometric SiC target material manu-

factured by Semiconductor Wafer. Inc. with a diameter of 76 mm, thickness 6 mm

and 99.9% purity was used. Before deposition, the substrates were cleaned using

detergent and water, rinsed with acetone in an ultrasonic bath for five minutes and
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then blow dried with ultra-pure nitrogen gas (5N). The target and substrate are

mounted in the deposition chamber at a fixed separation of 60 mm. The chamber

is initially evacuated using a rotary oil pump to a vacuum pressure of the order

10−2 mbar. An optimum vacuum pressure of the order 10−5 mbar is then attained

using a turbo-molecular pump. High purity argon gas is then bled into the cham-

ber and the RF generator with an output frequency of 13.56 MHz is used to ignite

the plasma. The target is pre-sputtered for ten minutes to remove any adsorbates

on its surface prior to deposition. A deposition pressure of the order 10−3 mbar

was used to grow the SiC thin films at a constant argon gas flow rate of 13.0 sccm.

Figure 3.1: The radio-frequency magnetron sputtering system used for the depo-
sition of the SiC thin films. The deposition system components are labeled. The
part shown on the picture but not used by the system are also labeled.

All SiC films were deposited at room temperature (300 K) for five, ten and

twenty minutes, respectively, for each substrate type. A set of SiC thin films were

grown at 100 W and 150 W RF powers with no substrate bias. After deposition,

the films were left for an hour to enable ventilation of the chamber when the

turbo-molecular pumps were stationary and to allow films to gradually cool down
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before removal from the chamber. This minimized the thermal stress developed by

rapid quenching to room temperature. The films were 290 and 260 nm thick (SEM

measurements, chapter five) at 20 minutes deposition time for 100 and 150 W de-

position powers respectively. The deposition rates of the sputter system were then

calculated to be 14.5 and 13.0 nm per minute at 100 and 150 W deposition powers

respectively. The set of films deposited at 150 W were subsequently analyzed for

elastic properties.

Table 3.1: SiC thin film deposition parameters.

Parameter Values

RF Power (W) 100 , 150

Argon flow rate (sccm) 13

Base pressure (mbar) order of 10−5

Deposition pressure (mbar) order of 10−3

Deposition time (minutes) 5, 10, 20 minutes

Substrate Si , Sapphire

3.3 Raman Spectroscopy

SiC can crystallize in about 250 polymorphs. It was, however, imperative to

investigate the structural properties of deposited thin films and identify the phase

present. Each of the possible SiC polymorphs produce different Raman spectra

as a result of their atomic layer stacking sequences, some of which are shown in

Figure 1.2. As a consequence the Raman Spectroscopy was employed (located at

the School of Biology, University of the Witwatersrand, Johannesburg).

Raman spectroscopy is an analytical technique that provides information about

the molecular structures and chemical environments of organic and inorganic

molecules and molecular ions [63]. For detailed information about the technique,

reviews by Herrero [64] and Rostron et al. [65] are helpful. The SiC film sam-

ples were analyzed with a Horiba Scientific LabRAM HR Raman spectrometer

equipped with an Ar+ excitation laser (514.5)(laser power in the range 0.2 to

1 mW). The laser spot diameter was varied between 7 and 100 µm (depending

on which of the magnification microscope objectives was used). Data acquisition

times varied between 60 and 120 s depending on the scattering efficiency of the

sample. Several regions on the surface of each film were investigated in order to

sample the different phases present in each sample.
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3.4 Scanning electron microscopy and EDS

Scanning electron microscopy (SEM) involves scanning using a focused electron

beam that is rastered laterally across a sample in a vacuum chamber. SEM pro-

vides important information which can range from topography (specimen texture),

morphology, chemical compositions, such as elements and compounds present in

the specimen [66], and it also shows the relative amount of composition and in-

formation when EDS is attached with it. A key feature of SEM is that it provides

3D images by scanning a particular selected area along parallel line patterns.

A scanning electron microscope consists of some essential components including

an electron emitting source for electron beam generation, anode, condenser lens,

scanning coils, apertures and a user control interface. Inelastically scattered sec-

ondary electrons, backscattered electrons, and X-ray emissions are detected by

a secondary electron detector (SED), elastically backscattered electron detector

(BSED), and energy dispersive X-ray spectroscopy detector (EDX/EDS), respec-

tively [66].

Figure 3.2: The scanning electron microscopy (SEM) used in the imaging and
elemental composition determination of the deposited thin film.

To determine the thickness and elemental composition of SiC films deposited by

RF magnetron sputtering method (discussed above), cross section SEM and EDS

measurements were, respectively, carried out using the Carl Zeiss sigma field emis-

sion scanning electron microscope (FESEM) equipped with an Oxford x-act EDS

detector (Figure 3.2). The SEM images and the EDS spectra of the as-prepared

thin films were obtained using an emission current of 20 A and a bias voltage
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of 16 kV. These measurements were conducted in the School of Chemical and

Metallurgical Engineering, at the University of the Witwatersrand, Johannesburg.

3.5 Grazing incidence X-ray diffraction (GIXRD)

X-ray diffraction measurements of thin films using conventional θ/2θ (Bragg Brentano

geometry) scanning methods generally produces a weak signal from the film and

an intense signal from the substrate. This is mainly due to the limited scatter-

ing volume. One of the ways to avoid intense signal from the substrate and get

stronger signal from the film itself is to perform a scan with a fixed grazing angle of

incidence, popularly known as GIXRD. GIXRD also allows the scattering vector

(~q) to change with 2θ (detector angle) this enables probing of randomly oriented

grains. The fixed angle is generally chosen to be slightly above the critical angle

for total reflection of the film material [67].

Figure 3.3: The AXS Bruker D8 Discover X-ray diffraction instrument used for
GIXRD and XRR measurements.

When an incident X-ray beam is directed towards a sample, the atoms of the

sample will scatter the incident X-rays, generating a diffraction pattern. This

diffraction pattern will form in positions where the scattered X-rays undergo con-
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structive interference. It constitutes diffraction peaks whose pattern is a signature

of the crystal structure unique to the material under investigation. For construc-

tive interference to occur, the scattered X-rays must satisfy Braggs law given by

nλ = 2dhkl sinθ, (3.1)

where λ is the wavelength of the monochromatic incident x-ray, θ is the Bragg

angle, n is the order of diffraction and dhkl is the inter-planar distance. The

position of the diffraction peak relies on the inter-planar distance dhkl between

successive diffraction planes and the wavelength of the incident radiation as shown

in Figure 3.4. Different plane orientations result in different 2 diffraction peaks.

These planes are denoted by the Miller indices (hkl).

Figure 3.4: General schematic of X-ray diffraction by a crystal of inter-planar
distance dhkl.

In this study, the GIXRD based on the Seeman-Bohlin geometry was used to

investigate the structural phases of a-SiC thin films. The Seeman-Bohlin geometry

minimizes the substrate contribution to X-ray scattering through variation of the

incidence angle, thus making the technique surface selective [68]. This geometry

is restricted to samples with very smooth surfaces. Furthermore, the diffraction

peaks are generally of low intensity due to the limited scatter volume. The pene-

tration is highly dependent on the incident angle [68]. The GIXRD measurements

were conducted using the Bruker AXS D8 Discover (shown in Figure 3.3) situated

in the School of Chemistry at the University of the Witwatersrand, Johannesburg.

The XRD patterns from the SiC/Si(001) from this study are presented in chapter

five.
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3.6 X-ray reflectivity (XRR)

XRR is a surface sensitive x-ray scattering technique employed to:

• study single crystalline, polycrystalline or amorphous material.

• evaluate surface roughness and interface width (< 3-5 nm)(arising from

roughness and inter diffusion) nondestructively.

• measure film thickness from 0.1 to 1000 nm.

• study material density (< 1-2 %).

The XRR technique is based on the total external reflection since the refractive

index of the medium for X-rays is less than 1 (refractive index of air). In this

arrangement X-rays incident at an angle less than the critical angle θc will be

reflected at the air-film interface. Using Snells law and elastic scattering, the

electron density of the film can be obtained from the critical angle for total external

reflection, θc, in the form:

θc = λ

√
reρe
π
, (3.2)

where re is the classical electron radius and ρe is the electron density. The

oscillation curve of the XRR spectrum is a function of the film thickness and

refractive index σ of the layer in which information about the film thickness,

thickness of Kiess fringes, is obtained. The film thickness can then be given as

d =
mλ

2
√
θ2m − θ2c

, (3.3)

where m is the order of the interference maximum and d is the thickness. A

comprehensive review on XRR has been covered by Janik [69]. Figure 3.5 shows

a typical X-ray reflectivity geometry to illustrate the interference of reflected X-

rays at the film-substrate and air-film interfaces. The XRR measurements were

performed in a Bruker AXS D8 Discovery instrument equipped with a special re-

flectivity sample stage, a 4-bounce Ge monochromator crystal, a Ge(220s) analyzer

crystal, a Goebel mirror and a 0.1 mm detector controlled slit (reasonable reso-

lution requires slit of 0.1 - 0.2 mm). The selection of the primary and secondary

optics is carried out to provide a symmetric geometry. The measurements were

conducted in the School of Chemistry at the University of the Witwatersrand, Jo-

hannesburg. The measured XRR data were simulated on a Leptos software from

Bruker AXS.
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Figure 3.5: General schematic of X-ray reflectivity from film surface .

3.7 Rutherford backscattering

Rutherford Backscattering Spectrometry (RBS) is a widely used method for the

near surface layer analysis of solids. It was used in this study to compliment EDS

and Raman measurements. The thin films were bombarded with ions (4He+) at an

energy in the MeV-range (2 MeV), and the energy of the backscattered projectiles

was recorded using a silicon detector tilted at 165o. The 20 keV energy resolution

of the system was determined from the signal of thin a-SiC layers. The beam

used was 1 mm wide and had current ranging from 300 - 550 pA for respective

experiments. The detector-sample distance was 50 mm. The pressure in the

chamber during the experiments was around 10−6 mbar. Basic data acquisition

were done with the OM-DAQ program [70].

The information in the RBS spectrum were used to establish the thickness

and composition of the layers in the sample. In general, for a simple spectra, it

is sufficient to measure peak heights, area or widths and follow simple analysis

procedures to determine these quantities [71]. In analyzing more complex spectra,

it is usually adequate to use a computer program which generates a theoretical

spectra based on hypothesized sample structures. The standard technique is to

view an overlay of synthesized spectrum with the experimental one, and iteratively

modify the parameters of the synthesis until an adequate fit is achieved [72]. In

this work, the obtained experimental data were simulated and analyzed using

RUMP software package [73]. The RBS equipment used in this work was from

iThemba LABS, Johannesburg.
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3.8 Optical Spectroscopy (Transmittance) mea-

surements

Material opacity plays an important role in SBS measurements; since it determines

the nature of the scattering geometry and the dominant scattering mechanism

(chapter 2). Additionally it prescribes the scattered light polarization to be used

for observing certain exotic modes (in transparent samples ”love” modes can only

be observed at p-s scattered light polarization [74]).

SiC/Sapphire samples appeared to be transparent when viewed by a naked

eye. From this observation, it was then important to measure the transmission

spectrum of a-SiC. Transmission measurements were done using the UV-VIS-NIR

500 Cary spectrophotometer found in the School of Physics, University of the

Witwatersrand, Johannesburg. The 8.01 version of the instrument was used, ran

on a control software called Scan Software Version 4.10(464). After baseline cal-

ibration for 0 and 100 % transmittance the sample was scanned from 400 - 700

nm since the main analytical technique, SBS, utilizes visible light. Transmission

measurements are presented in chapter five.

3.9 SBS: Experimental setup

This section presents a comprehensive overview of the SBS experimental technique

(equipment located at the School of Physics, University of the Witwatersrand, Jo-

hannesburg). SBS serves as the last and main experimental technique to determine

the elastic constants of a-SiC film. A theoretical description of the SBS experi-

ment was highlighted in chapter two, as stated, a resolution of weak inelastically

scattered light by thermally induced acoustic waves forms the most important part

of SBS. As highlighted in section 2.2, this resolution requires a highly sensitive

instrument. The high contrast (1011), described by Mock et al. [75], of the mul-

tipass Fabry-Pérot interferometer developed by Sandercock serves that purpose.

A basic Brillouin scattering interferometer requires: a source of highly monochro-

matic coherent laser light, a high resolution (GHz range) and high contrast (1011)

spectrometer, a very sensitive detector and a multichannel analyzer. Figure 3.6

shows a pictorial view of the SBS setup. Figure 3.7 presents a schematic rep-

resentation of the SBS apparatus highlighting the external optics, the 3+3–pass

tandem Fabry-Pérot interferometers (TFPI) and the data collection equipment.
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Figure 3.6: Surface Brillouin scattering pictorial representation showing the
Tandem Fabry Pérot Interferometer (TFPI) and auxiliary electronics.

Figure 3.7: (A) General schematic for most light-scattering experiments. Laser
light hits the sample and the scattered light is analyzed. (B) A more complete
diagram of a Brillouin-scattering experiment. PC = personal computer; PMT =
photomultiplier tube; FPC = Fabry-Perot controller; BS = beam splitter [76].

3.9.1 The laser

A compact and reliable Diode-Pumped Solid State (DPSS) laser (Torus 532 laser

system of Laser Quantum) was used in the SBS measurements. The torus 532

laser is a high specification, emitting visible light at 532 nm with an output power

up to 750 mW making it ideal for Brillouin scattering. Using intelligent electron-
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ics, the torus continually tracks its longitudinal mode position and ensures there

is no mode-hop. In order to strongly attenuate the intensity of relatively spuri-

ous secondary laser modes, a temperature stabilized etalon device (Temperature

controlled filter (TCF)) is used. These modes are very weak, with an intensity

typically 10−8 to 10−11 of the laser intensity, however, these lie in the region of

interest for Brillouin spectroscopy measurements, hence, the need for attenuation.

Figure 3.8 shows the spectrum of the laser source measured using the JRS high

contrast tandem interferometer. The main laser peak has been strongly attenuated

relative to the secondary peaks. A Brillouin spectrum measured in the presence

of a strong elastic component will show these secondary peaks in the background,

making interpretation of the spectrum difficult. The TCF attenuates theses modes

below the detection threshold.

Figure 3.8: Spectral cleaning. The blue curve shows the spectrum of a laser
source, showing several additional modes extending out as far as 100 GHz, as was
seen by means of a high contrast Fabry-Pérot interferometer. The red curve shows
the theoretical transmission curve of a TCF unit (Extracted from the ”Tempera-
ture controlled laser filters TCF-1/TCF-2” Instruction manual).

The torus is a single longitudinal mode laser. Control of the laser can be

accessed through a dedicated RS232 port on the PSU. The unique patented

travelling-wave cavity results in an ultra-low noise output. The torus TEM00

spatial mode gives a beam with Gaussian intensity profile (bandwidth – 1 MHz),

minimum divergence (<0.4 mrad) and the smallest spot size (1.7 ± 0.2 mm).
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3.9.2 The tandem Fabry-Pérot interferometer (TFPI)

Figure 3.9: Aerial view of the JRS Instruments (3+3) multipass Tandem Fabry-
Pérot Interferometer used in the experiments. (A) marks the position of a transla-
tion stage for switching between alignment mode and tandem mode during set-up
procedure, (B) and (C) mark Fabry-Pérot 1 and Fabry-Pérot 2 respectively and
(D) is the detector.

The history of the Brillouin spectroscopy shows several main stages of advance-

ment connected to improvements in Fabry Pérot interferometers and methods for

employing them [77, 75, 78]. A basic Fabry-Pérot interferometer (FPI) consists of

two plane mirrors mounted such that they are parallel to each other, with an op-

tical spacing L between them. The FPI produces a series of peaks when there are

constructive interference within the cavity. For normal incidence, the instrument

transmits light of wavelength λ only if the distance L is equal to a multiple of half

the value of the incident wavelength, namely L = mλ/2 where m is an integer.

This can be understood by considering the interference between the ray directly

transmitted by the two mirrors and the ray that experiences double reflection

inside the interferometer cavity. Neighboring orders of interference are therefore

separated in frequency by an amount ∆v = L/2 wavenumbers (∆v = L/2 = 150/L

GHz mm−1). The inter-order spacing is called the free spectral range (FSR).

Considering the multiple reflections inside the interferometer cavity the trans-
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mitted intensity is given by the Airy function T (L/λ)

T
(L
λ

)
=

To

1 +
(2F

π

)2
sin2

(2πL

λ

) (3.4)

where To(< 1) is the maximum transmission and F is the finesse of the interfer-

ometer which is responsible for the fringes’ width and depends on the flatness and

reflectivity of the mirrors. The single FPI suffers from overlapping of interference

orders of different spectral features of the scattered signal. One way of attending

to this problem would be using large values of FSR, however, this sets a limit

on the spectral resolution, low-energy peaks in the spectrum cannot be resolved

from the central elastic peak. The best way to solving this problem is by using

equipment with two interferometers mounted on the same scanning stage at an

angle θ (as shown in Figure 3.10) having different mirror spacings, L1 and L2 (tan-

dem interferometer). This configuration works as a tunable optical filter whose

peak transmission is close to unity over a narrow spectral interval. In practice the

ratio is set at L2/L1 = 0.95, a condition required for synchronization of the two

interferometer scans [79]. The total transmission curve is composed of a central

elastic peak and small ghosts symmetrically positioned on either side representing

weakly transmitted interference orders of the two interferometers.

Figure 3.10: A schematic plan view of the two Fabry-Pérot interferometer on a
single translation stage [75].

In the present work, a (3+3)-Pass TFPI (shown in Figure 3.9) mounted on

a Vibration Isolation System MOD - 2 (produced by JRS Scientific Instruments)

was used. The TFPI achieved a contrast as high as 1011 providing the capability
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to distinguish the weak inelastically scattered light from the intense elastically

scattered light. Thus, it was possible to study the weak acoustic phonon modes

from the surface and observe the weak longitudinal and transverse thresholds of

the Lamb continuum.

3.9.3 Photo - detectors

As a consequence of the low intensity of the Brillouin signals, a single-photon

counting detector is recommended. For this purpose, low-noise photomultiplier

tubes (PMT) having a dark count 0.3 per second are generally used. The EG&G

Optoelectronics Canada SPCM-200-PQ silicon avalanche photo-diode was used

for all the experiments in this work. This device has a higher quantum efficiency

advantage over a PMT, however, it has a disadvantage of a higher dark count of

1 per second relative to 0.3 per second for the PMT. In practice nevertheless, the

higher quantum efficiency translates to reduced time to accumulate a spectrum of

between four and five times for the EG&G device compared to a PMT.

3.9.4 The multichannel analyzer

The spectra in this present work were recorded using a personal computer based

multichannel analyzer (MCA) interfaced with the TFPI and the detector. The

MCA used was a Windows based JRS Scientific Instruments Ghost multichannel

analyzer. The MCA works with a software for data analysis and spectrum cali-

bration. The spectra were stored in ASCII format and later analyzed using the

OriginLab software. Up to 512 channels were used to obtain spectra of sufficient

quality and also provided an acceptable interplay between acquisition time and

resolution. All spectra were collected at 600 scan amplitude which gave spectra

in the range -40 to 40 GHz.

3.9.5 Alignment of the TFPI for SBS measurements

This section aims to highlight the daily operation of the SBS equipment, also in-

cluded is the discussion on aligning the TFPI for SBS measurements. It should be

noted that all operations of the SBS instrument were done in a dark environment.

This was done to avoid possibly saturating the detector and to avoid interfering

with the adjustment of the auxiliary optics for focusing.

Measurements on the a-SiC films and SrF2 were done with samples mounted

on a machined sample holder fitted with a goniometer to enable angular variations

for both incident and azimuthal angles. All measurements were done in backscat-

tering geometry (180o scattering) meaning the scattered light was collected by the

37



same lens and steered to the entrance pinhole of the TFPI by two optical mirrors

operated in a periscope alignment. Simultaneous fine adjustments of the steering

mirrors and the focal length projected the image of the sample onto a white card

that was placed on the translation stage of the TFPI (the card was removed after

confirming the projection of the image). Viewing of the image was usually done

at full laser intensity (depending on the scattered light) which was adjustable by

using a acousto-optic modulator (AOM). The AOM was used to adjust the in-

tensity of the laser beam, implying, the laser power source was only set once per

measurement. When the image on the white card showed a circular bright image

against a dark background, the focusing was at its optimum position.

The next step was the alignment of the TFPI as explained in the JRS Operator

Manual for the tandem interferometer [80]. The typical output, before and after

optimization, with the TFPI in alignment mode is shown in Figure 3.11. When

there was satisfaction that the experimental setup was optimal, the collection of

the SBS spectra was started.

Figure 3.11: Diagrammatic representation of the pre-alignment process for the
TFPI system. a) Shows the measured reflected intensity for two imperfectly
aligned interferometers, b) shows the intensity after correct alignment but before
synchronization [80]

.

The measurements done in this work used a 4 mm mirror spacing to separate

the weaker surface wave excitations from the intense elastic peak. A comprehensive

discussion on mirror spacing was done by Sussner and Vacher [81]. SBS spectra

were collected at angles 30o to 80o with accumulation time of about 8 – 36 hours

per angle at 10o intervals. The long accumulation times were a consequence of the

low scattering efficiency of SiC film.
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3.9.6 Error analysis in SBS measurements

Most errors in the SBS technique are identified as; instrumental errors, scattering

geometry errors and errors from the scattering cross section. Instrumental errors

are associated with the calculation of the frequency shifts of corresponding Bril-

louin scattering peaks and these calculations are a result of an error in measuring

the mirror spacing, the position of the ghost peaks and Brillouin scattering peaks.

Brillouin scattering is sensitive to scattering geometry. Scattering geometry

errors arise from the collection of scattered light by an aperture collection lens. The

aperture allows phonons with a range of wave vectors to contribute to the measured

scattered light leading to the broadening of the phonon line shape resulting in the

introduction of a systematic shift in the position of the peak. When the scattering

geometry is well controlled, the uncertainty in measured frequency is typically less

than 0.5 – 1 % [82].

Errors associated with the scattering cross section depend on the scattering

intensity as a function of scattering angle. In the case of polarization in the

sagittal plane (p-p polarization) of the backscattering geometry, an error of 1o in

the external scattering angle (in symmetric geometry with an 80o scattering angle)

will produce approximately 1% error in the measured frequency [82]. To minimize

these errors scattering angles are kept between 30o and 70o, 70o being the most

favorable because of the increased scattering intensity which directly translates to

better spectral features.

In response to these identified errors, the mirror spacing was kept at 4 mm

by adjusting a precision clock gauge to within 0.01 mm. Following the latter

statement, an error of 0.25 % can result in the setting of the free spectral range

(FSR). Calculating an arithmetic average of the obtained Brillouin frequency shifts

helped in eliminating the error in the elastic peak position. An overall error

estimate from the discussion above amount to between 1-2 % of the measured

frequency shift [83].

3.10 Summary

This chapter defined and highlighted on the experimental techniques that were

used in characterizing the deposited films. Specific machines used were stated

including the procedures followed to obtain results. All physical aspects of the

main technique (Brillouin scattering spectroscopy) were highlighted. Chapter four

presents an investigation of elastic constants of a bulk transparent sample.
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Chapter 4

Elastic constants of transparent

bulk material (SrF2)

4.1 Introduction

The alkaline-earth fluorides have long attracted the scientific and technological

interest because of their fast-ion conductivity in the vicinity of the melting tem-

perature [84]. More recently alkali earth fluorites have been used for extreme

ultra violet based lithography which requires precise determination of their elastic

strain. The elastic properties of these alkaline-earth fluorides have been investi-

gated over the years by using the traditional ultrasonic pulse-echo technique [84].

The present chapter describes the measurements of elastic constants of Strontium

Fluoride (SrF2) at ambient temperature and pressure by Brillouin light scattering

technique. The measurement of frequency shifts of Brillouin lines along a specific

propagation direction allows the determination of the phase velocity of the elastic

waves by a simple application of Snells law [28]. The elastic properties and veloci-

ties obtained of transverse and longitudinal acoustic modes of SrF2 were compared

to those found in literature [84].

4.2 Characterization of SrF2

Strontium Fluoride (SrF2) is a super-ionic conductor with a fluorite structure that

is based on a face-centered cubic (Figure 4.1), space group Fm3m, with four atoms

per unit lattice cell. The fluorite structure has eight fluorine atoms arranged in

a cube around the strontium atom, with the cubes of fluorine edge connected in

a face-centered cubic array. The fluorine atom is surrounded by four strontium

atoms arranged in an ideal tetrahedron, with the tetrahedra also edge-connected

[85, 86]. SrF2 offers a range of transparency from the ultraviolet to the long wave
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infrared, with low reflectance loss and low dispersion which promotes its optical

applications [87, 88].

Figure 4.1: Unit cell of SrF2 known as the fluorite structure, drawn using VESTA
3 software developed by Momma and Izumi [89].

4.2.1 Raman spectroscopy results

Raman spectroscopy was used to verify the crystallinity of the SrF2 sample. The

Raman bands of the sample were examined using a Horiba LabRAM HR Raman

spectrometer equipped with an Ar ion laser (514.5 nm) and a laser power of 0.4

mW. Figure 4.2 shows a typical Raman spectrum for the SrF2 sample at ambient

temperature. It reveals a peak located at 289 cm−1, normally observed at low

temperatures (≈ room temperature) as an intense T2g phonon. The position of

this peak is in good agreement with observations reported by Glynn et al. [90]

and Van der Marel and Den Hartog [91], associated with single crystals of (001)

lattice plane.
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Figure 4.2: Raman spectrum of SrF2 showing the allowed Raman-active phonon
for the pure SrF2 crystal at 289 cm2.

4.2.2 XRD results

The crystallinity of as-prepared SrF2 was characterized using powder X-ray diffrac-

tion (XRD). Figure 4.3 shows the diffraction pattern collected for SrF2 sample in

the 2θ range of 10 - 100 degrees. No impurities were observed in the sample. All of

the diffraction peaks in Figure 4.3 are indexed to a pure face-centered cubic phase

[space group: Fm3m (225)] of SrF2 with an accompanying lattice constant a =

5.805 Å comparable to the corresponding literature value of a = 5.800 Å (JCPDS

06-0262). The XRD atomic density was determined to be 4.26 gcm−3 for an ideal

SrF2 lattice with 4 atoms of Sr and F. The weakness of the (200) reflex in Figure

4.3 implies that there could be an axis tilt from the [100] direction (SrF2 sample

was not perfectly oriented).
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Figure 4.3: X-Ray diffraction pattern of SrF2.

4.2.3 EDS results

Energy dispersion x-ray spectroscopy (EDS) was performed on the SrF2 sample

to supplement the XRD results and determine the elemental composition of the

sample. Figure 4.4 shows the EDS spectrum obtained from a SEM described

in section 3.4 with 1500 × magnification at 30.00 kV HV. EDS confirmed the

presence of Sr and F elements.

Figure 4.4: EDS pattern of SrF2.

After characterization and knowing the crystal structure and crystallinity of the

SrF2 sample the elastic properties were then investigated using Brillouin scattering

spectroscopy.
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4.3 Brillouin scattering results on SrF2

Unlike in the thin film surface Brillouin scattering (SBS), in bulk transparent ma-

terials the elasto-optic Brillouin scattering mechanism (section 2.2.1) is dominant.

Back scattering configuration (Figure 2.1) was used to obtain three independent

elastic constants of SrF2. The phonons, satisfying the wave vector conservation in

a given Brillouin scattering geometry (e.g Figure 2.1) have wave vectors given by

q = ±(ki − ks); |q| = ±2|ki| sin θ (section 2.2.1). The relationship between sound

velocity v and the Brillouin scattering frequency shift ∆ω can be determined by

these scattering geometries. With back scattering (180o scattering),used in this

study, v = 2π∆ω/q, where q is the phonon wave vector equivalent to 4πn/λ, with

n being the refractive index of the crystal and λ, the wavelength of the laser. The

laser used in this study emits 532 nm wavelength radiation and SrF2 has a refrac-

tive index of 1.440 [33]. The elastic constants of a material, along with its density,

determine the phase velocity of acoustic waves along their polarization modes.

Figure 4.5: Brillouin spectra of SrF2 showing all modes observed at incident
angle of 60o.

In order to observe the longitudinal acoustic phonon (LA) and two trans-

verse acoustic phonons (TA1 and TA2), in Brillouin scattering, the polarization

of scattered light was not analyzed in the experiment. A typical Brillouin spec-

tra collected from the SrF2 sample is shown in Figure 4.5. The strong signal at
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zero Brillouin shift arises from Rayleigh scattering. The spectrum consists of A,

B, C and D modes that are symmetric about zero Brillouin shift, corresponding

to Stokes and anti-Stokes scattering. The data accumulation time from the 512-

channel analyzer varied from about 30 minutes to an hour. Frequency dispersion

curves were obtained to establish the nature of the modes observed and the direc-

tional dependence of the phonon wave vector. By varying the angle of incidence, it

was possible to establish whether the observed modes were surface or bulk modes.

Taking q = 4π sin θ/λ for surface modes, frequency dispersion curves were plotted

(Figure 4.6). The modes A, B and C showed that the Brillouin shift is invariant to

the incident angle suggesting that these are bulk acoustic modes. The expression

Figure 4.6: Frequency dispersion plot for modes A, B and C observed in Figure
4.5.

for q above is true only for surface acoustic waves (SAW) and gives a linear graph

in response to the change of sin θ. In the case that the modes under investigation

are found to be bulk modes, q = 4πn/λ is used to calculate the phonon velocities.

The velocities for modes A, B and C were calculated to be 2770, 2960 and 5180

m/s respectively and these compare well with values obtained by Crouch et al.

[92] and Gerlich [84] of 2720, 3040 and 5200 m/s respectively.

Brillouin scattering from cubic crystals has been analyzed theoretically by

Benedek and Fritsch [93],their theory was further extended to describe the spectra

scattered from a cubic crystal in an arbitrary orientation with respect to the
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incident light beam [42]. The generalization was necessary and applicable to the

present investigation because it was difficult to know the exact crystal orientation,

though Raman results seem to indicate a likely (001) plane. The anisotropic cubic

SrF2 is characterized by three independent elements of the elastic tensor, namely;

c11, c12, and c44 (section 2.1.1). Using a quarter-wave plate, the incident light

for the Brillouin light scattering was set as a mixture of p and s-polarization.

This approach enabled the observation of the dependence of the acoustic waves

with polarization directions. The s-s polarization means both the incident light

and the scattered light were normal to the sagittal plane (the plane of incidence).

The p-p polarization means both the incident light and scattered light lay on the

sagittal plane. The s-s and the p-p states describe both the pure surface and bulk

contributions to a scattering cross-section [42]. However, mixed configurations,

namely s-p and p-s, describe only elasto-optic contributions [94].

After confirming the bulk nature of the modes in Figure 4.6 q = 4πn/λ was used

to calculate the velocities and to plot the azimuthal dispersion curves of individual

modes in Figures 4.7 and 4.8. The Brillouin spectra were obtained at fixed 60o

incident angle at 5o azimuthal angle intervals from 0o to 90o. Figures 4.7 and 4.8

show the orientation dependences of the longitudinal and shear moduli of the SrF2

crystal in (100) plane, in which solid lines represent the angular dependences of

ρv2 for different modes, and the shaded squares represent experimentally measured

data. It turns out that the velocity of the compressional (LA) mode is strongly

dependent on orientation. It follows from Figure 4.8 that its velocity reaches a

maximum along the [001] propagation direction, and it decreases to a minimum in

the [011] direction. The velocities of the first shear (TA1) mode (Mode B in Figure

4.6) do not change for different propagation directions (dispersion plot shown in

Figure 4.9). TA1 is a shear mode with predominantly vertical polarization, whilst

TA2 and LA modes have predominantly horizontal polarization and thus exhibit

weakly anisotropic behavior. On the other hand, the velocities of the second shear

(TA2) mode (Mode A) change significantly with propagation direction. The TA1

and the TA2 modes represent the shear waves propagating in the same (100) plane

with their particle displacements perpendicular to the plane. The TA2 mode has

a maximum velocity in [011] and a minimum velocity in [001], which indicates the

presence of a soft shear acoustic mode in [100] of SrF2. Mode D at about 13 GHz

was unidentified since it only appeared on the p-s polarization state. For the (001)

surface cut, because the normal to the (001) plane is a fourfold symmetry axis,

the SAW speed is periodic every ∆θ = 90o. In addition, the < 110 > direction is

a twofold symmetry axis, and therefore the SAW speed is symmetric about that

direction θ = 45o in Figures 4.7 and 4.8. Materials with Zener anisotropy ratio η =

1 are nearly isotropic and hence have nearly constant SAW speed for all directions,
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Figure 4.7: Azimuthal dispersion plot for mode A in SrF2 Brillouin spectra taken
at 60o constant incident angle.

Figure 4.8: Azimuthal dispersion plot for mode C in SrF2 Brillouin spectra taken
at 60o constant incident angle.

SrF2 has η ≈ 0.80. For all materials, the direction θ = 0o is a pure mode, and

the particle trajectories are confined to the sagittal plane. Some materials have
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Figure 4.9: Azimuthal dispersion plot for mode B in SrF2 Brillouin spectra taken
at 60o constant incident angle.

additional pure modes in other directions, but in these cases the SAW often has a

transverse component e.g., Ni, Cu, Si, Ge [95]. In some materials, the SAW speed

approaches the transverse bulk wave speed as the direction approaches θ = 45o.

This effect is the source of the dip in the SAW speeds of Ni, Cu, Si, and SrF2 as

observed in Figure 4.7. The SAW becomes a shear horizontal bulk wave at θ =

45o, a direction that coincides with the < 110 > diagonal.

The values of elastic moduli cij may be obtained from the relationship cij = ρv2

(Table 2.3). Figure 4.7, gives the transverse mode (TA2) propagation velocity in

the [100] direction, giving vTA(2) = 2764.6 m/s at 59.9o thus c44 = 32.5 GPa, these

values that compare very well with Gerlich [84] and Catlow et al. [33]. Figure 4.8,

on the same propagation direction [100] we get the longitudinal mode propagation

velocity to be vL = 5215 m/s at 58.2o thus c11 = 116 GPa. The SAW speed (≈
2890 m/s) approaches the transverse bulk wave speed as the direction approaches

θ = 45o giving c12 = 44.6 GPa. Table 4.1 outlines the comparison of obtained c11,

c12 and c44 values with those found in literature.
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Table 4.1: Experimental SrF2 elastic constants c11, c12 and c44 values compared
to the literature values.

SrF2

ρ (g/cm3) Refractive index
Elastic Constants (GPa)

Technique
c11 c12 c44

4.275 1.44
123.8 42.6 32 Brillouin [33]
123.5 43.05 31.28 Ultrasonics [84]

4.26 1.44
115.8 44.6 32.5 This work
121.6 43 29.93 Pulse-echo [92]

4.3.1 Summary

The bulk elastic constant of a transparent material were investigated in this chap-

ter. An appreciation of the Brillouin elasto-optic scattering mechanism was gained.

Three independent elastic constants of the SrF2 sample were determined using the

Brillouin light scattering spectroscopy. c12 and c44 values are similar to that found

in literature, whilst the c11 value deviates from that found in literature by about 6

%. The deviation could be attributed to slight disorientation of the plane, hence

affecting the location of the minimum/maximum on the dispersion curve. The er-

ror may also be caused by the use of literature value of the refractive index which

may differ from the actual value of our sample. It was possible to determine c12

by combining measurements of vL and vTA(2) for propagation along the [100] and

[110] axis respectively.

To facilitate error analysis, the sources of uncertainties in the elastics constants

are generally put into two categories, the systematic error and the random error.

The systematic error results from the values of λ, θ, n and ρ. The combined uncer-

tainties of these quantities were calculated to be 0.4 % [83]. The random error is

attributed to the measured Brillouin frequency shift, which was estimated quanti-

tatively from the variation of θ. The uncertainties of the LA and TA modes were

less than 0.2 %, giving an overall error estimate of between 1 – 2 %, determined

for the elastic constants.
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Chapter 5

Results and discussion :

Characterization studies on

(a-SiC)

5.1 Introduction

This chapter presents the results observed in the characterization of a-SiC thin

films. The theoretical aspects of techniques used in obtaining these results were

discussed in chapter three.

5.1.1 Raman Spectroscopy Results

Raman spectrum is, generally, treated as a chemical composition fingerprint tool

for different compounds [96]. The obtained spectrum of the analyte can be used

as qualitative analysis for unknown samples or a mixture of components. The

as-deposited films on sapphire and silicon substrates were examined using this

technique. The Raman spectra for the film on sapphire is shown on Figure 5.1.

The results obtained show similarities with studies done by Musumeci et al. [97],

Sorieul et al. [98] and El Khalfi et al. [99]. Group-theory analysis shows that

the Raman-active modes of the wurtzite structure (C6v symmetry for hexagonal

polytypes) are the A1, E1 and E2 modes. The A1 and E1 phonon modes are

split into longitudinal (LO) and transverse (TO) optical modes. In backscattering

geometry, the A1 (LO), E1 (TO) and E2 phonons are expected to be seen in the

Raman spectra [98]. Relying on these expectations it was possible to identify the

broad bands in Figure 5.1 around 200, 500, and 1400 cm−1. They are characteristic

of Si-Si (200 and 500 cm−1) and C-C homo-nuclear bonds (1420 cm−1) [98]. The

broad peak at 766 cm−1 is associated with SiC, theoretically expected to be in

the range 700 - 1000 cm−1. The Raman spectra for the film on silicon is shown
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Figure 5.1: Raman spectra of the as-prepared film on sapphire (background
subtracted and peak fitted).

Figure 5.2: Raman spectra of the as-prepared film on silicon (background sub-
tracted and peak fitted).

on Figure 5.2. The spectra shows an additional sharp peak, at 520 cm −1, when

compared to the spectra of the film on sapphire. The sharp peak is attributed to

crystal silicon substrate [99]. Peaks at 205 - 498, 765 and 1440 cm −1 correspond

to Si-Si, SiC and C-C vibrations as discussed above, respectively.

The Raman analysis confirms that the prepared films in this work were indeed

amorphous SiC, the amorphous nature is concluded from the broadness of the

peaks. The polytype of these films was taken to be 6H following the polytype
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of the target used (examined by Raman spectroscopy). Grazing incidence X-ray

diffraction was employed to verify the latter statement.

5.1.2 Grazing Incidence X-ray diffraction (GIXRD) Re-

sults

In theory, atoms in amorphous materials are arranged randomly, thus, x-rays

incident on atoms in a plane are scattered in a random direction due to the random

orientation of atoms and give broad peaks. For this reason the SiC/Si sample was

annealed up to 1000 oC to introduce order into the system and hopefully get

sharp peaks on the x-ray diffraction (XRD) pattern. Figure 5.3 shows the XRD

pattern obtained in the Bragg-Brentano geometry. The peaks observed are from

the crystalline silicon substrate and from carbon in the film, as illustrated (Figure

5.3). The SiC peaks expected at around 35o, 41o, 60o and 72o [100] are not

Figure 5.3: Indexed X-Ray diffraction pattern of a-SiC/Si system. Only peaks
from Si and C are observed.

visible which may possibly be a result of the limited penetration depth of the x-

rays in the Bragg-Brentano configuration and possibly due to the small scattering

volume of the crystalline structure. As a result of this observation GIXRD was

then employed to probe the surface of a-SiC/Si system. Figure 5.4 illustrates the

GIXRD pattern observed. Small reflection signals (red asterisks) were observed

and indexed to be elemental carbon (C), from (002) and (101) planes. Peaks from

SiC are indexed as shown in Figure 5.4 where the broad peak at around 35o was
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identified as a combination of two peaks of 6H-SiC from (101) and (102) planes

[101, 102]. With these results, it can be confirmed that the sputtered thin films

produced were amorphous 6H-SiC films as evident from the Raman Spectra in

Figure 5.5. The broad peak at around 35o suggests, even after annealing up to

1000 oC the film still possesses some amorphous nature.

The presented Raman range in Figure 5.5 was sufficient for SiC polymorph

identification. It was not necessary to do any further characterization techniques

on annealed sample since the objective was accomplished (i.e. identifying the

polymorph). Also, the interest in this study was on amorphous SiC (because of

its ease fabrication methods) not crystallized SiC, hence, not much attention was

given to annealed samples.

Figure 5.4: Smoothened (Red) and original (black) grazing incidence x-ray
diffraction pattern of a-SiC/Si system (incidence angle = 2o). Reflections of C
are marked with asterisks.
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Figure 5.5: Peak fitted Raman Spectra of annealed SiC film. The shift in SiC
peaks is attributed to stresses in the film.

5.1.3 X-ray reflectometry (XRR) analysis of SiC thin films

Figures 5.6, 5.7 and 5.8 present the XRR experimental (black line) results and

simulations (red dots) obtained from a-SiC thin films deposited on (001) silicon

for three, five and seven minutes respectively at 150 W. Simulations of the exper-

imental data were performed using a DIFFRACPLUS LEPTOS 7 software from

Bruker AXS.

The extracted average film density (3.01 ±0.05 g cm−3) falls within the range

reported by Matsukawa et al. [103]. The thickness of films deposited at three, five

and seven minutes were obtained as 36.70, 59.70 and 84.20 ± 0.50 nm respectively.

The errors in XRR measurements are associated with experimental uncertainties in

the x-ray optical constants and the uncertainties given by the adopted simulation

program such that the uncertainty ranges from 2 - 5.6 %. Using the thickness

values obtained for the three different deposition times, namely, three, five and

seven minutes, Figure 5.9 was plotted to obtain the deposition rate of a-SiC thin

film (12.0 ± 0.1 nm/min). This rate compared very well to that predicted in

section 3.2, to within 0.1 %. The calibration plot was performed to confirm the

linear relation of film thickness with deposition time.
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Figure 5.6: X-ray reflectometry pattern of an a-SiC thin film deposited for three
minutes on silicon. Black line and red dots are experimental and simulated data
respectively.

Figure 5.7: X-ray reflectometry pattern of an a-SiC thin film deposited for five
minutes on silicon. Black line and red dots are experimental and simulated data
respectively.
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Figure 5.8: X-ray reflectometry pattern of an a-SiC thin film deposited for seven
minutes on silicon. Black line and red dots are experimental and simulated data
respectively.

Figure 5.9: Graph of film thickness against deposition time. Deposition rate of
12.0 ± 0.1 nm/min was obtained.
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5.1.4 SEM and EDS Results

Figure 5.10 illustrates the image obtained from the cross sectional SEM. The film

thickness was measured to an average of 245 nm, for the sample deposited for 20

minutes, as illustrated in the figure. One plane film view SEM image is presented

in Figure 5.11, only one image is presented as all other samples appeared the

same. Some particles on the film could be evidently seen as labeled in Figure 5.11.

Energy dispersive X-ray spectroscopy detector (EDX/EDS) was then employed to

determine the nature of these particles and is presented in Figure 5.12. The par-

ticles contain Fe and Cr. Si, C, Al, and O also seem to be present in the particles,

however, these are attributed to film and substrate compositions. The origin of

Fe and Cr could not be pin pointed, it was thought that sample holders contam-

inated the films since averagely all films had Fe and Cr on their surface and are

only 4 % of the film composition. Further EDS measurements were done on films

on sapphire and silicon and are presented in Figures 5.13 and 5.14 respectively.

Si, C and O are common in all samples as expected. Other elements observed are

relatively attributed to respective substrates. The Si:C ratios across samples of

same deposition time were 1.0 :2.3 and 1.0 :0.6 for sapphire and silicon substrates

respectively. Si is higher on films on Si substrate as measured by EDS and this is

a result of detection of Si element from the substrate. In general, deposited films

in this work are not stoichiometric and are carbon rich with an average Si:C ratio

of 1:1.5 as measured from EDS.

Figure 5.10: SEM cross sectional image showing thickness measurement of as de-
posited a-SiC film. Deposited for 20 minutes at 150 W rf sputtering power. (Image
shows two measurements (264 and 247 nm) of several averaged film thicknesses)
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Figure 5.11: General SEM image of the as deposited a-SiC films (the present
image is from a film on sapphire(Al2O3)). Presence of foreign particles on the film
are observed.

Figure 5.12: EDS spectra showing the elemental composition of the observed
foreign particles in Figure 5.11.
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Figure 5.13: EDS spectra showing the elemental composition of as deposited
a-SiC thin film on sapphire

Figure 5.14: EDS spectra showing the elemental composition of as deposited
a-SiC thin film on Si
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5.1.5 Optical spectroscopy

The results of optical absorption measurements of as deposited a-SiC on sapphire

are shown on Figure 5.15. The absorbance appears to be increasing as the film

thickness increases. The software for the spectrometer provide absorbance using

Figure 5.15: Optical absorbance of SiC on sapphire sample. The thickness of
the thicker sample (264 nm) was taken from SEM cross sectional images, the other
two thickness were deduced from the assumption that the film thickness increases
linearly with deposition time. The arrow indicates the SBS laser wavelength at
532 nm.

the convention from the spectroscopy, chemistry, and mineralogy literature (SCM)

[104],

aSCM = −log10
(
Imeas
Io

)
(5.1)

where Imeas is the intensity exiting the sample and Io is the intensity entering the

sample (which is obtained by collecting the reference spectrum, shown by the black

line in Figure 5.15). Following the latter statement transmission was calculated

using T = Imeas/Io. The results are tabulated in Table 5.1 and are presented with

sapphire substrate effect subtracted.

It is obvious that compared to sapphire substrate only, the SiC/sapphire sys-

tem has enhanced light absorption (Figure 5.15) with film transmittance lower

than 30 % in the region of interest (525 - 550 nm). The latter discussion essen-

tially promotes the surface ripple mechanism (discussed in section 2.2.1) applica-

ble to conditions for SBS experiment. It is therefore concluded that surface ripple
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scattering mechanism is the most dominant for this study.

Table 5.1: Table of transmittance measurements at 532 nm relative to a-SiC film
thickness..

Film thickness (nm) Transmittance (%)
0.00 100.00
67.00 28.29
134.00 11.03
263.00 2.49

5.1.6 Rutherford backscattering (RBS) Results

The elemental composition of samples prepared were determined by RBS analy-

sis, in complementation with energy dispersive X-ray spectroscopy (EDX/EDS).

The RBS plots were simulated using Rutherford Universal Manipulation (RUMP)

software and this enabled to determine layer by layer information on thickness

and composition. The RBS spectra and simulations for the as-deposited SiC-Si

thin film, samples deposited for five, ten and twenty minutes at 150 W sputter-

ing power are shown in Figures 5.16, 5.17, 5.18 respectively. The arrows indicate

the surface channels of observed elements. The spectrum display presence of SiC

layer, illustrated by a step labeled ’Si-SiC interface’ [105]. The step broadens as

the layer thickness increases as shown in Figures below. In theory, FWHM of

the peaks observed represent the total energy loss of 4He+ ion as it penetrates a

certain distance of the sample and it is highly utilized in computer simulations.

Rump simulations show a thickness of 75, 145 and 270 nm for samples deposited

for 5, 10 and 20 minutes respectively. The Si:C atomic % ratio for the 75 and 270

nm samples were 1:2.24 and 1:2.16, respectively, for the sapphire and silicon sub-

strates giving an average composition ratio of 1:2 of as deposited samples. Some

impurities of Fe and Ca are also observed on the layer which are less than 2 %

in composition of SiC layer. It is assumed that all samples have a layer of SiO2

just above the Si substrate layer attributed to the natural presence of oxygen and

that the samples were deposited at room temperature. The SiO2 layer was given a

thickness of five nm in all three simulated samples. The O peak was not noticeable

from the experimental data due to relative signal to noise ratio.
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Figure 5.16: RBS spectra for SiC films deposited for five minutes (75 nm) onto
silicon substrate. The black and red plots are actual and simulated profiles re-
spectively.

Figure 5.17: RBS spectra for SiC films deposited for ten minutes (145 nm)
onto silicon substrate. The black and red plots are actual and simulated profiles
respectively.
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Figure 5.18: RBS spectra for SiC films deposited for twenty minutes (270 nm)
onto silicon substrate. The black and red plots are actual and simulated profiles
respectively.

5.2 Summary

Chapter five dwelled on the characterization of deposited thin films. Raman and

GIXRD confirm that films were amorphous SiC belonging to the 6H polytype.

Electron images from the SEM show a general uniform growth of the thin film.

EDS and RBS measurements gave relatively similar Si to C ratios on the film

taking into account the different probing particles used in respective techniques,

namely, x-rays and 4He+. Knowing the nature of our films, the next step was to

probe their elastic constants using surface Brillouin scattering spectroscopy which

is presented in chapter six.
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Chapter 6

Surface Brillouin scattering

studies on SiC films

6.1 Introduction

Due to SiC mechanical and electronic properties, discussed in chapter one, the ma-

terial has gained applications in microelectronic and optoelectronic devices (solar

cells [106–108], light emitting diodes [109], photo-transistors [110, 111]). Full set

of elastic constants for a number of different polytypes of bulk, crystalline SiC

were first determined by SBS by Kamitani et al. [112].

In this chapter the dynamics of surface acoustic waves in SiC thin films are

presented. In order to investigate the influence of the substrate, the present study

compares the elastic properties of amorphous SiC films deposited on silicon and

sapphire substrates (preparation and characterization of samples are discussed in

chapters three and five respectively). Surface Brillouin spectroscopy, discussed in

chapters two and three, is employed to study the elastic properties of the films.

The chapter ends by comparing the slow-film/fast-substrate and fast-film/slow-

substrate systems.

6.2 SBS on a-SiC films on Sapphire substrate

In this study the interesting case of two transparent media: SiC films supported by

sapphire (Al2O3) substrate was investigated. The latter statement suggested that

Brillouin spectra obtained for such a case involves both scattering mechanisms

discussed in section 2.2.1. However, the results from transmission measurements

in section 5.1.5 show that the ripple scattering is more dominant. A similar system

was first studied by Nizzoli et al. [27] on polycarbonate films supported by Pyrex

substrate. In their study it was found that in general the ripple scattering from
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the transparent surface gave rise to the dominant term. The elasto-optic effects of

the film are thickness dependent and were by no means negligible and sometimes

were even the largest. Conversely the ripple term of the film-substrate interface

and the elasto-optic term of the substrate were small and did not appreciably

affect the cross-section.

The data reported here first incorporates Brillouin measurements for bulk

(elasto-optic) scattering carried out on sapphire substrate and this was done for

baseline referral to identify changes that occur after an a-SiC film deposition. Fig-

ure 6.1 shows the measured Brillouin spectra of sapphire substrate and of SiC thin

film on sapphire at 70o laser incidence. The Brillouin spectra on a-SiC/sapphire

were collected for twelve hours each from a laser with 240 mW power on sample.

The spectrum shows Stokes and anti-Stokes sides, the peaks of the Rayleigh mode

(SAW) and of bulk modes. The difference between the spectra, shown in Figure

Figure 6.1: Brillouin spectra showing bulk modes on sapphire substrate (black)
and surface modes on a 270 nm thick a-SiC film on sapphire (red). Both spectra
were taken at laser incident angle of 70o.

6.1, can clearly be noticed, bulk modes that appear on the spectra of sapphire

substrate are not visible after a 270 nm a-SiC film has been introduced. To as-

certain the identification of the peak observed in the red spectra (a-SiC SAW in

Figure 6.1) Green’s function (section 2.2.2) was used to calculate the theoretical

SBS cross-sectional spectra, shown in Figure 6.2. The Rayleigh surface acoustic
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wave (RSAW) of the calculated spectra, for same incident angle, falls within the

range (14 - 17 GHz) of the experimental RSAW.

Figure 6.2: Green’s function cross-section Brillouin spectra (anti-Stokes side)
for a 270 nm thick a-SiC thin film on sapphire, calculated for a range of incident
angle (50o - 70o). The simulation was calculated using 60 % of bulk single crystal
6H-SiC elastic constants (c11 and c44) reported by Kamitani et al. [112]. In most
cases, thin film elastic constants are 60 % of their bulk elastic constants, hence,
this estimation [113].

For thinner films, about 145 nm, it was a challenge to identify the SAW modes

against the backdrop of the bulk modes. As a result of this predicament, it was

necessary to vary laser incident angle, as discussed in section 2.2.1, to identify the

nature of modes observed in the a-SiC/Sapphire Brillouin spectra. It should be

noted that modes from the sapphire substrate are visible on the a-SiC/sapphire

spectra and this is a consequence of some degree of transparency of SiC thin

film at 532 nm wavelength. Figure 6.3 shows an SBS spectra of 145 nm thick

a-SiC film on sapphire, showing symmetric frequency positions of the observed

modes. Tracking the labeled modes as the incident angle was varied gave plots

shown in Figure 6.4 and 6.5. According to the discussion in section 2.2.1, bulk

modes whose velocity is given by v = fλ/2n (n being the refractive index of the

material) are not affected by the variation of incident angle as shown by peaks B

and C in Figure 6.5. Surface modes (Peak A in Figure 6.4) are linearly affected

and the velocity (4062 m/s) of the SAW was calculated from the slope (2v/λ) of

the graph in Figure 6.4 obtained from equation 2.34, v = fλ/2 sin θ, where f is
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Figure 6.3: SBS spectra for 145 nm thick a-SiC thin film on sapphire, taken at
laser incident angle of 70o.

the Brillouin shift frequency of the SAW and θ is the incident angle of light from

the normal direction of the sample. The SAW velocity, 4062 m/s, falls within the

range reported by Matsukawa et al. [103]. At θ = 30o the SAW could not be easily

identified because of the peak to noise ratio.
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Figure 6.4: Frequency dispersion curves of Peak A as the incident angle is varied
from 30o to 80o.

Figure 6.5: Frequency dispersion curves of Peak B and C as the incident angle
is varied from 30o to 80o.
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6.2.1 Extraction of effective elastic constants of a-SiC thin

films

To recover elastic constants from phonon velocities the underlying continuum me-

chanical model implies the integration of the equation of motion, discussed in

section 2.1.2 and discussed in detail by Farnell and Adler [49]. In homogeneous

films it was found that the sound velocities of localized modes only depend on the

product of q|| and the film thickness h [49]. The dispersion of acoustic velocity is

examined by varying the dimensionless product q||h. As stated by equation 2.32,

q|| depends on the laser light incidence angle θ. In this work, sin θ was varied from

0.5 to 0.98. This range was narrow to obtain enough information to extract elastic

constants, hence, it was necessary to examine films of different h to obtain a wide

range of q||h of the dispersion curve. As mentioned in chapter two, all films were

deposited under identical conditions, therefore, the combined dispersion curves of

the surface wave modes were continuous and were expected to relate to a single

set of elastic constants. By means of a least-squares minimization fitting (to the

velocity dispersion curves of the system (v vs. q||h)) governed by

χ2 =
∑
i

(
V i
cal − V i

meas

)2

, (6.1)

the method of elastodynamic Green’s functions was applied to the film on a sub-

strate system inorder to extract the film’s elastic constants. V i
cal and V i

meas are the

calculated (determined by Green’s function) and measured velocities (determined

from the spectra) respectively. The calculations are based on the input values of

the elastic constants c11, c12, and c44 [114].

Figure 6.6 shows the calculated and experimental dispersion of the surface

waves. The waves were detected in a q||h range between 2 and 8 by varying

the incidence angle from 30o to 80o as well as using films of different h. The

uncertainties in film thickness evaluations are represented by horizontal error bars.

The errors in the acoustic velocity is due to uncertainties in determination of peak

positions and it is represented by vertical error bars. The experimental dispersion

curve shows good agreement with the calculated curve, except for position of

transition between film thicknesses where two outliers are observed. Figure 6.6 also

demonstrates that only the Rayleigh mode is observed at all laser incident angles

from a-SiC/sapphire Brillouin spectra ran for twelve hours each. The Sezawa

mode was, however, only observed at laser incident angle of 80 o on a 145 nm

a-SiC film. It should be noted, however, that more Sezawa modes were expected

since the current system is an elastically soft film on hard substrate [113]. It was

concluded that these modes were not observed as a result of too small scattering
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Figure 6.6: Dispersion curves of two samples with thicknesses h of 145 and 270
nm. Noticeably, only the Rayleigh mode is observed in the spectra of each sample
and are plotted (combined). A Sezawa mode is observed once on the 145 nm
sample at 80o incident angle. Experimental and calculated dispersion plots are
shown in red and blue circles respectively.

cross section. The Rayleigh wave velocity of the film is seen to be close to that of

sapphire at small film thickness and gradually decreasing and gets constant (4 644

m/s) at large film thicknesses. The film elastic constants which correspond to the

best fit in Figure 6.6 are c11 = 250.00 GPa and c44 = 73.50 GPa, the density (3.00

g/cm3) of the films obtained from XRR measurements was used. These values are

half of those reported by Kamitani et al. [112] on bulk single crystal 6H-SiC, the

difference in values is attributed to film and amorphous nature of samples in this

work.

6.3 SBS on a-SiC films on Si substrate

The present study looks at transparent a-SiC films on opaque Si, which is a differ-

ent system as of the previous study. However, as discussed in previous sections,

the most dominant Brillouin scattering mechanism is the ripple mechanism and it

is most enhanced in this system following the opaqueness of the substrate. As a

consequence of opacity of Si, modes from the substrate were not expected. Sample
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preparation and characterization were discussed in chapters three and five. Figure

Figure 6.7: Typical SBS spectra for 145 nm thick a-SiC thin film on Si, taken
at laser incident angle of 70o. The Rayleigh mode of the film is observed at 16.43
GHz.

6.7 illustrates the Brillouin spectra on a 145 nm a-SiC film on Si.The spectra was

collected at laser incident angle of 70o for twenty four hours at 640 mW laser

power. It would be noticed that Brillouin spectra acquisition times for films on Si

and Sapphire were different as a result of their respective optical properties. Sil-

icon is a weak light scatterer compared to sapphire, hence more acquisition time

and more laser power was needed with Si substrates.

6.3.1 Extraction of effective elastic constants of a-SiC thin

films

As was done in the previous study on a-SiC/sapphire, the method of elastody-

namic Green’s functions was applied to extract the film’s elastic constants by

least-squares minimization fitting to the velocity dispersion curves of the system

(v vs. q||h). The dispersion of surface waves was detected in a q||h range between

0.6 and 8 by using films of different thicknesses (70 - 270 nm) deposited under

similar sputtering conditions as well as by varying the angle of incidence from 30o

to 80o. The combined results of these measurements are shown in Figure 6.8. For
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Figure 6.8: Anomalous dispersion curves of a-SiC on Si substrate. Three samples
with thicknesses h of 70, 145 and 270 nm were used to construct the dispersion plot,
and noticeably only the Rayleigh mode is observed consistently. Experimental and
calculated dispersion plots are shown in red and blue circles respectively.

an elastically hard film on an elastically soft substrate, as is in the current study,

Sezawa modes are not observed [113], only the Rayleigh mode is present as was

illustrated in Figure 6.7. An anomalous dispersion profile is observed, where the

Rayleigh mode of the film is near to that of the substrate at low film thicknesses

and gradually decreases and becomes constant as the film gets thicker. Appear-

ance of anomaly effects depends on whether [ H = (ρf/ρs)/(VRf/VRs)] is greater

or smaller than unity, ρf and ρs are film and substrate densities and VRf and VRs

are Rayleigh velocity of film and substrate respectively. Parameter H quantifies

the effects of loading with respect to velocities. When H < 1, as in the SiC/Si

case, the velocity effects is greater than the loading effect. Hence, dominating

the anomaly behavior leading to the reduction and/or elimination of the decrease

that should be observed, as in the SiC/Si case. The Rayleigh mode velocity gets

constant as it approaches the velocity of bulk a-SiC 4 694 m/s. The film elastic

constants which correspond to the best fit in Figure 6.8 are c11 = 158.28 GPa

and c44 = 99.55 GPa, the density (2.92 g/cm3) of the films obtained from XRR

measurements was used.
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6.4 Summary

A series of Brillouin spectra have been measured for amorphous SiC films formed

by RF magnetron sputtering from a SiC target to respective substrates, silicon and

sapphire. Films on sapphire, in addition to Rayleigh mode, showed an additional

mode at high frequencies (25 GHz) relative to the Rayleigh mode frequency around

18 GHz. This peak was observed only at large scattering angles (80o), hence, it was

only observed once. The measured and calculated dispersion curves of the Rayleigh

and Sezawa modes were presented, and show that for small values of q||h gave an

SBS spectra close to that of crystalline Si. In large values of q||h, the Rayleigh mode

velocity tended asymptotically to a constant value of 4 644 and 4 694 m/s for films

on sapphire and silicon respectively. These values compare very well with SBS

results by Matsukawa et al. [103], measured on thin (45 nm) SiC films deposited

on Si, with an average of 4 669 m/s which is the phase velocity of the Rayleigh wave

on the surface of bulk amorphous SiC. Cros et al. [115] reported the phase velocity

of the Rayleigh wave of a-SiC films on Si to be 5 207 m/s, giving a difference of

538 m/s to this work’s findings. The discrepancy is attributed to different film

growth, film thicknesses and elastic constants probing techniques. The analysis

of positive dispersion curves of thin SiC/substrate combinations characterized by

stiffness effect showed the appearance of anomalous behavior in a range of small

normalized thickness. Thus, the evolution of the dispersion curves are not only

influenced by velocity but also by densities (loading effects). The constant c11 has

no significant effect on the Rayleigh wave velocity, however, it was determined with

rather high accuracy on the film on sapphire because of the presence of Sezawa

wave which has an appreciable longitudinal component which affects c11. c11 was

found to be lower on the film on Si (fast on slow system) than that on sapphire

(slow on fast system) by 92 GPa and c44 was higher on film on Si (fast on slow

system) than that on sapphire (slow on fast system) by 26 GPa. Thus, elastically

hard substrates (compared to film) promote growth of films with high c11 and low

c44 compared to films grown on elastically soft substrate.
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Chapter 7

Conclusion and future work

In this dissertation, SBS has shown to be a effective technique to probe the elastic

properties of transparent bulk and semi-transparent thin films. Work on trans-

parent bulk material was done on cubic crystal SrF2 (chapter four) and presented

in a paper titled; ”Elastic stiffness coefficients of single crystal SrF2 by Brillouin

light scattering”. The elastic constants of RF magnetron sputtered amorphous

SiC films deposited on silicon and sapphire substrates were studied at room tem-

perature using Brillouin scattering spectroscopy.

Physical film characterization using Raman spectroscopy, SEM, EDS, GXRD,

XRR, RBS and optical transmission were performed. Raman spectra for all as

deposited films showed corresponding bands of amorphous SiC, C and Si. Si-

Si and C-C vibrations confirmed existence of homonuclear bonds within the SiC

network. The relative percentage of Si in the SiyCz compound was obtained with

the aid of RBS characterization supplemented by EDS measurements and all films

showed not to be stoichiometric with a Si:C average ratio of 1:2. The thickness of

films were measured using SEM images, RBS and XRR experimental simulations.

RBS spectra simulations were done using OMDAQ-3 and XRump softwares. SEM

also revealed foreign particles on the films which were also detected by RBS and

identified accordingly. GXRD complimented Raman measurements in confirming

the 6H-SiC polytype nature of the as deposited films. XRR gave information on

film surface roughness and measured the film mass density. Film transmittance

properties were investigated using the optical spectroscopy and films were found

to be more opaque than transparent.

A series of Brillouin spectra were measured for a-SiC films on sapphire and

silicon. Rayleigh SAW were observed in all spectra. Due to the small scattering

cross-section the expected Sezawa mode/s on the film on sapphire were not visible

in small laser incident angles, however, it was only observed at higher angles. A

Green’s function method, probing the surface ripple mechanism for the inelastic

scattering of light, was used to interpret the experimental spectra. Effective elastic
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constants c11 and c44 were determined for the films on silicon and on sapphire

which were presumed isotropic. The substrate effect on effective elastic constants

was established from comparing obtained values on films on silicon and those on

sapphire. Both systems showed the Rayleigh wave to be dispersing asymptotically

to an average constant value of 4 669 m/s which is the phase velocity of the

Rayleigh wave on the surface of the bulk a-SiC and it is within a few percent to

the values reported by Cros et al. [115]. The constant c11, showed little effect on

the Rayleigh wave velocity, however, in theory, it could be determined with high

accuracy on the film with Sezawa wave (film on sapphire) owing to its appreciable

effect on the longitudinal component. The effective elastic constants extracted by

a least squares fitting procedure were c11 = 158.28 GPa and c44 = 99.55 GPa for

a-SiC/Si films and c11 = 250.00 GPa and c44 = 73.50 GPa for a-SiC/sapphire. The

values are higher than those of their counterpart bulk silicon c11 = 165.7 GPa and

c44 = 79.6 GPa reported by Farnell and Adler [49], however, as expected, lower

than those of bulk 6H-SiC reported by Kamitani et al. [112], c11 = 501 GPa and

c44 = 163 GPa. The film values are approximately half of the bulk values.

The important role played by density relation between substrate and film on

determining whether a system is a slow on fast or fast on slow was highlighted.

Effective elastic constants of as deposited a-SiC films prove to be more superior

to their silicon contenders, therefore, are more suitable to be used in MEMS

applications.

Future research may be done in the following areas:

1. It would be interesting to investigate the dependence of elastic constants on

temperature changes.

2. To use different deposition techniques and make more stoichiometric films

and compare their elastic constants with these of the present work.

3. Annealing of the samples to get a more ordered system with the hope of

improving on the elastic constants.

4. It would be interesting to use the density functional theory (DFT) to ex-

tract elastic constants using either vasp or quantum expresso software and

compare with SBS results.
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