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Abstract

Surface Brillouin scattering (SBS) has been useidtestigate the elastic properties

of two semiconductors.

Boron doped polycrystalline silicon is a widely dsematerial for
microelectromechanical systems (MEMS) devices. $fasurements were carried
out on samples of boron doped polycrystalline ailidocusing on the 20°C to 74°C
temperature range. Rayleigh surface acoustic w&AM) and the longitudinal
lateral wave velocities were measured allowing dietermination of the effective

elastic constantC,, and C,,of the material. The Young's modulus was found to

change very little from about 150 GPa in the stddemperature range. On the other
hand, the bulk modulus showed a linear decrease &bout 124 GPa at 20°C to
about 112 GPa at 74°C.

Elastic properties of a (100) oriented single alysf the ternary semiconductor alloy
INAsg 91Sky o9 are also reported in this work. This material hasome an important

focus in the development of optoelectronic deviedsch operate in the long

wavelength transmission window of the atmospheBS #/as used to measure the
angular dependence of the Rayleigh surface acowstie (SAW), pseudo surface
acoustic wave (PSAW) and the longitudinal lateravev speeds as a function of
direction in the (100) surface to determine themdemperature values of the elastic

constantsC,,,

C, and C,,. To our knowledge, this is the first time that stie

constants of InAgy1Shy o9 are reported using the SBS or any other technique.
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Chapter 1

Theoretical Background

1.1 Introduction

The science and technology associated with theugtmoh of new materials for
application in a variety of disciplines has shownaacelerated growth as the demand
for better performing materials increases. In tadancement, the processes of
designing and manufacturing of materials (with @hea of their application in mind),
has made it essential to develop and refine wayb rapans of characterising
materials in order to understand their mechanicapgrties better. For example, the
continued and expanding usage of semiconductotiseabasic building materials in
the construction of a variety of electronic devicegquires a better understanding of
their performance in different environments. Thegjuor this better understanding
makes the study of elastic properties of materr@sessary. This can be made
possible by measuring the elastic constants of nfaerials of interest. Elastic
constants provide a means of understanding fundameneractions that occur in
solids, in that they relate mechanical propertiesotids to microscopic physical and

chemical processes [1.1].

Several methods have been devised for the purdaseasuring elastic constants of
materials. Surface Brillouin scattering (SBS) artleo methods using ultrasonics,
particle and X-ray scattering and neutron scatter@me but a few examples of
techniques that have been used in studying elpsbgerties of materials. SBS was

the experimental technique utilised in this praject



1.1.1 Brillouin scattering, a tool for measuring alstic constants

Brillouin scattering refers the inelastic scattgriof light from thermally induced
acoustic waves. Considerable experimental and ekieal progress has been made
since the early work of Brillouin (1922) and Marglghm (1926). The introduction
of a high resolution and high contrast multipassléan Fabry-Pérot interferometer
by Sandercock [1.2], has made measurements ofcetaststants of opaque materials
possible [1.3]. This paved the way for the now weditablished experimental

technigue known as surface Brillouin scattering$%B

Surface Brillouin scattering is a contact-free teaghe that can handle small samples
with ease. Measurements can be carried out at datient and high temperatures
[1.3] and at high pressures as well [1.4]. In SB&lies one mainly measures acoustic
excitations localised near the surface of a samplEch may include Rayleigh

waves, pseudo-surface acoustic waves, Sezawa awutiSezawa waves, Love
waves, sharp features such as longitudinal lateeales in the Lamb shoulder and

Stoneley interfacial waves.

The measurements are dependent on physical andiregp&l parameters. The
analysis of such excitations makes it possibledteminine the elastic constants of
thin film materials, superlattices, multilayer sysis, elastically soft-on-hard systems

[1.5] and elastically hard-on-soft systems [1.6].

In transparent materials light scattering occummarily in the bulk of the material.

Light is scattered from the phonon-induced fluatua in the dielectric constant
which is referred to as the elasto-optic processvéVer, in opaque materials light is
confined to the near-surface region resulting liglat scattering mainly via a process
known as surface ripple scattering. In this procesgace phonons give rise to small
amplitude dynamic corrugation of the surface. Thdase elastodynamic Green’s

function methods can then be employed in the treatraf resulting spectral features



of the scattered light. These mechanisms are Yroificussed in this chapter and
further details can be found in many referenceseguin the literature survey. In

both mechanisms the incident light is scatterett wiDoppler shift in frequency.

For transparent materials the following situatioevails: A sound wave having a

wavevectord and angular frequency propagating through a medium of dielectric

constante sets up a modulation in the dielectric constaoinfiwhich light may be

scattered. The scattering interaction obeys theewestor conservation law

K-k =tg (1.1)
where k, and k are thewavevectors of the scattered light and incidenhtlig
respectively and the corresponding frequenciesaareand « . The change in the
frequency and hence the wavelength of the ligbf the order of one part in 1(the

ratio of the sound velocity to the velocity of liyland so to a good approximation

K,

=k |=% 1.2)

where A is the wavelength of the incident light.

The fluctuations of the dielectric constant cantudally be viewed as a three
dimensional phase grating that moves with the wgloaf sound v. The resulting
Doppler shift (which is the experimentally obsengxdlouin frequency shift) can be
related to the phonon velocities.

For opaque materials the wavevector conservatiooniy valid for components

parallel to the surface. That is,

ky—ky = G (1.3).
The Brillouin frequency shift of the scattered lkigh equal to the frequency of the
phonon causing the scattering, |k¢.— a)s| =w, and hence the surface phonon phase

velocity is given by



(1.4).

In section 1.3 it is shown how the chosen anglmatience establishes the modulus
of the parallel wavevector and that the measureiethie frequency shift establishes
the phonon phase velocity [1.7].

The phonon phase velocity depends on the densitly edastic constants of the

material. This relation is clearly shown in Tablé Where solutions for Christoffel’'s

equation for cubic symmetry are given and in sectlo2.4 where surface wave
acoustic wave propagation is discussed. For aogictrmaterials, the relationship

between the elastic constants and the phase vetadt bulk or surface acoustic
waves propagating in different directions in theenal can be used to determine the
elastic constant tensor which defines the elastipgrties of a material.

1.1.2 Outline of the dissertation

A brief theoretical background of SBS together w#hsynopsis of the elasto-
dynamics of solids is given in this chapter. Theaptus and the SBS experimental
setup is discussed in Chapter 2. The results of SB@ies on boron doped
polycrystalline silicon and the ternary semiconducialloy InAs.giShyoe are

presented in Chapters 3 and 4, respectively. Chaptencludes the dissertation.



1.2 Elastodynamics of solids

From linear elasticity theory, the elastic const@msorc,, relates the elastic stress
tensorg; to the strain tensog,, as follows [1.8]:

T =G € (1.5).

The elastic constant tensaoy, is influenced by temperature and pressure, magneti

and electric fields and can vary with frequencyerethough it is referred to as a
constant. The strain-stress relation can be wrdtea matrix equation using the Voigt
contracted notation. This is achievable as thenstnad stress tensors are symmetrical

with respect to the interchange of the indi¢eand j. In the contracted form, the
indices range from 1 to 6 corresponding to six patelent stress and strain

components. That ig, - C,, ij - a,K - B(i,jkl = 1,2,3;a,8=1,...,6). The

apB?

elements of the stiffness matr®,, are also known as elastic constants. The elastic

constant matrix is symmetric across its diagoreaCi,, =C,, , so the 6x6 matrix has

pa
at most 21 independent components. The numberdependent elastic constants is
reduced by the existence of materials symmetry.example, in the case of one of
the materials studied in this work which has cubionmetry, the number of

independent elastic constants is reduced to theeeelyC ,, C,, andC,,. The other

11
material is isotropic and has only two independehdstic constants, with
C,=C;-2C,,.

1.2.1 The measurement of elastic constants

The elastic constants, known also as stiffness tantss determine the phase
velocities of acoustic waves of different polarisas (quasi-longitudinal and quasi-

transverse) propagating in different directionamsotropic solids and/or of surface



acoustic waves. Measuring the directional deperslehthese velocities provides the

most important means for determining the elasticstants.

A variety of experimental techniques, such as th#oBin scattering in the present
work, can be employed to measure these phase tretocihe Christoffel equation,
referred to in the next section, governs the mhatetween phase velocities and
elastic constants of anisotropic solids. In théehlsgmmetry crystal directions, where
the sound waves may be pure transverse modes er lpogitudinal modes, the

relationship tends to be simple.

The velocity measurements in these pure mode dirsctcan lead to the
determination of an elastic constant that is oftediagonal term of the matrix of
elastic constants. For cubic crystals, all elastostants can be obtained from the
bulk wave velocity measurements in such pure modectibns. In crystal
symmetries other than the cubic symmetry, velogigasurements in non-pure mode
directions sometimes need to be utilised to detegnthe remainder of the non-

diagonal terms of the elastic constant matrix.
1.2.2 Bulk elastic wave propagation in anisotropic solids

The Christoffel equation

(-5, )u, =0:j=123 (1.6)
governs the behaviour of elastic waves propagaitn@n elastic, homogeneous
anisotropic solid. In this equation we have =I],c;, which is called the Christoffel
matrix having elements dependent on the wave padfmagdirection, specified bl
the direction cosines of the wavevector, and tiftness constants,,, of the solid.
The density of the material is, U, are the displacements in the respective Cartesian

axes andd,, is the Kronecker delta. The phase velocity isThe determinant of the



coefficients is equated to zero in order to fineé thon-trivial solution for the
displacements. The following cubic secular equatiwnov® is obtained

M =pva,|=0 (L.7).
The roots of this equation correspond to longitatifk), slow transverse (ST) and
fast transverse (FT) modes. Hence, given the dwestalong which the phase
velocity measurements are taken, equations foeldmgtic constants can be obtained.
For the propagation along symmetry directions, ¢hbic equation factorises and

simple linear or quadratic equations are obtairedttie respective velocities. The

solutions are listed in Table 1.1 for the case wfegium of cubic symmetry.

Table 1.1: Solutions of Christoffel's equation forcubic symmetry (reproduced
from Every [1.9]).

Propagation Polarization Wave Velocity equation

direction n direction U mode pv2 =
[100] [100] L Ci (a)
[100] (0101, [001] T(2) Cas (b)
[110] [001] T Caa (c)
(110} [110] T 3(Ci —Cn) (d)
[110] (110] L 1(C11+ Cl2 +2Ca4) (e)
1y [170], [112) T(2) HCi = Cia+ Caa) )
[111] [111] L L€ +2C10 +4C4) 2)
[cos 8, sing, O] [001] T Caa (h)
{cos#, sin B, 0) (001) plane gL, qT % {B +B? - 4C} (i)

1.2.3 Bulk elastic wave propagation in isotropic dmls

Isotropic solids are materials that exhibit elasghaviour that is independent of the
direction of propagation of the elastic wave. ExBapof isotropic solids are

ceramics, polycrystalline materials with no pregerrorientation and amorphous



materials. Isotropic materials can be adequatebragterised by two independent

elastic constants,;, andc,,, with ¢, =c,,—2c,, .

Often however, Lamé constanés and i are used to describe elastic properties of
isotropic solids. The correspondence between ttiéfgeent constants is

Co=A ,Cu=U andc,=A+2u (1.8).
For engineering purposes, elastic properties afapa materials are quoted in terms
of the Young’'s modulustE, the shear modulu§&, the bulk modulusK and the

Poisson’s ratiov.

Young's modulus E, is defined as the tensile (normal) stress dividedthe

longitudinal strain for a rod, and it is readilytasished that

E= /,1(3/1 + 2,U) — C44 (3C12+ 2044) (19)

(/1 +,U) (012+C44)

Poisson’sv, is the negative of the ratio of the transversaistto the longitudinal

strain for a rod and is given by

__ A o
V= = (1.120).
2(/] +,u) 2(012+C44)

Shear modulus G, is the applied shear stress divided by the resukhear strain,

hence

G=u=c, (1.12).
Bulk modulus K, is the negative of the ratio of pressure to #lative change in
volume and

31+2 +2c
_(31+24) _ (35,+2,) (1.12).
3 3

The four engineering constants mentioned aboveetaed in various ways such as:

K=_ E (1.13)

3(1- )



and v=—-1 (1.14).

1.2.4 Surface acoustic wave propagation

In this section a brief outline of the propagatmisurface acoustic waves is given
with the ultimate aim of establishing a relatiomshetween the surface acoustic wave
(SAW) velocity and the material’'s elastic constantsh a special focus on high
symmetry directions. The Rayleigh SAW is a supeitjprs of three phase-matched
evanescent waves that satisfies the free surfanadaoy conditions such that the
amplitude of the Rayleigh SAW falls off to a nedbig value within a few

wavelengths of the surface.
XSAA

N Sagittal plane

» X2

»

X1

Figure 1.1: The half-space occupying the region;x0. The sagittal plane is
indicated.

We make use of figure 1.1 to consider the formh&f boundary conditions. The
orientation of the coordinate system gives thand % axes in the plane surface of a
material and thexaxis is normal to it. The boundary conditions @t the traction
forces (forces exerted by the solid across theasajfshould be zero since there is
nothing on the other side of the surface to regeirst. These boundary conditions
thus take the form

0, =0 atx=0 for j=1,2,3 (1.15).

Through the stress-strain relationship the tractoynes can be expressed in terms of
the displacement field, yielding 3 equations foe & partial wave amplitudes. The

corresponding secular equation in turn yields tlayl&gh SAW velocity. While



straightforward to solve numerically, this is a dersome problem to solve
analytically in the general case. The problem carsimplified when a material’'s
symmetry is taken into consideration. For situatiavhere the sagittal plane is a
material’'s symmetry plane, the problem is reducetaving two sagittally polarised
modes that must satisfy only two boundary condgiorhese are decoupled from the

horizontally polarised (SH) shear mode.

The details of this discussion are presented byeRagd Dieulesaint [1.10] where an
algebraic technique is employed in obtaining tHe¥ang implicit equation for the
Rayleigh SAW velocity propagating on the surfaceaotrystal with a hexagonal

symmetry

1

Cpo . Cos = Nesaw | Ch_ 2

N2 _[_zzx 66 Rs«vvJ X(C _x2_ gz |- (1.16)
= Ces Cll_pvRZSAW " Co =

whereV,,, IS the Rayleigh surface acoustic wave (RayleigWgAelocity and p
is the density of the material. The above equatan be reformulated for cubic
symmetry where the Rayleigh SAW propagates aloag100] direction in the (001)

plane by making the replacemeiiig, - C,, andC,, — C,,. Hence

1

Cu, Cu= N ) Ch_ 4o

V2, —| L x 2 RSAWJ X(C -2 - pV =0 (2.17).
e Ciu Cu—oV R’ZSAW " Cn =

This equation is used in Chapter 4 where a cryséathaterial with a cubic symmetry

is discussed.

In moving from the [100] direction in the (001) euplane to the [110] direction, the
Rayleigh SAW becomes more deeply penetratingntensity decreases in SBS and
it ultimately degenerates with the limiting transse bulk wave. A surface-like wave
which slowly radiates energy away from the surfand for which the displacement
field does not vanish at infinite depth, emergesnfithe bulk wave continuum. This

wave has its energy mainly confined near the sarfaad it is known as a pseudo-

10



surface acoustic wave (PSAW) [1.11]. In the [110gction it becomes a true non-

radiating supersonic SAW.

In a manner similar to the Rayleigh SAW velocity, algebraic equation for the
PSAW velocity propagating in the [110] direction afcrystalline material with a

cubic symmetry is given by equation (1.18).

NI~

p\/PZSAW_ &x 1 C44_’0VP25AW

C
“ {2 (C11 + C12 + 2C44)} - p\/PZSAW

1 C2
x E(C11+C12+2C44)_C_12_WP2SAWJ:0 (1.18)

11

with V.., being the pseudo surface acoustic wave velocity.

The way in which we use equations (1.16) and (1f@8Yhe SAW and PSAW for
determining elastic constants for cubic symmetrgasel and will be expounded on
further in Chapter 4.

For isotropic symmetr,, =C,, - 2C,, and equation (1.17) takes on the form

2 2
2 Cu  Cua =PV, rew | x (Cu-2C.,) 2
oV - C,- -V =0 1.19).

e [ Ciu Cu—pv RZS/-\W " Cu e ( :

This equation, which depends only on two indepeheééastic constants, is used in

Chapter 3 in determining the elastic constantsoobiv doped silicon.

11



1.3 Surface Brillouin scattering

With this study being on the utilisation of thefawe Brillouin scattering technique in
the characterisation of elastic properties of semuactors, it is important that a
discussion is led on basic aspects of scatteringh fsurfaces. Surface Brillouin
scattering involves light scattering at or near sheface of materials. This is largely
the case for materials with a high optical absorptivhere the penetration depth of
the incident light is restricted to a volume cldsethe surface. As stated in section
1.1, the incident light is scattered from the dymaoorrugation on the surface of the
sample mainly via the surface ripple mechanismilastiated in figure 1.3. Consider
the geometry for surface Brillouin scattering showelow in figure 1.2. The
nomenclature is discussed in section 1.1.1.

A ks )
\\K, @ w/v

4
AN 4
\ P
N

X2

/]
v

X1

Figure 1.2: Geometry defined for surface Brillouinscattering. Axis X is pointing
outward normal to the surface with light incident in the sagittal xxs plane. 8

and g, are the incident and scattering angles, respectilye while ¢ is the
azimuthal angle.

12



Figure 1.3 shows a 18backscattering geometry whéte=6, and¢ =0.

Figure 1.3: 180°back scattering geometry whered =6, =6 [1.12].

In these materials with high optical absorption apague materials, the coupling of
the light is due mainly to surface acoustic wav@&\W’s) which have displacements
essentially localised in an area close to the sarfahe following brief discussion
highlights the two equations that provide a desiciipof the conditions for light

scattering by surface acoustic waves.

We have already seen that when scattering occansthe surface, the conservation
of momentum only applies to the components partdlehe surface. It then follows
from figure 1.3 that the conservation of momentun $AW's in a backscattering
geometry leads to

k, = 2k; sing (1.20)
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where @ is the incident angle of the laser light. The tielaship between the surface

phonon velocity and the frequency shifts can bemshby a consideration of the
conservation of energy.
Thus,

w —-w =2k singd v (1.21)
with (a)S —ag) being the frequency shift andhe surface phonon phase velocity. The
scattering of light at the surface of a materiah eédso be caused by bulk waves
incident on the surface. When scattering by a luaie having wavevectdk, in the

sagittal plane (defined by the normal to the swfand the phonon propagation
direction) is considered, from conservation of maotaen components parallel to the
surface, we have

Ky =2k sing =K, cosp (1.22)
where @ is the angle between the waveveckqr and the sample surface. In this case

the frequency shiftﬁa)S —cq) are related to the bulk wave velocity by the emumat

- _2ksingv
“ cosy

It can be noted that the equations cont@inwhich means that the spectrum is a

)

S

(1.23).

continuum starting at a threshold defined by settix 0, andv equal to the slowest
transverse velocity,

(@ -@) . =2k sing v, (1.24)
and extending to higher frequencies. The surfaa#estng of light by the bulk wave

with a wavevector parallel to the surface of thetemal, is represented by this

threshold. As we will see later there is also aeghold within the continuum

corresponding to the bulk longitudinal velocity, and possibly one or more other

threshold.
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The preceding discussion demonstrates that botlSAW’s and the bulk waves can
scatter incident light at the surface of a matefitile opacity of the material tends to
determine the effectiveness of the ripple scatteaind/or the elasto-optic mechanism
in producing the Brillouin spectrum; a detailedadission on this topic appears in
Nizzoli and Sandercock [1.13]. For example, in sepague materials, such as
semiconductors which are the subject of this sttlty two mechanisms contribute to
observed SBS spectral features even though thienppchanism dominates over the
elasto-optic mechanism [1.1].

1.3.1 Spectral content of SBS spectra

The role of the penetration depth of the incidegtitlis illustrated in figure 1.4 which
shows the calculated Brillouin spectra for varisagues of the dielectric constant
E=¢& +ig, calculated by Mills and Subbaswamy [1.14]. Thd pEat £, has been
fixed at a value of 10.0 while the imaginag, is varied from values of 0.01
(transparent materials) to 10.0 (highly opaque nmw$). For & =0.01, a large

volume is illuminated and the scattering occurs niyaivia the elasto-optic
mechanism resulting in the transverse acoustic @#) longitudinal acoustic (LA)

Brillouin peaks which are narrow and intense. Hosvewvith an increase irg,,

meaning an increase in absorption, their interssdiecrease (note the change in scale)
and the peaks broaden.

For &, =1.0, there is a growing importance of the ripple saaig mechanism such

that low-frequency excitations, including the Ragte surface acoustic wave (R),
become dominant. A broad continuum associated thi¢hripple scattering of the

bulk waves is clearly visible.
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Finally, for highly opaque materialsg, =10.0, light scattering by elasto-optic
coupling is negligible. The Rayleigh surface acmustave peak and the continuum
from bulk wave scattering via the surface ripplech@ism are dominant. This
continuum is known as the Lamb shoulder. The Larhbukler arises from a

combination of transverse and longitudinal modes.

The SBS spectrum, such as the one dominated byighk mechanism, can be
calculated by the surface elastodynamic Green'stiom and hence the spectral
features can be readily analysed. Typically, aam@fripple scattering dominated
spectrum (see figure 1.5 as an example) displastsagp peak at the low frequency
end associated with the Rayleigh SAW or PSAW ameka intense Lamb shoulder

extending from the transverse threshotd, =v;k;, to higher frequencies. In the

region « <w<a, of the Lamb shoulder, the longitudinal modes aranescent

whereas the transverse modes are homogeneous amahdbéhe longitudinal

threshold, &y <w, both the longitudinal modes and the transverselamoare

homogeneous.
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Figure 1.4: Calculated Brillouin spectra for various values of the dielectric
constant £ = ¢, +i&,. (Reproduced from Mills and Subbaswamy [1.14]).
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Figure 1.5: Measured SBS spectrum for InAggiShyoe for k, along the [001]
direction with the angle of incidence & =71°. The Lamb shoulder and the
frequencies «, =v;k, and « =vk for the transverse and longitudinal
thresholds respectively are shown and also the fregncy w, =v:k for the
Rayleigh surface acoustic wave (SAW).
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1.3.2 SBS cross section and surface elastodynar@ceen’s function

of solids

References [1.15 — 1.20] provide a detailed disonssn the SBS cross section and
can be consulted for further reading on this subjéshould be pointed out at this
stage that the discussion on the SBS cross settatrfollows does not include the
angular dependencegfiation of the cross section with the incidence angle of the p-p
reflection coefficient) of the Brillouin scattering cross section as dgsed by Loudon
and Sandercock [1.21]. The symlmtefers to the polarization in the sagittal plane.
Their discussion, in part, sought to explain thecdipancy between acoustic
velocities determined using SBS and those obtafred ultrasonic measurements.
Furthermore, the computational approach develogdeMery et al. [1.19] and Zhang
et al. [1.20] for solving the free surface Greefuisction problem has proved to be a
less cumbersome method that has been found to be sugccessful in the

interpretation of SBS spectra.

Hopefully, the brief discussion that follows willbhdo any injustice to detailed

discussions referred to above.

The scattering of light from the surface of a redlce, that ig3<0 as in figure 1.1,
is considered. As we have seen, for nearly opaqgaterals, the surface ripple
mechanism of light scattering dominates the elagtiz coupling and can provide a

good description of light scattering by surfaceustc phonons.

The scattering cross section for ripple scattebgiga surface acoustic excitation of

angular frequencyv and surface-wave wavevectgy, is proportional to the power

spectrum of the thermally excited normal displacetsieof the surface at that

frequency and with that wavevector. Additionallgr sufficiently high temperatures
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(e.g. room temperature] > ha/k; where k; is Boltzmann’s constant, the SBS

efficiency or cross section takes the form
T

| (w)= —|m{ Gy (K, )} (1.25)
where D is a constant that depends on the optical pregsedf the medium, the
scattering geometry and the frequency and polaisatf the incident light.G,, is

the component of the Fourier domain elasto-dyna@neen’s function and for the
half space it is given by

2 i adj(B)"”
Gk, w)=> L2y 1.26
(k@) =2 Vs (1.26)
in which
Z Y p (1.27).

The boundary condition matrix is given B/ and u§“> are the x components of the
polarization vectors. In surface Brillouin scattgyi k is determined by the

experimental arrangement and the scattering gegneetd the Brillouin intensity

I (a)) is a function of the angular frequency shift ire tneasured spectrum. When

half space materials are considered, the Brill@giattering spectrum consists of one
sharp line associated with the true Rayleigh SAW #iren at higher frequencies a
continuum of excitations extending from a thresh&ltbwn as the transonic state, to
higher frequencies. A true surface wave (SAW) ariséen B™ becomes singular.

The nature of excitations depends on the real antptex values of the wavevectors,
k§”), of the partial waves. There are resonances wtachbe observed within the

frequency region of the Lamb shoulder; these asmaated with pseudo surface
acoustic waves (PSAW). In this study we used a FRAN based computer
program developed over the years with the princgsaistance of Professor A.G.
Every, for the calculation of the Rayleigh SAW'ssepdo SAW’s and the Lamb

shoulder, particularly the longitudinal threshatdthe analysis of SBS spectra.
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1.4 Literature survey

The general principles of Brillouin scattering, tarlarly surface Brillouin
scattering, that are relevant to the measuremepisted in later chapters were the
ones of particular interest. Detailed theoreticgatiptions of the elastic properties of
solids have been presented in numerous texts sutiteaone by Every [1.9] and the
references therein. The theory of light scatterfrgn corrugated surfaces was
developed by amongst others Maradudin and Mill24Jl. Agarwal [1.23] and
Marvin et al. [1.24]. The understanding of the SB8ory was further aided by the
development of the quantitative theory of Brillowcattering in opaque materials by
using Green'’s function methods. The work by Louflbd5, 1.16], Subbaswamy and
Maradudin [1.17], Velasco and Garcia-Moliner [1.1&8hang et al. [1.20] and
developments in the computational approach devdldpeEvery et al]1.19] for
solving the free-surface Green’s function probletaypd a key role in this
understanding. Nizzoli and Sandercock [1.13] preskna discussion on the
production of a Brillouin spectrum by both the &asptic coupling and the ripple-

scattering mechanism as governed by the opacityeofaterial.

The theoretical aspects of SBS and various SBSriemeetal researches were found
to be extensively covered in a number of textsalad in such texts as the many PhD
studies undertaken on this topic. The PhD studiepairticular, provided an easily
accessible resource that guided one through theswbat complex formalisms
encountered and most importantly pointed one terattlevant literature. The studies
carried out on fast-ion conductors by Ngoepe [1.8% pioneering high-temperature
work by Stoddart [1.1; 1.3] and the groundbreakingh-pressure measurements by
Crowhurst [1.4; 1.26] are but a few of such example
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Chapter 2

SBS Experimental Method
2.1 Outline

An overview of the SBS experimental technique W# presented in this chapter.
Brillouin scattering provides a description of timelastic scattering of light from
thermally induced acoustic waves. A resolution leé tveak inelastically scattered
light from the very intense elastic component forendasic thrust of the SBS
technique. This resolution requires a specialigadlls instrument that can readily

deliver the necessary contrast for the inelasticadhttered light to be measured.

The development, by Sandercock, of a multipassfertameter from a standard
Fabry-Pérot interferometer resulted in an instrumeith a high contrast [2.1]

making the observation of the weak inelasticalgtsred light routinely possible.

The basic equipment requirement in any surfaceldBiit scattering spectroscopy
requires the following: an intense source of hightgnochromatic light, a high
resolution and high contrast spectrometer, a seasitetector and a multichannel

analyser.
Figure 2.1 shows a photograph of the SBS apparkigsre 2.2 provides a diagram

of the external optics, the (3+3)-pass tandem F&énpt interferometer (TFPI) and

the data collection equipment.
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Figure 2.1: Photograph of the SBS apparatus.

Labels in the above figure are as follows:

A

B
C
D

m

: The tandem Fabry-Pérot interferometer (TFPBl@sed in a black metal box
: The acousto-optic modulator (AOM) control unit
: The optical table with the steel honeycomb @réop

: The liquid crystal display (LCD) screen, mutiamnel analyser (MCA)

output device

: The TFPI control and stabilisation unit

: Computer with the multichannel analyser (MCA)
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2.2 The laser

The laser provided the required source of highlynootromatic light for all light

scattering experiments. Two water cooled argon lasers were used for the
experiments at different phases, namely the 18 Bfatttra-Physics model 171 laser
and the 5 Watt Spectra-Physics model 2020 lasee. uidage of argon as a laser
medium and the process by which lasing, in argam lasers, occurs is well

understood [2.2]. Depending on the decay schema\viedt, argon ion system result
in the emission of visible laser radiation that bkawavelength of between 450 and
530 nm. Whilst the frequency determines the lasewgp output, a number of

transverse electromagnetic modes (TEM) may ariseltieg in the modification of

the power distribution across the beam. The traglsimode (TEM) is the most

useful; it gives a beam with a Gaussian intengitfile, minimum divergence and the
smallest beam spot diameter [2.2]. The mode wittaeelength 514.5 nm was used
for all measurements. To obtain the resolution irequfor SBS where the frequency
shifts of the scattered light are in the range &éva GHz to about 150 GHz, a very
narrow laser linewidth is required. From the brgath profile of the laser as shown
in figure 2.3, a single longitudinal mode is sedectA Spectra-Physics Model 583
temperature controlled intra-cavity etalon was usedachieve this. The etalon
basically allows for the selection of a particul@quency whilst inhibiting all other

oscillations. The alignment of the etalon resultsi50% drop in output power and
adjusting the etalon temperature, thereby chanijegptical path length leads to the

selection of the desired TElymode.

Depending on the arrangement of the auxiliary ggtieing used and the nature of the
sample, the laser output power varied from abo0t @@V to about 600 mW and the
average incident laser power on the sample wastd@®mW as a result of losses

associated with the auxiliary optics.
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Figure 2.3: Etalon loss minimum coinciding laser ga maximum (after
Operation Manual of Spectra-Physics Model 171 argoion laser).
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2.3 The tandem Fabry-Pérot interferometer (TFPI)

Figure 2.4: An aerial view of the JRS instruments 3+3) multipass
interferometer, showing A - FP1, B — FP2, C — theadector (mounted on the
TFPI box) and D — the shutter. { FP1, FP2 - FabrPérot 1&2}.

The tandem Fabry-Pérot interferometer (TFPI) had hasignificant impact in

Brillouin scattering measurements due to its higéotution and large improvement
in contrast. The frequency shifts of the scatteligthit in Brillouin scattering

measurements are in the GHz range. High resolutnmties the ability to measure
signals that differ in frequency by very small v@uHigh contrast implies the ability
to discriminate signals of greatly different intépsvhile being close in frequency.
The TFPI is therefore a very essential componentanf SBS experimental

arrangement.
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In our laboratory we used the Sandercock-type @&3s Tandem Fabry-Pérot

Interferometer fitted with a JRS Scientific Instremts vibration isolation system.

The first practical application of the multipassthwel was reported by Sandercock;
in this case a beam was passed up to five timedlg@ato itself through a single

interferometer [2.3]. The basic design of the TEPachieved by mounting two sets
of parallel mirrors on the same translational staf@s configuration works as a
tunable optical filter whose peak transmissionlese to unity over a narrow spectral

interval. In this case the ratio is set.atL, =0.95.

v Lp=Ljcosé
\_ FP2 x|,

TRANSLATION
STAGE

FFI
A ;
o By
Z @ E
2 EM——
L— = \-DIRECTION OF
MOVEMENT

Figure 2.5: A plan view of the two Fabry-Pérot inteferometers on a single
translation stage (after Mock et al. [2.4]).
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In the present work, the scattered light was paé3€8) times i.e. 6 times through the
interferometer achieving a contrast as high a&'. 10his contrast provided the
capability to distinguish the weak inelasticallyadered light from the intense
elastically scattered light. Thus we were ablettmyg weak acoustic phonon modes
such as surface acoustic waves and observe the Megitudinal and transverse

thresholds of the Lamb continuum.

The TFPI is isolated from the surrounding distudegnas it is mounted on an active
platform (JRS Scientific Instruments, Vibration lEmn System MOD - 2) that
produces dynamic isolation. The TFPI is also latatéthin a light tight box that
rests on a steel honeycomb core on a thick optaddé. High frequency vibrations
are effectively damped by the design of the optiable.

During operation, a reference signal that is nedxjetthe automatic alignment system
is introduced with the aid of the JRS Scientifistmments LM-2 shutter assembly.
The reference signal is guided into the shutteerab$y through an optical polariser

to ensure suitable intensity of laser light foibdtaation.

2.4 The detector

The detector that was used for the measuremenen iEG&G Optoelectronics
Canada SPCM-200-PQ with a dark count of 1 per skcbhis detector is a silicon
avalanche photodiode device with a high quantumsieffcy being just over 44% for

the 514.5 nm wavelength (see figure 2.6).
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Figure 2.6: Photon detection efficiency for the SPK-200-PQ detector [2.5].

The detector was also obtained from JRS ScierdfiBtruments and it was mounted

directly on to the box that housed the TFPI.
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2.5 The optical furnace

The optical furnace used for high temperature nreasents is the one described in
P.R. Stoddart’s PhD thesis [1.1]. Figure 2.7 shitsvmain features.

Basically, samples were mounted inside the furrtaca recess that is ultrasonically
drilled on the quartz rod. The quartz rod is insérthrough the inclined arm located
underneath the furnace and it is supported by &lddD-ring fitting at a fixed angle

of incidence of 70.9°. The heating element compresenolybdenum wire with two

tantalum heat shields around the element to redadiative heat losses. A Pt-Pt
(13% Rh) thermocouple is placed a few millimetnesrf the sample to monitor the
sample temperature. The SBS backscattering arrargewas realised through the
fused quartz front window. The optical furnace wamped down to a high vacuum
of about 10 torr by a rotary pump backed by an oil diffusiamp. Ultra-pure argon

(99.99%) was then bled in to a pressure of 18 mit@Hgprove the thermal contact

between the sample and the thermocouple.
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Figure 2.7: Cross section of the SBS optical furnac[1.1].
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2.5.1 Temperature control

An auto-transformer (220V/10A) and Eurotherm 42@ritor unit were used to
power the heating element. A Eurotherm 818 tempegatontroller, shown in figure
2.8, was used to maintain the heating temperatitrebetter than °C stability. This
kind of stability was of utmost importance espdgiauring the typical long SBS
measurements or spectrum accumulation periods,evthere is a need to ensure that

spectra are collected at the desired set-pointeesmtyre.

Figure 2.8: Eurotherm 818 temperature controller.
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2.6 The multichannel analyser

All spectra were recorded by a Personal Computsedanultichannel analyser
(MCA) interfaced with the TFPI and the detectorring the course of this work two
different MCA'’s were used namely a Nucleus Pers@wmhputer Analyser PCA-II
which was DOS based and a newer Windows based die&tiSc Instruments Ghost
multichannel analyser MCA - 1. This newer MCA wagpplied with software for
data analysis, spectrum calibration and curveafitti The spectrum calibration
function was a most welcome development as thitéded the acquiring of an SBS
spectrum in terms of frequency shifts as opposethémnel numbers as was the case
with the old MCA. Other functions were hardly usesispectra were always stored in
ASCII format and later analysed using OriginLabtwafe. When SBS spectra were
acquired in terms of channel numbers, a computagrpm was coded in FORTRAN
to calculate related frequency per channel caldmaiactors to enable the plotting of

the spectra in terms of frequency shifts.

To obtain a spectrum of sufficient quality, up th25channels were used as this

provided an acceptable interplay between acquisitioe and resolution.

2.7 Dally setup for SBS measurements

The following discussion on the actual arrangenfentthe SBS measurements is
based on the experimental configuration showngaré 2.2.

Throughout the measurements a torch, rather thanmtin laboratory lights, was
used for general illumination as the experimeneésdame in a darkened environment.
Apart from avoiding a possible overload of the d&ig the adjustment of the

auxiliary optics for focusing was also another cdeation.
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For both the measurements on boron doped polydligstailicon and on the ternary
semiconductor alloy InA:Shyos @ 120 mm lens was used to focus the 514.5 nm
laser beam onto the sample. To maintain a consiateangement during alignment
leading up to the actual collection of the SBS #pee, the boron doped
polycrystalline sample was placed in the ultrasalhycdrilled recess in the sample
holder of the high temperature optical furnace Bews in figure 2.7. All the
measurements on the samples inside the high tetoperaptical furnace were

carried out at a fixed angle of incidence of 70.9°.

The measurements on the ternary semiconductor bils 9:Sky o9 were done with
samples mounted on a specially machined sampleshétted with a goniometer to
enable the variation of both the angle of incideawce the azimuthal angle.

The 180°scattering (back scattering) geometry meant thatsttattered light was
collected by the same lens and eventually steesedyumirrors M and M; to the
entrance pinhole of the TFPI. The steering hastddne carefully without changing
the optical path-length as this might change tloeigoon the entrance pinhole. Using
a simultaneous fine adjustment of the steeringarsrand the focal length, the image
of the sample is projected onto a white card thatlaced on the translation stage of
the TFPI.

When carrying out these adjustments, light to teeector should be blocked and the
detector should be switched off. Depending onititensity of the scattered light
from the sample, the setting on the acousto-optdutator (AOM) can be adjusted;
normally it was set at maximum. The AOM is use@djust the intensity of the laser
light; in this way the laser power source does neguire any adjustment once the

operating power has been set.

When the image on the white card shows a crisgattf bright spots against a dark

background (a more granular look rather than a sedeaut image), the focusing is at
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its optimum and the possibility of obtaining a gapéctrum from the TFPI is given a

big boost.

The next step is the alignment of the TFPI as emethin the J.R. Sandercock
Operator Manual for the tandem interferometer [2Fgure 2.9 shows a typical

output before and after optimisation with the THPalignment mode.

vV

INANE

Figure 2.9: TFPI in alignment mode, before optimisdon (top) and after
optimisation (bottom) (from the JRS tandem interfelometer operation manual).

After synchronisation is achieved, the system istched over to the dynamic
stabilizing control state. By so doing the contualt optimises all the settingéiz,

x; and y; for FP1 andx, and y, for FP2, to maintain maximum transmission. A
reference signal of adequate magnitude is passeddh an optical filter, via the
shutter assembly to the TFPI to optimise stabibsat
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Depending on the aim of the measurement, a spedifior spacing is chosen to

calibrate the interferometer so that the measuredquéency shift in channels is
converted to frequency units. The additional aspéctelecting a particular mirror

spacing for the measurements, is to enable the eveakface wave position to be
clearly separated from the very intense elastikp€ansequently, a mirror spacing
of either 2.5 mm or 4.0 mm was chosen for the nreasents. A discussion on these
matters has been provided by Sussner and Vach@r fbwever, a more condensed
explanation can be found in the PhD studies refleiwen Chapter 1.

When there was certainty that an optimal experialesgtup has been reached either
for the measurements inside the high temperatutieaburnace or for the samples
mounted on the specially machined sample holderctiiection of the SBS spectra

was commenced.

Spectra for the boron doped polycrystalline silieggre collected from 20°C to about
73.5°C with the temperatures preset using the Bengt 818 temperature controller.
A ramping rate of about 1°C per minute was maieihirbetween the fixed

temperatures selected. Depending on the detailheoffeatures observed on the

spectra, typical accumulation times ranged fromuaft@ hours to about 48 hours.

The average collection time for the SBS spectréhefternary semiconductor alloy
INAsy 91Sky 09 Was about 48 hours. Longer collection times wereessitated by the
need to clearly distinguish the features of the he&®houlder, on the collected SBS

spectra.
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2.8 Error analysis in SBS measurements

Sources of errors in SBS measurements are in dedendified as follows:

* Instrumental errors - associated with the calcoiabf the frequency shifts of
corresponding Brillouin scattering peaks. The erior calculating the
frequency shift arises from the error in measutiing mirror spacing, the
peak position of the ghosts and the Brillouin sraig peaks.

» Errors from scattering geometry - In SBS measurésnéne scattered light to
be analysed is collected by a large aperture calie lens due to the weak
surface Brillouin scattering signal. The large eoflon aperture allows
phonons with a range of wavevectors to contribatthé measured scattered
light leading to the broadening of the phonon let@pe thus introducing a
systematic shift in the position of the peak.

» Errors from scattering cross section - In this dhgescattering intensity as a
function of scattering angle is considered. Forgbkrization in the sagittal
plane p-p polarization) of a backscattering geometry, thegtecing intensity
decreases for scattering angles (therefore angiesidence) less than 40° or
larger than 70°.

In this study, with due consideration to the emanalysis given above, the setting of
the mirror spacing in our instrument was made ustohg a precision clock gauge
to within (0.01 mm) or +10 um when selecting a mirror spacing for our
measurements, which was usually about 4 mm. In suclase an error of about
0.25% can result in the setting of the free spkctmage (FSR). However, the
accuracy of the SBS measurements was aided bylatahguthe arithmetic average of

the Stokes and anti-Stokes frequency shifts toiedite the error in the elastic peak
position.
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For increased scattering intensity in order to iobtsetter spectral features on the
acquired SBS spectrum, the angle of incidence otiald0° was used for the SBS
measurements in this work. For such typical comfgans, the maximum error of

measurement is less than 2% [1.1].
Above is a very brief description that is basedaomore detailed qualitative and

guantitative discussion on measurement precisiorsurface Brillouin scattering
made by Stoddart [1.1] and expanded upon by Crostiili25].
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Chapter 3

SBS of boron doped silicon

3.1 Introduction

Microelectromechanical systems (MEMS) are integrat@cro systems or devices
that combine electrical and mechanical functioredit Their size typically ranges
from micrometres to millimetres. MEMS technologyesabling new developments
in the production of accelerometers, pressure, aanand flow sensors, optical

scanners, micro-optics and fluid pumps [3.1].

Boron-doped polycrystalline silicon is a widely dsstructural material in the
manufacture of MEMS devices, transistors, solasceéctifiers and other electronic
solid state devices [3.2, 3.3]. It is the increaseonductivity as a result of doping
that allows more complex and high speed circuitrypé created. The performance
and reliability of these devices, especially avated temperatures, requires a good

understanding of the behaviour of their elastigprtes.

Surface Brillouin Scattering (SBS) is a technigimattis ideally suited for the
determination of high temperature elastic constaagst is a non-contact technique
that allows the sample to be isolated, thereby damgi the introduction of

contaminants during measurements.

In this study, SBS is used to measure the elastipguties of boron-doped silicon
from room temperature to about 74°C. This range efaaterest in this study as it
corresponds to the temperature range of the fumotjpof some MEMS devices.

Hence understanding to what extent, if any, arenteehanical properties of these
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devices impacted by operating in this temperatargye, becomes vital. A detailed
study on the elastic properties of boron dopedailiat high temperatures i.e. 100°C
to 600°C, is found in B.A. Mathe’s PhD thesis [3.4]

Professor Linn W. Hobbs of the Department of MalerScience and Engineering at
the Massachusetts Institute of Technology (MIT) US#plied the samples that were
studied.

3.2 Experimental Procedure

3.2.1 Sample preparation

Samples of about 16 nfrwith a 50 micron thick epilayer deposited on eside of a
high purity Si (001) substrate wafer were suppligdth epilayers were doped with
boron at about 3000 ppm (<£@Gtoms per cri). In preparing the samples according
to our sample holder specifications, abowt44mm, they were fractured with

cleavage planes roughly along <110> and with [0@kjnal to both surfaces.

The surfaces of the samples were checked withithefaa magnifying glass to see if
they were of a suitable quality for SBS measuresdhtvas found that one side had
a mirror-like finish suggesting less surface damddes requirement is paramount in
any SBS measurements; rough surfaces contributantancrease in elastically
scattered light making the measurement of the &gy shifted inelastic light
extremely difficult. Moreover, rough surfaces cawseshift in the surface wave
velocity, which would need to be corrected for. Takation of the frequency shift of
a surface wave to the scale of surface roughnesbden established by Eguiluz and
Maradudin [3.5].
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Preparing a sample for SBS measurements meantcfeahing the surface to be
measured with acetone and then placing it in theptarecess of the quartz rod that
was inserted into the optical furnace (see figui®.2The optical furnace was then
evacuated to less thanTorr. To minimise chances of having contaminantthi
optical furnace, it was repeatedly flushed withcsargnd evacuated again to about the
same vacuum level. The procedure outlined in se@i@ was then followed to align

the sample for SBS measurements to commence.

3.2.2 Sample characterisation

With a 50 micron thick epilayer deposited on a hpginity Si (001) substrate, it was
initially anticipated that there would be appretéabariation of the Rayleigh SAW
velocity from the [100] direction. The determinatiof the surface anisotropy was
carried out given the dependence of phase velscibie propagation direction
discussed in section 1.2.4. SBS measurements ofléependence of the Rayleigh

SAW velocity on the azimuthal angle were carrietiaua scattering angle of 70.9°,

Measurements of the Rayleigh velocity were takehGf intervals from an arbitrary
starting point of 140° through to 330°. The aim wasollect spectra over a range of

180° with the intention of establishing high symmetystal directions.

The angular dispersion of the Rayleigh SAW veloeithibited very weak anisotropy
(see figure 3.1). The average Rayleigh SAW velowitg found to be 4598 nt.svith

a maximum deviation from this average value betmgua13 m.g.

This very weak anisotropy meant that a check whetieesample was amorphous or
polycrystalline had to be made before detailed SB&tra could be measured. In an
effort to understand the reasons for the weak #&oigy, given that silicon (Si) is an
anisotropic crystal, Raman measurements were dawoig using a Jobin-Yvon

T64000 triple grating spectrograph in triple additmode.
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From the observed line-shape in figure 3.2, it established that we were measuring
a p-type polycrystalline silicon. We concluded tha were not dealing with an
amorphous sample as this would have shown a veadbRaman peak. However, in
this instance a Raman peak, though not as shatpeame for single crystal silicon,
was observed. The Raman spectrum showed the cliastictasymmetry of the line-
shape associated with p-type doping of polycryisglkilicon, known as the Fano
line-shape. Several studies have been carried rotiis phenomenon and these are

highlighted by Mathe [3.4] in his studies of thengasample at high temperatures.
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Figure 3.1: Angular dispersion of the Rayleigh surice acoustic wave (SAW)
velocity on boron doped silicon.
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Figure 3.2: A Raman spectrum of boron doped polycrstalline silicon compared

to that of crystalline silicon.

3.3 Results and Discussion

In figure 3.3, a typical surface Brillouin scattegi spectrum for boron doped
polycrystalline silicon is shown. The spectrum vaaguired with a scan amplitude of
1.82 thereby excluding the instrumental ghosts withaim of seeing clearer spectral
features. Apart from the central peak at zero feagy shift that corresponds to the
intense elastically scattered light and the Raple®AW, shown as a set of two

prominent peaks ai16.8 GHz, the other spectral features of the Lahdulsler were

at times difficult to identify.
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These are shown more clearly in figure 3.4 wheeeltimgitudinal threshold in the

Lamb shoulder can be readily read off the spectrum.
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Figure 3.3: The SBS spectrum for boron doped polygsstalline silicon at 55.6°C
at a scan amplitude of 1.82, mirror spacing of 2.5nm and the angle of incidence
of 70.9°.
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Figure 3.4: The anti-Stokes component of the SBS egtrum for boron doped
polycrystalline silicon at 55.6°C showing the fregenciesa;, =v;k =19.2 GHz and

@ =V k =33.8 GHz for the transverse and longitudinal threSolds respectively
and also the frequency a, =vzk =16.8 GHz for the Rayleigh surface acoustic
wave (SAW). The angle of incidence is fixed at 70.9

The frequency shifts are obtained by fitting Loméen functions on to the Rayleigh
SAW (RSAW) peaks on the relevant SBS spectrum.gothe broadened peak as
opposed to the theoretical delta function for tI&AR/ peaks, the deviation from the
central value defined by the delta function camthe calculated from the determined
Full Width at Half Maximum (FWHM) for each peak. &I FWHM provide a measure
of uncertainty in the measured acoustic velocitiHse error analysis discussed in
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section 2.8 has in general meant that an ovenall ef about 2% is mostly found in
SBS measurements. In this measurement there was%a difference between the

frequency at the centre of the peak and the otteed®WHM.

The isotropy of the sample meant that the valuegeved from the acquired spectra
included only the Rayleigh SAW velocity and the ddgndinal velocity associated
with the frequency shift of the longitudinal thretth The measured values are given
in table 3.1.

Table 3.1: Measured Rayleigh SAW velocities (Maw) and Longitudinal
velocities (M) for selected temperatures.

Temperature °C) | Rayleigh SAW velocity (m.8) | Longitudinal velocity (m.s™)
20.0 4581 9252
43.0 4632 9194
55.6 4633 9194
62.5 4623 9194
73.5 4620 9021

From the above table, effective elastic constas, and C,,, can then be

calculated for the isotropic boron doped polycrijistaa material. The elastic constant

C,, is then obtained from the relation for isotrof,, =C,,-2C,,. Taking p, the

density, as 2.332 g/cif8.6], the elastic constar@,, is readily obtainable from

Ch=pV’ (3.1).
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The longitudinal velocities are calculated from theasured frequency shifts on the
SBS spectrum. One has to be cautious when readihghese values as the
longitudinal thresholds may not always be ‘nicebfided dips’. The longitudinal
velocities in Table 3.1 above were read off the SB&ctrum to an accuracy of about
0.5 GHz.

With the C; value calculated for each temperature, a computegram was coded
in FORTRAN to solve equation (1.19), shown agaifowe in order to obtain the

relatedC,, value.

1 2
2 Cu % Cu— p\/RzSAW 2 % (Cll B 2C44) 2

—| 1 W C - = _ =0

Nesaw ( C. Cu-mN RZSAW 11 C. Vesaw

The input parameters in this equation are @hgrzalues, the density and the velocity

of the Rayleigh SAW. As can be seen from the alsapeation, the only unknowns in

the equation are&C;; and C,,. So the coding involved finding an exact solutfon
C,, after obtainingC,, from equation (3.1). The measured elastic const@nt C,

and C,, are presented in table 3.2.

Table 3.2: Measured elastic constantsC,, C, and C,, for boron doped
polycrystalline silicon.

Temperature °C) | C, (GPa) | C, (GPa) | C,, (GPa)
20.0 199.6 85.8 56.9
43.0 197.1 80.3 58.4
55.6 197.1 80.3 58.4
62.5 197.1 80.9 58.1
73.5 189.8 73.2 58.3
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Most often the elastic constants of such MEMS deviare given in terms of
engineering elastic moduli namely, the Young's moduand the bulk modulus.
Therefore using equations (1.9) and (1.12) theastielmoduli have been calculated

from the SBS measurements as shown in table 3.3.

Table 3.3: Measured elastic moduli for boron dopegolycrystalline silicon for
the 20°C to 73.5°C temperature range.

Temperature °C) | Bulk modulus (GPa) | Young’s modulus (GPa)
20.0 123.7 148.0
43.0 119.2 150.6
55.6 119.2 150.6
62.5 119.6 150.0
73.5 112.1 149.1

The graphs of the variations of the elastic modulh temperature are presented in
figures 3.5 and 3.6. The error bars indicate threrein the measurement of the

velocities of about 1.5%.
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Figure 3.5: Variation of the bulk modulus with temperature for boron doped
polycrystalline silicon.
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3.4 Conclusion

In the temperature range from room temperaturdoaa74°C, the Young’s modulus
of boron doped polycrystalline silicon is fairlyabte at a value of about 158 2

GPa (see Figure 3.6) while on the other hand, tlk modulus shows a linear
decrease from about 124 GPa at 20°C to a abouGPRat 73.5°C (see Figure 3.5).

The room temperature measurements yielded a P&ssio of 0.30.

51



A literature search for the value of the Young’'sdulus of polycrystalline silicon
can yield values ranging from 140 GPa to about@P@. So, one needs to be careful
when an attempt is made at comparing these vadisgesyme of these values could be
for undoped polycrystalline silicon or for some athparticular dopant or the
fabrication of the material could be different. Forample, Sharpe Jr. et al. quote a

figure of 169 GPa for phosphorus doped polycrysilsilicon [3.3].

A factor that seems to be significant is the actirracterisation of the material as
being polycrystalline. It would be instructive tetablish whether the polycrystalline

material is composed of randomly distributed grankas some preferred texture.

The Young's modulus value of 1502 GPa obtained for our sample suggests that it
has a (100) preferred texture. In Greek et al.][3&ference is made to studies that
have shown that polycrystalline silicon with a (J@deferred texture has a Young’'s
modulus of 149 GPa. However, they presented a ledézli Young's modulus value
of 162.7 GPa by using averages of elastic compdiacmnstants which are then

weighed with relevant texture measured by XRD &t tadded up.

Considering the calculations of the elastic consta@,, C, and C,, for

polycrystalline silicon with a random distributiodone by Anastassakis and
Liarokapis [3.8] where they averaged the Voigt &elss averages, the Young’s
modulus value of about 162 GPa was obtained. Taligevis higher than the value
measured in the present work which again leads ¢onglusion that we were not
measuring a polycrystalline material with a randtistribution of crystallites but one

with preferred texture.

Even though we could not obtain detailed infornratabout the fabrication of our
sample, the information provided by the supplidrat tthe material comprised an
epilayer of polycrystalline silicon deposited orcleaside of a high purity Si (001)
substrate, is somewhat a contradiction of term® Waould expect an epilayer to have
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the orientation of the substrate. It is clear fronn observation that the material used
in our investigation is polycrystalline but theree astrong indications of preferred

texture.
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Chapter 4

SBS measurements of INAS1Shy o9

4.1 Introduction

The need to improve the fabrication process, thdopmeance and reliability of
optoelectronic devices has been a major drivingefdn the study of the optical,
electrical and mechanical properties of the lll-¥nmsconductors. Therefore, the
characterisation of these semiconducting mater@és/s an important role in
evaluating technical production factors in orderofimise the production process.
Additionally, it is very important to understandvhaheir mechanical properties are
influenced by the fabrication process and how thesehanical properties are
affected during operation. Understanding how meidadiproperties are affected can
be done by taking a closer look at the materidBste properties. The measurement
and monitoring of the material’s elastic constanta variety of environments, is a
key factor in understanding its elastic properti®arface Brillouin scattering is a
techniqgue well suited to the study of the mechdnipeoperties of these

semiconducting materials.

Semiconducting alloy materials made from elemeritgroups Ill and V on the
periodic table, have been used in varied optoeleidrdevices such as lasers,
photodetectors and optical gas sensors. For thagmses, both binary and ternary
alloys have been produced. Studies have been d¢aowe¢ on IlI-V ternary
semiconducting materials as viable replacements HgCdTe [4.1 - 4.3].
Considering the IlI-V ternary alloys, InAgSh, has become an important focus in the
development of long-wavelength optoelectronic deviddue its possible room

temperature band gap ranging from about 0.17 t6 6\3 [4.4]. Furthermore, this
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alloy is reported to have high electron mobilitykimg its application in high speed

devices very attractive [4.5].

The alloy with a composition x = 0.09 is receivingreasing attention [4.6] as it has

a room temperature energy gap corresponding to \elewagth of about 4.2um
which is within the infrared wavelength range 3#3n, the transmission window in

the atmosphere, where long-range detection istefast.

The elastic constants of the IlI-V binary semicortdis have been extensively
measured but little information for the 11l-V temmss is available. To the best of our
knowledge there is no report to date on the measeme of the elastic constants of

the ternary alloy INAgg1Shy oo

In this study, the SBS technique was employed tasme the room temperature
elastic constants of the InfsSk oo ternary alloy which are essential in furthering
the understanding of the mechanical propertiesevicgs that are fabricated from

such alloys.

4.2 Sample preparation and characterisation

INASsg 91Sky o9 Samples with dimensions of about4 mm were supplied by Professor
J.R. Botha and his research group at the NelsondBanMetropolitan University
(NMMU) in Port Elizabeth, South Africa. These unédpsamples with a mirror-like
finish were grown by atmospheric pressure metaliogaapour phase epitaxy
(MOVPE-grown) on an InAs substrate. Further infotiora sent with the ternary

alloy is that it was measured to be about 2.ih thick by the Nomarski differential

interference method and was lattice matched to(10€®) orientation of the InAs

substrate.
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A Laue X-ray analysis of the ternary alloy was matrout to confirm the (100)
orientation. The Laue method is mainly used to rigtee the orientation of large
single crystals. The preferred crystal orientati®rdetermined from the position of
the spots on the Laue photograph. Each spot caimdexed, i.e. attributed to a
particular plane, by using relevant standard charts

The Laue X-ray photograph of the InAsSky ogsample that was studied is shown in
figure 4.1. The photograph was compared to standhadts for different crystal
orientations and based on the standard (100) pirofechart for cubic crystals (see
figure 4.2); the sample surface was indeed detexthio be (100).

Figure 4.1: Laue X-ray photograph of InAs 9:Shy gorevealing the (100)
orientation.
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Figure 4.2: An example of a standard (100) projeain for cubic crystals.

In Chapter 1, it was shown that the determinatiun dlastic constants of a material
requires the knowledge of the material’'s mass dgnBherefore an X-ray diffraction
measurement was carried out on the sample to deeermts lattice constant. The
measurement was done at room temperature usingipsHPW1050 diffractometer
(Cu Ka radiation at 40kV and 20 mA). From the X-ray difftion measurements, the
lattice constant was determined to be 6.0811 A. déresity was then calculated from

the lattice constant and the total atomic weighh&unit cell.
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The ternary semiconductor alloy InAsSkhos, as with a number of 1lI-V
compounds, forms a crystal with a cubic zinc-blesttacture. Noting that there are
four formula units per unit cell for zinc blendeusttures, the density was calculated
as,

where Z is the number of formula units in a unit cefl,is the formula weighty is
the volume of the unit cell measured irf @&d 1.66 is derived from Avogadro’s
number. The formula weighf was calculated using atomic weights in the follogvi
way:

F = 114.80 g/mol (for In) + 91% of 74.92 g/mol (fos A+ 9% of 121.80 g/mol (for
Sb) = 193.94 g/mol. The density was found to b@% /cn.

SBS measurements were commenced after the sangpidace was cleaned with

alcohol and acetone to maintain its mirror likadm

4.3 SBS technique on InAgy:Shy o9

The experimental arrangement follows the one dstaih section 2.7. It was
mentioned then that instead of an optical furnase wath the boron doped
polycrystalline sample, the ternary semiconducttmyalnAsy ¢1Shyo9 Sample was

mounted on a specially machined sample holderighétted with a goniometer to

enable the variation of both the angle of incideand the azimuthal angle. Further,
the measurements in this case were only done an rtemperature. For the
calibration of the spectrum, the interferometerrarirspacing was set at 4.0 mm
throughout the measurements. These measurements egeried out using the
refurbished TFPI and the new JRS Scientific Insgote Ghost multichannel
analyser MCA - 1. This meant that the SBS spectuanthe output of the MCA was

now displayed in terms of frequency shifts andai@nnel numbers.
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4.3.1 Variation of the Rayleigh SAW

The determination of the surface anisotropy was edsried out for this sample. SBS
measurements of the dependence of the Rayleigh S8&dcLity on the azimuthal

angle were carried out at a scattering angle of FdP the (100) plane of a cubic
crystal, measurement over at least 90° of the sasface is sufficient. In this case
measurements were done for the full 360° rang® degjree intervals with the aim of
seeing how the Rayleigh SAW behaved and also totlseeperiodicity of the

variation. It can be seen in figure 4.3 that thiera clear 90° repeat interval in the
variation of the Rayleigh surface acoustic wave \(\BAwith the azimuthal angle.

Seeing that we had an anisotropic cubic crystalyas important to establish the
[001] and the [011] symmetry directions. This cleois based on the discussion in
Chapter 1 section 1.2.4 where explicit secular fions that determine the surface
and longitudinal wave speeds in the [001] and [Odryktallographic directions are
introduced. With the aid of the dispersion curvdigure 4.3, the [001] direction was
found to be corresponding to the position giverth®gy100° position on the dispersion
curve by fitting a cosine curve to the data poifise [011] direction could then be

located at 45° from this 100° position.
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4.3.2 Recovery of elastic constants

The values of the elastic constar@s, C, and C,, were recovered from the SBS

measurements taken in the [001] and the [011] times. Figure 4.4 shows a typical

SBS spectrum acquired for this material. It toolowtb48 hours to acquire this

spectrum and what is of note here are the cleaiyed longitudinal and transverse

thresholds of the Lamb continuum. The spectrunfectibn time and the excellent

manner in which the TFPI and the auxiliary opticerevaligned resulted in the

acquiring of such spectra with well defined feasurehe shape of the central peak is
modified by the shutter that removes the elasticaihttered light while introducing a

reference signal for the purpose of maintainingalignment of the interferometer.

The HWHM (half width at half maximum) measuremenfsthe Rayleigh SAW
velocities were found to be about 54 t.Fhis value gave a difference of about
2.5% between the velocity measured from the frequehift at the centre of the peak
and the one measured from the frequency shift aHMWThe SAW velocities are
listed in Table 4.1.

The spectral features of the Lamb shoulder for[@®4] and the [011] directions are

shown in figures 4.5 and 4.6 respectively. The tegture is the longitudinal threshold

that will later be utilised in the direct calcutatiof the elastic constad, ;.
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The positions of the minima in the respective Lashbulders corresponded to the
longitudinal thresholds thereby making it possiisl@btain required frequency shifts

for the calculation of the longitudinal velocitids. To find the surface acoustic

wave (SAW) velocities, Lorentzian functions weritelll to the SAW peaks to locate
the central values of the frequency shifts. Froma theasured frequency shifts
equations (1.4) and (1.20) in Chapter 1 can themskd to find the required velocities
as shown in table 4.1.

Table 4.1: Measured SAWand Longitudinal threshold frequency shifts and
their corresponding velocities for the (100) surfage of the ternary semiconductor
alloy |nASo,918h),og

[001] direction [011] direction
FREQ. SHIFT| VELOCITY | FREQ. SHIFT| VELOCITY
(GHz) (m.sh) (GHz) (m.sh)
SAW 7.39 2011 7.86 2139
Longitudinal 12.80 3483 15.36 4179

The relation between surface acoustic phase viecdnd elastic constants was
highlighted in the discussions in chapter 1. Iis tase we have measured 4 velocities
and there are 3 parameters g, C,, andC,,) to be determined — this is an over
determined problem that is solved by a fitting mahare. One approach would be to
do a least squares fit to the 4 velocities. Thisilaequire in particular, the cubic
equations (1.17) and (1.18) to be solved and tineecroot (of three) to be selected
each time.

We have however adopted a much simpler approattetditting, which avoids the

necessity of solving the cubic equations. We ds lblyi taking the merit function to be

X2 =(h2+h)+w(hi+h;) (4.2)
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where w is the relative weighting factor for the longitodl velocities as compared

with the Rayleigh SAW measurements and h,, h, and h, are defined as follows

1
C _WZ 2 CZ
= V2 | Sz FIRSW | | C — 12 52 4.3
hl p\/RSAW (C44 Cll_p\/RZSAWj [11 C11 WRSAW] (4.3)
2
hz:pVPZSAW_ %x : C44_/NPZSAW :
e {Z(Cll+clz+2C44)}_WPSAW
1 C, 2
x| =(C,, +Cp,+2C ) =2 — Vi (4.4)
2 C11
h, = p\/Lz -Cy (4.5)
1
h, = pVLZ _E(C11+C12+ 2C44) (4.6)

where h, h,, h, and h, are secular functions that determine the surfaug a

longitudinal lateral wave speeds in the [001] a@dll] crystallographic directions

which for a perfect fit would all be zero.

The quantitiesh, and h, correspond to the deviation of the squared lonlgitai
velocities from their measured values dmdand h, are not very different from being

the deviation of calculations from squared meas@®&W velocities.

In the calculation of the elastic constants, theAS@elocities were given a bigger
weighting than the longitudinal velocities. Thislagely due to the possibility of
locating the centre of the SAW peaks by fitting éustizian functions whilst on the
other hand the longitudinal thresholds presentesmfielves more as somewhat
rounded valleys rather than sharp dips. This catldsly seen in figures 4.5 and 4.6.

Given this factor of a greater uncertainty in meaguthe longitudinal velocities, a
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weighting factor of w=0.25 was assigned to the longitudinal velocities in the

calculation of the merit functiony?.

The measured and calculated velocities are comparddble 4.2 following the

minimisation of y*.

Table 4.2: Measured and calculated velocities (witl V, weighting of 0.25) for
the (100) surface of the ternary semiconductor aliolnAsg 91Sho og

[001] [011] [001] [011]
Vg (M/S) Voo (M/S) V. (m/s) V. (m/s)
Measured 2011 2139 3483 4179
Calculated 1984 2156 3587 4087
% deviation 1.37 0.77 2.98 2.19

On minimisation of y* the fitted values of the elastic constants weumdoto be:
C,=73.7x1.3 GPa
C,=40.4%0.9 GPa
C,,=38.7*x1.3GPa

The minimisation ofy*was also done with the values of the velocitiesioled from

the FWHM readings. The elastic constants obtain@ah this minimisation were then
compared to the elastic constants obtained fronmisasured velocity values in table
4.2. The difference between these values is gigethe error in the measurement of

elastic constant§,;, C,, andC,, as shown above.

The SBS spectra were calculated from the determma&ges of the elastic constants

C,, C, and C,, and compared with spectra measured in the [00d]the [011]
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directions based on the assumption that the siagtes entirely by the ripple
mechanism, and hence is proportional ilelm{G%(lg‘,w)}. The comparison
w

illustrated in figures 4.7 and 4.8 shows a goocdeagrent between measured and
calculated spectra particularly for the SAW modedse uncertainty in locating exact
positions of the longitudinal minima is evident wheomparing the “valleys” of the
measured spectra to the calculated “dips”.
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Figure 4.7: The measured and calculated SBS spectfar the [001] direction on
the (100) surface of INAg.¢:Shy s
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Figure 4.8: The measured and calculated SBS spectfar the [011] direction on
the (100) surface of INAg§ 1Sy oo
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The approach to minimisation of the merit functign’ provides additional
information on the accuracy of the measured elasinstants as shown in figures 4.9

to 4.11 which are contour plots gf? in (GPa¥ for the variation of pairs of elastic

constants with the third one kept fixed. The iters give a minimumy? value of

about 13. The description of the observed covadaridhe elastic constants is given

below.

In figure 4.9, elastic constants;, and C, are allowed to vary while&C,, is kept
fixed. The minimisation ofy? shows an accurate determination(@f, -C,,) and a
less certain determination ¢€,, +C,,) since x* increases much more rapidly when

(C,-C,,) is varied than whefC,, +C,,) is varied.

In figure 4.10, the elastic constar@s andC,, are allowed to vary whil€,, is kept
fixed. Here the contour plot shows a more accutatermination ofC,, +C,,) and a

relatively less accurate determination(&f, -C,,).

Lastly, in figure 4.11, the elastic consta@f, is kept fixed whileC,and C,, are
allowed to vary. The minimisation ofy’shows that(C, —C,,) is accurately

determined while there is a less certain deternanatf (C,, +C,,).
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Figure 4.9: Contour plot of x* in units of (GPay for variation of C,, and C,
whilst keeping C,, fixed at 38.7 GPa.
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4.4 Conclusion

In this chapter, room temperature SBS measurenteaus been presented for the
ternary semiconductor alloy InAgShy os. The Rayleigh SAW, pseudo-SAW and the
transverse and longitudinal thresholds of the Lamitinuum were observed in the
SBS spectra. The velocities of both the Rayleigd #me pseudo-SAW modes
indicated a direction dependent behaviour when #egular dependence
measurements were carried out on the sample.

A simple and robust fitting procedure was carried for the recovery of the elastic
constants. To obtain all three elastic constahis,positions of the Rayleigh SAW
peak, the pseudo-SAW peak and the minimum in theb.a&ontinuum at the
longitudinal threshold were measured. Measurementthe [001] and the [011]
directions on the (100) surface of the ternary yalloAsyo:Shyoy yielded four

velocities that were used in the constructed nfenttion to determine the three

unknown elastic constants.
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Chapter 5

Conclusion

In this dissertation, we have employed surfaceldrih scattering to determine the
elastic properties of two selected semiconductirsggenals. SBS is a non-contact,
non-destructive technique that probes thermallyted@coustic phonons and as such
is important in the characterisation not only omgmnducting materials but of all
materials in general. In SBS, the population offeste excitations allowed by the
sample geometry can be observed via the rippldastaoptic mechanism or both
depending on opacity and can yield information loe elastic constant tensor of the

material.

The preparation of samples for SBS measuremendslezhthe determination of the
crystallographic orientation of the sample surfgoeen that the phase velocities can

depend on propagation direction.

The study on boron doped polycrystalline silicontaged the solving of two

equations for determining the two effective elastomstantsC,;, and C,, of this

material presumed isotropic. Surface isotropy wskldished by measuring the
angular dependence of the Rayleigh SAW velocity.eWhhese measurements
revealed a very weak anisotropy, Raman scattering ®mployed to assess the
crystalline attributes of the material. It was b$thed from these Raman scattering

measurements that the material was polycrystalline.

The isotropy of the material meant that the valetseved from the acquired SBS
spectra included only the Rayleigh SAW velocity ath@ longitudinal velocity
associated with the frequency shift of the longiadl threshold. Having measured

these two velocities, a direct method of deterngnihe two effective elastic
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constants was utilised making the traditional pdoee of fitting theory to measured

data to extract elastic constants unnecessary.

In measuring the engineering elastic moduli of bodoped polycrystalline silicon,
the Young's modulus was a parameter that couldilsedg compared with other
measured or theoretical values of the materialval$ established that the measured
Young's modulus value of 15k 2 GPa compares very well with values quoted for
polycrystalline silicon with a preferred texturdghar than for polycrystalline silicon

with a random distribution of crystallites.

Surface anisotropy was observed in the ternary gerductor alloy INAggi1Shy s
The angular dependence of the surface acoustic sp&eds in this (100) oriented
single crystal was measured and by so doing th&][@Ad [011] crystallographic
directions were determined. The Rayleigh SAW véjoand the longitudinal velocity
associated with the frequency shift of the longitatithreshold were measured in the
[001] crystallographic direction while the pseuddVE velocity and the longitudinal
velocity associated with the frequency shift of tleagitudinal threshold were
measured in the [011] crystallographic directiomisTled to an over determined
problem where we had 4 equations to solve for thmli3own elastic constants. A
computer program was coded in FORTRAN to implemeerfitting procedure for

recovering elastic constan@,, C,, and C,,. This was done by minimising a merit

function constructed from explicit secular funcsothat determine the surface and
lateral longitudinal wave speeds in the [001] abitil] crystallographic directions. In
this calculation, the contributions of the latdaadgitudinal wave speeds were given a
smaller weighting factor because of the lesserigiggt with which they could be
measured as compared to the SAW and PSAW valuesuiTknowledge this is the

first time the elastic constants of InAsSkh) 09 have been measured.

In this work, it was shown that SBS is a power&dhnique in the probing of elastic

constants of bulk semiconducting materials. Thelioation of the data of the SAW
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modes and key points in the Lamb continuum, makpsedsible to extract all elastic

constants of bulk polycrystalline materials or boi&terials with cubic symmetry.

Our research group has developed expertise in ug&BS technique on different
materials under different conditions. These inclugdk materials, thin films, multi-
layers, high temperatures and high pressure conditiVith regards to the materials
studied for this dissertation, Mathe [3.4] has adine carried out studies on boron
doped polycrystalline silicon at high temperatuf®30°C to 600°C). Similarly, high
temperature studies on the ternary semiconducloy &Asy 9:Shy 0o can be carried
out in future to see what effect the higher tempees have on this material’s elastic
properties. The effects of elastically harder casgtally softer materials on the
elastic properties of this ternary semiconductdoyalcan also be studied by
synthesising bi-layers of this alloy with such mtls. Depending on the ultimate
application of both materials studied in this wanigh pressure SBS studies cannot

be ruled out as a possible research interest.
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