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SUMMARY

The 111-V semiconductor compounds (ile,Ga_,As, InAs_Sb , In Ga_,Sb and

Al Ga_,As) have been studied using room temperature Ramactrepcopy. X-ray

diffraction has been used as a complementary deaization technique. In this study all
the IlI-V semiconductor compounds were grown by aheirganic chemical vapour
deposition (MOCVD) on GaAs and GaSb substrates. [Alyers were studied with
respect to composition, strain variation and alttbickness.

Raman spectroscopy has been employed to assessntip@sition dependence of optical
phonons in the layers. The alloy composition waseda while the thickness was kept
constant in order to investigate compositional@ffeA significant frequency shift of the
phonon modes were observed as the composition edaiipe composition dependence
of the phonon frequencies were described by lirsgat polynomial expressions. The
results of this study were compared with previo@wnBn and infrared work on IlI-V

semiconductor compounds.

Strain relaxation in InGaAs and InGaSb has beemstigated by Raman and X-ray
diffraction. Measurements were performed on sesaés of layers. For each series, the
thickness was varied, while keeping the compositionstant. For a given composition,
the layer thicknesses were such that some layexddibe fully strained, some partially
relaxed and some fully relaxed. The Raman peaksshiid XRD confirm that a layer
grows up to the critical thickness and then relgdke strain as the thickness increases.
Critical layer thickness values measured in thislgtwere compared with published data,
in which various techniques had been used to etitha critical thickness.



CHAPTER 1

INTRODUCTION

Over the past few years there has been considenaldeest in exploring the
fundamental limits of semiconductor device operatidhe concept of band gap
engineering makes it possible to meet the needsaoparticular application.
Semiconductor alloys provide a means of tuningniagnitude of the forbidden gap and
other material properties with the purpose of oping and widening the applications of
semiconductor devices (Bouarisstal., 1995).

The IlI-V semiconductor alloys of particular intstein this work are based on the
binaries GaAs, InAs, GaSb, InSb and AlAs. At présdirV alloys provide the basis

materials for a number of well-established comnatréechnologies, as well as new
cutting-edge classes of electronic and optoeletrdevices, such as photodetectors,
heterojunction bipolar transistors, diode laseigh helectron-mobility transistors and
modulators.

One of the major advantages of ternary alloys wépect to binary compounds is the
possibility to tune, in the range defined by thenstduent binaries, their physical
properties such as band gap and effective masshdmyging the alloy composition. This
has led to a focus on heteroepitaxial systemsateatattice matched. Probably the best

two examples areAl,Ga_, Adatticed matched to GaAs, anth,Ga,_, Aatticed
matched to InP (for an indium content x of 0.53heTAl Ga,_, AYGaAs system has
been widely used in the fabrication of visible lighmitting diodes (LED), laser diodes

(LD) and solar cells (Jeganathahal., 1999). There is considerable interest in low-

temperatureAl ,Ga,_,As/GaAs grown for the fabrication of ultrafast optidevices due

to their ultrafast carrier recombination (Geual., 2002). Theln,.,Ga, ,, As/InBystem



is widely used in light-emitters for optical fiboreommunications since its emission

wavelength of 1.5mmis within the optimum transmission window of siliiers.

The disadvantage of lattice matched systems is tthey are very limited in their
applications, because the extension of the aboveiomed devices requires access to a
greater range of heteroepitaxial systems (Hull Bedn, 1992). So the focus has been
shifted to lattice-mismatched heteroepitaxial systan the past two decades. Lattice-
mismatched systems provide new prospects, sudieasse of strain to modify electronic
properties and integration of semiconductor matendth different electronic, optical

and mechanical properties (Hull and Bean, 1992).

Even though lattice-mismatched heteroepitaxialesysthave been grown successfully,
the principal problem is the lack of substrateshwsuitable lattice parameters. The
requirements for epitaxial growth are that the atospacing of the layer and substrate
must not differ by more than a few percent, and they have the same crystal structure.
Lattice matching imposes a serious constraint enréimge of compositions that can be
grown on a particular substrate. Traditionally laRd GaAs have provided good
templates, but substantial effort has been conat=atron the use of InAs and GaSb as
substrates in recent years. The energy gap asciidnrof lattice constant for ternary
I1I-V compounds, as depicted in figure 1.1, clealiystrates the limitations imposed by
lattice mismatch. Although the composition (anddeethe band gap) of ternary systems
can be varied over wide ranges, in practice onlymdted number of materials of
sufficiently high quality are available commercya#ls substrates (these are indicated by
red dots).

Strain that results from lattice mismatch has aiigant impact on the fundamental

properties and the characteristics of the materadst may change the electronic band
structure (Adachi, 1992, p. 274). In small struetursuch as quantum wells and
superlattices, the effects of lattice strain carubed to achieve maximum performance.
An example of the application of quantum well staues is the strained layer quantum
well laser (Feketet al., 1986).
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Figure 1.1: Lattice constant versus energy band &ap ternary IlI-V
semiconductor$.Solid lines indicate direct band gap and dotteediindicates
indirect band gap. Commercially available subssrate GaAs, InAs, InSb, GaSb
InP and GaP.

Elastic strain in an epitaxial layer can be reldasg the formation of misfit dislocations
at the interface, provided that the layer thicknesseeds a certain critical value.
Therefore in order to obtain high performance devibased on lattice-mismatched
epitaxial layers, the density of dislocations nmuskept at an acceptable level. This study
is basically concerned with the limits to whichilz-mismatched epilayers can be grown
without the introduction of misfit dislocations. $d in this study the concept of mode
behaviour of mixed crystal systems will be discdss@he IlI-V semiconductor
compounds studied are InGaAs, InAsSb, InGaSb aG&hAsS.

! http://people.seas.harvard.edu/~jones/ap216/inizgedgap_engineering/bandgap_engineering.html



This dissertation is organized as follows:

In chapter 2, the fundamentals of Raman spectrgsang its applications are discussed.
Material properties of the IlI-V semiconductor camopds, such as crystal structure,
energy band structure and optical vibrational priope are reviewed in chapter 3. In
chapter 4, the strain epilayers, the critical latyeckness as well as various models for
the prediction of the critical layer thickness, asammarised. In chapter 5, the
experimental techniques and procedures used insthdy are presented. The results
obtained in this study are presented and discussetiapter 6. Finally, the important

conclusions regarding this study are presentetapter 7.



CHAPTER 2

RAMAN SPECTROSCOPY

In this chapter, the basic theory of Raman speobms will be presented. An historical
overview, theory of the Raman effect, molecularailons, Raman scattering geometry,

as well as the applications of Raman spectrosamgydiscussed.

2.1 Historical background of Raman spectroscopy

The Raman spectroscopy finds its origin in Plano#t Binstein’s formulation about the

dual nature of light (i.e. light is not only waudi in nature, but it also has a patrticle
naturej. Ever since scientists began thinking about the idf light as particles, the

possibility of inelastic scattering of these pdeticbecame a method of proof of this new
theory. It was proven by Compton in 1923, thatehisran inelastic scattering of x-rays
from a graphite target. That very same year, SmE&a23) theoretically predicted that

photons should inelastically scatter from moleculi@nsitions. In 1928, an Indian

physicist, C.V. Raman, discovered the optical plheson that would later be named
Raman scattering (Raman and Krishnan, 1928). Heawasded the Nobel Prize for his

discovery in 1930. Raman observed the weak saaftesifect by using the sun as the
source of light, a telescope as a collector, aomatrand photographic filter to create
monochromatic light and a filter to block this mehocomatic light. He then noticed that

there was a change in frequency as light passeddhrthe filter*.

Subsequently, a mercury lamp became the principaice of light in Raman scattering
experiments. The diagram in figure 2.1 shows thepmments for observing the Raman
phenomena. From the mercury lamp (1) the radiatjoes through a filter (2). The

monochromatic light obtained is used to illuminatee sample (3). The scattered
radiation is observed at an angle of 90 degre#setincident beam. A glass prism (4) is

used to disperse scattered radiation and final/reécorded on a photographic plate (5).

! http://www.deltanu.com/dn06/tutorials.htm.



The spectrum is observed on the photographic péete,is composed of a very strong
line (0) corresponding to the incident wavelendg®ayleigh scattered light). On both
sides of the strong line are the Raman bands)(lfdf which the wavelengths of the

scattered beams are different from that of thedmti beam.

[ 1]
by —E T ]

Figure 2.1: The first Raman spectrographs. Therdragllustrates different
components used record to Raman spectra. (Barahakg1987), p. 10).

Before the laser was invented, mercury arc lampgtiamintense radiation at 435.8 nm
and 546.1 nm were used. Samples of relatively laxgames (up to a few ml) were

required when using light sources of this typawdis difficult to examine the spectra of



solids and gases under these conditions. The gudlRaman spectra improved with the

invention of the laser in 1960 (Maiman, 1960). Huvantages of the lasers for Raman
spectroscopy also include its monochromatic natamé intensity. In modern Raman

spectroscopy, only laser light sources are useth(B&aet al. (1987), p. 56).

2.2 Theory of Raman spectroscopy

Oscillating electric and magnetic fields of eleatagnetic radiation can interact with a
molecule in different ways, for example by scattgror absorption of light (Inglet al.
1988). Raman scattering is the inelastic scatteohgelectromagnetic radiation by
molecular vibrations or optical phonons in a solithis process of inelastic scattering
involves the simultaneous annihilation of incidphbtons and the creation of scattered

photons (Born and Huang, 1954, p. 367). The frequémn,) of the incident photons

changes upon interaction with matter, and the fraqy of the reemitted photons is
shifted up or down with respect to the frequencyhef incident photons. This is known
as the Raman Effect. For this effect to occur, lHser beam has to be of a particular
wavelength so that it is not absorbed by the mi¢e(skoog and Leary, 1992).

Absorption occurs if the photon energy correspdndke difference between two energy
levels of the molecule (Baranskaal. (1987), p. 12). The requirement for absorption to
occur is therefore that the source has to havegimenergy to bring the molecule into an
excited electronic state. This is illustrated igufie 2.2. The resulting observed light
radiating from the sample is in the form of lumicesce (Granados, 2003)in order to

prevent this absorption from occurring, the soureest have energy lower than the one
required to bring a molecule from the ground statéhe lowest excited electronic state
(Granados, 2003). Since E = h= h (ch), where the energy is the product of Planck’s
constant, h, and the frequenay(in hertz), it suggests that a source of light vatlonger

wavelength would be ideal.

* http://www.physics.arizona.edu/~thews/reu/RamadSfctroscopy.doc
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Figure 2.2: Diagram illustrating molecular absaspt{adopted from
Granados, 2003)

According to quantum theory, the Raman shift canelplained by considering the

exciting light to have photons with enerdw,(Baranskaet al. (1987), p. 14). When

photons collide with a molecule, the molecule isught to a virtual energy state between
the ground state and the lowest excited statevirhel energy state is not a real energy
state, but exists due to a distortion of the etectlistribution in a molecule (Pelletier,
1999). The molecule will return to its originahtt by emitting Rayleigh scattering, with
no change in energy. This is illustrated in fig@&@&. Rayleigh scattering is the most
intense form of scattering.

* http://www.physics.arizona.edu/~thews/reu/RamanSg@troscopy.doc
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Figure 2.3: lllustratiohRayleigh scattering.

If there is a change in photon energy due to dasoofi, the molecule leaves the virtual

state and ends up in the first excited vibratiozargy level of the electronic ground

state. Since the energy of the photon has decretisedavelength is longer, and this is
called Stokes emission (illustrated in figure 2.449wever, if the molecule is already in

an excited vibrational energy level, the colliswith the photon can cause the molecule
to experience a transition to a lower energy l§@hnados, 2003). The photon energy
will increase, causing an emission of shorter wavgth, i.e. anti-Stokes emission. This
is illustrated in figure 2.4b. Hence, Raman frequeshifts are similar to the changes in
energy involved in transitions of the scatteringhpbe and are thus characteristic of a
sample (Baransket al. (1987), p. 14).

Actually, Raman frequency shifts correspond tortitational and vibrational transitions
of the molecule which cause the scattering (Fereasb. (2003), p. 6). Stokes and anti-
stokes emissions are symmetric about the Rayleigh because both correspond to
vibrational quanta Av) which are either gained or lost by incident pinstof radiation.
This is shown in figure 2.5 (Ferraebal. (2003), p. 16).

Stokes emission lines are much more intense thaarit-Stokes emission lines at room
temperature due to the fact that anti-Stokes ttiansi can only occur from an excited

vibrational state which is less probable to ocdwant transitions originating from the
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electronic ground state. Therefore Raman spectrgmabstly measures the Stokes
bands (Baransket al. (1987), p. 15).

i
_____ l_ e e
Stokes
Ener Scatter
&7 Incident
Photon
Y Final
Initicd

(a)

————— S St Virtual
A State
Ant-Stokes
Scatter
Incdent
Photon N
Jle oy vtiomal
v Find Levels
(h)

Figure 2.4: (a) Stokes scattering (b) anti-Stokestering (Lee and Mousavi, 2004).

Intensity (arb. units)

L)

Ravleigh Line

Stokes anti-Stokes
Lines Lines

Wavenumber (e

Figure 2.5: Raman spectrum which shows the Raylefgbkes and anti-stokes
lines (Ferrarcet al. (2003), p. 16).
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From classical theory, in order for Raman scattefio be observed, there must be
electric dipole radiation from a molecule (i.e. th@lecule acts as the source of
radiation). Generally, inelastic scattering occiesause a dipole is generated when the
electric component of light interacts with the nwlle (illustrated in Figure 2.6). This
means that the polarizability (i.e. distortion bételectron cloud within the molecule) of
the molecule must change with the motion (i.e.tromal or vibrational) of the molecule

(Baranskaet al. (1987), p. 18).

Figure 2.6: Visualization of an induced dipole maoneefore and after an

electric field is applied to an atom (Eckbreth, 898

The expression for the induced dipole is given by:

p=alE
or
MX a)()( axy aXZ EX
l'Ly = (lyx (lyy (Xyz Ey 12
”Z aZX azy aZZ EZ
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where a is the polarizability tensor. Tensors are quaggitihat transform under change
of coordinates (Dettman, 1986). If the moleculeimslergoing internal motion, such as
vibration or rotation, it can change the polariigbiof the molecule (Baransket al.
(1987), p. 15-17).

When the electric field vectorE) which interacts with the molecule is assumedéo b

sinusoidal, it is given by the equation:

E = E,cosZiv,t (2.2)

where E, is the amplitude of the electric field componenjs the frequency of the

wave, and t is time.

Equation 2.1 can be now expressed as follows:
u=akE,cosziv,t (2.3)

If the molecule is vibrating with a frequenegy, the nuclear displacemer®, is

expressed as:
Q, =Q,cos2ny,, t (2.4)

where Q,, is the vibrational amplitude. For small amplitad® vibration, o is a linear

function of Q, (k = x, y, z). The polarizability tensar, can therefore be expanded:

_ Jda
a—a0+(anpok+... (2.5)

where a, is the polarizability at the equilibrium positioand( Ou
k

J is the change of
0

the polarizability component with respect to displacemen®, relative to the
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equilibrium position. If equation 2.4 is substiitento equation 2.5, the following
expression is obtained:

da

a=o, +(5J0Q0 coy2nv ,t) (2.6)

k
From equations (2.2) and (2.6), we now find the atign which describes the

polarizability induced in a molecule with vibrat&nfrequency, , by the incident
radiation of frequency;

U =o,E,cos@ny, t)

=a,E, cos@ny,t) + (%J Q«E, cos@rw,t)
0

k

=0,E,cos@rm,t) + (aa—a

k

j Q,E, cos@rwv,t)cos@rm, t) (2.7)

The trigonometrical identity

cosAcosB= % cos(A-B) + % codA +B),

is then applied, to obtain:

U=a,E,cosRmt)+—

;(%]Qoalcos{zntvo ~Va)t} +oos@rv, +v )] (28)

k

The first term of equation 2.8 corresponds to unged scattered light of frequengyor
Rayleigh scattering. The second term representsaRa&cattering with frequency
vo-Vv,, (Stokes) andv,+ v (anti-Stokes). Thus, the vibrating molecule caratsource

of scattered light with three different frequendiEsrraroet al. (2003), p. 15-16).
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2.3 Molecular vibrations

In a diatomic molecule, vibration occurs only alotige bond connecting the atoms
(Ferraroet al. (2003), p. 19). For polyatomic molecules the situais different because
there are more possible types of motion. A setassible atomic motions is known as
normal vibrational modes.

To picture these normal vibrational modes, the raeial model of theCO, molecule,

illustrated in figure 2.7, is used. Atoms are repréged by balls and they are connected
together by identical springs. If the C-O springe.(bonds) are stretched and then
released at the same time (figure 2.7a), the halllsnove back and forth. This motion is
known as a symmetric (i.e. in phase) stretchingatibn. In the situation where one C-O
bond is stretched and the other is compressedréfigu’b), antisymmetric (i.e. out of
phase) stretching vibration occurs. There is algbira type of motion called bending
vibration, which is also symmetric; this is showgufe 2.7c. In this type of motion the
balls are moving perpendicular to the directiontlod springs. These three types of
vibrations have frequencies which are differentrfreach other. However, there are
vibrational motions which are different from thergd above and that are more
complicated. These types of motions involve angdédormations and occur in nonlinear

molecules (Davydov, 2003).

0O

a) symmetric
stretching
— - —
asymmetric
stretching

‘ ,‘ degenerate
C) ?

bending

Figure 2.7: Fundamental modes of vibration€i@, (Davydov, 2003).
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There are 3N - 6 fundamental normal modes in alim@a molecule, where N is the
number of atoms (Schroeder, 2002). The six funddémhenodes that are subtracted
include three translational and three rotationadeso In case of the water molecule

(H,0) for example, there are three mode@x3)-6=3, wherey, =3652cnt,
v, =1595cm™ and v, = 375@m™ (Schroeder, 2002). A linear molecule has 3N-5

modes because intra-molecular rotational motionsdoet exist. There are thus
(3x3)-5=4 fundamental modes of vibration in case @D, , two of these modes

have the same vibrational frequency i.e. they agederate.

In order to detect these normal vibrations, Rama lafrared spectroscopy techniques

are used.

2.4 Selection rules

Raman and infrared (IR) spectroscopy both providermation about the vibrational

spectrum of a molecule. They consist of sets afatibnal-rotational bands related to the
combination of vibrations and rotations of atomsti® molecule. The molecule is
characterized by the number, frequency and theiardplof vibrations. The spectra that
are observed from both these technique show clegistat positions for the bands, that
are dictated by the vibrational modes of the mde¢Baranskat al. (1987), p. 25).

In IR spectroscopy, light of a certain frequency absorbed by a molecule.
Experimentally it is observed that the light iseatiated when it passes through the
sample. In IR spectroscopy, light of infra-red freqcies is passed through a sample and
the intensity of the transmitted light is measuetdeach frequency. This means light
absorbed by a sample at a given frequency is detednIn the case of Raman
spectroscopy, the light interacts with the vibrgtmolecule and the changed frequency
of scattered light is measured. The two techniqgiee similar, but complimentary
information. They both measure the vibrational gieer of molecules, but they rely on

different selection rules. These selection ruldsm&ne whether the vibrations are active



16

in IR absorption or Raman scattering. From quantogchanics, if a vibration causes a

change in the dipole moment, the symmetry of thargdh distribution has changed

(Baranskeet al. (1987), p. 25), i.e., |(aa—’uJ # 0, the mode is infrared active. However,
0

k

if the vibration causes a change of the molecutdarzability, i.e. if (s—aJ 20, itis
k/o

Raman active. The selection rules are based osytihenetry of the molecule (Baranska
et al. (1987), p. 25). According to group theory, phononsnolecular vibrations can be
observed either in IR or Raman spectroscopy fastatyattices or molecules that possess
a center of inversion. This is called the rule aftoal exclusion (Baranskat al. (1987),

p. 25). Molecules or lattices which do not possesenter of symmetry, vibrations can be
seen both in Infrared and Raman spectra.

The selection rules for Raman spectroscopy arendigme on the polarizability,, as

shown in the equation:
j Y OWV)aywVv)dr (2.9)

wherey C(v') represents the excited state am(l) corresponds to the ground state of the

molecule. If the integrand is totally symmetriceththe integral will be nonzero, which
means that the product of the ground state, opei@td the excited state symmetry must
be totally symmetric (Inglet al. 1988). This is the selection rule which stateg tha

vibration will only be observed when the polaridaépichanges during the transition.

In the case of th&€€O, molecule, which is linear as discussed aboveastfour degrees

of freedom, hence four vibrational modes: symmeatrétretch, antisymmetric stretch and
two degenerate bending modes. Only one vibratiomadle is observed in the Raman
spectrum, namely the symmetric stretch vibratiohe Tother vibrational modes are

Infrared active.
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2.5 Raman scattering geometry

For modes to be Raman active they have to obegicesymmetry conditions in order to

fulfill the selection rules. As mentioned, seleantinules are deduced from group theory
and are associated with crystal symmetry. Thess rassociated with crystal symmetry
will be discussed with the aid of an example of Ramscattering by optical phonons in

zinc-blende crystals.

In a zinc-blende crystal the zone center opticabnam has symmetry s (Yu and
Cardona, 1996, p. 366)This is a triply degenerate representation witmgonents
denoted as X, y, and z. An optical phonon polarededg the x direction has two nonzero
components, denoted bg. This also applies to optical phonons along thangd z
directions. The Raman tensors of symmetryof optical phonons polarized along the x,

y, and z directions, are given by (Yu and Cardd®86, p. 367):

(2.10)

o 9 O
o O 9w
oS O O

0 a
00 and R, =
00

Using the Raman tensor defined in (2.10) the Selecules for Raman scattering can be
derived for the zinc-blende structure. To desctilee Raman scattering geometry and
polarization configuration, the notation introducled Porto (1962) is applied. Raman
tensors and vectors are used for this purpose. VEotrs are the directions of the

incident photonk, , the scattered photokg, the polarization of the incident photen,
and the scattered photos,. These four vectors define the scattering cordigpns
usually represented ks(e_,e)ks. Direction vectors in space are defined aﬂs{lﬁ)O],

y || [010] and 4|[001].
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For backscattering from a (100) surface the wavevegof the phonon must be along
the [100] direction due to wavevector conservatiéor. the TO phonon, its polarization
must be perpendicular @@ and therefore its Raman tensor is a linear contibinaf R,

andR, . The nonzero components of bd®) andR, impose the requirement tha,_ or

e; must have a projection along the x-axis. If hblot and kg are parallel to the x-axis,
e_ andeg are both perpendicular to the x-axis, and hermmadR scattering by the TO
phonon is not allowed in this geometry. The LO phons allowed because its

wavevectorq is along the x-axis and its Raman tensor is ghaeiR, . For the scattering

configurationx(y,z)x or x(z,y)x the corresponding scattered intensity is propoaico

|aLO|2. On the other hand, LO phonon scattering is falbid in the scattering

configuration x(y,y)i and x(z,z)i (Yu and Cardona, 1996, p. 367). The selectionsrule

and their corresponding scattering configuratioressammarized in table 2.1.

Table 2.1 Backscattering configurations in zincAle crystalsa, , anda,, denote the
nonzero Raman tensor elements for the LO and T@@is) respectivelyy’ and Z'

denote th§01] and [0]1] axes (Yu and Cardona, 1996, p. 368).

Surface Selection rule
LO TO
X(y,Y)X: X(Z,2)X 0 0
X(Y,2)X; X(z,y)X lao|” 0
X(Y\2)x: X(Z,y)x 0 0
x(Y,y)X; X(Z,Z)x la|” 0
Y (x,%)y’ 0 0
y' @ %)Y 0 [aro|”
V@2 0 ol
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2.6 Applications of Raman spectroscopy

Among a variety of spectroscopic techniques, vibratl spectroscopy is most widely

used in structural characterization. Due to itstacthess and non-destructive nature,
Raman spectroscopy is one of the most versatills iaothe material sciences. Raman
spectroscopy provides a way to determine a vargdgtysample properties, such as

information about the crystal lattice, orientatiatructure, composition and stress. The
electronic properties, such as the carrier conagatr and impurity concentration can

also be assessed. Scattering by lattice vibratiomadles can be used to characterise

semiconductor heterostructures and interfaces (BaneRichter, 1996).

2.6.1 Stress and Strain

There are several techniques for measurement e$sst&and strain, of which Raman
spectroscopy is one of the widely used technignesemiconductors. So the strain in a
layer can be monitored through evaluation of thenpm frequencies in the Raman
spectrum. It is particularly good in establishirige tcharacteristics of microelectronic

devices, because the performance of semiconduasadodevices is highly dependent on
the knowledge of the stress and the strain indlgerl The determination of the strain is
important for the calibration of the growth procemsd control of the electrical and

optical behaviour of the layer. The presence d@sstror strain affects the frequencies of
the Raman vibrational modes and changes their @egeies (Cerdeirat al. 1972).

2.6.2 Crystal orientation

Raman scattering by crystals provide information the crystal orientation. The
polarization of the Raman scattered light with ez$fo the crystal and the polarization
of the laser light can be used to find the orieatatof a crystal. As mentioned in
section 2.5, a Raman scattered photon backscétbenscrystal plane, such as the growth
plane. For example in a zinc-blende-type cryshkad,lbngitudinal optical (LO) vibrational
modes are only permitted in the (100) backscatiedanfiguration, while transverse
optical (TO) modes are only permitted in the (Obagkscattering configuration. Both
LO and TO modes are permitted in the (111) conégan.
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Figures 2.8 and 2.9 illustrate the Raman specttanddped GaAs (100) and GaAs (111),

obtained in a pseudm(z,z)i backscattering configuration.

Undoped GaAs
-1
ol LO (291.5cm™)
= _ N
=] (100) bascattering
2
S -
2
‘D
C -
e
£
' | ' | ' | '
150 200 250 300 350

Wavenumber (cm™)

Figure 2.8: Raman spectrum of undoped Ga88), showing the LO mode.
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Undoped GaAs(111) 10 (268cm™)

LO (291.5cm™)

(111) backscattering

Intensity (arb. units)

150 200 250 300 350

Raman shift (cm))

Figure 2.9: Raman spectrum of undoped GaAs (1hbwmg LO and TO modes.

2.6.3 Temperature determination
Raman spectroscopy can also be used as a tooleiorilee the temperature of a sample.
The temperature of a sample can be estimated tnenmtensity ratios of the Stokes and

anti-Stokes Raman lines by applying the followigg&tion (Ferraret al. (2003), p. 17):

| (Stokes) _ (V=)
|(anti - Stokes) (v, +v,,)*

exp{hcv, /KT} (2.112)

where v, (cm™) is the excitation frequency of the laser, (cm') is the Raman shift of

the phonon pealty is Planck’s constant is the velocity of lightk is Boltzmann’'s

constant, and is the absolute temperature.
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CHAPTER 3

BASIC PROPERTIES OF IlI-V SEMICONDUCTOR COMPOUNDS

3.1 Introduction

In this chapter, details about the basic propediethe 11l-V semiconductor compounds
relevant to this study will be discussed. Theiustural properties and band structures
will be presented. The chapter will be concludethvai discussion of optical vibrational

properties of these compounds.

3.2 Properties of IlI-V semiconductors

A great deal of theoretical and experimental warklee 111-V compound semiconducting
materials have been carried out. Their propert@e been reviewed extensively and the
reader is referred to literature reviews by Ada¢i®92) and a useful more recent
compilation, which provides a comprehensive andsist@nt review of these materials,
by Vurgaftmaret al. (2001).

3.2.1 InGaAs

Crystal structure

Nearly all the 111V semiconducting compounds cafte in an arrangement where each
group Il atom is at the centre of a tetrahedrod hound to four group V atoms, one
each at the four corners of the tetrahedron (Hilsumth Rose-Innes, 1961). This type of
tetrahedral arrangement is called zinc-blende arsddubic (figure 3.1). The zinc blende

crystal consists of two interpenetrating face-cashtubic lattices, one having an atom
from group-Ill (e.g. Ga) and the other atom froroup-V (e.g. As). A zinc blende crystal

is characterized by a single lattice constant (dftrganet al. 2001).

The semiconductors GaAs and InAs have a zinc blengsal structure, and the ternary

compound In,Ga,_,As also exhibits the same structurén,Ga,_,As exists as a
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disordered alloy for the entire compositional rgngeeaning that atoms are randomly
arranged i.e. there is no periodicity (Adachi, 1993nly five kinds of tetrahedral cells

(figure 3.2) are possible (Ichimura and Sasaki6)98

z [001]

[010]

¥
<~ % [100]

Figure 3.1: Zinc blende crystausture (Ashcroft, 1976).



Figure 3.2: lllustration of five possible tetrahealecells inIn, Ga,_ As (Ichimura and

Sasaki, 1986).

In the case of binary end members, X-ray diffractiveasurements at room temperature
and atmospheric pressure have yielded the latbostant values with great accuracy.
The determined value of the lattice constant atlB@0r GaAs is 5.6532 A (Shahid al.,
1987), while that of InAs is 6.0583 A at 298.15 Rzplinsh et al., 1963). Some

fundamental properties of these binaries are sumathin table 3.1.

Due to the random distribution of atoms from thensagroup within the alloy lattice,
precise determination of lattice parameters of diiey cannot be achieved. A linear

interpolation between the lattice constants of dbestituent binaries is used rather, for
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determining the lattice constant of the alloy. Tatice constant of the ternary system

AxB1C is given by Vergard’'s law expressed as (Vurgaftn2901):

a(x) =ay x +8; (1= X) 3.1

The lattice constant as a function of solid comjasiwas found experimentally to vary

linearly for In,Ga,_, As alloys. The variation is given by the expressid@dgchi, 1982):

a = 6.0583- 0405 (3.2)
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Table 3.1: Room temperature properties of GaAslaAs€.

Properties Parameter
GaAs InAs
Crystal structure Zinc blende Zinc blende
Lattice constant 5.6532 A 6.0583 A
Elastic constant ¢,,) * 12.11x10° Pa 8.33x10° Pa
Elastic constantC,,)” 5.48x10° Pa 4.53x10° Pa
Density 5.32 g/cm 5.68 g/cn

Bulk modulus

755x10" dyn/cnf

581x10" dyn/cnf

Sheer modulus

326x10" dyn/cnf

190x10"* dyn/cnf

Thermal expansion 58x10°K™ 452x10°K
Specific heat 0.327 J/g-K 0.25J/g-K
Thermal conductivity 0.55 W/cm?®C 0.27 W/cm®C
Dielectric constant 12.85 15.15

Band gap 1.42 eV 0.35eV

Electron mobility (undoped) 8500 cni/V-s 4x10* cn/V-s

GaAs: Mikhailova, 1996)
* Tabateet al., 1994

InAs: (Welkd 952), (Sze, 1981) and (Pierret, 1989)
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Energy band structure

Both GaAs and InAs are direct band gap materiatur@ 3.3(a)), meaning that the
minimum of the conduction band is directly above thaximum of the valence band in
the momentum space. For transitions between trengaland conduction band to occur,
only a change in energy of an electron is needadina change in momentum, unlike for
an indirect band gap (figure 3.3(b)) material sasfsilicon (Si). In,Ga,_, Asas an alloy
of these binaries is also a direct band gap serdigdor over its entire composition range

(Vurgaftman, 2001).

(a) Direct (b) lmdct

cb |E cby |E
\
AN

g 4 Es A k
v

v k

vb

vb

Figure 3.3: Elementary direct (a) and indirecti{aind gap diagrams at 0°K.
In the 1lI-V ternary systems @14C) the dependence of the energy band gap on
composition is nonlinear and it is expressed imgeiof a quadratic expression (van

Vechten and Bergstresser, 1970):

E,(A,B,C) =xE; +(1-X)E; +x(1-Xx)c (3.3)

? http://www.ece.rutgers.edu/~maparker/classes/58etsChapts/Ch01-
Intro/Ch01Sec05BandsTransitions.pdf
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where EQ and ES are the energy gaps of the two binaries AC and BfSpectively. In

the case ofIn, Ga,_, As, the energy gaps will be those of InAs and GaA® farameter

c is called the bowing parameter. The bowing paramtir 11I-V ternary systems is
positive (i.e., the band gap of the alloy is smallean what a linear interpolation would
predict) and can be a function of the temperatitedaftman, 2001).

There have been extensive studies concerning thin drowth on substrates with
different lattice constants, particularly in GaAsldnP (Jairet al., 1996).In,Ga,_, As is

subjected to biaxial strain in the plane of thestayvhich leads to a tetragonal distortion
of the lattice. This will be discussed further hmapter 4.

The strain changes the band gap and causes gplittithe fourfold degenerate valence
band into separate light hole and heavy hole bahusse effects are shown in figure 3.4
(Adachi, 1992, p. 274), wherg kes in the growth plane and kes along the growth
direction (Adachi, 1992, p.274). The band gap desme under tension, while under
compression it increases. The change in band gagdalstrain can be written as (Asai
and Oe, 1983):

3.3

AEQ(E,iEJ = A18 (34&)
3.1

AEQ(E,iEJ = A28 (34b)

whereg is the strain and its components along (100) tioes are given by:

€xx = Eyy

= —ao(’;); % (3.5)

where a,(x) and a, are the layer and substrate lattice constantpectisely. The

perpendicular component of the strain is givenBguer and Richter, 1996):
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.= —{ﬁjsxx (3.6)
Cll

whereC,, andC,, are the elastic constants which may be obtained by

C,; =11.88-3.55x (3.7)
and
C,, =5.37- 084x (3.8)

with x being the indium content (Hornstra and BEs;t1978).

The parameters fand A are functions ofC,, andC,,, hydrostatic deformation potential

a and shear deformation potential b (Jatial., 1996).

1

)

kg=——k

x z K~ Kz

—~— |
J=3/2,m;= '-‘-3// —)f'i_.__m
/"\ |
J=3/2,m;= x1/2 /\

Biaxially Unstrained
Compressed

E (eV)

Figure 3.4: lllustration of the effect of biaxiadmpression on the

electronic band structure near fipoint in In, Ga,_,As (adapted from

Adachi, 1992).
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3.2.2 AlGaAs

Crystal structure
Al,Ga_,As alloys crystallize in the zinc-blende structure,isbhconsist of two face-

centred cubic (fcc) sublattices displaced from eatier by one-quarter of a body
diagonal. One sublattice is occupied by Al and @Gana and the other by As atoms
(Kaunet al., 1985).

Energy Band structure
The energy band structure 8l Ga,_,As has been studied by various techniques, such

as ellipsometry, photoreflectance and photolumieese (Adachi, 1993). Its vital role in
optoelectronic devices requires an exact knowleafgine alignment of the three main
conduction valleys (Vurgaftmaet al. 2001). GaAs is a direct band gap material wWith
L-X valley ordering, while AlAs is an indirect band gapaterial with the reverse
ordering. This has made the investigation compidaMost studies have focused on the
point where thg” and X valley minima have the same energies i.e. thealeet cross-

over point, where the band gap of AlGaAs becomedsent (Vurgaftmaret al. 2001).

Bowing parameters from 0.14 eV to 0.66 eV have lsmygested for thE-valley energy
gap when equation 3.3 is used for the entire corposf Al,Ga_,As (Vurgaftmanet

al. 2001). Casey and Panish (1978) proposed thalt thend gap may be represented at

300 K by linear or quadratic expressions:

E!(x) =1.424+ 1.247x 0& X < 045) (3.9a)

E! (x) =1.4224+1.247x+1.147(x- 0.45f (045< x < 1.0) (3.9b)

The two indirect gaps{ andL are expressed as:

E, () =1.90+0.125x+0.143x% (3.10a)
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E'(x)=1.708+ 0.642x (3.10b)

This data indicates that théX crossover point occurs in the compositional ranfje

0.4<x<0.5. Figure 3.5 shows this crossover pointAh Ga,_, As.

Energy Gap (V)

0.0 0.2 04 06 0.8 1.0
Compaosition x

Figure 3.5: lllustration of the cross over pointAlGaAs alloy at T = 0 K

(Vurgaftmanet al. 2001).

3.2.3 InAsSb and InGaSb

Crystal structure

Sh-based 1lI-V materials are important for long-easptoelectronic devices (Woolley
and Warner, 1964). A knowledge of the physical props and intrinsic characteristics,
such as band gap and band offsets, is importanhédesign of devices (Rakovsitaal.
2000).

As mentioned in section 3.2.1, an interpolationradtbetween the constituent binaries

is used to derive the physical properties of terr@loys. Some of the material properties
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of InAs_Sb, (Vankova, 2002) andn,Ga,_,Sb (Goldberg, 1996) are summarised in

Table 3.2.

Table 3.2: Basic parameters forAs,_ Sb, and In,Ga,_, Sb The free electron mass is

denoted bym, .

Parameter " InAs,_ Sh, " In,Ga,_ Sb
Crystal structure Zinc-blende Zinc-blende
Density (g. crit) 5.68 + 0.09x 5.61 + 0.16x
Dielectric constant (static) 14.6 + 3.1x 15.7 1.1
Dielectric constant (high frequency) 11.6 + 5.2x A141.3x
Effective electrons massem (0.023-0.039x + (0.014 + 0.01 (1-x) +
0.03¥) m, 0.025 (1-xJ) m,

Effective heavy hole massym

(0.40 + 0.03x)m,,

(0.40 + 0.03x)n,

Effective light hole mass m

(0.26 - 0.011x)m,

(0.05 + 0.035xn,

Electron affinity (eV) 4.9 — 0.31x 4.06 + 0.53x
Lattice constant (A) 6.0584 + 0.420x 6.0959 + 03383
Thermal expansion coefficiemt, (10%K) | 5.02 + 0.02x 7.75 - 2.38x

” (Goldberg, 1996)
"(Vankova, 2002)

Energy band structure

Antimony based semiconductors represents the sshdd@ndgap IlI-V semiconductor

materials.

INAsSSb

The semiconductors InAs and InSb are both direcidbgap materials, and the

InAs,_, Sh, ternary system is also a direct band gap semicaodulmAs,_,Sb, _has the

lowest band gap among all the IlI-V semiconductatenals. Previous studies of the
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fundamental direct band gap enery, gave a bowing parameter range between 570
meV and 690 meV ((Thompson and Woolley, 1967), (¥eal. (1988), and Fangt al.
1990)). In the review by Vurgaftmaat al. (2001), a bowing parameter of 670 meV was
recommended, giving band gap values in the range85um (x = 0) to 7.Jum (x =1)

at 300 K, using equation 3.3.

Recently, Crippst al. (2008) reported on the mid-infrared photo-moduateflectance
(PR) of E;, and A (spin-orbit-splitting) transitions in high qualitygAs; xShy as a function

of composition. The results for the compositionapendence were in good agreement
with the bowing parameter recommended by Vurgaftretaal. (i.e. c= 670 meV at
10K). ForA, a negative bowing parameter (i-€165+30 meV at 10 K) was reported.
Figure 3.6 illustrates the results o, and A as a function of composition. Also

included are the results of previous studies ((Beamd Woolley (1972)); (Coderre and
Woolley (1968)) and (Yest al. 1988)).

Figure 3.6a shows the 10 K energy gaploAs_,Sb, continuously decreasing with
increasing Sb content, and reaching a minimum viaug = 0.65. Figure 3.6b shows the
results of InAs_,Sb, spin-orbit splitting energx as a function of Sb composition as
determined by PR at 10 K. The dashed curve illtesrthe results of Berolo and Woolley

(1972) with their positive bowing parameter, whishdifferent from the one reported by
Crippset al. (2008).
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Figure 3.6: The dependence of bandgapnéfs,_,Sb, . The solid circles represent
the results by Crippat al. (2008) as measured by PR. Also included are esfilt
previous studies ofnAs_,Sbh, : the crosses are electron-modulated reflectance

results of Coderre and Woolley (1968), while thandbnds and squares are
photoluminescence results of Berolo and Woolleyr2)9and (Yeret al. 1988),
respectively.

InGaSb

The semiconductors GaSb and InSb are both dirend lap materials, and the
In,Ga,_,Sb ternary system is also a direct band gap semiadoduThe direct energy
bandgap ofin,Ga,_,Sb can be tuned in the range 1.7- @8 by varying the indium

composition for infrared applications (Murakardi al. 2005). Figure 3.7 shows a

lowering in the energy band gap when the indiunmteonincreases.
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Figure 3.7: The room temperature dependence of gapenergy of

In,Ga,_,Sb ternary system on In composition.

3.3 Vibrational properties of IlI-V semiconducting materials

3.3.1 Introduction

In this section some of the vibrational propertédll-V semiconducting materials are

discussed. The symmetry of a perfect pure latBderoken when defects are introduced.
The introduction of defects into a pure crystal ¢enviewed as causing shifts in its
vibrational states. The new vibrational states eseas a tool for examining both the
defects and the host lattice (Barker and Siev&s5)1L

3.3.2 Local phonon modes

The presence of the substitutional impurity atontt & mass different from those of the
host lattice will (a) slightly perturb the frequées of the normal vibrational modes, and
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(b) create vibrational states within the forbiddeaquency range (see figure 3.8) below
the optical branch and above the acoustic branerk@8 and Sievers, 1975). Such a
frequency mode is well away from the band of norfnafjuencies of the host crystal.
This has lead to the term “localized mode” (Barked Sievers, 1975). This localized
mode lies above the optic mode band of the hostéatThe localized vibrational state
will also appear if the impurities have the samessnas the host crystal, but different
charge. In general, impurities have different masdg charge compared to the host
crystal. The distortion of the symmetry of the puadtice by the introduction of
impurities makes it possible for the electric vecassociated with an electromagnetic
field to interact with localized vibrational mod¢Barker and Sievers, 1975). Hence,
when the symmetry is distorted it is possible fa €lectromagnetic wave to interact with
(slightly shifted) normal vibrational modes of ttiystal (Barker and Sievers, 1975).

Localized mode studies have been used as a methitritify the impurity type and
actual location in the lattice.

&
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Figure 3.8: Dispersion relationship for propagatdm@ longitudinal wave in a
linear diatomic lattice (Barker and Sievers, 1975).
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3.3.3 Mode behaviour of the zone centre optical phons

In a mixed crystal #B;.«C, the concentration (mole fraction x ) dependevicie zone
centre optical phonon frequency exhibits one-, two-intermediate (mixed) mode
behaviour, which depends on the relative massethefconstituent atoms and the
interatomic force constants (Barker and Sievers/519These mode behaviours are
illustrated in figure 3.9. For one-mode behavidbg optical phonon frequency varies as
the alloy composition varies from one end membehéoother (i.e. AC to BC), with the
mode intensity remaining almost constant. For twadenbehaviour, two distinct sets of
optical modes exist, with frequencies characteristi each member and intensity
approximately proportional to the mole fraction fxtlee component it represents (Chang
and Mitra, 1968). In the case of intermediate modenixed mode behaviour, a band
which is intermediate to that observed in the omeiwo- mode cases, occurs. This
behaviour is characterised by a single mode (ABAQ@) over only a part of the
composition range, while two modes are observed dwve remaining range of the

composition (Adachi, 1993).

Two-mode Mixed-mode One-mode
N (2) : (3)
GAP MODE AND ONLY LOCAL ONLY GAP NEITHER LOCAL
LOCAL MODE MODE ALLOWED  MODE ALLOWED  NOR GAP MODE
BOTH ALLOWED ALLOWED
LOCAL LOCAL
LO() MODE LO(1) MODE
LO
5 TO () TO(1 }
W LO(2) L0‘2’< Lo(2)
g
£ T0(2) TO(2) \
TO(2)
GAP MODE GAP MODE
! z I x
00 05 110 00 05 0 00 05 10 00 05 10

COMPOSITION

Figure 3.9: Schematic representation of the mod@vaeur in mixed crystals
(Brodskyet al., 1970).
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3.3.4 Criteria for mode behaviour

Many attempts have been made to account for theenb@dhaviour of mixed crystal
systems. A linear diatomic chain model was propdseilatossi (1951), in which only
nearest-neighbour force constants are considereekptain the one-mode behaviour
ofK,Na,,Cl. This model is idealized with a periodic regulastdbution of A and B
atoms in the gB;.,C ternary system, whereas the true distributiomaBeved to be
random. For this model, only a 50-50 mixed case eassidered. The calculation for
K,Na Clyielded two infrared-active modes: one was fountlvben the interval of
frequencies of the two binary members (i.e. Na@ KgI); the other one lay outside this
interval (Chang and Mitra, 1968).

Barker and Verleur (1967) proposed a simple modela¢count for the one-mode
behaviour ofSt Ba, F, . Using six fitting parameters, they showed that model could

yield one-mode or two-mode behaviour, dependinthervalues of certain parameters. It
was also shown that one-mode behaviour resulted thee approximate equality of the

mode frequencies of purBaF, and SrF, binaries. The problem with this model is that
this criterion does not seem to hold well@aAs_, Sb, , where the optical frequencies of

the binaries are well separated, yet the mixedatgrrsystem exhibits one-mode

behaviour.

Brodsky and Lucovsky (1968) reviewed the modelsciiiave been used to explain the
variation of the observed vibrational frequencieghwconcentration. They proposed
criteria which are based on whether or not locdlim@de and gap-mode occur when
predicting the behaviour of the phonons of mixegstals. The gap mode is an impurity
mode that lies below the optic band of the hdsicka

The criteria are based on the mass of the subsgtign in a mixed crystal. The mixed
crystal system fB1,C was considered. The criteria for two-mode behavere those
that permit a localized mode above the optical thaof AC and a gap mode between the

acoustical and optical branches of BC to existsfoall alloy concentrations. GaAs does
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not exhibit this gap (Dolling and Waugh, 1965), ¢emny alloy of GaAs with a binary
having a larger cation mass (e. g. InAs) shoulddmplay two-mode behaviour over the

entire composition range.

From the above discussion, the criterion for onelenloehaviour is that gap and localized
modes do not exist for small concentrations of stutonal ions; hence the formation of
the second mode is prevented. In a mixed crystdl ag InGaAs, the criterion for one- or
two mode behaviour are not satisfied, and hence itbermediate (mixed mode)

behaviour is observed (Brodsky and Lucovsky, 1968).

Chang and Mitra (1971) summarized the determinordtions for the mode behaviour
in a mixed crystal by using the mass differencetheln a two-mode system, the mass

of the substituting elemenM ;, must be smaller than the reduced mass of the @onap

in which the substitution is been made, , defined by:

1t _ 1,1 (3.11)
Hac My Mc

Mixed crystals which obey the inequalitiM; <p,. exhibit two-mode behaviour,

whereas the opposite is true for one-mode behaviour

3.3.5 Previous reports
Raman scattering has been performed on 1lI-V tgrafloys by several investigators to

identify modes and relate these modes to compasitio

InxGal-XAS
The first investigation orin,Ga,_, Asvas done by Brodsky and Lucovsky (1968) using
infrared reflectivity at room temperature on thid? to 102um) layers. They observed

two-mode behaviour at the In rich end of the aBggtem, one-mode behaviour near the
Ga rich end, and a transition between the two tarnmediate frequencies. They stressed

the variation in the frequencies of the LO and T@mmons as a function of composition,
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in particular the decrease in the GaAs-like LO an@ phonon frequencies with

increasing composition of In.

Lucovsky and Chen (1970) conducted a study of tifiraried reflectivity of both lower
indium content (x = 0.16, 0.25, 0.47) and also aigimdium content (x = 0.84, 0.92)
layers. For the higher indium content, only oneardd band was observed, whereas in
other layers there were two modes (i.e., the allsplayed mixed mode behaviour). A
shoulder near 260chwas also observed in the layers with x = 0.84 @r@®. This

shoulder was attributed to disorder within the faye

Yamazakiet al. (1980) studied the infrared reflectivity dh, Ga,_,As over the entire
composition range. The samples studied were sicrgigalline films grown on semi-
insulating GaAs substrate. They observed only afrared band (GaAs-like) fox = 0.8
and two bands for the remaining range of compasitioThe data were
analyzed by using the Kramers-Kronig relationstapd the dependence of the mode
frequencies on the alloy composition was intergtebased on the modified cluster
model. It was found that the model qualitativelypkns the composition dependence of

the phonon frequencies in both the one- and twademegions.

Emuraet al. (1988) conducted Raman studies lopGa,_,As over a wide range of the

alloy composition 0 <x <1). The samples were grown epitaxially by molecddaam
epitaxy on InP (100) substrates. Their results giskaman spectra from the In rich
samples support the conclusion that this alloyesystlisplays a mixed mode behaviour.
The variations in the Raman mode frequency werendotio be nonlinear with

composition; the expressions are given by:

Vimso) (CM™Y) = 234.9-7.7x+8.92% 3.12a)
Vimsiroy (€M™) = 2337-165 x (3.12b)

Veans(io)(CM™) = 290.0-18.6x- 32.4% 3.12¢)
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V ans(roy(CM) = 265.1-5.3x+ 29.0%° (3.12d)

Estreraet al. (1992), identified the four allowable vibrationalbdes inln,Ga,_, Ason
InP using Raman scattering off the (100) normaleser and the (011) cleaved plane. The

molecular beam epitaxially grown samples were 1¢hthick. They reported a linear

compositional variation, given by the following egpsions:

Vimseoy(€M™) = 240.4-  15.5x (3.13a)
Voansto (€M) = 2617 +158 x (3.13b)
Voansroy(€MH) = 252.5+ 5.6 (3.13¢)

for the (100) backscattering configuration, and

Vimsroy (€M) = 236.5- 24.0x (3.13d)

vGaAS(TO)(Cm'l) =247.2+15.7X (3.13¢)

for the (011) backscattering configuration.

A mode at 244cih, which was attributed to alloy disorder, was obedrin these films
and was verified by Pearsatlal. (1983).

Strain relaxation has been investigated by meaf&afan scattering in strained samples
over the entire range (0 < x < 1) by Groemerl. (1997). The samples were grown on
InP (100). A marked dissymmetry in strain reliefsfaund over the whole composition
range between equivalent tensile and compressigfitsni Disorder activated Raman
peaks were analyzed and correlated to the structiéfects resulting from the strain
relief.
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Very recently, Bellaniet al. (2007) investigated the strain relaxation mechmania
In,Ga,_,As metamorphic buffers grown on GaAs substrate. Td®dual strain was
measured using Raman scattering and X-ray diffvactThe results of Raman and XRD
measurements were in satisfactory agreement. The stalues versus thickness were
compared to the results of strain relaxation mgodéls experimental results confirmed
the validity of the energy-balance model by Magtal . (1987).

Al,Ga;.,As

The first investigations of the compositional degemce of the optical phonons in
Al Ga_,Aswere done by llegems and Pearson (1970), usingredrreflectivity. The
samples were grown on (111) oriented GaAs. Thektieiss of the samples varied
between 50 and 1Q@0n. Two distinct reststrahlen bands with frequenciear those of
pure GaAs and pure AlAs were observed over theesmbmpositional range. These
observed bands shifted to lower frequencies, andedeed in amplitude as the
composition of the corresponding compound in theyalvas decreased. The data were
analyzed using the Kramers-Kronig technique, thedesowere traced from binary
compounds, where the vibrational modes are thedinedital lattice reststrahlen modes,
through to the range of composition where the mdeome local or impurity modes.
The shift in mode frequencies was interpreted enbidisis of the random isodisplacement

model (llegems and Pearson, 1970).

Kim and Spitzer (1979) studied thick layers (180) with uniform composition. Infrared

reflectivity and Raman scattering measurements wertormed. A two-mode behaviour
was confirmed and a nonlinear dependence of theemnod composition was reported.

Atomic disorder induced effects were observed imRascattering near 200 ¢m

Guo et al. (2002) reported the observation of resonant Rastwaitering in a low-

temperature-growrAl , ,(Ga, ;,As/GaAs sample. Two laser lines, 632.8 nm and 488 nm,

were used to detect scattering from different negjiat different depths. Raman scattering
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was used to investigate the crystalline charadtesisnd defect-related features in as-
grown and post-annealed AlGaAs material. All thghler order resonant peaks were
assigned according to their fundamental modes. Riwgir results they showed that
Raman scattering performed at low temperature eamsbd to probe weak local ordering
and disordering.

InAs1.,.Sb,

The first Raman scattering investigationsloAs_,Sb, were performed by Cherrej al.
(1988). The layers were grown by organometallicoumpphase epitaxy on InAs (100)
and InSb (100) substrates over the entire compositirange. A one-mode behaviour
was reported for all compositions witlx 0.6, and two mode behaviour for larger values
of x. The InAs,_,Sh, ternary alloy was therefore concluded to be a tareemode or

mixed mode system. Disorder-activated acousticogrtidal modes were also reported.

Li et al. (1992) studiedinAs_,Sh, ternary alloys, grown on GaAs by molecular beam
epitaxy using Raman scattering. From their Ramadiass$, two-mode behaviour was
reported: both InAs-like LO and InSb-like LO pealtsre observed throughout the entire
compositional range. The frequency dependence ompasition was found to be linear
for all the observed modes. Weak peaks of unknorigino(at 154 crit and 138 crif)
and a shoulder between the InAs-like LO peak ar8bilke peak for x ~ 0.6 were
observed. This shoulder which is due to disordékaied phonons, was also reported by
Chernget al. (1988).

In,Ga;..Sb

Brodskyet al. (1970) reported room temperature infrared reflgtifor the In, Ga,_, Sb
ternary system. Their spectra were similar to thastained forin, Ga,_, As and helped
to explain the general nature of two-mode behavand to define the criteria for its
occurrence. Forx <0.30, one reflectance band was observed, while for sasnpiith
indium mole fractiorx > 0.30, two bands were observed. As the composition aszd, a

frequency shift from the GaSb to InSb reststrainégiions was observed.
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CHAPTER 4

STRAIN AND CRITICAL LAYER THICKNESS

4.1 Introduction

Strain has an important influence on the physicaperties of semiconductor films, and
it provides a way to engineer the band structurd arodify optical and transport

properties of semiconductors. Band edges can beotlen by adjusting the strain; in this
way improved heterostructure devices can be dedjgoe example optical detectors and
bipolar transistors (Jakt al., 1996).

4.1.1 Strain

A pseudormorphic epilayer can be grown on a sulestod different lattice constant
provided that the layer is thin enough. Figure #lustrates an epilayer grown on an
infinitely thick substrate with a different lattic®nstant (e.g. InGaAs grown on GaAs). If
the lattice constant of the epilayer is differenoini that of a substrate, the misfit between
them will be accommodated by a tetragonal distortiof the unit cell of the
layer, as illustrated in figures 4.1(a) and 4.1(b}he lattice constant of an epilayer is
larger than that of the substrate it will be consgesl in the plane of the interface, while

along the direction normal to the growth plane,l&tgce constant will be increased.

An epilayer can remain coherent i.e. totally etasgly strained (figure 4.1(b)) as long as
its thicknessh, does not exceed a certain thickness called itieatithicknesshe. If the
critical thickness is exceeded, misfit strain vadl relaxed partially by the introduction of
misfit dislocations, as illustrated in figure 4.1(& the thickness of the layer is further
increased, the epilayer will relax towards its batkucture and it will be completely
relaxed (i.e. no strain). This is illustrated iguie 4.1(d).
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Figure 4.1: Structure of an epilayer under biag@hpression, (a) mismatched (b)

strained (c) partially relaxed and (d) completediared .

The lattice match (misfit)f, is defined by the following equation (Jatral., 1996):

(=200 (4.1)

S

where g (x) and ajare the lattice constants of the epilayer and thbstsate,

respectively. As mentioned in section 3.2.1, thécka constant of the epilayer can be

determined from Vergard’s law.
The in-plane strain in the x and y directions aweig by (Jairet al., 1996):
£, =6, =—F (X) (4.2)

XX

The strain in the perpendicular direction is gibgn(Jainet al., 1996):

:% f(x) (4.3)

11

zz

¥ http://eeclass.stanford.edu/cgi-
bin/handouts.cgi?s=&t=1188608741&cc=ee327&actiomeloait_download&handout_id=1D11765171134
973&viewfile=EE327_Lecture_4.pdf.
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4.1.2 Critical layer thickness models
There have been many attempts to model the crititekness for the introduction of
misfit dislocations in the epitaxial layer. In tigsction various models for the calculation

of critical angle will be presented.

van der Merwe

The existence of the critical thickness was firgtaded by van der Merwe. A
thermodynamic model by van der Merwe (van der Mert@63) describes the critical
thickness by analyzing the energy of the systeihiasminimized by the generation of a

periodic array of dislocations. The critical thielgs is given by the expression:

h :( 19 j(“_vjﬁ (4.4)
16n> \1-v ) f

wherev is Poisson’s ratio and is given by:

= Co (4.5)
C11+C12
and b is the magnitude of the Burger’s vector, whicliigen by:
a
b=— 4.6
N (4.6)

Matthews and Blakeslee

The Matthew and Blakeslee model (1974) is widelgepted to realistically predict the
critical layer thickness (Hull and Bean, 1992). SfThmodel is based on mechanical
equilibrium theory. In this model, a threading desdtion elongates to form a misfit
dislocation segment due to mismatch stress, andrttieal thickness is estimated from

the forces acting on these dislocations. The foapgdied areF, , which acts to elongate
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the threading dislocation in the interface duehi® misfit strain; and the line tensid,

which resists the elongation of the dislocation.isTls schematically illustrated in

figure 4.2.

There are three stages of threading dislocatiofugwa which have been predicted (Hull

and Bean, 1992). In stage 1, whiere h_, the threading dislocation line will propagate

through the epilayer and the interface remains mottdillustrated in figure 4.2(a)). In

stage 2, wherg, = 2F;, the dislocation becomes bowed (illustrated irurkg4.2(b)).
Finally, in stage 3, wheifg, > 2F; , the threading dislocation elongates along thaelat

the interface, producing a misfit dislocation segtr(@lustrated in figure 4.2(c)).

7 [5F [

h:hc h>hc

h<h

a

Figure 4.2: Schematic illustration of the Mattheavsl Blakeslee model of critical
thickness (after Hull and Bean, 1992).

The applied force is given by the following equat{&iull and Bean, 1992):

F. = 26bhf =¥ cos (4.7)

1-v

where ) is the angle between the Burgers vector and ihattibn in the interface that is
perpendicular to the line of intersection of thg glane and the interface. The line

tension is given by the following equation (HulldaBean, 1992):
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E = sz (1_\70032 O) In(hj (48)

T An(l-v) b

where 6 is the angle between the Burgers vector and thgtheof the dislocation line
that lies in the interface normal to the line ofensection of the slip plane and the
interface.

Equating equations 4.7 and 4.8, the equation ferctitical layer thickness for a single
layer is (Hull and Bean, 1992):

_ b@l-vcog0) &j
"= et (1+v) cosh 'n[ b (49)

People and Bean

People and Bean (1985) in their approach considdedritical thickness based on the
local strain energy density necessary for the raicle of misfit dislocations (Hull and
Bean, 1992). Their approach differs from that ofttlews and Blakeslee, in which
mechanical equilibrium of a preexisting threadiriglatation determines the onset of
interfacial misfit dislocations. In this model,ig assumed that the growing epilayer is
initially free of threading dislocations and thatarfacial misfit dislocations will be

generated when areal strain energy deisjtyexceeds the self energy of an isolated

dislocation such as a screw or edge dislocatiooleeand Bean 1985).
People and Bean’s energy balance model gives tkieatrthickness as (Orders and
Usher, 1987)

_ (@-vp (ij
hc_(1+v):-;2m°2|n b (4.10)
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Maréeet al.
Maréeet al. (1987) in their approach for the calculation dfical thickness and strain

relaxation, considered an expression for the aeatgy densityE, associated with the

homogenous nucleation in the slip system of haipat the surface. The model for the
generation of the dislocation was found to descthee experimental data better than

previously suggested models.

The equilibrium models of van der Merwe and Mattheamd Blakeslee assumed that
misfit segments are formed by movement of preeagstihreading dislocations. In

carefully grown semiconductor crystals on low-defadostrates, the number of available
threading dislocations might not be enough. In taese, new dislocations must nucleate
before misfit segments can be formed. The effefctsi® process on the critical thickness

of GeSi,_, /Si(001) system was calculated by People and Bearb{198eir approach

was similar to that of van der Merwe: as mentioabdve they equated the strain areal
energy density to the interfacial energy densitgigadvantage of this method is that the
release of strain energy during the nucleation disdociation of dislocations are not
taken into account. The model by Maréeal. describes the nucleation of misfit
dislocation in a strained semiconductor layer liyntg strain release and dissociation into

account. Their strain/thickness relation is givgr(Maréeet al. 1987):

gih= M(—H In a'brc j for tensile stress (4.11a)

160\/§(1+ V) o

£§h:—

80\/5(1+ I/)

bl-v/2) (—%Hn ij , for compressive stress (4.11b)

0

where a is the core parameter, is the critical radius of the nucleating loop &hé
Burgers vectom, is related to a perfect dislocation.

For small h, an epitaxial layer is pseudomorp(ifc:f). Above the critical

thicknesh =h_, &, < f and part of the mismatch-induced strain will bexeb.
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Dodson and Tsao

The first approach in the study of the kineticswhin relaxation in semiconductors was
by Dodson and Tsao (1987). Their model is basethenexperimental observation of

strain relaxation in metastable strained-layercstmes. In this model the rates of both
nucleation and propagation were considered, inrotdeestimate an overall strain

relaxation rate as a function of time and tempeeatlihe model predicts that there are
several stages involved in the strain relaxatiorthes thickness increases during the

growth of the epilayer. This is illustrated in frgud.3.

Step (i): there is no relaxation until the critidackness is reached.

Step (ii): beyond the critical thickness the stregtaxation is sluggish because at this

stage the excess stress is relatively low.

Step (iii): with a further increase in the laybrckness, the residual strain decreases and

there is an increase in dislocation propagationcraés.

Step (iv): with the thick layer, the rate at whidislocations are formed slows down and

the strain asymptotically approaches zero.
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(i) (ii) (iif) (iv)

Residual Strain

Epilayer Thickness

Figure 4.3: Schematic illustration dfefent steps of the strain relation in the

Dodson/Tsao model (after Hull and Bean, 1992).
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CHAPTER 5

EXPERIMENTAL SETUP AND SAMPLE GROWTH

5.1 Introduction
This study involves the characterization of Ga,_, ,Ad,Ga_,As, InAs_Sb, and

In,Ga,_, Sbternary systems. All the epitaxial layers charazeelr in this study were

grown by metal organic chemical vapour depositii©OCVD) at the Nelson Mandela
Metropolitan University (NMMU). The compositionaffect and the variation of strain
with layer thickness have been investigated usirgm&h and X-ray diffraction

techniques.

In this chapter, the basic components of the Rasyatem will be discussed in detail. A
short discussion on the X-ray diffraction techniquik also be presented. Finally, details

of the sample growth will be briefly discussed.

5.2 Raman experimental setup

Figure 5.1 shows a schematic diagram of comporadritee Raman spectroscopy system
built at the NMMU Physics Department. It consistsh@ following parts: exciting laser,
reflecting mirror to direct the laser beam to tlaenple mounted on the sample holder,
optical system for illuminating the sample and edling the scattered radiation, the
spectrometer and the CCD detector connected tonwer for the collection of the
Raman spectra. There are two filters used in tiidesn, namely a line filter and a
supernotch filter.
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Figure 5.1: Schematic diagram of the Raman spexipys set-up. The angle

between incident beam and collection direction aggoximately45°.

5.2.1 Excitation source

The Rayleigh line intensity i40° -10" times that of the Raman bands i.e. Stokes and
anti-Stokes bands (Baranskhal., (1987), p.14), as discussed in chapter 2. Thexefo
Raman spectroscopy requires a powerful monochromaticitation signal, which
provides sufficient intensity to produce a readibtectable Raman signal (Baranska
al., (1987), p.14). The laser used in this study ia@on—ion Ar") laser. TheAr” lasers
have up to 10 lines in the spectral range fromrgteeultraviolet, the strongest being at
514.5 nm, 488 nm and 457 nm (Bauer and Richter6)19%or our room temperature
measurements, the 514.5 nm line was used and thatqower of the laser was kept at
200 mW.
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A spectral filter is used to eliminate non-lasingigsion lines from the radiation source.

In most cases a line filter is used to suppressetieenissions.

5.2.2 Raman spectrometer

One of the problems in Raman spectroscopy is tge leivel of elastic scattering. The

situation can be dealt with by using a spectrometdch gives a high contrast (Bauer
and Richter, 1996). Hence, a double or a tripleéingaspectrometer is often used. This
system may reduce the level of Rayleigh scatteoymd0 or more orders of magnitude.
However, using a double or triple grating spectrimmeéecreases the throughput of the
optical system. High efficiency holographic notdlefs that reject Rayleigh light may

therefore be used to significantly increase theihosity of the inelastically scattered

light (Bauer and Richter, 1996). This is the applodollowed in the present

experimental set-up.

The scattered radiation from the sample is coltebtethe collimator system and directed
to the spectrometer (see figure 5.1 for detail$)e Elastically scattered light is then

filtered from the scattered radiation by the hodégdric supernotch filter (with spectral
bandwidth of <350cm™). The beam of Raman light then enters the speetiem

Figure 5.2 shows a schematic diagram of the speeter used in this study (with
spectral resolution of 1ch). It has a 0.3 m focal length, adjustable entraticea mirror

at the entrance slit that directs the light onfmoashed aspheric mirror, which collimates
the incident light and reflects it onto a dispeesi200 lines/mm grating mounted on a
triple grating turret. The dispersed light is tloatiected by a second mirror and projected
as a continuous band of wavelengths onto a CCBediocal plane. The typical slit width

of the spectrometer for our measurements wagrg0
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Figure 5.2: Schematic diagram of Acton SP-308 spewter used in a Raman
spectroscopy system (Acton manual).

5.2.3 Detector

The detector used in the Raman system is a theectaehlly cooled, DV 420 back-
illuminated charge coupled device (CCD), from Andechnology. Figure 5.3 illustrates
a CCD, which consists of an array of pixels onliaa integrated circuit. This array is
usually referred to as the image area. The pixelo#tien described as being arranged in

rows and columns. The CCD-chip in this study cosg®i256 rows and 1024 columns.
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Figure 5.3: Schematic diagram of a CCD-chip (And@D manual).

The adjustment of the spectrometer’s slit has ectlieffect on the spectral resolution of
the Raman spectrometer, as the image which is édcos the CCD is proportional to the
slit width. As the slit width decreases, the siz¢he focused image on the CCD detector
decreases. Hence, the ratio of the linewidth of Raenan band to the corresponding
amount of pixels exposed after separation intoviddal wavelengths by the grating

decreases, improving spectral resolution.

When scattered light falls on the CCD’s sensitiveage area, photoelectrons are
generated. The dispersed beam is spread vertiaalyss horizontal lines of pixels,
which are binned or summed up. Raman counts aredbas analog-to-digital
conversion, in which photoelectrons are convertedigital signal. The digital signal is

interpreted using the computer software.
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Before acquiring the data, the CCD detector wadecbdown. It is cooled by a Peltier
cooler. Figure 5.3 shows a photograph of the An@Q@D camera mounted on the

monochromator and connected to the computer anihgosystem. The temperature of
the detector was kept at55 °C in all the measurements in order to reduce th& dar

current.

Once the detector was cooled, the Raman systencalidsated in order to ensure that
the collected data could be trusted. This was aptiehed by making sure that there was
proper optical alignment, and then collecting daten a standard reference sample. In
this study, silicon was used as the reference Isecdtnas been extensively studied using
Raman spectroscopy and its properties are well knd@nce the correct vibrational
wavenumber of a silicon sample had been allocateqyeak height was optimised by
adjusting the optical systems before actual measemés of the samples commenced.

Figure 5.4: Photograph of Nelson Mandela Metropalitniversity Raman setup.
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5.3 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a powerful non-destrusti tool for the structural
characterisation of materials. It provides inforimatsuch as orientation, lattice constant,
composition, built-in strain and strain relaxatiom XRD measurements, X-ray radiation
(e.g. from Cukk source) is focused on the sample at a certaireamgh respect to the
sample surface. The incident beam is scatteredhbyatoms in the sample that are
ordered in crystal planes. Constructive interfeeerazcurs when the photon path
difference between two planes is an integer nurobére wavelengths. This condition is

described by Bragg's law:

d2 sind=ni (5.1)

where d,, is the distance between the planes the angle between the incident X-ray

beam and the plang,is the wavelength of the bear € 1.5405 A for Cul¢ ) andn is
an integer. Figure 5.3 illustrates the geometrammXRD setupThe system used in the
present work is a Philips P W 1840 powder diffrantter.

dsing

—e ° ° e o—

Figure 5.5: Schematic diagram of the diffractioometry?

* http://en.wikipedia.org/wiki/File:Bragg_diffractiopng
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To measure the lattice constant of a layer, th@)46flection was used to obtain the
lattice constant normal to the layer surface. Theriplanar spacing for a cubic structure

is given by the following expression:

a

vh? +k? +12

O = (5.2)

where a is the out-of-plane lattice constant ahd are the Miller indices of the
diffraction plane (Culitty, 1967). From the caldgd lattice constant, the composition

could then be determined using Vegard's law.

5.4 Growth of 1lI-V thin films
All the films were deposited in an Epitor 04 MOC\Bactor. Palladium-diffusedt,
was used as a carrier gas. The thicknesses ofjefsl& 2um) were measured using a

Nomarski differential interference contrast micgse. The thicknesses of strained/
partially strained films (less than a few hundreshametres) were extrapolated based on

growth rate of thick layers.

54.1 InGa;,As

Trimethylgallium (TMG) and trimethylindium (TMI) we used as organometallic
sources for gallium and indium, respectively. Aes{\sH,) diluted at 10 % inH, was
used as group-V source. Palladium-diffusdg was the carrier gas. Table 5.1 lists the

growth conditions used for the layers.

Semi-insulating (S1) GaAs substrates orientédo®f (100) towards the nearest110>

were used. X-ray diffraction was used to deterntiveeindium content in the epilayers.
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Table 5.1: Growth condition fain,Ga,_,As thin films.

X < 03

N < 5 umol/min

N 7.6 pmol/ min

N, 40%10™* mol / min — 48x10™* mol / min
T, 610 °C -690 °C

Tou 27 °C

Tive -9 °C

v/ 5-280

5.4.2 AlGa;.,As
For Al Ga_,As growth, trimethylgallium (TMG) and trimethylalumumn (TMA) were
used as sources for gallium and aluminium, respagti A 10 % mixture ofAsH; in

ultra-pure H, was used as the group-V source. Table 5.2 listgriwth conditions used

for the layers.

The Al mole fraction was determined by photolumsitence (PL) using the relation
(Stringfellow and Linnebach, 1980):

X =0.803Bv. - 1291 (5.3)
where hv,, is the bound exciton peak energy measured at 12 K.

The Al Ga_, As samples were grown on 2° off (100) semi-insulating (SI) GaAs

substrate.
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Table 5.2: Growth condition foAl, Ga,_,As thin films.

< 0.36
T, 745 °C
Toun 185 °C
Towe 9 °C
V7 Il 90

5.4.3 InAsSh, and In,Ga; 4Sb
Trimethylgallium (TMG), trimethylantimony (TMS) artdmethylindium (TMI) were the
organometallic precursors used. Tables 5.3 antish.the growth conditions used for the

layers.

The epitaxial layers were grown on GaSbh and Gahstsates oriented at°2off (100)
towards<110>. X-ray diffraction was performed to determine #ily composition of

the epilayers.

Table 5.3: Growth condition foinAs_,Sb, thin films.

X < 0.17
T, 500 °C
Tom 25 °C

Trus 0°C

TTBA 55 OC
\/All 5 - 30
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Table 5.4: Growth condition foin,Ga,_ Sb thin films.

X < 024

T, 550°C — 600°C
Trw 25 °C
Trve 9 °C
Trws 0 °C
v/ I 0.3 —1.25
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Chapter 6

RESULTS AND DISCUSSION

6.1 Introduction

Stress and strain in IlI-V semiconductor alloys éndbeen extensively studied in recent
years, because they offer interesting design pidiish for high speed electronic and
optoelectronic devices (Groeneh al. 1997). Normally, the internal strain in a layer
arises during the growth of a layer on a latticsmatched substrate. As mentioned
previously in section 4.1.1, the growth of pseudguhe layers is limited by the critical
thickness above which structural defects are gésdralhese defects degrade the
crystalline quality. Many physical properties oésle types of heterostructures depend on
the strain. In this chapter the results of strarnation in terms of composition and layer

thickness will be presented.

6.2 InGaAs

6.2.1 Incorporation of indium into the GaAs lattice

A series of sixIn, Ga,_,As samples with composition ranging from x = 0 to .25
were grown on GaA£° off (100) to observe the effect of the incorpaatiof indium
into the GaAs lattice. These samples have nomingde/ same thickness 4 m).
Figure 6.1 shows the X-ray diffraction (XRD) spador these layers. The spectra clearly
show strong 400 peaks, with thén, and Ka, peaks well defined. There is a shift of
theKa ; and Ka, peaks ofln,Ga,_,As with an increase in indium content. The angular
separation between the substrate and epilayer peaksates the increasing lattice

mismatch, which is caused by an increasing indiantent of theln, Ga,_, As layers.
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Figure 6.1: X-ray diffraction spectra for the (406jlection from

In, Ga_, Afyers of various compositions grown on GaAs salbss:

6.2.2 Compositional dependence of optical phonondiguencies

The local vibrational properties of the host latiare modified by the presence of a
substitutional atom (Taylor, 1966). If it is lighhough, it causes a mode to split off the
vibrational continuum of the pure crystal to createcal mode. It is termed a local mode
because the amplitude of the vibrations of this enigdocalized around the defect. There
is a change in force constants during the subistittand this affects lattice vibrational

modes. The more defects that are added, the meyartteract and additional modes are

produced (Taylor, 1966). The effect of compositionariation on the optical phonon
frequencies inin, Ga_ As, grown on2° off (100) GaAs substrate, has been studied by
Raman spectroscopy in this work. The series ofreiaxed In, Ga,_ Assamples is the

same as that discussed in section 6.2.1. The #sskaf the layers was kept constant in
order to study the effect of changes in compositinly. The effects of thickness on the

phonon frequencies will be presented in section 6.4
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Figure 6.2 shows the influence of composition aadbtical phonon frequencies for this
series, as well as a spectrum oflag..Ga, ,,  |Ager nominally lattice matched to InP
(100). It is evident that the spectra are domindigdGaAs-like LO modes at higher
wavenumbers and weak GaAs TO modes. Above an indwate fraction of 0.10 the

InAs-like LO phonon signal is also weakly observed.

GaAs-like LO
inAs-like LO

Intersity (arb. units)

150 200 250 300 350

Wavenumber (cm )

Figure 6.2: Room temperature Raman spectrinpgGa,_,As/GaAs. Also
included is the spectrum oh,..Ga,,, AsP (100).

The zone-centre optical phonons in alloys may ekhilvariety of behaviours depending
on the vibrational characteristics of the binarg emembers, which are GaAs and InAs in
the case of InGaAs (Genzetlal. 1974), as discussed in section 3.3.3. The LO &@@d T

phonon vibrational frequencies in GaAs are @92' and 26&m™, respectively (Carles

et al. 1980). For InAs, the LO phonon frequency is 23818 and the TO frequency is
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217.3cnt (Vorlicek et al. 2002). In,Ga,_ As is expected to show a “mixed-mode”

behaviour in which the GaAs-like LO and TO paibisserved over a certain composition
range and the InAs-like LO and TO pair is obseresdr the remaining composition
range (Brodsky and Lucovsky, 1968). As mentionegdravious paragraph, only the LO
vibrational mode is strongly observed from (100)ewntated layers for the pseudo-

backscattering configuration used here.

The introduction of indium into the GaAs latticeeispected to cause a shift in the GaAs
phonon modes towards lower vibrational frequendigsly Raman spectroscopy work

by Emuraet al. (1988) showed thaln,Ga,_, As alloys exhibit a mixed mode behaviour
over a wide range of composition, meaning thatsihectra show one mode for a certain
range of composition and two modes for the remginamge of composition. Our results
confirm that In ,Ga_, As displays mixed mode behaviour: foin Ga,_, As
with x <0.14, the spectra consist of one mode only. Far 8.14 two bands, i.e. GaAs-
like and InAs-like modes, are observed. For higb@mpositions, the GaAs-like LO

modes are expected to gradually converge to thisA.

Figure 6.3 shows the Raman spectrdmgfGa,_,  ndsninally lattice matched to InP. A
dominant GaAs-like LO phonon mode at 2r@" and InAs-like LO mode at 233n™

are observed. An additional peak at 2™ is also detected. Fdn,Ga,_,As grown on
InP (x = 0.53), Pickeringt al. (1981), using infrared spectroscopy, found Gaks-LiO
and TO frequencies of 2" and 254m™ and InAs-like LO and TO phonon
frequencies at 23tm™ and 224m™, respectively. The LO modes frequencies have
been confirmed by Raman backscattering investigatiby Emuraet al. (1988),
(Kakimoto and Katoda, 1982) and Pinczilal. (1978). Pearsalt al. (1983) identified
the GaAs-like LO mode at 22" and InAs-like TO mode at 2260 using Raman
spectroscopy and two modes of intermediate fredasrat 254m™ and 244m™. The
peak at 254m™ was not detected in this work. The peak at @44 is attributed to

disorder-activated lattice vibrations which areugdiot to exist in this alloy (Kakimoto
and Katoda, 1982).
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Figure 6.3: Room temperature Raman spectralmfGa,_,As grown on InP

(100) with x = 0.53.

The measured peak positions for the entire sefiésyers are shown in figure 6.4 as a
function of the indium mole fraction x. The figuso shows the compositional
dependence of the four Raman-active vibrational esonh In,Ga,_,As reported by

various other groups. The solid lines are leasasspifits to all the data, using second

order polynomial expressions.

As discussed above, the mode behaviour in figutedpresents a third type of behaviour
which is intermediate to that observed in the “Orme-“two-" mode system discussed in
section 3.3.3.
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Figure 6.4: Compositional dependence of the phdrezjuency inin, Ga,_, As

The solid lines are least-squares polynomial éithe data.

Since no InAs-like TO mode signals could be detkatahis work, the solid line through
the relevant data is a least—squares linear regregsrformed by Brodsky and Lucovsky
(1968).

The GaAs-like LO frequency dependence on compaosii@dequately described by the

expression:
vGaAS(LO)(cm‘l) =289.9- 21.0x- 28.0% (6.1)

The compositional variation of the GaAs-like TO pba frequency is given by the
expression (Brodsky and Lucovsky, 1968):

V eansro(CM ) = 266.2-18.0x+11.1% (6.2)
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The InAs-like LO compositional variation is giveg:b
Vimsoy (€M) = 234.4- 6.5x+8.1x° 3p.
Finally, the InAs-like TO phonon frequency, candescribed by linear relationship:

Vinsro)(CM™) =2344-178 x (6.4)

Emuraet al. (1988) also showed that the compositional vanetim the optical phonon
frequencies oin, Ga,_, Asare generally not linear. For other IlI-V ternatioys such as
Al Ga,_ As (discussed in section 6.5), for example, both ltke mode frequencies
decrease with increasing mole fraction x and thiécalpbands related to each binary
constituent remain separated. Clearly figure 6eWatthis is not the case in, Ga,_,As:
the InAs—like LO mode remains almost constant @gfiency, while the GaAs-like LO
mode frequency decreases strongly with increasidgim mole fraction. To explain this
kind of behaviour, Raman studies tm, ..Ga,,, /I® (100) by Groenest al. (1997)

considered an effect: disorder (chemically andcstrrally) lowers both the GaAs-like

and InAs-like mode frequencies.

For the InAs-like modes the above effects causesippfrequency shifts, leading to an
almost independence of frequency on composition.tfk® GaAs-like mode the effects
combine to cause a large shift. In addition, thé&kke and InAs-like polar LO modes

couple together due to the small gap between thieabpnodes of bulk InAs and GaAs.
So their repelling accounts for the nonlinear festry variation with composition

(Groeneret al. 1997).
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6.2.3 Variation of strain with layer thickness

The In,Ga,_, ASGaAs alloy system is a lattice-mismatched systemiike the lattice
matched Al,Ga_, A$GaAs system,In,Ga,_, Asand GaAs have different lattice

parameters. As mentioned in section 4.1.1, whewmgron GaAs substrate, the alloy is
subjected to biaxial compression so that its iml&attice constant is equal to that of
bulk GaAs. The extent to which lattice mismatch banaccommodated by strain of the
InGaAs layer depends on the thickness of the Iay®tong as the layer thickness is less
than a given critical thickness (which depends loa ¢composition), the layer can be
grown without the introduction of misfit dislocatioThe experimental determination of

critical thickness forin, Ga,_, AfGaAs depends on the technique used for meastnigig t

thickness. In essence, the critical thickness deterd experimentally depends on the
sensitivity of the technique to either detectingsfihidislocations directly (e.g. PL
spectroscopy and Hall measurements) or to detedttigce relaxation (e.g. X-ray

diffraction).

In this section, Raman spectroscopy is used toigeoguantitative measurements of the
amount of strain present in each sample, whichaallone to get an indication of the
critical thicknesses. It is assumed that the stiianiform in each film, irrespective of

the thickness. Raman measurements were performdd  &g,_, As/GaAs layers with

different thicknesses and indium mole fractions .67, 0.12 and 0.14, respectively. For
a given composition, the layer thicknesses weréd shat some layers should be fully
strained, some partially relaxed and some fullsgret. The spectra obtained for the three
series of samples are shown in figures 6.5, 6.66andEach spectrum is dominated by
the GaAs-like LO phonon signal. The absence ofriAs-like LO mode for x = 0.07 and

x = 0.12 is due to the low concentration of indibmthese samples.
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Figure 6.5: Raman spectra of,,,Ga,,;, As/Gadygers with thickness

ranging from below to above the critical thickness.

From figure 6.5 it is clear that the optical phosiahift to slightly lower frequencies as
the thickness of the epilayer changes. Althoughtthal shift for x = 0.07 is only ~
2cm™, which is of the order of the spectral resolutidithe instrumentation (1¢f), it is
believed to be real; it was consistently obsernoedéveral sets of measurements on these
samples. A broadening of the LO peak is expectda an increase in the thickness of the
layer due to the introduction of defects (Groememl. 1997). This broadening is not
apparent in this work. According to Groenest al. for small compressive

misfits(x < 0.8), the FWHM remains close to its intrinsic value.

Figure 6.6 shows the spectra for x = 0.12. Ther@ more significant peak shift as the

thickness changes in this case, as compared faybes with x = 0.07. The total Raman

frequency shift is ~4cm™ for thicknesses ranging from 0.0 to 1um . In figure 6.7,

the total shift measured for x = 0.14 i5cm .
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Figure 6.6: Raman spectra bf, ,.Ga, ,;As/GaAdayers with thicknesses

ranging from below to above critical thickness.
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Figure 6.7: Raman spectra bf,,,Ga,,, As/Gddgers with thicknesses

ranging from below to above critical thickness.
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In,Ga,_,As is subjected to compression, since its latticestont is larger than that of

the GaAs substrate. For x = 0.07, 0.12 and 0.Ifhepelicular x-ray strain was measured,
and the results are listed in table 6.1. The measu® phonon frequencies are also listed
in the table. To calculate the phonon frequency tdugtrain in the layers, the elastic or
actual strain must be determined. The relationbkigveen the elastic and x-ray strain is
given by (Bauer and Richter, 1996):

£, = (60 +1) > -1 (6.5)
a,

wheree, and e are elastic and x-ray strains, respectively apdnd a; are the lattice
constants of the substrate and unstrained (fregis@gnin, Ga,_, As. The elastic strains

g, (in-plane) and,, (out-of-plane) are related by the equation (Baaed Richter,

1996);

e =oC0, (6.6)

whereC,, and C,, are the elastic stiffness constantdrofGa,_, As.

The shifts due to stress or strain, measured fd8)(oriented layers can be expressed as
(Burnset al. 1987):

Aw o =pPe,, +0(E,, tey) (6.7)

where g, = ¢, for the in-plane components of elastic strain. phenon deformation

constants p and g describe the change in the spoimgtant due to the strain (Ganesean
al. 1970). The phonon deformation constants have lobtmined by interpolation for
various crystal orientations by Anastassagial. (1970), Shinet al. (2000), Cerdeirat
al. (1972) and Soot al. (1985).

Using the phonon deformation constants (from $hi. (2000)), and the strain values

extracted from the X-ray strain (listed in Tabl&)6the phonon frequency shifb ¢ o,)
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was calculated. From this the bulk or unstrainednoim frequencies, were calculated.

The bulk frequencies are plotted together withiséiéh frequencies in figure 6.8. From
table 6.1, it is noticed that physically, the lageegative in-plane elastic strain, )
occurs for the thinnest layers, which are pseudptior(i.e. full strained) and hence the
largest perpendicular strairz () are expected for these layers. This will be shamwn
section 6.5. Compressive strain shift will shife gghonon frequencies to higher energies,
hence it is expected that the thinnest layer feahemmposition should exhibit the largest
frequency shift. This is confirmed by the resufigable 6.1.

Table 6.1: The first two columns list the compasitand, thicknesses of the layers. The
next two columns are: the calculated X-ray stemd the measured LO mode frequency
in the layer. The last three columns are calculageantities: the elastic strain parallel

(£,), perpendicularg,,) to the plane and the frequency shift.

Composition| Thickness | X-ray strain LO € o £,, Ao,
(nm) . (cm™)
0.07 0.05 0.0123 291.2 -0.0067 0.0061 3.7
0.07 0.5 0.0053 289.9| -0.0028 0.0025 1.5
0.12 0.05 0.0152 291.5 -0.0078 0.0072 4.2
0.12 0.2 0.0113 289.1 -0.0058 0.0054 3.1
0.14 0.01 0.0156 291.1 -0.008L 0.0074 4.3
0.14 0.125 0.0138 288.9 -0.0071 0.0066 3.8
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Figure 6.8: Solid squares are the measured phoregqudncies for
unstrained/partially strained layers. For each irstch layer, a
corresponding bulk or unstrained frequency (cressplculated from the

measured frequency and strain.

6.2.4 Critical layer thickness

In layers thinner than a critical layer thicknelse mismatch is accommodated by elastic
strain, while in thicker layers, lattice mismatghadaccommodated by a combination of
strain, dislocations and three dimensional growthll(and Bean, 1992). Although there
has been considerable theoretical work on the gtiediof the critical thickness (Fri&t

al., 1987), it is still difficult to predict it accur@y. Figure 6.9 shows a comparison
between two models commonly used to predict théicali layer thickness, for
mismatched systems. The so-called energy balandelmooposed by People and Bean
(1985) predicts values that are much higher thasehpredicted by the mechanical
equilibrium model of Matthews and Blakeslee (1974hese models have been

summarized in section 4.1.2.
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— Matthews and Blakeslee (1974)
—People and Bean (1985)

Critical layer thickness (Angstrom)
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Figure 6.9: Comparison of the critical layer thieks as predicted by two

theoretical models.

The critical layer thickness has been determingzbementally for arsenide, phosphide
and Si-Ge single heterostructures using variousnigaes, such as transmission electron
microscopy (TEM) (Reithmaieat al. 1989), X-ray diffraction (XRD) (Orders and Usher,
1987), and optical measurements (Grugegl. 1988). The critical thicknesses measured
were found to correspond either to the Matthews Bla#teslee model or the People and

Bean models.

These inconsistencies in determining the exactevaluthe critical thickness probably
arise from the sensitivity of the characterizatienhnique employed for monitoring the
onset of misfit dislocations. Fritz (1987) pointedt that the measured critical layer
thickness will depend on the minimum detectablaistrelaxation for the technique used.
A technique such as Raman spectroscopy can dbeeaiftuence of low defect densities
(Hull and Bean, 1992).
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In this study, the critical thickness was deterrdineing Raman spectroscopy. To do this,
the Raman peak was observed for the series ofdagentioned in section 6.2.3. In the
case of layers grown below the critical layer thie&s, biaxial compressive strain shifts
the phonons to higher wavenumbers, while for lageosvn above the critical thickness,
the peaks relax to their unstrained frequency st The thickness at which the Raman
peak starts to shift to lower frequencies for esmfies is assumed here to be an indication

of the onset of strain relief.

Figure 6.10 shows Raman spectralof,,Ga,,, lagers with thickness ranging from
below to above the critical thickness. As discusziedve, the GaAs-like LO peak shifts
to lower wavenunumbers as the thickness incre&seshis series of samples, the peak
evidently starts to shift to lower energy for thielsses greater than 0.Q/A%B. This is
believed to be the thickness where the strain Isefgimelax and it is therefore a measure

of the critical thickness for this composition.

In,,,Ga, ;,As/GaAs(100)

Intensity (arb.units)

220 240 260 280 300 320 340

Wavenumber (cm ™)

Figure 6.10: Raman spectrdmyf,,Ga, o, |a®rs with various thicknesses.
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Figure 6.11 shows a plot of the LO phonon frequeheis a function of layer thickness
for all three series investigated. The phonon feegqy changes abruptly at some

thickness, assumed to be the critical thicknessldiyig values of around Ou2n,
0.075um and 0.0umfor x = 0.07, 0.12 and 0.14 respectively. As expecthe critical

layer thickness is a rapidly decreasing functiortheéf composition, i.e. the thickness at

which strain is relieved decreases strongly witlieéasing indium content.

For layers with thickness greater than the critibédkness, the strain is relieved fairly
rapidly until it becomes negligible. According tooson and Tsao (1987), a large
fraction of the original strain will be relaxed tiaily, after which strain relief becomes
gradual (i.e. dislocation formation slows down). eTlstructure will approach its

equilibrium strain state, asymptotically. This latter part of the processi@$ consistent

with the current measurements.
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Figure 6.11: Plot of the phonon frequency as fuumctf layer thickness

for In,Ga,_, As/GaAs The dotted lines are guides to the eye.
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XRD can also be used to estimate the critical lélyekness. This technique is useful to
characterize the crystalline properties of layerd aan be used to monitor structural
changes from the strained to the relaxed statd) witreasing layer thickness. As
previously mentioned in section 5.3, XRD measurdmaere carried out using the (400)
reflection in order to obtain the lattice constamrmal to the sample surface. The
measured lattice constants for x = 0.07, 0.14 add @re listed in table 6.2. Lattice
constants can be used to estimate the criticalr Ihyekness. As the layer thickness
increases for each composition, the perpendicatéicé constant decreases as expected.
The thickness at which the lattice starts to retaxsed as an indication of the critical
layer thickness. When determining critical thickmesing XRD, one needs to bear in

mind that the technique is not very sensitive to tiefect densities (Grurlegt al. 1988).

In fact, XRD measures the critical layer thickneg®n a particular threshold dislocation
density (or strain relaxation) has been exceedezhcé] the critical layer thickness
determined from this technique will be higher tila@ real thickness at the onset of strain
relaxation (Sancheet al. 1999). Figure 6.12 shows plots of the perpendiclatice

parameter as a function of the Ga,_, Aayer thickness. The results shown in the

figure display similar behaviour with an increasehickness for the three compositions.
For the two compositions x = 0.12 and 0.14 the gatats are indistinguishable from

each other, due to the uncertainty @02) when calculating the indium content. From

our results the critical thickness is estimatednfrthe data points at which the lattice

parameter begins to decrease.
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Table 6.2: List of thicknesses from strained totraised, including calculated

lattice constant and strain values for x = 0.0Z2@&nd 0.14.

Composition | Thickness 1m) a,(A) £,
0.05 5.7259 0.0123
0.1 5.7190 0.012
0.2 5.6911 0.0067
x=0.07 0.3 5.6900 0.0065
0.5 5.6833 0.0053
0.75 5.6789 0.0045
1.0 5.6781 0.0044
2.0 5.6754 0.00392
0.025 5.7519 0.017
0.05 5.7499 0.017
0.075 5.7390 0.015
0.1 5.7342 0.014
x=0.12 0.2 5.7170 0.01
0.3 5.7116 0.01
0.5 5.7063 0.0094
1.0 5.7049 0.0091
3.0 5.6940 0.0072
0.075 5.7441 0.016
0.1 5.7414 0.016
0.125 5.7311 0.014
x=0.14 0.15 5.7305 0.014
0.175 5.7242 0.013
0.2 5.7204 0.012
0.225 5.7154 0.011
2.0 5.7041 0.009
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In table 6.3, results from this work are comparethvwpublished data using various
techniques to determine the critical layer thiclndscan be seen from the table that the
experimental results obtained here follow the sgratern as the published ones, for

similar indium content.
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Table 6.3: Critical layer thickness estimated bymi@a spectroscopy in this work

compared with published data employing various rigghes to estimate the critical

thickness.
Technique Composition(x) Critical layer thickne83 (
This work 0.07 2000
Raman 0.12 700
0.14 500
This work 0.07 1000 — 5000
XRD 0.12 and 0.14 500 — 5000
Van Dyk (1994) 0.06 1000 — 2000
PL (Shift) 0.07 1000 — 2000
0.13 500 — 1000
0.14 500 — 750
Orders and Usher (1987) 0.07 2000
HR-XRD 0.14 1000
0.25 300
Jeonet al. (1994) 0.16 1000
Raman 0.20 400
PL (Shift)
Galet al. (1987) 0.07 2000 - 4000
MBE 0.14 500 - 1000
PL (Shift) 0.25 200 — 500
Galet al. (1987) 0.07 2000 - 4000
MBE 0.14 500 - 1000
PL (FWHM) 0.25 200 — 300
Morris et al. (1988) 0.07 1200
OMVPE 0.12 600
PL (Intensity) 0.19 200
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In figure 6.13 the critical layer thickness valuaeasured in this work using the Raman
technique are compared to two theoretical modetsitiéal thickness, namely the energy
balance model by People and Bean (1985), and tlehan&al equilibrium model by
Matthews and Blakeslee (1974). The values prediotethese models differ by as much
as two orders of magnitude, especially for low imdicontent (Orders and Usher, 1987).
The solid squares in the figure represent our éxgertal data. There is good agreement
between the mechanical equilibrium model and theesmental values, especially for
the two experimental points at x = 0.12 and 0.1f.tRe lowest indium content (x = 0.7)
the experimental value is higher than the theaaktialues predicted by the mechanical
equilibrium model. The experimentally determinedtical thickness values are often
greater than the mechanical equilibrium model mtezhs (Hull and Bean, 1992), as can
be seen from the figure. The discrepancies obsdretdeen the experimental data and
theoretical predictions are thought to be due toftt that the energy required for the
propagation of dislocations is not typically avhl@aat growth temperatures (Jainal.
1996). In high quality strained layers, the numbérexisting threading dislocations
required for the generation of misfit dislocatiansery low. When defects, which are the
sources for dislocation generation, are not presereation becomes homogeneous and
needs large energy (Jaghal. 1996). This limits the generation of dislocatighill and
Bean, 1992). The other factor that also contribtagbese discrepancies is the sensitivity
of the technique used. The experimental valueb@ttitical thickness determined from
technigues such as Raman, Photoluminescence (EL}alh measurements, which have

good sensitivity, agree more closely with the tietioal predictions (Jaig al. 1996).
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Figure 6.13: Theoretical and experimental valuescrtical thickness versus
composition. The solid squares represent our exgetial data, while the lines
represent values predicted by two different thécaietodels.

6.3 InAsSb

6.3.1 Compositional dependence of optical phonondguencies

The mode behaviour observed inGa As, which was discussea section 6.2.2, is not
unique to this system, but also occurs in otherVlliternary alloys, such as

InAs,_,Sb, and In,Ga,_, Sh In this section, the mode behaviour for thmeAs,_,Shb,

ternary alloy is presented.
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Samples with nominally the same thickness (12 but different Sb mole fractions

were grown on GaAs2° off (100) substrate. The composition of each layers
determined from XRD and ranged between 0.042 athd. Raman spectra for these
layers are shown in figure 6.14. The spectrum djukk InAs is also included for
comparison. As expected, the InAs-like LO mode dmtds, since the TO mode is
forbidden for this configuration. The weak TO mddat is observed may be due to the
departure from a pure backscattering geometry aheopresence of disorder (&f al.
1992). With an increase in Sb content, both thestike LO and TO vibrational modes

shift away from the InAs optical mode region towsatide InSb optical mode region.

INAsSb grown on GaAs
i 1InAs-like LO

InAs-like TO

Intensity (arb. units)

150 200 250 300

Raman shift (cm™)

Figure 6.14: Raman spectra of InASh, layer grown on GaAg° off (100)

substrate with varying composition.

In the case ofnAs,_,Sh, , the arsenic mass (74.821) is bigger than the InSb reduced
mass (59.4.u). In this case, it is expected thiAs,_ Sb, does not exhibit two-mode

behaviour as discussed in section 3.3.4. Howewuelies by Liet al. (1992) reported that

the InAs_,Sb, ternary system does exhibit two-mode behaviour oter whole

composition range. Figure 6.15 compares the cormipoal dependence of the phonon
frequencies reported by Cheragal. (1988) and Liet al. (1992) to the present results.
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The results of this study exhibit the same trendtlfi@ variation with composition as
those of Cherngt al. and Liet al. However, the present results are much closer to those
reported by Liet al., than those reported by Cheragal. Results by Chernget al.,
appear to be scattered and there is a sudden cHemgeone-mode to two-mode
behaviour at~ 0.6. This discrepancy in the mode behaviour is betieteebe related to
the growth conditions of the samples studiede{lal. 1992).

Li et al. reported thatfor the InAs-like LO mode frequency, the dependerce

composition was linear and represented by theioaksttip:

Vimseoy (€M™) = 238— 32x (6.8)

The InAs-like TO(x <0.23)phonon frequency decreases with composition aqogridi

a linear relationship:

Vimsiroy(€M™) =219-27 X (6.9)

The InSb-like LO mode frequency increases with cositpn and it is given by the
relation:

Vissoy(CM™) =177+ 12x (6.10)

According to the work of Léet al. (1992), both the InAs-like and InSb-like LO modes
observed through the entire composition range, sipwhat the InAs_,Sh, ternary
system exhibits “two-mode behaviour” (Chang andrd)itL968). This is contrary to the
work of Chernget al. (1988), in which mixed mode behaviour was repor@gernget

al. observed thatnAs,_,Sh, displays one-mode behaviour for optical phononsthi

composition rang® < x < 0.6 and two-mode behaviour through the raxge0.6.
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Li et al. observed a weak peak afi3&m™for the entire composition range, while
another peak att54cm™ was reported for % 0.7. In both cases the frequency does not
depend on x (Let al. 1992). For layers withx <0.6 Chernget al. identified a broad
band at 460cm™, which was ascribed to disorder activated longtald acoustic
(DALA) phonons (Cherngt al., 1988). These DALA bands have also been observed i
AlGaAs (Saint-Criccgt al. 1981) and InGaAs (Kakimoto and Katoda, 1982).

240 M m
a2 ® o % InAs-like LO
r e ®  Cherng(InAs-like LO)
—~ 220 _‘A A R " o A Cherng(InAs-like TO)
' e A . T ® Cherng(InSh-like LO)
g InAs-like TO A O O Li(InAs-like LO)
= 200 | + Li(InAs-like TO)
2 ¢/ ® Li(nSb-like LO)
S [, USSR S R O This work(InAs-like LO)
5180 SIPURISENPUSEEEESS InSb-like LO * DALA
"é —— Fit
S0 * * oo 4
< 154 cm
140 a ,,,,138,Cmf1,,,,,,AA,, USSR NS N
' | ' | ' | ' | '
0.0 0.2 0.4 0.6 0.8 1.0

antimony mole fraction

Figure 6.15: Compositional dependence of the phdremuency ininAs_ Sb, .
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6.4 InGaShb

6.4.1 Incorporation of indium into GaSb lattice

Figure 6.16 shows the X-ray diffraction spectralofGa,_ Sb layers grown on2° off
(100) Gash. The layers have nominally the samekrikis (~ 22m). The increase in

lattice mismatch is clearly indicated by the inseh separation between the 400

reflection Ko of layers relative to those of the GaAs substrate.

o L InGasb

g Ka, Ka, GaSb
E i |, Ko,
> Ka,
‘D x =0.05

c \

o) L

=

x =0.20 JL/\/\

' | '
58 60 62
206 (deg.)

Figure 6.16: X-ray diffraction curves for the (40@@flection from

In, Ga,_,Sblayers of various compositions.

6.4.2 Compositional dependence of optical phonondguencies

A series of fourln, Ga,_,Sb samples with nominally the same thicknessy(r and In
mole fractions x of 0.05, 0.10, 0.20 and 0.24 Hasen studied by Raman spectroscopy.
Samples were grown oR° off (100) GaSb substrate. The spectrum of a GaBbtsate

included for comparison. Figure 6.17 shows thecefftd composition on the optical

phonon frequencies. The behaviour observed hesamitar to that previously reported



90

for In,Ga_As (Yamazakiet al. 1980) andInAs_Sh, (Chernget al. 1988). As
expected, the GaSb-like LO mode is dominant insipectra, and there is a vibrational
mode shift to lower frequencies with increasinguma content. As previously mentioned
for In Ga,_, Sbwith low indium content, the reason that the InShdmis not observed,
is that the impurity mode produced by indium in tBaSb lattice is degenerate in
frequency with phonons of the GaSb host (Brodzlat. 1970).

Intensity (arb.units)

150 200 250 300

Raman shift cm ™)

Figure 6.17: Room temperature Raman spectringza,_ Sb/GaSbh

Figure 6.18 compares the compositional dependericthed LO and TO phonon
frequencies reported by Brodskial. (1970), to the present results. The results of this
study exhibit the same trend with a variation imposition as those of Brodsleyal. It

is clear that the phonon GaSb-like frequencies oredsin this study decrease linearly
with an increase in indium content. The variatidnsthe GaSb-like LO phonon
frequencies with composition are linear becausmadle coupling by long-range forces
(Brodsky et al. 1970). The data can be approximated by two linegions; i.e.

x <0.5and 0.5 x <1.
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The variation in the GaSb-like TO phonon frequemEyapproximated by two linear
segments; for small indium content (kes 0.3), the GaSb-like TO mode decreases less
rapidly with composition as compared to higher umdicontent (i.ex >0.3). For the
InSb-like TO mode, the compositional variation isehr for x >04. The results
presented here foin Ga_, Sland the earlier results shown fdn Ga_, Asnd
InAs_,Sb, are representative of mixed mode behaviour digclgs section 3.3.3. For

these materials the local mode is allowed, whieegap mode is not allowed (Brods#ty
al. 1970). The local mode is produced by the subgiiudf In for Ga in GaSh.

240§ ®  Brodsky (LO)
235 ¢ A Brodsky (TO)

o~ 20 rGasb-like This work
225 F A--l_

5 220 |-

% st

& 210

g L

g s

= 200 [

g L

S 15| ]

2 10| o o]

D- -_ | ] | | [ ] . i
185 1 7\ InSb-like -
180 |- A\f\ALq
175 | 1 TO ]
170 L - I - ! - ! . | . ]

0.0 0.2 0.4 0.6 0.8 1.0

Indium mole fraction

Figure 6.18: Compositional dependence of the phdremuency in
In,Ga,_,Sb. The lines are drawn to emphasize trends in tpergxental

data. The lines are guides to the eye.



92

6.4.3 Variation in optical phonon frequency with lger thickness

Just like In, Ga,_, AJGaAs, the lattice constants of GalnSb and GaSlsigreficantly
different. In the case of thin layers, the lattnesmatch is accommodated by strain. As
previously mentioned, beyond a critical thickneéhs, strain in the layer is relaxed by the

formation of misfit dislocations at the interface.

Raman measurements were performed on fivgGa,_, Sb/Gaggrs with different
thicknesses and an indium mole fraction x = 0.24e Tayer thicknesses were chosen
such that some layers should be fully strained)endiihers are partially relaxed or fully
relaxed. The spectra obtained for the samplesherersin figure 6.19. It is clear that the
optical phonons slightly shift to lower frequencias the thickness of the epilayer
increases. The phonon frequency changes at thisgsesoved.01lum , thus it can be
estimated that the critical thickness would rangemf 0.01um and 0.1um. The
estimation is compared to the predictions by PeaptéBean (1985); and Matthews and
Blakeslee (1974). According to People and Bean inadke critical layer thickness for
x = 0.21 is 9.04um, while the Matthews and Blakeslee model predictsitecal layer
thickness just belovd.01um for the same composition. As mentioned in seddidn the

experimentally determined critical layer thicknés®ften greater than the Matthews and

Blakeslee prediction.

A weak peak is observed at 188 tnthe relative intensity of which appears to inseea

with thickness. It may be related to the defectlsiged as the lattice relaxes.
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Intensity (arb. units)

200 250 300 350

Wavenumber(cm 1)

Figure 6.19: Raman spectralof, ,,Ga,,,Sb/GaSblayers with thickness

ranging from below to above critical thickness.

6.5 AlGaAs

6.5.1Compositional dependence of optical phonon frequeres

In the case of a mixed crystal which exhibits twoel® behaviour, two optical bands are
observed with frequencies characteristic of eaaharyi end member and strengths
roughly proportional to the respective concentratiqJusserand, 1991). This is the

behaviour expected foAl,Ga,_, As(Jusserand, 1991). In this section folir, Ga,_,As

samples grown or2° off (100) GaAs substrate, with nominally the sathikness
(~=3um) and mole fractions x = 0.1, 0.23, 0.29 and Ol&f/e been studied by Raman

spectroscopy to confirm this mode behaviour.

Figure 6.20 shows the influence of composition be variation in optical phonon
frequencies. Two distinct Raman peaks belonginGads-like LO and AlAs-like LO
phonon modes and which lie below the pure GaAs AtAks zone-center ones,
respectively, are clearly observed. The GaAs-likeanhd AlAs-like TO appear weakly in
the spectra. The strength and frequency of eaclkerdedend on composition x (llegems
and Pearson, 1970). Each band shifts as the Abnbmcreases: the GaAs-like mode
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shifts to lower frequencies as expected, whileAhks-like mode approaches that of the
phonon in pure AlAs (i.e. 406 chhas the Al mole fraction approaches one (llegents a
Pearson, 1970). The shift in the GaAs-like modiweer frequencies is accompanied by
a decrease in intensity when the concentrationloh&eases. These observations show
that substitutional Al displays a pure local-modshdwviour in the GaAs host crystal

(legems and Pearson, 1970). The concept of lo@erbehaviour was discussed in

section 3.3.4.
FGaAs-like TO! ALGa, AS i
. ~rGaAs-like LO AAslke TO!
0] | AlAs-like LO
S |
S |
g :
8 |
21
0
c
Q
E L
250 300 350 400

Wavenumber (cm ™)

Figure 6.20: Room temperataenan spectra of fba . As/GaAs.

It is expected that as the Al concentration inaesathe GaAs-like phonon signal should
broaden and become more asymmetric, while the seva@rould happen for the AlAs-like
phonon signal (Parayanthal and Pollak, 1984).daré 6.20 the broadening of the GaAs-
like phonon signal is not observed, but a narrovohtghe AlAs-like signal is observed
with increasing Al content. Disorder induced effedn ALGa.xAs, have been
investigated previously using Raman scatteringusgdrand and Sapriel (1981) and Lao
et al. (1989). The first effect is the asymmetric broadgrof the GaAs and AlAs peaks,
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which is due to crystalline defects. Apart from th@adening, additional peaks have
been observed due to longitudinal (around 200)camd transverse (around 100 tm

acoustic modes (Jusserand and Sapriel, 1981). bheeanentioned effects are not
apparent or observed in this work. The absencheofatter mode is not surprising, since

it is below the cut-ff of the notch filter usedtims work.

Figure 6.21 compares the concentration dependehdleooptical phonon modes as
measured in this work to previous reported redajtd-enget al. (1993) and Jusserand
and Sapriel (1981). The GaAs-like and AlAs-like Tfrequencies were extracted from the
spectra in the figure 6.20 by fitting multiple Gaias functions. There is an excellent
agreement between all the experimental results show the figure. Any slight
discrepancies that do exist may be attributed topga defects and compositional
inhomogeneities or to inaccuracies in the detertiunaof composition (Jusserand,
1991).

The solid lines in figure 6.21 are polynomial fitsall the data. The LO mode frequency
of the GaAs-like band and the TO mode frequencthefAlAs-like band vary linearly

with composition, while the AlAs-like LO band and&s-like TO band have a nonlinear
variation. The GaAs-like LO phonon frequency depard on composition is described

by the expression:

Veanso)(CM™) = 291.7-37.3x (6.11)

while the AlAs-like TO phonon frequency is bestdésed by the relationship:

V anscroy (€M 1) =360.3— 0.6 (6.12)

The AlAs-like LO phonon signal compositional vaiaat is given by:

V sy (€M) = 361.6-53.2x-12.9% 6.13)
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Finally, the compositional variation of the GaAkeliTO phonon frequency is given by
the expression:

Vgarsro(€M ™) = 267.4+1.17x-16.5X @)1

400

Feng(LO)(1993)
Feng(TO)

This work(LO)
Jusserand(LO)(1981)
Jusserand(TO)

This work(TO)
320 — Fit

380

360

340 -

D*mE PO

300 -
LO,

Phonon frequency (cm ™)

280 - GaAs-like

260

0.0 0.2 0.4 0.6 0.8 1.0
Al mole fraction

Figure 6.21: Compositional dependenddefphonon frequencies il ,Ga,_, As

The solid lines are least-squares polyabfits to the data.

Clearly the mode behaviour Al ,Ga,_, #ssdifferent from that in lgGa.As. For
In,Ga.xAs the behaviour was such that GaAs-like and tiesdiike bands merge into a
single band at the In-rich end of the compositiamge (llegems and Pearson, 1969). As
forAl,Ga,_,As, the bands remain well separated from each otberttie entire

composition range.
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CHAPTER 7

CONCLUSIONS

The main objective of this work was to use a hom#-tRaman system for the
characterization ofin, Ga,_,As, InAs_Sbh,, In,Ga_Sb and Al ,Ga_As ternary

systems.

InGaAs
The ability of Raman scattering to analyse a widmpositional range was used for the

analysis ofIn,Ga,_,As ternary alloys. A series of relaxed layers withmnaally the
same thickness and varying In mole fracti@x x < 0.25) were studied. Also included
was an In,.Ga,,, Aslayer nominally lattice matched to InP(100). Tlaydrs were

investigated to assess the effect of the incorforatf indium into the GaAs lattice.

The InGaAs spectra were dominated by GaAs-like Lddl@es at higher wavenumbers and
weak GaAs TO modes. The Raman spectra are verytigen® disorder induced by
alloying. The frequencies of the LO and TO phonshited as the In content changed.

The optical phonon mode behaviour characteristiclmgiGa,_,As was the so-called

mixed mode behaviour; that is, GaAs-like phonon esodvere observed over the
composition range < 0.14, while InAs-like phonon modes were observed onlgrahe
composition rangex = 0.14. For lower In content, the InNAs mode is too weakbe
detected experimentally, because the oscillatoength for the InAs-like mode is
essentially zero (Yamazakt al., 1980). The dependence of the phonon frequencies o
alloy composition in both the one-mode and two-moelgions was explained on the

basis of the criteria by Brodsky and Lucovsky (1968

The variation of strain with layer thickness wawestigated with the purpose of

quantifying the strain. Measurements were perforned layers with the same
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composition but different thicknesses. As expectdth increasing thickness the GaAs-
like mode LO shifted to lower frequencies. The fregcy shifts of the optical phonons
show that the epilayer grows pseudomorphicallyaip tertain thickness, beyond which
the strain is gradually released.

The critical layer thickness was investigated ugtagnan spectroscopy and XRD. It was
noted that the important factor in the determimatd the critical layer thickness is the
sensitivity of the measuring technigue. Raman isemaxcurate because of its higher
sensitivity in detecting the effect of low defeeingdities as compared to XRD (Grurkty

al. 1988). The results of this work were compared \pithlished data. The experimental

results obtained follow the same pattern as théighéal ones, for similar indium content.

INAS 1., Shy
InAs,_,Sb, samples of the same thickness but different cortipaosivere also studied.
The spectra were dominated by the strong InAsili®emode, while the TO mode was

observed only as a weak signal. Both the LO andr&Quency modes decreased as the
Sb content increased.

As mentioned in chapter 6.6, a Raman study by G@heiral. (1988) suggested that the
InAs,_,Sb, ternary system exhibited mixed mode behaviour. @optto Chernggt al.,
two-mode behaviour was observed over the entirepogitional range by Liet al.
(1992). Both InAs-like and InSb-like bands were eved throughout the composition
range. In this study, it was not possible to codelwith certainty what the mode
behaviour of thelnAs,_, Sh, ternary system is due to the limited compositicaalge of

the sample investigated.
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In,Ga;.Sb

The composional dependence of the optical phoreguéncies ofin,Ga,_, Slksamples
was also presented. The behaviour was the sameatseported for thdn Ga,_, As
ternary system. The dominant GaSb-like LO modetesthito lower frequencies with
increasing In content. The lower frequency modethe InSb mode, was not observed in
this study.

The results of this study exhibited the same triemdhe variation with composition as

those of Brodskyet al. (1970). Phonon frequencies measured in this stiisjylayed a

linear decrease.

The variation of strain with layer thickness wasoainvestigated. Measurements were
performed on layers with the same composition lifeerént thickness. The LO phonon

frequency shifted slightly to lower frequenciestlas thickness increased from01um

to 0.1pum.

Al,Ga;,As

The compositional dependence of the phonon fregqeenaf Al Ga_, As layers was
studied. It was found that, whatever the compasitd the alloy, the Raman spectra
showed two distinct bands, one belonging to the $ld#e phonon mode and the other to
an InAs-like phonon mode. Each of them appeared &3 and LO pair. Even though the
GaAs-like TO modes appeared weakly, they were @efftly visible to determine the
TO frequencies by curve fitting. The strength amdjfiency of these two bands depended
on composition. Both bands shifted as the Al cantecreased: the GaAs-like phonon
mode shifted to lower frequencies, while the AlA&Imode approached that of the pure
AlAs phonon.

Clearly Al, Ga,_,As displays two-mode behaviour. This behaviour iseyditferent from

that which was observed in,Ga,_, A%. mixed mode behaviour.
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Further work may include:

* Using a micro-Raman system, rather than a conv&ltiBaman system. When
combined with a microscope objective lens, Ramagctspscopy can probe

material properties on a micron scale.

* Using Raman scattering together with photoluminesee (PL), for the
composition and strain analysis of the IlI-V semidocting compounds. The

objective is to make sure that there is consistémtiye measurements.

« The entire compositional range should be invesdjatespecially for

InAs,_,Sh, and In,Ga,_ Sb, where uncertainties regarding the mode behaviour

remain.
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